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CUTTING SPEEDS AND FEEDS

Work Materials.— The large number of work materials that are commonly machined
vary greatly in their basic structure and the ease with which they can be machined. Yet it
possible to group together certain materials having similar machining characteristics, fo
the purpose of recommending the cutting speed at which they can be cut. Most materia
that are machined are metals and it has been found that the most important single fact
influencing the ease with which a metal can be cut is its microstructure, followed by any
cold work that may have been done to the metal, which increases its hardness. Metals tt
have a similar, but not necessarily the same microstructure, will tend to have simila
machining characteristics. Thus, the grouping of the metals in the accompanying table
has been done on the basis of their microstructure.

With the exception of a few soft and gummy metals, experience has shown that hard
metals are more difficult to cut than softer metals. Furthermore, any given metal is mor
difficult to cut when itis in a harder form than when it is softer. It is more difficult to pene-
trate the harder metal and more power is required to cut it. These factors in turn will gene
ate a higher cutting temperature at any given cutting speed, thereby making it necessary
use a slower speed, for the cutting temperature must always be kept within the limits th:
can be sustained by the cutting tool without failure. Hardness, then, is an important prog
erty that must be considered when machining a given metal. Hardness alone, howeve
cannot be used as a measure of cutting speed. For example, if pieces of AISI 11L17 al
AISI 1117 steel both have a hardness of 150 Bhn, their recommended cutting speeds f
high-speed steel tools will be 140 fpm and 130 fpm, respectively. In some metals, twe
entirely different microstructures can produce the same hardness. As an example, a fit
pearlite microstructure and a tempered martensite microstructure can result in the san
hardness in a steel. These microstructures will not machine alike. For practical purpose
however, information on hardness is usually easier to obtain than information on micro
structure; thus, hardness alone is usually used to differentiate between different cuttin
speeds for machining a metal. In some situations, the hardness of a metal to be machine
not known. When the hardness is not known, the material condition can be used as a guic

The surface of ferrous metal castings has a scale that is more difficult to machine than tt
metal below. Some scale is more difficult to machine than others, depending on th
foundry sand used, the casting process, the method of cleaning the casting, and the type
metal cast. Special electrochemical treatments sometimes can be used that almost entir
eliminate the effect of the scale on machining, although castings so treated are not fr
quently encountered. Usually, when casting scale is encountered, the cutting speed
reduced approximately 5 or 10 per cent. Difficult-to-machine surface scale can also b
encountered when machining hot-rolled or forged steel bars.

Metallurgical differences that affect machining characteristics are often found within a
single piece of metal. The occurrence of hard spots in castings is an example. Differel
microstructures and hardness levels may occur within a casting as a result of variations
the cooling rate in different parts of the casting. Such variations are less severe in castin
that have been heat treated. Steel bar stock is usually harder toward the outside than tow
the center of the bar. Sometimes there are slight metallurgical differences along the leng
of a bar that can affect its cutting characteristics.

Cutting Tool Materials.— The recommended cutting feeds and speeds in the accompa-
nying tables are given for high-speed steel, coated and uncoated carbides, ceramics, c
mets, and polycrystalline diamonds. More data are available for HSS and carbides becau
these materials are the most commonly used. Other materials that are used to make cutt
tools are cemented oxides or ceramics, cermets, cast nonferrous alloys (Stellite), singl
crystal diamonds, polycrystalline diamonds, and cubic boron nitride.

Carbon Tool Steelt is used primarily to make the less expensive drills, taps, and ream-
ers. Itis seldom used to make single-point cutting tools. Hardening in carbon steels is vel
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shallow, although some have a small amount of vanadium and chromium added t
improve their hardening quality. The cutting speed to use for plain carbon tool steel shoul
be approximately one-half of the recommended speed for high-speed steel.

High-Speed SteeThis designates a number of steels having several properties that
enhance their value as cutting tool material. They can be hardened to a high initial or roon
temperature hardness ranging from 63 Rc to 65 Rc for ordinary high-speed steels and up
70 Rc for the so-called superhigh-speed steels. They can retain sufficient hardness at te
peratures up to 1,000 to 1,F60to enable them to cut at cutting speeds that will generate
these tool temperatures, and they will return to their original hardness when cooled to rool
temperature. They harden very deeply, enabling high-speed steels to be ground to the tc
shape from solid stock and to be reground many times without sacrificing hardness at tr
cutting edge. High-speed steels can be made soft by annealing so that they can be machil
into complex cutting tools such as drills, reamers, and milling cutters and then hardened.

The principal alloying elements of high-speed steels are tungsten (W), molybdenun
(Mo), chromium (Cr), vanadium (V), together with carbon (C). There are a number of
grades of high-speed steel that are divided into two types: tungsten high-speed steels a
molybdenum high-speed steels. Tungsten high-speed steels are designated by the prefi
before the number that designates the grade. Molybdenum high-speed steels are des
nated by the prefix letter M. There is little performance difference between comparable
grades of tungsten or molybdenum high-speed steel.

The addition of 5 to 12 per cent cobalt to high-speed steel increases its hardness at t
temperatures encountered in cutting, thereby improving its wear resistance and cuttin
efficiency. Cobalt slightly increases the brittleness of high-speed steel, making it suscept
ble to chipping at the cutting edge. For this reason, cobalt high-speed steels are primari
made into single-point cutting tools that are used to take heavy roughing cuts in abrasiv
materials and through rough abrasive surface scales.

The M40 series and T15 are a group of high-hardness or so-called super high-speed ste
that can be hardened to 70 Rc; however, they tend to be brittle and difficult to grind. Fo
cutting applications, they are usually heat treated to 67—68 Rc to reduce their brittlenes
and tendency to chip. The M40 series is appreciably easier to grind than T15. They are re
ommended for machining tough die steels and other difficult-to-cut materials; they are no
recommended for applications where conventional high-speed steels perform well. High
speed steels made by the powder-metallurgy process are tougher and have an impro\
grindability when compared with similar grades made by the customary process. Tool
made of these steels can be hardened about 1 Rc higher than comparable high-speed st
made by the customary process without a sacrifice in toughness. They are particularly us
fulin applications involving intermittent cutting and where tool life is limited by chipping.
All these steels augment rather than replace the conventional high-speed steels.

Cemented Carbide3hey are also called sintered carbides or simply carbides. They are
harder than high-speed steels and have excellent wear resistance. Information on cemen
carbides and other hard metal tools is included in the seCEMMENTED CARBIDES
starting on pagé47.

Cemented carbides retain a very high degree of hardness at temperatures upRto 140(
and even higher; therefore, very fast cutting speeds can be used. When used at fast cutt
speeds, they produce good surface finishes on the workpiece. Carbides are more brit
than high-speed steel and, therefore, must be used with more care.

Hundreds of grades of carbides are available and attempts to classify these grades by a
of application have not been entirely successful.

There are four distinct types of carbides: 1) straight tungsten carbides; 2) crater-resista
carbides; 3) titanium carbides; and 4) coated carbides.

Straight Tungsten Carbid@his is the most abrasion-resistant cemented carbide and is
used to machine gray cast iron, most nonferrous metals, and nonmetallic materials, whe
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abrasion resistance is the primary criterion. Straight tungsten carbide will rapidly form &
crater on the tool face when used to machine steel, which reduces the life of the tool. Tit:
nium carbide is added to tungsten carbide in order to counteract the rapid formation of th
crater. In addition, tantalum carbide is usually added to prevent the cutting edge fron
deforming when subjected to the intense heat and pressure generated in taking heavy ct

Crater-Resistant Carbide3hese carbides, containing titanium and tantalum carbides in
addition to tungsten carbide, are used to cut steels, alloy cast irons, and other materials tf
have a strong tendency to form a crater.

Titanium CarbidesThese carbides are made entirely from titanium carbide and small
amounts of nickel and molybdenum. They have an excellent resistance to cratering and
heat. Their high hot hardness enables them to operate at higher cutting speeds, but they
more brittle and less resistant to mechanical and thermal shock. Therefore, they are not re
ommended for taking heavy or interrupted cuts. Titanium carbides are less abrasion-resi
tant and not recommended for cutting through scale or oxide films on steel. Although the
resistance to cratering of titanium carbides is excellent, failure caused by crater formatio
can sometimes occur because the chip tends to curl very close to the cutting edge, there
forming a small crater in this region that may break through.

Coated CarbidesThese are available only as indexable inserts because the coating
would be removed by grinding. The principal coating materials are titanium carbide (TiC),
titanium nitride (TiN), and aluminum oxide (£D;). A very thin layer (approximately
0.0002 in.) of coating material is deposited over a cemented carbide insert; the materi
below the coating is called the substrate. The overall performance of the coated carbide
limited by the substrate, which provides the required toughness and resistance to deform
tion and thermal shock. With an equal tool life, coated carbides can operate at higher cu
ting speeds than uncoated carbides. The increase may be 20 to 30 per cent and sometil
up to 50 per cent faster. Titanium carbide and titanium nitride coated carbides usually ope
ate in the medium (200-800 fpm) cutting speed range, and aluminum oxide coated ca
bides are used in the higher (800-1600 fpm) cutting speed range.

Carbide Grade Selectioffhe selection of the best grade of carbide for a particular
application is very important. An improper grade of carbide will result in a poor perfor-
mance—it may even cause the cutting edge to fail before any significant amount of cuttin
has been done. Because of the many grades and the many variables that are involved,
carbide producers should be consulted to obtain recommendations for the application
their grades of carbide. A few general guidelines can be given that are useful to form a
orientation. Metal cutting carbides usually range in hardness from about 89.5 Ra (Rock
well A Scale) to 93.0 Ra with the exception of titanium carbide, which has a hardness rang
of 90.5 Ra to 93.5 Ra. Generally, the harder carbides are more wear-resistant and mc
brittle, whereas the softer carbides are less wear-resistant but tougher. A choice of har
ness must be made to suit the given application. The very hard carbides are generally us
for taking light finishing cuts. For other applications, select the carbide that has the highe:s
hardness with sufficient strength to prevent chipping or breaking. Straight tungsten car
bide grades should always be used unless cratering is encountered. Straight tungsten c
bides are used to machine gray cast iron, ferritic malleable iron, austenitic stainless stet
high-temperature alloys, copper, brass, bronze, aluminum alloys, zinc alloy die castings
and plastics. Crater-resistant carbides should be used to machine plain carbon steel, all
steel, tool steel, pearlitic malleable iron, nodular iron, other highly alloyed cast irons, fer-
ritic stainless steel, martensitic stainless steel, and certain high-temperature alloys. Tit:
nium carbides are recommended for taking high-speed finishing and semifinishing cuts o
steel, especially the low-carbon, low-alloy steels, which are less abrasive and have a stro
tendency to form a crater. They are also used to take light cuts on alloy cast iron and c
some high-nickel alloys. Nonferrous materials, such as some aluminum alloys and bras
that are essentially nonabrasive may also be machined with titanium carbides. Abrasi\
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materials and others that should not be machined with titanium carbides include gray ca
iron, titanium alloys, cobalt- and nickel-base superalloys, stainless steel, bronze, man
aluminum alloys, fiberglass, plastics, and graphite. The feed used should not exceed abc
0.020 inch per revolution.

Coated carbides can be used to take cuts ranging from light finishing to heavy roughin
on most materials that can be cut with these carbides. The coated carbides are reco
mended for machining all free-machining steels, all plain carbon and alloy steels, too
steels, martensitic and ferritic stainless steels, precipitation-hardening stainless steel
alloy castiron, pearlitic and martensitic malleable iron, and nodular iron. They are also rec
ommended for taking light finishing and roughing cuts on austenitic stainless steels
Coated carbides should not be used to machine nickel- and cobalt-base superalloys, ti
nium and titanium alloys, brass, bronze, aluminum alloys, pure metals, refractory metal
and nonmetals such as fiberglass, graphite, and plastics.

Ceramic Cutting Tool Materialsithese are made from finely powdered aluminum
oxide particles sintered into a hard dense structure without a binder material. Aluminun
oxide is also combined with titanium carbide to form a composite, which is called a cermet
These materials have a very high hot hardness enabling very high cutting speeds to be us
For example, ceramic cutting tools have been used to cut AlSI 1040 steel at a cutting spe
of 18,000 fpm with a satisfactory tool life. However, much lower cutting speeds, in the
range of 1000 to 4000 fpm and lower, are more common because of limitations placed t
the machine tool, cutters, and chucks. Although most applications of ceramic and cerm
cutting tool materials are for turning, they have also been used successfully for milling
Ceramics and cermets are relatively brittle and a special cutting edge preparation |
required to prevent chipping or edge breakage. This preparation consists of honing ¢
grinding a narrow flat land, 0.002 to 0.006 inch wide, on the cutting edge that is made abot
30 degrees with respect to the tool face. For some heavy-duty applications, a wider land
used. The setup should be as rigid as possible and the feed rate should not normally exc
0.020 inch, although 0.030 inch has been used successfully. Ceramics and cermets are r
ommended for roughing and finishing operations on all cast irons, plain carbon and allo
steels, and stainless steels. Materials up to a hardness of 60 Rockwell C Scale can be
with ceramic and cermet cutting tools. These tools should not be used to machine alun
num and aluminum alloys, magnesium alloys, titanium, and titanium alloys.

Cast Nonferrous AlloyCutting tools of this alloy are made from tungsten, tantalum,
chromium, and cobalt plus carbon. Other alloying elements are also used to produce ma
rials with high temperature and wear resistance. These alloys cannot be softened by he
treatment and must be cast and ground to shape. The room-temperature hardness of «
nonferrous alloys is lower than for high-speed steel, but the hardness and wear resistanc
retained to a higher temperature. The alloys are generally marketed under trade nam
such as Stellite, Crobalt, and Tantung. The initial cutting speed for cast nonferrous tool
can be 20 to 50 per cent greater than the recommended cutting speed for high-speed stee
given in the accompanying tables.

Diamond Cutting ToolsThese are available in three forms: single-crystal natural dia-
monds shaped to a cutting edge and mounted on a tool holder on a boring bar; polycryst:
line diamond indexable inserts made from synthetic or natural diamond powders that hav
been compacted and sintered into a solid mass, and chemically vapor-deposited diamor
Single-crystal and polycrystalline diamond cutting tools are very wear-resistant, and ar
recommended for machining abrasive materials that cause other cutting tool materials
wear rapidly. Typical of the abrasive materials machined with single-crystal and polycrys-
talline diamond tools and cutting speeds used are the following: fiberglass, 300 to 100
fpm; fused silica, 900 to 950 fpm; reinforced melamine plastics, 350 to 1000 fpm; rein-
forced phenolic plastics, 350 to 1000 fpm; thermosetting plastics, 300 to 2000 fpm; Teflon
600 fpm; nylon, 200 to 300 fpm; mica, 300 to 1000 fpm; graphite, 200 to 2000 fpm; babbit
bearing metal, 700 fpm; and aluminum-silicon alloys, 1000 to 2000 fpm. Another impor-
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tant application of diamond cutting tools is to produce fine surface finishes on soft nonfer
rous metals that are difficult to finish by other methods. Surface finishes of 1 to 2
microinches can be readily obtained with single-crystal diamond tools, and finishes dowi
to 10 microinches can be obtained with polycrystalline diamond tools. In addition to bab-
bitt and the aluminum-silicon alloys, other metals finished with diamond tools include:
soft aluminum, 1000 to 2000 fpm; all wrought and cast aluminum alloys, 600 to 1500 fpm;
copper, 1000 fpm; brass, 500 to 1000 fpm; bronze, 300 to 600 fpm; oilite bearing metal
500 fpm; silver, gold, and platinum, 300 to 2500 fpm; and zinc, 1000 fpm. Ferrous alloys.
such as cast iron and steel, should not be machined with diamond cutting tools because
high cutting temperatures generated will cause the diamond to transform into carbon.

Chemically Vapor-Deposited (CVD) Diamoridhis is a new tool material offering per-
formance characteristics well suited to highly abrasive or corrosive materials, and hard-tc
machine composites. CVD diamond is available in two forms: thick-film tools, which are
fabricated by brazing CVD diamond tips, approximately 0.020 inch (0.5 mm) thick, to car-
bide substrates; and thin-film tools, having a pure diamond coating over the rake and flan
surfaces of a ceramic or carbide substrate.

CVD is pure diamond, made at low temperatures and pressures, with no metallic binde
phase. This diamond purity gives CVD diamond tools extreme hardness, high abrasio
resistance, low friction, high thermal conductivity, and chemical inertness. CVD tools are
generally used as direct replacements for PCD (polycrystalline diamond) tools, primarily
in finishing, semifinishing, and continuous turning applications of extremely wear-inten-
sive materials. The small grain size of CVD diamond (ranging from less tlnartd. 50
um) yields superior surface finishes compared with PCD, and the higher thermal conduc
tivity and better thermal and chemical stability of pure diamond allow CVD tools to oper-
ate at faster speeds without generating harmful levels of heat. The extreme hardness
CVD tools may also result in significantly longer tool life.

CVD diamond cutting tools are recommended for the following materials: aluminum
and other ductile; nonferrous alloys such as copper, brass, and bronze; and highly ab
sive composite materials such as graphite, carbon-carbon, carbon-filled phenolic, fiber
glass, and honeycomb materials.

Cubic Boron Nitride (CBN)Next to diamond, CBN is the hardest known material. It
will retain its hardness at a temperature of 2808nd higher, making it an ideal cutting
tool material for machining very hard and tough materials at cutting speeds beyond thos
possible with other cutting tool materials. Indexable inserts and cutting tool blanks mad
from this material consist of a layer, approximately 0.020 inch thick, of polycrystalline
cubic boron nitride firmly bonded to the top of a cemented carbide substrate. Cubic boro
nitride is recommended for rough and finish turning hardened plain carbon and alloy
steels, hardened tool steels, hard castirons, all hardness grades of gray castiron, and su
alloys. As a class, the superalloys are not as hard as hardened steel; however, their comr
nation of high strength and tendency to deform plastically under the pressure of the cut, «
gumminess, places them in the class of hard-to-machine materials. Conventional materie
that can be readily machined with other cutting tool materials should not be machined wit
cubic boron nitride. Round indexable CBN inserts are recommended when taking sevel
cuts in order to provide maximum strength to the insert. When using square or triangule
inserts, a large lead angle should be used, normdllyab8 whenever possible, 4%
negative rake angle should always be used, which for most applications is negdatiee 5
relief angle should be?5o &. Although cubic boron nitride cutting tools can be used with-
out a coolant, flooding the tool with a water-soluble type coolant is recommended.

Cutting Speed, Feed, Depth of Cut, Tool Wear, and Tool Life.Fhe cutting condi-

tions that determine the rate of metal removal are the cutting speed, the feed rate, and 1
depth of cut. These cutting conditions and the nature of the material to be cut determine t
power required to take the cut. The cutting conditions must be adjusted to stay within th
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power available on the machine tool to be used. Power requirements are discussed in Es
mating Machining Power later in this section.

The cutting conditions must also be considered in relation to the tool life. Tool life is
defined as the cutting time to reach a predetermined amount of wear, usually flank wea
Tool life is determined by assessing the time—the tool life—at which a given predeter-
mined flank wear is reached (0.01, 0.015, 0.025, 0.03 inch, for example). This amount c
wear is called the tool wear criterion, and its size depends on the tool grade used. Usual
a tougher grade can be used with a bigger flank wear, but for finishing operations, wher
close tolerances are required, the wear criterion is relatively small. Other wear criteria ar
a predetermined value of the machined surface roughness and the depth of the crater t
develops on the rake face of the tool.

The ANSI standard, Specification For Tool Life Testing With Single-Point Tools (ANSI
B94.55M-1985), defines the end of tool life as a given amount of wear on the flank of
tool. This standard is followed when making scientific machinability tests with single-
point cutting tools in order to achieve uniformity in testing procedures so that results fron
different machinability laboratories can be readily compared. Itis not practicable or neces
sary to follow this standard in the shop; however, it should be understood that the cuttin
conditions and tool life are related.

Tool life is influenced most by cutting speed, then by the feed rate, and least by the dep
of cut. When the depth of cut is increased to about 10 times greater than the feed, a furth
increase in the depth of cut will have no significant effect on the tool life. This characteris-
tic of the cutting tool performance is very important in determining the operating or cutting
conditions for machining metals. Conversely, if the cutting speed or the feed is decrease
the increase in the tool life will be proportionately greater than the decrease in the cuttin
speed or the feed.

Tool life is reduced when either feed or cutting speed is increased. For example, the cu
ting speed and the feed may be increased if a shorter tool life is accepted; furthermore, t
reduction in the tool life will be proportionately greater than the increase in the cutting
speed or the feed. However, it is less well understood that a higher feed rate (feed/rev
speed) may result in a longer tool life if a higher feed/rev is used in combination with a
lower cutting speed. This principle is well illustrated in the speed tables of this section
where two sets of feed and speed data are given (laygtietimandaveragé that result
in the same tool life. Theptimumset results in a greater feed rate (i.e., increased produc-
tivity) although the feed/rev is higher and cutting speed lower thavtrageset. Com-
plete instructions for using the speed tables and for estimating tool life are gil@m to
Use the Feeds and Speeds Tabtasging on page 991.

Selecting Cutting Conditions.—T he first step in establishing the cutting conditions is to
select the depth of cut. The depth of cut will be limited by the amount of metal that is to be
machined from the workpiece, by the power available on the machine tool, by the rigidity
of the workpiece and the cutting tool, and by the rigidity of the setup. The depth of cut ha
the least effect upon the tool life, so the heaviest possible depth of cut should always t
used.

The second step is to select the feed (feed/rev for turning, drilling, and reaming, o
feed/tooth for milling). The available power must be sufficient to make the required deptt
of cut at the selected feed. The maximum feed possible that will produce an acceptable st
face finish should be selected.

The third step is to select the cutting speed. Although the accompanying tables provid
recommended cutting speeds and feeds for many materials, experience in machiningac
tain material may form the best basis for adjusting the given cutting speeds to a patrticul:
job. However, in general, the depth of cut should be selected first, followed by the feed, an
last the cutting speed.
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Table 1. Tool Troubleshooting Check List

Problem

Tool
Material

Remedy

Excessive flank
wear—Tool life
too short

Carbide

HSS

1. Change to harder, more wear-resistant grade

Reduce the cutting speed

Reduce the cutting speed and increase the feed to maintain
tion

Reduce the feed

For work-hardenable materials—increase the feed

Increase the lead angle

Increase the relief angles

w N

No oM

1. Use a coolant

Reduce the cutting speed

Reduce the cutting speed and increase the feed to maintain g
tion

Reduce the feed

For work-hardenable materials—increase the feed

Increase the lead angle

Increase the relief angle

wnN

No o

roduc-

roduc-

Excessive cratering

Carbide

HSS

1. Use a crater-resistant grade

Use a harder, more wear-resistant grade
Reduce the cutting speed

Reduce the feed

Widen the chip breaker groove

aprwnN

[

Use a coolant

Reduce the cutting speed

. Reduce the feed

. Widen the chip breaker groove

BN

Cutting edge
chipping

Carbide

HSS

Carbide and HSY

1. Increase the cutting speed

Lightly hone the cutting edge

Change to a tougher grade

Use negative-rake tools

Increase the lead angle

Reduce the feed

Reduce the depth of cut

Reduce the relief angles

If low cutting speed must be used, use a high-additive EP cu
fluid

©CE®NOO A WN

1. Use a high additive EP cutting fluid
Lightly hone the cutting edge before using
Increase the lead angle

Reduce the feed

Reduce the depth of cut

Use a negative rake angle

Reduce the relief angles

NoorwN

1. Check the setup for cause if chatter occurs
2. Check the grinding procedure for tool overheating
3. Reduce the tool overhang

fting

Cutting edge
deformation

Carbide

1. Change to a grade containing more tantalum
Reduce the cutting speed
Reduce the feed

w N

Poor surface finish

Carbide

1. Increase the cutting speed
If low cutting speed must be used, use a high additive EP cu
fluid

For light cuts, use straight titanium carbide grade
Increase the nose radius

Reduce the feed

Increase the relief angles

N

ting

© N o oA

Use positive rake tools
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Table 1.(Continued)Tool Troubleshooting Check List

Problem M-ant)e(-)rlial Remedy
Poor surface finish HSS 1. Use a high additive EP cutting fluid
(Continued) 2. Increase the nose radius
3. Reduce the feed
4. Increase the relief angles
5. Increase the rake angles
Diamond 1. Use diamond tool for soft materials
Notching at the depth of Carbide and HS§ 1. Increase the lead angle
cutline 2. Reduce the feed

Cutting Speed Formulas.—Most machining operations are conducted on machine tools
having a rotating spindle. Cutting speeds are usually given in feet or meters per minute ar
these speeds must be converted to spindle speeds, in revolutions per minute, to operate
machine. Conversion is accomplished by use of the following formulas:

For U.S. units: Eor metric units:
12v \ 1000V
N—ﬁ—382Dp N—W—3183—-rpm

whereN is the spindle speed in revolutions per minute (rpig;the cutting speed in feet

per minute (fpm) for U.S. units and meters per minute (m/min) for metric units. In turning,
D is the diameter of the workpiece; in milling, drilling, reaming, and other operations that
use a rotating tooD is the cutter diameter in inches for U.S. units and in millimeters for
metric unitsrt= 3.1417.

ExampleThe cutting speed for turning a 4-inch (102-mm) diameter bar has been founc
to be 575 fpm (175.3 m/min). Using both the inch and metric formulas, calculate the lathe
spindle speed.

_12v _ 12x 575 _ 1000V _ 1000x 175.3_

The small difference in the answers is due to rounding off the numbers and to the lack «
precision of the inch—metric conversion.

When the cutting tool or workpiece diameter and the spindle speed in rpm are known,
is often necessary to calculate the cutting speed in feet or meters per minute. In this eve
the following formulas are used.

For U.S. units: For metric units:
T[DN TIDN
V = fpm V = m/min
pm Tooo ™M

As in the previous formulasl is the rpm an® is the diameter in inches for the U.S. unit
formula and in millimeters for the metric formula.

ExampleCalculate the cutting speed in feet per minute and in meters per minute if the
spindle speed of%-inch (19.05-mm) drill is 400 rpm.
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Cutting Speeds and Equivalent RPM for Drills of Number and Letter Sizes
Cutting Speed, Feet per Minute

Size 30 [ 40 [ 50 [ 60 [ 70 [ 80 [ 90 [ 100 [ 110 [ 130 | 150
No. Revolutions per Minute for Number Sizes
1 503 670 838 1005 1179 134 1508 1615 1843 2179 2p13
2 518 691 864 1037 1219 138 155p 1728 19p1 2247 2p93
4 548 731 914 1097 128 146 1645 1828 2010 2376 2741
6 562 749 936 1123 1319 149 1686 18712 2060 2434 2B09
8 576 768 960 1151 1343 153! 1727 1919 2111 2495 2B79
10 592 790 987 1184 1383 157 1777 1974 2171 2866 2961
12 606 808 1010 1213 141 161y 1819 2021 22p3 2627 3032
14 630 840 1050 1259 146 167 1899 2099 230p9 27128 3148
16 647 863 1079 1295 151 172p 1942 21%8 23774 2806 3237
18 678 904 1130 1356 1582 1808 2034 2260 24179 2930 3380
20 712 949 1186 1423 166 1898 2135 2372 26[10 3084 3559
22 730 973 1217 1460 170 194p 2190 2433 26[76 3164 3649
24 754 1005 1257 1509 175 201p 222 2513 2764 3267 3769
26 779 1039 1299 1559 181 207B 2338 2598 2858 3378 3898
28 816 1088 1360 1631 190: 217p 2447 2719 2990 3534 4078
30 892 1189 1487 1784 208 237B 2676 2973 3270 3864 4459
32 988 1317 1647 1974 230 2634 2964 3293 3622 4281 4939
34 1032 1376 1721 2064 240 2758 3097 3442 3785 4474 8162
36 1076 1435 1794 2152 251 2870 3228 3587 3945 4663 5380
38 1129 1505 1882 22594 263 301p 3387 3763 41140 4892 8645
40 1169 1559 1949 2339 272 3118 3508 38p8 4287 5067 9846
42 1226 1634 2043 2451 286/ 3268 3617 4085 4494 5811 128
44 1333 1777 2221 2664 310 355¢ 3999 4442 4486 5774 4662
46 1415 1886 2358 283( 330 3778 4244 4716 5187 6130 1074
48 1508 | 2010 2513| 3014 351! 4021 4523 50P6 5928  6%$34 1539
50 1637 2183 2729 3274 382 4366 4911 5457 6002 7094 8185
52 1805 2406 3008 3609 421 481R 5414 60[L5 6419 7820 023
54 2084 2778 3473 4167 486 5556 6291 69415 7639 9028 10417
Size Revolutions per Minute for Letter Sizes

A 491 654 818 982 1145 1309 1472 1636 1796 21p2 2448
B 482 642 803 963 1124 1284 1445 1605 1765 2086 2407
C 473 631 789 947 1105 126 142p 1578 1786 2052 2B68
D 467 622 778 934 1089 1244 140 1556 1708 2018 2829
E 458 611 764 917 1079 122 137p 1548 1681 1968 2p92
F 446 594 743 892 1049 118 133f 1446 1685 1932 2p29
G 440 585 732 878 1024 117 131) 1463 1610 1903 21195
H 430 574 718 862 1005 114 129p 1436 1580 1867 2154
| 421 562 702 842 983 1123 126. 1404 1545 18p6 2106
J 414 552 690 827 965 110: 124 1379 1517 1793 2p68
K 408 544 680 815 951 1087 122 1359 1495 17p7 2039
L 395 527 659 790 922 1054 118 131 1449 1712 1976
M 389 518 648 77 907 1034 116 12965 1424 1683 1942
N 380 506 633 759 886 1014 1139 1265 1391 1644 1897
[¢] 363 484 605 725 846 967 108 1209 1330 15[1 1813
P 355 473 592 710 828 946 106b 1183 1301 1537 1y74
Q 345 460 575 690 805 920 103 1150 1266 14p6 1726
R 338 451 564 676 789 902 1014 1127 1239 14p5 1690
S 329 439 549 659 769 878 984 1098 1207 14p7 1646
T 320 426 533 640 746 853 959 106p 1173 1387 1600
) 311 415 519 623 727 830 934 103 1142 1349 1857
\% 304 405 507 608 709 810 912 1018 1114 1317 1520
w 297 396 495 594 693 792 891 989 1098 1286 1484
X 289 385 481 576 672 769 865| 967 1058 12%1 1443
Y 284 378 473 567 662 756 851 944 1040 1229 1418
z 277 370 462 555 647 740 832 925 1017 1202 1387

For fractional drill sizes, use the following table.
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Revolutions per Minute for Various Cutting Speeds and Diameters

. Cutting Speed, Feet per Minute
Ir?c'?és 40 | 50 [ 60 [ 70 [ 80 | 90 [ 100 [ 120]  140] 164 180 20
Revolutions per Minute
A 611 764 | 917 | 1070 | 1222 | 1376| 1528 1834 213 2445 2740 3056
95 489 611 733 856 978 | 1100 | 1222| 1466| 171] 195! 2200 2444
% 408 509 611 713 815 916 | 1018| 1222 1429 162 1832 2036
e 349 437 524 611 699 786 874| 1049 1224 139 1578 1748
% 306 382 459 535 611 688 764 917| 10700 1223 137 1528
%6 272 340 407 475 543 611 679 813 951 108  122p 1358
% 245 306 367 428 489 552 612 736 857| 979 110 1224
Y | 222 273 333 389 444 500 555 666 770 88g 99! 1101
% 203 254 | 306 357 408 | 458 508 610 711 819 91. 101p
B | 190 237 284 332 379 427 474 569 664 754 85, 94
% 175 219 262 306 349 392 | 438 526 613 701 78, 87p
B, | 163 204 | 244 285 326 366 | 407 488 570) 651 73, 814
1 153 191 229 267 306 344 382 458 535 611 68! 764
W 144 180 215 251 287 323 359 431 503 575 641 718
1% 136 170 204 238 272 306 340 408 476) 544 61. 68|
¥ 129 161 193 225 258 290 322 386 451 51 58| 641t
1, 123 153 183 214 245 274 306 367 428 490 55 61p
1% 116 146 175 204 233 262 291 349 407| 466 52, 58p
1% 111 139 167 195 222 250 278 334 389 445 50 556
1 106 133 159 186 212 239 265 318 371 424 47 53|
1% 102 127 153 178 204 230 254 305 356 40§ 45 50,
19 97.6 | 122 146 171 195 220 244 293 342| 394 43 488
1% 939 | 117 141 165 188 212 234 281 328 374 42 46p
1%, 90.4 | 113 136 158 181 203 226 271 316| 367 40 45p
13, 87.3 | 109 131 153 175 196 218 262 305| 349 39 43p
1% 815 | 102 122 143 163 184 204 244 286| 324 36 40B
2 76.4 | 955| 115 134 153 172 191 229 267 30! 344 38|
2% 72.0 | 90.0 [ 108 126 144 162 180 216 252 284 32 36|
2, 68.0 | 855 102 119 136 153 170 204 238 273 30 34
2% 644 | 805| 966 113 129 145 161 193 225 25! 29 32|
2% 61.2 | 763 | 917| 107 122 138 153 184 213 249 27 30f
2% 580 | 725| 87.0| 102 116 131 145 174 203 233 26: 29
2%, 55.6 | 69.5| 834| 972 111 125 139 167 195 223 25 27}
2% 528 | 66.0 | 792| 924| 106 119 132 158 184 211 23 26f
3 51.0 | 637| 76.4| 891 102 114 127 152 174 20, 228 2
3% 488 | 610 732| 854 974 110 122 146 171 19! 219 2
3%, 468 | 585 702| 819| 93 105 117 140 164 18! 211 2
3% 452 | 565| 67.8| 79.1| 904 102 113 136 154 18 20, 2
3% 436 | 545| 655| 76.4| 874 98 109 131 159 174 19p 2118
3% 420 | 525| 630| 735 840 943 105 126| 147 16 18p 210
3% 408 | 51.0| 612 714 8Lf 9L 102 122 143 16: 184 205
3% 394 | 493 | 591| 690 788 88 98. 118 134 15! 17y 197
4 382 | 478 573| 669 764 86 95. 115 134 15. 17p 191
4, 359 | 449| 539 629/ 718 80 89. 108 12 14 16p 180
4y, 340 | 424| 510 594| 679 76 84. 102 119 13| 158 170
A 322 | 402| 482| 563 643 724 804 969 119 12 14p 161
5 306 | 382 459| 535 611 68 764 917 107 12, 138 143
5%, 291 | 364 | 436| 509 582 654 72 87R 104 11 130 145
5% 27.8 | 347| 417| 486| 556 623 694 838 9702 1l 126 139
5% 266 | 332| 398 465 531 59 664 80 930 10 12p 133
6 255 | 318 382| 446 510 57 63. 763 890 10 114 137
6%, 244 | 306| 367 428 489 55 61. 738 855 917 110 132
6% 235 | 294 352 411 470 52 58. 704 822 939 106 117
6% 226 | 283| 340 396 453 50 56. 670 792 9d6  10p 113
7 218 | 27.3| 327| 382 437 49 54, 655 7614 874 983 109
KA 211 | 264 | 316 369 422 474 52 632 738 843 949 105
KA 204 | 254 305| 356 407 45 50. 611 710 814 916 1Q2
KA 197 | 246 295| 344 394 44 49, 500 689 747 886 94
8 191 | 239| 287 334 382 43 47, 5714 669 7645 8.0 QF,.G
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Revolutions per Minute for Various Cutting Speeds and Diameters
Dia. Cutting Speed, Feet per Minute
Inches |_225 | 250 | 275 | 300] 325] 350] 375 4o 42§ 500 540
Revolutions per Minute

% 3438 3820 4202 4584 4964 534 57 6112 64p3 7639 8403
i 2750 3056 3362 3667 3979 427 45 4889 51p5 6112 723
% 2292 2546 2801 3056 331 356! 38 4074 43P9 5093 5602
T 1964 2182 2401 2619 2831 305 32 3492 3710 4865 4802
% 1719 1910 2101 2292 2489 267 28! 30%7 32418 3821 4203
% 1528 1698 1868 2037 2207 237 25 2717 28B7 3896 3736
% 1375 1528 1681 1834 1987 213 22! 2445 25p8 3057 3362
Yo 1250 1389 1528 1667| 1804 194 2084 2223 23p2 2179 3056
% 1146 1273 1401 1528 1654 178 1910 2038 215 2547 2802
Bie 1058 1175 1293 1410 1524 164 1768 1881 19p8 2851 2586
% 982 1091 1200 1310 1419 152 1637 1746 1855 2183 2401
Bie 917 1019 1120 1222 1324 142 152B 1630 1782 2038 2p41
1 859 955 1050 1146 1241 133 143p 1528 16P3 1910 2101
NEN 809 899 988 1078 1168 125 134§ 1438 1528 1198 1977
1% 764 849 933 1018 1103 118 127 1358 1443 1698 1867
NEN 724 804 884 965 1045 1124 120 1287 1367 16409 169
1, 687 764 840 917 993 1069 114 122p 1299 1928 1681
1% 654 727 800 873 946 1019 109 1164 1237 1455 1601
1% 625 694 764 833 903 972 104 1110 1141 1389 1%28
1 598 664 730 797 863 930 994 106 1129 13p9 1461
1% 573 636 700 764 827 891 954 101 1082 1273 1400
19 550 611 672 733 794 855| 91 97! 1039 12p2 1344
1% 528 587 646 705 764 822 881 94 99p 1175 1293
1% 509 566 622 679 735 792 84 90! 96p 1182 1245
19, 491 545 600 654 709 764| 81 87 92y 1091 1200
19 474 527 579 632 685 737| 79 84 89p 1054 1159
1% 458 509 560 611 662 713 764 81! 86p 1019 1120
19 443 493 542 591 640 690 73 78! 83B 986 104

2 429 477 525 573 620 669 71 764 81f 9%5 1060
2% 404 449 494 539 584 629 674 71 764 899 988

2%, 382 424 468 509 551 594 634 67! 720 849 983

2% 362 402 442 482 522 563 60: 64 68B 804 8B4

2% 343 382 420 458 496 534 573 61 64p 764 810

2% 327 363 400 436 472 509 54§ 58; 618 727 8po

2%, 312 347 381 416 451 486| 521 55! 59D 694 763

2% 299 332 365 398 431 465| 49 53 564 664 780

3 286 318 350 381 413 445 477 50! 541 636 7p0

3% 274 305 336 366 397 427| 45 48 51p 611 6y2

3Y, 264 293 323 352 381 411 441 47! 49p 587 6416

3% 254 283 311 339 367 396 424 45; 48[L 566 6p2

3% 245 272 300 327 354 381 409 43 46B 545 6p0

3% 237 263 289 316 342 368| 39§ 42 a4y 527 579

3% 229 254 280 305 331 356 383 40 438 509 560

3% 221 246 271 295 320 345 36! 39 41 493 542

4 214 238 262 286 310 334 35! 38 406 ar7 5p5

49, 202 224 247 269 292 314 337 35 38B 449 494

4%, 191 212 233 254 275 297| 314 33 36D 424 466

43, 180 201 221 241 261 281 301 32 341 402 462

5 171 191 210 229 248, 267| 28 30! 324 382 4p0

5%, 163 181 199 218 236 254 273 29 308 363 399

5% 156 173 190 208 225 242 26( 27 9% 347 381

5% 149 166 182 199 215 232 24 26! 28p 332 365

6 143 159 174 190 206 222 23 254 27p 318 319

6%, 137 152 168 183 198 213 229 24 25p 305 386

6% 132 146 161 176 190 205 221 23 24P 293 3p2

6%, 127 141 155 169 183 198 213 22| 24D 283 311

7 122 136 149 163 177 19 204 21 231 212 2p9

7, 118 131 144 158 171 184 197 21 22B 263 289

KA 114 127 139 152 165 178 19( 20: 21p 2%4 2y9

A 111 123 135 148 160 172 18§ 19 20p 246 2F1

8 107 119 131 143 155 167| 17" 19: 20B 238 2p2
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Revolutions per Minute for Various Cutting Speeds and Diameters (Metric Units)
Cutting Speed, Meters per Minute
bia., 5 | 6 | 8 | 10 | 12 | 16 | 20 | 25 | 30 | 35 | 4o| 45
Revolutions per Minute
5 318 | 382 | 509 | 637 764] 1019] 1273 1598 101 2238 2506 2865
6 265 | 318 | 424 | 530 | 637| 849| 1061 132 159 1857 2122 23p7
8 199 | 239 | 318 | 398 | 477| 637 796 995 119 1398 1592 1790
10 150 | 191 | 255 | 318 | 382 509 637 79 95 1116 12793 1482
12 133 | 159 | 212 | 265 | 318| 424 531 663 79 92 1081 1194
16 995 119 | 159 | 199 | 239| 318 398 497 59 696 79 895
20 796| 955 127 | 159| 191| 255 318 394 47 s57 637 716
25 63.7| 764 102 | 127| 153 204| 255 314 38: 44p 59 513
30 53.1| 637 849 106| 127 170 212 264 31 37 ads 4y7
35 455 54.6| 72.9 90. 109 145 182 221 27: 318 364 409
40 398 477 637 79 955 127| 159 19 23 279 318 3%8
45 354 42 4] 56.4 70. 849 113 14 177 21p 248 243 318
50 318| 382 51 63. 764 102| 1271 159 19 228 285 286
55 28.9 34.7] 46.4 57. 69.4 92(6 11§ 14! 174 208 231 260
60 266 318 424 53 637  84f9 10§ 13 1 1 212 239
65 245 29.4] 39.4 49 58. 7814 98| 127 14 17| 196 220
70 227 273 364 45 545  72)8 949 1L 136 159 182 2p5
75 21.2 25.5] 34 42. 51 68| 8419 106| 127 14 17p 191
80 199 239 314 30 477 637 796 995  11p 139 139 1}9
90 17.7 21.2] 289 35. 424 56(6 70.7 88.4 10p 124 141 159
100 159 194 25§ 3L 38p 51 637 796 ob5 11 127 143
110 145 17.4 231 28. 3457 46(2 571.9 72B 86.8 101 116 180
120 133 159 213 26 31p 424 591 e6B 7.6 28 106 119
130 12.2 14.7| 19.4 24. 294 39|12 4 61.p 7B.4 85.7 7.9 10
140 11.4| 136 184 22, 273 364 495 568 682  19.6 09 12
150 10.6 12.7| 17 21. 25p 34 42|14 53. 68.7 7M.3 4.9 5.5
160 99| 119 154 19 23p 318 398 4of 5p7 9.6 9.6  B95
170 9.4 11.2] 15 18. 225 30] 37|14 46.1 56.2 6p.5 714.9 4.2
180 88| 106 141 17, 21p  28[3 394 44p 581 L9 07 9.6
190 8.3 10 13.4 16. 20.1L 268 335 41. 50.3 58.6 7 5.4
200 8 395 127 15 190 2555 318 30 47 567 37 16
220 7.2 8.7 11.9 14. 17.4 231 289 36.p 48.4 50.6 7.9 65.1
240 6.6 8 106 13 15. 21p 265 33 3908 4p4  H31 9.7
260 6.1 7.3 9.8 12. 14y 1946 24(5 30. 36.7 4.8 9 5.1
280 5.7 6.8 94 114 13 18p 227 284 341 308 455 1.1
300 5.3 6.4] 8.5 10. 12,y 17] 212 26. 318 3r.1 424 7.7
350 4.5 5.4] 7.3 9.1 10. 146 182 22. 213 3.8 36.4 0.9
400 4 4.8 6.4 8 98 12 159 199 2d9 219 3p8 358
450 3.5 4.2 5.7 7.1 8. 118 141 17. 212 24.8 28.3 1.8
500 3.2 38 5.1 6.4 7. 10p  12)7 15 191 2p3 255 8.6
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Revolutions per Minute for Various Cutting Speeds and Diameters (Metric Units)

Cutting Speed, Meters per Minute

Dia 50 | 55 | 60 | 65 | 70 | 75 | 80 | 85| 90| 95| 104 20
Revolutions per Minute

5 | 3183 | 3501| 3820] 4138 4454 4775 50 54]1 5780 6048 6Be6 14732
6 | 2653 | 2018| 3183| 3448 3714 397h a2 4509 4775 539 5po5 10,610
8 | 1980 | 2188 | 2387| 2586 2784 208k 31 332 3B1 3180 3p79 7958
10 | 1592 | 1751| 1910 2069 2228 238y 2546 2706 2865 3024 383 366
12 | 1326 | 1450| 1502| 1724 185 198) 2142 2265 2387 2820 2553 9305
16 | 995 | 1004| 1194 1203 1304 149p 1591 1691 1790 190  1ps9  do79
20 | 796 | 875 | 55| 1034| 1114 1104 1278 1383  14p2 1512 1502 3ms3
25 | 637 | 700 | 764| 28| 8o1| os5| 1010 1082 1146 1200 1473 246
30 | 530 | 584 | 37| e90| 743| 796| 84d 903 9556 1008 10p1 2922
35 | 455 | s00 | 46| 591| 637| es2| 724 773 81  sep  9go  1d18
4 | 398 | 438 | a77| 17| s57| s97| 631 67 71 7sp 796 1592
45 | 354 | 389 | 42a| aeo| 95| s31| sed 0] e3f g 7q7 1415
5o | 318 | 350 | 382| 414| 46| 477| sod 541  s7B 605 6f7 1473
55 | 280 | 318 | 347| 376| 05| 34| 464 493 52}  ssp 599 157
60 | 265 | 202 | 318| 345| 71| 308 424 451 a7 sou  sjo  1del
65 | 245 | 269 | 204 | 318| 343| 37| 39 a1  4a) 4ep 490 ofo
70 | 227 | 250 | 273| 206| 318| 341l 364 381 a0b 43p  ags 9o
75 | 212 | 233 | 255| 276| 207| 38| sad 3] 38p 408 434 sfo
80 | 199 | 219 | 230| 259| 279| 208 314 333 35 3B 398 796
9 | 177 | 195 | 212| 230| 248 265| 284 301 313 33 384 797
100 | 159 | 175 | 191| 207| 223| 230 259 271 285 3 38 ep7
110 | 145 | 150 | 174| 188| 203| 217 23] 24  26p 2 289 59
120 | 133 | 146 | 1s9| 172| 186| 109| 214 22 23) 2 245 5h0
130 | 122 | 135 | 147| 50| 171| 14| 104 208 22p 2 245 aho
140 | 114 | 125 | 136| 148| 1s0| 172|184 103 205 2 227 abs
150 | 106 | 117 | 127| 138| 140| 15o| 17 189 19 2 202 apa
160 | 995 | 109 | 110| 120| 130| 149 15¢ 169 170 1d0 199  3b8
170 | e36| 103 | 112| 122 131| 140 15 159  16p 178 187 3y
180 | 884 | o73| 06| 115 124 133 141 15 1sp 148 1{7  3p4
100 | 38| o21| 01| 100| 117 126 134 142 151 1o 167 3ps
200 | 796 | 875| o9s5| 03| 111 11 121 136 148 11 1%9  3fs
20 | 723 | 798| ee8| 94| 101] 109 114 123 13D 137 145 2o
240 | 663 | 729| 796| 62| 924 09§ 10§ 1B 1l 126 1p2 25
20 | 612 | 67.3| 734| 706| 857 o014 ozp 1oh 1o 1f6  1p2 s
280 | 568 | 625| 682| 739 <794 853 90p o6l 1d2 108  1pa 7
300 | 531| s583| 637| 69| 743 794 849 9op 955 1q1  ips 22
350 | 455 | 50 | s46| 591 637 e84 728 778 sis  od1 g1 g2
400 | 398 | 438| 477| 17| 57 s97  e3f 67 7ile 796 796 159
450 | 354 | 389| 424| 46| 405 531 566 eof 636 eh2 707 a1
500 | 318 | 35 | 382| 414 446 477 509 saf 573 6d5 636 17
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SPEED AND FEED TABLES

How to Use the Feeds and Speeds Tables

Introduction to the Feed and Speed Tables.-Fhe principal tables of feed and speed
values are listed in the table below. In this secfiaibjes throughd give data for turning,
Tables 1Ghroughl5egive data for milling, an@ables 1through23give data for ream-
ing, drilling, threading.

The materials in these tables are categorized by description, and Brinell hardness nur
ber (Bhn) range or material condition. So far as possible, work materials are grouped b
similar machining characteristics. The types of cutting tools (HSS end mill, for example)
are identified in one or more rows across the tops of the tables. Other important details co
cerning the use of the tables are contained in the footncfaebkes 110andl7. Informa-
tion concerning specific cutting tool grades is given in notes at the end of each table.

Principal Feeds and Speeds Tables
Feeds and Speeds for Turning

Table 1. Cutting Feeds and Speeds for Turning Plain Carbon and Alloy Steels
Table 2. Cutting Feeds and Speeds for Turning Tool Steels
Table 3. Cutting Feeds and Speeds for Turning Stainless Steels
Table 4a. Cutting Feeds and Speeds for Turning Ferrous Cast Metals
Table 4b. Cutting Feeds and Speeds for Turning Ferrous Cast Metals
Table 5c. Cutting-Speed Adjustment Factors for Turning with HSS Tools
Table 5a. Turning-Speed Adjustment Factors for Feed, Depth of Cut, and Lead Angle

Table 5b. Tool Life Factors for Turning with Carbides, Ceramics, Cermets, CBN, and Polycrystalline
Diamond

Table 6. Cutting Feeds and Speeds for Turning Copper Alloys
Table 7. Cutting Feeds and Speeds for Turning Titanium and Titanium Alloys
Table 8. Cutting Feeds and Speeds for Turning Light Metals
Table 9. Cutting Feeds and Speeds for Turning Superalloys
Feeds and Speeds for Milling
Table 10. Cutting Feeds and Speeds for Milling Aluminum Alloys
Table 11. Cutting Feeds and Speeds for Milling Plain Carbon and Alloy Steels
Table 12. Cutting Feeds and Speeds for Milling Tool Steels
Table 13. Cutting Feeds and Speeds for Milling Stainless Steels
Table 14. Cutting Feeds and Speeds for Milling Ferrous Cast Metals
Table 15a. Recommended Feed in Inches per Tooth (ft) for Milling with High Speed Steel Cutters
Table 15b. End Milling (Full Slot) Speed Adjustment Factors for Feed, Depth of Cut, and Lead
Angle
Table 15c. End, Slit, and Side Milling Speed Adjustment Factors for Radial Depth of Cut
Table 15d. Face Milling Speed Adjustment Factors for Feed, Depth of Cut, and Lead Angle
Table 15e. Tool Life Adjustment Factors for Face Milling, End Milling, Drilling, and Reaming
Table 16. Cutting Tool Grade Descriptions and Common Vendor Equivalents
Feeds and Speeds for Drilling, Reaming, and Threading
Table 17. Feeds and Speeds for Drilling, Reaming, and Threading Plain Carbon and Alloy $teels
Table 18. Feeds and Speeds for Drilling, Reaming, and Threading Tool Steels
Table 19. Feeds and Speeds for Drilling, Reaming, and Threading Stainless Steels
Table 20. Feeds and Speeds for Drilling, Reaming, and Threading Ferrous Cast Metals
Table 21. Feeds and Speeds for Drilling, Reaming, and Threading Light Metals
Table 22. Feed and Diameter Speed Adjustment Factors for HSS Twist Drills and Reamers
Table 23. Feeds and Speeds for Drilling and Reaming Copper Alloys
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Each of the cutting speed tables in this section contains two distinct types of cutting spee
data. The speed columns at the left of each table contain traditional Handbook cuttin
speeds for use with high-speed steel (HSS) tools. For many years, this extensive collecti
of cutting data has been used successfully as starting speed values for turning, millin
drilling, and reaming operations. Instructions and adjustment factors for use with thes
speeds are given ifable 5¢(feed and depth-of-cut factors) for turning, andable 15a
(feed, depth of cut, and cutter diameter) for milling. Feeds for drilling and reaming are dis:
cussed in Using the Feed and Speed Tables for Drilling, Reaming, and Threading. Wit
traditional speeds and feeds, tool life may vary greatly from material to material, making i
very difficult to plan efficient cutting operations, in particular for setting up unattended
jobs on CNC equipment where the tool life must exceed cutting time, or at least be predic
able so that tool changes can be scheduled. This limitation is reduced by using the cor
bined feed/speed data contained in the remaining columns of the speed tables.

The combined feed/speed portion of the speed tables gives two sets of feed and spe
data for each material represented. These feed/speed pairs gpérthenandaverage
data (identified bydpt.andAvg); theoptimumset is always on the left side of the column
and theaverageset is on the right. Theptimumfeed/speed data are approximate values of
feed and speed that achieve minimum-cost machining by combining a high productivity
rate with low tooling cost at a fixed tool life. Theeragefeed/speed data are expected to
achieve approximately the same tool life and tooling costs, but productivity is usually
lower, so machining costs are higher. The data in this portion of the tables are given in tt
form of two numbers, of which the first is the feed in thousandths of an inch per revolutior
(or per tooth, for milling) and the second is the cutting speed in feet per minute. For exan
ple, the feed/speed set/235 represents a feed of 0.015 in./rev at a speed of 215 fpm.
Blank cells in the data tables indicate that feed/speed data for these materials were r
available at the time of publication.

Generally, the feed given in thetimumset should be interpreted as the maximum safe
feed for the given work material and cutting tool grade, and the use of a greater feed me
result in premature tool wear or tool failure before the end of the expected tool life. The
primary exception to this rule occurs in milling, where the feed may be greater than th
optimumfeed if the radial depth of cut is less than the value established in the table foot
note; this topic is covered later in the milling examples. Thus, except for milling, the speec
and tool life adjustment tables, to be discussed later, do not permit feeds that are greal
than theoptimumfeed. On the other hand, the speed and tool life adjustment factors ofter
result in cutting speeds that are well outside the gipéimumto averagespeed range.

The combined feed/speed data in this section were contributed by Dr. Colding of Coldin
International Corp., Ann Arbor, MI. The speed, feed, and tool life calculations were made
by means of a special computer program and a large database of cutting speed and tool |
testing data. The COMP computer program uses tool life equations that are extensions
the F. W. Taylor tool life equation, first proposed in the early 1900s. The Colding tool life
equations use a concept called equivalent chip thickE€S5,(which simplifies cutting
speed and tool life predictions, and the calculation of cutting forces, torque, and powe
requirementsECTIs a basic metal cutting parameter that combines the four basic turning
variables (depth of cut, lead angle, nose radius, and feed per revolution) into one bas
parameter. For other metal cutting operations (milling, drilling, and grinding, for exam-
ple),ECTalso includes additional variables such as the number of teeth, width of cut, an
cutter diameter. ThECT concept was first presented in 1931 by Prof. R. Woxen, who
showed that equivalent chip thickness is a basic metal cutting parameter for high-spee
cutting tools. Dr. Colding later extended the theory to include other tool materials anc
metal cutting operations, including grinding.

The equivalent chip thickness is defined2yT=A/CEL,whereA is the cross-sectional
area of the cut (approximately equal to the feed times the depth of cuf)-aisithe cut-
ting edge length or tool contact rubbing leng@Tand several other terms related to tool
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geometry are illustrated ifigs. 1and 2. Many combinations of feed, lead angle, nose
radius and cutter diameter, axial and radial depth of cut, and numbers of teeth can give tl
same value dECT.However, for a constant cutting speed, no matter how the depth of cut,
feed, or lead angle, etc., are varied, if a constant valHE®fs maintained, the tool life

will also remain constant. A constant values@ T means that a constant cutting speed
gives a constant tool life and an increase in speed results in a reduced tool life. Likewise,
ECTwere increased and cutting speed were held constant, as illustrated in the generaliz
cutting speed v&ECTgraph that follows, tool life would be reduced.

a=depth of cut
A=A’ = chip cross-sectional area
CEL=CELe =engaged cutting edge length
ECT =equivalent chip thicknessAYCEL
f=feed/rev
r=nose radius
LA =lead angle (U.S.)
LA(ISO) =90-LA

LA&ISO) ‘~——‘

~—|

A

(u.s.)

Fig. 1. Cutting Geometry, Equivalent Chip
Thickness, and Cutting Edge Length

LA (ISO)
%

LA
(Us)

Fig. 2. Cutting Geometry for Turning

In the tables, theptimumfeed/speed data have been calculated by COMP to achieve a
fixed tool life based on the maximuBCT that will result in successful cutting, without
premature tool wear or early tool failure. The same tool life is used to calculavetage
feed/speed data, but these values are based on one-half of the m&d@TiuBecause the
data are not linear except over a small range of valuespptithumandaveragesets are
required to adjust speeds for feed, lead angle, depth of cut, and other factors.
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Tool life is the most important factor in a machining system, so feeds and speeds cann
be selected as simple numbers, but must be considered with respect to the many parame
that influence tool life. The accuracy of the combined feed/speed data presented |
believed to be very high. However, machining is a variable and complicated process an
use of the feed and speed tables requires the user to follow the instructions carefully
achieve good predictability. The results achieved, therefore, may vary due to material cor
dition, tool material, machine setup, and other factors, and cannot be guaranteed.

The feed values given in the tables are valid for the standard tool geometries and fixe
depths of cut that are identified in the table footnotes. If the cutting parameters and toc
geometry established in the table footnotes are maintained, turning operations using eith
the optimumor averagefeed/speed datdébles 1through 9) should achieve a constant
tool life of approximately 15 minutes; tool life for milling, drilling, reaming, and threading
data Tables 1@hroughl4 and Tables 1hrough22) should be approximately 45 min-
utes. The reason for the different economic tool lives is the higher tooling cost associate
with milling-drilling operations than for turning. If the cutting parameters or tool geometry
are different from those established in the table footnotes, the same tool life (15 or 45 mir
utes) still may be maintained by applying the appropriate speed adjustment factors, or to
life may be increased or decreased using tool life adjustment factors. The use of the spe
and tool life adjustment factors is described in the examples that follow.

Both theoptimumandaveragefeed/speed data given are reasonable values for effective
cutting. However, theptimumset with its higher feed and lower speed (always the left
entry in each table cell) will usually achieve greater productivityalsle 1 for example,
the two entries for turning 1212 free-machining plain carbon steel with uncoated carbid
are 17805 and 8L075. These values indicate that a feed of 0.017 in./rev and a speed of 80
ft/min, or a feed of 0.008 in./rev and a speed of 1075 ft/min can be used for this materia
The tool life, in each case, will be approximately 15 minutes. If one of these feed and spee
pairs is assigned an arbitrary cutting time of 1 minute, then the relative cutting time of the
second pair to the first is equal to the ratio of their respective<fspeled products. Here,
the same amount of material that can be cut in 1 minute, at the higher feed and lower spe
(17/805), will require 1.6 minutes at the lower feed and higher spge@in®) because 17
x 805/(8x 1075) = 1.6 minutes.

1000 1 1 1 [ T T
Tool Life, T (min) -
P —
(/D' 3
— NSNS ™
5 r aih NN
1S g =]
g \\\\\u\l\
o N \ N N
3 N
2 100 WA N
n N (P T7=5
g’ N NN
s AR T=15
> NN
O NN
YN
1 NIYT=45
> N
T=120
10
0.01 0.1 1

Equivalent Chip Thickness,ECT (mm)
Cutting Speed versus Equivalent Chip Thickness with Tool Life as a Parameter
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Speed and Feed Tables for Turning.-Speeds for HSS (high-speed steel) tools are
based on afeed of 0.012 inch/rev and a depth of cut of 0.125 indfahleédo adjust the
given speeds for other feeds and depths of cut. The combined feed/speed data in t
remaining columns are based on a depth of cut of 0.1 inch, lead angle of 15 degrees, a
nose radius of,inch. UseTable 5ao adjust given speeds for other feeds, depths of cut,
and lead angles; u3able 5bto adjust given speeds for increased tool life up to 180 min-
utes. Examples are given in the text.

Examples Using the Feed and Speed Tables for Turfiiregexamples that follow give
instructions for determining cutting speeds for turning. In general, the same methods at
also used to find cutting speeds for milling, drilling, reaming, and threading, so reading
through these examples may bring some additional insight to those other metalworkin
processes as well. The first step in determining cutting speeds is to locate the work materi
in the left column of the appropriate table for turning, milling, or drilling, reaming, and
threading.

Example 1, Turningzind the cutting speed for turning SAE 1074 plain carbon steel of
22510 275 Brinell hardness, using an uncoated carbide insert, a feed of 0.015 in./rev, anc
depth of cut of 0.1 inch.

In Table 1 feed and speed data for two types of uncoated carbide tools are given, one fc
hard tool grades, the other for tough tool grades. In general, use the speed data from the t
category that most closely matches the tool to be used because there are often signific:
differences in the speeds and feeds for different tool grades. From the uncoated carbif
hard grade values, tlptimumandaveragefeed/speed data givenTable lare 17615
and 8815, or 0.017 in./rev at 615 ft/min and 0.008 in./rev at 815 ft/min. Because the
selected feed (0.015 in./rev) is different from either of the feeds given in the table, the cuf
ting speed must be adjusted to match the feed. The other cutting parameters to be used n
also be compared with the general tool and cutting parameters given in the speed tables
determine if adjustments need to be made for these parameters as well. The general t
and cutting parameters for turning, given in the footnofetde 1 are depth of cut =0.1
inch, lead angle = 5and tool nose radius¥;inch.

Table 5ais used to adjust the cutting speeds for turning (ffailes 1through9) for
changes in feed, depth of cut, and lead angle. The new cutting\$efedind fromV =
Vopt  F X Fg, whereV,, is theoptimumspeed from the table (always the lower of the two
speeds given), arfg andF are the adjustment factors frdrable 5&or feed and depth of
cut, respectively.

To determine the two factoFsandF, calculate the ratio of the selected feed ttjte
mumfeed, 0.018.017 = 0.9, and the ratio of the two given spe%ggwndvopt, 815615
=1.35 (approximately). The feed facky= 1.07 is found ifTable 5aat the intersection of
the feed ratio row and the speed ratio column. The depth-of-cut Fyetak.0 is found in
the same row as the feed factor in the column for depth of cut = 0.1 inch and lead angle
15°, or for a tool with a 45lead anglefr,; = 1.18. The final cutting speed for a°18ad
angle isV =Vq, x Fy x Fy = 615x 1.07x 1.0 = 658 fpm. Notice that increasing the lead
angle tends to permit higher cutting speeds; such an increase is also the general effect
increasing the tool nose radius, although nose radius correction factors are not included
this table. Increasing lead angle also increases the radial pressure exerted by the cutti
tool on the workpiece, which may cause unfavorable results on long, slender workpieces

Example 2, Turnindzor the same material and feed as the previous example, what is the
cutting speed for a 0.4-inch depth of cut and‘dd&d angle?

As before, the feed is 0.015 in./revf{s 1.07, buFy = 1.03 for depth of cut equal to 0.4
inch and a 45lead angle. Therefor®,= 615x 1.07x 1.03 = 676 fpm. Increasing the lead
angle from 18to 45 permits a much greater (four times) depth of cut, at the same feed anc
nearly constant speed. Tool life remains constant at 15 mir{@Gtestinued on page 1005)



Table 1. Cutting Feeds and Speeds for Turning Plain Carbon and Alloy Steels

Tool Material
Uncoated Carbide Coated Carbide Ceramic
HSS Hard Tough Hard Tough Hard Tough Cermet
Material Brinell Speed f = feed (0.001 in./revs = speed (ft/min)
AISI/SAE Designation Hardness | (fpm) Opt. Avg. | Opt. Avg. | Opt. Avg. | Opt. Avg. | Opt. Avg. | Opt. Avg. | Opt. Avg.
100150 | 150 | F] 7. 8 |3 17 |17 8 |28 138 [15 8 |15 8 |7 3
Free-machining plain carbon steels s | 805 1075 405 555 | 1165 1295 850 1200 3340 4985| 1670 2500/ 1610 2055
(resulfurized): 1212, 1213, 1215 150200 | 160 |T[ 17 8 [3 17 [28 13 |28 13 [15 8 [15 8 |7 3
s| 745 935 | 345 470 | 915 1130| 785 1110| 1795 2680| 1485 2215| 1490 1815
100150 | 130
) fl1z 8 |3 17 |17 8 |28 13 |15 8 |15 8 |7 3
1108, 1109, 1115, 1117, 1118, 1120, 1126, 1411 1 o 500 | 159 | s | 730 990 | 300 430 | 1090 1410 780 1105| 1610 2780 1345 2005| 1355 1695
f{i7 8 |3 17 [i7 8 |28 18 |13 7 |13 7
175225 | 120 | 5| 615 815 | 300 405 | 865 960 | 755 960 | 1400 1965| 1170 1640
275-325 | 75
1182, 1137, 1139, 1140, 1144, 1146, 1151 {| 950 375 | 50 |17 8 |8 17 |17 8 |28 13 |10 5 |10 5
s| 515 685|235 340| 720 805 | 650 810 | 1430 1745 1070 1305
375425 | 40
T00-150 | 140
fl17 8 |3 17 |28 13 |28 13 |15 8 |15 8 |7 3
. 74 45 470 | 915 1130| 785 1110| 1795 2680 1485 2215| 1490 181
(Leaded) 11017, 11018, 12113, 1214 {| 150200 | 145 | S| 745 935 | 345 470 | 915 1130| 785 0| 1795 2680| 1485 2215| 1490 1815
T 8§ [3 17 [I7 8§ |28 1@ |13 7 [ 13 7
200-250 | 110 | o | §15 815 | 300 405 | 865 960 | 755 960 | 1400 1965| 1170 1640
100125 | 120 | T 17, 8_[3 17 (17 8 |28 13 [15 8 [15 8 |7 3
s| 805 1075| 405 585 | 1165 1295| 850 1200 3340 4985 1670 2500| 1610 2055
) ) T1i7 8 |3 17 [ 13 |28 13 |15 8 |15 8 |7 3
Plain carbon steels: 1006, 1008, 1009, 1010, 191:125-175 | 110 | ¢ | 775 935 | 345 470 | 915 1130 785 1110| 1795 2680 1485 2215| 1490 1815
1015, 1016, 1017, 1018, 1019, 1020, 1021, 1022,
1023 1034, 1005 1096, 1618 10 175-225 | 90 7 8 [3% 17 |17 8 [ 13 |18 7 |13 7
1024, 1025, 1026, 1513, 615 815 | 300 405| 865 960 | 755 960 | 1400 1965| 1170 1640
225-275 70 | f
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Table 1.(Continued)Cutting Feeds and Speeds for Turning Plain Carbon and Alloy Steels

Tool Material
Uncoated Carbide Coated Carbide Ceramic
HSS Hard Tough Hard Tough Hard Tough Cermet
Material Brinell Speed f = feed (0.001 in./revls = speed (ft/min)
AISI/SAE Designation Hardness | (fpm) Opt. Avg.| Opt. Avg| Opt. Avg Opt. Avg. Opt. Avg. Opt. Avg. Opt. A
125.175 100 f 17 8 36 17 28 13 28 13 15 8 15 8 7 3
s | 745 935 | 345 470 | 915 1130| 785 1110| 1795 2680| 1485 2215 1490 1815
175-225 85
) i f 17 8 36 17 17 8 28 13 13 7 13 7
Plain carbon stee{sontinued) 1027, 1030, 1033, 555 75 70 | s | 615 815 | 300 405 | 865 960 | 755 960 | 1400 1965| 1170 1640
1035, 1036, 1037, 1038, 1039, 1040, 1041, 1042,
1043, 1045, 1046, 1048, 1049, 1050, 1052, 152475_325 60
1526, 1527, 1541
325-375 40 | f 17 8 36 17 17 8 28 13 10 5 10 5
s| 515 685 | 235 340 | 720 805 | 650 810 1430 1745 1070 1305
375-425 30
125-175 100
f| 17 8 36 17 17 8 28 13 15 8 15 8 7 3
175-225 80 | s | 730 990 | 300 430 | 1090 1410 (780 1105 (1610 2780 (1345 2005 (1355 1695
. " f| 17 8 36 17 17 8 28 13 13 7 13 7 7 3
P O o rsas o C 2257275 | 85 | | 615  &15 | 300 405 | 865 960 |755 960 |1400 1965 [1170 1640 |1365 1695
1095, 1548, 1551, 1552, 1561, 1566 275-325 50
325-375 35 | |17 8 36 17 17 8 28 13 10 5 10 5
s | 515 685 | 235 340 | 720 805 |650 810 (1430 1745 (1070 1305
375-425 30
175-200 110
f 17 8 36 17 17 8 28 13 15 8 15 8 7 3
200-250 90 525 705 | 235 320 | 505 525 (685 960 (1490 2220 (1190 1780 (1040 1310
s
Free-machining alloy steels, (resulfurized): 4140, 250-300 65 fl17 8 36 17 17 8 28 13 10 5 10 5 7 3
4150 s | 355 445 140 200 | 630 850 (455 650 (1230 1510 |990 1210 (715 915
300-375 50
f 17 8 36 17 17 8 28 13 8 4 8 4 7 3
375-425 40 330 440 125 175 | 585 790 (125 220 (1200 1320 |960 1060 (575 740
S

vg.
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Table 1.(Continued)Cutting Feeds and Speeds for Turning Plain Carbon and Alloy Steels

Tool Material
Uncoated Carbide Coated Carbide Ceramic
HSS Hard Tough Hard Tough Hard Tough Cermet
Material Brinell Speed f = feed (0.001 in./revls = speed (ft/min)
AISI/SAE Designation Hardness | (fpm) Opt. Avg.| Opt. Avg| Opt. Avg Opt. Avg. Opt. Avg. Opt. Avg. Opt. A
150-200 120 fl17 8 36 17 17 8 28 13 15 8 1 8 7 3
s | 730 990 | 300 430 | 1090 1410 (780 1105 (1610 2780 1345 2005 (1355 1695
200-250 wo | T %7 8 36 17 | 17 8 28 13 13 7 13 7 7 3
Free-machining alloy steels: (leaded): 4130, s| 615 815 | 300 405| 865 960 [755 960 |1400 1965 |1170 1640 |1355 1695
41140, 41L47, 41150, 43L47, 51132, 52L10¢, 250-300 75
86L20, 86L40
300-375 55 | f | 17 8 36 17 17 8 28 13 10 5 10 5
s | 515 685 | 235 340 | 720 805 |650 810 (1430 1745 (1070 1305
375-425 50
125-175 100
17 8 36 17 17 8 28 13 15 8 15 8 7 3
f| 525 705 | 235 320 | 505 525 |685 960 (1490 2220 (1190 1780 |1040 1310
175-225 %0 |
Alloy steels: 4012, 4023, 4024, 4028, 4118, 43P0, 25275 70 |17 8 36 1 17 8 28 13 10 5 10 5 7 3
4419, 4422, 4427, 4615, 4620, 4621, 4626, 4718325~ s| 355 445 | 140 200 | 630 850 [455 650 1230 1510 (990 1210 [715 915
4720, 4815, 4817, 4820, 5015, 5117, 5120, 6118,
8115, 8615, 8617, 8620, 8622, 8625, 8627, 8]20:75_325 o |f|17 8 36 17 |17 8 28 13 |9 5 8 5 7 3
8822 94B17 s|330 440 | 135 190 | 585 790 [240 350 1230 1430 (990 1150 |655 840
325-35 50
fl17 8 36 17 17 8 28 13 8 4 8 4 7 3
375-425 | 30(20) s | 330 440 | 125 175 585 790 ([125 220 |1200 1320 |960 1060 |575 740
Alloy steels: 1330, 1335, 1340, 1345, 4032, 4087 75-225 | 85 (70 117 8 36 17 17 8 28 13 15 8 15 8 7 3
4042, 4047, 4130, 4135, 4137, 4140, 4142, 4. 451,' s | 525 705 | 235 320 | 505 525 |685 960 (1490 2220 (1190 1780 |[1020 1310
4147, 4150, 4161, 4337, 4340, 50844, 5084, T s % 17 |7 8 % 13 |10 5 0 5 - 3
50B50, 50B60, 5130, 5132, 5140, 5145, 5147, 225-275 | 70 (65
5150, 5160, 51860, 6150, 81845, 8630, 8635, s | 355 445 | 140 200 [ 630 850 |[455 650 |1230 1510 |990 1210 (715 915
8637, 8640, 8642, 8645, 8650, 8655, 8660, 8 4[&75_325 60 (50 117 8 36 17 17 8 28 13 9 5 8 5 7 3
9254, 9255, 9260, 9262, 94B30 s | 330 440 | 135 190 | 585 790 (240 350 |1230 1430 |990 1150 (655 840
E51100, E52100 use (HSS Speeds) 325-375 | 40 (30
f| 17 8 36 17 17 8 28 13 8 4 8 4 7 3
375-425 | 30(20) s | 330 440 | 125 175 585 790 |[125 220 |1200 1320 |960 1060 |575 740

vg.
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Table 1.(Continued)Cutting Feeds and Speeds for Turning Plain Carbon and Alloy Steels

Tool Material
Uncoated Carbide Coated Carbide Ceramic
HSS Hard Tough Hard Tough Hard Tough Cermet
Material Brinell Speed f = feed (0.001 in./revls = speed (ft/min)
AISI/SAE Designation Hardness | (fpm) Opt. Avg.| Opt. Avg| Opt. Avg Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg.
220-300 65
fl| 17 8 36 17 20 10 28 13 10 5 7 3
300-350 50 | s | 220 295 | 100 150 | 355 525 |600 865 660 810 |570 740
Ultra-high-strength steels (not ASI): AMS alloy:
6421 (98837 Mod.), 6422 (98BVA0), 6424, | o0 00 s | f] Y7 8 3 17 | 17 8 28 13 8 4 7 3
6427, 6428, 6430, 6432, 6433, 6434, 6436, gnd s | 165 185 [ 55 105 | 325 350 (175 260 660 730 (445 560
6442; 300M and D6ac 43-48 Re 25
f 17 8 7 3 10 5
48-52 Rc 10 | s 55t 90 385 645 |270 500

f| 17 8 36 17 20 10 28 13 10 5
250-325 60 660 810 7 3
Maraging steels (not AISI): 18% Ni, Grades 20p, s | 220 295 | 100 150 355 525 600 865 570 740
250, 300, and 350
’ ' f 17 8 7 3 10 5
50-52Rc| 10 | 4 55t 90 385 645 (270 500

Sd334 ANV SA33ds

17 8 36 17 17 8 28 13 15 8 15 8 7 3

g f
200-250 | 70 | 1535 705 | 235 320 | 505 525 (685 960 |1490 2220 1190 1780 |1040 1310

Nitriding steels (not AISI): Nitralloy 125, 135, 135
Mod., 225, and 230, Nitralloy N, Nitralloy EZ,
Nitrex 1

fl17 8 36 17 17 8 28 13 8 4 8 4 7 3

800-3%0 | 30 | g | 330 440 | 125 175| 585 790 [125 220 |1200 1320 |960 1060 |575 740

Speeds for HSS (high-speed steel) tools are based on a feed of 0.012 inch/rev and a depth of cut of 0.1Tabielfidsedjust the given speeds for other feeds
and depths of cut. The combined feed/speed data in the remaining columns are based on a depth of cut of 0.1 inch, lEadegrglesofind nose radiuggihch.
UseTable 5ao adjust given speeds for other feeds, depths of cut, and lead angledlesto adjust given speeds for increased tool life up to 180 minutes. Examples
are given in the text.

The combined feed/speed data in this table are based on tool grades (idenfidiele ib§ as follows: uncoated carbides, hard = 17, tough = 19, 1 = 15; coated
carbides, hard = 11, tough = 14; ceramics, hard = 2, tough =3, $ =4; cermet=7.
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Table 2. Cutting Feeds and Speeds for Turning Tool Steels

Tool Material
Uncoated Uncoated Carbide Coated Carbide Ceramic
HSS Hard Tough Hard Tough Hard Tough Cermet
Material Brinell Speed f = feed (0.001 in./rev) = speed (ft/min)
AISI Designation Hardness (fpm) Opt. Avg. Opt. Avg. Opt. Avg Opt. Avd. Opt. Avp. Opt. Ayg. Opt.
Water hardening: W1, W2, W5 150-20 100
Shock resisting: S1, 52, S5, S6, S7 175-2p5 70
L 0% 90 20, f |17 8 36 17 17 8 28 13 13 7 13 7 7 3
Cold work, oil hardening: 0T, 02, 06, O7 175-235 ] s|455 610 |210 270 |[830 1110 |575 805 |935 1310 |790 1110 |915 1150
Cold work, high carbon, high chromium: D2,
D3, D4, D5, D7 200-250 45
ff(;alowork, air hardening: A2, A3, A8, A9, 200-250 70
A4, AG 200-250 55 f |17 8 36 17 17 8 28 13 13 7 13 7 7 3
A7 225-275 45 s |445 490 170 235 (705 940 |[515 770 |660 925 |750 1210 |1150 1510
150-200 80
200-250 65
] . 17 8 36 17 17 8 28 13 8 3 7 3
Hotwork, chromium type: H10, H11, H12, H15, 325-375 50 |'s|1e5s 185 |55 105 |[325 350 |[175 260 660 730 |445 560
’ 48-50 Re 20
50-52Re 10 : éé 30 ;ss 245 ;30 goo
52-56 Rc — |°® T i
Hot work, tungsten type: H21, H22, H23, H24, 150-200 60
, H26 200-250 50 f |17 8 36 17 17 8 28 13 13 7 13 7 7 3
Hot work, molybdenum type: HAL, H42, H43 150-200 55 s 445 490 170 235 |705 940 |515 770 [660 925 (750 1210 (1150 1510
200-250 45
- N 17 ] 36 17 17 g 28 13 13 7 13 7 7 3
Special purpose, low alloy: L2, L3, L6 150-20 7S |s|aas 610 |20 270 |[830 1110 |[575 805 [935 1310 [790 1110 [915 1150
i 100-150 90 f {17 8 36 17 17 8 28 13 13 7 13 7 7 3
Mold: P2, P3, P4, PS, P6, P26, P21 150-200 g0 | s|a45s 610 |20 270 |830 1110 |575 805 |935 1310 [790 1110 [915 1150
ngg-igeed steel: M1, M2, M6, M10, T1, 200-250 65
M3-1, M4 M7, M30, M33, M34, M36, M41, | ,oc »oc 55 f |17 8 36 17 17 8 28 13 13 7 13 7 7 3
M42, M43, M44, M46, M47, T5, T8 s |445 490 |[170 235 (705 940 |[515 770 |660 925 |750 1210 |1150 1510
T15, M3-2 225-275 45

Speeds for HSS (high-speed steel) tools are based on a feed of 0.012 inch/rev and a depth of cut of 0.1Z@bietsaseadjust the given speeds for other feeds
and depths of cut. The combined feed/speed data in the remaining columns are based on a depth of cut of 0.1 inch, lEadegrglesoand nose radiuggihch.
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UseTable 5do adjust given speeds for other feeds, depths of cut, and lead angledlagdto adjust given speeds for increased tool life up to 180 minutes. Examples

are given in the text. The combined feed/speed data in this table are based on tool grades (id€abfietigras follows: uncoated carbides, hard = 17, tough =19, t

=15; coated carbides, hard = 11, tough = 14; ceramics, hard = 2, tough = 3, 1 = 4; cermet =7.



Table 3. Cutting Feeds and Speeds for Turning Stainless Steels

Tool Material
Uncoated Uncoated Carbide Coated Carbide
Cermet
HSS Hard Tough Hard Tough
Brinell Speed f = feed (0.001 in./revl = speed (ft/min)
Material Hardness (fpm) Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg Opt. Avg.
Free-machining stainless steel 135-185 110 f 20 10 36 17 17 8 28 13 7 3
(Ferritic): 430F, 430FSe a s 480 660 370 395 755 945 640 810 790 995
(Austenitic): 203EZ, 303, 303Se, 303MA| 135-185 100 f 13 7 36 17 28 13 7 3
303Pb, 303Cu, 303 Plus X 225-275 80 s | 520 640 310 345 625 815 695 875
135-185 110 f 13 7 36 28 13 7 3
(Martensitic): 416, 416Se, 416 Plus X, 185-240 100 s | 520 640 310 625 815 695 875
420F, 420FSe, 440F, 440FSe 275-325 60 f 13 7 36 17 28 13
375-425 30 s 210 260 85 135 130 165
Stainless steels (Ferritic): 405, 409 429, 135-185 90 f 20 10 36 17 17 8 28 13 7 3
430, 434, 436, 442, 446, 502 s 480 660 370 395 755 945 640 810 790 995
(Austenitic): 201, 202, 301, 302, 304, 304L, 135-185 75
305, 308, 321, 347, 348 225-275 65
(Austenitic): 302B, 309, 309S, 310, 3109, 135-185 70 f 13 7 36 17 28 13 7 3
314, 316, 316L, 317, 330 s 520 640 310 345 625 165 695 875
135-175 95
. 175-225 85
(Martensitic): 403, 410, 420, 501 575355 =5
3757428 i f 13 7 36 17 28 13 13 7
225-275 55-60
(Martensitic): 414, 431, Greek Ascoloy, 275-325 45-50 s 210 260 85 135 130 165 200t 230
440A, 4408, 440C
375-425 30
(Precipitation hardening):15 -5PH, 17-4PH, 150-200 60 f 13 7 36 17 28 13 13 7
17-7PH, AF-71, 17-14CuMo, AFC-77, | 275_325 50 s | 520 640 310 345 625 815 695 875
AM-350, AM-355, AM-362, Custom 455:
HNM, PH13-8, PH14-8Mo, PH15-7Mo,| 325-375 40 fl 1 7 36 17
Stainless W 375-450 25 s 195 240 85 155

See footnote tdable 1for more information. The combined feed/speed data in this table are based on tool grades (identifieflabEat§es follows: uncoated

carbides, hard = 17, tough = 19; coated carbides, hard = 11, tough = 14; cermet=7, 1 = 18.

Sd334 ANV Sd33ds
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Table 4a. Cutting Feeds and Speeds for Turning Ferrous Cast Metals

Tool Material
Uncoated Carbidg Coated Carbide Ceramic
HSS Tough Hard Tough Hard Tough Cermet CBN
Brinell Speed f = feed (0.001 in./revl = speed (ft/min)
Material Hardness | (fpm) Opt. Avg.| Opt. Avg,| Opt. Avgl Opt. Av¢. Opt. A\{g. Opt. A*/g. Opt. A
Gray Cast Iron
ASTM Class 20 120-150 120
f |28 13 28 13 28 13 15 8 15 8 8 4 24 11
ASTM Class 25 160-200 90 240 365 (665 1040 (585 945 |1490 2220 |1180 1880 (395 510 8490 36380
ASTM Class 30, 35, and 40 190-22 8
ASTM Class 45 and 50 220-26 60 f 28 13 |28 13 |28 13 (11 6 1 6 8 4 24 11
ASTM Class 55 and 60 250-32 3d s [160 245 |400 630 |360 580 |[1440 1880 (1200 1570 (335 420 |1590 2200
ASTM Type 1, 1b, 5 (Ni resist) 10021 70
n . f |28 13 28 13 15 8 15 8 8 4
ASTM Type 2. 3, 6 (Ni resist) 120-178 6y 1110 175 410 575 |1060 1590 885 1320 |260 325
ASTM Type 2b, 4 (Ni resist) 150-250 50|
Malleable Iron
. f |28 13 28 13 28 13 15 8 15 8
(Ferritic): 32510, 35018 110-169 130 < |180 280 |730 940 |660 885 [1640 2450 |1410 2110
(Pearlitic): 40010, 43010, 45006, 45008, 160-200 95 | f |28 13 28 13 |28 13 |13 7 13 7
48005, 50005 200-240 75 | s|125 200 (335 505 |340 510 |[1640 2310 |1400 1970
(Martensitic): 53004, 60003, 60004 200-255 m
(Martensitic): 70002, 70003 220-26 60 f |28 13 28 13 11 6 11 6
(Martensitic): 80002 240-280) 50| s [100 120 205 250 |[1720 2240 |1460 1910
(Martensitic): 90001 250-320 30

Speeds for HSS (high-speed steel) tools are based on a feed of 0.012 inch/rev and a depth of cut of 0.1Zabielfidsedjust the given speeds for other feeds

and depths of cut. The combined feed/speed data in the remaining columns are based on a depth of cut of 0.1 inch, lEadegrglesofind nose radiuggihch.

UseTable 5ao adjust the given speeds for other feeds, depths of cut, and lead angledlesibto adjust given speeds for increased tool life up to 180 minutes.

Examples are given in the text.
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The combined feed/speed data in this table are based on tool grades (idenfdiele ib§ as follows: uncoated carbides, tough = 15; Coated carbides, hard = 11,
tough = 14; ceramics, hard = 2, tough = 3; cermet=7; CBN = 1.



Table 4b. Cutting Feeds and Speeds for Turning Ferrous Cast Metals

Sd334 ANV Sd33ds

Tool Material
Uncoated Carbide Coated Carbide Ceramic
Uncoated
HSS Hard Tough Hard Tough Hard Tough Cermet
Brinell f = feed (0.001 in./revl = speed (ft/min)
Material Hardness | Speed (fpm) Opt. Avg.| Opt. Avg.| Opt. Avg| Opt. Avgl;. Opt. A\.{g Opt. A+/g, Opt.
Nodular (Ductile) Iron
Y 28 13 [ 28 13 [ 28 13 [ 15 8 15 8 8 4
Ferritic): 60-40-18, 65-45-12 140-19( 100
(Ferritic) ' 200 325 | 490 700 | 435 665 | 970 1450| 845 1260 365 480
- - 190-225 80
(Ferritic-Pearlitic): 80-55-06 295 260 65 28 13 28 13 28 13 11 6 11 6 8 4
130 210 | 355 510 | 310 460 | 765 995 | 1260 1640| 355 445
(Pearlitic-Martensitic): 100-70-03 240-30 45
I 270-330 30 28 13 28 13 10 5 10 5 8 4
(Martensitic): 120-90-02 300400 15 20 65 145 175 | 615 750 | 500 615 | 120 145
Cast Steels
. 100-150 110 17 8 36 17 17 8 28 13 15 8 7 3
(Low-carbon): 1010, 1020 125-175 100 370 490 | 230 285 | 665 815 | 495 675 | 2090 3120 625 790
) 175-225 90
(Medium-carbon): 1030, 1040, 1050 {
225-300 70
150200 50 17 8 36 17 | 17 8 28 13 | 15 8 7 3
(Low-carbon alloy): 1320, 2315, 2320 370 490 | 150 200 | 595 815 | 410 590 | 1460 2170 625 790
4110, 4120, 4320, 8020, 8620 ¢ | 200-250 80
250-300 60
175-225 80 17 8 36 17 17 8 15 8
_ 225-250 70 310 415 | 115 150 | 555 760 830 1240
(Medium-carbon alloy): 1330, 1340,
2325, 2330, 4125, 4130, 4140, 4330,, | 250-300 55 28 13 15 8
4340, 8030, 80B30, 8040, 8430, 8440, | 300-350 45 70t 145 445 665
8630, 8640, 9525, 9530, 9535 TR 13 T
350-400 30 115t 355 335 345 955 1430

The combined feed/speed data in this table are based on tool grades (iderfiigld it§) as shown: uncoated carbides, hard = 17; tough = 19, T = 15; coated calr_‘

bides, hard = 11; tough = 14; ceramics, hard = 2; tough = 3; cermet = 7. Also, see fodtable 4a

O
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Table 5a. Turning-Speed Adjustment Factors for Feed, Depth of Cut, and Lead Angle 5

Ratio of Ratio of the two cutting speeds given in the tables Depth of Cut and Lead Angle g
Chosen VaudVopt 1in. (25.4 mm) 0.4 in. (10.2 mm) 0.2in. (5.1 mm) 0.1in. (2.5 mm 0.04 in. (1.0 mm)
()F;?ni\:& 1.00 110 125 135 150 175 2.0p °15 45° 15 45 15° 45° 15° 45° 15 45°

Feed Feed Factoif; Depth of Cut and Lead Angle Factby,

1.00 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.74 1.0 0.79 1.03 0.85 1.08 1.0 1.18 1.29 1.35

0.90 1.00 1.02 1.05 1.07 1.09 1.10 112 0.75 1. 0.80 1.0 0.86 1.p8 1.0 117 127 134

0.80 100 103 109 110 115 120 1.25 0.77 1.0 0.81 1.0: 0.87 1.p7 1.0 1415 1.25 131

0.70 100 105 113 122 122 132 143 0.77 1.0 0.82 1.0: 0.87 1.p8 1.0 1415 1.24 1130

0.60 100 108 120 125 135 150 1.66 0.78 1.0 0.82 1.0: 0.88 1.p7 1.0 114 1.23 129

0.50 100 110 125 135 150 175 200 0.78 1.0 0.82 1.0: 0.88 1.p7 1.0 114 1.23 1[28

0.40 100 109 128 144 166 203 243 0.78 1.0 0.84 1.0: 0.89 1.p6 1.0 1413 1.21 1[26

0.30 100 106 132 152 18 242 3.05 0.81 1.0 0.85 1.0: 0.90 1.p6 1.0 112 1.18 123

0.20 100 100 134 160 207 29 4.03 0.84 1.0 0.89 1.0: 0.91 1.p5 1.0 1410 1.15 119 %

0.10 100 080 120 155 224 374 584 0.88 1.0 0.91 1.0 0.92 1.p3 1.0 1406 1.10 112

Use withTables through9. Not for HSS toolsTables lthrough9 data, except for HSS tools, are based on depth of cut = 0.1 inch, lead angle = 15 degrees, an(@ol
life = 15 minutes. For other depths of cut, lead angles, or feeds, use the two feed/speed pairs from the tables ae catautztéesired (new) feeddptimunfeed
(largest of the two feeds given in the tables), and the ratio of the two cutting Spggls,0). Use the value of these ratios to find the feed fdgtat the intersection
of the feed ratio row and the speed ratio column in the left half of the table. The depth-of-cE fisdimund in the same row as the feed factor in the right half of the £

NV S

table under the column corresponding to the depth of cut and lead angle. The adjusted cutting speed can be calss#agg F&px Fy, whereV,, is the smaller '|U'|
(optimun) of the two speeds from the speed table (from the left side of the column containing the two feed/speed pairs). Serectkentgke$. m
m
Table 5b. Tool Life Factors for Turning with Carbides, Ceramics, Cermets, CBN, and Polycrystalline Diamond 8
Turning with Carbides: Turning with Carbides: Workpiece > 300 Bhn; Turning with Mixed Ceramics:
Tool Life. T Workpiece < 300 Bhn Turning with Ceramics: Any Hardness Any Workpiece Hardness
(minutevs) fs fin fi fs fin fi fs fin fi
15 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0

45 0.86 0.81 0.76 0.80 0.75 0.70 0.89 0.87 0.84

90 0.78 0.71 0.64 0.70 0.63 0.56 0.82 0.79 0.75

180 0.71 0.63 0.54 0.61 0.53 0.45 0.76 0.72 0.67

Except for HSS speed tools, feeds and speeds giVieblas Ithroughd are based on 15-minute tool life. To adjust speeds for another tool life, multiply the cutting
speed for 15-minute tool lifé,;; by the tool life factor from this table according to the following rules: for small feeds where}idgg the cutting speed for desired
tool life isVy =fs x Vy; for medium feeds whedgf,, < feed <F,f,,, Vo =f, x V5 and for larger feeds whedgf,, < feeds f,, Vi =1; x Vy5. Heref, is the largest
(optimun) feed of the two feed/speed values given in the speed tables.
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Table 5c. Cutting-Speed Adjustment Factors for Turning with HSS Tools

Depth-of-Cut
Feed Feed Factor Depth of Cut Factor
in. mm Fy in. mm Fq
0.002 0.05 1.50 0.005 0.13 1.50
0.003 0.08 1.50 0.010 0.25 1.42
0.004 0.10 1.50 0.016 0.41 1.33
0.005 0.13 1.44 0.031 0.79 1.21
0.006 0.15 1.34 0.047 1.19 1.15
0.007 0.18 1.25 0.062 157 1.10
0.008 0.20 1.18 0.078 1.98 1.07
0.009 0.23 1.12 0.094 2.39 1.04
0.010 0.25 1.08 0.100 254 1.03
0.011 0.28 1.04 0.125 3.18 1.00
0.012 0.30 1.00 0.150 3.81 0.97
0.013 0.33 0.97 0.188 4.78 0.94
0.014 0.36 0.94 0.200 5.08 0.93
0.015 0.38 0.91 0.250 6.35 0.91
0.016 0.41 0.88 0.312 7.92 0.88
0.018 0.46 0.84 0.375 9.53 0.86
0.020 0.51 0.80 0.438 11.13 0.84
0.022 0.56 0.77 0.500 12.70 0.82
0.025 0.64 0.73 0.625 15.88 0.80
0.028 0.71 0.70 0.688 17.48 0.78
0.030 0.76 0.68 0.750 19.05 0.77
0.032 0.81 0.66 0.812 20.62 0.76
0.035 0.89 0.64 0.938 23.83 0.75
0.040 1.02 0.60 1.000 25.40 0.74
0.045 1.14 0.57 1.250 3175 0.73
0.050 1.27 0.55 1.250 3175 0.72
0.060 1.52 0.50 1.375 34.93 0.71

For use with HSS tool data only frafables Ithrough®. Adjusted cutting speédi=\Vygsx F; % Fy,
whereVysgis the tabular speed for turning with high-speed tools.

Example 3, Turnind@etermine the cutting speed for turning 1055 steel of 175 to 225
Brinell hardness using a hard ceramic insert,°del&d angle, a 0.04-inch depth of cut and
0.0075in./rev feed.

The two feed/speed combinations givermable 5afor 1055 steel are 25610 and
8/2780, corresponding to 0.015 in./rev at 1610 fpm and 0.008 in./rev at 2780 fpm, respec
tively. In Table 5athe feed factoF; = 1.75 is found at the intersection of the row corre-
sponding to feedy,,= 7.515 = 0.5 and the column correspondiny 1V, = 27801610
=1.75 (approximately). The depth-of-cut fadtgr= 1.23 is found in the same row, under
the column heading for a depth of cut =0.04 inch and lead angfe Fibadjusted cutting
speed i¥/=1610x 1.75x 1.23 = 3466 fpm.

Example 4, Turningthe cutting speed for 1055 steel calculated in Example 3 represents
the speed required to obtain a 15-minute tool life. Estimate the cutting speed needed
obtain a tool life of 45, 90, and 180 minutes using the results of Example 3.

To estimate the cutting speed corresponding to another tool life, multiply the cutting
speed for 15-minute tool lifé,s by the adjustment factor from tfiable 5h Tool Life Fac-
tors for Turning. This table gives three factors for adjusting tool life based on the feed usec
fsfor feeds less than or equa¥4fy,y, %, for midrange feeds betwe¥rand?,f,, andf for
large feeds greater than or equélfg,.and less thafy,. In Example 3f,,,is 0.015 in./rev
and the selected feed is 0.0075 in./réyf5,. The new cutting speeds for the various tool
lives are obtained by multiplying the cutting speed for 15-minute tod/{ifby the factor
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for small feeds; from the column for turning with ceramicsTiable 5b These calcula-
tions, using the cutting speed obtained in Example 3, follow.

Tool Life Cutting Speed

15 min V5= 3466 fpm
45 min V5= V,5 % 0.80 = 2773 fpm
90 min Vgo = Vy5 % 0.70 = 2426 fpm
180 min Vigo= Vy5% 0.61 = 2114 fpm

Depth of cut, feed, and lead angle remain the same as in Example 3. Notice, increasir
the tool life from 15 to 180 minutes, a factor of 12, reduces the cutting speed by only abot
one-third of the/,5 speed.

Table 6. Cutting Feeds and Speeds for Turning Copper Alloys

Group 1

Architectural bronze (C38500); Extra-high-headed brass (C35600); Forging brass (C37700Q); Free-
cutting phosphor bronze, B2 (C54400); Free-cutting brass (C36000); Free-cutting Muntz mjetal

(C37000); High-leaded brass (C33200; C34200); High-leaded brass tube (C35300); Leadgd com-
mercial bronze (C31400); Leaded naval brass (C48500); Medium-leaded brass (C34000)

Group 2

Aluminum brass, arsenical (C68700); Cartridge brass, 70% (C26000); High-silicon bronze,|
(C65500); Admiralty brass (inhibited) (C44300, C44500); Jewelry bronze, 87.5% (C22600)
Leaded Muntz metal (C36500, C36800); Leaded nickel silver (C79600); Low brass, 80%
(C24000); Low-leaded brass (C33500); Low-silicon bronze, B (C65100); Manganese bronze, A
(C67500); Muntz metal, 60% (C28000); Nickel silver, 55-18 (C77000); Red brass, 85% (C23000);
Yellow brass (C26800)

w

Group 3

Aluminum bronze, D (C61400); Beryllium copper (C17000, C17200, C17500); Commercial-
bronze, 90% (C22000); Copper nickel, 10% (C70600); Copper nickel, 30% (C71500); Elecfrolytic
tough pitch copper (C11000); Guilding, 95% (C21000); Nickel silver, 65-10 (C74500); Nickel sil-

ver, 65-12 (C75700); Nickel silver, 65-15 (C75400); Nickel silver, 65-18 (C75200); Oxygen-free

copper (C10200) ; Phosphor bronze, 1.25% (C50200); Phosphor bronze, 10% D (C52400) Phos-
phor bronze, 5% A (C51000); Phosphor bronze, 8% C (C52100); Phosphorus deoxidized ¢opper
(C12200)

Uncoated | Polycrystalling
HSS Carbide Diamond
f = feed (0.001 in./rev),
Wrought Alloys - f
Description and UNS Material | Speed| s = speed (ft/min)
Alloy Numbers Condition| (fpm) Opt. Avg.| Opt. Avg.
A 300 | f |28 13
Group 1 co | 350 | s |1170 1680
A 200 | f |28 13
Group 2 cD | 250 | s [715 900
A 100 | f |28 13 |7 13
Group 3 CD | 110 | s 440 610 [1780 2080

Abbreviations designate: A, annealed; CD, cold drawn.

The combined feed/speed data in this table are based on tool grades (idertdigd it as fol-
lows: uncoated carbide, 15; diamond, 9. See the footndtele 7
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Table 7. Cutting Feeds and Speeds for Turning Titanium and Titanium Alloys

Tool Material
HSS Uncoated Carbide (Tough)
Material f = feed (0.001 in./rev),
Brinell s=speed (ft/min)
Hardness Speed (fpm) Opt. Avg.
Commercially Pure and Low Alloyed
" . f 28 13
99.5Ti, 99.5Ti-0.15Pd 110-150 100-105 s 55 190
99.1Ti, 99.2Ti, 99.2Ti-0.15Pd, f 28 13
98.9Ti-0.8N1-0.3Mo 180-240 85-90 | 5| 50 170
. f 20 10
99.0 Ti 250-275 70 s 75 210
Alpha Alloys and Alpha-Beta Alloys
5AIl-2.5Sn, 8Mn, 2Al-11Sn-5Zr-
1Mo, 4Al-3Mo-1V, 5AI-6Sn-2Zr-
1Mo, 6Al-2Sn-4Zr-2Mo, 6Al-2Sn- 300-350 50
4Zr-6Mo, 6Al-2Sn-4Zr-2Mo-0.25Si
BAI-4V 310-350 40
6Al-6V-2Sn, Al-4Mo, 320-370 30 § 17 8
8V-5Fe-IAl 320-380 20 s| 95 250
6Al-4V, 6Al-2Sn-4Zr-2Mo,
6Al-2Sn-4Zr-6Mo, 320-380 40
6Al-2Sn-4Zr-2Mo-0.25Si
4Al-3Mo-1V, 6Al-6V-2Sn, 7Al-4Mo 375-420 20
| Al-8V-5Fe 375-440 20
Beta Alloys
13V-11Cr-3Al, 8Mo-8V-2Fe-3Al, 275-350 25 f 17 8
3Al-8V-6Cr-4Mo-4Zr, {
11.5M0-67R-4.55n 375-440 20 s | 55 150

The speed recommendations for turning with HSS (high-speed steel) tools may be used as starting
speeds for milling titanium alloys, usifigible 15&0 estimate the feed required. Speeds for HSS
(high-speed steel) tools are based on a feed of 0.012 inch/rev and a depth of cut of 0.125 inch; use
Table 5cto adjust the given speeds for other feeds and depths of cut. The combined feed/speed date
in the remaining columns are based on a depth of cut of 0.1 inch, lead angle of 15 degrees, and nos
radius offinch. Us€Table 5ao adjust given speeds for other feeds, depths of cut, and lead angles;
useTable 5hto adjust given speeds for increased tool life up to 180 minutes. Examples are given in
the text. The combined feed/speed data in this table are based on tool grades (idefbidlf
as follows: uncoated carbide, 15.

Table 8. Cutting Feeds and Speeds for Turning Light Metals

Tool Material
Uncoated Carbide | Polycrystalline
HSS (Tough) Diamond
Material Condi- Speed f = feed (0.001 in./revl = speed (ft/min)
Material Description tion (fpm) Opt. Avg. Opt. Avg.
All wrought and cast magnesium alloys A, CD, ST, anfl A 80!
All wrought aluminum alloys, including 6061- CD 600
T651, 5000, 6000, and 7000 series STand A 500 i |36 17
All aluminum sand and permanent mold castin AC 750 s 2820 |4570
alloys STand A 600
Aluminum Die-Casting Alloys
f [36 17 11 8
Alloys 308.0 and 319.0 - — | s |85 |1280 |s89G¢ |8270
AC 80 f |24 11 8 4
Alloys 390.0 and 392.0 STandA 60 s | 2010 2760 4765 5755
Alloy 413 — — f 32 15 10 5
. . . ) . STand A 100 s [430 720 5085 6570
All other aluminum die-casting alloys including 136 7 T 5
I 360.0 and 380.0
aloys S.0an AC 125 |5 |es0 |1060 |7560 |9930
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aThe feeds and speeds for turning Al alloys 308.0 and 319.0 with (polycrystalline) diamond tooling
represent an expected tool Ife= 960 minutes = 16 hours; corresponding feeds and speeds for 15-
minute tool life are /28600 and &87500.

Abbreviations for material condition: A, annealed; AC, as cast; CD, cold drawn; and ST and A,
solution treated and aged, respectively. Speeds for HSS (high-speed steel) tools are based on a fee
of 0.012 inch/rev and a depth of cut of 0.125 inch;Tegle 5cto adjust the HSS speeds for other
feeds and depths of cut. The combined feed/speed data are based on a depth of cut of 0.1 inch, lea
angle of 15 degrees, and nose radidg,afich. UseTable 5ao adjust given speeds for other feeds,
depths of cut, and lead angles; Uisle 5bto adjust given speeds for increased tool life up to 180
minutes. The data are based on tool grades (identifieakite 16 as follows: uncoated carbide, 15;
diamond, 9.

Table 9. Cutting Feeds and Speeds for Turning Superalloys

Tool Material
Uncoated
HSS Turning Carbide Ceramic
Rough[ Finish Tough Hard | Tough CBN
f = feed (0.001 in./revl = speed (ft/min)
Material Description Speed (fpm) Opt. Avg. | Opt. Avg.| Opt. Avg| Opt. Avg.

T-D Nickel 70-80] 80-10!
Discalloy 15-35 3540
19-9DL, W-545 25-35 30-4qQ f |24 11 20 10
16-25-6, A-286, Incoloy 800, 801, s |90 170 365 630

and 802, \-57 {1 30-35] 35-40
Refractaloy 26 15-2 20-2% f |20 10 20 10
J1300 15-25 20-30 s |75 135 245 420
Inconel 700 and 702, Nimonic 90 anc(i 10-12 | 12-15

95
S-816, V-36 10-1§ 15-2
S-590 15-30
Udimet 630 10201 "0 25
N-155 { 15-25

20 10 |11 6 11 6 20 10

Air Resist 213; H: lloy B, C, !
esist 213; Hastelloy B, C, G and 75 125 (1170 2590 | 405 900 | 230 400

X (wrought); Haynes 25 and 188;
J1570; M252 (wrought); Mar- { |15-20 | 20-25
M905 and M918; Nimonic 75 and
80

CW-12M; Hastelloy B and C (cast);
12M {| 812 | 10-15

» —-

Rene 95 (Hot Isostatic Pressed) — —]
HS 6, 21, 2, 31 (X 40), 36, and 151;
Haynes 36 and 151; Mar-M302, { |10-12 | 10-15
M322, and M509, WI-52

Rene 41 10-1§ 1229

Incoloy 901 10-20 20-3§

Waspaloy 10-3q 25-3 f |28 13 [11 6 10 5 |20 10
s[20 40 |895 2230345 815 (185 315

Inconel 625, 702, 706, 718 (wrought),
721,722, X750, 751, 901, 600, andl | 15-20 | 20-35
604

AF2-1DA, Unitemp 1753 8-10] 10-1
Colmonoy, Inconel 600, 718, K- o = _
Monel, Stellite
Air Resist 13 and 215, FSH-H14, Nasa|C-
ISt Go-12| 10-15
Udimet 500, 700, and 710 10-15 12-%20
Astrol —11 —1!
stroloy S10) 51800 13 {1 6 [0 5 |20 10
Mar-M200, M246, M421, and Rene 77 10-12 s |15 15 |615 1720 | 290 700 | 165 280
80, and 95 (forged) 10-15
B-1900, GMR-235 and 235D, IN 100 8-10
and 738, Inconel 713C and 718 { 8-10

(cast), M252 (cast)
The speed recommendations for rough turning may be used as starting values for milling and drill-
ing with HSS tools. The combined feed/speed data in this table are based on tool grades (identified in

Table 1§ as follows: uncoated carbide = 15; ceramic, hard = 4, tough =3; CBN = 1.
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Speeds for HSS (high-speed steel) tools are based on a feed of 0.012 inch/rev and a depth of cut ¢
0.125 inch; us&able 5cto adjust the given speeds for other feeds and depths of cut. The combined
feed/speed data in the remaining columns are based on a depth of cut of 0.1 inch, lead angle of 1°
degrees, and nose radiuggfnch. UseTable 5o adjust given speeds for other feeds, depths of cut,
and lead angles; uSable 5kto adjust given speeds for increased tool life up to 180 minutes. Exam-
ples are given in the text.

Speed and Feed Tables for Milling.—Fables 1Gthroughl4 give feeds and speeds for
milling. The data in the first speed column can be used with high-speed steel tools using tt
feeds given iMable 15athese are the same speeds contained in previous editions of the
Handbook. The remaining dataliables 1@hroughl4are combined feeds and speeds for
end, face, and slit, slot, and side milling that use the speed adjustment factors given
Tables 15b15¢ and15d Tool life for the combined feed/speed data can also be adjusted
using the factors ilable 15eTable 16ists cutting tool grades and vendor equivalents.

End Milling: Table data for end milling are based on a 3-tooth, 20-degree helix angle too
with a diameter of 1.0 inch, an axial depth of cut of 0.2 inch, and a radial depth of cut of :
inch (full slot). UseTable 15kto adjust speeds for other feeds and axial depths of cut, and
Table 15do adjust speeds if the radial depth of cut is less than the tool diameter. Speeds a
valid for all tool diameters.

Face Milling: Table data for face milling are based on a 10-tooth, 8-inch diameter face
mill, operating with a 15-degree lead andlginch nose radius, axial depth of cut = 0.1
inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diameter ratio =
). These speeds are valid if the cutter axis is above or close to the center line of the wor
piece (eccentricity is small). Under these conditions,Tade 15dto adjust speeds for
other feeds and axial and radial depths of cut. For larger eccentricity (i.e., when the cutte
axis to workpiece center line offset is one half the cutter diameter or more), use the end a
side milling adjustment factor§ébles 15and15¢) instead of the face milling factors.

Slit and Slot Milling:Table data for slit milling are based on an 8-tooth, 10-degree helix
angle tool with a cutter width of 0.4 inch, diamedeof 4.0 inch, and a depth of cut of 0.6
inch. Speeds are valid for all tool diameters and widths. See the examples in the text ft
adjustments to the given speeds for other feeds and depths of cut.

Tool life for all tabulated values is approximately 45 minutesTadée 15d0 adjust tool
life from 15 to 180 minutes.

Using the Feed and Speed Tables for Millifige basic feed for milling cutters is the
feed per toothf}, which is expressed in inches per tooth. There are many factors to con:
sider in selecting the feed per tooth and no formula is available to resolve these factor
Among the factors to consider are the cutting tool material; the work material and its hard
ness; the width and the depth of the cut to be taken; the type of milling cutter to be used ar
its size; the surface finish to be produced; the power available on the milling machine; an
the rigidity of the milling machine, the workpiece, the workpiece setup, the milling cutter,
and the cutter mounting.

The cardinal principle is to always use the maximum feed that conditions will permit.
Avoid, if possible, using a feed that is less than 0.001 inch per tooth because such low fee
reduce the tool life of the cutter. When milling hard materials with small-diameter end
mills, such small feeds may be necessary, but otherwise use as much feed as possit
Harder materials in general will require lower feeds than softer materials. The width an
the depth of cut also affect the feeds. Wider and deeper cuts must be fed somewhat mc
slowly than narrow and shallow cuts. A slower feed rate will result in a better surface fin-
ish; however, always use the heaviest feed that will produce the surface finish desired. Fir
chips produced by fine feeds are dangerous when milling magnesium because spontar
ous combustion can occur. Thus, when milling magnesium, a fast feed that will produce
relatively thick chip should be used. Cutting stainless steel produces a work-hardene
layer on the surface that has been cut. Thus, when milling this material, the feed should |
large enough to allow each cutting edge on the cutter to penetrate below the work-harden
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layer produced by the previous cutting edge. The heavy feeds recommended for face mil
ing cutters are to be used primarily with larger cutters on milling machines having an ade
quate amount of power. For smaller face milling cutters, start with smaller feeds anc
increase as indicated by the performance of the cutter and the machine.

When planning a milling operation that requires a high cutting speed and a fast feec
always check to determine if the power required to take the cut is within the capacity of th
milling machine. Excessive power requirements are often encountered when milling witt
cemented carbide cutters. The large metal removal rates that can be attained require a h
horsepower output. An example of this type of calculation is given in the section on
Machining Power that follows this section. If the size of the cut must be reduced in order t
stay within the power capacity of the machine, start by reducing the cutting speed rathe
than the feed in inches per tooth.

The formula for calculating the table feed rate, when the feed in inches per tooth i
known, is as follows:

fn = fiN
where f,, = milling machine table feed rate in inches per minute (ipm)
f,=feed in inch per tooth (ipt)
n, = number of teeth in the milling cutter
N =spindle speed of the milling machine in revolutions per minute (rpm)

ExampleCalculate the feed rate for milling a piece of AISI 1040 steel having a hardness
of 180 Bhn. The cutter is a 3-inch diameter high-speed steel plain or slab milling cutte
with 8 teeth. The width of the cut is 2 inches, the depth of cut is 0.062 inch, and the cuttin
speed fronTable 11is 85 fpm. FronTTable 15athe feed rate selected is 0.008 inch per
tooth.

12v _ 12x85 _
N=TD ~31axa- t08rem
f, = fin,N = 0.008x 8x 108

= 7 ipm (approximately)

Example 1, Face Millingdetermine the cutting speed and machine operating speed for
face milling an aluminum die casting (alloy 413) using a 4-inch polycrystalline diamond
cutter, a 3-inch width of cut, a 0.10-inch depth of cut, and a feed of 0.006 inch/tooth.

Table 10gives the feeds and speeds for milling aluminum alloys. The feed/speed pair:
for face milling die cast alloy 413 with polycrystalline diamond (PCD) &£83) (0.008
in./tooth feed at 2320 fpm) and¥55 (0.004 in./tooth feed at 4755 fpm). These speeds are
based on an axial depth of cut of 0.10 inch, an 8-inch cutter diabee8-inch radial
depth (width) of cugr, with the cutter approximately centered above the workpiece, i.e.,
eccentricity is low, as shown Fig. 3 If the preceding conditions apply, the given feeds
and speeds can be used without adjustment for a 45-minute tool life. The given speeds ¢
valid for all cutter diameters if a radial depth of cut to cutter diameter eat)(of %, is
maintained (i.e % =7%y). However, if a different feed or axial depth of cut is required, or if
thear/D ratio is not equal t@, the cutting speed must be adjusted for the conditions. The
adjusted cutting spe&diis calculated fronV =V, X F x Fy X F,, whereV, is the lower
of the two speeds given in the speed table Ry, andF,, are adjustment factors for
feed, axial depth of cut, and radial depth of cut, respectively, obtained@ &toim15dface
milling); except, when cutting near the end or edge of the workpiec&as #hTable 15¢
(side milling) is used to obtaf.
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Fig. 3. Fig. 4.

In this example, the cutting conditions match the standard conditions specified in the spee
table for radial depth of cut to cutter diameter (3 in./4 in.), and depth of cut (0.01 in), but the
desired feed of 0.006 in./tooth does not match either of the feeds given in the speed tak
(0.004 or 0.008). Therefore, the cutting speed must be adjusted for this feed. As with turr
ing, the feed factdfF; is determined by calculating the ratio of the desired féednaxi-

mum feed,, from the speed table, and from the ratig/V,,, of the two speeds given in

the speed table. The feed factor is found at the intersection of the feed ratio row and tt
speed ratio column ifiable 15d The speed is then obtained using the following equation:

Chosenfeed _ f _ 0.006 _ Averagespeed _ Vavg _ 4755_
Optimumfeed f 0.008

ont Optimumspeed V,,, ~ 2320~
F; = (1.25+ 1.43/2 = 1.34 Fq=10 F, =10

ar

V = 2320x 1.34x1.0x 1.0 = 3109 fpm, and 3.82 3109 # 2970 rpm

0.75 2.0

Example 2, End Milling/Vhat cutting speed should be used for cutting a full slot (i.e., a
slot cut from the solid, in one pass, that is the same width as the cutter) in 5140 steel wi
hardness of 300 Bhn using a 1-inch diameter coated carbide (irideet) @ngle end mill,
afeed of 0.003 in./tooth, and a 0.2-inch axial depth of cut?

The feed and speed data for end milling 5140 steel, Brinell hardness = 275-325, with
coated carbide tool are giveriliable 11as 1380 and 8240 foroptimumandaveragesets,
respectively. The speed adjustment factors for feed and depth of cut for full slot (end mill
ing) are obtained fromiable 15b The calculations are the same as in the previous exam-
ples:fffop = ¥15 = 0.2 and/, Vo, = 24080 = 3.0, therefords; = 6.86 andr = 1.0. The
cutting speed for a 45-minute tool life\is= 80x 6.86x 1.0 = 548.8, approximately 550
ft/min.

Example 3, End Milling/Vhat cutting speed should be used in Example 2 if the radial
depth of cutaris 0.02 inch and axial depth of cutis 1 inch?

In end milling, when the radial depth of cut is less than the cutter diameteF{gs4n
first obtain the feed factdt; from Table 15¢then the axial depth of cut and lead angle fac-
tor Fyfrom Table 15bThe radial depth of cut to cutter diameter rati@® is used ifTable
15cto determine the maximum and minimum feeds that guard against tool failure at higt
feeds and against premature tool wear caused by the tool rubbing against the work at ve
low feeds. The feed used should be selected so that it falls within the minimum to maxi
mum feed range, and then the feed faetoan be determined from the feed factors at min-
imum and maximum feedB;, andF;, as explained below.
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The maximum feed},,,is found inTable 15cy multiplying theoptimumfeed from the
speed table by the maximum feed factor that corresponds ao/Eheatio, which in this
instance is 0.02 = 0.02; the minimum fed,, is found by multiplying theptimumfeed
by the minimum feed factor. Thus,,, = 4.5% 0.015 = 0.0675 in./tooth arfig};, = 3.1x
0.015 = 0.0465 in./tooth. If a feed between these maximum and minimum values i
selected, 0.050 in./tooth for example, therefdd = 0.02 and/, ¢V, = 3.0, the feed fac-
tors at maximum and minimum feeds &ge= 7.90 and~;, = 7.01, respectively, and by
interpolation,F; = 7.01+ (0.050—- 0.0465)(0.0675 0.0465)x (7.90- 7.01) = 7.16,
approximately 7.2.

The depth of cut factdt, is obtained fronTable 15busingf,,,,from Table 15dnstead
of theoptimumfeedf,, for calculating the feed ratio (chosen fegdimumfeed). In this
example, the feed ratio = chosen féeg/~= 0.0500.0675 = 0.74, so the feed factoFjs=
0.93 for a depth of cut = 1.0 inch arfd@ad angle. Therefore, the final cutting speed is 80
x 7.2%0.93 =587 ft/min. Notice th#f,,,obtained fronTable 15avas used instead of the
optimunmfeed from the speed table, in determining the feed ratio needed fq.find

Slit Milling.— The tabular data for slit milling is based on an 8-tooth, 10-degree helix
angle cutter with a width of 0.4 inch, a diamd&@ef 4.0 inch, and a depth of cut of 0.6 inch.
The given feeds and speeds are valid for any diameters and tool widths, as long as suf
cient machine power is available. Adjustments to cutting speeds for other feeds and dept
of cut are made usinBable 15cor 15d, depending on the orientation of the cutter to the
work, as illustrated in Case 1 and Case Eigf 5 The situation illustrated in Case 1 is
approximately equivalent to that illustratedrig. 3 and Case 2 is approximately equiva-
lent to that shown iRig. 4

Case 1if the cutter is fed directly into the workpiece, i.e., the feed is perpendicular to the
surface of the workpiece, as in cutting off, tHetble 15dface milling) is used to adjust
speeds for other feeds. The depth of cut portidrable 15ds not used in this casE{=
1.0), so the adjusted cutting spééd V,, x F x F. In determining the factd¥,, from
Table 15dthe radial depth of catr is the length of cut created by the portion of the cutter
engaged in the work.

Case 2if the cutter feed is parallel to the surface of the workpiece, as in slotting or side
milling, thenTable 15qside milling) is used to adjust the given speeds for other feeds. In
Table 15¢the cutting depth (slot depth, for example) is the radial depth af ¢hat is
used to determine maximum and minimum allowable feed/tooth and the feedHactor
These minimum and maximum feeds are determined in the manner described previousl
however, the axial depth of cut facyis not required. The adjusted cutting speed, valid
for cutters of any thickness (width), is given\by Vo X F.

feed/rev,f
Fig. 5. Determination of Radial Depth of Cut or in Slit Milling



Table 10. Cutting Feeds and Speeds for Milling Aluminum Alloys

End Milling Face Milling Slit Milling
Indexable Insert Indexable Insert Indexable Insert|
Uncoated Uncoated Polycrystalline Uncoated
HSS Carbide Carbide Diamond HSS Carbide
Material - -
Condi- f = feed (0.001 in./tooth} = speed (ft/min)
Material tion® Opt. Avg| Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. f\vg.
All wrought aluminum alloys, CD
6061-T651, 5000, 6000, 7000 series STandA| f |15 8 15 8 39 20 |8 4 16 8 39 20
AT aluminum sand and permanent D s | 165 850/ 620 2020|755 1720|3750 8430/ 1600 4680|840 2390
mold casting alloys ST and A|
Aluminum Die-Casting Alloys
f 115 8 |15 8 39 20 16 8 39 20
Alloys 308.0 and 319.0 — |s|s0 100|620 2020|755 1720 160 375 | 840 2390
f 115 8 15 8 39 20 (8 4 16 8 39 20
Alloys 360.0 and 380.0 — |s|30 90 |485 1905 | 555 1380|3105 7845|145 355 690 2320
f 39 20
Alloys 390.0 and 392.0 —|s 220 370
Alloy 413 - f 15 8 39 20 |8 4 39 20
STandA| s 355 1385 | 405 665 |2320 4755 500 1680
All other aluminum die-casting alloys { AC f |15 8 15 8 39 20 |8 4 16 8 39 20
s |30 90 |485 1905 | 555 1380|3105 7845|145 335 [ 690 2320
Abbreviations designate: A, annealed; AC, as cast; CD, cold drawn; and ST and A, solution treated and aged, respectively.

End Milling: Table data for end milling are based on a 3-tooth, 20-degree helix angle tool with a diameter of 1.0 inch, an axialitlepthdinch, and a radial

depth of cut of 1 inch (full slot). USeable 15kto adjust speeds for other feeds and axial depths of cufahtel15¢0 adjust speeds if the radial depth of cut is less than

the tool diameter. Speeds are valid for all tool diameters.
Face Milling: Table data for face milling are based on a 10-tooth, 8-inch diameter face mill, operating with a 15-degree |ggdramhgiese radius, axial depth of
cut = 0.1 inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diametefafichese speeds are valid if the cutter axis is above or close to the
center line of the workpiece (eccentricity is small). Under these conditioriBableel5do adjust speeds for other feeds and axial and radial depths of cut. For larger
eccentricity (i.e., when the cutter axis to workpiece center line offset is one half the cutter diameter or more), wedalerdilling adjustment factoi&aples 15b
and15¢) instead of the face milling factors.
Slit and Slot Milling:Table data for slit milling are based on an 8-tooth, 10-degree helix angle tool with a cutter width of 0.4 inch, Diefde®ench, and a depth
of cut of 0.6 inch. Speeds are valid for all tool diameters and widths. See the examples in the text for adjustmenéentsghedg\or other feeds and depths of cut.
Tool life for all tabulated values is approximately 45 minutesTadde 150 adjust tool life from 15 to 180 minutes. The combined feed/speed data in this table e
based on tool grades (identifiedTiable 16 as follows: uncoated carbide = 15; diamond = 9.

Sd334 ANV Sd33ds
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Table 11. Cutting Feeds and Speeds for Milling Plain Carbon and Alloy Steels

End Milling Face Milling Slit Milling
HSS HSS | Uncoated Carbide | Coated Carbide | Uncoated Carbide I Coated Carbide | Uncoated Carbide | Coated Carbide
Brinell Speed f = feed (0.001 in./tooth), s = speed (ft/min)
Material Hardness (fpm) Opt.  Avg. | Opt. Avg. | Opt. Avg. | Opt. Avg. | Opt. Avg. | Opt. Avg. | Opt. Avg.
. . 100-150 140 fl7 4 7 4 7 4 39 20 39 20 |39 20 39 20
Free-machining plain carbon . s |45 125 [465 735|800 1050 | 225 335|415 685 |265 495|525 830
steels (resulfurized): 1212, { 15 T s 0
1213, 1215 - 9
15020011304 135 oo 215 405
(Resulfurized): 1108, 1109, 100-150 130 tl7 4 7 4 7 4 39 20 39 20 |39 20 39 20
1115, 1117, 1118, 1120, 1126, s 130
1211 150200 | 115 85 [325 565|465 720 | 140 20 [195 365 [ 170 350|245 495
f {7 4 39 20
175225 | 115 16130 s 185 350
(Resulfurized): 1132, 1137, ( 275-325 70
1139, 1140, 1144, 1146, 1151 325-375 45 f |7 4 7 4 7 4 39 20 39 20 |39 20 39 20
ST - s |25 70 [210 435|300 560 |90 170 | 175 330 |90 235 135 325
375-425 35
100-150 140 . 7 4 39 20
(Leaded): 11L17, 1ILIS, 12L13, | 150-200 B0 |4 |® @ 215 405
12L14
fl|7 4 39 20
200-250 110 s |30 85 185 350
100-125 10 fl|7 4 7 4 7 39 20 39 20 |39 20 39 20
) s |45 125 [465 735|800 1050 | 225 335|415 685 [265 495|525 830
Plain carbon steels: 1006, 1008,
1009, 1010, 1012, 1015, 1016, 125175 o | £17 4 39 20
1017, 1018, 1019, 1020, 1021, s |35 100 215 405
1022, 1023, 1024, 1025, 1026,
1513, 1514 1752251 90 g ly g 39 20
225-275 65 s [30 85 185 350
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Table 11.(Continued)Cutting Feeds and Speeds for Milling Plain Carbon and Alloy Steels

d Carbide

IAvg.

End Milling Face Milling Slit Milling
HSS HSS | Uncoated Carbid}e Coated Carbjde Uncoated Cafbide Coated Qarbide Uncoated|Carbide Coatg
Brinell Speed f = feed (0.001 in./toothy = speed (ft/min)
Material Hardness| (fpm) Opt.  Avg| Opt. Avgd. Opt. Avg. Opt. AJg. Opt. Avg. Opt. wvg. Opt.
fl7 4 39 20
125-175) 100 | ¢ |35 100 215 405
Plain carbon steels: 1027, 1030, 175-225 85 fl7 4 39 20
1033, 1035, 1036, 1037, 1038, = s (30 85 185 350
1039, 1040, 1041, 1042, 1043, 225215 0
1045, 1046, 1048, 1049, 1050, | 275-325 55
1052, 1524, 1526, 1527, 1541 325.375 35 fl7 4 7 4 7 4 39 20 39 20 (39 20 39 20
s |25 70 (210 435 (300 560 |90 170 |175 330 |90 235 |[135 325
375-425 25
1251751 %0 7 4 |7 4 |7 4 |39 20 |39 20 |39 20 |39 20
175-225 75 s 30 85 (325 565 |465 720 (140 220 | 195 365|170 350 245 495
Plain carbon steels: 1055, 1060, fl|7 4 39 20
1064, 1065, 1070, 1074, 1078, | 2257275| 60 | o |3 g5 185 350
1080, 1084, 1086, 1090, 1095,
1548, 1551, 1552, 1661, 1566 | 275-325 45
325.375 30 fl7 4 7 4 7 4 39 20 39 20 (39 20 39 20
s |25 70 (210 435 (300 560 |90 170 |175 330 |90 235 |[135 325
375-425 15
175-200) 100 | 115 8 |15 8 |15 8 39 20 |39 20 |7 4
200-250| 90 |s|7 30 |105 270 |270 450 295 475135 305 |25 70
Free-machining alloy steels 250-300 60 f |15 8 15 8 15 8 39 20 |39 20 7 4
(Resulfurized): 4140, 4150 s |6 25 (50 175 |85 255 200 320 |70 210 (25 70
800-375| 45 |¢l15 g |15 8 |15 8 39 20
375-425 35 s |5 20 (40 155 |75 225 175 280

Sd334 ANV Sd33ds
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Table 11.(Continued)Cutting Feeds and Speeds for Milling Plain Carbon and Alloy Steels

d Carbide

IAvg.

End Milling Face Milling Slit Milling
HSS HSS |Uncoated Carbid}e Coated Carbjde Uncoated Cafbide Coated Qarbide Uncoated|Carbide Coatg
Brinell Speed f = feed (0.001 in./tooth} = speed (ft/min)
Material Hardness| (fpm) Opt.  Avg| Opt. Avgd. Opt. Avg. Opt. AJg. Opt. Avg. Opt. wvg. Opt.
17 4 (7 4|7 4 (39 20 (39 20 |39 20 |39 20
150-200 115 | 5130 g5 |325 565 |465 720 | 140 220 |195 365 | 170 350 |245 495
Free-machining alloy steels fl7 4 39 20
(Leaded): 41130, 41140, 41L47) 200-2501 95 | 13, g5 185 350
41150, 43L47, 51132, 521100,
86120, 86L40 250-300( 70
300-375 o |17 4 |7 4 |7 4 |39 20 |39 20 (39 20 |39 20
s|25 70 |210 435|300 560 |90 170 |175 330 |90 235 |135 325
375-425 40
125-175 100 | f |15 8 |15 8 15 8 39 20 |39 20 |39 20
Alloy steels: 4012, 4023, 4024, | 175-225 9 |s|7 30 |105 270 [220 450 295 475|135 305 |265 495
4028, 4118, 4320, 4419, 4422, 225275 o | |55 8 |15 8 15 8 39 20 |39 20 |39 20
4427, 4615, 4620, 4621, 4626, s |6 25 |50 175 |85 255 200 320 |70 210 |115 290
4718, 4720, 4815, 4817, 4820,
5015, 5117, 5120, 6118, 8115, | 275_325 50 | [ 8 |15 8 |15 8 39 20
8615, 8617, 8620, 8622, 8625, s |5 20 |45 170 |80 240 190 305
8627, 8720, 8822, 94B17 325-375 40 |t |15 8 |15 8 |15 8 39 20
375-425 25 s |5 20 (40 155 |75 225 175 280
Alloy steels: 1330, 1335, 1340, | 12c >c] 75 (65)| T [15 8 |15 8 |15 8 39 20 |39 20 |39 20
1345, 4032, 4037, 4042, 4047, s |5 30 |105 270 [220 450 295 475|135 305 |265 495
4130, 4135, 4137, 4140, 4142, T35 8 |15 S 8 39 20 |39 20 |39 20
4145, 4147, 4150, 4161, 4337, | 225-275| 60 | o |g" 5 |50 175 |85 255 200 32070 210 |115 290
4340, 50B44, 50B46, S0B50, 5 T 5 Ti5 3 39 20
50B60, 5130, 5132, 5140, 5145, 275325 50 (40
5147, 5150, 5160, 51B60, 6150} “s s 25 |45 170 |80 240 190 305
81B45, 8630, 8635, 8637, 8640/ 325-375| 35 (30)
8642, 8645, 8650, 8655, 8660,
8740, 9254, 9255, 9260, 9262, fli5 8 |15 8 |15 8 39 20
94B30 375-425 20 |s|5 20 |40 155 |75 225 175 280
E51100, E52100: use (HSS
speeds)
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Table 11.(Continued)Cutting Feeds and Speeds for Milling Plain Carbon and Alloy Steels

End Milling Face Milling Slit Milling
HSS HSS | Uncoated Carbid}e Coated Carbjde Uncoated Cafbide Coated Qarbide Uncoated|Carbide Coatgd Carbide
Brinell Speed f = feed (0.001 in./toothy = speed (ft/min)
Material Hardness| (fpm) Opt.  Avg| Opt. Avgd. Opt. Avg. Opt. AJg. Opt. Avg. Opt. wvg. Opt. IAvg.
220-300 60 f 8 4 8 4
Ultra-high-strength steels (not 300-350 45 s 165 355 |300 480
AISI): AMS 6421 (98B37 Mod.),
6422 (98BVA40), 6424, 6427, | 350-400 20 |18 4 |8 4 39 20 |39 20
6428, 6430, 6432, 6433, 6434, s |15 45 |150 320 130 235 |75 175
6436, and 6442; 300M, D6ac f 5 3 39 20
4382Rd — | 20t 55 5 15
f 8 4 8 4
250-325 50 n
Maraging steels (not AISI): 18% Ni S 165 355 300 480 e}
Grades 200, 250, 300, and 350 f 5 3 39 20 m
50-52Rq  — |5 20t 55 5 15 g
f |15 8 15 8 15 8 39 20 39 20 39 20
Nitriding steels (not AISI): Nitralloyl 200-250| 60 | < 12" 30 |05 270 (220 450 205 475 |135 305 [265 495 ®
125, 135, 135 Mod., 225, and 230, e TiE 3 = 5 = 5 )Z>
Nitralloy N, Nitralloy EZ, Nitrex 1f -
Y Y 800-8501 25 | 515" 20 |40 155 |75 225 175 280 o
. R ) L m
For HSS (high-speed steel) tools in the first speed column onlyaire 15d0r recommended feed in inches per tooth and depth of cut. m
End Milling: Table data for end milling are based on a 3-tooth, 20-degree helix angle tool with a diameter of 1.0 inch, an axialitlepthdinch, and a radial g
depth of cut of 1 inch (full slot). USeable 150 adjust speeds for other feeds and axial depths of cufahtel15¢0 adjust speeds if the radial depth of cut is less than ¢

the tool diameter. Speeds are valid for all tool diameters.

Face Milling: Table data for face milling are based on a 10-tooth, 8-inch diameter face mill, operating with a 15-degree légdrmhgiese radius, axial depth of
cut = 0.1 inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diameteBfafichese speeds are valid if the cutter axis is above or close to the
center line of the workpiece (eccentricity is small). Under these conditiorBableel5do adjust speeds for other feeds and axial and radial depths of cut. For larger
eccentricity (i.e., when the cutter axis to workpiece center line offset is one half the cutter diameter or more), wedalerdilling adjustment factoi&aples 15b
and15¢) instead of the face milling factors.

Slitand Slot Milling:Table data for slit milling are based on an 8-tooth, 10-degree helix angle tool with a cutter width of 0.4 inch,Biefdedénches, and a depth
of cut of 0.6 inch. Speeds are valid for all tool diameters and widths. See the examples in the text for adjustmenéesitspgbedgvfor other feeds and depths of cut.

Tool life for all tabulated values is approximately 45 minutesTadde 150 adjust tool life from 15 to 180 minutes. The combined feed/speed data in this table are
based on tool grades (identifiedTiable 16 as follows: end and slit milling uncoated carbide = 20 except T = 15; face milling uncoated carbide = 19; end, face, angslit
milling coated carbide = 10. o
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Table 12. Cutting Feeds and Speeds for Milling Tool Steels

End Milling Face Milling Slit Milling
Uncoated Coated Uncoated Uncoated Coated
HSS HSS Carbide Carbide Carbide CBN Carbide Carbide
Brinell Speed f = feed (0.001 in./tooth} = speed (ft/min)
Material Hardness| (fpm) Opt. Avg. Opt. Avg. Opt. Avg| Opt. Avg. Opt. Avg. Opt. Ayg. Opt. Avg.
Water hardening: W1, W2, W5 150-200 85
Shock resisting: S1, S2, S5, S6, S/ 175-325 55
Cold work, oil hardening: O1, O2, 175295 50 8 4 18 4 8 4 39 20 39 20 |39 20
06, 07 a 25 70 235 455 [ 405 635|235 385 115 265|245 445
Cold work, high carbon, high chro .
mium: D2, D3, D4, D5, D7 200-250 40
Cold work, air hardening: A2,
A3, A8, A9, A10 {] 200-250 | 50
A4, A6 200-250 45 39 20
A7 225-275 40 255 385
150-200 60
200-250 50
. 8 4 18 4 39 20 39 20
Hot work, chromium type: H10, 325-375 30
H11, H12, H13, H1d, H19 15 45 | 150 320 130 235 75 175
48-50Rc|  — 5 3 39 20 |39 20
50-52Rc) - — 20t 55 50 135 |5t 15
52-56 Rc —
Hot work, tungsten and molybde- | 150-200 55 39 20
num types: H21, H22, H23, H24
H25, H26, HA1, H42, HA3 200-250 | 45 255 385
Special-purpose, fow alloy: L2, L3 150-200 65
L6 8 4 |8 4 |8 4 |39 20 39 20 (39 20
Mold: P2, P3, P4, P5, P6 P20, P2 100-150 75 25 70 235 455 [ 405 635|235 385 115 265|245 445
150-200 60
High-speed steel: M1, M2, M6,
M10, T1, T2, T6 200-250 50
M3-1, M4, M7, M30, M33, M34, 39 20
M36, M41, M42, M43, M44, { | 225-275 40 255 385
M46, M47, T5, T8
T15, M3-2 225-275 30

For HSS (high-speed steel) tools in the first speed column onlyaire 150r recommended feed in inches per tooth and depth of cut.

8101
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End Milling: Table data for end milling are based on a 3-tooth, 20-degree helix angle tool with a diameter of 1.0 inch, an axialitiepthdinch, and a radial
depth of cut of 1 inch (full slot). USeable 15ko adjust speeds for other feeds and axial depths of cukabtel15d0 adjust speeds if the radial depth of cut is less than
the tool diameter. Speeds are valid for all tool diameters.

Face Milling: Table data for face milling are based on a 10-tooth, 8-inch diameter face mill, operating with a 15-degree |égdrmhgiese radius, axial depth of
cut=0.1inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diameteBafichese speeds are valid if the cutter axis is above or close to the
center line of the workpiece (eccentricity is small). Under these conditioriBableel5do adjust speeds for other feeds and axial and radial depths of cut. For larger
eccentricity (i.e., when the cutter axis to workpiece center line offset is one half the cutter diameter or more), wedselendilling adjustment factoi®ables 15b
and15¢) instead of the face milling factors.

Slitand Slot Milling:Table data for slit milling are based on an 8-tooth, 10-degree helix angle tool with a cutter width of 0.4 inch,Biafdeleénches, and a depth
of cut of 0.6 inch. Speeds are valid for all tool diameters and widths. See the examples in the text for adjustmenéentsghedg\for other feeds and depths of cut.

Tool life for all tabulated values is approximately 45 minutesTadde 150 adjust tool life from 15 to 180 minutes. The combined feed/speed data in this table are
based on tool grades (identifiedTiable 16 as follows: uncoated carbide = 20, T = 15; coated carbide = 10; CBN = 1.

Table 13. Cutting Feeds and Speeds for Milling Stainless Steels

(%]
End Milling Face Milling Slit Milling a
Uncoated Coated Coated Uncoated Coated g
HSS HSS Carbide Carbide Carbide Carbide Carbide N
Brinell Speed f = feed (0.001 in./tooth} = speed (ft/min) )Z>
Material Hardness| (fpm) Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. AYg. o
Free-machining stainless steels (Ferritic): 43! JF135—185 110 f 7 4 7 4 7 4 39 20 39 20 39 20 M
430FSe s 30 80 305 780 | 420 1240 | 210 385 120 345 155 475 m
(Austenitic): 203EZ, 303, 303Se, 303MA, (| 135-185 100 g
303Pb, 303Cu, 303 Plus X 225-275 80 i | 7 L 4 39 20 )
135-185 110 20 55 210 585 75 240
(Martensitic): 416, 416Se, 416 Plus X, 420!?, 185-240 100 S
420FSe, 440F, 440FSe 275-325 60
375-425 30
Stainless steels (Ferritic): 405, 409, 429, 430, 135-185 90 f 7 4 7 4 7 4 39 20 39 20 39 20
434, 436, 442, 446, 502 s 30 80 305 780 | 420 1240 | 210 385 120 345 155 475
(Austenitic): 201, 202, 301, 302, 304, 304L,( 135-185 75
305, 308, 321, 347, 348 225-275 65
(Austenitic): 302B, 309, 309S, 310, 135-185 70 f 7 4 7 4 39 20
310S, 314, 316, 316L, 317, 330 s 20 55 | 210 585 75 240
135-175 95
(Martensitic): 403, 410, 420, 501 {175-225 85
275-325 55
375-425 35
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Table 13.(Continued)Cutting Feeds and Speeds for Milling Stainless Steels 5
End Milling Face Milling Slit Milling B
Uncoated Coated Coated Uncoated Coated
HSS HSS Carbide Carbide Carbide Carbide Carbide
Brinell Speed f = feed (0.001 in./tooth} = speed (ft/min)
Material Hardness| (fpm) Opt.  Avg. Opt. Avg. Opt. Avg. Opt. Avg. Opt. Avp. Opt. Ayg.
225-275( 55-60
Stainless Steels (Martensitic): 414, 431,
Greek Ascoloy, 440A, 440B, 440C {| 275-325|  45-50
375-425 30
f 7 4 7 4 39 20
150-200 60 s | 20 55 | 210 585 75 240 (%2}
(Precipitation hardening): 15-5PH, 17-4PH, 17- a
7PH, AF-71, 17-14CuMo, AFC-77, AM-350| 275-325 50 m
AM-355, AM-362, Custom 455, HNM, PH13- o
8, PH14-8Mo, PH15-7Mo, Stainless W 325-375| 40 0
375-450 25 >
Z
For HSS (high-speed steel) tools in the first speed column onlyaire 15d0r recommended feed in inches per tooth and depth of cut. '|D'|
End Milling: Table data for end milling are based on a 3-tooth, 20-degree helix angle tool with a diameter of 1.0 inch, an axialtepthdinch, and a radial m
depth of cut of 1 inch (full slot). USeable 150 adjust speeds for other feeds and axial depths of cufaditel15¢0 adjust speeds if the radial depth of cut is less than 8

the tool diameter. Speeds are valid for all tool diameters.

Face Milling: Table data for face milling are based on a 10-tooth, 8-inch diameter face mill, operating with a 15-degree lggdrahgiese radius, axial depth of
cut = 0.1 inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diametefafichese speeds are valid if the cutter axis is above or close to the
center line of the workpiece (eccentricity is small). Under these conditioriBabiel5do adjust speeds for other feeds and axial and radial depths of cut. For larger
eccentricity (i.e., when the cutter axis to workpiece center line offset is one half the cutter diameter or more), weda&lermdilling adjustment factoiaples 15b
and15¢) instead of the face milling factors.

Slit and Slot Milling:Table data for slit milling are based on an 8-tooth, 10-degree helix angle tool with a cutter width of 0.4 inch, Diefde®ench, and a depth
of cut of 0.6 inch. Speeds are valid for all tool diameters and widths. See the examples in the text for adjustmenéeteghedg\or other feeds and depths of cut.

Tool life for all tabulated values is approximately 45 minutesTadde 150 adjust tool life from 15 to 180 minutes. The combined feed/speed data in this table are
based on tool grades (identifiedTiable 16 as follows: uncoated carbide = 20; coated carbide = 10.



Table 14. Cutting Feeds and Speeds for Milling Ferrous Cast Metals

End Milling Face Milling Slit Milling
Uncoated Coated Uncoated Coated Uncoated Coated
HSS HSS Carbide Carbide Carbide Carbide Ceramic CBN Carbide Carbide
Brinell | Spee f = feed (0.001 in./tooth} = speed (ft/min)
Material Hardnesq (fpm) Opt. Avg.l Opt. Avg4| Opt. Avd. Opt. Avb. Opt. A\*g. Opt. /-\\/gA Opt. *\vg. Opt. |Avg. Opt.
Gray Cast Iron
ASTM Class 20 120-15 10 ¢
5 3 5 3 39 20 39 20 39 20 |39 20 (39 20
ASTM Class 25 160-20 80 s|35 90 |[520 855 140 225 (285 535 |1130 1630|200 530|205 420
ASTM Class 30, 35, and 40 190-220 7
ASTM Class 45 and 50 220-260 50f (5 3 |5 3 39 20 |39 20 |39 20 |39 20 |39 20
ASTM Class 55 and 60 250-340 30|30 70 |515 1100 95 160|185 395|845 1220(150 400|145 380
ASTM Type 1, 1b, 5 (Ni resist) 100-215 5
ASTM Type 2, 3, 6 (Ni resist) 120-176  4Q
ASTM Type 2b, 4 (Ni resist) 150-25p0  3(
Malleable Iron
f|5 3 |5 3 39 20 |39 20 (39 20 39 20
(Ferritic): 32510, 35018 110-160 110130 70 [180 250 120 195|225 520 |490 925 85 150
(Pearlitic): 40010, 43010, 45006, 4500g, 160-200| 80 | f (5 3 |5 3 39 20 (39 20 |39 20 39 20
48005, 50005 200-240 65 | s|25 65 [150 215 90 150|210 400 |295 645 70 125
(Martensitic): 53004, 60003, 60004 200-2p5 85
(Martensitic): 70002, 70003 220-260 5
(Martensitic): 80002 240-28 45
(Martensitic): 90001 250-32 25
Nodular (Ductile) Iron
fl17 4 |7 4 39 20 |39 20 (39 20 39 20
(Ferritic): 60-40-18, 65-45-12 140-190 78|15 35 (125 240 100 155|120 255|580 920 60 135
. . 190-225 60
(Ferritic-Pearlitic): 80-55-06 225-260| 50 17 4 |7 4 39 20 |39 20 |39 20 39 20
" s|10 30 |90 210 95 145|150 275|170 415 40 100
(Pearlitic-Martensitic): 100-70-03 240-3¢0 4
(Martensitic): 120-90-02 270-33p 25

Sd334 ANV Sd33ds
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Table 14.(Continued)Cutting Feeds and Speeds for Milling Ferrous Cast Metals 5
End Milling Face Milling Slit Milling ﬁ
Uncoated Coated Uncoated Coated Uncoated Coated
HSS HSS Carbide Carbide Carbide Carbide Ceramic CBN Carbide Carbide
Brinell | Spee f = feed (0.001 in./tooth} = speed (ft/min)
Material Hardnesq (fpm) Opt. Avg.l Opt. Avg.l Opt. Avg'. Opt. Avb. Opt. A\*g. Opt. ﬁk/g. Opt. *\vg. Opt. |Avg. Opt. |Avg.
Cast Steels
(Low carbon): 1010, 1020 100-10  100f |7 4 |7 4 7 4 39 20 39 20 |39 20
125-175| 95 |s[25  70[245t 410 [420 650 265 430 135t 260|245 450
' 75-225] 80
(Medium carbon): 1030, 1040 1050 g
25-300| 60 .
7 4 |7 4 |7 4 39 20 39 20 |39 20
150-2001 85 | g150  55|160t 400|345 560 205¢ 340 65t 180|180 30| B
(Low-carbon alloy): 1320, 2315, 2320, | 200-250| 75 m
4110, 4120, 4320, 8020, 8620 250-300 50 m
175-225| 70 |f|7 4 |7 4 39 20 8
(Medium-carbon alloy): 1330, 1340, 225-250| 65 |s|15 45|120t 310 45t 135 >
2325, 2330, 4125, 4130, 4140, 4330{ zZ
4340, 8030, 80B30, 8040, 8430, 8440| 250-300| 50 | £ 39 20 S
8630, 8640, 9525, 9530, 9535 300-350[ 30 S 25 40 T
For HSS (high-speed steel) tools in the first speed column onlyaie 15dor recommended feed in inches per tooth and depth of cut. m
End Milling: Table data for end milling are based on a 3-tooth, 20-degree helix angle tool with a diameter of 1.0 inch, an axialtiepthdinch, and a radial 8

depth of cut of 1 inch (full slot). USeable 15kt adjust speeds for other feeds and axial depths of cufahtel15¢0 adjust speeds if the radial depth of cut is less than
the tool diameter. Speeds are valid for all tool diameters.

Face Milling: Table data for face milling are based on a 10-tooth, 8-inch diameter face mill, operating with a 15-degree |ggdrahgiese radius, axial depth of
cut = 0.1 inch, and radial depth (width) of cut = 6 inches (i.e., width of cut to cutter diametejpfichese speeds are valid if the cutter axis is above or close to the
center line of the workpiece (eccentricity is small). Under these conditioriBabiel5do adjust speeds for other feeds and axial and radial depths of cut. For larger
eccentricity (i.e., when the cutter axis to workpiece center line offset is one half the cutter diameter or more), weda&lermdilling adjustment factoiables 15b
and15¢) instead of the face milling factors.

Slitand Slot Milling:Table data for slit milling are based on an 8-tooth, 10-degree helix angle tool with a cutter width of 0.4 inch,Mieideliénches, and a depth
of cut of 0.6 inch. Speeds are valid for all tool diameters and widths. See the examples in the text for adjustmenéeteghedg\or other feeds and depths of cut.

Tool life for all tabulated values is approximately 45 minutesTadbde 150 adjust tool life from 15 to 180 minutes. The combined feed/speed data in this table are
based on tool grades (identifiedTiable 16 as follows: uncoated carbide = 15 except T = 20; end and slit milling coated carbide = 10; face milling coated carbide = 11
except ¥ = 10. ceramic =6; CBN =1.



Table 15a. Recommended Feed in Inches per Tooth) for Milling with High Speed Steel Cutters

End Mills
Depth of Cut, .250 in Depth of Cut, .050 in Plain Face Mills Slotting
Cutter Diam., in Cutter Diam., in or Form and and
Slab Relieved Shell End Side
':2'52' % | % | landup| % | % | % | 1 and up Mills Cutters Mills Mills
Material HB ' Feed per Tooth, inch
Free-machining plain carbon steels 100-185 .4o1 .go3 .004  .po1 .po2 .003 004 .0031-.008 .005 .004—-.012 .002-.008
Plain carbon steels, AISI 1006 to 1030; 100-150] .001] .003[ .003] o001 002  od3 .00 .003-.0p8 .00H 1004-.012 .002-|008
1513 to 1522 150-200 .001| .002| .003| 001 002 .00 .00 .003-.008 .00 1003-.012 .002-{008
120-180| .001| .003| .003| .001 002 003 .00 .003-.0p8 .00k .004-.012 .002-{008 %
AIS| 1033 to 1095; 1524 to 1566 {180-220| .001| .002|  .003| .00 002 o002 .00 .003-.008 .00 .003-.912 .002-{008 m
220-300| .001| .002| .002| 001 001 o2 .00 .002-.006 .00B .002-.908 .002-j006 O
Alloy steels having less than 3% carbon. Typit25-175| .001| .003]  .003| .00 002 003 .00 .003-.0p8 .00H 004912 .002-1008 3,
cal examples: AIS| 4012, 4023, 4027, 4118] 175-225| 001 .002| .003| .001 002 003 .00 .003-.0p8 .00f .003-.012 .002-{0o08 £
4320 4422, 4427, 4615, 4620, 4626, 4720, o
4820, 5015, 5120, 6118, 8115, 8620 8627, | 225-275| .001 .002 .003 .00 .001 .002 .00: .002-.006 .00B .003-.008 .002-006 -1
8720, 8820, 8822, 9310, 93B17 275-325| .001| .002| 002 .001 001 .00 .00 .002-.0p5 .00B .002-.08 002-{o05 1
v
Alloy steels having 3% carbon or more. Typidal 75-225| -001| .002[  .003| .00 002 003 .00 .003-.0p8 .00H 1003912 002-{008 ¢
examples: AISI 1330, 1340, 4032, 4037, 418®25275| .001| .002|  .003| .001 o001 002 .00 .002-.0p6 .00B .003-.910 .002-]006
4140, 4150, 4340, 50B40, 50B60, 5130,
51B60, 6150, 81B45, 8630, 8640, 86B45, | 275-325| .001| .002| 002 .00 001 o2 .00 .002-.0p5 .00B .002-.908 .002-{005
8660, 8740, 94B30 325-375| .001| .002| .002| .01 .001 .00 .00 1002-.0p4 .00p .002-.08 .002-J005
ool steet 150-200 .001| .002[ .002[ oo 002  odz .00 1003-.0p8 .00h 1003-.910 .002-|006
ool stee
200-250| .001| .002| .002| .00 002 o002 .00 .002-.006 .00B .003-.908 .002-]005
120-180] .001] .003[ .004] .002 003 o4 .00 .004-012 006 1005-.916 .002-{010
Gray cast iron 180-225| .001| .002| .003| .00 002 003 .00 .003-.010 .00f 1004012 .002-{008
225-300| .001| .002| .002| 001 o001 o2 .00 1002-.006 .00B .002-.008 .002-{005
Free malleable iron 110-160 .00k 008 .00k 042 003 .go4  .opa .003-Jo10 dos .0051.016 002015
S)
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Table 15a.(ContinuedRecommended Feed in Inches per Tootl) for Milling with High Speed Steel Cutters 5
" N
End Mills I
Depth of Cut, .250 in Depth of Cut, .050 in Plain Face Mills Slotting
Cutter Diam., in Cutter Diam., in or Form and and
Slab Relieved Shell End Side
*Agg A l % l landup| % | % I % | landup|  Mills Cutters Mills Mills
MaterialContinued) HB ' Feed per Tooth, inch
160-200| .001 .003 .004 .001 .002| .003 .00 .003-.010 .oop .004-.012 .002-|018
Pearlitic-Martensitic malleable iron 200-240| .001 .002 .003 .001 .002| .003 .00: .003-.0p7 .oop .003-.010 .002-|006
240-300| .001 .002 .002 .001 .00 .002 .00: .002—-.0p6 .00B .002-.008 .002-|005
100-180| .001 .003 .003 .001 .002| .003 .00: .003-.0p8 .0o¢ .003-.012 .002-|008 »
Cast steel 180-240| .001 .002 .003 .001 .002| .003 .00: .003-.0p8 .0o¢ .003-.010 .002-/006 O
240-300| .001 .002 .002 .005] .002| .002 .00: .002-.0p6 .00B .003-.008 .002-|005 m
Zinc alloys (die castings) .002 .003 .004 .001 .003 .004 .006 .003-.01p .009 .004-.05 .002—-.012 8
100-150| .002 .004 .005 .002] .003| .005 .00 .003-.015 .00¢ .004-.020 .002—-1010 >
Copper alloys (brasses & bronzes)
150-250| .002 .003 .004 .001 .003| 004 .00! .003-.015 .00¢ .003-.012 .002-{008 Z
Free cutting brasses & bronzes 80-1 .002 .qo4 .0p5 .002 .003 .005 006 .003}-.015 004 .004-.015 .0l 2—.0]%
Cast aluminum alloys—as cast .003 .004 .005 .002 .004 .004 .006 .005—.01F5 .00q .005-.0p0 .004-.012 m
Cast aluminum alloys—hardened .003 .004 .005 .002 .003 .004 .005| .004-.01p .00§ .005-.00 .004-012
Wrought aluminum alloys— cold drawn .003 .004 .005 | .002 .003 .004 .005 .004-.01¢ .00§ .005-.0p0 004—g12 O
Wrought aluminum alloys—hardened .002 .003 .004 | .001 .002 .003 .004 .003-.01p .004 .005-.0p0 .004-.012
Magnesium alloys .003 .004 .005 .003 .004 .004 .007| .005-.016 .00q .008-.0R0 .005-.012
Ferritic stainless steel 135-14 .001 .002 .00B .001 .002 .p03 .qo3 .002-{006 04 .004+.008 .002-.007
. . 135-185| .001 .002 .003 .001 .002| .003 .00: .003-.0p7 .0o¢ .005-.008 .002—-|007
Austenitic stainless steel
185-275| .001 .002 .003 .001 .002| .002 .00: .003-.0p6 .00B .004-.006 .002—-|007
135-185| .001 .002 .002 .001 .002| .003 .00: .003-.0p6 .0op .004-.010 .002—-|007
Martensitic stainless steel 185-225| .001 .002 .002 .001] .002| .002 .00: .003-.0p6 .00¢ .003-.008 .002—-1007
225-300| .0005 .002 .002 .0005 .001 .002 .00p .002-.0p5 .003 .002-.006 .002—005
Monel 100-160| .001 .003| .004 .001 .007 .003 .004 .002-.0p6 004 .002-.008 .002—006




Table 15b. End Milling (Full Slot) Speed Adjustment Factors for Feed, Depth of Cut, and Lead Angle

Cutting Speedy =V, x Fy x Fy
Ratio of the two cutting speeds Depth of Cut and Lead Angle
Ratio (averagéoptimun) given in the tables
Ch%fsen VavdVopt 1in (25.4mm) | 0.4in (10.2mm)[ 0.2in (5.1mm] 0.1in (2.4mnp)  0.04in (1.0 m)
Feed to 1.00 1.25 150 2.00 250 3.00 40p °O0 45° 0° 45° 0° 45° 0° 45° 45°
Optimum
Feed Feed Factoif; Depth of Cut and Lead Angle Factby,
1.00 1.0 1.0 1.0 1.0 1.0 1.0 1.0 0.91 1.36 0.94 1.38 1.00 0.7 1.29 1.48 1.44 166
0.90 1.00 1.06 1.09 1.14 1.18 121 127 091 1.33 0.94 1.34 1.00 0. 1.26 143 1.40 1.59
0.80 1.00 112 1.19 131 1.40 149 163 092 1.30 0.95 1.3 1.00 0. 1.24 1.89 1.35 1.53
0.70 1.00 1.18 1.30 1.50 1.69 185 215 0.93 1.26 0.95 1.29 1.00 0. 1.21 1.85 131 1.44
0.60 1.00 1.20 1.40 1.73 2.04 234 289 094 1.22 0.96 1.2§ 1.00 0. 1.18 1.p8 1.26 1.26
0.50 1.00 1.25 1.50 2.00 2.50 3.00 400 095 117 0.97 1.14 1.00 0.; 1.14 1.1 1.20 121
0.40 1.00 1.23 1.57 2.29 3.08 3.92 570 0.96 111 0.97 1.19 1.00 0. 1.09 114 113 1.16
0.30 1.00 1.14 1.56 257 378 519 856 098 1.04 0.99 1.04 1.00 0. 1.04 1.97 1.05 1.09
0.20 1.00 0.90 1.37 2.68 4.49 6.86 1760 1.00 0.85 1.00 0.95 1.00 0. 0.97 0.p3 0.94 .88
0.10 1.00 0.44  0.80 208 4.26 8.00 2080 1.05 0.82 1.00 0.8 1.00 1. 0.85 0.f6 0.78 .67

For HSS (high-speed steel) tool speeds in the first speed coldirables 1Ghroughl4, useTable 15a0 determine appropriate feeds and depths of cut.

Sd334 ANV Sd33ds

Cutting feeds and speeds for end milling givehables 11throughl4 (except those for high-speed steel in the first speed column) are based on milling a 0.20-inch
deep full slot (i.e., radial depth of cut = end mill diameter) with a 1-inch diameter, 20-degree helix angle, 0-degrele keadi miiy For other depths of cut (axial),
lead angles, or feed, use the two feed/speed pairs from the tables and calculate the ratio of desired (neptimfierdféed (largest of the two feeds are given in the
tables), and the ratio of the two cutting spe&tjfV.,,)- Find the feed factd¥; at the intersection of the feed ratio row and the speed ratio column in the left half of the
Table. The depth of cut factby is found in the same row as the feed factor, in the right half of the table under the column corresponding to the dapthieddut

angle. The adjusted cutting speed can be calculatedfrowfy, x F; x Fy, whereV, is the smallerdptimun) of the two speeds from the speed table (from the left side

of the column containing the two feed/speed pairs). See the text for examples.

If the radial depth of cutis less than the cutter diameter (i.e., for cutting less than a full slot), the feedriabsprevious equation and the maximum feggmust
be obtained frorTable 15c The axial depth of cut facté can then be obtained from this table usjpgin place of the@ptimumfeed in the feed ratio. Also see the

footnote toTable 15¢
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Table 15c. End, Slit, and Side Milling Speed Adjustment Factors for Radial Depth of Cut

Cutting Speedy = Vo, X Fyx Fy
Ratio of Vavg/ Vom Vavg/ Vopl
Radial Maximum 1.25 1.50 2.00 2,50 3.00 4.00 | Maximum 1.25 1.50 2.00 2.50 3.00 4
Depth of Cut | Feed/Tooth Feed/Tooth
to Diameter Factor Feed FactoF; at Maximum Feed per TootRy; Factor Feed FactoF; at Minimum Feed per Tootf,,
1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.70 1.18 1.3 1.5 1.99 1.85 2|
0.75 1.00 1.15 124 1.46 154 1.66 1.87 0.70 1.24 1.4 1.98 2.38 2.81 3
0.60 1.00 1.23 1.40 1.73 2.04 2.34 2.89 0.70 1.24 1.5 2.2 2.95 371 5
0.50 1.00 1.25 1.50 2.00 2.50 3.00 4.00 0.70 1.29 1.5 2.44 3.42 4.51 6|
0.40 1.10 1.25 1.55 217 2.83 3.51 4.94 0.77 1.2§ 1.5! 2.5 3.712 5.08 8
0.30 1.35 1.20 1.57 2.28 3.05 3.86 5.62 0.88 1.23 1.5 2.6¢ 4.06 5.16 10
0.20 1.50 114 1.56 2.57 3.78 5.19 8.56 1.05 1.49 1.5 2.68 4.43 6.37 11
0.10 2.05 0.92 1.39 2.68 4.46 6.77 13.10 1.44 0.92 1.2 2.5 4.46 7.Y6 17
0.05 2.90 0.68 112 2.50 4.66 7.75 17.30 2.00 0.64 1.1 2.0B 4.36 8.00 2q
0.02 4.50 0.38 0.71 1.93 4.19 7.90 21.50 3.10 0.34 0.7¢ 1.38 3.37 7.01 22.

20

This table is for side milling, end milling when the radial depth of cut (width of cut) is less than the tool diameess(theani full slot milling), and slit milling when
the feed is parallel to the work surface (slotting). The radial depth of cut to diameter ratio is used to determine thededamamenum and minimum values of
feed/tooth, which are found by multiplying the feed/tooth factor from the appropriate column above (maximum or minimurg), fiyofeete speed tables. For
example, given two feed/speed pdjtandysfor end milling cast, medium-carbon, alloy steel, and a radial depth of cut to diametavEatit0.10 (a 0.05-inch width
of cut for a¥-inch diameter end mill, for example), the maximum fegg= 2.05x 0.007 = 0.014 in./tooth and the minimum fégg= 1.44x 0.007 = 0.010 in./tooth.
The feed selected should fall in the range betviggandf,,, The feed factoF, is determined by interpolating between the feed fa€gendF;, corresponding to
the maximum and minimum feed per tooth, at the approgifileand speed ratio. In the example giveD = 0.10 and/, V= 4515 = 3, so the feed factby; at
the maximum feed per tooth is 6.77, and the feed fagtat the minimum feed per tooth is 7.76. If a working feed of 0.012 in./tooth is chosen, the fedt] inbialf
way between 6.77 and 7.76 or by form#Has Fy, + (feed— f i)/ (fnax— fmin) % (fro — f;1) = 6.77+ (0.012- 0.010)/(0.014- 0.010)x (7.76- 6.77) = 7.27. The cutting
speed i8/ =V, x Fx Fy, whereF is the depth of cut and lead angle factor fitale 15kthat corresponds to the feed ratio (chosen feg)nhot the ratio (chosen
feed)bptimumfeed. For a feed ratio = 0.002014 = 0.86 (chosen feég/), depth of cut = 0.2 inch and lead angle 2,4Be depth of cut factdt, in Table 15hs

between 0.72 and 0.74. Therefore, the final cutting speed for this exaMpl¥/is, x F; x Fy = 15x 7.27x 0.73 = 80 ft/min.

Slit and Side MillingThis table only applies when feed is parallel to the work surface, as in slotting. If feed is perpendicular to the werksimfaotting off,
obtain the required speed-correction factor ficahle 15dface milling). The minimum and maximum feeds/tooth for slit and side milling are determined in the man-
ner described above, however, the axial depth of cut fagtenot required. The adjusted cutting speed, valid for cutters of any thickness (width), is givexiy

x F;. Examples are given in the text.

9¢0T
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Table 15d. Face Milling Speed Adjustment Factors for Feed, Depth of Cut, and Lead Angle

Cutting Speed =V, X Fy X Fy X Fy

Ratio of the two cutting speeds Depth of Cut, inch (mm), and Lead Angle
i i i i Ratio of
Rg;m (averagéoptimun) given in the tables ' o o2 otin ooin Radial Depth of Cut/Cutter
V. 8 - . ) Diameter.ar/D
Chosen arf Vopt @samm) | @2mm|  G.1mm) (2.4 mm) (1.0 mm)
Optimum[1.00 110 125 135 150 1.00 20Q °15 45 |15 45° 15° 45° 15° 45 15° 45° 1.00 075 050 040 030 0.20 0.1p
Feed Feed Factoify; Depth of Cut Factofy Radial Depth of Cut Factof,,

1.00 1.0 1.0 1.0 1.0 1.0 1.0 1.0 078 1.1 094 1.6 090 1}0 1.00 29 147 .66 072 100 153 1.89 243 332| 509

.69
89
77
52

0.90 100 102 105 107 109 110 11p 078 110 094 116 0.90 109 100 (127 145 (158 073 100 150 184 224 316 4
0.80 1.00 103 109 110 115 120 12 080 110 094 114 091 1{08 100 |1.25 140 (152 075 100 145 173 215 279 3.
0.70 1.00 105 113 122 122 132 14 081 109 095 114 091 1{08 1.00 [1.24 1.39 150 075 100 144 172 212 273 3.
0.60 1.00 108 120 125 135 150 16 081 109 095 1213 092 1{08 1.00 (123 1.38 148 076 1.00 142 168 205 261 3.
0.50 100 110 125 135 150 175 2.0 081 109 095 113 092 1{08 1.00 |[1.23 1.37 147 076 1.00 141 166 202 254 3.
0.40 1.00 109 128 144 166 203 24 082 108 095 112 092 1{07 100 121 134 (143 078 100 137 160 190 234 2.
0.30 1.00 106 132 152 185 242 3.0 084 107 096 111 093 1{06 100 118 130 (137 080 100 132 151 176 210[ 2.
0.20 1.00 100 134 160 207 296 4.0 086 106 0.96 1209 094 1{05 100 115 124 129 082 100 126 140 158 179 1.
0.10 100 080 120 155 224 374 58f 09 144 097 o6 0.96 104 100 |1.10 115 |1.18 087 100 116 124 131 137 1

For HSS (high-speed steel) tool speeds in the first speed coluniighied 50 determine appropriate feeds and depths of cut.
Tabular feeds and speeds data for face millingpisles 1throughl4are based on a 10-tooth, 8-inch diameter face mill, operating with a 15-degree leaangle,
inch cutter insert nose radius, axial depth of cut = 0.1 inch, and radial depth (width) of cut = 6 inches (i.e., widtitoftettiiameter ratio%). For other depths of

two cutting speeds/,, V). Use these ratios to find the feed fadtpat the intersection of the feed ratio row and the speed ratio column in the left third of the tabl

2}
BB
B
J>

D

n
cut (radial or axial), lead angles, or feed, calculate the ratio of desired (new)dpéidiamfeed (largest of the two feeds given in the speed table), and the ratio of th@
"

The depth of cut factdt, is found in the same row as the feed factor, in the center third of the table, in the column corresponding to the depthesfdangle. The
radial depth of cut factdt,, is found in the same row as the feed factor, in the right third of the table, in the column corresponding to the rasfiabdépitutter
diameter rati@r/D. The adjusted cutting speed can be calculatedV¥teiv,, x F;x Fy x F,,, whereV,is the smallerqptimun) of the two speeds from the speed table
(from the left side of the column containing the two feed/speed pairs).

The cutting speeds as calculated above are valid if the cutter axis is centered above or close to the center line efdbéagoekpricity is small). For larger eccen-
tricity (i.e., the cutter axis is offset from the center line of the workpiece by about one-half the cutter diameter esertbeeqdjustment factors frdrables 15kand
15c(end and side milling) instead of the factors from this tableTdbke 150 adjust end and face milling speeds for increased tool life up to 180 minutes.

Slit and Slot Milling:Tabular speeds are valid for all tool diameters and widths. Adjustments to the given speeds for other feeds and depfrendf @uthe
circumstances of the c@@ase 11f the cutter is fed directly into the workpiece, i.e., the feed is perpendicular to the surface of the workpiece,rapaiff ciltéin this
table (face milling) is used to adjust speeds for other feeds. The depth of cut factor is not used for slfg¥n@)( so the adjusted cutting sp¥edV, x Fix Fy.

For determining the facté,,, the radial depth of catr is the length of cut created by the portion of the cutter engaged in theGasek21f the cutter is fed parallel
to the surface of the workpiece, as in slotting, figles 15and15care used to adjust the given speeds for other feedBigée

1207
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Table 15e. Tool Life Adjustment Factors for Face Milling, End Milling,
Drilling, and Reaming

Tool Life Face Milling with Carbideg End Milling with Carbides Twist Drilling and
T ’ and Mixed Ceramics and HSS Reaming with HSS
(minutes) fs fn f fs fm fi fs fm fi
15 1.69 1.78 1.87 1.10 1.23 1.35 111 1.21 1.30
45 1.00 1.00 1.00 1.00 1.00 1.04 1.00 1.00 1.00
90 0.72 0.70 0.67 0.94 0.89 0.83 0.93 0.89 0.85
180 0.51 0.48 0.45 0.69 0.69 0.6 0.87 0.80 0.12

The feeds and speeds giveriTiables 1lthrough14 andTables 17through23 (except for HSS
speeds in the first speed column) are based on a 45-minute tool life. To adjust the given speeds tc
obtain another tool life, multiply the adjusted cutting speed for the 45-minute toglig the tool
life factor from this table according to the following rules: for small feeds, wheresfie,, the
cutting speed for the desired tool lifiés Vy =1, x V, 5 for medium feeds, whebgf,, < feed <5, f,
Vy =f,x V5 and for larger feeds, whe¥,, < feeds fo, Vr =f, x V5. Heref,,is the largesipti-
mun) feed of the two feed/speed values given in the speed tables or the maximiyy, Eadined
from Table 15¢if that table was used in calculating speed adjustment factors.

Table 16. Cutting Tool Grade Descriptions and Common Vendor Equivalents

Tool Approximate Vendor Equivalents
Grade Identification | Sandvik
Description Code Coromant| Kennameta Secp Valenite|
Cubic boron nitride 1 CB50 kooso | $BN? | vera
Ceramics 2 CC620 K060 480 —
3 CC650 K090 480 Q32
4 (Whiskers)| CC670 KYON2500 — —
5 (Sialon) CC680 KYON2000| 480 —
6 CC690 KYON3000 | — Q6
Cermets 7 CT515 KT125 CM VC605
8 CT525 KT150 CR VC610
Polycrystalline 9 CD10 KD100 PAX20D VC727
Coated carbides 10 GC-A — — —
11 GC3015 KC910 TP100 SV310
12 GC235 KC9045 TP30Q SV235
13 GC4025 KC9025 TP20p SV325
14 GC415 KC950 TP100 SV315
Uncoated carbides 15 H13A K8, K4H 883 VC2
16 S10T K420, K28 | CP20| VC7
17 S1P K45 CP20| VC7
18 S30T — CP25| VC5
19 S6 K21, K25 CP50| VC56
20 SM30 KC710 CP25| VC35M

SeeTable 2on pager53and the sectio@emented Carbides and Other Hard Materimismore
detailed information on cutting tool grades.

The identification codes in column two correspond to the grade numbers given in the footnotes to
Tables o4b, 6to14, and17to23.
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Using the Feed and Speed Tables for Drilling, Reaming, and Threading.Fhe first

two speed columns ifables 1through23give traditional Handbook speeds for drilling
and reaming. The following material can be used for selecting feeds for use with the trad
tional speeds.

The remaining columns ifiables 17through23 contain combined feed/speed data for
drilling, reaming, and threading, organized in the same manner as in the turning and mill
ing tables. Operating at the given feeds and speeds is expected to result in a tool life
approximately 45 minutes, except for indexable insert drills, which have an expected toc
life of approximately 15 minutes per edge. Examples of using this data follow.

Adjustments to HSS drilling speeds for feed and diameter are madeTadileg22
Table 5ds used for adjustments to indexable insert drilling speeds, where one-half the dril
diameteD is used for the depth of cut. Tool life for HSS drills, reamers, and thread chaser:
and taps may be adjusted usiraple 15eand for indexable insert drills usifigble 5b

The feed for drilling is governed primarily by the size of the drill and by the material to be
drilled. Other factors that also affect selection of the feed are the workpiece configuration
the rigidity of the machine tool and the workpiece setup, and the length of the chisel edg
A chisel edge that is too long will result in a very significant increase in the thrust force,
which may cause large deflections to occur on the machine tool and drill breakage.

For ordinary twist drills, the feed rate used is 0.001 to 0.003 in /rev for drills smaller than
%in, 0.002 to 0.006 in./rev fdf to¥in drills; 0.004 to 0.010 in./rev féf- to ¥%-in drills;
0.007 to 0.015 in./rev fd¢- to 1-in drills; and, 0.010 to 0.025 in./rev for drills larger than 1
inch.

The lower values in the feed ranges should be used for hard materials such as tool stee
superalloys, and work-hardening stainless steels; the higher values in the feed rang
should be used to drill soft materials such as aluminum and brass.

Example 1, DrillingDetermine the cutting speed and feed for use with HSS drills in
drilling 1120 steel.

Table 15aives two sets of feed and speed parameters for drilling 1120 steel with HSS
drills. These sets are/B® and 895, i.e., 0.016 in./rev feed at 50 ft/min and 0.008 in./rev at
95 fpm, respectively. These feed/speed sets are based on a 0.6-inch diameter drill. Tool |
for either of the given feed/speed settings is expected to be approximately 45 minutes.

For different feeds or drill diameters, the cutting speeds must be adjusted and can |
determined fronV =V, x F x Fy, whereV,,is the minimum speed for this material given
in the speed table (50 fpm in this example) BrahdF, are the adjustment factors for feed
and diameter, respectively, foundTiable 22



Table 17. Feeds and Speeds for Drilling, Reaming, and Threading Plain Carbon and Alloy Steels

Drilling I Reaming Drilling Reaming Threading
Indexable Insert
HSS HSS Coated Carbide HSS HSS
Brinell Speed f = feed (0.001 in./revs = speed (ft/min)
Material Hardnesq (fpm) Opt. Avg.| Opt. Avg.| Opt. Avg.| Opt. Avg.
L . . fl21 11 4 1 2
Frfzei?ziczhinsmgqugm carbon steels (Resulfurized): { 100-150| 120 80 s|55 125 glo 620 3?10 125 ?io 135
! ' 150-200 125 80
(Resulfurized): 1108, 1109, 1115, 1117, 1118, 1120{ 100-150 110 75 f|16 8 8 4 27 14 |83 20
1126, 1211 150-200| 120 80 |s|50 95 |370 740 | 105 11590 115
f 8 4
) 175-225 100 65 s 365 735
ﬁ(;iulfunzed): 1132, 1137, 1139, 1140, 1144, llAT, 275-325 70 75
325-375 45 30
375-425 35 20
100-150 130 85
150-2 12
(Leaded): 11117, 11L18, 12113, 12L.14 { 50-200 0 80 T 3 7
200-250 90 60 s 365 735
fl21 11 |8 4 36 18 (83 20
100-125 100 65
Plain carbon steels: 1006, 1008, 1009, 1010, 1012, s[5 125 | 310 620 | 140 185|140 185
1015, 1016, 1017, 1018, 1019, 1020, 1021, 1022{ | 125-175 90 60
1023, 1024, 1025, 1026, 1513, 1514 175-225 70 45 f 8 4
225-275 60 40 s 365 735
125-175 90 60
Plain carbon stee: 1027, 1030, 1033, 1035, 1036, | 1757225 75 50
1037, 1038, 1039, 1040, 1041, 1042, 1043, 1045, { 225-275| 60 40 f 8 4
1046, 1048, 1049, 1050, 1052, 1524, 1526, 1527, 275-325 50 30 s 365 735
1541 325-375| 35 20
375-425 25 15

00T
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Table 17.(Continued)Feeds and Speeds for Drilling, Reaming, and Threading Plain Carbon and Alloy Steels

Drilling |Reaming Drilling Reaming Threading
Indexable Insert
HSS HSS Coated Carbide HSS HSS
Brinell Speed f = feed (0.001 in./revl = speed (ft/min)
Material Hardnesg (fpm) Opt. Avg| Opt. Avg. Opt. Avg. Opt. A
125-175 85 55 [f|16 8 8 4 27 14 |83 20
175-225 70 45 |s|50 95 |370 740 | 105 11590 115
Plain carbon steel€ontinued):1055, 1060, 1064, B f 8 4
1065, 1070, 1074, 1078, 1080, 1084, 1086, 1090{ 225-215 50 30 S 365 735
1095, 1548, 1551, 1552, 1561, 1566 275-325 40 25
325-375 30 20
375-425 15 10
175-200 90 60 [f[16 8 8 4 26 13 |83 20
200-250 80 50 |s|75 140 | 410 685 | 150 160|125 160
Free-machining alloy steels (Resulfurized): 4140, f 8 4
4150 { | 250-300] 55 30 g 355 600
300-375 40 25 |f 8 4
375-425 30 15 |s 310 525
fl16 8 8 4 27 14 |83 20
150-200 100 65 s |50 95 |370 740 | 105 11590 115
f 8 4
(Leaded): 41130, 41140, 41147, 41150, 43147, 200-250 90 60 |g 365 735
51132, 52L.100, 86L20, 86L40 550-300 55 20
300-375 45 30
375-425 30 15
125-175 85 55 [f[16 8 |8 4 |26 13 |83 20
175-225 70 45 |s|75 140 | 410 685 | 150 160125 160
Alloy steels: 4012, 4023, 4024, 4028, 4118, 4320, f 8 4
4419, 4422, 4427, 4615, 4620, 4621, 4626, 4718, | 225-275| 55 B | 355 600
4720, 4815, 4817, 4820, 5015, 5117, 5120, 6118{
8115, 8615, 8617, 8620, 8622, 8625, 8627, 8720, | »75_325 50 30 |f|1L 6 |8 4119 10 |83 20
8822, 94B17 s |50 85 |335 570 |95 13560 95
325-375 35 25 |f 8 4
375-425 25 15 |s 310 525

Sd334 ANV Sd33ds
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Table 17.(Continued)Feeds and Speeds for Drilling, Reaming, and Threading Plain Carbon and Alloy Steels 5
Drilling |Reaming Drilling Reaming Threading %
Indexable Insert
HSS HSS Coated Carbide HSS HSS
Brinell Speed f = feed (0.001 in./revl = speed (ft/min)
Material Hardnesg (fpm) Opt. Avg| Opt. Avg. Opt. Avg. Opt. ANg.
fl16 8 |8 4 |26 13 |83 20
Alloy steels: 1330, 1335, 1340, 1345, 4032, 4037, | 175-225| 75(60)| 50 (40) _|7g 140 | 410 685 | 150 160|125 160
4042, 4047, 4130, 4135, 4137, 4140, 4142, 4145,
4147, 4150, 4161, 4337, 4340, 50B44, 50B46, 225-275| 60 (50)| 40 (30 f 8 4
50B50, 50B60, 5130, 5132, 5140, 5145, 5147, 5150, s 355 600
5160, 51B60, 6150, 81B45, 8630, 8635, 8637, 8640, AR 5 18 VR ET) 10 |83 20
8642, 8645, 8650, 8655, 8660, 8740, 9254, 9255, | 275-325| 45(35)| 30 (25) (| 5y 85 |335 570 | o5 13560 o5
9260, 9262, 94B30 1)
E51100, E52100: use (HSS speeds) 325-375| 30(30)[ 15(20) f 8 4 S
375-425| 20 (20)| 15 (10) S 310 525 m
Ultra-high-strength steels (not AISI): AMS 6421 (98837220_300 %0 ot 8 4 g
ra-nignh-strengtn steeis (no N - 2! 4!
Mod.), 6422 (98BVAO), 6424, 6427, 6428, 6430, 6432500~3%0] 35 20 : g s i 5 )
6433, 6434, 6436, and 6442; 300M, D6ac —
350-400| 20 10 | 270 450 JZ>
Maraging steels (not AISI): 18% Ni Grade 200, 250, 3 f 8 4 w)
and 350 %s0-a25| 50 30 g 325 545 n
m
ridi . 200-250 60 w | %g 140 | 410 885 | 290 To0| 13 o O
Nitriding steels (not AISI): Nitralloy 125, 135, 135 Mod|, S O
225, and 230, Nitralloy N, Nitralloy EZ, Nitrex | f 8 4 "
300-350 35 20 | 310 525

The two leftmost speed columns in this table contain traditional Handbook speeds for drilling and reaming with HSS Stkeldeot®on Feed Rates for Drilling
and Reaming contains useful information concerning feeds to use in conjunction with these speeds.

HSS Drilling and Reamingthe combined feed/speed data for drilling are based on a 0.60-inch diameter HSS drill with standard drill point geoutetwit(2-fl
118 tip angle). Speed adjustment factor$able 22are used to adjust drilling speeds for other feeds and drill diameters. Examples of using this data are given in the
text. The given feeds and speeds for reaming are based on an &4gioth diameter, 30lead angle reamer, and a 0.008-inch radial depth of cut. For other feeds, the
correct speed can be obtained by interpolation using the given speeds if the desired feed lies in the recommended rartpe (peenemlues afptimumand
averagefeed). If a feed lower than the givameragevalue is chosen, the speed should be maintained at the corresporetmgespeed (i.e., the highest of the two
speed values given). The cutting speeds for reaming do not require adjustment for tool diameters for standard ratiakepthaficat to reamer diameter (ifg=
1.00). Speed adjustment factors to modify tool life are foufidiie 15e
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Indexable Insert DrillingThe feed/speed data for indexable insert drilling are based on a tool with
two cutting edges, an insert nose radiu¥ghch, a 10-degree lead angle, and dianieterl inch.
Adjustments to cutting speed for feed and depth of cut are madeTasilegb@djustment Factors)
using a depth of cut @/2, or one-half the drill diameter. Expected tool life at the given feeds and
speeds is approximately 15 minutes for short hole drilling (i.e., where maximum hole depth is about
2D or less). Speed adjustment factors to increase tool life are folintlm5h

Tapping and Threadingfhe data in this column are intended for use with thread chasers and for
tapping. The feed used for tapping and threading must be equal to the lead (feed = lead = pitch) of the
thread being cut. The two feed/speed pairs given for each material, therefore, are representative
speeds for two thread pitches, 12 and 50 threads per icB&3 = 12, and/0.020 = 50). Tool life
is expected to be approximately 45 minutes at the given feeds and speeds. When cutting fewer thar
12 threads per inch (pitch0.08 inch), use the loweogtimun) speed; for cutting more than 50
threads per inch (pitch 0.02 inch), use the largeaverage speed; and, in the intermediate range
between 12 and 50 threads per inch, interpolate between theaggmageandoptimumspeeds.

The combined feed/speed data in this table are based on tool grades (ideritdtald it as fol-
lows: coated carbide = 10.

Example 2, Drillingif the 1120 steel of Example 1 is to be drilled with a 0.60-inch drill
atafeed of 0.012 in./rev, what is the cutting speed in ft/min? Also, what spindle rpm of the
drilling machine is required to obtain this cutting speed?

To find the feed factdf, in Table 22 calculate the ratio of the desired feed todpt-
mumfeed and the ratio of the two cutting speeds given in the speed tables. The desired fe
is 0.012 in./rev and theptimumfeed, as explained above is 0.016 in./rev, therefore,

feedf,,=0.0120.016 = 0.75 an¥l,,, V= 9550 = 1.9, approximately 2.

The feed factoF; is found at the intersection of the feed ratio row and the speed ratio col-
umn.F; = 1.40 corresponds to about halfway between 1.31 and 1.50, which are the fee
factors that correspond¥q, V.= 2.0 and feedy,; ratios of 0.7 and 0.8, respectivefy,
the diameter factor, is found on the same row as the feed factor (halfway between the O
and 0.8 rows, for this example) under the column for drill diameter = 0.60 inch. Becaus
the speed table values are based on a 0.60-inch drill diafgtelr,0 for this example, and
the cutting speed =V, x F¢x F3=50x1.4x 1.0 =70 ft/min. The spindle speed in rpm
iSN=12xV/(rtx D) = 12x 70/(3.14x 0.6) = 445 rpm.

Example 3, DrillinglUsing the same material and feed as in the previous example, what
cutting speeds are required for 0.079-inch and 4-inch diameter drills? What machine rpr
is required for each?

Because the feed is the same as in the previous example, the feed Retdr.#0 and
does not need to be recalculated. The diameter factors are foliaolén220on the same
row as the feed factor for the previous example (about halfway between the diameter fat
tors corresponding to fedg)j; values of 0.7 and 0.8) in the column corresponding to drill

diameters 0.079 and 4.0 inches, respectively. Results of the calculations are summariz
below.

Drill diameter=0.079 inch Drill diameter 4.0 inches
F;=1.40 F;=1.40
Fq=(0.34+0.38)/2=0.36 Fyq=(1.95+1.73)/2=1.85
V=50x%1.4x0.36 =25.2 fom V=50x1.4x1.85=129.5 fpm

12x 25.2/(3.14< 0.079) = 1219 rpm 12129.5/(3.14< 4) = 124 rpm
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Drilling Difficulties: A drill split at the web is evidence of too much feed or insufficient
lip clearance at the center due to improper grinding. Rapid wearing away of the extrem
outer corners of the cutting edges indicates that the speed is too high. A drill chipping ©
breaking out at the cutting edges indicates that either the feed is too heavy or the drill h
been ground with too much lip clearance. Nothing will “check” a high-speed steel drill
quicker than to turn a stream of cold water on it after it has been heated while in use. It |
equally bad to plunge it in cold water after the point has been heated in grinding. The sma
checks or cracks resulting from this practice will eventually chip out and cause rapid wea
or breakage. Insufficient speed in drilling small holes with hand feed greatly increases th
risk of breakage, especially at the moment the drill is breaking through the farther side c
the work, due to the operator's inability to gage the feed when the drill is running toc
slowly.

Small drills have heavier webs and smaller flutes in proportion to their size than do large
drills, so breakage due to clogging of chips in the flutes is more likely to occur. When drill-
ing holes deeper than three times the diameter of the drill, it is advisable to withdraw thi
drill (peck feed) at intervals to remove the chips and permit coolant to reach the tip of th
drill.

Drilling Holes in GlassThe simplest method of drilling holes in glass is to use a stan-
dard, tungsten-carbide-tipped masonry drill of the appropriate diameter, in a gun-drill. The
edges of the carbide in contact with the glass should be sharp. Kerosene or other liquid m
be used as a lubricant, and a light force is maintained on the drill until just before the poir
breaks through. The hole should then be started from the other side if possible, or a ve
light force applied for the remainder of the operation, to prevent excessive breaking o
material from the sides of the hole. As the hard particles of glass are abraded, they accun
late and act to abrade the hole, so it may be advisable to use a slightly smaller drill than t|
required diameter of the finished hole.

Alternatively, for holes of medium and large size, use brass or copper tubing, having a
outside diameter equal to the size of hole required. Revolve the tube at a peripheral spe
of about 100 feet per minute, and use carborundum (80 to 100 grit) and light machine o
between the end of the pipe and the glass. Insert the abrasive under the drill with a th
piece of soft wood, to avoid scratching the glass. The glass should be supported by a felt
rubber cushion, not much larger than the hole to be drilled. If practicable, it is advisable t
drill about halfway through, then turn the glass over, and drill down to meet the first cut.
Any fin that may be left in the hole can be removed with a round second-cut file wettec
with turpentine.

Smaller-diameter holes may also be drilled with triangular-shaped cemented carbid
drills that can be purchased in standard sizes. The end of the drill is shaped into a lor
tapering triangular point. The other end of the cemented carbide bit is brazed onto a ste
shank. A glass drill can be made to the same shape from hardened drill rod or an old thre
cornered file. The location at which the hole is to be drilled is marked on the workpiece. A
dam of putty or glazing compound is built up on the work surface to contain the cutting
fluid, which can be either kerosene or turpentine mixed with camphor. Chipping on the
back edge of the hole can be prevented by placing a scrap plate of glass behind the are:
be drilled and drilling into the backup glass. This procedure also provides additional sup
port to the workpiece and is essential for drilling very thin plates. The hole is usually drilled
with an electric hand drill. When the hole is being produced, the drill should be given &
small circular motion using the point as a fulcrum, thereby providing a clearance for the
drillin the hole.

Very small round or intricately shaped holes and narrow slots can be cut in glass by th
ultrasonic machining process or by the abrasive jet cutting process.



Table 18. Feeds and Speeds for Drilling, Reaming, and Threading Tool Steels

Drilling | Reaming Drilling Reaming Threading
Indexable Insert
HSS HSS Uncoated Carbide HSS HSS
Brinell Speed f = feed (0.001 in./revs = speed (ft/min)
Material Hardnesq (fpm) Opt. Avg.| Opt. Avg.| Opt. Avg.| Opt. Avg.
Water hardening: W1, W2, W5 150-200 85 55
Shock resisting: S1, S2, S5, S6, S7 175-225 50 35
Cold work (oil hardening): 01, 02, 06, O7 175-225 45 30
(High carbon, high chromium): D2, D3, D4, D5, D7 { | 200-250 30 20
(Air hardening): A2, A3, A8, A9, A10 200-250 50 35 ; ig ;5 260 gOS gg ;g gg gg
A4, A6 200-250 45 30
A7 225-275 30 20
150-200 60 40
Hot work (chromium type): H10, H11, H12, H13, { 200-250 50 30
H14, H19 3 8 4
325-375 30 20 s 270 450
150-200 55 35
(Tungsten type): H21, H22, H23, H24, H25, H26  {
200-250 40 25
150-200 45 30
(Molybdenum type): H41, H42, H43 {
200-250 35 20
Special-purpose, low alloy: L2, L3, L6 150-200 60 40
f115 7 |8 4 24 12 |83 20
Mold steel: P2, P3, P4, P5, P6 100-150 75 50 |s|45 85 [ 360 60590 95 |75 95
P20, P21 150-200 60 40
High-speed steel: M1, M2, M6, M10, T1, T2, T6 200-250 45 30
M3-1, M4, M7, M30, M33, M34, M36, M41, M42,
M43, Md4, Md6, M47, T5, T8 (| 225-275 35 20
T15, M3-2 225-275 25 15

See the footnote Table 1" for instructions concerning the use of this table. The combined feed/speed data in this table are based on tool gfied inTabléi

1€) as follows: coated carbide = 10.

Sd334 ANV Sd33ds
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Table 19. Feeds and Speeds for Drilling, Reaming, and Threading Stainless Steels

Drilling | Reaming Drilling Reaming Threading
Indexable Insert
HSS HSS Coated Carbide HSS HSS
Brinell Speed f = feed (0.001 in./revl = speed (ft/min)
Material Hardnesq (fpm) Opt. Avg,| Opt. Avg. Opt. Avg. Opt. A
. , |15 7 |8 4 |24 12 |83 20
Free-machining stainless steels (Ferritic): 430F, 430F$e 135-185 190 650 25 45 |320 540/ 50 50 |40 51
(Austenitic): 203EZ, 303, 303Se, 303MA, 303Pb, { 135-185 85 55
303Cu, 303 Plus X 225-275 70 45 | f |15 7 8 4 24 12 |83 20
135-185 90 60 |s|20 40 | 250 425 |40 40 (35 45
(Martensitic): 416, 416Se, 416 Plus X, 420F, 420F§e, 185-240 70 45
440F, 440FSe 275-325 40 25
375-425 20 10
. . 15 7 8 4 24 12 |83 20
Stainless steels (Ferritic): 405, 409, 429, 430, 434 135+185 5 Lé 25 45 |320 540/ 50 50 |40 51
(Austenitic): 201, 202, 301, 302, 304, 304L, 305, 30{8, 135-185 55 35
321, 347, 348 225-275 50 30 d 15 7 s 4 24 12 |83 20
(Austenitic): 302B, 309, 309S, 310, 310S, 314, 316 1354185 g0 L |20 40 | 250 42540 40 |35 45
135-175 75 50
. 175-225 65 45
(Martensitic): 403, 410, 420, 501 275-325 20 25
375-425 25 15
225-275 50 30
(Martensitic): 414, 431, Greek Ascoloy 275-325 40 25
375-425 25 15
225-275 45 30
(Martensitic): 440A, 440B, 440C {| 275-325 40 25
375-425 20 10
fl15 7 8 4 24 12 |83 20
(Precipitation hardening): 15-5PH, 17-4PH, 17-7PH, | 150-200 50 30 |4|20 40 |250 42540 40 |35 45
AF-71, 17-14CuMo, AFC-77, AM-350, AM—355 275-325 45 25
AM-362, Custom 455, HNM, PH13-8, PH14-8Mg, 325375 35 20
PH15-7Mo, Stainless W a
375-450 20 10

See the footnote fBable 17for instructions concerning the use of this table. The combined feed/speed data in this table are based on tool gfiedds lidblei

16) as follows: coated carbide = 10.

9e0T
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Table 20. Feeds and Speeds for Drilling, Reaming, and Threading Ferrous Cast Metals

Drilling | Reaming Drilling Reaming Threading
Indexable Carbide Insert
HSS HSS Uncoated Coated HSS HSS
Brinell Speed f = feed (0.001 in./revl = speed (ft/min)
Material Hardness (fpm) Opt. Avg| Opt. Avgd. Opt. Avg. Opt. Avg. Opt. A
ASTM Class 20 120-150 100 65
ASTM Class 25 160200 90 | 60 |¢l5  golss 1m0 |23 azs| 25 65|90 0
ASTM Class 30, 35, and 40 190-22p 80 55| s
ASTM Class 45 and 50 220-26 60 40| ¢ [13 6 |11 6 11 6 21 10|83 20
ASTM Class 55 and 60 250-32 30 20| s |50 50 (70 150 |195 405 |50 30|55 45
ASTM Type 1, 1b, 5 (Ni resist) 100-21§ 50 30
ASTM Type 2, 3, 6 (Ni resist) 120-179 40 25
ASTM Type 2b, 4 (Ni resist) 150-25( 30 20
Malleable Iron

(Ferritic): 32510, 35018 110-164Q 110 75 fs ég 180 u . é%o gSS gg ég ?go gg
(Pearlitic): 40010, 43010, 45006, 45008, | 160-200 80 55 |t |14 7 |8 18011 6 |22 11|83 20

48005, 50005 200-240 70 45 | 5|65 65 235 485 |65 45|70 60
(Martensitic): 53004, 60003, 60004 200-255 55 35
(Martensitic): 70002, 70003 220-26 50 30
(Martensitic): 80002 240-280 45 30
(Martensitic): 90001 250-320 25 15

Nodular (Ductile) Iron

(Ferritic): 60-40-18, 65-45-12 140—19+ 100| 65 fS %g 30 éé 280 ‘ éés 285 gg éé gg ;g

Sd334 ANV Sd33ds
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Table 20.(Continued)Feeds and Speeds for Drilling, Reaming, and Threading Ferrous Cast Metals

Drilling | Reaming Drilling Reaming Threading
Indexable Carbide Insert
HSS HSS Uncoated Coated HSS HSS
i f = feed (0.001 in./revs = speed (ft/min)
Brinell Speed
Material Hardness (fpm) Opt. Avg| Opt. Avg. Opt. Avg. Opt. Avg. Opt. A
N 270-330 25 15
(Martensitic): 120-90-02
330-400 10 5
(Ferritic-Pearlitic): 80-55-06 190-225 0 45
erritic-Pearlitic): 80-55- 13 6 (11 6 |11 6 |21 1183 20
225-260 | 50 30 60 60 |70 150 | 195 405 |55 060 55
(Pearlitic-Martensitic): 100-70-03 240-30 40 25
Cast Steels
. 18 9 29 15|83 20
(Low carbon): 1010, 1020 10015t 100 65 35 70 75 85|65 85
125-175 920 60
(Medium carbon): 1030, 1040, 1050 {175-225 70 45
225-300 55 35 15 7 8 4 |24 12|83 20
150-200 75 50 35 60 195t 475 |65 70|55 70
(Low-carbon alloy): 1320, 2315, 2320,
4110, 4120, 4320, 8020, 8620 {| 200-250 | 65 40
250-300 50 30
175-225 70 45 8 4
(Medium-carbon alloy): 1330, 1340, 2325, 225-250 60 35 1301 315
2330, 4125, 4130, 4140, 4330, 4340,
8030, 80B30, 8040, 8430, 8440, 8630, {| 250-300 45 30
8640, 9525, 9530, 9535 300-350 30 20
350-400 20 10

See the footnote fBable 17for instructions concerning the use of this table. The combined feed/speed data in this table are based on tool gfiedds Tidblei
16) as follows: uncoated = 15; coated carbide = 11, 1 = 10.

8¢0T
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Table 21. Feeds and Speeds for Drilling, Reaming, and Threading Light Metals

Drilling [ Reaming Drilling Reaming Threading
Indexable Insert
HSS HSS Uncoated Carbide HSS HSS
f =feed (0.001 in./revls = speed (ft/min
Brinell Speed ( %= sp ( )
Material Hardness (fpm) Opt. Avg,| Opt. Avg. Opt. Avg. Opt. A
All wrought aluminum alloys, 6061-T651, 5000, 6000, P 400 400
7000 series STandA| 350 350 | |31 16 |11 6 52 26 |83 20
AC 500 500 | 5390 580 |3235 11370 | 610 615 |635 565
All aluminum sand and permanent mold casting alloy:
STand A 350 350
Aluminum Die-Casting Alloys
_ _ _ fl23 11 (11 6 38 19 (83 20
Alloys 308.0 and 319.0 s|110 145 | 945 3325 (145 130 (145 130
fl27 14 (11 6 45 23 |83 20
Alloys 360.0 and 380.0 - - — |s|o0 125 |855 3000 |130 125 [130 115
AC 300 300
Alloys 390.0 and 392.0
STand A 70 70
Alloys 413 - - fl24 12 |11 6 40 20 |83 20
STand A 45 40 |s|e5 85 |555 1955 (85 80 |85 80
All other aluminum die-casting alloys fl27 14 (11 6 45 23 |83 20
AC 125 100 s|90 125 [855 3000 (130 125 130 115
Magnesium Alloys
All wrought magnesium alloys A,;][;,/?T 500 500
All cast magnesium alloys A'aAn%' iT 450 450

Sd334 ANV Sd33ds

Abbreviations designate: A, annealed; AC, as cast; CD, cold drawn; and ST and A, solution treated and aged, respetivielgtrixe ta able 17for instruc-
tions concerning the use of this table. The combined feed/speed data in this table are based on tool grades (ichié&figgian follows; uncoated carbide = 15.
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Table 22. Feed and Diameter Speed Adjustment Factors for HSS Twist Drills and Reamers 5
Cutting Speedy =V, x Fi x Fy 8
Ratio of the two cutting speeds Tool Diameter
Ratio of (averagéoptimiir given n the tables 0.08in| 0.15in| 0.25in| 0.40in] 0.60i3 1.00ih  2.00fn  3.00fn  4.00fn
Chosen avg Vopt
g[?t?n(is?n 1.00 125 150 200 250 3.00 400 (2mm) (Admm) (Gmm) @A0Omm) @A5mm) (25/mm) (BGmm) (7% mm) (190 mm)
Feed Feed Factorf; Diameter Factoify
1.00 100 1.00 1.00 1.00 1.00 1.00 1.00 0.30 0.44 0.56 0.78 1.00 1.32 181 211 2.29
0.90 1.00 1.06 1.09 1.14 118 121 1.27 0.32 0.46 0.59 0.79 1.00 1.30 1.72 1.97 2.10
0.80 100 112 119 131 140 149 1.63 0.34 0.48 0.61 0.80 1.00 1.27 1.64 1.89 1.95 %
0.70 1.00 115 1.30 150 1.69 185 215 0.38 0.52 0.64 0.82 1.00 1.25 1.52 1.67 1.73 m
0.60 1.00 1.23 1.40 173 2.04 234 289 0.42 0.55 0.67 0.84 1.00 1.20 1.46 1.51 1.54 8
0.50 1.00 125 150 2.00 2.50 3.00 5.00 0.47 0.60 0.71 0.87 1.00 1.15 1.30 1.34 1.94 JZ>
0.40 1.00 1.23 157 229 3.08 392 5.70 0.53 0.67 0.77 0.90 1.00 1.10 1.17 1.16 1.12 'ID'I
0.30 1.00 114 156 257 3.78 519 8.6 0.64 0.76 0.84 0.94 1.00 1.04 1.02 0.96 .90 m
0.20 1.00 0.90 1.37 2.68 4.49 6.86 17.60 0.83 0.92 0.96 1.00 1.00 0.96 0.81 0.73 .66 8
0.10 1.00 144 0.80 2.08 4.36 8.00 20,80 1.29 1.26 1.21 111 1.00 0.84 0.60 0.46 .38

This table is specifically for use with the combined feed/speed data for HSS twist drildés 1through23; useTables 5and5bto adjust speed and tool life for
indexable insert drilling with carbides. The combined feed/speed data for HSS twist drilling are based on a 0.60-incH8&urdtevith standard drill point geom-
etry (2-flute with 118tip angle). To adjust the given speeds for different feeds and drill diameters, use the two feed/speed pairs fromrtietitlésta the ratio
of desired (new) feed wptimumfeed (largest of the two feeds from the speed table), and the ratio of the two cutting/sppégs Use the values of these ratios to
find the feed factoF; at the intersection of the feed ratio row and the speed ratio column in the left half of the table. The diaméigisfémtod in the same row as
the feed factor, in the right half of the table, under the column corresponding to the drill diameter. For diameters megpotate between the nearest available
sizes. The adjusted cutting speed can be calculated/frory, x F x Fy, whereVis the smallergptimum) of the two speeds from the speed table (from the left side
of the column containing the two feed/speed pairs). Tool life using the selected feed and the adjusted speed should aelpBaxrimutes. Speed adjustment
factors to modify tool life are found Fable 15e
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Table 23. Feeds and Speeds for Drilling and Reaming Copper Alloys
Group 1

Architectural bronze(C38500); Extra-high-leaded brass (C35600); Forging brass (C37700); Free-
cutting phosphor bronze (B-2) (C54400); Free-cutting brass (C36000); Free-cutting Muntz metal

(C37000); High-leaded brass (C33200, C34200); High-leaded brass tube (C35300); Leaded com
mercial bronze (C31400); Leaded naval brass (C48500); Medium-leaded brass (C34000

Group 2

Aluminum brass, arsenical (C68700); Cartridge brass, 70% (C26000); High-silicon bronzg, B
(C65500); Admiralty brass (inhibited) (C44300, C44500); Jewelry bronze, 87.5% (C22600);
Leaded Muntz metal (C36500, C36800); Leaded nickel silver (C79600); Low brass, 80%
(C24000); Low-leaded brass (C33500); Low-silicon bronze, B (C65100); Manganese bropze, A
(C67500); Muntz metal, 60% (C28000); Nickel silver, 55-18 (C77000); Red brass, 85%
(C23000); Yellow brass (C26800)

Group 3

Aluminum bronze, D (C61400); Beryllium copper (C17000, C17200, C17500); Commercial
bronze, 90% (C22000); Copper nickel, 10% (C70600); Copper nickel, 30% (C71500);Eleftro-
lytic tough-pitch copper (C11000); Gilding, 95% (C21000); Nickel silver, 65-10 (C74500)
Nickel silver, 65-12 (C75700); Nickel silver, 65-15 (C75400); Nickel silver, 65-18 (C752Q0);
Oxygen-free copper (C10200); Phosphor bronze, 1.25% (C50200); Phosphor bronze, 10% D
(C52400); Phosphor bronze, 5% A (C51000); Phosphor bronze, 8% C (C52100);
Phosphorus deoxidized copper (C12200)

Ream-
Drilling ing Drilling Reaming
Alloy Indexable Insert
Egsfg:]% 'V:Ié};e HSS HSS Uncoated Carbide HSS
UNSAlloy | Condi- Speed f = feed (0.001 in./rev = speed (ft/min)
Numbers| tion (fom) Opt. Avg.] Opt. Avg. [ Opt. Avd
Wrought Alloys
Group 1 A 160 160 fl| 21 11 11 6 36 18
p CD 175 175 s| 210 265 405 915 265 230
Group 2 A 120 110 fl] 24 12 11 6 40 20
p CcD | 140 | 120 |s| 100 130 | 205 455 130 120
A 60 50 fl 23 11 11 6 38 19
Growp3 | ¢cp | 65 60 |s| 155 105| 150 340 | 100 175

Abbreviations designate: A, annealed; CD, cold drawn. The two leftmost speed columns in this
table contain traditional Handbook speeds for HSS steel tools. The text contains information con-
cerning feeds to use in conjunction with these speeds.

HSS Dirilling and Reamingfhe combined feed/speed data for drilling @athle 22are used to
adjust drilling speeds for other feeds and drill diameters. Examples are given in the text. The given
feeds and speeds for reaming are based on an 8ggthch diameter, 30lead angle reamer, and
a 0.008-inch radial depth of cut. For other feeds, the correct speed can be obtained by interpolation
using the given speeds if the desired feed lies in the recommended range (between the given value
of optimumandaveragefeed). The cutting speeds for reaming do not require adjustment for tool
diameter as long as the radial depth of cut does not become too large. Speed adjustment factors t
modify tool life are found iTable 15e

Indexable Insert DrillingThe feed/speed data for indexable insert drilling are based on a tool with
two cutting edges, an insert nose radiugfich, a 10-degree lead angle, and dianf@tef 1 inch.
Adjustments for feed and depth of cut are made UEahte 58 Turning Speed Adjustment Factors)
using a depth of cut of D/2, or one-half the drill diameter. Expected tool life at the given feeds and
speeds is 15 minutes for short hole drilling (i.e., where hole depth isZiboutess). Speed adjust-
ment factors to increase tool life are foun@able 5b The combined feed/speed data in this table are
based on tool grades (identifiedliable 16 as follows: uncoated carbide = 15.

Using the Feed and Speed Tables for Tapping and Threading. Fhe feed used in tap-
ping and threading is always equal to the pitch of the screw thread being formed. Th
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threading data contained in the tables for drilling, reaming, and threathbieé 17
through23) are primarily for tapping and thread chasing, and do not apply to thread cutting
with single-point tools.

The threading data ifables 1through23give two sets of feed (pitch) and speed values,
for 12 and 50 threads/inch, but these values can be used to obtain the cutting speed for ¢
other thread pitches. If the desired pitch falls between the values given in the tables, i.e
between 0.020 inch (50 tpi) and 0.083 inch (12 tpi), the required cutting speed is obtaine
by interpolation between the given speeds. If the pitch is less than 0.020 inch (more than ¢
tpi), use thaveragespeed, i.e., the largest of the two given speeds. For pitches greater tha
0.083 inch (fewer than 12 tpi), tbptimumspeed should be used. Tool life using the given
feed/speed data is intended to be approximately 45 minutes, and should be about the sa
for threads between 12 and 50 threads per inch.

ExampleDetermine the cutting speed required for tapping 303 stainless steelith a
20 coated HSS tap.

The two feed/speed pairs for 303 stainless steEglire 19 are 8335 (0.083 in./rev at 35
fpm) and 2045 (0.020 in./rev at 45 fpm). The pitch d4a20 thread is/20 = 0.05 inch, so
the required feed is 0.05 in./rev. Because 0.05 is between the two giveriizadslQ,
the cutting speed can be obtained by interpolation between the two given speeds as f
lows:

0.05- 0.02
V = 35+ 0085 0.0545 35 = 40 fpm

The cutting speed for coarse-pitch taps must be lower than for fine-pitch taps with the
same diameter. Usually, the difference in pitch becomes more pronounced as the diame
of the tap becomes larger and slight differences in the pitch of smaller-diameter taps ha
little significant effect on the cutting speed. Unlike all other cutting tools, the feed per rev-
olution of a tap cannot be independently adjusted—it is always equal to the lead of th
thread and is always greater for coarse pitches than for fine pitches. Furthermore, tt
thread form of a coarse-pitch thread is larger than that of a fine-pitch thread; therefore, it |
necessary to remove more metal when cutting a coarse-pitch thread.

Taps with along chamfer, such as starting or tapper taps, can cut faster in a short hole th
short chamfer taps, such as plug taps. In deep holes, however, short chamfer or plug te
can run faster than long chamfer taps. Bottoming taps must be run more slowly than eith
starting or plug taps. The chamfer helps to start the tap in the hole. It also functions t
involve more threads, or thread form cutting edges, on the tap in cutting the thread in th
hole, thus reducing the cutting load on any one set of thread form cutting edges. In s
doing, more chips and thinner chips are produced that are difficult to remove from deepe
holes. Shortening the chamfer length causes fewer thread form cutting edges to ct
thereby producing fewer and thicker chips that can easily be disposed of. Only one or tw
sets of thread form cutting edges are cut on bottoming taps, causing these cutting edges
assume a heavy cutting load and produce very thick chips.

Spiral-pointed taps can operate at a faster cutting speed than taps with normal flute
These taps are made with supplementary angular flutes on the end that push the chi
ahead of the tap and prevent the tapped hole from becoming clogged with chips. They a
used primarily to tap open or through holes although some are made with shorter suppl
mentary flutes for tapping blind holes.

The tapping speed must be reduced as the percentage of full thread to be cut is increas
Experiments have shown that the torque required to cut a 100 per cent thread form is mo
than twice that required to cut a 50 per cent thread form. An increase in the percentage
full thread will also produce a greater volume of chips.

The tapping speed must be lowered as the length of the hole to be tapped is increas
More friction must be overcome in turning the tap and more chips accumulate in the hole
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It will be more difficult to apply the cutting fluid at the cutting edges and to lubricate the tap
to reduce friction. This problem becomes greater when the hole is being tapped in a hor
zontal position.

Cutting fluids have a very great effect on the cutting speed for tapping. Although othel
operating conditions when tapping frequently cannot be changed, a free selection of tt
cutting fluid usually can be made. When planning the tapping operation, the selection of
cutting fluid warrants a very careful consideration and perhaps an investigation.

Taper threaded taps, such as pipe taps, must be operated at a slower speed than stre
thread taps with a comparable diameter. All the thread form cutting edges of a tape
threaded tap that are engaged in the work cut and produce a chip, but only those cuttil
edges along the chamfer length cut on straight thread taps. Pipe taps often are requirec
cut the tapered thread from a straight hole, adding to the cutting burden.

The machine tool used for the tapping operation must be considered in selecting the ta
ping speed. Tapping machines and other machines that are able to feed the tap at a rat
advance equal to the lead of the tap, and that have provisions for quickly reversing the spi
dle, can be operated at high cutting speeds. On machines where the feed of the tap is c
trolled manually—such as on drill presses and turret lathes—the tapping speed must
reduced to allow the operator to maintain safe control of the operation.

There are other special considerations in selecting the tapping speed. Very accura
threads are usually tapped more slowly than threads with a commercial grade of accurac
Thread forms that require deep threads for which a large amount of metal must b
removed, producing a large volume of chips, require special techniques and slower cuttin
speeds. Acme, buttress, and square threads, therefore, are generally cut at lower speed

Cutting Speed for Broaching.—Broaching offers many advantages in manufacturing
metal parts, including high production rates, excellent surface finishes, and close dimer
sional tolerances. These advantages are not derived from the use of high cutting spee
they are derived from the large number of cutting teeth that can be applied consecutively
a given period of time, from their configuration and precise dimensions, and from the
width or diameter of the surface that can be machined in a single stroke. Most broachin
cutters are expensive in their initial cost and are expensive to sharpen. For these reason
long tool life is desirable, and to obtain a long tool life, relatively slow cutting speeds are
used. In many instances, slower cutting speeds are used because of the limitations of t
machine in accelerating and stopping heavy broaching cutters. At other times, the avai
able power on the machine places a limit on the cutting speed that can be used; i.e., t
cubic inches of metal removed per minute must be within the power capacity of the
machine.

The cutting speeds for high-speed steel broaches range from 3 to 50 feet per minut
although faster speeds have been used. In general, the harder and more difficult to mach
materials are cut at a slower cutting speed and those that are easier to machine are cut
faster speed. Some typical recommendations for high-speed steel broaches are: AISI 10«
10to 30 fpm; AISI 1060, 10 to 25 fpm; AISI 4140, 10 to 25 fpm; AISI 41140, 20 to 30 fpm;
201 austenitic stainless steel, 10 to 20 fpm; Class 20 gray cast iron, 20 to 30 fpm; Class
gray castiron, 15 to 25 fpm; aluminum and magnesium alloys, 30 to 50 fpm; copper alloys
20 to 30 fpm; commercially pure titanium, 20 to 25 fpm; alpha and beta titanium alloys, 5
fpm; and the superalloys, 3 to 10 fpm. Surface broaching operations on gray iron casting
have been conducted at a cutting speed of 150 fpm, using indexable insert cemented ¢
bide broaching cutters. In selecting the speed for broaching, the cardinal principle of th
performance of all metal cutting tools should be kept in mind; i.e., increasing the cutting
speed may result in a proportionately larger reduction in tool life, and reducing the cutting
speed may result in a proportionately larger increase in the tool life. When broaching mos
materials, a suitable cutting fluid should be used to obtain a good surface finish and a bett
tool life. Gray cast iron can be broached without using a cutting fluid although some shop
prefer to use a soluble oil.
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ESTIMATING SPEEDS AND MACHINING POWER

Estimating Planer Cutting Speeds.—-Whereas most planers of modern design have a
means of indicating the speed at which the table is traveling, or cutting, many older plane
do not. Thus, the following formulas are useful for planers that do not have a means of ind
cating the table or cutting speed. It is not practicable to provide a formula for calculating
the exact cutting speed at which a planer is operating because the time to stop and start
table when reversing varies greatly. The formulas below will, however, provide a reason
able estimate.

Vv, OSL

VC
S. O T
where V, = cutting speed; fpm or m/min
S =number of cutting strokes per minute of planer table
L =length of table cutting stroke; ft or m

Cutting Speed for Planing and Shaping.—Fhe traditional HSS cutting tool speeds in
Tables Ithroughdband Tables &hroughd can be used for planing and shaping. The feed
and depth of cut factors ifables 5cshould also be used, as explained previously. Very
often, other factors relating to the machine or the setup will require a reduction in the cu
ting speed used on a specific job.

Cutting Time for Turning, Boring, and Facing.—The time required to turn a length of
metal can be determined by the following formula in wHiehtime in minuted, =length

of cutin inchesf = feed in inches per revolution, aNét lathe spindle speed in revolutions
per minute.

=L
fN

When making job estimates, the time required to load and to unload the workpiece on tf
machine, and the machine handling time, must be added to the cutting time for each leng
cut to obtain the floor-to-floor time.
Planing Time.—The approximate time required to plane a surface can be determinec
from the following formula in whicfi = time in minutes., = length of stroke in fee¥, =
cutting speed in feet per minuté,= return speed in feet per minut¥;= width of surface
to be planed in incheB,=feed in inches, and 0.025 = approximate reversal time factor per
stroke in minutes for most planers:

=W ol 1o
T= F[L x E\VC+VP+0.025}

Speeds for Metal-Cutting Saws.—Fhe following speeds and feeds for solid-tooth, high-

speed-steel, circular, metal-cutting saws are recommended by Saws International, In
(sfpm = surface feet per minute = 3.24#ade diameter in inchegpm of saw shaft 12).

T

Speeds for Turning Unusual Materials.—Slate on account of its peculiarly stratified
formation, is rather difficult to turn, but if handled carefully, can be machined in an ordi-
nary lathe. The cutting speed should be about the same as for cast iron. A sheet of fiber
pressed paper should be interposed between the chuck or steadyrest jaws and the slat
protect the latter. Slate rolls must not be centered and run on the tailstock. A satisfactol
method of supporting a slate roll having journals at the ends is to bore a piece of lignur
vitae to receive the turned end of the roll, and center it for the tailstock spindle.
Rubbercan be turned at a peripheral speed of 200 feet per minute, although it is muc
easier to grind it with an abrasive wheel that is porous and soft. For cutting a rubber roll i
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Speeds, Feeds, and Tooth Angles for Sawing Various Materials

o =Cutting angle

B =Relief angle
Front| Back Stock Diameters (inches)
Rake| Rake
Angle| Angle
a B
Materials (deg)| (deg) /) 91 135-2%, 253,
Aluminum 24 12 6500 sfpm| 6200 sfpm | 6000 sfom | 5000 sfpm

100 in./min| 85 in./min 80 in./min 75 in./min

Light Alloys 22 10 3600 sfpm| 3300 sfpm | 3000 sfpm | 2600 sfpm

with Cu, Mg, 70 in./min 65 in./min 63 in./min 60 in./min
and Zn

Light Alloys 20 8 650 sfpm 600 sfpm 550 sfpm 550 sfpm

with High Si 16 in./min 16 in./min 14 in./min 12 in./min

Copper 20 10 1300 sfpm 1150 sfpm | 1000 sfpm | 800 sfpm

24 in./min 24 in./min 22 in./min 22 in./min

Bronze 15 8 1300 sfpm| 1150 sfpm | 1000 sfpm | 800 sfpm

24 in./min 24 in./min 22 in./min 20 in./min

Hard Bronze 10 8 400 sfpm | 360 sfpm 325 sfpm 300 sfpm
6.3 in./min | 6in./min 5.5in./min | 5.1in./min

Cu-Zn Brass 16 8 2000 sfpm 2000 sfpm | 1800 sfpm | 1800 sfpm
43 in./min 43 in./min 39 in./min 35 in./min

Gray Cast Iron 12 8 82 sfpm 75 sfpm 72 sfpm 66 sfpm
4 in./min 4 in./min 3.5in/min | 3in./min

Carbon Steel 20 8 160 sfpm| 150 sfpm 150 sfpm 130 sfpm
6.3 in./min | 5.9in./min | 5.5in./min | 5.1 in./min

Medium Hard | 18 8 100 sfpm 100 sfpm 80 sfpm 80 sfpm
Steel 5.1in./min | 4.7 in./min | 4.3in/min | 4.3 in./min

Hard Steel 15 8 66 sfpm 66 sfpm 60 sfpm 57 sfpm
4.3in./min | 4.3in./min | 4in./min 3.5in./min

Stainless Steel 15 8 66 sfpm | 63 sfpm 60 sfpm 57 sfpm
2in./min 1.75in/min  1.75in./min| 1.5 in./min

two, the ordinary parting tool should not be used, but a tool shaped like a knife; such a toc
severs the rubber without removing any material.

Gutta perchacan be turned as easily as wood, but the tools must be sharp and a goc
soap-and-water lubricant used.

Coppercan be turned easily at 200 feet per minute.

Limestonesuch as is used in the construction of pillars for balconies, etc., can be turned ¢

150 feet per minute, and the formation of ornamental contours is quitdMzabje is a
treacherous material to turn. It should be cut with a tool such as would be used for brass, k
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at a speed suitable for cast iron. It must be handled very carefully to prevent flaws in th
surface.

The foregoing speeds are for high-speed steel tools. Tools tipped with tungsten carbic
are adapted for cutting various non-metallic products which cannot be machined readil
with steel tools, such as slate, marble, synthetic plastic materials, etc. In drilling slate an
marble, use flat drills; and for plastic materials, tungsten-carbide-tipped twist drills. Cut-
ting speeds ranging from 75 to 150 feet per minute have been used for drilling slate (witf
out coolant) and a feed of 0.025 inch per revolution for dtiied 1 inch in diameter.

Estimating Machining Power.—Knowledge of the power required to perform machin-
ing operations is useful when planning new machining operations, for optimizing existing
machining operations, and to develop specifications for new machine tools that are to k
acquired. The available power on any machine tool places a limit on the size of the cut th:
it can take. When much metal must be removed from the workpiece it is advisable to est
mate the cutting conditions that will utilize the maximum power on the machine. Many
machining operations require only light cuts to be taken for which the machine obviously
has ample power; in this event, estimating the power required is a wasteful effort. Condi
tions in different shops may vary and machine tools are not all designed alike, so som
variations between the estimated results and those obtained on the job are to be expect
However, by using the methods provided in this section a reasonable estimate of the pow
required can be made, which will suffice in most practical situations.

The measure of power in customary inch units is the horsepower; in SI metric units it i
the kilowatt, which is used for both mechanical and electrical power. The power requirec
to cut a material depends upon the rate at which the material is being cut and upon an exp
imentally determined power constaldf, which is also called the unit horsepower, unit
power, or specific power consumption. The power constant is equal to the horsepowe
required to cut a material at a rate of one cubic inch per minute; in SI metric units the powe
constant is equal to the power in kilowatts required to cut a material at a rate of one cub
centimeter per second, or 1000 cubic millimeters per second®( @00 mm). Differ-
ent values of the power constant are required for inch and for metric units, which are
related as follows: to obtain the SI metric power constant, multiply the inch power constan
by 2.73; to obtain the inch power constant, divide the SI metric power constant by 2.73
Values of the power constantiiables 2430, and25can be used for all machining opera-
tions except drilling and grinding. Values given are for sharp tools.

Table 24. Power Constantsk

Kpr for Ferrous Cast Metals, Using Sharp Cutting Tools

) Brinell Kp Ko ) Brinell Kp Ko
Material Hardness| Inch | SI Metric Material Hardness| Inch | SI Metric
Number | Units Units Number | Units Units

100-120| 0.28 0.76 Malleable
Iron

120-140| 035  0.96 Feritc | 150-175| 0.42| 1.5
GrayCast | 140-160| 038 104 | s2ob 057 1sg
Iron 160-180| 052 1.42 Pearic'| 200260 042  2.24
180-200| 060 1.64 250-300 18 3.22

200-220| 071 1.94
220-240| 091| 248 150-175| 062|  1.69
CastSteel | 175-200| 0.78] 213
150-175| 030  0.82 200250 086  2.35

mloyCast (| 175-200| 063] 172

200-250| 0.92 251
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The value of the power constant is essentially unaffected by the cutting speed, the dep
of cut, and the cutting tool material. Factors that do affect the value of the power constan
and thereby the power required to cut a material, include the hardness and microstructu
of the work material, the feed rate, the rake angle of the cutting tool, and whether the cu
ting edge of the tool is sharp or dull. Values are given in the power constant tables for dif
ferent material hardness levels, whenever this information is available. Feed factors for th
power constant are givenTiable 25 All metal cutting tools wear but a worn cutting edge
requires more power to cut than a sharp cutting edge.

Factors to provide for tool wear are giverTable 26 In this table, the extra-heavy-duty
category for milling and turning occurs only on operations where the tool is allowed to
wear more than a normal amount before it is replaced, such as roll turning. The effect of tf
rake angle usually can be disregarded. The rake angle for which most of the data in tt
power constant tables are given is positive 14 degrees. Only when the deviation from th
angle is large is it necessary to make an adjustment. Using a rake angle that is more posit
reduces the power required approximately 1 per cent per degree; using a rake angle tha
more negative increases the power required; again approximately 1 per cent per degree

Many indexable insert cutting tools are formed with an integral chip breaker or other cut:
ting edge modifications, which have the effect of reducing the power required to cut ¢
material. The extent of this effect cannot be predicted without a test of each design. Cuttin
fluids will also usually reduce the power required, when operating in the lower range of
cutting speeds. Again, the extent of this effect cannot be predicted because each cultti
fluid exhibits its own characteristics.

Table 25. Feed FactorsC, for Power Constants

Inch Units Sl Metric Units
Feed Feed Feed Feed
ina c ina c mmp c mmp c
0.001 1.60 0.014 0.97 0.02 1.70 0.35 0.97|
0.002 1.40 0.015 0.96 0.05 1.40 0.38 0.95
0.003 1.30 0.016 0.94 0.07 1.30 0.40 0.94
0.004 1.25 0.018 0.92 0.10 1.25 0.45 0.92
0.005 1.19 0.020 0.90 0.12 1.20 0.50 0.90
0.006 1.15 0.022 0.88 0.15 1.15 0.55 0.88
0.007 111 0.025 0.86 0.18 111 0.60 0.87]
0.008 1.08 0.028 0.84 0.20 1.08 0.70 0.84
0.009 1.06 0.030 0.83 0.22 1.06 0.75 0.83
0.010 1.04 0.032 0.82 0.25 1.04 0.80 0.82
0.011 1.02 0.035 0.80 0.28 1.01 0.90 0.80y
0.012 1.00 0.040 0.78 0.30 1.00 1.00 0.78
0.013 0.98 0.060 0.72 0.33 0.98 1.50 0.72

aTurning—in./rev; milling—in./tooth: planing and shaping—in./stroke; broaching—in./tooth.
b Turning—mm/rev; miling—mm/tooth: planing and shaping—mm/stroke; broaching—
mm/tooth.
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Table 26. Tool Wear FactorsW

Type of Operation w
For all operations with sharp cutting tools 1.00
Turning: Finish turning (light cuts) 1.10
Normal rough and semifinish turning 1.30
Extra-heavy-duty rough turning 1.60-2.00
Milling: Slab milling 1.10
End milling 1.10
Light and medium face milling 1.10-1.25
Extra-heavy-duty face milling 1.30-1.60
Drilling: Normal drilling 1.30
Drilling hard-to-machine materials and drilling with a very| 1.50
dull drill
Broaching:  Normal broaching 1.05-1.10
Heavy-duty surface broaching 1.20-1.30

For planing and shaping, use values given for turning.

The machine tool transmits the power from the driving motor to the workpiece, where it
is used to cut the material. The effectiveness of this transmission is measured by tf
machine tool efficiency factoE. Average values of this factor are giveifable 28 For-
mulas for calculating the metal removal ra@e for different machining operations are
given inTable 29 These formulas are used together with others given below. The follow-
ing formulas can be used with either customary inch or with SI metric units.

P.= K,CQW @
_P. _ K,CQW
Pn=E = —¢ @

where P, = power at the cutting tool; hp, or kW
P.,=power at the motor; hp, or kW
K, = power constant (sekables 2430, and25)
Q =metal removal rate; iflmin. or cn¥/s (se€lable 29
C =feed factor for power constant (Seable 25
W =tool wear factor (se€able 26
E =machine tool efficiency factor (s@able 28
V =cutting speed, fpm, or m/min
N =cutting speed, rpm
f=feed rate for turning; in./rev. or mm/rev
f=feed rate for planing and shaping; in./stroke, or mm/stroke
f, =feed per tooth; in./tooth, or mm/tooth
f,, = feed rate; in./min. or mm/min
d, = maximum depth of cut per tooth: in., or mm
d =depth of cut; in., or mm
n, = number of teeth on milling cutter
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Table 27. Power Constantl,(p, for High-Temperature Alloys, Tool Steel, Stainless
Steel, and Nonferrous Metals, Using Sharp Cutting Tools

Brinell Brinell
Hard- Hard-
Material ness | K, Ky Material ness | K, Ky
Num- | Inch | Metric Num- | Inch | Metric
ber | Units| Units ber | Units| Units
High-Temperature 150- | 0.60| 1.64
Alloys 175
A286 165 | 0.82| 2.24 Stainless Steel i 2385— 0.72| 1.97
A286 285 | 0.93| 254 200 0.88 | 2.40
250
Chromoloy 200 | 0.74 3.22 Zinc Die Cast 0.25| 0.68
Alloys
Chromoloy 310 | 1.18 3.00 Copper (pure) 0.91| 248
Inco 700 330 | 1.1 3.06 Brass
Inco 702 230 | 110 3.00 Hard 0.83| 2.27
Hastelloy-B 230 | 1.10 3.00 Medium 0.50| 1.36
M-252 230 | 1.10{ 3.00 Soft 0.25| 0.68
M-252 310 | 1.20f 3.28 Leaded 0.30| 0.82
Ti-150A 340 | 0.65| 1.77
U-500 375 | 1.10[f 3.00[ Bronze
Hard 091 2.48
Monel Metal 1.00( 273 Medium 0.50| 1.36
175- | 0.75| 2.05| Aluminum
200
200- | 0.88| 2.40 Cast 0.25| 0.68
250
Tool Steel { %%% 0.98| 2.68 Rolled (hard) 0.33| 0.90
300- | 1.20| 3.28
350
350- | 1.30| 3.55| Magnesium Alloys 0.10| 0.27
400
n. = number of teeth engaged in work
w =width of cut; in., or mm
Table 28. Machine Tool Efficiency FactorskE
Type of Drive E Type of Drive E
Direct Belt Drive 0.90 Geared Head Drive 0.70-0.80
Back Gear Drive 0.75 Oil-Hydraulic Drive 0.60-0.90

ExampleA 180-200 Bhn AlSI shaft is to be turned on a geared head lathe using a cuttin
speed of 350 fpm (107 m/min), a feed rate of 0.016 in./rev (0.40 mm/rev), and a depth of ci
of 0.100 inch (2.54 mm). Estimate the power at the cutting tool and at the motor, using bot
the inch and metric data.

Inch units:
K, =0.62 (fromTable 30
C=0.94 (fromTable 25
W =1.30 (fromTable 2§
E =0.80 (fromTable 2§
Q=12Vfd=12x 350x 0.016x 0.100 (fromTable 29
Q=6.72in¥min
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Table 29. Formulas for Calculating the Metal Removal RateQ

Metal Removal Rate

For Inch Units Only For S| Metric Units Only
Operation Q=in3min Q=cnd/s
Single-Point Tools v
(Turning, Planing, and Shaping 12vid GOfd

fwd

Millin fwd _m -

9 " 60, 000

. V
Surface Broaching 12vwngd, @u ncdI

P.= K,CQW = 0.62x 0.94x6.72x1.30 = 5 hp

Pe 5
Pn= E 080" 6.25 hp
S| metric units:
K, =1.60 (fromTable 24
C=0.94 (fromTable 25
W =1.30 (fromTable 2§
E =0.80 (fromTable 30

_ Vg - 107
Q= 60fd = %0 x 0.40% 2.54(from Table 29
=1.81cnils

P.= KpCQW = 1.69% 0.94x 1.81x1.30 = 3.74 kW

0.80

Whenever possible the maximum power available on a machine tool should be use
when heavy cuts must be taken.

The cutting conditions for utilizing the maximum power should be selected in the follow-
ing order: 1) select the maximum depth of cut that can be used; 2) select the maximui
feed rate that can be used; and 3) estimate the cutting speed that will utilize the maximu
power available on the machine. This sequence is based on obtaining the longest tool i
of the cutting tool and at the same time obtaining as much production as possible from tf
machine.

The life of a cutting tool is most affected by the cutting speed, then by the feed rate, ar
least of all by the depth of cdthe maximum metal removal rate that a given machine is
capable of machining from a given material is used as the basis for estimating the cuttin
speed that will utilize all the power available on the machine.

ExampleA 0.125 inch deep cut is to be taken on a 200-210 Bhn AISI 1050 steel part
using a 10 hp geared head lathe. The feed rate selected for this job is 018 in./rev. Estimz
the cutting speed that will utilize the maximum power available on the lathe.

K,=0.85 (Fronirable 30
C=0.92 (Fronirable 2§

PC
Pn=E

m

= 4.675 kW



MACHINING POWER 1051

W =1.30 (FroniTable 26
E =0.80 (FroniTable 2§

PmE 10x 0.80 EF _ KpCQW,
m

Qmax = K,CW ~ 0.85x 0.92¢1.30 E U
= 7.87 in*/min
_ Qmax _ 7.87 _
V=T - Droosois Q71
= 290 fpm

ExampleA 160-180 Bhn gray iron casting that is 6 inches wide is to Hgameh stock
removed on a 10 hp milling machine, using an 8 inch diameter, 10 tooth, indexable inse
cemented carbide face milling cutter. The feed rate selected for this cutter is 0.01.
in./tooth, and all the stock (0.125 in.) will be removed in one cut. Estimate the cutting spee
that will utilize the maximum power available on the machine.

K, =0.52 (Fronirable 30
C=1.00 (Fronirable 2§
W =1.20 (Fronirable 2¢
E =0.80 (FroniTable 27

P.E K,C
m_ = _M0x080 _ - og2indmin =2 QV\E

Qmax = K,CW ~ 0.52x 1.00x 1.20 E
Qmax 12.82 a

_ _ 1282 _ ) =f wd

fn wd 5% 0105 17 in./min (Q = fwd)
_ fmax _ 17 - =

N = N = oot T0- 40P (T = fi(N)
_ DN _ mx8x140 _ =120

v =B8N - B0 - 293 fom BN =251

Estimating Drilling Thrust, Torque, and Power.—Although the lips of a drill cut metal

and produce a chip in the same manner as the cutting edges of other metal cutting tools, 1
chisel edge removes the metal by means of a very complex combination of extrusion ar
cutting. For this reason a separate method must be used to estimate the power required
drilling. Also, it is often desirable to know the magnitude of the thrust and the torque
required to drill a hole. The formulas and tabular data provided in this section are based c
information supplied by the National Twist Drill Division of Regal-Beloit Corp. The val-
ues inTables 3through34are for sharp drills and the tool wear factors are givé@ale

26. For most ordinary drilling operations 1.30 can be used as the tool wear factor. Whe
drilling most difficult-to-machine materials and when the drill is allowed to become very
dull, 1.50 should be used as the value of this factor. It is usually more convenient to mee
sure the web thickness at the drill point than the length of the chisel edge; for this reaso
the approximate w/d ratio corresponding to each c/d ratio for a correctly ground drill is pro-
vided inTable 32 For most standard twist drills the c/d ratio is 0.18, unless the drill has
been ground short or the web has been thinned. The c/d ratio of split point drills is 0.03. Th
formulas given below can be used for spade drills, as well as for twist drills. Separate for
mulas are required for use with customary inch units and for SI metric units.
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Table 30. Power Constantsxp,

for Wrought Steels, Using Sharp Cutting Tools

Brinell Ky Ky

Hardness Inch S| Metric

Material Number Units Units

Plain Carbon Steels

80-100 0.63 1.72

100-120 0.66 1.80

120-140 0.69 1.88

140-160 0.74 2.02

160-180 0.78 2.13

180-200 0.82 2.24

. 200-220 0.85 2.32

All Plain Carbon Steels 220-240 0.89 2.43
240-260 0.92 251

260-280 0.95 2.59

280-300 1.00 2.73

300-320 1.03 2.81

320-340 1.06 2.89

340-360 1.14 3.11

Free Machining Steels

100-120 0.41 1.12

AISI 1108, 1109, 1110, 1115, 1116, 1117, 1118, 1119 120-140 0.42 115
1120, 1125, 1126, 1132 140-160 0.44 120
’ ! ! 160-180 0.48 1.31
180-200 0.50 1.36

180-200 0.51 1.39

AISI 1137, 1138, 1139, 1140, 1141, 1144, 1145, 1146} 200-220 0.55 1.50
1148, 1151 220-240 0.57 1.56
240-260 0.62 1.69

Alloy Steels

140-160 0.62 1.69

160-180 0.65 1.77

180-200 0.69 1.88

AISI 4023, 4024, 4027, 4028, 4032, 4037, 4042, 4047 528_51218 8;(23 %g;
4137, 4140, 4142, 4145, 4147, 4150, 4340, 4640, 4815, 240-260 0.80 2'18
4817, 4820, 5130, 5132, 5135, 5140, 5145, 5150, 6118, 260-280 0.84 2'29
6150, 8637, 8640, 8642, 8645, 8650, 8740 280-300 0.87 238
300-320 0.91 2.48

320-340 0.96 2.62

340-360 1.00 2.73

140-160 0.56 1.53

160-180 0.59 1.61

180-200 0.62 1.69

200-220 0.65 1.77

AISI 4130, 4320, 4615, 4620, 4626, 5120, 8615, 8617, 220-240 0.70 1.91
8620, 8622, 8625, 8630, 8720 240-260 0.74 2.02
260-280 0.77 2.10

280-300 0.80 2.18

300-320 0.83 2.27

320-340 0.89 243

160-180 0.79 2.16

180-200 0.83 2.27

200-220 0.87 2.38

AISI 1330, 1335, 1340, E52100 220-240 0.91 2.48
240-260 0.95 2.59

260-280 1.00 2.73
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Table 31. Work Material Factor, K, for Drilling with a Sharp Drill

Work Material
Work Material ConstantKy
AISI 1117 (Resulfurized free machining mild steel) 12,000
Steel, 200 Bhn 24,000
Steel, 300 Bhn 31,000
Steel, 400 Bhn 34,000
Cast Iron, 150 Bhn 14,000
Most Aluminum Alloys 7,000
Most Magnesium Alloys 4,000
Most Brasses 14,000
Leaded Brass 7,000
Austenitic Stainless Steel (Type 316) 24,000 for Torque
35,000 for Thrust
Titanium Alloy T16A v 40R 18,008 for Torque
29,006 for Thrust
René 41 40R 40,00@° min.
Hastelloy-C 30,008 for Torque
37,008 for Thrust

aValues based upon a limited number of tests.
bWill increase with rapid wear.

Table 32. Chisel Edge Factors for Torque and Thrust

Torque | Thrust | Thrust Torque | Thrust | Thrust
c/d AEN’J/?X' Factor | Factor | Factor | c/d AEN’J/?X' Factor | Factor | Factor
A B J A B J
0.03| 0.025| 1.000f 1.100 0.00p 0.18 0.1%5 1.085 1.355 0.p30
0.05| 0.045| 1.005| 1.14¢9 0.008 0.20 0.175 1.1p5 1.380 0.p40
0.08 | 0.070| 1.015| 1.20q 0.006 0.25 0.220 1.155 1.445 0.p65
0.10| 0.085| 1.020 1.23§ 0.01p 030 0.260 1.235 1.500 0.p90
0.13| 0.110| 1.040{ 1.27¢ 0.01y 035 0.300 1310 1.375 0.L20
0.15| 0.130| 1.080 131 0.022 040 0.3%0 1.395 1.620 O0.L60
For drills of standard design, ugd =.18.
For split point drills, use/d = .03.
c/d = Length of Chisel EdgeDrill Diameter.
w/d = Web Thickness at Drill PoirtDrill Diameter.
For inch units only:
T =2k FFBW+ K d2JW 3)
M =K jF¢Fy AW “4

P, =MN/63.025 (5)
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For Sl metric units only:

MACHINING POWER

T=0.05K,F; Fy BW+ 0.007K,d2IW (6)
= W =0.00002%K4F;F\, AW )
40,000 : dr M
P, =MN/9550 (8)
Use with either inch or metric units:
P
P = 2 ©)
where P, = Power at the cutter; hp, or kW
P,,= Power at the motor; hp, or kW
M=Torque; in. Ib, or N.m
T=Thrust; Ib, or N
K4 =Work material factor (Sekable 3}
F; = Feed factor (Se€able 33
Fr = Thrust factor for drill diameter (S@able 34
Fy = Torque factor for drill diameter (S&able 34
A =Chisel edge factor for torque (SEable 32
B =Chisel edge factor for thrust (S€able 32
J=Chisel edge factor for thrust (S€able 32
W =Tool wear factor (Se€able 26
N =Spindle speed; rpm
E =Machine tool efficiency factor (S&able 28
D = Dirill diameter; in., or mm
c=Chisel edge length; in., or mm (SEable 32
w =Web thickness at drill point; in., or mm (SE&ble 32
Table 33. Feed Factors;, for Drilling
Inch Units S| Metric Units
Feed, Feed, Feed, Feed,
in./rev Fe in./rev Fe mm/rev Fe mm/rev Fe
0.0005 0.0023 0.012 0.029 0.01 0.02H 0.3 0.
0.001 0.004 0.013 0.031 0.03 0.060) 0.35 0.4
0.002 0.007 0.015 0.035 0.05 0.09] 0.44 0.4
0.003 0.010 0.018 0.040 0.08 0.133 0.45 0.5
0.004 0.012 0.020 0.044 0.10 0.15§ 0.50 0.9
0.005 0.014 0.022 0.047 0.12 0.18§ 0.55 0.4
0.006 0.017 0.025 0.052 0.15 0.219 0.65 0.7
0.007 0.019 0.030 0.060 0.18 0.254 0.75 0.7
0.008 0.021 0.035 0.068 0.20 0.274 0.9¢ 049
0.009 0.023 0.040 0.076 0.22 0.29§ 1.0d 1.4
0.010 0.025 0.050 0.091 0.25 0.33( 1.25 1.1

32
80
28
74
20
08
94
19
00
95
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Table 34. Drill Diameter Factors:F+ for Thrust; F, for Torque

Inch Units Sl Metric Units
Drill Drill Drill Drill
Dia., | Fr Fu || Dia, | Fr Fy || Dia., | Fr Fy || Dia., | Fr Fu
in. in. mm mm

0.063| 0.110, 0.00f] 0.87% 0.899 0.786 1|60 1.46 p.33 2R.00 11.86 [260.8
0.094| 0.151] 0.014 0.933 0.95p 0.891 2j40 2.p2 A.84 24.00 12.71 [305.1
0.125| 0.189| 0.024 1.000 1.00p 1.0p0 3j20 2.54 B.12 25,50 13.34 [340.2
0.156| 0.226| 0.03§ 1.063 1.05p 1.}116 4/00 3.p3 1@.12 27.00 13.97 [377.1
0.188| 0.263] 0.04p 1.12% 1.099 1.286 4/80 3.b1 1§.84 2850 1458 [415.6
0.219| 0.297| 0.065 1.250 1.195 1494 5|60 3.B7 24.22 32.00 16.00 ([512.0
0.250| 0.330| 0.08 1.37% 1.29p 1.7y4 6/40 4.42 28426 35.00 17.19 [601.6
0.281| 0.362| 0.10p 1.500 1.388 2.0y5 7|20 4.85 34.93 38.00 18.36 [697.6
0.313| 0.395| 0.124 1.62% 1.476 2.396 8|00 5.8 44.22 42.00 19.89 (8353
0.344| 0.426| 0.14p 1.750 1.56b 2.188 8|80 586 50.13 45.00 21.02 ([945.8
0.375| 0.456| 0.17y 1.87% 1.658 3.1p0 9|50 6.6 54.53 48.00 22.13 [1062
0.438| 0.517| 0.22f 2.000 1.74] 3482 11100 6.1 74.90 H0.00 22.86 |1143
0.500| 0.574 0.28}] 2.250 1.91] 4305 1250 754 94.28 §8.00 25.75 (1493
0.563| 0.632| 0.35p 2.500 2.08| 5203 14(50 849 123.1 €4.00 27.86 |1783
0.625| 0.687| 0.42§ 2.750 2.24 6.1¢y7 16{00 9.19 147.0 70.00 29.93 |2095
0.688| 0.741] 0.51p 3.000 2.40] 7.2p5 17(50 9.p7 172.8 76.00 31.96 |2429
0.750| 0.794 0.59p 3.500 2.72 9.585 19(00 1054 200.3 90.00 36.53 |3293
0.813| 0.847| 0.68p 4.000 3.03] 12.13 20{00 1098 219.7 100.00 $9.81 |3981

ExampleA standardjinch drill is to drill steel parts having a hardness of 200 Bhn on a
drilling machine having an efficiency of 0.80. The spindle speed to be used is 350 rpm an
the feed rate will be 0.008 in./rev. Calculate the thrust, torque, and power required to dril
these holes:

K4=24,000 (FronTable 3)
F;=0.021 (FronTable 33
F;=0.899 (FronTable 33
Fy =0.786 (Fronrable 34
A=1.085 (Fronirable 32
B =1.355 (Fronirable 32
J=0.030 (FronTable 33
W =1.30 (Fronirable 2¢
T = 2K F;FrBW+ K d2IW
=2x24,000% 0.21x 0.899x 1.355x 1.30+ 24,000x 0.87% x 0.030% 1.30

=23131b
M=K 4FF, AW
= 24,000 0,021 0.786x 1.085x 1.30 = 559 in. Ib
_ MN _ 559x 350 _ _Po_ 31
Pe= 63025 6305  °tM™ Pm=F Tggo- 30N

Twist drills are generally the most highly stressed of all metal cutting tools. They must
not only resist the cutting forces on the lips, but also the drill torque resulting from these
forces and the very large thrust force required to push the drill through the hole. Therefore
often when drilling smaller holes, the twist drill places a limit on the power used and for
very large holes, the machine may limit the power.



1056 MACHINING ECONOMETRICS

MACHINING ECONOMETRICS

Tool Wear And Tool Life Relationships

Tool wear.—Tool-life is defined as the cutting time to reach a predetermined wear, called
the tool wear criterion. The size of tool wear criterion depends on the grade used, usually
tougher grade can be used at bigger flank wear. For finishing operations, where close tole
ances are required, the wear criterion is relatively small. Other alternative wear criteria ar
a predetermined value of the surface roughness, or a given depth of the crater which dev
ops on the rake face of the tool. The most appropriate wear criteria depends on cuttir
geometry, grade, and materials.

Tool-life is determined by assessing the time — the tool-life — at which a given prede-
termined flank wear is reached, 0.25, 0.4, 0.6, 0.8 mnfrggc1 depicts how flank wear
varies with cutting time (approximately straight lines in a semi-logarithmic graph) for
three combinations of cutting speeds and feeds. Alternatively, these curves may represe
how variations of machinability impact on tool-life, when cutting speed and feed are con-
stant. All tool wear curves will sooner or later bend upwards abruptly and the cutting edg
will break, i.e., catastrophic failure as indicated by the white arrofigini.
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= 7y
<
&
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0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150
Cutting Time, minutes

Fig. 1. Flank Wear as a Function of Cutting Time

The maximum deviation from the average tool-life 60 minutésdgn1is assumed to
range between 40 and 95 minutes,+38% and+58% variation. The positive deviation
from the average (longer than expected tool-life) is not important, but the negative on
(shorter life) is, as the edge may break before the scheduled tool change after 60 minut:
when the flank wear is 0.6 mm.

Itis therefore important to set the wear criterion at a safe level such that tool failures du
to “normal” wear become negligible. This is the way machinability variations are mas-
tered.

Equivalent Chip Thickness ECT).—ECT combines the four basic turning variables,
depth of cut, lead angle, nose radius and feed per revolution into one basic parameter. F
all other metal cutting operations such as drilling, milling and grinding, additional vari-
ables such as number of teeth, width of cut, and cutter diameter are included in the parar
eterECT. In turning, milling, and drilling, according to tHeCT principle, when the
product of feed times depth of cut is constant the tool-life is constant no matter how th
depth of cut or feed is selected, provided that the cutting speed and cutting edge length &
maintained constant. By replacing the geometric parameterE@itfthe number of tool-

life tests to evaluate cutting parameters can be reduced considerably, by a factor of 4
turning, and in milling by a factor of 7 because radial depth of cut, cutter diameter and num
ber of teeth are additional parameters.
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The introduction of thECTconcept constitutes a major simplification when predicting
tool-life and calculating cutting forces, torque, and po&€Twas first presented in 1931
by Professor R. Woxen, who both theoretically and experimentally proveeGias a
basic metal cutting parameter for high-speed cutting tools. Dr. Colding later proved tha
the concept also holds for carbide tools, and extended the calcul &6 tuf be valid for
cutting conditions when the depth of cut is smaller than the tool nose radius, or for roun
inserts. Colding later extended the concept to all other metal cutting operations, includin
the grinding process.

The definition ofECTis:
_ Area .
ECT = CEL (mm or inch)
where A= cross sectional area of cut (approximately = feddpth of cut), (mrhor
inch?)

CEL = cutting edge length (tool contact rubbing length), (mm or inch), see Fig.9.

An exact value oA is obtained by the product BETandCEL In turning, milling, and
drilling, ECT varies between 0.05 and 1 mm, and is always less than the feed/rev o
feed/tooth; its value is usually about 0.7 to 0.9 times the feed.

Example 1For a feed of 0.8 mm/rev, depth of cut a = 3 mm, and a cutting edge length
CEL=4 mn?, the value oECTis approximatefeCT= 0.8x 3+ 4 = 0.6 mm.

The product oECT, CEL, and cutting speed (m/min or ft/min) is equal to the metal
removal rateMRR which is measured in terms of the volume of chips removed per
minute:

MRR = 1000V x Area = 1000V x ECTx CELmm3/min
= V x Areacmd/min or inct3/min

The specific metal removal raBMRRis the metal removal rate per mm cutting edge
lengthCEL, thus:

SMMR = 1000V x ECT mm3/min/mm
= Vx ECTcm3/min/mm or incR/min/inch

Example 2Using above data and a cutting spee&¥ ef 250 m/min specific metal
removal rate becom@&MRR= 0.6x 250 = 150 (crfimin/mm).

ECT in Grinding:In grindingECTis defined as in the other metal cutting processes, and
is approximately equal 8CT=Vwx ar + V, whereVwis the work speedyr is the depth
of cut, andA =Vwx ar. Wheel life is constant no matter how depthor work spee/w,
is selected a¥ = constant (usually the influence of grinding contact width can be
neglected). This translates into the same wheel life as long as the specific metal remov
rate is constant, thus:

SMMR = 1000Vw x ar mm3/min/mm

In grinding,ECTis much smaller than in the other cutting processes, ranging from about
0.0001 to 0.001 mm (0.000004 to 0.00004 inch). The grinding process is described in
separate chapt&RINDING FEEDS AND SPEED$arting on page 1120.

Tool-life Relationships.—Plotting the cutting times to reach predetermined values of
wear typically results in curves similar to those shown in Fig. 2 (cutting time versus cutting
speed at constant feed per tooth) Bitd 3 (cutting time versus feed per tooth at constant
cutting speed). These tests were run in 1993 with mixed ceramics turn-milling hard stee
82 R., at the Technische Hochschule Darmstadt.
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Fig. 2. Influence of feed per tooth on cutting time Fig. 3. Influence of cutting speed on tool-life

Tool-life has a maximum value at a particular setting of feed and speed. Economic an
productive cutting speeds always occur on the right side of the curkegsirRand4,
which are called Taylor curves, represented by the so called Taylor’s equation.

The variation of tool-life with feed and speed constitute complicated relationships, illus-
trated inFigs. 6a 6b, and 6c.
Taylor's Equation.— Taylor’s equation is the most commonly used relationship between
tool-life T, and cutting speed. It constitutes a straight line in a log-log plot, one line for
each feed, nose radius, lead angle, or depth of cut, mathematically represented by:

VxTh = C (1a)
where n= isthe slope of the line
C =is a constant equal to the cutting speed fod minute
By transforming the equation to logarithmic axes, the Taylor lines become straight lines

with slope =. The constant C is the cutting speed on the horizontak{s at tool-lifeT =
1 minute, expressed as follows

InV+nxInT = InC (1b)

For different values of feed &CT, log-log plots oEquation (1ajorm approximately
straight lines in which the slope decreases slightly with a larger value of fE€loin
practice, the Taylor lines are usually drawn parallel to each other, i.e., thendbpe
assumed to be constant.

Fig. 4illustrates the Taylor equation, tool-lifeversus cutting speéd plotted in log-log
coordinates, for four values BCT=0.1, 0.25, 0.5 and 0.7 mm.

In Fig. 4, starting from the right, ead®V line forms a generally straight line that bends
off and reaches its maximum tool-life, then drops off with decreasing speed (deigslso
2 and3. When operating at short tool-lives, approximately whéenless than 5 minutes,
each line bends a little so that the cutting speed for 1 minute life becomes less than the val
calculated by constant C.

The Taylor equation is a very good approximation of the right hand side of the real tool
life curve (slightly bent). The portion of the curve to the left of the maximum tool-life gives
shorter and shorter tool-lives when decreasing the cutting speed starting from the point «
maximum tool-life. Operating at the maximum point of maximum tool-life, or to the left of
it, causes poor surface finish, high cutting forces, and sometimes vibrations.

0
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Fig. 4. Definition of slop@ and constant C in Taylor's equation

Evaluation of Slopen, and Constant C.—When evaluating the value of the Taylor slope
based on wear tests, care must be taken in selecting the tool-life range over which the slo
is measured, as the lines are slightly curved.

The slopen can be found in three ways:

e Calculaten from the formulan = (In C - InV)/In T, reading the values of C akdor

any value of in the graph.

» Alternatively, using two points on the lin&/,( T,) and ¥/,, T,), calculaten using the

relationshipv; x T," =V, x T,". Then, solving fon,
_In(Vy/Vy)
T In(T,/Ty)
« Graphicallyn may be determined from the graph by measuring the distances “a” and
“b” using a mm scale, amis the ratio of andb, thus,n=a/b

ExampleUsingFig. 4 and a given value &CT= 0.7 mm, calculate the slope and con-
stant of the Taylor line.

On the Taylor line foECT= 0.7, locate points corresponding to tool-liigs= 15 min-
utes andr, = 60 minutes. Read off the associated cutting speeds as, approxiMately,
110 m/min and/, = 65 m/min.

The slopenis then found to be=In (110/65)/In (60/15) = 0.38

The constant C can be then determined using the Taylor equation and eithdy péjnt (
or point (T, V,), with equivalent results, as follows:

C=VxTn=110x 15>-38= 65x 6(°-38= 308 m/min (1027 fpm)

The Generalized Taylor Equation.—The above calculated slope and constant C define
tool-life at one particular value of fegéddepth of cus, lead anglé.A, nose radius, and
other relevant factors.

The generalized Taylor equation includes these parameters and is written
TN = Ax fMx aP x LAd x 1S (2
whereA = area; andp, m, p, gands = constants.

There are two problems with the generalized equation: 1) a great number of tests have
be run in order to establish the constamts, p, g, s, etc.; and 2) the accuracy is not very
good becausEquation (2)ields straight lines when plotted ver$ies LA, andr, whenin
reality, they are parabolic curves..
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The Generalized Taylor Equation using Equivalent Chip Thickness (BQE):to the
compression of the aforementioned geometrical variabked &, r, etc.) intdECT, Equa-
tion (2)can now be rewritten:

Vx T = Ax ECT" (3
Experimental data confirms that tBguation (3holds, approximately, within the range
of the test data, but as soon as the equation is extended beyond the test results, the error

become very great becauseVR&CTcurves are represented as straight lindsduation
(3)and the real curves have a parabolic shape.

The Colding Tool-life Relationship.—This relationship contains 5 constarts(, L, M,
andN,, which attain different values depending on tool grade, work material, and the type
of operation, such as longitudinal turning versus grooving, face milling versus end milling,
etc.

This tool-life relationship is proven to describe, with reasonable accuracy, how tool-life
varies withECT and cutting speed for any metal cutting and grinding operation. It is
expressed mathematically as follows either as a generalized Taylor eq(#&tjoor, in
logarithmic coordinate¢4by.

InECTD Hpo
“avd (4a)

R
v x TMNo-LXINECT) o 100

y = K———z(NO Ly (4b)

where x=INECT y=InV z=InT
M = the vertical distance between the maximum point of cutting SE#&g,(V,,)
for T= 1 minute and the spe¥g at point ECTg, V), as shown ifrig. 5

2M =the horizontal distance between polB€(T,,, V) and point Y, ECTg)

HandK = the logarithms of the coordinates of the maximum speed ge@iL{, V) at
tool-life T =1 minute, thusl = In(ECT,) andK = In (V)

Noand. = the variation of the Taylor slopewith ECT. n=Ny—L x In (ECT)

H
2M

1009 T p— ==
iy 1 7—H-CURVE: T
[CK=In(Vyy) I GCURVETH
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Ve \ M
—
£ | ~
€ <>/ | —]
£ 100 A —N /
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define the change in | [+T=1 \::]
[ the Taylor slope,n, ~[|-e-T =100
with ECT 8T =300 H =In(ECT,)
10 I I —— EVCT | EC" |
0.01 [l ©1
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Fig. 5. Definitions of the constartts K, L, M, andN, for tool-life
equation in the V-ECT plane with tool-life constant
The constantk andN, are determined from the slopgsandn, of two Taylor lines at
ECT, andECT,, and the constai from 3V-ECT values at any constant tool-life. Con-
stantH andK are then solved using the tool-life equation with the above-calculated values
of L, NgandM.
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The G- andH-curves.—TheG-curve defines the longest possible tool-life for any given
metal removal rateMIRR or specific metal removal rat8MRR It also defines the point
where the total machining cost is minimum, after the economic todljfer optimal
tool-life Ty, has been calculated, eptimization Models, Economic Tool-life when Feed
is Constanstarting on page 1073.

The tool-life relationship is depicted in the 3 plankesV, whereECT is the plotted
parameter (the Taylor pland}:ECT, whereV is plotted; andy—ECT, whereT is a param-
eter. The latter plane is the most useful because the optimal cutting conditions are mo
readily understood when viewing in tieECT plane.Figs. 6a6b, andéc show how the
tool-life curves look in these 3 planes in log-log coordinates.
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Fig. 6a. Tool-life vs. cutting speld-V, ECTplotted

Fig. 6ashows the Taylor lines, ardg. 6billustrates how tool-life varies witRCT at
different values of cutting speed, and showsHheurve.Fig. 6cillustrates how cutting
speed varies witBCT at different values of tool-life. THé- andG-curves are also drawn
in Fig. 6¢
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Fig. 6b. Tool-life vsECT, T-ECT, cutting speed plotted

A simple and practical method to ascertain that machining is not done to the lefiof the
curve is to examine the chips. WHe@T s too small, about 0.03-0.05 mm, the chips tend
to become irregular and show up more or less as dust.
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Fig. 6¢. Cutting speed VECT, V-ECT, tool-life plotted
The V-ECT-T Graph and the Tool-life Envelope.—The tool-life envelope, iRig. 7, is
an area laid over thé-ECT-T graph, bounded by the points A, B, C, D, and E, within
which successful cutting can be realized. The H-Gwedrves represent two borders, lines
AE and BC The border curve, line ABhows a lower limit of tool-lifeT,,,y = 5 minutes,
and border curve, line DEepresents a maximum tool-liff, .y = 300 minutes.

Twin is usually 5 minutes due to the fact that tool-life versus cutting speed does not follow
a straight line for short tool-lives; it decreases sharply towards one minute tod|life.
varies with tool grade, material, speed BE&I from 300 minutes for some carbide tools to
10000 minutes for diamond tools or diamond grinding wheels, although systematic studie
of maximum tool-lives have not been conducted.

Sometimes the metal cutting system cannot utilize the maximum valued/e868-T
envelope, that is, cutting at optimwrECT values along th&-curve, due to machine
power or fixture constraints, or vibrations. Maximum ECT val&€XT,, .y, are related to
the strength of the tool material and the tool geometry, and depend on the tool grade al
material selection, and require a relatively large nose radius.
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Fig. 7. Cutting speed VECT, V-ECT, tool-life plotted
Minimum ECT values ECT,,\, are defined by the conditions at which surface finish
suddenly deteriorates and the cutting edge begins rubbing rather than cutting. These con
tions begin left of thél-curve, and are often accompanied by vibrations and built-up edges
on the tool. If feed dECTis reduced still further, excessive tool wear with sparks and tool
breakage, or melting of the edge occurs. For this reason, vale€d twer than approx-
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imately 0.03 mm should not be allowed.Rig. 7, theECT,,y boundary is indicated by
contour line AE'.

In milling the minimum feed/tooth depends on the rati®, of radial depth of cur,
and cutter diametdé. For smallar/D ratios, the chip thickness becomes so small that it is
necessary to compensate by increasing the feed/tootHig@espeed Machining Econo-
metricsstarting on page 1085 for more on this topic.

Fig. 7demonstrates, in principle, minimum cost conditions for roughing at@giratnd
for finishing at pointO¢, where surface finish or tolerances have set a limit. Maintaining
the speed @y, 125 m/min, and decreasing feed reaches a maximum tool-life = 300 min-
utes aECT= 0.2, and a further decrease of feed will result in shorter lives.

Similarly, starting at point X{ = 150 ECT=0.5,T = 15) and reducing feed, thiecurve
will be reached at point ECT= 0.075,T = 300). Continuing to the left, tool-life will
decrease and serious troubles occur at poifEE&T = 0.03).

Starting at poin© (V=300,ECT= 0.2,T = 15) and reducing feed thcurve will be
reached at point EECT= 0.08,T = 15). Continuing to the left, life will decrease and seri-
ous troubles occur &CT=0.03.

Starting at point X\{ = 400,ECT= 0.2, T = 5) and reducing feed thé&curve will be
reached at point ECT=0.09,T = 7). Continuing to the left, life will decrease and serious
troubles occur at point’AECT=0.03), wherd = 1 minute.

Cutting Forces and Chip Flow Angle.—There are three cutting forces, illustrateBim

8, that are associated with the cutting edge with its nose nadiepth of cug, lead angle
LA, and feed per revolutidnor in milling feed per tootf). There is one drawing for rough-
ing and one for finishing operations.

Roughing: Finishing:
. f
a>r(1-sin(LA)  [-= N a<r(1-sin(A C—
feed—» 23 - ReT ( )
y r(1 —sinCA) a—X
W4
Y CEL -
o 1[HAUS), - LAUS
© ’ 2= 90-CFA S. _CEA
b==+r x cog(LA)+
o z tan(LA)(@-r x sin(LA)) ¢
. "7 cra= o0 =K Fy O=pt\r--ar
Fol Fri cta FA = 90 - atarip CFA = 90 —atan[3=¥
Axial Force =F, =F, x cosCCFA)

— F y— Radial Force =F = FH x sin(CFA) =F > SO LA = 90 —LA (U.s)

Fig. 8. Definitions of equivalent chip thickneEET, and chip flow angleCFA

The cutting forcd=c, or tangential force, is perpendicular to the paper plane. The other
two forces are the feed or axial fofeg and the radial fordeg directed towards the work
piece. The resultant &, andFgis calledF,. When finishingFy is bigger thark ,, while
in roughingF, is usually bigger thaRg. The direction of,, measured by the chip flow
angleCFA, is perpendicular to the rectangle formed by the cutting edge I€&dtland
ECT (the product oECT and CEL constitutes the cross sectional area of&ufhe
important task of determining the directiorFf, and calculation df, andFg, are shown
in the formulas given in theig. 8

The method for calculating the magnitude§gfF,, andFgis described in the follow-
ing. The first thing is to determine the value of the cutting fBgcé\pproximate formulas



1064 MACHINING ECONOMETRICS

to calculate the tangential cutting force, torque and required machining power are found i
the sectioESTIMATING SPEEDS AND MACHINING POWE&Rrting on page 1044.
Specific Cutting Force, K&he specific cutting force, or the specific energy toatis
defined as the ratio between the cutting féfg@and the chip cross sectional askathus,
Kc=Fc+AN/mn?.
The value oKc decreases whdECTincreases, and when the cutting spéattreases.
Usually,Kcis written in terms of its value BCT= 1, calledKc,, and neglecting the effect
of cutting speed, thuéc =Kc, x ECTE, whereB = slope in log-log coordinates
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Fig. 9.Kc vs.ECT, cutting speed plotted

A more accurate relationship is illustratedrig. 9 whereKc is plotted versuECTat 3
different cutting speeds. Fig. 9 the two dashed lines represent the aforementioned equa-
tion, which each have different slopBsFor the middle value of cutting spe&a,varies
with ECTfrom about 1900 to 1300 N/nfwhenECTincreases from 0.1 to 0.7 mm. Gen-
erally the speed effect on the magnitud&ofs approximately 5 to 15 percent when using
economic speeds.
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Fig. 10.F, /F vs.ECT, cutting speed plotted

Determination of Axial, |; and Radial, , Forces:This is done by first determining the
resultant forcé, and then calculating, andFg using theFig. 8formulas F, is derived
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from the ratioF,/Fc, which varies witlEECTand speed in a fashion similao. Fig. 10
shows how this relationship may vary.

As seenirfFig. 10 F/Fcisin the range 0.3 to 0.6 whERTvaries from 0.1 to 1 mm, and
speed varies from 200 to 250 m/min using modern insert designs and grades. Hence, usi
reasonable large feeBg/F is around 0.3 — 0.4 and when finishing about 0.5 — 0.6.

ExampleDetermine~, andFg, based on the chip flow angB¥=A and the cutting force
Fc, inturning.

Using a value oKc = 1500 N/mn# for roughing, whefeCT= 0.4, and the cutting edge
lengthCEL = 5 mm, first calculate the aréa= 0.4x 5 = 2 mnd. Then, determine the cut-
ting forceF. = 2x 1500 = 3000 Newton, and an approximate valugof 0.5x 3000 =
1500 Newton.

Using a value oKc = 1700 N/mné for finishing, wherECT = 0.2, and the cutting edge
lengthCEL = 2 mm, calculate the aréa= 0.2x 2 = 0.4 mn. The cutting forc&. = 0.4x
1700 = 680 Newton and an approximate valugof 0.35x 680 = 238 Newton.

Fig. 8can be used to estima&A for rough and finish turning. When the lead angle
is 15 degrees and the nose radius is relatively large, an estimated value of the chip flo
angle becomes about 30 degrees when roughing, and about 60 degrees in finishing. Usi
the formulas foF , andFy relative toF, gives:

Roughing:

F =F, x cos CFA) = 1500x cos 30 = 1299 Newton
Fr=Fy % sin CFA) = 1500x sin 30 = 750 Newton

Finishing:

Fp=Fy % cos CFA) = 238x cos 60 = 119 Newton
Fr=Fy % sin CFA) = 238x sin 60 = 206 Newton

The force ratid=,/F also varies with the tool rake angle and increases with negative
rakes. In grindingf, is much larger than the grinding cutting forge generallyF,/F is
approximately 2 to 4, because grinding grits have negative rakes of the order —35 to —
degrees.

Forces and Tool-life.—~orces and tool life are closely linked. The r&jgF is of par-
ticular interest because of the unique relationshig(f - with tool-life.
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The results of extensive tests at Ford Motor Company are shdvigsinllaand 11h
whereF,/F and tool-lifeT are plotted versusCT at different values of cutting spe¥d
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For any constant speed, tool-life has a maximum at approximately the same vBED@&s of
as has the functidf/F.
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Fig. 11b. Tool-life vsECT

The Force RelationshiBimilar tests performed elsewhere confirm thaRfy& func-
tion can be determined using the 5 tool-life constats( M, L, Ny) introduced previ-
ously, and a new constaiit(L).

- K —y— x=H)?

1y 4M

'”EEDF_CD T ©)
T(NO_LX)

The constard depends on the rake angle; in turnéng approximately 0.25 to 0.5 and
Le/L is 10 to 20F attains it maximum values versi€T along theH-curve, when the
tool-life equation has maxima, and the relationships in the three force ratio planes loo
very similar to the tool-life functions shown in the tool-life planeSigs. 6a 6b, and 6¢.
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Fig. 12. Tool-life vsF/F¢

Tool-life varies withF,/F with a very simple formula accordingEgjuation (5)as fol-
lows:
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L
T = OtHoT
R

wherelL is the constant in the tool-life equati@guation (4apr (4b), andL is the corre-

sponding constant in the force ratio equatieation (5) In Fig. 12this function is plot-
ted fora=0.5 and fot. /L = 5, 10, and 20.

Accurate calculations of aforementioned relationships require elaborate laboratory test
or better, the design of a special test and follow-up program for parts running in the ordi
nary production. A software machining program, such as Colding International Corp.
COMP program can be used to generate the values of all 3 forces, torque and powe
requirements both for sharp and worn tools
Surface FinishR, and Tool-life.—It is well known that the surface finish in turning
decreases with a bigger tool nose radius and increases with feed; usually it is assumed t
R, increases with the square of the feed per revolution, and decreases inversely wit
increasing size of the nose radius. This formula, derived from simple geometry, gives ris
to great errors. In reality, the relationship is more complicated because the tool geomet
must taken into account, and the work material and the cutting conditions also have a sit
nificant influence.
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Fig. 13.R, vs.ECT, nose radius constant

Fig. 13shows surface finisR, versu£CT at various cutting speeds for turning cast iron
with carbide tools and a nose radius 1.2 mm. Increasing the cutting speed leads to a
smallerR, value.

Fig. 14shows how the finish improves when the tool nose radiirgsreases at a con-
stant cutting speed (168 m/min) in cutting nodular cast iron.

InFig. 15 R, is plotted versuECTwith cutting speed for turning a 4310 steel with car-
bide tools, for a nose radius 1.2 mm, illustrating that increasing the speed also leads to a
smallerR, value for steel machining.

A simple rule of thumb for the effect of increasing nose rads decreasing surface
finish R,, regardless of the rangesEET or speeds used, albeit within common practical
values, is as follows. In finishing,

Ral ﬂZDO.S
==L ®)
RaZ D'llj
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Fig. 14.R, vs.ECT, cutting speed constant, Fig. 15.R, vs.ECT, cutting speed and
nose radius varies nose radius constant

In roughing, multiply the finishing values found uskbguation (6py 1.5, thusR, (rougn)
= 1.5% R, (ginisn) for eactECTand speed.

Example 1Find the decrease in surface roughness resulting from a tool nose radiut
change front = 0.8 mm ta =1.6 mm in finishing. Also, find the comparable effect in
roughing.

For finishing, using, =1.6 and, = 0.8,R,,/R, = (1.6/0.8§-5= 1.414, thus, the surface
roughness using the larger tool radiuRjs= R, + 1.414 = 0.R,

In roughing, at the sant8CTand speed®, = 1.5% R,, =1.5x 0.7R; = 1.0,

Example 2Find the decrease in surface roughness resulting from a tool nose radiut
change fromn = 0.8 mm ta =1.2 mm

For finishing, using, =1.2 and', = 0.8,R,,/R, = (1.2/0.8§-5= 1.224, thus, the surface
roughness using the larger tool radiuR js= Ry, + 1.224 = 0.8R,;

In roughing, at the sant&CTand speed®, = 1.5x R, =1.5x 0.8 R, = 1.2R;

Itis interesting to note that, at a giieGT, theR, curves have a minimum, segs. 13
and15, while tool-life shows a maximum, segs. 6band6c. As illustrated irFig. 16 R,
increases with tool-lifd whenECT is constant, in principle in the same way as does the
force ratio.

m
a8
9
°
8
-+

01 e o

T, min.
Fig. 16.R, vs.T, holdingECT constant
The Surface Finish Relationship; R determined using the same type of mathematical
relationship as for tool-life and force calculations:

2
X—Hgy

Y= Kra~ 7, ~ (Nora—Lra)IN(R,)

whereKg Hra Mra Nora @ndLgaare the 5 surface finish constants.
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Shape of Tool-life Relationships for Turning, Milling, Drilling and Grinding Opera-
tions—Overview.—A summary of the general shapes of tool-life cursesECT-T
graphs) for the most common machining processes, including grinding, is shown in doubl
logarithmic coordinates iRig. 17athroughFig. 17h
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Fig. 17a. Tool-life for turning cast iron Fig. 17b. Tool-life for turning low-alloy steel
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Fig. 17c. Tool-life for end-milling AlSI 4140 steeFig. 17d. Tool-life for end-milling low-allow steel
using high-speed steel using uncoated carbide
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Calculation Of Optimized Values Of Tool-life, Feed And Cutting Speed

Minimum Cost.— Global optimum is defined as the absolute minimum cost considering
all alternative speeds, feeds and tool-lives, and refers to the determination of optimur
tool-life T, feedfy, and cutting speed,, for either minimum cost or maximum produc-
tion rate. When using the tool-life equatidry f (V, ECT), determine the corresponding
feed, for given values of depth of cut and operation geometry, from optimum equivalen
chip thicknessECT,. Mathematically the task is to determine minimum cost, employing
the cost functiolC; o = cost of machining time + tool changing cost + tooling cost. Mini-
mum cost optima occur along the so-calkedurve, identified irFig. 6¢

Another important factor when optimizing cutting conditions involves choosing the
proper cost values for cost per e@@ereplacement time per edgp,, and not least, the
hourly rateHy that should be applietil is defined as the portion of the hourly shop rate
that is applied to the operations and machines in question. If optimizing all operations i
the portion of the shop for whidfy is calculated, use the full rate; if only one machine is
involved, apply a lower rate, as only a portion of the general overhead rate should be use
otherwise the optimum, and anticipated savings, are erroneous.
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Production Rate.—The production rate is defined as the cutting time or the metal
removal rate, corrected for the time required for tool changes, but neglecting the cost
tools.

The result of optimizing production rate is a shorter tool-life, higher cutting speed, and
higher feed compared to minimum cost optimization, and the tooling cost is considerabl
higher. Production rates optima also occur alongteerve.

The Cost Function.—There are a number of ways the total machining Cgst can be
plotted, for example, versus fe&l;T, tool-life, cutting speed or other parameterrig.

183 cost for a face milling operation is plotted versus cutting time, holding feed constant
and using a range of tool-liveg,varying from 1 to 240 minutes.

t
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Fig. 18a. Variation of tooling co€kqq,,
and total cosC, with cutting timet,,
including minimum cost cutting time
The tabulated values show the corresponding cutting speeds determined from the toc

life equation, and the influence of tooling on total cost. Tooling E3gf,, = sum of tool

cost + cost of replacing worn tools, decreases the longer the cutting time, while the totz

cost,Crop, has a minimum at around 10 seconds of cutting time. The dashed line in the

graph represents the cost of machining time: the product of hourlygeded the cutting
timet, divided by 60. The slope of the line defines the valugyof
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The cutting time for minimum cost varies with the ratio of tooling costgaMinimum
cost moves towards a longer cutting time (longer tool-life) when either the price of the
tooling increases, or when several tools cut simultaneously on the same [pigrt 18
this is exemplified by running 2 and 4 cutters simultaneously on the same work piece, at tf
same feed and depth of cut, and with a similar tool Riirl8a As the tooling cost goes
up 2 and 4 times, respectively, atiglis the same, the total costs curves move up, but also
moves to the right, as do the points of minimum cost and optimal cutting times. This mean
that going somewhat slower, with more simultaneously cutting tools, is advantageous.

Global Optimum.—Usually, global optimum occurs for large values of feed, heavy
roughing, and in many cases the cutting edge will break trying to apply the large feed
required. Therefore, true optima cannot generally be achieved when roughing, in partict
lar when using coated and wear resistant grades; instead, use the maximum values of fe
ECT,,a along the tool-life envelope, sEgy. 7.

As will be shown in the following, the first step is to determine the optimal todllife
and then determine the optimum values of feeds and speeds.

Optimum Tool-lifeTy = 22 minutes 06

T T
= Croor T°22
fz Va, |t sec.| Croor | Cror 055 X —& Cror T=2

—a— CrooL Tvaries
0.03 | 416 | 28.067| 0.1067 0.496 —%— Cror T varies|
0.08 397 | 11.017 0.041p 0.194 /
0.10 374 | 9.357| 0.0356 0.164 045

0.17 | 301 | 6.831| 0.026p 0.12
0.20 276 | 6.334 0.024] 0.11%
0.40 171 ( 5.117| 0.0194 0.09

Minimum Cost | 0.60 119 | 4.903| 0.018¢ 0.084

P N 0o®ao

0.70 | 91 | 4.924| 0.018] 0.087 X
Maximum Production Ratd, = 5 minutes 0% )i
fz | Vs | te | Croot | Cror 02 /
07 | 163 [ 3569] 0059 0.109 \ &
T Varies between 1 and 240 minutes 01 \ /( _-®
f,=0.10 ECT=0.26 l\ o177
0.05 v _\__. =
t. secs. T \% * T
c CrooL| Cror . A
5.850 | 0.487| 0.569 1 598 0 s 10 1 » s 3
6.914 0.192 0.289| 3 506 Cutting Time, seconds
7.473 | 0.125 0.228] 5 468| Fig. 19. Variation of tooling and total cos
8.304 | 0.069| 0.185 10 421| with cutting time, comparing global optimum
8.832| 0.049 0172 15 396 with minimum cost aiz= 0.1 mm

Minimum Cost | 9.815 | 0.027| 0.164 30 357

10.906| 0.015 0.167 60 321
11.600| 0.011 0.172 920 302
12.119| 0.008 0.177 120 289
13.467| 0.005 0.192 240 260

The example ifrig. 19assumes thdi, = 22 minutes and the feed and speed optima were
calculated ak, = 0.6 mm/toothy, = 119 m/min, and cutting ting, = 4.9 secs.

The point of maximum production rate correspondg,te 0.7 mm/toothy, = 163
m/min, at tool-lifeTy =5 minutes, and cutting tintg, = 3.6 secs. The tooling cost is
approximately 3 times higher than at minimum cost (0.059 versus 0.0186), while the piec
cost is only slightly higher: $0.109 versus $0.087.

When comparing the global optimum cost with the minimum at feed = 0.1 mm/tooth the
graph showsiitto be less than half (0.087 versus 0.164), but also the tooling cost is about
lower (0.0186 versus 0.027). The reason why tooling cost is lower depends on the toolin
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cost termt, x C/T (seeCalculation of Cost of Cutting and Grinding Operati@mrspage
1078). In this example, cutting times 4.9 and 9.81 seconds,Tat 22 and 30 minutes
respectively, and the ratios are proportional to 4.9/22 = 0.222 and 9.81/30 = 0.327 respe
tively.

The portions of the total cost curve for shorter cutting times than at minimum corre-
sponds to using feeds and speeds right dbtharve, and those on the other side are left of
this curve.

Optimization Models, Economic Tool-life when Feed is Constant.-Jsually, optimi-
zation is performed versus the parameters tool-life and cutting speed, keeping feed at
constant value. The cost of cutting as function of cutting time is a straight line with the
slope =Hg = hourly rate. This cost is independent of the values of tool change and tooling
Adding the cost of tool change and tooling, gives the variation of total cutting cost which
shows a minimum with cutting time that corresponds to an economic todlgifeco-
nomic tool-life represents a local optima (minimum cost) at a given constant value of feed
feed/tooth, oECT.

Using the Taylor Equatioi. x T = C and differentiatin@owith respect td yields:

Economic tool-life:

Tg =Ty * (Lin-1), minutes
Economic cutting speed:
Vg = C/Tg", m/min, or sfm

In these equationsy and C are constants in the Taylor equation for the given value of
feed. Values of Taylor slopes,are estimated using the speed and festales lthrough
23starting on pag@96and handbook Table 5b on page 1004 for turning, and Table 15e on
page 1028 for milling and drilling; ang, is the equivalent tooling-cost timg, = Tgp, +
60x C¢ + Hg, minutes, wher@gp, = time for replacing a worn insert, or a set of inserts in a
milling cutter or inserted drill, or a twist drill, reamer, thread chaser, ofjapdescribed
in detail, later;Cg = cost per edge, or set of edges, or cost per regrind including amortizec
price of tool; andHg = hourly shop rate, or that rate that is impacted by the changes of cut-
ting conditions .

In two dimensionskig. 20ashows how economic tool-life varies with feed per tooth. In
this figure, the equivalent tooling-cost tiffigis constant, however the Taylor constant
varies with the feed per tooth.

Te . minutes

0 01 02 03 04 05 06 07 08 09 1
fz, mm

Fig. 20a. Economic tool-liféf: vs. feed per tootffiz
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Economic tool-life increases with greater value3pfeither whenlgp, is longer, or
when cost per edde; is larger for constarig, or wherHgis smaller andzp, andC are
unchanged. For example, when using an expensive machine (whichHdkigger) the
value ofT,, gets smaller, as does the economic tool-Tifes T, x (1/n - 1). Reducing¢
results in an increase in the economic cutting spéedlhis means raising the cutting
speed, and illustrates the importance, in an expensive system, of utilizing the equipme
better by using more aggressive machining data.
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Fig. 20b. Tool-life vs. cutting speed, consta@T

As shown irFig. 20&for a face milling operation, economic tool-life varies consider-
ably with feed/tootlf,, in spite of the fact that the Taylor lines have only slightly different
slopesECT=0.51, 0.6, 1.54), as showrHiy. 20b The calculation is based on the follow-
ing cost dataT, = 6, hourly shop ratel; = $60/hour, cutter diametér = 125 mm with
number of teetk = 10, and radial depth of cait =40 mm.

The conclusion relating to the determination of economic tool-life is that both hourly rate
Hg and slopen must be evaluated with reasonable accuracy in order to arrive at good val
ues. However, the method shown will aid in setting the trend for general machining eco
nomics evaluations.

Global Optimum, Graphical Method.—There are several ways to demonstrate in
graphs how cost varies with the production parameters including optimal conditions. In al
cases, tool-life is a crucial parameter.

Cutting timet, is inversely proportional to the specific metal removal BMRR=V x
ECT, thus, 1, =V x ECT. Taking the log of both sides,

InV = —InECT-Int,+C (@)
where C is a constant.

Equation (7)s a straight line with slope (- 1) in tleECT graph when plotted in a log-
log graph. This means that a constant cutting time is a straight 45-degree line-ia@ie
graph, when plotted in log-log coordinates with the same scale on both axis (a squa
graph).

The points at which the constant cutting time lines (at 45 degrees slope) are tangent to t
tool-life curves define th&-curve, along which global optimum cutting occurs.

Note:If the ratioa/CEL is not constant whelBCT varies, the constant cutting time lines
are not straight, but the cutting time deviation is quite small in most cases.
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In theV-ECT graph,Fig. 21, 45-degree lines have been drawn tangent to each tool-life

curve:T=1, 5, 15, 30, 60, 100 and 300 minutes. The tangential points defiGectee,
and the 45-degree lines represent different constant cutting times: 1, 2, 3, 10 minutes, e
Following one of these lines and noting the intersection points with the tool-life durves
1,5, etc., many different speed and feed combinations can be found that will give the san
cutting time. As tool-life gets longer (tooling cost is reduce@)T (feed) increases but the
cutting speed has to be reduced.
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Fig. 21. Constant cutting time in tleECTplane, tool-life constant

Global Optimum, Mathematical Method.—Global optimization is the search for extre-
mum ofCyfor the three parametefB:ECT, andV. The results, in terms of the tool-life

equation constants, are:
Optimum tool-life:
ol o
T\/ X D’]_o - J.D
Ng = 2M x (L x InTg)?+1—Ng+L x (2M + H)
whereng = slope at optimurgCT.

The same approach is used when searching for maximum production rate, but witho
the term containing tooling cost.

Optimum cutting speed:

To

Vo = &M +K+(HxL=Ng)xInTg+MxL2x (InT)?

Optimum ECT:

ECTO - eH +2M x (L xIn(Tg) +1)
Global optimum is not reached when face milling for very large feedsCaggd

decreases continually with increasing feed/tooth, but can be reached for a cutter with mar

teeth, say 20 to 30. In end milling, global optimum can often be achieved for big feeds an

for 3 to 8 teeth.
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Determination Of Machine Settings And Calculation Of Costs

Based on the rules and knowledge presented in Chapters 1 and 2, this chapter demc
strates, with examples, how machining times and costs are calculated.

Additional formulas are given, and the speed and feed tables gi8PERD AND
FEED TABLEStarting on page 991 should be used. Finally the selection of feeds, speec
and tool-lives for optimized conditions are described with examples related to turning, en
milling, and face milling.

There are an infinite number of machine settings available in the machine tool powe
train producing widely different results. In practice only a limited number of available set-
tings are utilized. Often, feed is generally selected independently of the material being cu
however, the influence of material is critical in the choice of cutting speed. The tool-life is
normally not known or directly determined, but the number of pieces produced before th
change of worn tools is better known, and tool-life can be calculated using the formula fo
piece cutting timé, given in this chapter.

Itis well known that increasing feeds or speeds reduces the number of pieces cut betwe
tool changes, but not how big are the changes in the basic parameter tool-life. Therefor
there is a tendency to select “safe” data in order to get a long tool-life. Another commor
practice is to search for a tool grade yielding a longer life using the current speeds an
feeds, or a 10-20% increase in cutting speed while maintaining the current tool-life. Th
reason for this old-fashioned approach is the lack of knowledge about the opportunities tt
metal cutting process offers for increased productivity.

For example, when somebody wants to calculate the cutting time, he/she can select
value of the feed rate (product of feed and rpm), and easily find the cutting time by dividinc
cutting distance by the feed rate. The number of pieces obtained out of a tool is a gues
work, however. This problem is very common and usually the engineers find desired tool
lives after a number of trial and error runs using a variety of feeds and speeds. If the user
not well familiar with the material cut, the tool-life obtained could be any number of sec-
onds or minutes, or the cutting edge might break.

There are an infinite number of feeds and speeds, giving the same feed rate, produci
equal cutting time. The same cutting time per pigiseobtained independent of the selec-
tion of feed/re and cutting speed, (or rpm), as long as the feed ratgemains the same:
Fgr="f, x rpm, =f, x rpm, = f; x rpm; ..., etc. However, the number of parts before tool
changeN,, will vary considerably including the tooling cagf,, and the total cutting cost

Cot:

The dilemma confronting the machining-tool engineer or the process planner is how t
set feeds and speeds for either desired cycle time, or number of parts between tool chang
while balancing the process versus other operations or balancing the total times in one c
with another. These problems are addressed in this section.

Nomenclature
f = feed/rev or tooth, mm fz = economic feed f, = optimum feed
T =tool-life, minutes Tg =economic tool-life Ty = optimum tool-life
V =cutting speed, m/min V¢ = economic cutting speedV, = optimum cutting
speed, m/min
Similarly, economic and optimum values of:
Cool = Piece cost of tooling, $ Cro = cost of tooling per batch, $
Ciot = Piece total cost of cutting, $C;r = total cost of cutting per batch, $
Fr =feed rate measured in the feeding direction, mm/rev
N =batch size
Ng, = number of parts before tool change
t. = piece cutting time, minutesT. = cutting time per batch, minutes
teyc = piece cycle time, minutesTcy = cycle time before tool change, minutes
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t; = idle time (tool “air” motions during cycle), minutes
z = cutter number of teeth
The following variables are used for calculating the per batch cost of cutting:
C = cost of cutting time per batch, $
Ccn = cost of tool changes per batch, $
C¢ = cost per edge, for replacing or regrinding, $
Hg = hourly rate, $
Ty = equivalent tooling-cost time, minutes
Tre, = time for replacing worn edge(s), or tool for regrinding, minutes
Note:In the list above, when two variables use the same name, one in capital letters ar
one lower case€l andt, for example, the variable name in capital letters refers to batch
processing and lowercase letters to per piece processing, JyGhMg x t., Cror=Ng,
Ciop €1C.

Formulas Valid For All Operation Types Including Grinding

Calculation of Cutting Time and Feed Rate
Feed Rate:
Fgr=fxrpm (mm/min), wheréis the feed in mm/rev along the feeding direction,

rpm is defined in terms of work piece or cutter diamBtermm, and cutting speed
Vin m/min, as follows:

1000v _ 318V
nD D
Cutting time per piece:
Note:Constant cutting time is a straight 45-degree line iV#iC Tgraph, along which
tool-life varies considerably, as is shown in Chapter 2.
_ Dist _ Dist _ DistxmD
¢ Fg fxrpm 1000V x f
where the units of distance ddist, diameteD, and feed are mm, and/ is in

rpm =

m/min.
In terms ofECT, cutting time per piecg,, is as follows:
- Dist x D % a

¢ 1000v  CELx ECT
wherea = depth of cut, because feedross sectional chip aredxa=CELXECT.
Example 3, Cutting Tim&ivenDist=105 mmDP =100 mmf = 0.3 mm)/ = 300 m/min,
rpm = 700Fg = 210 mm/min, find the cutting time.
Cutting time =t, = 105x 3.1416x 100+ (1000x 300x 0.3) = 0.366 minutes = 22 seconds
Scheduling of Tool Changes
Number of parts before tool change:
Nep =T+t
Cycle time before tool change:
Teve=Nen* (. +1), wheret, =t +1t;, wheret, = cutting time per piecé = idle time
per piece
Tool-life:
T=Ngxt,
Example 4.Given tool-lifeT = 90 minutes, cutting time = 3 minutes, and idle tinte=

3 minutes, find the number of parts produced before a tool change is required and the tin
until a tool change is required.
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Number of parts before tool changblz, = 90/3 = 30 parts.
Cycle time before tool changélzy = 30x% (3 + 3) = 180 minutes
Example 5Given cutting timet, = 1 minute, idle tim& = 1 minuteN,, = 100 parts, cal-

culate the tool-lifél required to complete the job without a tool change, and the cycle time
before a tool change is required.

Tool-life =T =N, xt, = 100x 1 = 100 minutes.
Cycle time before tool changélzy = 100x (1 + 1) = 200 minutes.
Calculation of Cost of Cutting and Grinding Operations.—When machining data var-
ies, the cost of cutting, tool changing, and tooling will change, but the costs of idle anc
slack time are considered constant.
Cost of Cutting per Batch:
Co=HgxT/60
T = cutting time per batch = (number of part$), minutes, or when determining
time for tool chang&c, = N, X t. minutes = cutting time before tool change.
t. = Cutting time/part, minutes
Hg = Hourly Rate
Cost of Tool Changes per Batch:

H T
CCHze_'SxTCx% %‘Emm-$
whereT = tool-life, minutes, andp, = time for replacing a worn edge(s), or tool

for regrinding, minutes

Cost of Tooling per Batch:

Including cutting tools and holders, but without tool changing costs,

60Cg m'”usd"—r
Hr Hr $
CrooL = g X TeX - MG =8

Cost of Tooling + Tool Changes per Batch:
Including cutting tools, holders, and tool changing costs,
60C,
TreLt -

(CrooL* Cen) = 60 *TeX——F—"
Total Cost of Cutting per Batch:
He E TRPL+ J]
Cror = ) S x TcDl + ﬂ
D IZI

Equivalent Tooling-cost Time, Ty

The two previous expressions can be simplified by udipgs Tgp + m E
R
thus:

Hg Ty
(CrooL*Cch) = @"Tcx?
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Hg T

- VO

Crot = 50 XTCET'-* 0

Ce = cost per edge(s) is determined using two alternate formulas, depending ot
whether tools are reground or inserts are replaced:
Cost per Edge, Tools for Regrinding

_ cost of took (_ number of regrinds _cost/regrjnd
1+ number of regrinds

Ce

Cost per Edge, Tools with Inserts:

cost of insert(s) + cost of cutter body
number of edges per insertcutter body life in number of edges
Note: In practice allow for insert failures by multiplying the insert cost by 4/3, that is,
assuming only 3 out of 4 edges can be effectively used.

Example 6, Cost per Edge—Tools for Regrindige the data in the table below to cal-
culate the cost per edge(®), and the equivalent tooling-cost tig for a drill.

Ce =

Time for cutter . .
replacement Cutter Costper | Number of Hourly shop | Batch | Taylor | Economic cutting|

Trpw, Minute Price, $ | regrind, $ regrinds rate, $ size | slope,n| time,t,e minute

1 40 6 5 50 1000 0.25 15
Using the cost per edge formula for reground td@ls; (40 + 5% 6)+ (1 + 5) = $6.80

60Ce _ . 60(6.8
Hr 50

When the hourly rate is $50/HF,, = Tgp + = 9.16minutes

Calculate economic tool-life usinfz = T, x %— 1% thdg,= 9.17x (1/0.25-1) =

9.16x 3 =27.48 minutes.

Having determined, elsewhere, the economic cutting time per piecé tohk5 min-
utes, for a batch size = 1000 calculate:

Cost of Tooling + Tool Change per Batch:

(Crool* Con) = BxTox =Y = 50, 1000x 1.5¢ 216 — 417
TOOL™ ~CH/ = §g T ~ 60 27.48
Total Cost of Cutting per Batch:
Hg _ 50 9.160 _
Cror = xTC%l TD 25 X 1000x 1.5¢ H+ 5= a5 = $ 1617

Example 7, Cost per Edge—Tools with Inseldse data from the table below to calculate
the cost of tooling and tool changes, and the total cost of cutting.

For face milling, multiply insert price by safety factor 4/3 then calculate the cost per
edgeC: =10x (5/3)x (4/3) + 750/500 = 23.72 per set of edges

When the hourly rate is $50, equivalent tooling-cost timi,is 2 + 23.72x 60/50 =
30.466 minutes (first line in table below). The economic tool-life for Taylor stope
0.333 would b& = 30.466x (1/0.333 —1) = 30.466 2 = 61 minutes.

When the hourly rate is $25, equivalent tooling-cost tinig, is 2 + 23.72x 60/25 =

58.928 minutes (second line in table below). The economic tool-life for Taylorrstope
0.333 would b& = 58.928x (1/0.333 —1) =58.928 2 = 118 minutes.
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Tgneengoorfri?]glear?: Number of | Price per| Edges per| Cutter | Edges per| Cost per set| Hourly Ty
Tl MinUtes inserts insert insert Price cutter of edgesCe | shop ratgminuteg
Face mill
2 | 10 5 3 | 750 | 500 | 23.72 | 50 | 30.466
2 | 10 5 3 750 | 500 | 23.72 | 25 | 58.928
End mill
1 | 3 l 6 l 2 75 | 200 l 4.375 | 50 l 6.25
Turning
1 [ 1 [ 5 ] 3 [ 50 ] 100 ] 272 ] 30 [ 6.44

With above data for the face mill, and after having determined the economic cutting time
ast.: = 1.5 minutes, calculate for a batch size = 1000 and $50 per hour rate:

Cost of Tooling + Tool Change per Batch:

50 30.466
a)xlo()o lSXT =$624

Tv

><TC T

(CrooL*Cer) = 55

Total Cost of Cuttlng per Batch:

xTC%L

Similarly, at the $25/hour shop rat€W60L+ Ceh) andCTOTare $312 and $937, respec-
tively.

Example 8, TurningProduction parts were run in the shop at feed/rev = 0.25 mm. One
series was run with spe#= 200 m/min and tool-life wak, = 45 minutes. Another was
run with speed/, = 263 m/min and tool-life wak, = 15 minutes. Given idle tinte= 1
minute, cutting distand@ist =1000 mm, work diamet& =50 mm.

First, calculate Taylor slopa, using Taylor's equatiok; X T;" =V, x T,", as follows:

Vi, To 200, 15 _

In\72- |n_|Tl In 2_63 In— 0.25

Economic tool-lifeTg is next calculated using the equivalent tooling-cost fifpeas
described previously. Assuming a calculated val(g 6f4 minutes, thefi can be calcu-
lated from

Cror = x1000x 1.5¢ 5+ 80. 46@ = $ 1874

TE:TVXEE_ ol _

0.
=4 %s

Economic cutting speeg can be found using Taylor's equation again, this time using
the economic tool-life, as follows,

Ve X (TE)n

lg = 12 minutes

Vo x (Tp)"

EL@O.ZS
263x g

Vg = V% = 278 m/min

Dféj
Using the process data, the remaining economic parameters can be calculated as follov
Economic spindle rpm, rpgs (1000/p)/(1D) = (1000x 278)/(3.1416< 50) = 1770 rpm
Economic feed raté&ge =f x rpmz = 0.25x 1770 = 443 mm/min
Economic cutting timeg = Dist/ Fge =1000/ 443 = 2.259 minutes
Economic number of parts before tool chamgigg = T + t.g =12+ 2.259 = 5.31 parts
Economic cycle time before tool chandgycg= Nepe X (. +t) = 5.31x (2.259 + 1) =

17.3 minutes.
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Variation Of Tooling And Total Cost With The Selection Of Feeds And Speeds

It is a well-known fact that tool-life is reduced when either feed or cutting speed is
increased. When a higher feed/rev is selected, the cutting speed must be decreased in ol
to maintain tool-life. However, a higher feed rate (feed rate = feedfygm, mm/min) can
resultin alonger tool-life if proper cutting data are applied. Optimized cutting data require
accurate machinability databases and a computer program to analyze the options. Reas
ably accurate optimized results can be obtained by selecting a large feed/rev or tooth, a
then calculating the economic tool-life. Because the cost versus feed@T curve is
shallow around the true minimum point, i.e., the global optimum, the error in applying a
large feed is small compared with the exact solution.

Once a feed has been determined, the economic cutting\épeaad be found by calcu-
lating the Taylor slope, and the time/cost calculations can be completed using the formule
described in last section.

The remainder of this section contains examples useful for demonstrating the require
procedures. Global optimum may or may not be reached, and tooling cost may or may n
be reduced, compared to currently used data. However, the following examples prove th
significant time and cost reductions are achievable in today’s industry.

Note:Starting values of reasonable feeds in mm/rev can be found in the Handbook spee
and feed tables, séincipal Feeds and Speeds Tabtespage 991, by using thg, val-
ues converted to mm as follows: feed (mm/rev) = feed (inch&@&)4 (mm/inch), thus
0.001 inch/rev = 0.00425.4 = 0.0254 mm/rev. When using speed and Teddes 1
through23, where feed values are given in thousandths of inch per revolution, simply mul-
tiply the given feed by 25.4/1000 = 0.0254, thus feed (mm/rev) = feed (0.001 inch/rev)
0.0254 (mm/0.001inch).

Example 9, Converting Handbook Feed Values From Inches to Millimétarsdbook
tables give feed valués, andf,,,for 4140 steel as 17 an&§0.001 inch/rev) = 0.017 and
0.009 inch/rev, respectively. Convert the given feeds to mm/rev.

feed =0.01% 25.4 = 17 0.0254 = 0.4318 mm/rev

feed = 0.00& 25.4 = 9x 0.0254 = 0.2032 mm/rev

Example 10, Using Handbook Tables to Find the Taylor Slope and Coaoirlate
the Taylor slope and constant, using cutting speed data for 4140 Staeldristarting on
page996, and for ASTM Class 20 grey cast iron using data from Table 4a on page 1002, a
follows:

For the 175-250 Brinell hardness range, and the hard tool grade,

o= IN(V1/V,) _ In(525/ 709
In(T,/T,) ~ In(15/45

For the 175-250 Brinell hardness range, and the tough tool grade,

. In(V1/V5) _ In(235 329
In(T,/T,) In(15/ 45

For the 300-425 Brinell hardness range, and the hard tool grade,

= In(V1/V2) _ In(330/ 449
In(T,/T,)  In(15/45

For the 300-425 Brinell hardness range, and the tough tool grade,

_In(Vi/Vy) _in(125/ 179
T In(T,/T;) ~ In(15/45

For ASTM Class 20 grey cast iron, using hard ceramic,

=027  C=V,x(T)" = 1467

=028  C=V,x(T)" = 1980

=026  C=V,x(T)" = 2388

=031  C=V,x(T)" = 1324
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_ In(Vi/Vy) _In(1490 2229 _ _ N
i Tivan e 036  C=V,x(T)" = 5932

Selection of Optimized Data.—Fig. 22illustrates cutting time, cycle time, number of
parts before a tool change, tooling cost, and total cost, each plotted versus feed for a cc
stant tool-life. Approximate minimum cost conditions can be determined using the formu-
las previously given in this section.

First, select a large feed/rev or tooth, and then calculate economic toiy-léfed the
economic cutting speedg, and do all calculations using the time/cost formulas as
described previously.

1000 I o

—~ e
—-— 1,
100 = e
o | —1 —&— # parts
PRt
= — > CrooL
T \.\ ——
10 T o % Cror
< —
! T —|
* T T —x
0.1 SSw
‘\*\§
L
0.01
0.001
0.01 0.1 1 10
f, mm/rev

Fig. 22. Cutting time, cycle time, number of parts before tool change, tooling cost, and total cost
vs. feed for tool-life = 15 minutes, idle time = 10 s, and batch size = 1000 parts
Example 11, Step by Step Procedure: Turning — Facindp&elect a big feed/rev, in
this casd = 0.9 mm/rev (0.035 inch/rev). A Taylor slopés first determined using the
Handbook tables and the method describétkample 10In this example, uge= 0.35.
2) CalculateT,, from the tooling cost parameters:

If costofinsert = $7.50; edges per insert = 2; cost of tool holder = $100; life of holder
=100 insert sets; and for tools with inserts, allowance for insert failures = cost per insel
by 4/3, assuming only 3 out of 4 edges can be effectively used.

Then, cost per edgeGy. is calculated as follows:

c. = cost of insert(s) . cost of cutter body
E ™ number of edges per insertutter body life in number of edges
7.50 | 100
S —_—t — = .
4/3x2 100 $6.00

The time for replacing a worn edge of the facing inséghr= 2.24 minutes. Assuming
an hourly ratédz = $50/hour, calculate the equivalent tooling-cost fipe
Ty =TrpL+ 60x Ce/Hg =2.24 +60x 6/50 = 8.24 minutes.
3) Determine economic tool-life:
Te=Ty*x(UIn-1) =T =T, x (1/h-1) = 8.24x (1/ 0.35- 1) = 15 minutes
4) Determine economic cutting speed using the Handbook tables using the metho
shown inExample 10
Vg = CxTg"m/min = Cx T¢ "= 280x 150-35= 109 m/min
5) Determine cost of tooling per batch (cutting tools, holders and tool changing) ther
total cost of cutting per batch:
CrooL=Hg* Te X (C/T)/60
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(CrooutCen) = Hrx Te X ((Trp +CE/T)/60
Cror=HgxTc (1 + (Trp +CIT).

Example 12, Face Milling — Minimum Costhis example demonstrates how a modern
firm, using the formulas previously described, can determine optimal data. It is here
applied to a face mill with 10 teeth, milling a 1045 type steel, and the radial depth versus th
cutter diameter is 0.8. TA&-ECT-T curves for tool-lives 5, 22, and 120 minutes for this
operation are shown Fig. 23a

1000 .
f
i
T
1
. URVE
— ~ I
T~ NN Y
N ™~
£ R
émo N Ny
: AT
> 7 S
v <~
/ 2K
H = T1=5
H - T=22
— T=120
10 T T A
01 1 10
ECT, mm

Fig. 23a. Cutting speed vs. ECT, tool-life constant

The global cost minimum occurs along Be&urve, se€ig. 6¢candFig. 23a where the
45-degree lines defines this curve. OptinE@iTis in the range 1.5 to 2 mm.

For face and end milling operatiof;T=zx f,x ar/D x aa/CEL+ 1t. The raticaa/ CEL
=0.95 for lead angleA = 0, and foar/D = 0.8 and 10 teeth, using the formula to calculate
the feed/tooth range gives I8€T=1.5,f,= 0.62 mm and fdeECT=2,f,= 0.83 mm.

06

05

0.4

tc
03

02

N\
) T
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fZ
Fig. 23b. Cutting time per part vs. feed per tooth

Using computer simulation, the minimum cost occurs approximately Vigr&3a
indicates it should be. Total cost has a global minimufpaabund 0.6 to 0.7 mm and a
speed of around 110 m/miECTis about 1.9 mm and the optimal cutter lif€js= 22 min-
utes. Because it may be impossible to reach the optimum feed value due to tool breakag
the maximum practical feefg,,, is used as the optimal value. The difference in costs
between a global optimum and a practical minimum cost condition is negligible, as show!
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in Figs. 23cand 23e A summary of the results are showrFigs. 23ahrough 23¢ and
Table 1

Cror, $

|

N
.
A

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
fz, mm

Fig. 23c. Total cost vs. feed/tooth

When plotting cutting time/part,, versus feed/tootlf,, atT = 5, 22, 120 irFigs. 23h
tool-life T=5 minutes yields the shortest cutting time, but total cost is the highest; the min.
imum occurs foff, about 0.75 mm, sd&gs. 23c The minimum forT = 120 minutes is
about 0.6 mm and fdf, = 22 minutes around 0.7 mm.
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o

fz mm
Fig. 23d. Tooling cost versus feed/tooth

Fig. 23dshows that tooling cost drop off quickly when increasing feed from 0.1 to 0.3 to
0.4 mm, and then diminishes slowly and is almost constant up to 0.7 to 0.8 mm/tooth. Iti
generally very high at the short tool-life 5 minutes, while tooling cost of optimal tool-life
22 minutes is about 3 times higher than when going sldw&20 minutes.
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Fig. 23e. Total cost vs. cutting speed at 3 constant tool-lives, feed varies

The total cost curves in Fig. 24e. were obtained by varying feed and cutting speed in ord
to maintain constant tool-lives at 5, 22 and 120 minutes. Cost is plotted as a function c
speedV instead of feed/tooth. Approximate optimum speed¥ard 50 m/min afl = 5
minutes,V = 180 m/min afl = 120 minutes, and the global optimum speéd,is 110
m/min forTy = 22 minutes.

Table 1displays the exact numerical values of cutting speed, tooling cost and total cos
for the selected tool-lives of 5, 22, and 120 minutes, obtained from the software program

Table 1. Face Milling, Total and Tooling Cost versugCT,
Feed/toothfz, and Cutting Speedv, at Tool-lives 5, 22, and 120 minutes

T =5 minutes T = 22 minutes T =120 minutes

fz ECT|| V Cror CrooL v Cror Croot \ Cror Croot

0.03 [ 0.08|| 489 0.72891 0.3975p 416 0.49640 0.10667 B44 0.49B78 0.02351
0.08 | 0.21|| 492 0.27196 0.14834 397 0.19449 0.04187 B11 0.20634 0.00978
0.10 [ 0.26|| 469 0.22834 0.12455 314 0.16543 0.03356 P89 0.17p74 0.00842
0.17 | 0.44|| 388 0.16218 0.0884f) 301 0.12084 0.02596 R25 0.13B16 0.00634
0.20 [ 0.51|| 359 0.14911 0.0813 216 0.11204 0.02407 RO5 0.12466 0.00594
0.40 | 1.03|| 230 0.11622 0.0633 i 0.09041 0.01945 22 0.10§95 0.00500
0.60 | 1.54|| 164| 0.10904 0.0594 119  0.08672 0.01863 83 0.10p01 0.00491
0.70 | 1.80|| 141 0.10802 0.0589p] 192 0.08645 0.01862 70 0.10p93 0.00495
0.80 | 2.06|| 124| 0.10800 0.0589]| 8p 0.08743 0.01474 60 0.10p47 0.00502
1.00 | 2.57 98 0.10968 0.05982 69 0.08957 0.01924 47 0.10967 0.00522

High-speed Machining Econometrics

High-speed Machining — No Mystery.—This section describes the theory and gives the
basic formulas for any milling operation and high-speed milling in particular, followed by
several examples on high-speed milling econometrics. These rules constitute the basis
which selection of milling feed factors is done. Selection of cutting speeds for general mill-
ing is done using the Handbo®&ble 10throughl4, starting on pag2013

High-speed machining is no mystery to those having a good knowledge of metal cutting
Machining materials with very good machinability, such as low-alloyed aluminum, have
for ages been performed at cutting speeds well below the speed values at which these me
rials should be cut. Operating at these low speeds often results in built-up edges and pc
surface finish, because the operating conditions selected are on the wrong side of the Te
lor curve, i.e. to the left of thd-curve representing maximum tool-life values (Big 4
on pagel059.
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In the 1950’s it was discovered that cutting speed could be raised by a factor of 5 to 1
when hobbing steel with HSS cutters. This is another example of being on the wrong sid
of the Taylor curve.

One of the first reports on high-speed end milling using high-speed steel (HSS) and ca
bide cutters for milling 6061-T651 and A356-T6 aluminum was reported in a study funded
by Defense Advanced Research Project Agency (DARPA). Cutting speeds of up to 440
m/min (14140 fpm) were used. Maximum tool-lives of 20 through 40 minutes were
obtained when the feed/tooth was 0.2 through 0.25 mm (0.008 to 0.01 inch), or measure
in terms ofECT around 0.07 to 0.09 mm. Lower or higher feed/tooth resulted in shorter
cutter lives. The same types of previously described curves, nareQT curves with
maximum tool-life along thel-curve, were produced.

When examining the influence BCT, or feed/rev, or feed/tooth, it is found that too
small values cause chipping, vibrations, and poor surface finish. This is caused by inadk
quate (too small) chip thickness, and as a result the material is not cut but plowed away
scratched, due to the fact that operating conditions are on the wrong (left) side of the too
life versusECT curve -ECTwith constant speed plotted).

There is a great difference in the thickness of chips produced by a tooth traveling throug
the cutting arc in the milling process, depending on how the center of the cutter is placed |
relation to the workpiece centerline, in the feed direction. Although end and face milling
cutin the same way, from a geometry and kinematics standpoint they are in practice distir
guished by the cutter center placement away from, or close to, the work centerline, respe
tively, because of the effect of cutter placement on chip thickness. This is the criteria use
to distinguishing between the end and face milling processes in the following.

Depth of Cut/Cutter Diameter, ar/i the ratio of the radial depth of @rtand the cutter
diameteD. In face milling when the cutter axis points approximately to the middle of the
work piece axis, eccentricity is close to zero, as illustratEdym 3and4, pagel011, and
Fig. 50n pagel012 In end milling,ar/D = 1 for full slot milling.

Mean Chip Thickness, hisa key parameter that is used to calculate forces and power
requirements in high-speed milling. If the mean chip thickhess too small, which may
occur when feed/tooth is too small (this holds for all milling operations), or afiBn
decreases (this holds for ball nose as well as for straight end mills), then cutting occurs c
the left (wrong side) of the tool-life versEE T curve, as illustrated ifigs. 6band 6¢.

In order to maintain a given chip thickness in end milling, the feed/tooth has to be
increased, up to 10 times for very snaalD values in an extreme case with no run out and
otherwise perfect conditions. A 10 times increase in feed/tooth results in 10 times bigge
feed ratesKg) compared to data for full slot milling (valid far/D = 1), yet maintain a
given chip thickness. The cutter life at any given cutting speed will not be the same, how
ever.

Increasing the number of teeth from say 2 to 6 increases equivalent chip thie€Tess
by a factor of 3 while the mean chip thicknessremains the same, but does not increase
the feed rate to 30 ¢810) times bigger, because the cutting speed must be reduced. How
ever, when thar/D ratio matches the number of teeth, such that one tooth enters when th
second tooth leaves the cutting arc, tB&T=hm HenceECTis proportional to the num-
ber of teeth. Under ideal conditions, an increase in number ofzteth 2 to 6 increases
the feed rate by, say, 20 times, maintaining tool-life at a reduced speed. In practice abou
times greater feed rates can be expected for smBlratios (0.01 to 0.02), and up to 10
times with 3 times as many teeth. So, high-speed end milling is no mystery.

Chip Geometry in End and Face Milling.—Fig. 24illustrates how the chip forming
process develops differently in face and end milling, and how mean chip thibkmesss
ies with the angle of engageméE, which depends on tfe/D ratio. The pertinent chip
geometry formulas are given in the text that follows.
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Face Milling End Milling

1,

~f,

he z
COSAE = 1 -2 COSAE = 1 - 2 %8

Fig. 24.
Comparison of face milling and end milling geometry

High-speed end milling refers to valuesoD that are less than 0.5, in particulaatD
ratios which are considerably smaller. Whetb = 0.5 AE= 90 degrees) and diminishing
in end milling, the chip thickness gets so small that poor cutting action develops, including
plowing or scratching. This situation is remedied by increasing the feed/tooth, as shown i
Table 2aas an increasinyf,, ratio with decreasingr/D. For end milling, thé/f,, feed
ratio is 1.0 forar/D = 1 and also faar/D = 0.5. In order to maintain the sahmaas atar/D
= 1, the feed/tooth should be increased, by a factor of 6.38avH#is 0.01 and by more
than 10 whemr/D is less than 0.01. Hence high-speed end milling could be said to begin
whenar/D is less than 0.5

In end milling, the ratid,/f,, = 1 is set aar/D = 1.0 (full slot), a common value in vendor
catalogs and handbooks, foan=0.108 mm.

The face milling chip making process is exactly the same as end milling when face mill
ing the side of a work piece aadD = 0.5 or less. However, when face milling close to and
along the work centerline (eccentricity is close to zero) chip making is quite different, as
shown inFig. 24 Whenar/D = 0.74 AE= 95 degrees) in face milling, thé,, ratio = 1 and
increases up to 1.4 when the work width is equal to the cutter diaa@er(1). The face
milling f/f 4 ratio continues to diminish when thgD ratio decreases belaw/D = 0.74,
but very insignificantly, only about 11 percent wizefD = 0.01.

In face millingf/f,, = 1 is set aar/D = 0.74, a common value recommended in vendor
catalogs and handbooks, foan=0.151 mm.

Fig. 25shows the variation of the feed/tooth-ratio in a graph for end and face milling.
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Fig. 25. Feed/tooth versag/D for face and end milling
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Table 2a. Variation of Chip Thickness and /f , with ar/D

Face Milling End Milling (straight)
ecentricitye =0
z=8 z=2
fo= 0.017 fo= 0.017
COSAE =1 - 2x (ar/D)? COSAE =1 - 2x (ar/D)
ar/D AE hm, hm | ECThm| flfo AE hm, hm | ECThm| f/fp
1.0000 | 180.009 0.637 0.104 5.00 13 180.p00  0.37 0.108 1j000 1000
0.9000 | 128.314  0.804 0.137 3.564 1.1 143.130 0.121 0.J22 0795 0.884
0.8000 | 106.260 0.863| 0.147 2.95 1.0 126.870  0.723 0.123 0f711 0.881
0.7355 [ 94.702 0.890 0.151 2.63. 1.0 118.102 0.714 0.122 0667 01892
0.6137 | 75.715 0.929 0.158 1.68 0.9! 103.144  0.682 0.116 0573 0934
0.5000 | 60.000 0.162 0.932 0.21 0.2 90.000 0.674 0.115 0658 1j000
0.3930 | 46.282 0.973 0.165 1.02 0.9 77.643 0.580 0.099 0431 1j098
0.2170 | 25.066 0.992 0.169 0.55 0.8 55.528 0.448 0.076 0808 1{422
0.1250 14.361 0.997 0.179 0.31 0.8 41.410 0.346 0.059 0.p30 11840
0.0625 7.167 0.999 0.170 0.15! 0.8 28.955 0.247 0.042 0.161 2|574
0.0300 3.438 1.000 0.170 0.07¢ 0.8 19.948 0.172 0.029 011 3(694
0.0100 1.146 1.000 0.170 0.02! 0.8 11.478 0.1p0 0.017 0.p64 6(377
0.0010 0.115 1.000 0.000 0.00¢ 0.8 3.624 0.0po 0.9qoo 0.p00 20.135

In Table 2aa standard valukg, = 0.17 mm/tooth (commonly recommended average
feed) was used, but tifigf,, values are independent of the value of feed/tooth, and the pre-
viously mentioned relationships are valid whefygr 0.17 or any other value.

In both end and face millingm= 0.108 mm fof,, = 0.17mm whewr/D =1. When the
fJforatio = 1 hm= 0.15 for face milling, and 0.108 in end milling botaeD = 1 and 0.5.

The tabulated data hold for perfect milling conditions, such as, zero run-out and accurat
sharpening of all teeth and edges.

Mean Chip Thicknesshm and Equivalent Chip ThicknessECT.—The basic formula

for equivalent chip thickne&CTfor any milling process is:

ECT=f,x z/mtx (ar/D) x aa/CEL, wheref, = feed/toothz = number of teettD = cutter
diameterar = radial depth of cuga = axial depth of cut, andEL = cutting edge length.
As a function of mean chip thickndsst

ECT=hmx (2/2) x (AE/180), whereAE = angle of engagement.

Both terms are exactly equal when one tooth engages as soon as the preceding to«
leaves the cutting section. Mathematicdlijn= ECTwhenz = 360AE; thus:

for face milling,AE = arccos (1 — 2 (ar/D)?)

for end milling,AE= arccos (1 — 2 (ar/D))

Calculation of Equivalent Chip Thickness (ECT) versus Feed/tooth and Number of
teeth.:Table 2his a continuation ofable 2ashowing the values &CT for face and end
milling for decreasing values/D, and the resultingCTwhen multiplied by th&/f, ratio
f,0=0.17 (based dmm= 0.108).

Smallar/D ratios produce too small mean chip thickness for cutting chips. In practice,
minimum values ohmare approximately 0.02 through 0.04 mm for both end and face

milling.
Formulas.— Equivalent chip thickness can be calculated for other valuesofiz by
means of the following formulas:

Face milling: ECTE = ECTy x (2/8) x (f/0.17)x (aa/CEL)

or, if ECTe is known calculaté using:

f,=0.17x (ECT/ECTy) * (8/2) x (CEL/aa)
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Table 2b. Variation of ECT, Chip Thickness and /f ,, with ar/D

Face Milling End Milling (straight)
ECT, ECT,

corrected corrected
ar/D hm f2lty ECT for fzlf, hm f2lty ECT for fzlf,
1.0000 0.108 1.398 0.411 0.575 0.108 1.00Q 0.10: 0.10B
0.9000 0.137 1.107 0.370 0.410 0.122 0.884 0.09: 0.08p
0.8080 0.146 1.036 0.332 0.344 0.123 0.880 0.08: 0.07B
0.7360 0.151 1.000 0.303 0.303 0.121 0.892 0.07¢ 0.06[7
0.6137 0.158 0.958 0.252 0.242 0.116 0.934 0.06: 0.05p
0.5900 0.159 0.952 0.243 0.231 0.115 0.945 0.06: 0.057
0.5000 0.162 0.932 0.206 0.192 0.108 1.000Q 0.05! 0.05
0.2170 0.169 0.897 0.089 0.080 0.076 1.422 0.02; 0.03
0.1250 0.170 0.892 0.051 0.046 0.059 1.840 0.01 0.02
0.0625 0.170 0.891 0.026 0.023 0.042 2.574 0.00¢ 0.0
0.0300 0.170 0.890 0.012 0.011 0.029 3.694 0.00: 0.0
0.0100 0.170 0.890 0.004 0.004 0.017 6.377] 0.00: 0.00f
0.0010 0.170 0.890 0.002 0.002 0.005 20.13! 0.00: 0.0

In face milling, the approximate valuesa@fCEL = 0.95 for lead angleA = 0° (9C° in
the metric system); for other valued @ aa/CEL = 0.95x sin (LA), and 0.95¢ cos (A) in
the metric system.

Example, Face MillingFor a cutter witld = 250 mm andr = 125 mm, calculatECT
forf,=0.1,z=12, and_A = 30 degrees. First calculagD = 0.5, and then uskable 2b
and findECTy- = 0.2.

CalculateECT with above formula:

ECT: = 0.2% (12/8)x (0.1/0.17)% 0.95x sin 30 = 0.084 mm.

End milling: ECE =ECTye x (22) % (f/0.17)x (aa/CEL),

or if ECTg is known calculaté from:

f,=0.17x (ECTL/ECTye) x (2/2)) x (CEL/aga)

The approximate values a&/CEL = 0.95 for lead angleA = 0° (9C° in the metric sys-
tem).

Example, High-speed End Millingor a cutter witld = 25 mm anér = 3.125 mm, cal-
culateECT forf,= 0.1 andz= 6. First calculatar/D = 0.125, and then ud@ble 2band
find ECTye = 0.0249.

CalculateECT with above formula:

ECT: = 0.024% (6/2)% (0.1/0.17)x 0.95x 1 = 0.042 mm.

Example, High-speed End Millingror a cutter withD = 25 mm andr = 0.75 mm, cal-
culateECTg forf,= 0.17 and= 2 and 6. First calculase/D = 0.03, and then uJable 2b
and findf/f, = 3.694

Then,f, = 3.694x 0.17 = 0.58 mm/tooth arfilCT: = 0.0119x 0.95 = 0.0113 mm and
0.0357x 0.95 = 0.0339 mm for 2 and 6 teeth respectively. These cutters are marked HS
and HS6 irFigs. 26a 26d and 26e

Example, High-speed End Millingror a cutter withD = 25 mm ancr = 0.25 mm, cal-
culateECT for f,= 0.17 and = 2 and 6. First calculate/D = 0.01, and then u3able 2b
and findECTyz = 0.0069 and 0.0207 for 2 and 6 teeth respectively. When obtaining such
small values oECT, there is a great danger to be far on the left side éfiheve, at least
when there are only 2 teeth. Doubling the feed would be the solution if cutter design an
material permit.

Example, Full Slot MillingFor a cutter witld = 25 mm anér = 25 mm, calculatECT
forf,=0.17 and=2 and 6. First calculate/D =1, and then usBable 2band findECT; =
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0.108x 0.95 = 0.103 and 8 0.108x 0.95 = 0.308 for 2 and 6 teeth, respectively. These
cutters are marked SL2 and SL6érigs. 26a 26d and 26e

Physics behindhm and ECT, Forces and Tool-life T).—TheECT concept for all metal
cutting and grinding operations says that the more energy put into the process, by incree
ing feed/rev, feed/tooth, or cutting speed, the life of the edge decreases. When increasi
the number of teeth (keeping everything else constant) the work and the process are st
jected to a higher energy input resulting in a higher rate of tool wear.

In high-speed milling when the angle of engagen#dnts small the contact time is
shorter compared to slot millingr{D = 1) but the chip becomes shorter as well. Maintain-
ing the same chip thickness as in slot milling has the effect that the energy consumption
remove the chip will be different. Hence, maintaining a constant chip thickness is a goot
measure when calculating cutting forces (keeping speed constant), but not when determi
ing tool wear. Depending on cutting conditions the wear rate can either increase o
decrease, this depends on whether cutting occurs on the left or right sidd-afthe.

Fig. 26ashows an example of end milling of steel with coated carbide inserts, where cut:
ting speed/ is plotted versuECTat 5, 15, 45 and 180 minutes tool-lives. Notice that the
ECTvalues are independentafD or number of teeth or feed/tooth, or whetherf, is
used, as long as the correspondiffg,-ratio is applied to determirfeCTg. The result is
one single curve per tool-life. Had cutting speed been plotted ViggsaréD, orz values
(number of teeth), several curves would be required at each constant tool-life, one for ea
of these parameters This illustrates the advantage of using the basic paE@iieather
thanf,, orhm, orar/D on the horizontal axis.

1000 7

I
o ‘
e 1=5 !
Ha 1o15 H-CURVE
[| = T=45 URVE
[l 2¢ T=180 #I
c L1
£ Py
= ’:/@/ HS 6 ~~-$ \ N
E 7 ] sL2
> Ay h

€T Hs 2 \\B\ 7[ \

100
0.001 0.01 0.1 1
ECT, mm

Fig. 26a. Cutting speed vs. ECT, tool-life plotted, for end milling
Example: The points (HS2, HS6) and (SL2, SL6) on the 45-minute curfégin26a
relate to the previous high-speed and full slot milling examples for 2 and 6 teeth, respec
tively.
Running a slot dt,=0.17 mm/toothi{m= 0.108 ECT = 0.103 mm) with 2 teeth and for

a tool-life 45 minutes, the cutting speed should be selectéd @40 m/min at point SL2
and for six teeth{m=0.108 mmECT = 0.308) a¥ = 240 m/min at point SL6.

When high-speed milling faar/D = 0.03 aff, = 3.394x 0.17 = 0.58 mm/tooth = 0.58
mm/tooth,ECTis reduced to 0.011 mrhrfi= 0.108) the cutting speed is 290 m/min to
maintainT = 45 minutes, point HS2. This point is far to the left ofttheurve in Fig.26b,
but if the number of teeth is increased t&E Tz = 3x 0.103 = 0.3090), the cutting speed
is 360 m/min afl = 45 minutes and is close to tHecurve, point HS6. Slotting data using
6 teeth are on the right of this curve at point SL6, approachir@-theve, but at a lower
slotting speed of 240 m/min.
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Depending on the startifigralue and on the combination of cutter grade - work material,
the location of thél-curve plays an important role when selecting high-speed end milling
data.

Feed Rate and Tool-life in High-speed Milling, Effect oECT and Number of
Teeth.—Calculation of feed rate is done using the formulas in previously given:

Feed Rate:

Fr=2zxf,x rpm, wherez x f, = f (feed/rev of cutter). Feed is measured along the
feeding direction.
rpm = 1000x V/3.1416D, whereD is diameter of cutter.
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Fig. 26¢. High speed feed rate and
Fig. 26b. High speed feed rate and cutting speed varfdis cutting speed versi&CT, arD plot-
atT =5, 15, 45, and 180 minutes ted afT =5, 15, 45, and 180 minutes
Fig. 26bshows the variation of feed réfg plotted versuar/D for tool-lives 5, 15, 45
and 180 minutes with a 25 mm diameter cutter and 2 téigtt26cshows the variation of
feed ratd=; when plotted versusCT. In both graphs the corresponding cutting speeds are
also plotted. The values far/D = 0.03 inFig. 26bcorrespond t&CT= 0.011 inFig. 26¢
Feed rates have minimum around valuesrid = 0.8 andECT=0.75 and not along the
H-curve. This is due to the fact that f&, ratio to maintain a mean chip thickness =0.108
mm changeBin a different proportion than the cutting speed.
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Fig. 26d. Feed rate versiE€T comparison of slot millingg{/D = 1) and high-speed
milling at (ar/D = 0.03) for 2, 4, and 6 teethat 45 minutes



1092 MACHINING ECONOMETRICS

A comparison of feed rates for full slatr(D = 1) and high-speed end millingr(D =
0.03 and, = 3.69x f,, = 0.628 mm) for tool-life 45 minutes is showrFig. 26d The points
SL2, SL4, SL6 and HS2, HS4, HS6, refer to 2, 4, and 6 teeth (2 to 6 teeth are common
used in practice). Feed rate is also plotted versus number of te&il. 26¢ for up to 16
teeth, still af,= 0.628 mm.

Comparing the effect of using 2 versus 6 teeth in high-speed milling shows that feed rate
increase from 5250 mm/min (413 ipm) up to 18000 mm/min (1417ipm) at 45 minutes tool-
life. The effect of using 2 versus 6 teeth in full slot milling is that feed rate increases from
1480 mm/min (58 ipm) up to 3230 mm/min (127 ipm) at tool-life 45 minutes. If 16 teeth
could be used atr/D = 0.03, the feed rate increaseB & 44700 mm/min (1760 ipm), and
for full slot milling Fg = 5350 mm/min (210 ipm).
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£ 10000
o
w HS: o
——
4
SL6
- A
- T=455L
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Number teeth

Fig. 26e. Feed rate versus number of teeth comparison of slot mallibg« 1) and high-speed
milling at (ar/D = 0.03) for 2, 4, and 6 teethTat 45 minutes

Comparing the feed rates that can be obtained in steel cutting with the one achieved in tl
earlier referred DARPA investigation, using HSS and carbide cutters milling 6061-T651
and A356-T6 aluminum, itis obvious that aluminium end milling can be run at 3 to 6 times
higher feed rates. This requires 3 to 6 times higher spindle speeds (cutter diameter 25 m
radial depth of cuair = 12.5 mm, 2 teeth). Had these tests been run with 6 teeth, the feec
rates would increase up to 150000-300000 mm/min, when feed/toothx-028 = 0.8
mm/tooth atr/D = 0.03.

Process Econometrics Comparison of High-speed and Slot End Milling When

making a process econometrics comparison of high-speed milling and slot end milling us
the formulas for total cosy,, (Determination Of Machine Settings And Calculation Of
Costsstarting on page 1076). Total cost is the sum of the cost of cutting, tool changing, an
tooling:

Cio= Hr % (Dist/Fg) x (1 +T,/T)/60
whereT,, =Tgp, + 60x Cc/Hg = equivalent tooling-cost time, minutes
TreL = replacement time for a set of edges or tool for regrinding
C¢ = cost per edge(s)
Hg = hourly rate, $



MACHINING ECONOMETRICS 1093

Fig. 27 compares total cosy, using the end milling cutters of the previous examples,

for full slot milling with high-speed milling ar/D =0.03, and versusCTatT =45 min-
utes.

1 T T
H-CURVE T minutes
4,6 teeth markes
!
L
K
sL4 D
SL6.
Y
HS2
@ ®
5 01
& L
R o
HS4
HeeS x T=452=4,SL ||
x T=45z=6,SL ||
4 T=452=2HS
o T=45z=4H ||
e T=452=6HS
0.01. T T T 11
0.01 0.1 1
ECT, mm

Fig. 27. Cost comparison of slot millingr(D = 1) and high-speed
milling at (ar/D = 0.03) for 2, 4, and 6 teethat 45 minutes

The feed/tooth for slot milling i, = 0.17 and for high-speed millingatD = 0.03 the
feed isf, = 3.69x f,, = 0.628 mm.

The calculations for total cost are done according to above formula using tooling cost
Ty =6, 10, and 14 minutes, for 2, 4, and 6 teeth respectively. The distance ddisis=
1000 mm. Full slot milling costs are,

at feed rat€z = 3230 anad=6

Ciot = 50 (1000/3230X (1 + 14/45)/60 = $0.338 per part
at feed ratéz=1480 and= 2

Ciot = 50x% (1000/1480k (1 + 6/45)/60 = $0.638 per part
High-speed milling costs,
atFr=18000z=6

Ciot = 50% (1000/18000% (1 + 14/45)/60 = $0.0606 per part
atFg= 52502=2
Cior = 50 (1000/5250) (1 + 6/45)/60 = $0.208.

The cost reduction using high-speed milling compared to slotting is enormous. For high
speed milling with 2 teeth, the cost for high-speed milling with 2 teeth is 61 percent
(0.208/0.338) of full slot milling with 6 teetla € 6). The cost for high-speed milling with
6 teeth is 19 percent (0.0638/0.338) of full slotAer6.

Aluminium end milling can be run at 3 to 6 times lower costs than when cutting steel.
Costs of idle (non-machining) and slack time (waste) are not considered in the exampl
These data hold for perfect milling conditions such as zero run-out and accurate sharpe
ing of all teeth and edges.
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SCREW MACHINE FEEDS AND SPEEDS

Feeds and Speeds for Automatic Screw Machine ToolsApproximate feeds and
speeds for standard screw machine tools are given in the accompanying table.

Knurling in Automatic Screw Machines.—When knurling is done from the cross slide,
itis good practice to feed the knurl gradually to the center of the work, starting to feed whel
the knurl touches the work and then passing off the center of the work with a quick rise o
the cam. The knurl should also dwell for a certain number of revolutions, depending on th
pitch of the knurl and the kind of material being knurled. See¥éRLS AND KNURL-

ING starting on page 1211.

When two knurls are employed for spiral and diamond knurling from the turret, the
knurls can be operated at a higher rate of feed for producing a spiral than they can for pr
ducing a diamond pattern. The reason for this is that in the first case the knurls work in th
same groove, whereas in the latter case they work independently of each other.

Revolutions Required for Top Knurling.—The depth of the teeth and the feed per revo-
lution govern the number of revolutions required for top knurling from the cross sile. If
is the radius of the stocit|is the depth of the teethis the distance the knurl travels from
the point of contact to the center of the work at the feed required for knurlingisating

radius of the knurl; then
¢ = J(R+ n?—(R+r—d)°

For example, if the stock radiBss %,inch, depth of teettiis 0.0156 inch, and radius of
knurlr is 0.3125 inch, then

J(0.1562+ 0.312% —(0.1562+ 0.3125 0.0158
0.120 inch= cam rise required

o
1

Assume that it is required to find the number of revolutions to knurl a piece ofgrass
inch in diameter using a 32 pitch knurl. The included angle of the teeth for brass is 9(
degrees, the circular pitch is 0.03125 inch, and the calculated tooth depth is 0.0156 inc
The distance (as determined in the previous example) is 0.120 inch. Referring to the
accompanying table of feeds and speeds, the feed for top knurling brass is 0.005 inch p
revolution. The number of revolutions required for knurling is, therefore, 6.02W05 =
24 revolutions. If conditions permit, the higher feed of 0.008 inch per revolution given in
the table may be used, and 15 revolutions are then required for knurling.

Cams for Threading.—The tableSpindle Revolutions and Cam Rise for Threading
pagel097gives the revolutions required for threading various lengths and pitches and the
corresponding rise for the cam lobe. To illustrate the use of this table, suppose a set of cau
is required for threading a screw to the lengtfgafich in a Brown & Sharpe machine.
Assume that the spindle speed is 2400 revolutions per minute; the number of revolutions
complete one piece, 400; time required to make one piece, 10 seconds; pitch of the three
¥, inch or 32 threads per inch. By referring to the table, under 32 threads per inch, an
oppositefinch (length of threaded part), the number of revolutions required is found to be
15 and the rise required for the cam, 0.413 inch.



Approximate Cutting Speeds and Feeds for Standard Automatic Screw Machine Tools—Brown and Sharpe

Cut

Material to be Machined

Bras$ Mild or Soft Steel Tool Steel, 0.80-1.00% C
Width Dia. Feed, Feed, Surface Speed, Feed, Surface Speed,
or of Inches Inches Feet per Min. Inches Feet per Min.
Depth, Hole, per per Carbon H.S.S. per Carbon H.S.S.
Tool Inches Inches Rev. Rev. Tools Tools Rev. Tools Tools
Boring tools 0.005 .. 0.008 50 110 0.004 30 60
T 0.012 0.010 70 150 0.005 40 75
Y 0.010 0.008 70 150 0.004 40 75
B°Sxi;‘;‘l’f*ck’|?;'2’ni’§ﬁi‘"g % 0.008 0.007 70 150 0.003 40 75
s 0.008 0.006 70 150 0.002 40 75
A 0.006 0.005 70 150 0.0015 40 75
Finishing 0.005 0.010 0.010 70 150 0.006 40 75
Center drills Under%; 0.003 0.0015 50 110 0.001 30 75
Over¥ 0.006 0.0035 50 110 0.002 30 75
Angular 0.0015 0.0006 80 150 0.0004 50 85
Cutoff tools { Circular For¥s 0.0035 0.0015 80 150 0.001 50 85
Straight Yis ¥ 0.0035 0.0015 80 150 0.001 50 85
Stock diameter unddfin. 0.002 0.0008 80 150 0.0005 50 85
Button 30 14
Dies { Chaser 30 40 16 20
0.02 0.0014 0.001 40 60 0.0006 30 45
0.04 0.002 0.0014 40 60 0.0008 30 45
Y6 0.004 0.002 40 60 0.0012 30 45
Yo 0.006 0.0025 40 60 0.0016 30 45
Drills, twist cut % 0.009 0.0035 40 75 0.002 30 60
e 0.012 0.004 40 75 0.003 30 60
% 0.014 0.005 40 75 0.003 30 60
%6 0.016 0.005 40 75 0.0035 30 60
% 0.016 0.006 40 85 0.004 30 60
% 0.002 0.0009 80 150 0.0006 50 85
% 0.002 0.0008 80 150 0.0005 50 85
% 0.0015 0.0007 80 150 0.0004 50 85
Form tools, circular % 0.0012 0.0006 80 150 0.0004 50 85
% 0.001 0.0005 80 150 0.0003 50 85
% 0.001 0.0005 80 150 0.0003 50 85
1 0.001 0.0004 80 150

SAd334 ANV SA33dS INIHOVIN M3HOS
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Approximate Cutting Speeds and Feeds for Standard Automatic Screw Machine Tools—Brown and Shar{f@ontinued)

Cut Material to be Machined
Bras$ Mild or Soft Steel Tool Steel, 0.80-1.00% C
Width Dia. Feed, Feed, Surface Speed, Feed, Surface Speed,
or of Inches Inches Feet per Min. Inches Feet per Min.
Depth, Hole, per per Carbon H.S.S. per Carbon H.S.S.
Tool Inches Inches Rev. Rev. Tools Tools Rev. Tools Tools
Turned diam. undé¥, T 0.012 0.010 70 150 0.008 40 85
in. Ve 0.010 0.009 70 150 0.006 40 85
Yo 0.017 0.014 70 150 0.010 40 85
m’:&"g f;‘f')'fs?”d balance Yo 0.015 0012 70 150 0.008 40 85
Turned diam. ovely,in. % 0.012 0.010 70 150 0.008 40 85
A 0.010 0.008 70 150 0.006 40 85
A 0.009 0.007 70 150 0.0045 40 85
Knee tools Y 0.010 70 150 0.008 40 85
Turret On 0.020 0.0I5 150 0.010 105
Off 0.040 0.030 150 0.025 105
uniogoon( seeorsung soor | oo | om0 || o |
Top 0.005 0.003 150 0.002 105
0.008 0.006 150 0.004 105 .
Pointing and facing tools 0.001 0.0008 70 150 0.0005 40 80
0.0025 0.002 70 150 0.0008 40 80
Reamers and bits 0.003 - 0.004 % orless 0.010 - 0.00{ 0.008 — 0.046 70 105 0.006 — 0J004 40 60
0.004 - 0.008 ¥ or over 0.010 0.010 70 105 0.006 - 0.0p8 40 60
End cut 0.001 0.0006 70 150 0.0004 40 75
Recessing tools { 0.005 0.003 70 150 0.002 40 75
Inside cut Yo 0.0025 0.002 70 105 0.0015 40 60
0.0008 0.0006 70 105 0.0004 40 60
% 0.002 0.0007 70 150 0.0005 40 85
Swi IS, f " % 0.0012 0.0005 70 150 0.0003 40 85
wing tools, forming % 0.001 0.0004 70 150 0.0002 40 85
% 0.0008 0.0003 70 150 0.0002 40 85
T 0.008 0.006 70 150 0.0035 40 85
Turning, straight s 0.006 0.004 70 150 0.003 40 85
and taper % 0.005 0.003 70 150 0.002 40 85
Hs 0.004 0.0025 70 150 0.0015 40 85
Taps 25 30 17 15

aUse maximum spindle speed on machine.
bFor taper turning use feed slow enough for greatest depth depth of cut.

960T
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Spindle Revolutions and Cam Rise for Threading

Number of Threads per Inch

Length of 80 72 64 | 56 | 48 | 20 | 36 | 32 | 30 | 28 | 24 | 20 | 18 | 1e| 14
Threaded
Pﬁ:gﬁn' First Line: Revolutions of Spindle for Threading. Second Line: Rise on Cam for Threading, Inch
9.50 9.00 8.50 8.00 6.00 5.50 5.50 5.00 5.00 5.0 3.0f
% 0.107 0.113 0.120 0.129 0.119 0.12 0.134 0.138 0.147 0.157 0.floe
% 14.50 13.50 12.50 11.50 9.00 8.00 7.00 7.00 7.0 6.5f 4.90 4.00 .p0 3J50
0.163 0.169 0.176 0.185 0.164 0.171 0.17L 0.193 0.2p5 0.3204 0.f159 oj170 .165 .186 ...
e 19.50 18.00 16.50 15.00 12.00 10.50] 10.0¢ 9.0( 8.5 8.90 6.90 5.0 0o 450
0.219 0.225 0.232 0.241 0.22¢ 0.23 0.244 0.248 0.2p9 0.267 0.p13 0]234 .236 .239
24.50 23.508 20.50 18.50 15.00 13.00] 12.0 11.0p 10.90 10.po0 7.p0 6§50 00 .50
% 0.276 0.294 0.288 0.297 0.274 0.28f 0.293 0.3¢3 0.3p8 0.314 0.p66 0f276 .283 .292
% 29.50 27.00 24.50 22.00 18.00 15.50] 14.5 13.0 12.p0 9.0 80 00 4.50
0.332 0.338 0.345 0.354 0.344 0.34. 0.354 0.3%8 0.377 0p19 0[340 .330 .345
% 34.50 3150 28.50 25.50 21.00 18.00] 16.5( 15.0 13.50 10{50 9100 50 .50
0.388 0.394 0.401 0.410 0.384 0.39 0.4 0.413 0.424 0.p72 0]383 1401 .398
T 39.50 36.00 32.50 29.00 24.00 20.50 19.0 17.0 15.50 12joo 19450 .50 .50
0.444 0.450 0.457 0.466 0.444 0.45 0.464 0.448 0.487 025 0f446 .448 1451
% 44.50 40.50 36.50 32.50 27.00 23.00] 21.0¢ 19.0 17.90 13J50 11150 .50 .50
0.501 0.506 0.513 0.522 0.49§ 0.501 0.518 0.523 0.434 op78 0[489 .496 .504
% 49.50 45.00 40.50 36.00 30.00 25.50] 23.5( 21.0] 19.90 15{00 1300 .50 10p.50
0.559 0.563 0.570 0.579 0.55(¢ 0.56! 0.574 0.518 0.497 0.p31 0]553 .543 .558
54.50 49.50 44.50 39.50 33.00 28.00 25.5( 23.0] 20.50 16}50 1400 .00 11.50
% 0.613 0.619 0.626 0.635 0.604 0.611 0.623 0.633 0.44 0.p84 0[595 .614 .611
1, 59.50 54.00 48.50 43.00 36.00 30.50] 28.0¢ 25.0 22.50 18j00 1450 .00 1p.50
0.679 0.675 0.682 0.691 0.664 0.67 0.684 0.6$8 0.j07 038 0[659 .661 .664
% 64.50 58.50 52.50 46.50 39.00 33.00 30.0¢ 27.0] 24.90 19J50 1450 .00 18.50
0.726 0.731 0.738 0.747 0.714 0.721 0.733 0.743 0.154 0.p91 0j7o1 .708 717

k8
avadHL SWYD




1098 SCREW MACHINE CAM AND TOOL DESIGN

Threading cams are often cut on a circular milling attachment. When this method i
employed, the number of minutes the attachment should be revolved for each 0.001 inc
rise, is first determined. As 15 spindle revolutions are required for threading and 400 fo
completing one piece, that part of the cam surface required for the actual threading oper
tion equals 15 400 = 0.0375, which is equivalent to 810 minutes of the circumference.
The total rise, through an arc of 810 minutes is 0.413 inch, so the number of minutes fc
each 0.001 inch rise equals 81813 = 1.96 or, approximately, two minutes. If the attach-
ment is graduated to read to five minutes, the cam will be fed laterally 0.0025 inch eac
time it is turned through five minutes of arc.

Practical Points on Cam and Tool Design.—Fhe following general rules are given to
aid in designing cams and special tools for automatic screw machines, and apply partici
larly to Brown and Sharpe machines:

1) Use the highest speeds recommended for the material used that the various tools w
stand.

2) Use the arrangement of circular tools best suited for the class of work.

3) Decide on the quickest and best method of arranging the operations before designi
the cams.

4) Do not use turret tools for forming when the cross-slide tools can be used to bette
advantage.

5) Make the shoulder on the circular cutoff tool large enough so that the clamping screy
will grip firmly.

6) Do not use too narrow a cutoff blade.

7) Allow 0.005 to 0.010 inch for the circular tools to approach the work and 0.003 to
0.005 inch for the cutoff tool to pass the center.

8) When cutting off work, the feed of the cutoff tool should be decreased near the end c
the cut where the piece breaks off.

9) When a thread is cut up to a shoulder, the piece should be grooved or necked to ma
allowance for the lead on the die. An extra projection on the forming tool and an extre
amount of rise on the cam will be needed.

10) Allow sufficient clearance for tools to pass one another.

11) Always make a diagram of the cross-slide tools in position on the work when difficult
operations are to be performed; do the same for the tools held in the turret.

12) Do not drill a hole the depth of which is more than 3 times the diameter of the drill, but
rather use two or more drills as required. If there are not enough turret positions for th
extra drills needed, make provision for withdrawing the drill clear of the hole and then
advancing it into the hole again.

13) Do not run drills at low speeds. Feeds and speeds recommended in the table starti
on pagel095should be followed as far as is practicable.

14) When the turret tools operate farther in than the face of the chuck, see that they wi
clear the chuck when the turret is revolved.

15) See that the bodies of all turret tools will clear the side of the chute when the turret i
revolved.

16) Use a balance turning tool or a hollow mill for roughing cuts.

17) Therise on the thread lobe should be reduced so that the spindle will reverse when' t
tap or die holder is drawn out.

18) When bringing another tool into position after a threading operation, allow clearance
before revolving the turret.

19) Make provision to revolve the turret rapidly, especially when pieces are being madk
in from three to five seconds and when only a few tools are used in the turret. It is some
times desirable to use two sets of tools.

20) When using a belt-shifting attachment for threading, clearance should be allowed, ¢
it requires extra time to shift the belt.
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21) When laying out a set of cams for operating on a piece that requires to be slotte
cross-drilled or burred, allowance should be made on the lead cam so that the transferril
arm can descend and ascend to and from the work without coming in contact with any ¢
the turret tools.

22) Always provide a vacant hole in the turret when it is necessary to use the transferrin
arm.

23) When designing special tools allow as much clearance as possible. Do not make the
so that they will just clear each other, as a slight inaccuracy in the dimensions will ofter
cause trouble.

24) When designing special tools having intricate movements, avoid springs as much ¢
possible, and use positive actions.

Stock for Screw Machine Products.—The amount of stock required for the production

of 1000 pieces on the automatic screw machine can be obtained directly from the tab
Stock Required for Screw Machine Product® use this table, add to the length of the
work the width of the cut-off tool blade; then the number of feet of material required for
1000 pieces can be found opposite the figure thus obtained, in the column headed “Feet |
1000 Parts.” Screw machine stock usually comes in bars 10 feet long, and in compiling th
table an allowance was made for chucking on each bar.

The table can be extended by using the following formula, in which
F =number of feet required for 1000 pieces
L =length of piece ininches

W =width of cut-off tool blade in inches
F=(L+W)x8

The amount to add to the length of the work, or the width of the cut-off tool, is given in the
following, which is standard in a number of machine shops:

Diameter of Stock, Inchgs Width of Cut-off Tool Blade, Inches
0.000-0.250 0.045
0.251-0.375 0.062
0.376-0.625 0.093
0.626-1.000 0.125
1.001-1.500 0.156

It is sometimes convenient to know the weight of a certain number of pieces, when est
mating the price. The weight of round bar stock can be found by means of the followinc
formulas, in which

W =weight in pounds
D =diameter of stock in inches
F =length in feet
For brass stock/=D2x 2.86x F
For steel stockiV=D?x 2.675x F
Foriron stockW=D2x 2.65x F
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STOCK FOR SCREW MACHINES

Stock Required for Screw Machine Products

The table gives the amount of stock, in feet, required for 1000 pieces, when the length of
ished part plus the thickness of the cut-off tool blade is known. Allowance has been made
chucking. To illustrate, if length of cut-off tool and work equals 0.140 inch, 11.8 feet of sto

required for the production of 1000 parts.

Length of Feet Length of Feet Length of Feet Length of Feet

Piece and| per Piece and| per Piece and| per Piece and| per

Cut-Off 1000 Cut-Off 1000 Cut-Off 1000 Cut-Off 1000
Tool Parts Tool Parts Tool Parts Tool Parts
0.050 4.2 0.430 36.1 0.810 68.1 1.380 116
0.060 5.0 0.440 37.0 0.820 68.9 1.400 117
0.070 5.9 0.450 37.8 0.830 69.7] 1.420 119
0.080 6.7 0.460 38.7 0.840 70.6 1.440 121
0.090 7.6 0.470 39.5 0.850 71.4 1.460 122
0.100 8.4 0.480 40.3 0.860 72.3 1.480 124
0.110 9.2 0.490 41.2 0.870 73.1 1.500 126
0.120 10.1 0.500 42.0 0.880 73.9 1.520 127
0.130 10.9 0.510 429 0.890 74.9 1.540 129
0.140 11.8 0.520 43.7 0.900 75.9 1.560 131
0.150 12.6 0.530 445 0.910 76.5 1.580 132
0.160 13.4 0.540 454 0.920 77.3 1.600 134
0.170 14.3 0.550 46.2 0.930 78.2 1.620 136
0.180 15.1 0.560 47.1 0.940 79.9 1.640 137
0.190 16.0 0.570 47.9 0.950 79.9 1.660 139
0.200 16.8 0.580 48.7 0.960 80.7 1.680 141
0.210 17.6 0.590 49.6 0.970 81.5 1.700 142
0.220 18.5 0.600 50.4 0.980 82.4 1.720 144
0.230 19.3 0.610 51.3 0.990 83.2 1.740 146
0.240 20.2 0.620 52.1 1.000 84.4 1.760 147
0.250 21.0 0.630 52.9 1.020 85.7 1.780 149
0.260 21.8 0.640 53.8 1.040 87.4 1.800 151
0.270 22.7 0.650 54.6 1.060 89.1 1.820 152
0.280 235 0.660 55.5 1.080 90.9 1.840 154
0.290 24.4 0.670 56.3 1.100 92.4 1.860 156
0.300 25.2 0.680 57.1 1.120 94.1 1.880 158
0.310 26.1 0.690 58.0 1.140 95.9 1.900 159
0.320 26.9 0.700 58.8 1.160 97.5 1.920 161
0.330 27.7 0.710 59.7 1.180 99.2 1.940 163
0.340 28.6 0.720 60.5 1.200 100.4 1.960] 164
0.350 29.4 0.730 61.3 1.220 102.5 1.980] 166|.
0.360 30.3 0.740 62.2 1.240 104.2 2.000 168
0.370 31.1 0.750 63.0 1.260 105.9 2.100 176
0.380 31.9 0.760 63.9 1.280 107.6 2.200 184
0.390 32.8 0.770 64.7 1.300 109.2 2.300 193
0.400 33.6 0.780 65.5 1.320 110.9 2.400 201
0.410 345 0.790 66.4 1.340 112.6 2.500 210,
0.420 35.3 0.800 67.2 1.360 114.3 2.600 218|
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BAND SAW BLADES 1101

Band Saw Blade Selection.—Fhe primary factors to consider in choosing a saw blade
are: the pitch, or the number of teeth per inch of blade; the tooth form; and the blade typ
(material and construction). Tooth pitch selection depends on the size and shape of tl
work, whereas tooth form and blade type depend on material properties of the workpiec
and on economic considerations of the job.

2827 2825 2423 5,

500700600 o/
0 4

Courtesy of American Saw and Manufacturing Company

The tooth selection chart above is a guide to help determine the best blade pitch for a p
ticular job. The tooth specifications in the chart are standard variable-pitch blade sizes ¢
specified by the Hack and Band Saw Association. The variable-pitch blades listed are de
ignated by two numbers that refer to the approximate maximum and minimum tooth pitch
A 4/6 blade, for example, has a maximum tooth spacing of approxiniateth and a
minimum tooth spacing of abo}tinch. Blades are available, from most manufacturers, in
sizes within about10 per cent of the sizes listed.

To use the chart, locate the length of cut in inches on the outside circle of the table (fc
millimeters use the inside circle) and then find the tooth specification that aligns with the
length, on the ring corresponding to the material shape. The length of cut is the distan
that any tooth of the blade is in contact with the work as it passes once through the cut. F
cutting solid round stock, use the diameter as the length of cut and select a blade from ti
ring with the solid circle. When cutting angles, channels, I-beams, tubular pieces, pipe, an
hollow or irregular shapes, the length of cut is found by dividing the cross-sectional area c
the cut by the distance the blade needs to travel to finish the cut. Locate the length of cut
the outer ring (inner ring for mm) and select a blade from the ring marked with the angle, |
beam, and pipe sections.

ExampleA 4-inch pipe with a 3-inch inside diameter is to be cut. Select a variable pitch
blade for cutting this material.
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The area of the pipe 194 x (42 — 3%) = 5.5 in2 The blade has to travel 4 inches to cut
through the pipe, so the average length of cut i&5:8..4 inches. On the tooth selection
wheel, estimate the location of 1.4 inches on the outer ring, and read the tooth specificatic
from the ring marked with the pipe, angle, and I-beam symbols. The chart indicates that
4/6 variable-pitch blade is the preferred blade for this cut.

Tooth Forms.—Band saw teeth are characterized by a tooth form that includes the shape
spacing (pitch), rake angle, and gullet capacity of the tooth. Tooth form affects the cutting
efficiency, noise level, blade life, chip-carrying capacity, and the surface finish quality of
the cut. The rake angle, which is the angle between the face of the tooth and a line perpe
dicular to the direction of blade travel, influences the cutting speed. In general, positive
rake angles cut faster. Teeandard toottform has conventional shape teeth, evenly
spaced with deep gullets and‘ar@ke angle. Standard tooth blades are used for general-
purpose cutting on a wide variety of materials. $kip toothform has shallow, widely
spaced teeth arranged in narrow bands aridake angle. Skip tooth blades are used for
cutting soft metals, wood, plastics, and composite materialhiddietoottform is similar

to the skip tooth, but has a positive rake angle and is used for faster cutting of large sectio
of soft metal, wood, and plastics, as well as for cutting some metals, such as cast iron, th
form a discontinuous chip. Theriable-tooth(variable-pitch) form has a conventional
tooth shape, but the tips of the teeth are spaced a variable distance (pitch) apart. The ve
able pitch reduces vibration of the blade and gives smoother cutting, better surface finisl
and longer blade life. Theariable positive tootfiorm is a variable-pitch tooth with a pos-
itive rake angle that causes the blade to penetrate the work faster. The variable positi
tooth blade increases production and gives the longest blade life.

Setis the angle that the teeth are offset from the straight line of a blade. The set affects tt
blade efficiency (i.e., cutting rate), chip-carrying ability, and quality of the surface finish.
Alternate seblades have adjacent teeth set alternately one to each side. Alternate s
blades, which cut faster but with a poorer finish than other blades, are especially useful fc
rapid rough cutting. Aaker set isimilar to the alternate set, but every few teeth, one of the
teeth is set to the center, not to the side (typically every third tooth, but sometimes ever
fifth or seventh tooth). The raker set pattern cuts rapidly and produces a good surface fil
ish. Thevari-raker setpr variable raker, is a variable-tooth blade with a raker set. The vari-
raker is quieter and produces a better surface finish than a raker set standard tooth bla
Wavy seteeth are setin groups, alternately to one side, then to the other. Both wavy set ar
vari-raker set blades are used for cutting tubing and other interrupted cuts, but the blac
efficiency and surface finish produced are better with a vari-raker set blade.

Types of Blades.—FThe most important band saw blade types are carbon steel, bimetal,
carbide tooth, and grit blades made with embedded carbide or dia@anxbn steel
bladeshave the lowest initial cost, but they may wear out faster. Carbon steel blades ar
used for cutting a wide variety of materials, including mild steels, aluminum, brass,
bronze, cast iron, copper, lead, and zinc, as well as some abrasive materials such as cc
fiberglass, graphite, and plastiBsmetal bladesire made with a high-speed steel cutting
edge that is welded to a spring steel blade back. Bimetal blades are stronger and last long
and they tend to produce straighter cuts because the blade can be tensioned higher than
bon steel blades. Because bimetal blades last longer, the cost per cut is frequently low
than when using carbon steel blades. Bimetal blades are used for cutting all ferrous ai
nonferrous metals, a wide range of shapes of easy to moderately machinable material, a
solids and heavy wall tubing with moderate to difficult machinabilityngsten carbide
bladesare similar to bimetal blades but have tungsten carbide teeth welded to the blad
back. The welded teeth of carbide blades have greater wear and high-temperature res
tance than either carbon steel or bimetal blades and produce less tooth vibration, while gi
ing smoother, straighter, faster, and quieter cuts requiring less feed force. Carbide blad
are used on tough alloys such as cobalt, nickel- and titanium-based alloys, and for nonfe
rous materials such as aluminum castings, fiberglass, and graphitarbiue grit blade
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has tungsten carbide grit metallurgically bonded to either a gulleted (serrated) or toothles
steel band. The blades are made in several styles and grit sizes. Both carbide grit and d
mond grit blades are used to cut materials that conventional (carbon and bimetal) blad
are unable to cut such as: fiberglass, reinforced plastics, composite materials, carbon a
graphite, aramid fibers, plastics, cast iron, stellites, high-hardness tool steels, and super
loys.

Band Saw Speed and Feed Rate.Fhe band speed necessary to cut a particular material
is measured in feet per minute (fpm) or in meters per minute (m/min), and depends o
material characteristics and size of the workpiece. Typical speeds for a bimetal blade cu
ting 4-inch material with coolant are given in the speed selection table that follows. Fol
other size materials or when cutting without coolant, adjust speeds according to th
instructions at the bottom of the table.
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Cutting Rates for Band Saws

The feed or cutting rate, usually measured in square inches or square meters per minu
indicates how fast material is being removed and depends on the speed and pitch of t
blade, not on the workpiece material. The graph above, based on material provided k
American Saw and Mfg., gives approximate cutting rate3ifim) for various variable-
pitch blades and cutting speeds. Use the value from the graph as an initial starting value a
then adjust the feed based on the performance of the saw. The size and character of
chips being produced are the best indicators of the correct feed force. Chips that are cur
silvery, and warm indicate the best feed rate and band speed. If the chips appear burned ¢
heavy, the feed is too great, so reduce the feed rate, the band speed, or both. If the chips
thin or powdery, the feed rate is too low, so increase the feed rate or reduce the band spe
The actual cutting rate achieved during a cut is equal to the area of the cut divided by tf
time required to finish the cut. The time required to make a cut is equal to the area of the ¢
divided by the cutting rate in square inches per minute.
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Bimetal Band Saw Speeds for Cutting 4-Inch Material with Coolant
Speed Speed
Material Category (AISI/SAE) (fpm) (m/min)
Aluminum 1100, 2011, 2017, 2024, 3003, 5052, 5086, 6061, 6063, 6101, 500 52
Alloys 6262, 7075
Cast Iron A536 (60-40-18) 360 110
A47 300 91
A220 (50005), A536 (80-55-06) 249 73
A48 (20 ksi) 230 70
A536 (100-70-03) 185 56
A48 (40 ksi) 180 55
A220 (60004) 170 52
A436 (1B) 150 46
A220 (70003) 145 44
A436 (2) 140 43
A220 (80002), A436 (2B) 125 38
A536 (120-90-02) 120 37
A220 (90001), A48 (60 ksi) 100 30
A439 (D-2) 80 24
A439 (D-2B) 60 18
Cobalt WF-1T 65 20
Astroloy M 60 18
Copper 356, 360 450 137
353 400 122
187, 1452 375 114
380, 544 350 107
173,932,934 315 96
330, 365 285 87
623, 624 265 81
230, 260, 272, 280, 464, 632, 655 245 79
101, 102, 110, 122, 172, 17510, 182, 220, 510, 625, 706, 715 235 72
630 230 70
811 215 66
Iron Base Pyromet X-15 120 37
Super Alloy A286, Incoloy 800 and 801 9 27
Magnesium AZ31B 900 274
Nickel Nickel 200, 201, 205 85 26
NickeTl Alloy Inconel 625 100 30
Incoloy 802, 804 90 27
Monel R405 85 26
20CB3 80 24
Monel 400, 401 75 23
Hastelloy B, B2, C, C4, C22, C276, F, G, G2, G3, G30, N, 70 21
S, W, X, Incoloy 825, 926, Inconel 751, X750, Waspaloy
Monel K500 65 20
Incoloy 901, 903, Inconel 600, 718, Ni-Span-C902, Nimonic 60 18
263, Rene 41, Udimet 500
Nimonic 75 50 15
[ Stainless Steel 416, 420 190 58
203EZ, 430, 430F, 4302 15Q 46
303, 303PB, 303SE, 410, 440F, 30323 140 4
304 120 37
414, 30403 115 35
347 110 34
316, 31603 100 30
Greek Ascoloy 95 29
18-18-2, 309, Ferralium 90 27
15-5PH, 17-4PH, 17-7PH, 2205, 310, AM350, AM355, 80 24
Custom 450, Custom 455, PH13-8Mo, PH14-8Mo, PH15-7Mo
22-13-5, Nitronic 50, 60 60 18
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Bimetal Band Saw Speeds for Cutting 4-Inch Material with Coolan{Continued)

Speed | Speed
Material Category (AISI/SAE) (fpm) (m/min)
[ Steel 12114 425 130
1213, 1215 400 122
1117 340 104
1030 330 101
1008, 1015, 1020, 1025 32(q 98
1035 310 94
1018, 1021, 1022, 1026, 1513, A242 Cor-Ten A 300 oI
1137 290 88
1141, 1144, 1144 Hi Stress 28 85
41L40 275 84
1040, 4130, A242 Cor-Ten B, (A36 Shapes) 270 82
1042, 1541, 4140, 4142 25(Q 76
8615, 8620, 8622 240 73
W-1 225 69
1044, 1045, 1330, 4340, E4340, 5160, 8630 2p0 q7
1345, 4145, 6150 210 64
1060, 4150, 8640, A-6, O-1, S-1 20 61
H-11, H-12, H-13, L-6, O-6 190 58
1095 185 56
A-2 180 55
E9310 175 53
300M, A-10, E52100, HY-80, HY-100 160] 49
S-5 140 43
S-7 125 38
M-1 110 34
HP 9-4-20, HP 9-4-25 105 32
M-2, M-42, T1 100 30
D-2 90 27
T-15 70 21
Titanium Pure, Ti-3AI-8V-6Cr-4Mo-4Z, Ti-8Mo-8V-2Fe-3Al 80 24
Ti-2Al-11Sn-5Zr-1Mo, Ti-5AI-2.5Sn, Ti-6Al-2Sn-4Zr-2Mo 75 23
Ti-6Al-4V 70 21
Ti-7Al-4Mo, Ti-8Al-1Mo-1V 65 20

The speed figures given are for 4-in. material (length of cut) usirg eaBiable-tooth bimetal
blade and cutting fluid. For cutting dry, reduce speed 30-50%; for carbon steel band saw blades,
reduce speed 50%. For other cutting lengths: increase speed 1%%b fonaterial (1014 blade);
increase speed 12% féfin. material (810 blade); increase speed 10% férih. material (46
blade); decrease speed 12% for 8-in. materiali§iade).

Table data are based on material provided by LENOX Blades, American Saw & Manufacturing
Co.

ExampleFind the band speed, the cutting rate, and the cutting time if the 4-inch pipe of
the previous example is made of 304 stainless steel.

The preceding blade speed table gives the band speed for 4-inch 304 stainless steel as
fpm (feet per minute). The average length of cut for this pipe (see the previous example)
1.4 inches, so increase the band saw speed by about 10 per cent (see footnote on ) to
fpm to account for the size of the piece. On the cutting rate graph above, locate the point «
the 46 blade line that corresponds to the band speed of 130 fpm and then read the cuttil
rate from the left axis of the graph. The cutting rate for this example is approximately 4 in
2/min. The cutting time is equal to the area of the cut divided by the cutting rate, so cutting
time =5.34 = 1.375 minutes.

Band Saw Blade Break-In.—A new band saw blade must be broken in gradually before
it is allowed to operate at its full recommended feed rate. Break-in relieves the blade c
residual stresses caused by the manufacturing process so that the blade retains its cut
ability longer. Break-in requires starting the cut at the material cutting speed with a low
feed rate and then gradually increasing the feed rate over time until enough material h:
been cut. A blade should be broken in with the material to be cut.
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To break in a new blade, first set the band saw speed at the recommended cutting spe
for the material and start the first cut at the feed indicated on the starting feed rate gray
below. After the saw has penetrated the work to a distance equal to the width of the blad
increase the feed slowly. When the blade is about halfway through the cut, increase tt
feed again slightly and finish the cut without increasing the feed again. Start the next an
each successive cut with the same feed rate that ended the previous cut, and increase
feed rate slightly again before the blade reaches the center of the cut. Repeat this proced
until the area cut by the new blade is equal to the total area required as indicated on t
graph below. At the end of the break-in period, the blade should be cutting at the recon
mended feed rate, otherwise adjusted to that rate.

Starting Feed Rate

10 T —

% of Normal Feed
]

ft/min. 40 80 120 160 200 240 280 320 360
m/min. 12 24 37 49 61 73 85 98 110

Band Speed (Machinability)

in.2 Total Break-In Area Required em?2
100 645
80 2
©
£ B - 40
£ 50 — 320
~ 40 - 260
8 30 — 195
= 20 - 130
[oa) ]_8 L L~ 85

ft/min. 40 80 120 160 200 240 280 320 360
m/min. 12 24 37 49 61 73 85 98 110

Band Speed (Machinability)

Cutting Fluids for Machining

The goal in all conventional metal-removal operations is to raise productivity and reduce
costs by machining at the highest practical speed consistent with long tool life, fewes
rejects, and minimum downtime, and with the production of surfaces of satisfactory accu
racy and finish. Many machining operations can be performed “dry,” but the proper appli-
cation of a cutting fluid generally makes possible: higher cutting speeds, higher feed rate
greater depths of cut, lengthened tool life, decreased surface roughness, increased dim
sional accuracy, and reduced power consumption. Selecting the proper cutting fluid for
specific machining situation requires knowledge of fluid functions, properties, and limita-
tions. Cutting fluid selection deserves as much attention as the choice of machine too
tooling, speeds, and feeds.

To understand the action of a cutting fluid it is important to realize that almost all the
energy expended in cutting metal is transformed into heat, primarily by the deformation o
the metal into the chip and, to a lesser degree, by the friction of the chip sliding against th
tool face. With these factors in mind it becomes clear that the primary functions of any cut
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ting fluid are: cooling of the tool, workpiece, and chip; reducing friction at the sliding con-
tacts; and reducing or preventing welding or adhesion at the contact surfaces, which forn
the “built-up edge” on the tool. Two other functions of cutting fluids are flushing away
chips from the cutting zone and protecting the workpiece and tool from corrosion.

The relative importance of the functions is dependent on the material being machinec
the cutting tool and conditions, and the finish and accuracy required on the part. For exan
ple, cutting fluids with greater lubricity are generally used in low-speed machining and on
most difficult-to-cut materials. Cutting fluids with greater cooling ability are generally
used in high-speed machining on easier-to-cut materials.

Types of Cutting and Grinding Fluids.—In recent years a wide range of cutting fluids
has been developed to satisfy the requirements of new materials of construction and ne
tool materials and coatings.

There are four basic types of cutting fluids; each has distinctive features, as well a
advantages and limitations. Selection of the right fluid is made more complex because tf
dividing line between types is not always clear. Most machine shops try to use as few dif
ferent fluids as possible and prefer fluids that have long life, do not require constant chang
ing or modifying, have reasonably pleasant odors, do not smoke or fog in use, and, mo
important, are neither toxic nor cause irritation to the skin. Other issues in selection are tt
cost and ease of disposal.

The major divisions and subdivisions used in classifying cutting fluids are:

Cutting Oils,including straight and compounded mineral oils plus additives.

Water-Miscible Fluids including emulsifiable oils; chemical or synthetic fluids; and
semichemical fluids.

Gases.

Paste and Solid Lubricants.

Since the cutting oils and water-miscible types are the most commonly used cutting flu
ids in machine shops, discussion will be limited primarily to these types. It should be noted
however, that compressed air and inert gases, such as carbon dioxide, nitrogen, and Fre
are sometimes used in machining. Paste, waxes, soaps, graphite, and molybdenum dis
fide may also be used, either applied directly to the workpiece or as an impregnant in tt
tool, such as in a grinding wheel.

Cutting Oils.— Cutting oils are generally compounds of mineral oil with the addition of
animal, vegetable, or marine oils to improve the wetting and lubricating properties. Sulfur
chlorine, and phosphorous compounds, sometimes called extreme pressure (EP) additiv
provide for even greater lubricity. In general, these cutting oils do not cool as well as water
miscible fluids.

Water-Miscible Fluids.—Emulsions or soluble oilare a suspension of oil droplets in
water. These suspensions are made by blending the oil with emulsifying agents (soap a
soaplike materials) and other materials. These fluids combine the lubricating and rust-pre
vention properties of oil with water's excellent cooling properties. Their properties are
affected by the emulsion concentration, with “lean” concentrations providing better cool-
ing but poorer lubrication, and with “rich” concentrations having the opposite effect.
Additions of sulfur, chlorine, and phosphorus, as with cutting oils, yield “extreme pres-
sure” (EP) grades.

Chemical fluidsare true solutions composed of organic and inorganic materials dis-
solved in water. Inactive types are usually clear fluids combining high rustinhibition, high
cooling, and low lubricity characteristics with high surface tension. Surface-active types
include wetting agents and possess moderate rust inhibition, high cooling, and modera
lubricating properties with low surface tension. They may also contain chlorine and/or sul
fur compounds for extreme pressure properties.

Semichemical fluidare combinations of chemical fluids and emulsions. These fluids
have a lower oil content but a higher emulsifier and surface-active-agent content tha
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emulsions, producing oil droplets of much smaller diameter. They possess low surface tel
sion, moderate lubricity and cooling properties, and very good rust inhibition. Sulfur, chlo-
rine, and phosphorus also are sometimes added.

Selection of Cutting Fluids for Different Materials and Operations.—The choice of a
cutting fluid depends on many complex interactions including the machinability of the
metal; the severity of the operation; the cutting tool material; metallurgical, chemical, anc
human compeatibility; fluid properties, reliability, and stability; and finally cost. Other fac-
tors affect results. Some shops standardize on a few cutting fluids which have to serve
purposes. In other shops, one cutting fluid must be used for all the operations performed ¢
a machine. Sometimes, a very severe operating condition may be alleviated by applyin
the “right” cutting fluid manually while the machine supplies the cutting fluid for other
operations through its coolant system. Several voluminous textbooks are available wit
specific recommendations for the use of particular cutting fluids for almost every combi-
nation of machining operation and workpiece and tool material. In general, when experi
ence is lacking, it is wise to consult the material supplier and/or any of the many supplier
of different cutting fluids for advice and recommendations. Another excellent source is the
Machinability Data Center, one of the many information centers supported by the U.S
Department of Defense. While the following recommendations represent good practice
they are to serve as a guide only, and it is not intended to say that other cutting fluids wi
not, in certain specific cases, also be effective.

SteelsCaution should be used when using a cutting fluid on steel that is being turned at
high cutting speed with cemented carbide cutting toolsABpkcation of Cutting Fluids
to Carbidedater. Frequently this operation is performed dry. If a cutting fluid is used, it
should be a soluble oil mixed to a consistency of about 1 part oil to 20 to 30 parts water. ,
sulfurized mineral oil is recommended for reaming with carbide tipped reamers although
heavy-duty soluble oil has also been used successfully.

The cutting fluid recommended for machining steel with high speed cutting tools
depends largely on the severity of the operation. For ordinary turning, boring, drilling, anc
milling on medium and low strength steels, use a soluble oil having a consistency of 1 pa
oil to 10 to 20 parts water. For tool steels and tough alloy steels, a heavy-duty soluble o
having a consistency of 1 part oil to 10 parts water is recommended for turning and milling
For drilling and reaming these materials, a light sulfurized mineral-fatty oil is used. For
tough operations such as tapping, threading, and broaching, a sulfochlorinated minere
fatty oil is recommended for tool steels and high-strength steels, and a heavy sulfurize
mineral-fatty oil or a sulfochlorinated mineral oil can be used for medium- and low-
strength steels. Straight sulfurized mineral oils are often recommended for machining
tough, stringy low carbon steels to reduce tearing and produce smooth surface finishes.

Stainless SteeFor ordinary turning and milling a heavy-duty soluble oil mixed to a con-
sistency of 1 part oil to 5 parts water is recommended. Broaching, threading, drilling, anc
reaming produce best results using a sulfochlorinated mineral-fatty oil.

Copper AlloysMost brasses, bronzes, and copper are stained when exposed to cuttin
oils containing active sulfur and chlorine; thus, sulfurized and sulfochlorinated oils should
not be used. For most operations a straight soluble oil, mixed to 1 part oil and 20 to 25 par
water is satisfactory. For very severe operations and for automatic screw machine work
mineral-fatty oil is used. A typical mineral-fatty oil might contain 5 to 10 per cent lard oil
with the remainder mineral oil.

Monel Metal:When turning this material, an emulsion gives a slightly longer tool life
than a sulfurized mineral oil, but the latter aids in chip breakage, which is frequently desir
able.

Aluminum AlloysAluminum and aluminum alloys are frequently machined dry. When a
cutting fluid is used it should be selected for its ability to act as a coolant. Soluble oils
mixed to a consistency of 1 part oil to 20 to 30 parts water can be used. Mineral oil-bas
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cutting fluids, when used to machine aluminum alloys, are frequently cut back to increas
their viscosity so as to obtain good cooling characteristics and to make them flow easily t
cover the tool and the work. For example, a mineral-fatty oil or a mineral plus a sulfurizec
fatty oil can be cut back by the addition of as much as 50 per cent kerosene.

Cast Iron:Ordinarily, cast iron is machined dry. Some increase in tool life can be
obtained or a faster cutting speed can be used with a chemical cutting fluid or a soluble c
mixed to consistency of 1 part oil and 20 to 40 parts water. A soluble oil is sometimes use
to reduce the amount of dust around the machine.

MagnesiumMagnesium may be machined dry, or with an air blast for cooling. A light
mineral oil of low acid content may be used on difficult cuts. Coolants containing water
should not be used on magnesium because of the danger of releasing hydrogen causec
reaction of the chips with water. Proprietary water-soluble oil emulsions containing inhib-
itors that reduce the rate of hydrogen generation are available.

Grinding: Soluble oil emulsions or emulsions made from paste compounds are uset
extensively in precision grinding operations. For cylindrical grinding, 1 part oil to 40 to 50
parts water is used. Solution type fluids and translucent grinding emulsions are particularl
suited for many fine-finish grinding applications. Mineral oil-base grinding fluids are rec-
ommended for many applications where a fine surface finish is required on the ground su
face. Mineral oils are used with vitrified wheels but are not recommended for wheels witf
rubber or shellac bonds. Under certain conditions the oil vapor mist caused by the action ¢
the grinding wheel can be ignited by the grinding sparks and explode. To quench the grinc
ing spark a secondary coolant line to direct a flow of grinding oil below the grinding wheel
is recommended.

Broaching:For steel, a heavy mineral oil such as sulfurized oil of 300 to 500 Saybolt vis-
cosity at 100 degrees F can be used to provide both adequate lubricating effect and a dan
ening of the shock loads. Soluble oil emulsions may be used for the lighter broachin
operations.

Cutting Fluids for Turning, Milling, Drilling and Tapping.— The following table,
Cutting Fluids Recommended for Machining Operatignges specific cutting oil recom-
mendations for common machining operations.

Soluble OilsTypes of oils paste compounds that form emulsions when mixed with
water: Soluble oils are used extensively in machining both ferrous and non-ferrous meta
when the cooling quality is paramount and the chip-bearing pressure is not excessive. Cé
should be taken in selecting the proper soluble oil for precision grinding operations. Grind
ing coolants should be free from fatty materials that tend to load the wheel, thus affectin
the finish on the machined part. Soluble coolants should contain rust preventive constitt
ents to prevent corrosion.

Base OilsVarious types of highly sulfurized and chlorinated oils containing inorganic,
animal, or fatty materials. This “base stock” usually is “cut back” or blended with a lighter
oil, unless the chip-bearing pressures are high, as when cutting alloy steel. Base oils us
ally have a viscosity range of from 300 to 900 seconds at 100 degrees F.

Mineral Oils: This group includes all types of oils extracted from petroleum such as par-
affin oil, mineral seal oil, and kerosene. Mineral oils are often blended with base stocks
but they are generally used in the original form for light machining operations on both free:
machining steels and non-ferrous metals. The coolants in this class should be of a type tf
has a relatively high flash point. Care should be taken to see that they are nontoxic, so tt
they will not be injurious to the operator. The heavier mineral oils (paraffin oils) usually
have a viscosity of about 100 seconds at 100 degrees F. Mineral seal oil and kerosene h:
a viscosity of 35 to 60 seconds at 100 degrees F.
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Cutting Fluids Recommended for Machining Operations

Material to be Cut

Turning

Milling

Mineral Oil with 10 Per cent Fat

Soluble Oil (96 Per Cent Watdgr)

Aluminum? (or) Soluble Oil (or) Mineral Seal Oil
(or)  Mineral Oil
25 Per Cent Sulfur base ©with 10 Per Cent Lard Oil with 90 Pe
Alloy Steels 75 Per Cent Mineral Oil Cent Mineral Oil
Brass Mineral Oil with 10 Per Cent Fg Soluble Oil (96 Per Cent Watgr)
Tool Steels and Low-cal 25 Per Cent Lard Oil with 75 Pe| Soluble Oil
bon Steels Cent Mineral Oil
Copper Soluble Oil Soluble Oil
Monel Metal Soluble Oil Soluble Oil
Cast Irof Dry Dry
Malleable Iron Soluble Oil Soluble Oil
Bronze Soluble Oil Soluble Oil
. 10 Per Cent Lard Oil with 90 Pe . K
Magnesiurf Cent Mineral Oil Mineral Seal Oil
Material to be Cut Drilling Tapping
Soluble Qil (75 to 90 Per Cent Lard Oil
Water) (or)  Sperm Oil
Aluminun® o (or)  Wool Grease
(on) 10 Per Cent Lard Oil with 90 Pe| 25 Per Cent Sulfur-b oil
Cent Mineral Oil (or) >er Cent Sulfur-base Oil
Mixed with Mineral Oil
i 30 Per Cent Lard Oil with 70 Pe|
Alloy Steel$ Soluble Oil Cent Mineral Oil
Soluble Oil (75 to 90 Per Cent
Brass Water) 10 to 20 Per Cent Lard Oil with
(on 30 Per Cent Lard Oil with 70 Pe| Mineral Oil
Cent Mineral Oil
25 to 40 Per Cent Lard Oil with
Tool Steels and Low-ca ] Mineral Oil
Soluble Oil
bon Steels (o) 25 Per Cent Sulfur-base Biith
75 Per Cent Mineral Oil
Copper Soluble Oil Soluble Oil
25 to 40 Per Cent Lard Oil Mixed
. with Mineral Oil
Monel Metal Soluble Oil . . .
Sulfur-base OH Mixed with Min-
(or) "
eral Oil
Dry
Cast Iror Dry (on) 25 Per Cent Lard Oil with 75 Pe
Cent Mineral Oil
Malleable Iron Soluble Oil Soluble Oil
- 20 Per Cent Lard Oil with 80 Pe
Bronze Soluble Oil Cent Mineral Oil
Magnesiurf 60-second Mineral Oil 20 Per Cent Lard Oil with 80 Pe

Cent Mineral Oil

aln machining aluminum, several varieties of coolants may be used. For rough machining, where the
stock removal is sufficient to produce heat, water soluble mixtures can be used with good results tc
dissipate the heat. Other oils that may be recommended are straight mineral seal oil; a 50-50 mixtur
of mineral seal oil and kerosene; a mixture of 10 per cent lard oil with 90 per cent kerosene; and a 100

second mineral oil cut back with mineral seal oil or kerosene.
bThe sulfur-base oil referred to contaidgger cent sulfur compound. Base oils are usually dark in

color. As a rule, they contain sulfur compounds resulting from a thermal or catalytic refinery process.
When so processed, they are more suitable for industrial coolants than when they have had such cor
pounds as flowers of sulfur added by hand. The adding of sulfur compounds by hand to the coolan
reservoir is of temporary value only, and the non-uniformity of the solution may affect the machining

operation.

A soluble oil or low-viscosity mineral oil may be used in machining cast iron to prevent excessive

metal dust.
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dWhen a cutting fluid is needed for machining magnesium, low or nonacid mineral seal or lard oils
are recommended. Coolants containing water should not be used because of the fire danger when me
nesium chips react with water, forming hydrogen gas.
eSulfurized oils ordinarily are not recommended for tapping aluminum; however, for some tapping

operations they have proved very satisfactory, although the work should be rinsed in a solvent righ

after machining to prevent discoloration.
Application of Cutting Fluids to Carbides.—Turning, boring, and similar operations
on lathes using carbides are performed dry or with the help of soluble oil or chemical cut
ting fluids. The effectiveness of cutting fluids in improving tool life or by permitting higher
cutting speeds to be used, is less with carbides than with high-speed steel tools. Furthe
more, the effectiveness of the cutting fluid is reduced as the cutting speed is increase
Cemented carbides are very sensitive to sudden changes in temperature and to tempera
gradients within the carbide. Thermal shocks to the carbide will cause thermal cracks t
form near the cutting edge, which are a prelude to tool failure. An unsteady or interrupte
flow of the coolant reaching the cutting edge will generally cause these thermal cracks. Th
flow of the chip over the face of the tool can cause an interruption to the flow of the coolan
reaching the cutting edge even though a steady stream of coolant is directed at the to
When a cutting fluid is used and frequent tool breakage is encountered, it is often bestto c
dry. When a cutting fluid must be used to keep the workpiece cool for size control or tc
allow it to be handled by the operator, special precautions must be used. Sometimes app
ing the coolant from the front and the side of the tool simultaneously is helpful. On lathe:
equipped with overhead shields, itis very effective to apply the coolant from below the too
into the space between the shoulder of the work and the tool flank, in addition to applyin
the coolant from the top. Another method is not to direct the coolant stream at the cuttin
tool at all but to direct it at the workpiece above or behind the cutting tool.

The danger of thermal cracking is great when milling with carbide cutters. The nature o
the milling operation itself tends to promote thermal cracking because the cutting edge |
constantly heated to a high temperature and rapidly cooled as it enters and leaves the wo
piece. For this reason, carbide milling operations should be performed dry.

Lower cutting-edge temperatures diminish the danger of thermal cracking. The cutting
edge temperatures usually encountered when reaming with solid carbide or carbide-tippe
reamers are generally such that thermal cracking is not apt to occur except when reami
certain difficult-to-machine metals. Therefore, cutting fluids are very effective when used
on carbide reamers. Practically every kind of cutting fluid has been used, depending on tt
job material encountered. For difficult surface-finish problems in holes, heavy duty solu-
ble oils, sulfurized mineral-fatty oils, and sulfochlorinated mineral-fatty oils have been
used successfully. On some work, the grade and the hardness of the carbide also have
effect on the surface finish of the hole.

Cutting fluids should be applied where the cutting action is taking place and at the highe:
possible velocity without causing splashing. As a general rule, it is preferable to supply
from 3 to 5 gallons per minute for each single-point tool on a machine such as a turret latt
or automatic. The temperature of the cutting fluid should be kept below 110 degrees F. |
the volume of fluid used is not sufficient to maintain the proper temperature, means o
cooling the fluid should be provided.

Cutting Fluids for Machining Magnesium.—In machining magnesium, itis the general
but not invariable practice in the United States to use a cutting fluid. In other places, mac
nesium usually is machined dry except where heat generated by high cutting speeds wol
not be dissipated rapidly enough without a cutting fluid. This condition may exist when,
for example, small tools without much heat-conducting capacity are employed on auto
matics.

The cutting fluid for magnesium should be an anhydrous oil having, at most, a very low
acid content. Various mineral-oil cutting fluids are used for magnesium.
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Occupational Exposure To Metalworking Fluids

The termmetalworking fluid¢MWFs) describes coolants and lubricants used during the
fabrication of products from metals and metal substitutes. These fluids are used to prolor
the life of machine tools, carry away debris, and protect or treat the surfaces of the materi
being processed. MWFs reduce friction between the cutting tool and work surfaces, redu
wear and galling, protect surface characteristics, reduce surface adhesion or welding, cal
away generated heat, and flush away swarf, chips, fines, and re3idblesldescribes
the four different classes of metal working fluids:

Table 1. Classes of Metalworking fluids (MWFs)

MWF Description Dilution factor
Highly refined petroleum oils (lubricant-base oils) or other
Straight oil animal, marine, vegetable, or synthetic oils used singly ¢r in
(neat oil or combination with or without additives. These are lubricaptgne
cutting oil) or function to improve the finish on the metal cut, and pre-

vent corrosion.

Combinations of 30% to 85% highly refined, high-visc
Soluble oil ity lubricant-base oils and emulsifiers that may include o
(emulsifiable oil)| performance additives. Soluble oils are diluted with watg
before use at ratios of parts water.

Contain smaller amounts of severely refined lubricant-
oil (5 to 30% in the concentrate), a higher proportion of
emulsifiers that may include other performance additive
and 30 to 50% water.

Contain no petroleum oils and may be water soluble o|
water dispersible. The simplest synthetics are made Wit[%

Eé?art concentrate

5 to 40 parts watq

=

isﬁ"art concentrate
to 10 to 40 parts
water

Semisynthetic

organic and inorganic salts dissolved in water. Offer goo pﬁ)ﬁtgol?(;:er;trligt 1
rust protection and heat removal but usually have poor | -'ter p
cating ability. May be formulated with other performance

additives. Stable, can be made bioresistant.

Synthetic®

aQver the last several decades major changes in the U.S. machine tool industry have increased t
consumption of MWFs. Specifically, the use of synthetic MWFs increased as tool and cutting speed:s
increased.

Occupational Exposures to Metal Working Fluids (MWFs).—Workers can be
exposed to MWFs by inhalation of aerosols (mists) or by skin contact resulting in an
increased risk of respiratory (lung) and skin disease. Health effects vary based on the ty}
of MWF, route of exposure, concentration, and length of exposure.

Skin contact usually occurs when the worker dips his/her hands into the fluid, floods the
machine tool, or handling parts, tools, equipment or workpieces coated with the fluid.
without the use of personal protective equipment such as gloves and apron. Skin conte
can also result from fluid splashing onto worker from the machine if guarding is absent o
inadequate.

Inhalation exposures result from breathing MWF mist or aerosol. The amount of mis
generated (and the severity of the exposure) depends on a variety of factors: the type
MWF and its application process; the MWF temperature; the specific machining or grind-
ing operation; the presence of splash guarding; and the effectiveness of the ventilation sy
tem. In general, the exposure will be higher if the worker is in close proximity to the
machine, the operation involves high tool speeds and deep cuts, the machine is n
enclosed, or if ventilation equipment was improperly selected or poorly maintained. In
addition, high-pressure and/or excessive fluid application, contamination of the fluid with
tramp oils, and improper fluid selection and maintenance will tend to result in higher expo.
sure.
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Each MWF class consists of a wide variety of chemicals used in different combinations
and the risk these chemicals pose to workers may vary because of different manufacturir
processes, various degrees of refining, recycling, improperly reclaimed chemicals, differ
ent degrees of chemical purity, and potential chemical reactions between components.

Exposure to hazardous contaminants in MWFs may present health risks to workers. Col
tamination may occur from: process chemicals and ancillary lubricants inadvertently
introduced; contaminants, metals, and alloys from parts being machined; water and clea
ing agents used for routine housekeeping; and, contaminants from other environment
sources at the worksite. In addition, bacterial and fungal contaminants may metabolize ar
degrade the MWFs to hazardous end-products as well as produce endotoxins.

The improper use of biocides to manage microbial growth may result in potential healtt
risks. Attempts to manage microbial growth solely with biocides may result in the emer-
gence of biocide-resistant strains from complex interactions that may occur among differ
ent member species or groups within the population. For example, the growth of on
species, or the elimination of one group of organisms may permit the overgrowth of
another. Studies also suggest that exposure to certain biocides can cause either allergic
contact dermatitis.

Fluid Selection, Use, and Application.—¥he MWFs selected should be as nonirritating
and nonsensitizing as possible while remaining consistent with operational requirement
Petroleum-containing MWFs should be evaluated for potential carcinogenicity using
ASTM Standard D1687-95, “Determining Carcinogenic Potential of Virgin Base Oils in
Metalworking Fluids”. If soluble oil or synthetic MWFs are used, ASTM Standard E1497-
94, “Safe Use of Water-Miscible Metalworking Fluids” should be consulted for safe use
guidelines, including those for product selection, storage, dispensing, and maintenanc
To minimize the potential for nitrosamine formation, nitrate-containing materials should
not be added to MWFs containing ethanolamines.

Many factors influence the generation of MWF mists, which can be minimized through
the proper design and operation of the MWF delivery system. ANSI Technical Report B1!
TR2-1997, “Mist Control Considerations for the Design, Installation and Use of Machine
Tools Using Metalworking Fluids” provides directives for minimizing mist and vapor
generation. These include minimizing fluid delivery pressure, matching the fluid to the
application, using MWF formulations with low oil concentrations, avoiding contamina-
tion with tramp oils, minimizing the MWF flow rate, covering fluid reservoirs and return
systems where possible, and maintaining control of the MWF chemistry. Also, propel
application of MWFs can minimize splashing and mist generation. Proper application
includes: applying MWFs at the lowest possible pressure and flow volume consistent witl
provisions for adequate part cooling, chip removal, and lubrication; applying MWFs at the
tool/workpiece interface to minimize contact with other rotating equipment; ceasing fluid
delivery when not performing machining; not allowing MWFs to flow over the unpro-
tected hands of workers loading or unloading parts; and using mist collectors engineere
for the operation and specific machine enclosures.

Properly maintained filtration and delivery systems provide cleaner MWFs, reduce mist
and minimize splashing and emissions. Proper maintenance of the filtration and deliver
systems includes: the selection of appropriate filters; ancillary equipment such as chi
handling operations, dissolved air-flotation devices, belt-skimmers, chillers or plate anc
frame heat exchangers, and decantation tanks; guard coolant return trenches to prev
dumping of floor wash water and other waste fluids; covering sumps or coolant tanks t
prevent contamination with waste or garbage (e.g., cigarette butts, food, etc.); and, keepit
the machine(s) clean of debris. Parts washing before machining can be an important part
maintaining cleaner MWFs.

Since all additives will be depleted with time, the MWF and additives concentrations
should be monitored frequently so that components and additives can be made up |
needed. The MWF should be maintained within the pH and concentration ranges recon
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mended by the formulator or supplier. MWF temperature should be maintained at the low
est practical level to slow the growth of microorganisms, reduce water losses and chang
in viscosity, and—in the case of straight oils—reduce fire hazards.

Fluid Maintenance.—Drums, tanks, or other containers of MWF concentrates should be
stored appropriately to protect them from outdoor weather conditions and exposure to loy
or high temperatures. Extreme temperature changes may destabilize the fluid conce
trates, especially in the case of concentrates mixed with water, and cause water to seep i
unopened drums encouraging bacterial growth. MWFs should be maintained at as low
temperature as is practical. Low temperatures slow the growth of microorganisms, reduc
water losses and change in viscosity, and in the case of straight oils, reduce the fire haze
risks.

To maintain proper MWF concentrations, neither water nor concentrate should be use
to top off the system. The MWF mixture should be prepared by first adding the concentrat
to the clean water (in a clean container) and then adding the emulsion to that mixture in tt
coolant tank. MWFs should be mixed just before use; large amounts should not be store
as they may deteriorate before use.

Personal Protective Clothing?ersonal protective clothing and equipment should
always be worn when removing MWF concentrates from the original container, mixing
and diluting concentrate, preparing additives (including biocides), and adding MWF
emulsions, biocides, or other potentially hazardous ingredients to the coolant reservoi
Personal protective clothing includes eye protection or face shields, gloves, and apror
which do not react with but shed MWF ingredients and additives.

System Servic€oolant systems should be regularly serviced, and the machines shoulc
be rigorously maintained to prevent contamination of the fluids by tramp oils (e.g., hydrau:
lic oils, gear box oils, and machine lubricants leaking from the machines or total loss slide
way lubrication). Tramp oils can destabilize emulsions, cause pumping problems, and clo
filters. Tramp oils can also float to the top of MWFs, effectively sealing the fluids from the
air, allowing metabolic products such as volatile fatty acids, mercaptols, scatols, ammonic
and hydrogen sulfide are produced by the anaerobic and facultative anaerobic speci
growing within the biofilm to accumulate in the reduced state.

When replacing the fluids, thoroughly clean all parts of the system to inhibit the growth
of microorganisms growing on surfaces. Some bacteria secrete layers of slime that mz
grow in stringy configurations that resemble fungal growth. Many bacteria secrete poly-
mers of polysaccharide and/or protein, forming a glycocalyx which cements cells togethe
much as mortar holds bricks. Fungi may grow as masses of hyphae forming mycelial mat
The attached community of microorganisms is called a biofilm and may be very difficult to
remove by ordinary cleaning procedures.

Biocide TreatmenBiocides are used to maintain the functionality and efficacy of
MWFs by preventing microbial overgrowth. These compounds are often added to the
stock fluids as they are formulated, but over time the biocides are consumed by chemic
and biological demands Biocides with a wide spectrum of biocidal activity should be usec
to suppress the growth of the widely diverse contaminant population. Only the concentre
tion of biocide needed to meet fluid specifications should be used since overdosing coul
lead to skin or respiratory irritation in workers, and under-dosing could lead to an inade
quate level of microbial control.

Ventilation SystemJhe ventilation system should be designed and operated to preven
the accumulation or recirculation of airborne contaminants in the workplace. The ventila
tion system should include a positive means of bringing in at least an equal volume of a
from the outside, conditioning it, and evenly distributing it throughout the exhausted area

Exhaust ventilation systems function through suction openings placed near a source
contamination. The suction opening or exhaust hood creates and air motion sufficient t
overcome room air currents and any airflow generated by the process. This airflow car
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tures the contaminants and conveys them to a point where they can either be dischargec
removed from the airstream. Exhaust hoods are classified by their position relative to th
process as canopy, side draft, down draft or enclosure. ANSI Technical Report B11 TR Z
1997 contains guidelines for exhaust ventilation of machining and grinding operations
Enclosures are the only type of exhaust hood recommended by the ANSI committee. The
consist of physical barriers between the process and the worker's environment. Enclosur
can be further classified by the extent of the enclosure: close capture (enclosure of the pol
of operation, total enclosure (enclosure of the entire machine), or tunnel enclosure (contir
uous enclosure over several machines).

If no fresh make up air is introduced into the plant, air will enter the building through
open doors and windows, potentially causing cross-contamination of all process area
Ideally, all air exhausted from the building should be replaced by tempered air from ar
uncontaminated location. By providing a slight excess of make up air in relatively clean
areas and s slight deficit of make up air in dirty areas, cross-contamination can be reduce
In addition, this air can be channeled directly to operator work areas, providing the cleane
possible work environment. Ideally, this fresh air should be supplied in the form of a low-
velocity air shower (<100 ft/min to prevent interference with the exhaust hoods) directly
above the worker.

Protective Clothing and Equipmeriingineering controls are used to reduce worker
exposure to MWFs. But in the event of airborne exposures that exceed the NIOSH REL ¢
dermal contact with the MWFs, the added protection of chemical protective clothing
(CPC) and respirators should be provided. Maintenance staff may also need CPC becat
their work requires contact with MWFs during certain operations. All workers should be
trained in the proper use and care of CPC. After any item of CPC has been in routine use
should be examined to ensure that its effectiveness has not been compromised.

Selection of the appropriate respirator depends on the operation, chemical componen
and airborne concentrations in the worker's breathing zone. Table 2. lists the NIOSH- re
ommended respiratory protection for workers exposed to MWF aerosol.

Table 2. Respiratory Protection for Workers Exposed to MWF Aerosols

Concentration of MWF aerosol (mgim Minimum respiratory protectién

No respiratory protection required for healthy

#0.5 mg/nd (1 x RELP workers

Any air-purifying, half-mask respirator includin

a disposable respiratgrequipped with any P- d
#5.0 mg/ni (10 x REL) R-series particulate filter (P95, P99, P100, RY
R99, or R100) number

Any powered, air-purifying respirator equippefl
with a hood or helmet and a HEPA fifter

g~ Q

#12.5 mg/m (25 x REL)

aRespirators with higher assigned protection factors (APFs) may be substituted for those with lower
APFs [NIOSH 1987a].

b APF times the NIOSH REL for total particulate mass. The APF [NIOSH 1987b] is the minimum
anticipated level of protection provided by each type of respirator.

¢ See text for recommendations regarding workers with asthma and for other workers affected by
MWEF aerosols.

d A respirator that should be discarded after the end of the manufacturer's recommended period c
use or after a noticeable increase in breathing resistance or when physical damage, hygiene considk
ations, or other warning indicators render the respirator unsuitable for further use.

€An APF of 10 is assigned to disposable particulate respirators if they have been properly fitted.

fHigh-efficiency particulate air filter. When organic vapors are a potential hazard during metalwork-
ing operations, a combination particulate and organic vapor filter is necessary.

* Only NIOSH/MSHA-approved or NIOSH-approved (effective date July 10, 1995) respiratory
equipment should be used.
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MACHINING NONFERROUS METALS

Machining Aluminum.— Some of the alloys of aluminum have been machined success-
fully without any lubricant or cutting compound, but some form of lubricant is desirable to
obtain the best results. For many purposes, a soluble cutting oil is good.

Tools for aluminum and aluminum alloys should have larger relief and rake angles thal
tools for cutting steel. For high-speed steel turning tools the following angles are recom
mended: relief angles, 14 to 16 degrees; back rake angle, 5 to 20 degrees; side rake an
15to 35 degrees. For very soft alloys even larger side rake angles are sometimes used. H
silicon aluminum alloys and some others have a very abrasive effect on the cutting too
While these alloys can be cut successfully with high-speed-steel tools, cemented carbid
are recommended because of their superior abrasion resistance. The tool angles recc
mended for cemented carbide turning tools are: relief angles, 12 to 14 degrees; back ra
angle, 0 to 15 degrees; side rake angle, 8 to 30 degrees.

Cut-off tools and necking tools for machining aluminum and its alloys should have from
12 to 20 degrees back rake angle and the end relief angle should be from 8 to 12 degre
Excellent threads can be cut with single-point tools in even the softest aluminum. Experi
ence seems to vary somewhat regarding the rake angle for single-point thread cutting too
Some prefer to use a rather large back and side rake angle although this requires a mod
cation in the included angle of the tool to produce the correct thread contour. When bot
rake angles are zero, the included angle of the tool is ground equal to the included angle
the thread. Excellent threads have been cut in aluminum with zero rake angle thread-ct
ting tools using large relief angles, which are 16 to 18 degrees opposite the front side of tt
thread and 12 to 14 degrees opposite the back side of the thread. In either case, the cut
edges should be ground and honed to a keen edge. Itis sometimes advisable to give the f
of the tool a few strokes with a hone between cuts when chasing the thread to remove a
built-up edge on the cutting edge.

Fine surface finishes are often difficult to obtain on aluminum and aluminum alloys, par-
ticularly the softer metals. When a fine finish is required, the cutting tool should be honec
to a keen edge and the surfaces of the face and the flank will also benefit by being hon
smooth. Tool wear is inevitable, but it should not be allowed to progress too far before th
tool is changed or sharpened. A sulphurized mineral oil or a heavy-duty soluble oil will
sometimes be helpful in obtaining a satisfactory surface finish. For best results, however,
diamond cutting tool is recommended. Excellent surface finishes can be obtained on eve
the softest aluminum and aluminum alloys with these tools.

Although ordinary milling cutters can be used successfully in shops where aluminurr
parts are only machined occasionally, the best results are obtained with coarse-tooth, lar
helix-angle cutters having large rake and clearance angles. Clearance angles up to 10 to
degrees are recommended. When slab milling and end milling a profile, using the peript
eral teeth on the end mill, climb milling (also called down milling) will generally produce
a better finish on the machined surface than conventional (or up) milling. Face milling cut:
ters should have a large axial rake angle. Standard twist drills can be used without diff
culty in drilling aluminum and aluminum alloys although high helix-angle drills are
preferred. The wide flutes and high helix-angle in these drills helps to clear the chips
Sometimes split-point drills are preferred. Carbide tipped twist drills can be used for drill-
ing aluminum and its alloys and may afford advantages in some production applications
Ordinary hand and machine taps can be used to tap aluminum and its alloys although s
ral-fluted ground thread taps give superior results. Experience has shown that such ta
should have a right-hand ground flute when intended to cut right-hand threads and th
helix angle should be similar to that used in an ordinary twist drill.
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Machining Magnesium.—Magnesium alloys are readily machined and with relatively
low power consumption per cubic inch of metal removed. The usual practice is to emplo
high cutting speeds with relatively coarse feeds and deep cuts. Exceptionally fine finishe
can be obtained so that grinding to improve the finish usually is unnecessary. The hors
power normally required in machining magnesium varies from 0.15 to 0.30 per cubic inct
per minute. While this value is low, especially in comparison with power required for cast
iron and steel, the total amount of power for machining magnesium usually is high becaus
of the exceptionally rapid rate at which metal is removed.

Carbide tools are recommended for maximum efficiency, although high-speed steel fre
quently is employed. Tools should be designed so as to dispose of chips readily or witho
excessive friction, by employing polished chip-bearing surfaces, ample chip spaces, larg
clearances, and small contact ar&&en-edged tools should always be used.

Feeds and Speeds for Magnesi@peeds ordinarily range up to 5000 feet per minute
for rough- and finish-turning, up to 3000 feet per minute for rough-milling, and up to 9000
feet per minute for finish-milling. For rough-turning, the following combinations of speed
in feet per minute, feed per revolution, and depth of cut are recommended: Speed 300
600 feet per minute — feed 0.030 to 0.100 inch, depth of cut 0.5 inch; speed 600 to 1000 -
feed 0.020 to 0.080, depth of cut 0.4; speed 1000 to 1500 — feed 0.010 to 0.060, depth
cut 0.3; speed 1500 to 2000 — feed 0.010 to 0.040, depth of cut 0.2; speed 2000 to 5000
feed 0.010 to 0.030, depth of cut 0.15.

Lathe Tool Angles for Magnesiuifhe true or actual rake angle resulting from back and
side rakes usually varies from 10 to 15 degrees. Back rake varies from 10 to 20, and sit
rake from O to 10 degrees. Reduced back rake may be employed to obtain better chip brez
age. The back rake may also be reduced to from 2 to 8 degrees on form tools or other bro
tools to prevent chatter.

Parting Tools:For parting tools, the back rake varies from 15 to 20 degrees, the front enc
relief 8 to 10 degrees, the side relief measured perpendicular to the top face 8 degrees,
side relief measured in the plane of the top face from 3 to 5 degrees.

Milling Magnesiumin general, the coarse-tooth type of cutter is recommended. The
number of teeth or cutting blades may be one-third to one-half the number normally usec
however, the two-blade fly-cutter has proved to be very satisfactory. As a rule, the lan
relief or primary peripheral clearance is 10 degrees followed by secondary clearance of 2
degrees. The lands should be narrow, the width being #htai;ginch. The rake, which
is positive, is about 15 degrees.

For rough-milling and speeds in feet per minute up to 900 — feed, inch per tooth, 0.00!
to 0.025, depth of cut up to 0.5; for speeds 900 to 1500 — feed 0.005 to 0.020, depth of c
up to 0.375; for speeds 1500 to 3000 — feed 0.005 to 0.010, depth of cut up to 0.2.

Drilling Magnesiumilf the depth of a hole is less than five times the drill diameter, an
ordinary twist drill with highly polished flutes may be used. The included angle of the point
may vary from 70 degrees to the usual angle of 118 degrees. The relief angle is about :
degrees. The drill should be kept sharp and the outer corners rounded to produce a smo
finish and prevent burr formation. For deep hole drilling, use a drill having a helix angle of
40 to 45 degrees with large polished flutes of uniform cross-section throughout the dril
length to facilitate the flow of chips. A pyramid-shaped “spur” or “pilot point” at the tip of
the drill will reduce the “spiraling or run-off.”

Drilling speeds vary from 300 to 2000 feet per minute with feeds per revolution ranging
from 0.015 to 0.050 inch.
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Reaming MagnesiunReamers up to 1 inch in diameter should have four flutes; larger
sizes, six flutes. These flutes may be either parallel with the axis or have a negative hell
angle of 10 degrees. The positive rake angle varies from 5 to 8 degrees, the relief ang
from 4 to 7 degrees, and the clearance angle from 15 to 20 degrees.

Tapping Magnesiuntandard taps may be used unless Class 3B tolerances are require:
in which case the tap should be designed for use in magnesium. A high-speed steel conc:
tric type with a ground thread is recommended. The concentric form, which eliminates th
radial thread relief, prevents jamming of chips while the tap is being backed out of the hole
The positive rake angle at the front may vary from 10 to 25 degrees and the “heel rak
angle” at the back of the tooth from 3 to 5 degrees. The chamfer extends over two to thre
threads. For holes up #inch in diameter, two-fluted taps are recommended; for sizes
from % to %, inch, three flutes; and for larger holes, four flutes. Tapping speeds ordinarily
range from 75 to 200 feet per minute, and mineral oil cutting fluid should be used.

Threading Dies for Magnesiurthreading dies for use on magnesium should have
about the same cutting angles as taps. Narrow lands should be used to provide ample c
space. Either solid or self-opening dies may be used. The latter type is recommended wh
maximum smoothness is required. Threads may be cut at speeds up to 1000 feet
minute.

Grinding MagnesiumAs a general rule, magnesium is ground dry. The highly inflam-
mable dust should be formed into a sludge by means of a spray of water or low-viscosit
mineral oil. Accumulations of dust or sludge should be avoided. For surface grinding,
when a fine finish is desirable, a low-viscosity mineral oil may be used.

Machining Zinc Alloy Die-Castings.—Machining of zinc alloy die-castings is mostly
done without a lubricant. For particular work, especially deep drilling and tapping, a lubri-
cant such as lard oil and kerosene (about half and half) or a 50-50 mixture of kerosene a
machine oil may be used to advantage. A mixture of turpentine and kerosene has been be
found effective on certain difficult jobs.

Reamingin reaming, tools with six straight flutes are commonly used, although tools
with eight flutes irregularly spaced have been found to yield better results by one manufac
turer. Many standard reamers have a land that is too wide for best results. A land abo
0.015 inch wide is recommended but this may often be ground down to around 0.007 c
even 0.005 inch to obtain freer cutting, less tendency to loading, and reduced heating.

Turning: Tools of high-speed steel are commonly employed although the application of
Stellite and carbide tools, even on short runs, is feasible. For steel or Stellite, a positive tc
rake of from 0 to 20 degrees and an end clearance of about 15 degrees are commonly r
ommended. Where side cutting is involved, a side clearance of about 4 degrees minimu
is recommended. With carbide tools, the end clearance should not exceed 6 to 8 degre
and the top rake should be from 5 to 10 degrees positive. For boring, facing, and other latl
operations, rake and clearance angles are about the same as for tools used in turning.

Machining Monel and Nickel Alloys.—These alloys are machined with high-speed steel
and with cemented carbide cutting tools. High-speed steel lathe tools usually have a ba
rake of 6 to 8 degrees, a side rake of 10 to 15 degrees, and relief angles of 8 to 12 degre
Broad-nose finishing tools have a back rake of 20 to 25 degrees and an end relief angle
12 to 15 degrees. In most instances, standard commercial cemented-carbide tool hold
and tool shanks can be used which provide an acceptable tool geometry. Honing the cuttil
edge lightly will help if chipping is encountered.

The most satisfactory tool materials for machining Monel and the softer nickel alloys,
such as Nickel 200 and Nickel 230, are M2 and T5 for high-speed steel and crater resista
grades of cemented carbides. For the harder nickel alloys such as K Monel, Permanicke
Duranickel, and Nitinol alloys, the recommended tool materials are T15, M41, M42, M43,
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and for high-speed steel, M42. For carbides, a grade of crater resistant carbide is recol
mended when the hardness is less than 300 Bhn, and when the hardness is more than
Bhn, a grade of straight tungsten carbide will often work best, although some crater resi
tant grades will also work well.

A sulfurized oil or a water-soluble oil is recommended for rough and finish turning. A
sulfurized oil is also recommended for milling, threading, tapping, reaming, and broach-
ing. Recommended cutting speeds for Monel and the softer nickel alloys are 70 to 100 fpi
for high-speed steel tools and 200 to 300 fpm for cemented carbide tools. For the hard
nickel alloys, the recommended speed for high-speed steel is 40 to 70 fpm for a hardness
to 300 Bhn and for a higher hardness, 10 to 20 fpm; for cemented carbides, 175 to 225 fp
when the hardness is less than 300 Bhn and for a higher hardness, 30 to 70 fpm.

Nickel alloys have a high tendency to work harden. To minimize work hardening causec
by machining, the cutting tools should be provided with adequate relief angles and positiv
rake angles. Furthermore, the cutting edges should be kept sharp and replaced when dul
prevent burnishing of the work surface. The depth of cut and feed should be sufficiently
large to ensure that the tool penetrates the work without rubbing.

Machining Copper Alloys.—Copper alloys can be machined by tooling and methods
similar to those used for steel, but at higher surface speeds. Machinability of copper alloy
is discussed in the tables starting on fE2feand starting on pade3 Machinability is
based on a rating of 100 per cent for the free-cutting alloy C35000, which machines witl
small, easily broken chips. As with steels, copper alloys containing lead have the be:
machining properties, with alloys containing tin, and lead, having machinability ratings of
80 and 70 per cent. Tellurium and sulphur are added to copper alloys to increase machi
ability with minimum effect on conductivity. Lead additions are made to facilitate machin-
ing, as their effect is to produce easily broken chips.

Copper alloys containing silicon, aluminum, manganese and nickel become progres
sively more difficult to machine, and produce long, stringy chips, the latter alloys having
only 20 per cent of the machinability of the free-cutting alloys. Although copper is fre-
quently machined dry, a cooling compound is recommended. Other lubricants that hav
been used include tallow for drilling, gasoline for turning, and beeswax for threading.

Machining Hard Rubber.— Tools suitable for steel may be used for hard rubber, with no
top or side rake angles and 10 to 20 deg. clearance angles, of high speed steel or tungs
carbide. Without coolant, surface speeds of about 200 ft./min. are recommended for turt
ing, boring and facing, and may be increased to 300 surface ft./min. with coolant.

Drilling of hard rubberrequires high speed steel drills of 35 to 40 deg. helix angle to
obtain maximum cutting speeds and drill life. Feed rates for drilling range up to 0.015
in./rev. Deep-fluted taps are best for threading hard rubber, and should be 0.002 to 0.0(
in. oversize if close tolerances are to be held. Machine oil is used for a lubricant. Hard rut
ber may be sawn with band saws having 5 to 10 points per inch, running at about 30C
ft./min. or cut with abrasive wheels. Use of coolant in grinding rubber gives a smoother fin:
ish.

Piercing and blankingf sheet rubber is best performed with the rubber or dies heated.
Straightening of the often-distorted blanks may be carried out by dropping them into a pa
of hot water.
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GRINDING FEEDS AND SPEEDS

Grinding data are scarcely available in handbooks, which usually recommend a sma
range of depths and work speeds at constant wheel speed, including small variations
wheel and work material composition. Wheel life or grinding stiffness are seldom consid-
ered.

Grinding parameter recommendations typically range as follows:

* Wheel speeds are usually recommended in the 1200 to 1800 m/min (4000 to 600

fpm) range, or in rare cases up to 3600 m/min (12000 fpm)

*  Work speeds are in the range 20 to 40 m/min (70 to 140 fpm); and, depths of cut
0.01t0 0.025 mm (0.0004 to 0.001 inch) for roughing, and around 0.005 mm (.0002 in.
for finish grinding.

» Grit sizes for roughing are around 46 to 60 for easy-to-grind materials, and for diffi-
cult-to-grind materials higher such as 80 grit. In finishing, a smaller grit size (higher
grit number) is recommended. Internal grinding grit sizes for small holes are approxi-
mately 100 to 320.

« Specific metal removal ratBMRRrepresents the rate of material removal per unit of
wheel contact width and are commonly recommended from 200 to 500
mm3/mm width/min (0.3 to 0.75 #finch width/min).

* Grinding stiffness is a major variable in determining wheel-life and spark-out time. A
typical value of system stiffness in outside-diameter grinding, for 10:1 length/diameter
ratio, is approximately & = 30-50 Njim. System stiffnessd¢is calculated from the
stiffness of the part, [{and the machine and fixtures,,KMachine values can be
obtained from manufacturers, or can be measured using simple equipment along wif
the part stiffness.

¢ Generally a lower wheel hardness (soft wheel) is recommended when the syster
stiffness is poor or when a better finish is desired.

Basic Rules

The wheel speed andequivalent chip thickne€sCT= SMRR+ V + 1000 are the pri-
mary parameters that determine wheel-life, forces and surface finish in grinding. The fol
lowing general rules and recommendations, uBi@d, are based on extensive laboratory
and industry tests both in Europe and USA. The relationships and shapes of curves perta
ing to grinding tool-life, grinding time, and cost are similar to those of any metal cutting
operation such as turning, milling and drilling.

In turning and milling, th&CT theory says that if the product of feed times depth of cut
is constant, the tool-life is constant no matter how the depth of cut or feed is varied, pro
vided that the cutting speed and cutting edge length are maintained constant.

In grinding, wheel-lifel remains constant for constant cutting spéedgardless of how
depth of cul, or work speed/,, are selected as long as the specific metal removal rate
SMMR=V,, x &, is held constant (neglecting the influence of grinding contact width).

ECTis much smaller in grinding than in milling, ranging from about 0.0001 to 0.001 mm
(0.000004 to 0.00004 inch). See the sediiyCHINING ECONOMETRICStarting on
page 1056 for a detailed explanation of the roE@T in conventional machining.

Wheel life T and Grinding Ratio—A commonly used measure of relative wheel-life in
grinding is thegrinding ratiothat is used to compare grindability when varying grinding
wheel composition and work material properties under otherwise constant cutting condi
tions.

Thegrinding ratiois defined as the slope of the wear curve versus metal removal rate:
grinding ratio= MRR+ W*, whereMRRis the metal removal rate, awd" is the volume
wheel wear at which the wheel has to be dressed. The grinding ratio is not a measure
wheel-life, but a relationship betwegrinding ratioand wheel-lifél can be obtained from
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the formulagrinding ratio= SMRRx T + W*, whereSMRR(specific metal removal rate) is
determined fro-MRR=SMRRx T or fromECT=SMRR- V+ 1000.

Thus,grinding ratio= 1000x ECTx V x T + W*, andT = grinding ratiox W* + (1000x
ECTx V), provided that the wheel wear criteridff is valid for all data combinations.

Example 1tf W* in one test is found to be 500 rffar ECT= 0.00033 mm and = 3600
m/min, andgrinding ratio= 10, then wheel-life will vary with measured grinding ratios,
wheel speed, arfiCTas follows:T =500x grinding ratio+ (V x ECT) = 4.2 minutes.

In the remainder of this section thending ratio will not used, and wheel-life is
expressed in terms BCTor SMRRand wheel speed
ECTin Grinding.— In turning and milling ECT is defined as the volume of chips
removed per unit cutting edge length per revolution of the work or cutter. In milling specif-
ically, ECTis defined as the ratio of (number of teetfeed per tooth, x radial depth of
cuta, x and axial depth of cat,) and (cutting edge leng@EL divided byrD), whereD is
the cutter diameter, thus,

nDzf,a a,
ECT = CEL

In grinding, the same definition BCTapplies if we replace the number of teeth with the
average number of grits along the wheel periphery, and replace the feed per tooth by tl
average feed per grit. This definition is not very practical, howeverE@Tds better
defined by the ratio of the specific metal removal 88##MR and the wheel spe®dThus,
ECT= 1000x SMRR=+ V. KeepingCT constant when varyin§MRRrequires that the
wheel speed must be changed proportionally.

In milling and turningeCT can also be redefined in termsSifIRRdivided by the work
and the cutter speeds, respectively, bec&8WieRss proportional to the feed raftg.

Work Speed and Depth of Cut Selectidturk speedv,, is determined by dividing
SMMRby the depth of c\d,, or by using the graph Fig. 1
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Fig. 1. Work spee¥,, vs. depth of cua,

Referring toFig. 1, for depths of cuts of 0.01 and 0.0025 mm, a specific metal removal
rateSMMR= 1000 mn&/mm width/min is achieved at work speeds of 100 and 400 m/min,
respectively, and f@MMR=100 mn¥/mm width/min at work speeds of 10 and 40 m/min,
respectively.

Unfortunately, the common use of low values of work speed (20 to 40 m/min) in finish-
ing cause thermal surface damage, disastrous in critical parts such as aircraft componer
As the grains slide across the work they generate surface heat and fatigue-type loading m
cause residual tensile stresses and severe surface cracks. Proper finish grinding conditic
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are obtained by increasing the work speed 5 to 10 times higher than the above recomme
dations indicate. These higher work speeds will create compressive stresses that are |
detrimental to the surface. The by-product of higher work speeds is much SigRe&t
values and thereby much shorter grinding times. Compressive stresses are also obtainec
reducing the depth of cat.

Wheel Life Relationships and Optimum Grinding Data.—Figs. 2a 2b, and 2c show,

in three planes, the 3-dimensional variation of wheeHlwWéth wheel spee andECT
when grinding a hardened tool stééy. 2adepicts wheel-life versus wheel speed [the

V plane) with constarECTappearing as approximately straight lines when plotted in log-
log coordinates.

In grinding, the wheel-life variation follows curves similar to those obtained for conven-
tional metal cutting processes, including a bend-off of the Taylor liieg graph)
towards shorter life and lower cutting speeds when a certain maximum life is achieved fo
each value oECT. In the two other plane34ECT, andV-ECT) we usually find smooth
curves in which the maximum values of wheel-life are defined by points along a curve
called theH—curve.
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Fig. 2a. Taylor linesT vs.V, ECTplotted for grinding M4 tool steel, hardness Rc 64
Example 2:The variation oSMRR=V x ECT x 1000 and wheel-life at various wheel
speeds can be obtained fr&ig. 2a Using sample values BICT= 33x 105 mm andv =
1300 and 1900 m/migMRR= 1300x 33x 107> x 1000= 429, and 190033x 107> x 1000
= 627 mn¥mm width/min, respectively; the corresponding wheel lives are read off as
approximately 70 and 30 minutes, respectively.
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Fig. 2b.T vs.ECT, V plotted

Fig. 2bdepicts wheel-lifél versusECT with constant wheel spe&ishown as curves
plotted in log-log coordinates, similar to those for the other cutting operations.
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Example 3Fig. 2bshows that maximum values of wheel-life occur alondfoeirve.
For the 3 speeds 1800, 2700, and 3600 m/min, maximum wheel lives are approximate
70, 14 and 4 minutes, respectivelyE&Taround 17 107 through 20< 10-> mm along
theH-curve. Left and right of thid-curve wheel-life is shorter.

Fig. 2cdepicts wheel speadiversusECTwith wheel-lifeT parameter shown as curves
in log-log coordinates, similar to those for the other cutting operations, with the character
isticH- andG-curves.
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Fig. 2c.V vs.ECT, T plotted

Optimum grinding data for roughingecur along th&-curve, which is determined from
theV-ECTgraph by drawing 45-degree lines tangent taltbarves, as shown Ifig. 2¢
and drawing a line (th®-curve) through the points of tangency on the respetiaigves,
thus the location and direction of tBecurve is determined. Globally optimum data corre-
spond to th&-curve for which wheel-life is calculated using the corresponding equivalent
tooling-cost timeT,, calculated fronT,, = Tgp, + 60% Cg + Hg, minutes, wher@gp, is the
time required to replace whe€}; = cost per wheel dressing = wheel cost + cost per dress-
ing, andHgis the hourly rate.

Minimum cost conditions occafong theG-curve; if optimum lifeT; was determined at
either 10 or 30 minutes th&fy, = 1500 and 1100 m/min, respectively, &€IT is around
65— 70x 10> mm in both cases. The corresponding optimum valus#étRare 1000«
1500x 67x 1075 = 1000 and 1008 1100x 67 x 107> = 740 mn¥/min/mm wheel contact
width (1.5 to 1.1i#in/min).

UsingFig. 1we find optimum work speeds for depths ofgut 0.01 and 0.005 mm to
beV,, = 100 and 75 m/min, and 200 and 150 m/min (330 and 250 fpm, and 660 and 50
fpm) respectively for 10- and 30-minute wheel-life.

These high work speeds are possible using proper dressing conditions, high system sti
ness, good grinding fluid quality and wheel composition.

Fig. 3shows the variation of specific metal removal rate with wheel speed for several
materials and a rangeBETs at 10- and 30-minutes wheel-lIEECTdecreases when mov-
ing to the left and down along each curve. The two curves for unhardened 1020 steel ha
the largest values &@MRR and represent the most productive grinding conditions, while
the heat resistant alloy Inconel yields the least productive grinding conditions. Eact
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branch attains a maximu8MRRalong theG-curve (compare with the same curve in the
V—ECTgraphFig. 29 and a maximum speed region alongtheurve. When th&MRR
values are lower than thé-curve theECT values for each branch decrease towards the
bottom of the graph, then the speed for constant wheel-life must be reduced due to the fe
that theECTvalues are to the left of their respectiveurves inv—ECTgraphs.
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Fig. 3. Specific metal removal rate vs. cutting spedda0 and 30 minutes wheel life
In the figure, IncX is Inconel; M4, and T-15 are tool steels; and 1020 Unh is unhardened 1020 steel.

Surface Finish,Ra—The finish is improved by decreasing the valuE@f as shown in
Fig. 4 whereRais plotted versuECTat 3 different wheel lives 1,10 and 30 minutes at con-
stant wheel speed. Becali&eTis proportional to the depth of cut, a smaller depth of cutis
favorable for reducing surface roughness when the work speed is constant.
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Fig. 4. Surface finistfRavs.ECT, wheel-lifeT plotted

InFig. 5 Rais plotted versus wheel-life at 5 differ&€Ts. BothFigs. 4and5illustrate
that a shorter life improves the surface finish, which means that either an increased whe
speed (wheel-life decreases) at condEaZit, or a smalleECT at constant speed (wheel-
life increases), will result in an improved finish. For a required surface fiaBhand
wheel-life have to be selected appropriately in order to also achieve an optimum grindin
time or cost. In cylindrical grinding a reduction of side fe@thprovesRaas well.

In terms of specific metal removal rate, reducsRRwill improve the surface finish
Ra.
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Fig. 5. Surface roughned®avs. wheel lifeT, ECTplotted

Example 4, Specific Metal Removal Rates and Work Speeds in Rough and Finish Grin
ing: The tabulated values in the following table indicate that a decrea€iigombined
with a higher wheel speed for 10 minutes wheel-life will decrease the metal removal rat
and thereby increasing the grinding time. This change is accompanied by a better finish |
both roughing and finishing operations. Note the high work speeds when finishing.

Roughing Depth| Finishing Depth
Tool Life T = 10 minutes 8,=0.025mm | a =0.0025 mm
Wheel speed Removal Rate
ECTmm| Vigm/min | SMRR,mn¥/mm/ min Work speed,, m/min
0.00050 1970 985 39 390
0.00033 2580 850 34 340
0.00017 2910 500 20 200

The grit size, however, is a major paramete. 6, shows that a high wheel speed, com-
bined with a small grit size, say 320 Mesh, can achigweRies as small as 0.03 microns.

100007&: =X Sy « A
X N]

1000

V, m/min

N
N

100 LY Y
10 100 1000

Mesh
Fig. 6. Wheel speed vs. wheel meRhplotted

Spark-out Time.—Fig. 7shows how spark-out time varies with system stiffness. As with
surface finish, when wheel-life is short (high wear rate) the spark-out time decreases.

Equivalent Diameter (Work Conformity) Factdihe difference in curvature of the
work and wheel in the contact region, determined by the equivalent diameter or work con
formity formula, is an important factor for calculating spark-out time and forces, but has &
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Fig. 7. Sparkout time vs. system stiffness, wheeHliféotted

negligible influence on wheel-life. Therefore, an equivalent dianf@terD/(1+ (D/D,,),

with the minus sign for internal grinding and the plus sign for external grinding operations.
is used to consider the effect of conformity when using internal and external grinding with
varying work and wheel diametef3, is equal to the wheel diameter in surface grinding
(work flat); in internal grinding, the wheel conforms closely to the worlZyisitherefore
larger than in external grinding.

Grinding Cutting Forces, Torque and Power.—ormulas to calculate the tangential
cutting force, torque and required machining power are fouigtimating Machining
Poweron page 1046, but the valueskQf specific cutting force or specific energy, are
approximately 30 to 40 times higher in grinding than in turning, milling and drilling. This
is primarily due to the fact that tB<CTvalues in grinding are 1000 to 10000 times smaller,
and also due to the negative rake angles of the grit. Average grinding rake angles a
around-35 to—-45 degree<K, for grinding unhardened steel is around 50000 to 70000
N/mm? and up to 150000 to 200000 N/rhfor hardened steels and heat resistant alloys.
The grinding cutting forces are relatively small because the chip area is very small.
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0.00001 0.0001 0.001

ECT, mm
Fig. 8. Specific grinding forckc vs.ECT; V plotted

As in the other metal cutting operations, the forces varyE@hand to a smaller extent
with the wheel speed. An example is shown ffig. 8 whereK, specific cutting force, is
plotted versu€CT at wheel speeds between 1000 and 6000 m/min. The material is
medium unhardened carbon steel ground by an aluminum oxide wheel. The impact c
wheel speed is relatively small (2 to 5% lower with increasing speed).
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Example 5Find the cutting force wheBCT = 0.00017 mm, the cutting edge length
(width of cut)CELis 10 mm, an¢k,=150000 N/mr

The chip area iECTx CEL=0.0017 mr ForK =150000, the cutting force is 0.00%7
150000 = 255 Newton.

Another difference compared to turning is the influence of the negative rake angles, illus
trated by the ratio df,,/F, whereF,; is the normal force arfg,. the tangential grinding
force acting in the wheel speed directiBgis much larger than the grinding cutting force,
generallyF,/F ratio is approximately 2 to 4. An example is showRign 9, whereF,/F,
is plotted versuECT at wheel speeds between 1000 and 6000 m/min, under the same cor
ditions as irFig. 8

21
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— | =TT 1 —— V=4320)
L ™ —— v=2183
| 1] \ —=— V=1000
/ ™~
| —T—— \\.\
e o— | ——1 I
L 2
& \ N

9

0.00001 0.0001 0.001
ECT, mm
Fig. 9.F/F¢ vs.ECT; cutting speed plotted

In bothFig. 8andFig. 9, it is apparent that bot, andF/F attain maximum values for
given small values d&CT, in this case approximateBCT= 0.00005 mm. This fact illus-
trates that forces and wheel-life are closely linked; for example, wheel speed has a ma>
mum for constant wheel-life at approximately the same valuEE€®fshown in the two
graphs (compare with the trends illustrateBigs. 2a 2b, 2c, and3). As a matter of fact,
force relationships obey the same type of relationships as those of wheel-life. Colding’
force relationship uses the same 5 constants as the tool life equation, but requires values
the specific cutting force &CT= 0.001 and an additional constant, obtained by a special
data base generator. This requires more elaborate laboratory tests, or better, the design
special test and follow-up program for parts running in the ordinary production.

Grinding Data Selection Including Wheel Life

The first estimate of machine settings is based on dividing work materials into 10 groups
based on grindability, as givenTiable 1 Compositions of these work materials are found
in the Handbook in the secti@ANDARD STEELSarting on page 403.

Grinding wheel nomenclature is describedAmerican National Standard Grinding
Wheel Markingstarting on page 1141. The wheel compositions are selected according t
the grade recommendations in the seclibe Selection of Grinding Wheealgrting on
page 1142. Grinding fluid recommendations are givedutiing Fluids for Machining
starting on page 1106.

Note:Maximum wheel speeds should always be checked using the safety standards
the sectiorBafe Operating Speedtarting on page 1171, because the recommendations
will sometimes lead to speeds above safety levels.

The material in this section is based on the use of a typical standard wheel compositic
such as 51-A-46-L-5-V-23, with wheel grade (wheel hardness) = L or above, and mes|
(grit size) = 46 or above.
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Table 1. Grindability Groups

Group Examples
Group 1 Unhardened Steels
Group 2 Stainless Steels SAE 30201-30347, 51409-51501
Group 3 Cast Iron
Group 4 Tool Steels M1, M8, T1, H, O, L, F, 52100
Group 5 Tool Steels M2, T2, T5, T6, D2, H41, H42, H43, M50
Group 6 Tool Steels M3, M4, T3, D7
Group 7 Tool Steels T15, M15

Group 8 Heat Resistant Steels Inconel, Rene etc.
Group 9 Carbide Materials P30 Diamond Wheel
Group 10 Ceramic Materials

For each grindability group there is one table and 2 graphs (one with Taylor lines and th
other withSMRRversus wheel spe& that are used to get a first estimate of standardized
machine settings, assuming a good system stiffnegs{B0 Nfum). These data are then
calibrated with the users own data in order to refine the estimate and optimize the grindin
process, as discussedJser Calibration of Recommendatioi$ie recommendations are
valid for all grinding processes such as plunge grinding, cylindrical, and surface grindinc
with periphery or side of wheel, as well as for creep feed grinding.

The grinding data machinability system is based on the basic parameters equivalent ch
thicknes<ECT, and wheel speéd, and is used to determine specific metal removal rates
SMRRand wheel-liféT, including the work speed, after the grinding depths for roughing
and finishing are specified.

For each material group, the grinding data machinability system conslsfg daylor
lines in log-log coordinates for 3 wheel speeds at wheel lives of 1, 10 and 100 minute
wheel-life with 4 different values of equivalent chip thickne€s. The wheel speeds are
designated/y, V,,, andV,q, respectively. In each table the corresponding specific metal
removal rateSMRRare also tabulated and designate88RR, SMRR, andSMRR o
respectively. The user can select any valuE®T and interpolate between the Taylor
lines. These curves look the same in grinding as in the other metal cutting processes and
slope is set at n = 0.26, so each Taylor line is formulat&edlP-26= C, where C is a con-
stant tabulated at foEBCTvaluesECT= 17, 33, 50 and 7% 10> mm, for each material
group. Hence, for each valueBET, V; x 19-26=V, ; x 1(P26=V/, ;1 x 100°26=C.

Side Feed, Roughing and Finishing.-+n cylindrical grinding, the side feeé,= C x
Width, does not impact on the values in the tables, but on the fe&g,ratieere the frac-

tion of the wheel width C is usually selected for roughing and in finishing operations, as
shown in the following table.

Work Material Roughing, C Finishing, C
Unhardened Steel /2-34 13-38
Stainless Steel /4 V4
CastIron s 38
Hardened Steel /4 V4

Finishing: The depth of cutin rough grinding is determined by the allowance and usually
setaf, = 0.01 to 0.025 mm. The depth of cut for finishing is usually seta.0025 mm
and accompanied by higher wheel speeds in order to improve surface finish. However, tt
most important criterion for critical parts is to increase the work speed in order to avoic
thermal damage and surface cracks. In cylindrical grinding, a reduction of side feed
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improvesR, as well. Small grit sizes are very important when very small finishes are
required. Se€igs. 4 5, and 6 for reference.
Terms and Definitions
a, = depth of cut
a, =radial depth of cut, mm
C =fraction of grinding wheel width
CEL =cutting edge length, mm
Cy = Taylor constant
D =wheel diameter, mm
DIST =grinding distance, mm
d, = work diameter, mm
ECT =equivalent chip thicknessf{a,,V,V,,,f), mm
=1+ (V+V,ta +1+f)= Viwfs(\a/' 1
= approximately,, x a, + V=SMRR: V+ 1000
=zxf,xa xa,+ CEL+ (MD) mm
Fr= feed rate, mm/min
=f,x RPM, for cylindrical grinding
=f; x RPM, for plunge (in-feed) grinding
f; = in-feed in plunge grinding, mm/rev of work
fs=side feed or engaged wheel width in cylindrical grindir@>Width=
a, approximately equal to the cutting edge ler@EL
Grindingatio = MRR+W* = SMRRx T+W* = 1000x ECTx V x T+W*
MRR =metal removal rate SMRRx T = 1000x f, x a, x V/,, mm*¥min
SMRR =specific metal removal rate obtained by dividViBRby the engaged
wheel width € x Width) = 1000x a, x V,, mm¥mm width/min
Note: 100 mn¥/mm/min = 0.155 i#in/min, and 1 i#in/min = 645.16
mm¥/mm/min
T, Ty = wheel-life =Grinding ratiox W+ (1000x ECTx V) minutes
t. = grinding time per passBIST+Fg min
=DIST+Fg +1tg,(min) when spark-out time is included
=# Strokes< (DIST=Fg +tg)) (min) when spark-out time and strokes are
included
ts, = spark-out time, minutes
VV, = wheel speed, m/min
VyVyu = work speed SMRR+ 1000+ a, m/min
W* = volume wheel wear, mfn
Width =wheel width (mm)
RPM =wheel speed = 1000V + D + rtrpm
RPM,, = work speed = 1008V, + D, + Ttrpm
Relative Grindability.— An overview of grindability of the data base, which must be

based on a constant wheel wear rate, or wheel-life, is demonstrated using 10 minut:
wheel-life shown imTable 2
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Table 2. Grindability Overview

VW
Roughing Depth| Finishing Depth

Material Group |ECTx 108 Vio SMRR, a =0.025 a =0.0025
1 Unhardened 33 3827 1263 50 500
2 Stainless 33 1080 360 15 150
3 Cast Iron 33 4000 1320 53 530
4 Tool Steel 33 3190 1050 42 420
5 Tool Steel 33 2870 950 38 380
6 Tool Steel 33 2580 850 35 350
7Tool Steel 33 1080 360 15 150
8 Heat resistant 33 1045 345 14 140
9 Carbide with _ _

Diamond Whee 5 Voo = 1200l SMRR = 50 2 20
10 Ceramics with _ _

Diamond Wheel 5 Voo = 411 | SMRRg = 21 0.84 84

Procedure to Determine Data.—T he following wheel-life recommendations are
designed for 4 values BCT=0.00017, 0.00033, 0.00050 and 0.00075 mm (shown as 17,
33, 50 and 75 in the tables). Lower valueEGfT than 0.00010 mm (0.000004 in.) are not
recommended as these may lie to the left oFttweirve.

The user selects any one of EfeéTvalues, or interpolates between these, and selects the
wheel speed for 10 or 100 minutes life, denote®¥/fyandV, o, respectively. For other
desired wheel lives the wheel speed can be calculated from the tabulated Taylor constar
C andn=0.26 as follows:

(VXTgesireq) 26 = C, the value of which is tabulated for e&BTvalue. C is the value of

cutting spee atT = 1 minute, hence is the same as for the spged
(V,x110.26 =C)

V3o=C+10P6=C+1.82

Vig0=C+10026=C+3.31.

Example 6:A tool steel in material group 6 withCT= 0.00033, has constant C= 4690,
V10=2578 m/min, anl, o, = 1417 m/min. From this information, find the wheel speed for
desired wheel-life of = 15 minutes andl = 45 minutes

ForT = 15 minutes we ga&ft;s = 4690+ 15-26= 2319 m/min (7730 fpm) and fdr= 45
minutesV,g = 4690+ 45%26= 1743 m/min (5810 fpm).

The Tables are arranged in 3 sections:

1. Speed¥,,andV, = Constant CST(standard) fol€T values 0.00017, 0.00033,
0.00050 and 0.00075 mm. Valugg&hd Vo refer to user calibration of the standard val-
ues in each material group, explained in the following.

2. Speed¥, o (first row of 3), \jyandV; (last in row) corresponding to wheel lives 100,
10 and 1 minutes, forBCTvalues 0.00017, 0.00033, 0.00050 and 0.00075 mm.

3. Specific metal removal rat&VIRR, SMRR, andSMRR corresponding to wheel
lives 100, 10 and 1 minutes, for thE@Tvalues 0.00017, 0.00033, 0.00050, and 0.00075
mm

The 2 Graphs show: wheel life versus wheel speed in double logarithmic coordinate
(Taylor lines); andSMRRversus wheel speed in double logarithmic coordinatesHar®
values: 0.00017, 0.00033, 0.00050 and 0.00075 mm.
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Table 1. Group 1—Unhardened Steels

1131
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Table 2. Group 2—Stainless SteeBAE 30201 — 30347, SAE 51409 — 51501
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Table 3. Group 3—Cast Iron
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Table 4. Group 4—Tool SteeldW1, M8, T1, H, O, L, F, 52100
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Table 5. Group 5—Tool SteelsM2, T2, T5, T6, D2, D5, H41, H42, H43, M50
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=g
% g Constant C = 6695 Constant C = 5224 Constant C = 4040 Constant C =|2915
O H
e
Vr SMRR Vr SMRR Vr SMRR Vr SMRR
100 2020 345 1580 520 1220 610| 880 660
10 3680 625 2870 945 2220 111Q 1600 1200
1 6695 1140 5225 1725 4040 202 2914 218p
100T—A—&—& 10000
\\ \\ \\
A A A |
N\ N\ N\ H
N\ \ [ -
A VAN Al
0NN\ & el
£ A= _ E 1000
= NN o« iy »
NN x * -
5, ) & — ECT=17H
\ & — ECT=33[]
4 — ECT=50H
. \ - — ECT=75
» 100 N
1000 V, m/min 10000 1000 V, m/min 10000
Fig. 5a.T-V Fig. 5b.SMRRyvs.V, T=100, 10, 1 minutes
Table 6. Group 6—Tool SteelsM3, M4, T3, D7
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Table 7. Group 7—Tool SteelsT 15, M15
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Table 8. Group 8—Heat Resistant Alloysinconel, Rene, etc.
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Table 9. Group 9—Carbide Materials, Diamond Wheel

Fig. 10aT-V
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Table 10. Group 10 — Ceramic Materials AJO;, ZrO,, SiC, SgN,, Diamond Wheel
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1000 \ £ -a- ECT=8 {1y
0 \ £
£ £ W
" 100 ] "
N 3 </
10 ™
10100 1003' 10000 00 1000 10000
V, m/min V. m/min

Fig. 10b.SMRRys.V, T=100, 10, 1 minutes

2880

1420
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User Calibration of Recommendations

It is recommended to copy or redraw the standard graph for any of the material grour
before applying the data calibration method described below. The method is based on tl
user’'s own experience and data. The procedure is described in the following and illustrate
in Table 11andFig. 12

Only one shop data set is needed to adjust all four Taylor lines as shown below. Th
required shop data is the user’s wheel-Tifeobtained at the user’'s wheel sp&gd the
user’s work speed,,,, and depth of ci,.

25) First the user finds out which wheel-lifg was obtained in the shop, and the corre-
sponding wheel spedq,, depth of cug, and work speev,,

26) Second, calculate:

a)ECT=V,yxar+Vy
b) the user Taylor constant€ V,, x T,%26
c) Viou=Cu+ 10P-26 d) Vigou=Cy+ 100P-26

27) Thirdly, the user Taylor line is drawn in the pertinent graph. If the user wheg|-life
is longer than that in the standard graph the speed values will be higher, or if the user whet
life is shorter the speeds,0/; o4 Vigou Will be lower than the standard valuesWg and
VlOO‘

The results are a series of lines moved to the right or to the left of the standard Taylor line
for ECT=17, 33, 50 and 610> mm. Each standard table contains the value¥ V4,
V,g0and empty spaces for filling out the calculated user valygsMg x T,%28 V,o,= Cy
+10°26andV, oo, = G, + 100726

Example 7:Assume the following test results on a Group 6 material: user spégée is
1800 m/min, wheel-lifél, = 7 minutes, an&CT = 0.00017 mm. The Group 6 data is
repeated below for convenience.

Standard Table Data, Group 6 Material

2 ~[ ECT=0.00017 mm[[ ECT=0.00033 mm[ ECT=0.00050 mm][ ECT=0.00075 mm
% E[ ConstantC=5290 ConstantC=469D  ConstantC=3485  Constant C =[2395
e Vr SMRR Vr SMRR Vr SMRR Vr SMRR
100 1600 270 1415 465 1085 540 725 54(
10 | 2910 495 2580 850 1970 985 1315 984
1 5290 900 4690 1550 3585 1794 2394 1795
100 A—4-& ——— 1000
A —m ———
NN -~ ‘ECT‘* ‘17‘ H
N\ a1
\ \ —- ECT=33 : <
NN TR E —
g \ \ < PPl
2 5 T 10004 [
E X N E =+
= A\ A\ £ y Ped
\\ \\ \\\ ?, "’_ - -®- ECT=17
b4 - - ECT=33
\ - & - ECT=50
\ -m- ECT=75
t M 1001000 10000
1000 V, m/min 10000 V, m/min
Fig. 11a. Group 6 Tool Steels;V Fig. 11b.SMRRys.V, T=100, 10, 1 minutes
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Calculation Procedure
1) CalculateV;, Vi oy Vigou @NdSMRR, SMRRy, SMRRg, for ECT=0.00017 mm
a) V,, =the user Taylor constant; €V, x T,%-26= 1800x 7 °-26= 2985 m/min, and
SMRRy, = 1000x 2985x 0.00017 = 507 m&mm width/min
b) Vi, = G, + 10°-26= 2085+ 10°26= 1640 m/min, an@MRR,,, = 1000x 1640x
0.00017 = 279 m&mm width/min
€) Vy00u= Cy = 10026 = 2985+ 1007-26= 900 m/min, anMRRq, = 1000x 900
% 0.00017 = 153 mAimm width/min

2) ForECT=0.00017 mm, calculate the ratio of user Taylor constant to standard Taylor
constant from the tables 7)€ Cg;= G, + V; = 2985+ 5290 = 0.564 (seEable 6for
the value of Gy =V, atECT=0.00017 mm).

3) ForECT = 0.00033, 0.00050, and 0.00075 mm calculate the user Taylor constant:
from G, = Cs7 % (the ratio calculated in step 2Vg x 0.564 =V,,,. Then, calculate
ViguandVyge,andSMRR, SMRR gy, SMRRyq, Using the method in items 1b) and
1c) above.

a) ForECT=0.00033 mm

V,y = Cy =4690% 0.564 = 2645 m/min

Viou= G + 10°-26= 2645+ 10°-26= 1455 m/min

Vigou= Cy + 100-26= 2645+ 100°-26= 800 m/min

SMRR, SMRRg, andSMRR o, = 876, 480, and 264 nfmm width/min
b) ForECT=0.00050 mm

V,y = Cy =3590% 0.564 = 2025 m/min

Viou= Gy + 10°-26= 2025+ 10°-26= 1110 m/min

Vi0ou= Cy + 100-26= 2025+ 100°-26= 610 m/min

SMRR, SMRRg, andSMRR o, = 1013, 555, and 305 n¥mm width/min
¢) ForECT=0.00075 mm

V,y = Cy =2395% 0.564 = 1350 m/min

Viou= G + 10°7-26= 1350+ 10°26= 740 m/min

Vigou= Cy + 100-26= 1350+ 100°-26= 405 m/min

SMRR, SMRRg, andSMRR o, = 1013, 555, and 305 n¥mm width/min

Thus, the wheel speed for any desired wheel-life at a @rcan be calculated from
V=C,+T026 For example, &CT= 0.00050 mm and desired tool-Iife= 9,V = 2025+~
90-26= 1144 m/min. The corresponding specific metal removal r&fdiRR= 1000x 1144
x 0.0005 = 572 mAtmm width/min (0.886 iffinch width/min).

Table 11. User Calculated Data, Group 6 Material

o ECT=0.00017 mm|| ECT=0.00033 mm|| ECT= 0.00050 mm|| ECT= 0.00075 mm

5e User Constant User Constant User Constant User Constant

E § Cy = 2985 Cy = 2645 Cy =2025 Cy = 1350

F Vr SMRR || V¢ SMRR || V¢ SMRR || V¢ SMRR
100 900 153 800 264 610 305 405 305
10 1640 279 1455 480 1110 555 740 555
1 2985 507 2645 876 2025 1013 135(Q 10138
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A o8&
A *&
N N

X -
- - —e—ECT=17
AN N\ —4—ECT=33
- \\ \\\ —4—ECT=50
AN \ —8—ECT=75
EN S =0= ECT,, =17|
E =O= ECT,, = 33|
T A Standard {/,0= 291} ealadChl
tandard /1= -0- =
. for T = 10|minute: ECTy = 75)
10
AN »
= AN N A WA Y
Ty=7 TN NN
NN\ AN
N\ AN ANAN
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3 ~ \
1 ‘E \_

= X 2
1000 Vu=1800 V m/min 10000

Fig. 12. Calibration of user grinding data to standard Taylor Lines

User InputV = 1800 m/minT, = 7 minutesECT= 0.00017 mm
Optimization.— As shown, a global optimum occurs along®@ieurve, in selected cases
for values ofECT around 0.00075, i.e. at high metal removal rates as in other machining
operations. Itis recommended to use the simple formula for econonilg E&x T,, min-
utes.Ty, = Trp, + 60x C¢ + Hg, minutes, wher@gp, is the time required to replace wheel,
Cg = cost per wheel dressing = wheel cost + cost per dressinggasithe hourly rate.

In grinding, values ofy, range between 2 and 5 minutes in conventional grinders, which
means that the economic wheel lives range between 6 and 15 minutes indicating high
metal removal rates than are commonly used. When wheels are sharpened automatica
after each stroke as in internal grinding, or when grits are continually replaced as in abrz
sive grinding (machining),, may be less than one minute. This translates into wheel lives
around one minute in order to achieve minimum cost grinding.

Grinding Cost, Optimization and Process Planniktpre accurate results are obtained
when the firm collects and systemizes the information on wheel lives, wheel and work
speeds, and depths of cut from production runs. A computer program can be used to pl
the grinding process and apply the rules and formulas presented in this chapter. A comple
grinding process planning program, such as that developed by Colding International Col
poration, can be used to optimize machine settings for various feed-speed preferences c
responding wheel-life requirements, minimum cost or maximum production rate grinding,
required surface finish and sparkout time; machine and fixture requirements based on tt
grinding forces, torque and power for sharp and worn grinding wheels; and, detailed tim
and cost analysis per part and per batch including wheel dressing and wheel changir
schedules.

Table 12summarizes the time and cost savings per batch as it relates to tool life. The sel
sitivity of how grinding parameters are selected is obvious. Minimum cost conditions yield
a 51% reduction of time and 44% reduction of cost, while maximum production rate

reduces total time by 65% but, at the expense of heavy wheel consumption (continuot
dressing), cost by only 18%.

Table 12. Wheel Life vs. Cost

Time per Batch Cost per Batch, $ Reduction from Long Life,%
Preferences minutes Tooling | Total Cost Time Cost
Long Life 2995 39 2412 —
Economic Life 2433 252 2211 19 8
Minimum Cost 1465 199 1344 51 44
Max Production Rate 1041 1244 1980 65 18
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GRINDING AND OTHER ABRASIVE PROCESSES

Processes and equipment discussed under this heading use abrasive grains for shay
workpieces by means of machining or related methods. Abrasive grains are hard crysta
either found in nature or manufactured. The most commonly used materials are aluminut
oxide, silicon carbide, cubic boron nitride and diamond. Other materials such as garne
zirconia, glass and even walnut shells are used for some applications. Abrasive produc
are used in three basic forms by industry:

A) Bondedo form a solid shaped tool such as disks (the basic shape of grinding wheels
cylinders, rings, cups, segments, or sticks to name a few.

B) Coatedon backings made of paper or cloth, in the form of sheets, strips, or belts.

C) Loose held in some liquid or solid carrier (for lapping, polishing, tumbling), or pro-
pelled by centrifugal force, air, or water pressure against the work surface (blast cleaning

The applications for abrasive processes are multiple and varied. They include:

A) Cleaningof surfaces, also the coarse removal of excess material—such as rough off
hand grinding in foundries to remove gates and risers.

B) Shapingsuch as in form grinding and tool sharpening.
C) Sizing,a general objective, but of primary importance in precision grinding.

D) Surface finish improvemenmtther primarily as in lapping, honing, and polishing or as
a secondary objective in other types of abrasive processes.

E) Separatingas in cut-off or slicing operations.

The main field of application of abrasive processes is in metalworking, because of th
capacity of abrasive grains to penetrate into even the hardest metals and alloys. Howev:
the great hardness of the abrasive grains also makes the process preferred for worki
other hard materials, such as stones, glass, and certain types of plastics. Abrasive proces
are also chosen for working relatively soft materials, such as wood, rubber, etc., for suc
reasons as high stock removal rates, long-lasting cutting ability, good form control, anc
fine finish of the worked surface.

Grinding Wheels

Abrasive Materials.—In earlier times, only natural abrasives were available. From about
the beginning of this century, however, manufactured abrasives, primarily silicon carbide
and aluminum oxide, have replaced the natural materials; even natural diamonds hay
been almost completely supplanted by synthetics. Superior and controllable propertie
and dependable uniformity characterize the manufactured abrasives.

Both silicon carbide and aluminum oxide abrasives are very hard and brittle. This brittle:
ness, called friability, is controllable for different applications. Friable abrasives break
easily, thus forming sharp edges. This decreases the force needed to penetrate into
work material and the heat generated during cutting. Friable abrasives are most commorn
used for precision and finish grinding. Tough abrasives resist fracture and last longer. The
are used for rough grinding, snagging, and off-hand grinding.

As a general rule, although subject to variation:

1) Aluminum oxide abrasives are used for grinding plain and alloyed steel in a soft ol
hardened condition.

2) Silicon carbide abrasives are selected for cast iron, nonferrous metals, and nonmetal
materials.

3) Diamond is the best type of abrasive for grinding cemented carbides. It is also used f
grinding glass, ceramics, and hardened tool steel.
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4) Cubic Boron Nitride (CBN) is known by several trade names including Borazon (Gen-
eral Electric Co.), ABN (De Beers), Sho-bon (Showa-Denko), and Elbor (USSR). CBN is
a synthetic superabrasive used for grinding hardened steels and wear-resistant supel
loys. (SeeCubic Boron Nitride (CBNjtarting on page 982.) CBN grinding wheels have
long lives and can maintain close tolerances with superior surface finishes.

Bond Properties and Grinding Wheel Grades.—Fhe four main types of bonds used for
grinding wheels are the vitrified, resinoid, rubber, and metal.

Vitrified bondsare used for more than half of all grinding wheels made, and are preferrec
because of their strength and other desirable qualities. Being inert, glass-like materials, vi
rified bonds are not affected by water or by the chemical composition of different grinding
fluids. Vitrified bonds also withstand the high temperatures generated during norma
grinding operations. The structure of vitrified wheels can be controlled over a wide range
of strength and porosity. Vitrified wheels, however, are more sensitive to impact thar
those made with organic bonds.

Resinoid bondare selected for wheels subjected to impact, or sudden loads, or very hig}
operating speeds. They are preferred for snagging, portable grinder uses, or roughing op:
ations. The higher flexibility of this type of bond—essentially a filled thermosetting plas-
tic—helps it withstand rough treatment.

Rubber bondare even more flexible than the resinoid type, and for that reason are usex
for producing a high finish and for resisting sudden rises in load. Rubber bonded wheel
are commonly used for wet cut-off wheels because of the nearly burr-free cuts they prc
duce, and for centerless grinder regulating wheels to provide a stronger grip and more re
able workpiece control.

Metal bondsre used in CBN and diamond wheels. In metal bonds produced by elec-
trodeposition, a single layer of superabrasive material (diamond or CBN) is bonded to
metal core by a matrix of metal, usually nickel. The process is so controlled that about 30
40 per cent of each abrasive patrticle projects above the deposited surface, giving the whe
a very aggressive and free-cutting action. With proper use, such wheels have remarkak
long lives. When dulled, or worn down, the abrasive can be stripped off and the whee
renewed by a further deposit process. These wheels are also used in electrical discha
grinding and electrochemical grinding where an electrically conductive wheel is needed.

In addition to the basic properties of the various bond materials, each can also be appli
in different proportions, thereby controlling the grade of the grinding wheel.

Grinding wheel gradesommonly associated with hardness, express the amount of bond
material in a grinding wheel, and hence the strength by which the bond retains the indivic
ual grains.

During grinding, the forces generated when cutting the work material tend to dislodge
the abrasive grains. As the grains get dull and if they don't fracture to resharpen then
selves, the cutting forces will eventually tear the grains from their supporting bond. For
“soft” wheel the cutting forces will dislodge the abrasive grains before they have an oppor
tunity to fracture. When a “hard” wheel is used, the situation is reversed. Because of th
extra bond in the wheel the grains are so firmly held that they never break loose and tt
wheel becomes glazed. During most grinding operations it is desirable to have an interm
diate wheel where there is a continual slow wearing process composed of both grain fra
ture and dislodgement.

The grades of the grinding wheels are designated by capital letters used in alphabetic
order to express increasing “hardness” from Ato Z.

Grinding Wheel Structure.—The individual grains, which are encased and held

together by the bond material, do not fill the entire volume of the grinding wheel; the inter-
mediate open space is needed for several functional purposes such as heat dissipati
coolant application, and particularly, for the temporary storage of chips. It follows that the
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spacing of the grains must be greater for coarse grains which cut thicker chips and for lare
contact areas within which the chips have to be retained on the surface of the wheel befo
being disposed of. On the other hand, a wide spacing reduces the number of grains that c
tact the work surface within a given advance distance, thereby producing a coarser finist

In general, denser structures are specified for grinding hard materials, for high-spee
grinding operations, when the contact area is narrow, and for producing fine finishe:
and/or accurate forms. Wheels with open structure are used for tough materials, high stoi
removal rates, and extended contact areas, such as grinding with the face of the whe
There are, however, several exceptions to these basic rules, an important one being t
grinding of parts made by powder metallurgy, such as cemented carbides; although the
represent one of the hardest industrial materials, grinding carbides requires wheels with :
open structure.

Most kinds of general grinding operations, when carried out with the periphery of the
wheel, call for medium spacing of the grains. The structure of the grinding wheels is
expressed by numerals from 1 to 16, ranging from dense to open. Sometimes, “induce
porosity” is used with open structure wheels. This term means that the grinding whee
manufacturer has placed filler material (which later burns out when the wheel is fired tc
vitrify the bond) in the grinding wheel mix. These fillers create large “pores” between
grain clusters without changing the total volume of the “pores” in the grinding wheel.
Thus, an A46-H12V wheel and an A46H12VP wheel will contain the same amounts of
bond, abrasive, and air space. In the former, a large number of relatively small pores will b
distributed throughout the wheel. The latter will have a smaller number of larger pores.

American National Standard Grinding Wheel Markings.—ANSI Standard B74.13-
1990" Markings for Identifying Grinding Wheels and Other Bonded Abrasives,” applies
to grinding wheels and other bonded abrasives, segments, bricks, sticks, hones, rubs, ¢
other shapes that are for removing material, or producing a desired surface or dimension.
does not apply to specialities such as sharpening stones and provides only a standard <
tem of markings. Wheels having the same standard markings but made by different whe
manufacturers may not—and probably will not—produce exactly the same grinding
action. This desirable result cannot be obtained because of the impossibility of closely co
relating any measurable physical properties of bonded abrasive products in terms of the
grinding action.

Symbols for designating diamond and cubic boron wheel compositions are given or
pagell66

Sequence of Markings.—Fhe accompanying illustration taken from ANSI B74.13-1990
shows the makeup of a typical wheel or bonded abrasive marking.

1 2 3 4 S 6
Abrasive Grain Grade Structure Bond Manufacturer's
Prefix N
Type Size Type Record

The meaning of each letter and number in this or other markings is indicated by the fol
lowing complete list.

1) Abrasive LettersThe letter (A) is used for aluminum oxide, (C) for silicon carbide,
and (Z) for aluminum zirconium. The manufacturer may designate some particular type ir
any one of these broad classes, by using his own symbol as a prefix (example, 51).

2) Grain Size:The grain sizes commonly used and varying from coarse to very fine are
indicated by the following numbers: 8, 10, 12, 14, 16, 20, 24, 30, 36, 46, 54, 60,70, 80, 9(
100, 120, 150, 180, and 220. The following additional sizes are used occasionally: 24(
280, 320, 400, 500, and 600. The wheel manufacturer may add to the regular grain numk
an additional symbol to indicate a special grain combination.
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3) Grade:Grades are indicated by letters of the alphabet from A to Z in all bonds or pro-
cesses. Wheel grades from A to Z range from soft to hard.

4) Structure:The use of a structure symbol is optional. The structure is indicated by Nos.
1 to 16 (or higher, if necessary) with progressively higher numbers indicating a progres
sively wider grain spacing (more open structure).

5)Bond or ProcessBonds are indicated by the following letters: V, vitrified; S, silicate;
E, shellac or elastic; R, rubber; RF, rubber reinforced; B, resinoid (synthetic resins); BF
resinoid reinforced; O, oxychloride.

6) Manufacturer's RecordThe sixth position may be used for manufacturer's private
factory records; this is optional.

American National Standard Shapes and Sizes of Grinding Wheels.+he ANSI
Standard B74.2-1982 which includes shapes and sizes of grinding wheels, gives a wic
variety of grinding wheel shape and size combinations. These are suitable for the majori
of applications. Although grinding wheels can be manufactured to shapes and dimensior
different from those listed, it is advisable, for reasons of cost and inventory control, tc
avoid using special shapes and sizes, unless technically warranted.

Standard shapes and size ranges as given in this Standard together with typical applic
tions are shown ifable for inch dimensions and fable for metric dimensions.

The operating surface of the grinding wheel is often referred to as the wheel face. In th
majority of cases it is the periphery of the grinding wheel which, when not specified other-
wise, has a straight profile. However, other face shapes can also be supplied by the grin
ing wheel manufacturers, and also reproduced during usage by appropriate truing. ANS
B74.2-1982 standard offers 13 different shapes for grinding wheel faces, which are show
in Table 2

The Selection of Grinding Wheels.—n selecting a grinding wheel, the determining fac-
tors are the composition of the work material, the type of grinding machine, the size rang
of the wheels used, and the expected grinding results, in this approximate order.

The Norton Company has developed, as the result of extensive test series, a method
grinding wheel recommendation that is more flexible and also better adapted to taking int
consideration pertinent factors of the job, than are listings based solely on workpiece cat
gories. This approach is the basisTables 3through6, inclusive. Tool steels and con-
structional steels are considered in the detailed recommendations presented in these tab

Table 3assigns most of the standardized tool steels to five different grindability groups.
The AISI-SAE tool steel designations are used.

After having defined the grindability group of the tool steel to be ground, the operation tc
be carried out is found in the first columnTafble. The second column in this table distin-
guishes between different grinding wheel size ranges, because wheel size is a factor
determining the contact area between wheel and work, thus affecting the apparent har
ness of the grinding wheel. Distinction is also made between wet and dry grinding.

Finally, the last two columns define the essential characteristics of the recommende
types of grinding wheels under the headings of first and second choice, respectively
Where letters are usgulecedingA, the standard designation for aluminum oxide, they
indicate a degree of friability different from the regular, thus: SF = semi friable (Norton
equivalent 16A) and F = friable (Norton equivalent 33A and 38A). The suffix P, where
applied, expresses a degree of porosity that is more open than the regular.
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Table 1a. Standard Shapes and Inch Size Ranges of Grinding Wheels
ANSI B74.2-1982

Size Ranges of Principal Dimensions,

Inches

Applications

D = Dia.

T = Thick.

H =Hole

- p L
N KRNI T
—| B 1

Type 1. Straight WheelFor peripheral grinding.

CUTTING OFF (Organic bonds only)
CYLINDRICAL GRINDING
Between centers

CYLINDRICAL GRINDING
Centerless grinding wheels

CYLINDRICAL GRINDING
Centerless regulating wheels
INTERNAL GRINDING
OFFHAND GRINDING
Grinding on the periphery
General purpose
For wet tool grinding only

SAW GUMMING (F-type face)

SNAGGING
Floor stand machines

SNAGGING
Floor stand machines (Organic bond, wheel speed ov
6500 sfpm)

SNAGGING

Mechanical grinders (Organic bond, wheel speed up
16,500 sfpm)

SNAGGING
Portable machines

SNAGGING
Portable machines (Reinforced organic bond, 17,000
sfpm)

SNAGGING
Swing frame machines

SURFACE GRINDING
Horizontal spindle machines

TOOL GRINDING
Broaches, cutters, mills, reamers, taps, etc.

1to48
12to 48
14 t0 30

8to 14
Yto4

6 to 36
30 or 36
61012

12to0 24

er
20 to 36

24

3to8

6or8
12to 24
61024

6 to 10|

Yuto %
%t0 6
1to 20

1to12
¥to2

Yto 4
3or4
Yito B

1to3

2t04

2t03

¥tol

¥orl
2t03
%106

Yto%

¥to 6
5t0 20
5or12

3t06
Ypto %

%to03
20
%o 1

W,t0 %,

6orl12

12

%to%

3%to 12
Y,to 12

%to5

Type 2. Cylindrical Wheel Side grinding wheel —

mounted on the diameter; may also be mounted|

chuck or on a plate.

W = Wall

SURFACE GRINDING
Vertical spindle machines

[ eom |

4or5

lto4

ina
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Table 1a.(Continued)Standard Shapes and Inch Size Ranges of Grinding Wheels
ANSI B74.2-1982

Applications

Size Ranges of Principal Dimensions,
Inches

D = Dia. T = Thick.

H = Hole

oy
N\ AN\
e T

Type 5. Wheel recessed one side For peripheral g

rind-

ing. Allows wider faced wheels than the available
mounting thickness, also grinding clearance for fthe

nut and flange.

CYLINDRICAL GRINDING
Between centers

CYLINDRICAL GRINDING
Centerless regulating wheel

INTERNAL GRINDING

SURFACE GRINDING
Horizontal spindle machines

12to 36 1Wto 4 5o0r12
8to 14 3t06 3orb5
%to4 Fto 2 Y%tol
7to24 %106 Y,to 12

—~ W

Type 6. Straight-Cup WheelSide grinding wheel, in
whose dimensioning the wall thickne¥s)(takes

oe is

§ E N f precedence over the diameter of the recess. H
1 T % 11UNC-2B threaded for the snagging wheels and
N l ¥ or 1" for the tool grinding wheels.
bn
W = Wall
SNAGGING
Portable machines, organic bond only. 4106 2 %to 1y2
TOOL GRINDING
Broaches, cutters, mills, reamers, taps, etc. 206 1 %,to 2 ?160W8

e
N\ s\

Type 7. Wheel recessed two sides Peripheral grinding.
Recesses allow grinding clearance for both flanges
and also narrower mounting thickness than ovefall

Liﬂﬂ T thickness.

P

Coetwemn contere 12036 | Bos 50112
©Centorioss reguiating wheel 81014 41020 3106
SE!Fozrszo%EaIGsT)Ii’r\:c[i)lleNncﬁ;achines 12to24 2t06 5to 12
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Table 1a.(Continued)Standard Shapes and Inch Size Ranges of Grinding Wheels
ANSI B74.2-1982

Size Ranges of Principal Dimensions,

Inches

Applications

D = Dia. T = Thick.

H = Hole

EE—_
..7](*"——-&1 T

Type 11. Flaring-Cup WheelSide grinding wheel witi

wall tapered outward from the back; wall generglly
w k l thicker in the back.
[)
H- f
J
SNAGGING
Portable machines, organic bonds only, threaded holg 4106 2 %11 UNC-2B
TOOL GRINDING
Broaches, cutters, mills, reamers, taps, etc. 2t05 1%t02 Htolk
[ D
A‘—4 Ale——K u
'« i i Type 12. Dish WheelGrinding on the side or on the
T face of the wheel, the U-face being always presgnt
in this type.
beH+
E
J
TOOL GRINDING
Broaches, cutters, mills, reamers, taps, etc. 308 Hory Kol
Type 13. Saucer WheePeripheral grinding wheel,
resembling the shape of a saucer, with cross segtion

equal throughout.

SAW GUMMING
Saw tooth shaping and sharpening

8to 12

%to 1%,
U&E
Yito B

¥to 1Y,

Type 16. Cone, Curved Side
Type 17. Cone, Straight Side, Square Tip
Type 17R. Cone, Straight Side, Round TigTip

RadiusR = J/2)

SNAGGING
Portable machine, threaded holes

1¥t03

2t03

%24UNF-2B
to
%11UNC-2B
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Table 1a.(Continued)Standard Shapes and Inch Size Ranges of Grinding Wheels
ANSI B74.2-1982

Applications

Size Ranges of Principal Dimensions,
Inches

D = Dia. T = Thick. H = Hole

Type 18. Plug, Square End
Type 18R. Plug, Round EndR = D/2

Type 19. Plugs, Conical End, Square Tip
Type 19R. Plugs, Conical End, Round Tip
(Tip RadiusR = J/2)

SNAGGING
Portable machine, threaded holes

%24UNF-2B
1¥t03 2t03, to
%11UNC-2B

=

NNE RS T
-t 1

Type 20. Wheel, Relieved One Sideeripheral grind-
ing wheel, one side flat, the other side relieved
flat.

0 a

CYLINDRICAL GRINDING
Between centers

12to 36 ¥t04 5t0 20

Type 21. Wheel, Relieved Two SideBoth sides
relieved to a flat.

Type 22. Wheel, Relieved One Side, Recessed Oth
SideOne side relieved to a flat.

TE'R

Type 23. Wheel, Relieved and Recessed Same Sid
The other side is straight.

CYLINDRICAL GRINDING
Between centers, with wheel periphery

20 to 36 2to 4 12 0r20

er
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Table 1a.(Continued)Standard Shapes and Inch Size Ranges of Grinding Wheels
ANSI B74.2-1982

Size Ranges of Principal Dimensions,
Inches

D = Dia. T = Thick. H = Hole

Applications

| D
A
4 Type 24. Wheel, Relieved and Recessed One Side,
E ¥ T Recessed Other Sid®ne side recessed, the othgr
h side is relieved to a recess.
fe
H-

P—

D
— A F P
N Type 25. Wheel, Relieved and Recessed One Side,

T Relieved Other SideOne side relieved to a flat, tHe
) other side relieved to a recess.
[}]
H
K
[ D ]
A I'RPIE
{TE? T Type 26. Wheel, Relieved and Recessed Both Sides
=
TG'of
Bl
P
CYLINDRICAL GRINDING
Between centers, with the periphery of the wheel 201036 2104 12 or20

! D ! u  TYPES 27 &27A Wheel, Depressed Center
27 K i 27.Portable Grinding:Grinding normally done by
= _L contact with work at approx. a 1&ngle with face
27TA—> T of the wheel.
27A. Cutting-off: Using the periphery as grinding|
U=E face.
CUTTING OFF —E=
Reinforced organic bonds only 161030 U=E=%to}, lorly
SNAGGING U = Uniform 5
Portable machine 3to9 thick. % to % Hork

| SR

/Y Type 28. Wheel, Depressed Center (Saucer Shape:
U Grinding Face) Grinding at approx. I5angle with
r b Ho| wheel face.
E
Y

U=E |g Vi
P
SNAGGING _ Zor9 U = Uniform %
Portable machine thickness,

roughout table large open-hea arrows indicate grinding surfaces.
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Table 1b. Standard Shapes and Metric Size Ranges of Grinding Wheels
ANSI B74.2-1982

Size Ranges of Principal Dimensions,

Millimeters
Applications D = Diam. T = Thick. H = Hole
Type 1. Straight Wheef
CUTTING OFF
(nonreinforced and reinforced organic bonds only) 150 t0 1250 081010 16t0152.4
CYLINDRICAL GRINDING
Between centers 300 to 1250 20 to 160 127 to 508
CYLINDRICAL GRINDING
Centerless grinding wheels 350 to 750 25to 500 127 or 304.8
CYLINDRICAL GRINDING
Centerless regulating wheels 200 to 350 25to 315 76.2t0 152.4
INTERNAL GRINDING 6 to 100 6to 50 251025
OFFHAND GRINDING
Grinding on the periphery
General purpose 150 to 900 13 to 100 2010 76.2
For wet tool grinding only 750 or 900 80 or 100 508
SAW GUMMING (F-type face) 150 to 300 6 to 40 32
SNAGGING
Floor stand machines 300 to 600 25t0 80 3210 76.2
SNAGGING
Floor stand machines(organic bond, wheel speed over(33 500 to 900 50 to 100 152.4 or 304.8
meters per second)
SNAGGING
Mechanical grinders (organic bond, wheel speed up to (84 600 50 to 80 304.8
meters per second)
SNAGGING
Portable machines 80 to 200 6t0 25 10to 16
SNAGGING
Swing frame machines (organic bond) 300 to 600 501080 88.910304.8
SURFACE GRINDING
Horizontal spindle machines 15010 600 1310160 32103048
TOOL GRINDING
Broaches, cutters, mills, reamers, taps, etc. 150 to 250 61020 S2t0127
Type 2. Cylindrical WheePR
W= Wall
SURFACE GRINDING 200 t0 500 100 or 125 2510100

Vertical spindle machines
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Table 1b.(Continued)Standard Shapes and Metric Size Ranges of Grinding Wheels
ANSI B74.2-1982

Size Ranges of Principal Dimensions,

Millimeters
Applications D = Diam. T = Thick. H = Hole
Type 5. Wheel recessed one sitle
CLINDRICAL SRINDING 300 to 900 4010 100 127 0r 304.8
C&ﬂz@;ﬁ:ﬁf;yguﬁems 200 to 350 80 to 160 76.2 or 127
INTERNAL GRINDING 10 to 100 10to 50 3.18t0 25
Type 6. Straight-Cup Wheet
W= Wall
SNAGGING
Portable machines, organic bond only 100 to 150 50 20 to 40

(hole is%11 UNC-2B)

TOOL GRINDING
Broaches, cutters, mills, reamers, taps, etc. 50 to 150 32 to 50 8or10
(Hole is 13 to 32 mm)

Type 7. Wheel, recessed two sides

CYLINDRICAL GRINDING

Between centers 300 to 900 40 to 100 127 or 304.8

CYLINDRICAL GRINDING

Centerless regulating wheels 200 to 350 100 to 500 76.2t0 152.4

Type 11. Flaring-Cup Wheet

SNAGGING
Portable machines, organic bonds only, threaded hole 100 to 150 S0 %11 UNC-28
TOOL GRINDING 5010125 321050 131032

Broaches, cutters, mills, reamers, taps, etc.

Type 12. Dish Wheél

TOOL GRINDING
Broaches, cutters, mills, reamers, taps, etc. 8010 200 130r20 131032

Type 27 and 27A. Wheeldepressed center

CUTTING OFF —E=
Reinforced organic bonds only 400 t0 750 U=E=6 25.40r38.1

SNAGGING

Portable machines 80 to 230 U=E=3.2t010 9.53 or 22.23

aSeeTable 1dor diagrams and descriptions of each wheel type.
All dimensions in millimeters.
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Table 2. Standard Shapes of Grinding Wheel FaceANS| B74.2-1982

e

65

(1S0)
‘X’ IS THE
NARROWER
WHEEL FACE
(1S0)

Recommendations, similar in principle, yet somewhat less discriminating have beer
developed by the Norton Company faonstructional steelsThese materials can be
ground either in their original state (soft) or in their after-hardened state (directly or follow-
ing carburization). Constructional steels must be distinguished from structural steel
which are used primarily by the building industry in mill shapes, without or with a mini-
mum of machining.

Constructional steels are either plain carbon or alloy type steels assigned in the AIS|
SAE specifications to different groups, according to the predominant types of alloying ele
ments. In the following recommendations no distinction is made because of different com
positions since that factor generally, has a minor effect on grinding wheel choice ir
constructional steels. However, separate recommendations are made Tatseff@nd
hardenedTable § constructional steels. For the relatively rare instance where the use of e
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single type of wheel for both soft and hardened steel materials is considered more impo
tant than the selection of the best suited types for each condition of the work material:

Table Slists “All Around” wheels in its last column.

For applications where cool cutting properties of the wheel are particularly important,
Table 6lists, as a second alternative, porous-type wheels. The sequence of choices as p
sented in these tables does not necessarily represent a second, or third best; it can also a
to conditions where the first choice did not provide optimum results and by varying
slightly the composition of the grinding wheel, as indicated in the subsequent choices, th

performance experience of the first choice might be improved.

Table 3. Classification of Tool Steels by their Relative Grindability

Relative Grindability Group

AISI-SAE Designation of Tool Steels

GROUP 1—Any area of work surface

High grindability tool and die steels

(Grindability index greater than 12)

W1, W2, W5
S1, S2, S4, S5, S6, S7
01, 02, 06, O7
H10, H11, H12, H13, H14

L2,L6

GROUP 2—Small area of work surface

(as found in tools

Medium grindability tool and die steels

(Grindability index 3 to 12)

H19, H20, H21, H22, H23, H24, H26
P6, P20, P21
T1,T7, T8
M1, M2, M8, M10, M33, M50
D1, D2, D3, D4, D5, D6

A2, A4, A6, A8, A9, A10

GROUP 3—Small area of work surface

(as found in tools

Low grindability tool and die steels

(Grindability index between 1.0 and 3)

T4, T5,7T6, T8

M3, M6, M7, M34, M36, M41, M42, M46,
M48, M52, M62

D2, D5

All

GROUP 4—Large area of work surface

(as found in dies)

Medium and low grindability tool and die steeld

(Grindability index between 1.0 and 12)

All steels found in Groups 2 and 3

GROUP 5—Any area of work surface

Very low grindability tool and die steels

(Grindability index less than 1.0)

D3, D4, D7
M4
A7

T15

1151
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Table 4. Grinding Wheel Recommendations for Hardened Tool Steels

According to their Grindability

Wheel or Rim . . .
: : First-Choice Second-Choice
Operation Diameter, I o
Inches Specifications Specifications
Group 1 Steels
Surfacing

Surfacing wheels

Segments or Cylinders

Cups

14 and small
14 and smaller
Over 14
1% rim or
less
%, rim or less

(for rims wider

er - Wet FA46-18V SFA46-G12VH
Dry FA46-H8V FA46-F12VP
Wet FA36-18V SFA36-18V
Wet FA30-H8V FA30-F12VP
Wet FA36-H8V FA46-F12VP

than % inches, go on

available specifications)

e grade softer in

Cutter sharpening
Straight wheel

Dish shape
Cup shape

Wet FA46-K8V
Dry FA46-J8V
Dry FA60-J8V
Dry FA46-L8V
Wet SFA46-L5V

FAG0-K8V
FA46-H12VP
FA60-H12VP
FAG0-H12VP
SFAG0-L5V

Form tool grinding

8 and smaller|
8 and smaller
10 and larger

Wet FA60-L8V to FA100-M7V
Dry FA60-K8V to FA100-L8V
Wet FA60-L8V to FA80-M6V

Cylindrical 14 and smalle Wet SFA60-L5V
16 and larger Wet SFA60-M5V
Centerless Wet SFA60-M5V
Internal
Production grinding Under, Wet SPA80-N6V SFA80-N7V
%tol Wet SFA60-M5V SFA60-M6V
Over1lto3 Wet SFA54-L5V SFA54-L6V
Over 3 Wet SFA46-L5V SFA46-K5V
Tool room grinding Under¥, Dry FA80-L6V SFA80-L7V
¥%tol Dry FA70-K7V SFA70-K7V
Over1to 3 Dry FA60-J8V FA60-H12VP
Over 3 Dry FA46-J8V FA54-H12VP
Group 2 Steels
Surfacing
Straight wheels 14 and smaller ~ Wet FA46-I18V FA46-G12VP
14 and smaller| Dry FA46-H8V FA46-F12VP
Over 14 Wet FA46-H8V SFA46-18V
' 1% rim or Wet FA30-G8V FA36-E12VP
Segments or Cylinders
less
Cups % rim or less Wet FA36-H8V FA46-F12VP

(for rims wider than % inches, go one grade softer in

available specifications)
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Table 4.(Continued)Grinding Wheel Recommendations for Hardened Tool Steels

According to their Grindability
. Wheel or Rim First-Choice Second-Choice
Operation D;ﬁg;ﬁ;:r‘ Specifications Specifications
Cutter sharpening

Straight wheel Wet FA46-L5V FA60-K8V

Dry FA46-J8V FAG0-H12VP
Dish shape Dry FA60-J5V FA60-G12VP
Cup shape Dry FA46-K5V FA60-G12VP

Wet FA46-L5V FA60-J8V

Form tool grinding

8 and smaller|
8 and smaller
10 and larger

Wet FA60-K8V to FA120-L8V
Dry FA80-K8V to FA150-K8V
Wet FA60-K8V to FA120-L8V

Cylindrical 14 and less Wet FA60-L5V SFA60-L5V
16 and larger Wet FA60-K5V SFA60-K5V
Centerless Wet FA60-M5V SFA60-M5V
Internal
Production grinding Under%, Wet FA80-L6V SFA80-L6V
¥%tol Wet FA70-K5V SFA70-K5V
Over1to3 Wet FA60-J8V SFA60-J7V
Over 3 Wet FA54-J8V SFA54-J8V
Tool room grinding Under¥, Dry FA80-18V SFA80-K7V
¥%tol Dry FA70-J8V SFA70-J7V
Over1to 3 Dry FA60-18V FA60-G12VP
Over 3 Dry FA54-18V FA54-G12VP
Group 3 Steels
Surfacing
Straight wheels 14 and smaller ~ Wet FA60-I18V FA60-G12VP
14 and smaller Dry FA60-H8V FAG60-F12VP
Over 14 Wet FA60-H8V SFA60-18V
' 1% rim or Wet FA46-G8V FA46-E12VP
Segments or Cylinders
less
Cups % rim or less Wet FA46-G8V FA46-E12VP

(for rims wider
available speci

than % inches, go on
fications)

e grade softer in

Cutter grinding
Straight wheel

Dish shape
Cup shape

Wet FA46-J8V
Dry FA46-18V
Dry FAG60-H8V
Dry FA46-I18V
Wet FA46-J8V

FA60-J8V
FA46-G12VP
FAG0-F12VP
FA60-F12VP

FA60-J8V

Form tool grinding

8 and smaller
8 and smaller
10 and larger

Wet FA80-K8V to FA150-L9V
Dry FA100-J8V to FA150-K8V
Wet FA80-J8V to FA150-J8V
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Table 4.(Continued)Grinding Wheel Recommendations for Hardened Tool Steels
According to their Grindability

. Wheel or Rim First-Choice Second-Choice
Operation D;ﬁg;ﬁ;:r‘ Specifications Specifications
Cylindrical 14 and less Wet FA80-L5V SFA80-L6V
16 and larger Wet FA60-L6V SFA60-K5V
Centerless Wet FA60-L5V SFA60-L5V
Internal
Production grinding Under, Wet FA90-L6V SFA90-L6V
%tol Wet FA80-L6V SFA80-L6V
Over1lto3 Wet FA70-K5V SFA70-K5V
Over 3 Wet FA60-J5V SFA60-J5V
Tool room grinding Under, Dry FA90-K8V SFA90-K7V
¥%tol Dry FA80-J8V SFA80-J7V
Over1to 3 Dry FA70-18V SFA70-G12VP
Over 3 Dry FA60-18V SFA60-G12VP
Group 4 Steels
Surfacing
Straight wheels 14 and smaller ~ Wet FA60-I18V C60-JV
14 and smaller Wet FA60-H8V C60-1V
Over 14 Wet FA46-H8V C60-HV
1%rim or Wet FA46-G8V C46-HV
Segments
less
' 1%rim or Wet FA46-G8V C60-HV
Cylinders
less
Cups F,rimorless | Wet FA46-G6V C60-1V

(for rims wider
able specificati

ons)

than % inches, go one grade softer in avgl-

Form tool grinding

8 and smaller|
8 and smaller
10 and larger

Wet FA60-J8V to FA150-K8V
Dry FA80-I8V to FA180-J8V
Wet FA60-J8V to FA150-K8V

Cylindrical 14 and less Wet FA80-K8V C60-KV
16 and larger Wet FA60-J8V C60-KV
Internal
Production grinding Under%, Wet FA90-L8V C90-LvV
%tol Wet FA80-K5V C80-KV
Over1to3 Wet FA70-J8V C70-JV
Over 3 Wet FA60-18V C60-1V
Tool room grinding Under%, Dry FA90-K8V C90-KV
¥%tol Dry FA80-J8V C80-JV
Over1to3 Dry FA70-18V C70-Iv
Over 3 Dry FA60-H8V C60-HV
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Table 4.(Continued)Grinding Wheel Recommendations for Hardened Tool Steels
According to their Grindability

X\r”;{eieml First- Second- Third-
Diameter Choice Choice Choice
Operation Inches ! Specifications | Specifications | Specificationg
Group 5 Steels
Surfacing
Straight wheels| 14 and smalle Wet SFA60-H8V  FAG0-E12VP C60-1IV
14 and smaller Dry SFA80-H8 FA80-E12VP C80-HV
Over 14 Wet SFA60-H8 FA60-E12VP C60-HV
Segments or | 1%rim orless | Wet SFA46-G8V| FA46-E12VP C46-GV
Cylinders
Cups ,rim or less Wet SFA60-G8V| FA60-E12VP C60-GV
(for rims wider than %, inches, go one grade softer in available
specifications)
Cutter grinding
Straight wheels Wet SFA60-18V | SFA60-G12VH
Dry SFA60-H8V | SFA80-F12VP
Dish shape Dry SFA80-H8V | SFA80-F12VP
Cup shape Dry SFA60-18V | SFA60-G12VP|
Wet SFA60-J8V | SFA60-H12VH
Form tool
grinding 8 and smaller Wet FA80-J8V to FA180-J9V
8 and smaller Dry FA100-18V to FA220-J9V
10 and larger Wet FA80-J8V to FA180-J9V
Cylindrical 14 and less Wet FA80-J8V C80-KV FA80-H12YP
16 and larger Wet FA80-18V C80-KV FA80-G12V|P
Centerless Wet FA80-J5V C80-LV
Internal
Production grind{ Under%, Wet FA100-L8V | C90-MV
"9 Wto 1 Wet FA90-K8V | C80-LV
Over1to3 Wet FA80-J8V C70-KV FA80-H12VP
Over 3 Wet FA70-18V C60-JV FA70-G12VpP
Tool room grind-| Under%, Dry FA100-K8V | C90-KV
"9 ¥%tol Dry FA90-J8V C80-JV
Over1to 3 Dry FA80-18V C70-IvV FA80-G12VIP
Over 3 Dry FA70-18V C60-1V FA70-G12VH
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Table 5. Grinding Wheel Recommendations for Constructional Steels (Soft)
Wheel or Rim Alternate
Grinding Diameter, Choice All-Around
Operation Inches First Choice (Porous type) Wheel
Surfacing
Straight wheels 14 and smaller Wet FA46-J8V FA46-H12VH FA46-J8V
14 and smaller Dry FA46-18V FA46-H12VP FA46-18V
Over 14 Wet FA36-J8V FA36-H12VP FA36-J8V
Segments 1% rim or
less Wet FA24-H8V FA30-F12VP FA24-H8V
Cylinders 1% rim or
FA30-G12VP FA24-H8V
less Wet FA24-18V
Cups %rim or less Wet FA24-H8V FA30-F12VvP FA30-H8V
(for wider rims, go one grade softer)
Cylindrical 14 and smaller Wet SFA60-M5V SFAB0-L5V
16 and larger Wet SFA54-M5V SFA54-L5V
Centerless Wet SFA54-N5V SFA60-M5V
Internal Under%, Wet SFA60-M5V SFA80-L6V
%tol Wet SFAG60-L5V SFAB0-K5V
Over1to3 Wet SFA54-K5V SFA54-J5V
Over 3 Wet SFA46-K5V SFA46-J5V

(Hardened or Carburized)

Table 6. Grinding Wheel Recommendations for Constructional Steels

Grinding Wheel or Rim Alternate Choice
Operation Diameter, Inches First Choice (Porous Type)
Surfacing
Straight wheels 14 and smaller Wet FA46-18V FA46-G12VP
14 and smaller Dry FA46-H8V FA46-F12VP
Over 14 Wet FA36-18V FA36-G12VP
Segments or Cylinders 1% rim or less Wet FA30-H8V FA36-F12VP
Cups %,rim or less Wet FA36-H8V FA46-F12VP

(for wider rims, go one grade softer)

Forms and Radius
Grinding

8 and smaller
8 and smaller
10 and larger

Wet FAG0-L7V to FA100-M8V
Dry FA60-K8V to FA100-L8V
Wet FAG0-L7V to FA80-M7V

Cylindrical
Work diameter
1inch and smaller

14 and smaller

Wet SFA80-L6V

Over 1 inch 14 and smaller Wet SFA80-K5V
1 inch and smaller 16 and larger Wet SFA60-L5V
Over 1 inch 16 and larger Wet SFA60-L5V
Centerless Wet SFA80-M6V
Internal Under¥, Wet SFA80-N6V
KHtol Wet SFA60-M5V
Over1to 3 Wet SFA54-L5V
Over 3 Wet SFA46-K5V
Under%, Dry FA80-L6V
%tol Dry FA70-K8V
Over1to3 Dry FA60-J8V FA60-H12VP
Over 3 Dry FA46-J8V FA54-H12VP
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Cubic Boron Nitride (CBN) Grinding Wheels.—Although CBN is not quite as hard,
strong, and wear-resistant as a diamond, it is far harder, stronger, and more resistant
wear than aluminum oxide and silicon carbide. As with diamond, CBN materials are avail
able in different types for grinding workpieces of 50 Rc and above, and for superalloys o
35 Rc and harder. Microcrystalline CBN grinding wheels are suitable for grinding mild
steels, medium-hard alloy steels, stainless steels, cast irons, and forged steels. Wheels v
larger mesh size grains (up to/20), now available, provide for higher rates of metal
removal.

Special types of CBN are produced for resin, vitrified, and electrodeposited bonds
Wheel standards and nomenclature generally conform to those used for diamond whee
(pagell63), except that the lett@® instead oD is used to denote the type of abrasive.
Grinding machines for CBN wheels are generally designed to take full advantage of thi
ability of CBN to operate at high surface speeds of 9,000-25,000 sfm. CBM is very respor
sive to changes in grinding conditions, and an increase in wheel speed from 5,000 t
10,000 sfm can increase wheel life by a factor of 6 or more. A change from a water-base
coolant to a coolant such as a sulfochlorinated or sulfurized straight grinding oil car
increase wheel life by a factor of 10 or more.

Machines designed specifically for use with CBN grinding wheels generally use either
electrodeposited wheels or have special trueing systems for other CBN bond wheels, al
are totally enclosed so they can use oil as a coolant. Numerical control systems are use
often running fully automatically, including loading and unloading. Machines designed
for CBN grinding with electrodeposited wheels are extensively used for form and geal
grinding, special systems being used to ensure rapid mounting to exact concentricity ar
truth in running, no trueing or dressing being required. CBN wheels can produce work
pieces having excellent accuracy and finish, with no trueing or dressing for the life of the
wheel, even over many hours or days of production grinding of hardened steel compc
nents.

Resin-, metal-, and vitrified-bond wheels are used extensively in production grinding, in
standard and special machines. Resin-bonded wheels are used widely for dry tool and ci
ter resharpening on conventional hand-operated tool and cutter grinders. A typical whe
for such work would be designated 11V9 cup type/120 mesh, 75 concentration, with
a¥gor%in. rim section. Special shapes of resin-bonded wheels are used on dedicate
machines for cutting tool manufacture. These types of wheels are usually self-dressin
and allow full machine control of the operation without the need for an operator to see
hear, or feel the action.

Metal-bonded CBN wheels are usually somewhat cheaper than those using other types
bond because only a thin layer of abrasive is present. Metal bonding is also used in man
facture of CBN honing stones. Vitrified-bond CBN wheels are a recent innovation, and
high-performance bonds are still being developed. These wheels are used for grindin
cams, internal diameters, and bearing components, and can be easily redressed.

An important aspect of grinding with CBN and diamond wheels is reduced heating of the
workpiece, thought to result from their superior thermal conductivity compared with alu-
minum oxide, for instance. CBN and diamond grains also are harder, which means th:
they stay sharp longer than aluminum oxide grains. The superior ability to absorb hez
from the workpiece during the grinding process reduces formation of untempered marter
site in the ground surface, caused by overheating followed by rapid quenching. Atthe san
time, a higher compressive residual stress is induced in the surface, giving increase
fatigue resistance, compared with the tensile stresses found in surfaces ground with alun
num oxide abrasives. Increased fatigue resistance is of particular importance for ge:
grinding, especially in the root area.

Variations from General Grinding Wheel Recommendations.—.Recommendations
for the selection of grinding wheels are usually based on average values with regard to bo
operational conditions and process objectives. With variations from such average value
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the composition of the grinding wheels must be adjusted to obtain optimum results
Although it is impossible to list and to appraise all possible variations and to define theil
effects on the selection of the best suited grinding wheels, some guidance is obtained fro
experience. The following tabulation indicates the general directions in which the charac
teristics of the initially selected grinding wheel may have to be altered in order to approac
optimum performance. Variations in a sense opposite to those shown will call for whee
characteristic changes in reverse.

Conditions or Objectives Direction of Change

To increase cutting rate Coarser grain, softer bond, higher porosity

To retain wheel size and/or form Finer grain, harder bond

For small or narrow work surface Finer grain, harder bond

For larger wheel diameter Coarser grain

To improve finish on work Finer grain, harder bond, or resilient bond

For increased work speed or feed rate Harder bond

For increased wheel speed Generally, softer bond, except for high-spded
grinding, which requires a harder bond for
added wheel strength

For interrupted or coarse work surface Harder bond

For thin walled parts Softer bond

To reduce load on the machine drive motor Softer bond

Dressing and Truing Grinding Wheels.—The perfect grinding wheel operating under
ideal conditions will be self sharpening, i.e., as the abrasive grains become dull, they wi
tend to fracture and be dislodged from the wheel by the grinding forces, thereby exposin
new, sharp abrasive grains. Although in precision machine grinding this ideal sometime
may be partially attained, it is almost never attained completely. Usually, the grinding
wheel must be dressed and trued after mounting on the precision grinding machine spinc
and periodically thereafter.

Dressing may be defined as any operation performed on the face of a grinding wheel th
improves its cutting action. Truing is a dressing operation but is more precise, i.e., the fac
of the wheel may be made parallel to the spindle or made into a radius or special shaf
Regularly applied truing is also needed for accurate size control of the work, particularly ir
automatic grinding. The tools and processes generally used in grinding wheel dressing a
truing are listed and describedTiable.

Table 1. Tools and Methods for Grinding Wheel Dressing and Truing
Designation Description Application

eADreferred for bench- or floor-type
grinding machines; also for use on
heavy portable grinders (snagging
grinders) where free-cutting prope
ties of the grinding wheel are primg-
rily sought and the accuracy of the
trued profile is not critical.
Made of silicon carbide grains with a| Usually hand held and use limited to|
Abrasive hard bond. Applied directly or sup- smaller-size wheels. Because it alg
Sticks ported in a handle. Less frequently |  shears the grains of the grinding
abrasive sticks are also made of boron wheel, or preshaping, prior to final
carbide. dressing with, e.g., a diamond.

Freely rotating discs, either star-shap|
with protruding points or discs with
RotatingHand  corrugated or twisted perimeter, sup-
Dressers ported in a fork-type handle, the lugs
of which can lean on the tool rest o
the grinding machine.

[=)
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Table 1.(Continued)Tools and Methods for Grinding Wheel Dressing and Truing

9

Designation

Description

Application

Abrasive
Wheels
(Rolls)

Silicon carbide grains in a hard vitrifig

bond are cemented on ball-bearing

mounted spindles. Use either as ha|

tools with handles or rigidly held in
supporting member of the grinding
machine. Generally freely rotating;

also available with adjustable brake|

for diamond wheel dressing.

d

3

nd

Preferred for large grinding wheels a
diamond saver, but also for improv

control of the dressed surface charjac-

teristics. By skewing the abrasive
dresser wheel by a few degrees ou
parallel with the grinding wheel axi
the basic crushing action is supple:
mented with wiping and shearing,
thus producing the desired degree
wheel surface smoothness.

lof

Single-Point
Diamonds

A diamond stone of selected size is
mounted in a steel nib of cylindrical
shape with or without head, dimen-
sioned to fit the truing spindle of sp
cific grinding machines. Proper
orientation and retainment of the di

mond point in the setting is an impar-

tant requirement.

The most widely used tool for dressi
and truing grinding wheels in preci
sion grinding. Permits precisely co
trolled dressing action by regulatin
infeed and cross feed rate of the tr

ing spindle when the latter is guided

by cams or templates for accurate
form truing.

ng

h-
y

Single-Point
Form Truing
Diamonds

Selected diamonds having symmetri-
cally located natural edges with pre|

cisely lapped diamond points,
controlled cone angles and vertex
radius, and the axis coinciding with
that of the nib.

Used for truing operations requiring

very accurately controlled, and oftg

steeply inclined wheel profiles, suc
as are needed for thread and gear
grinding, where one or more diamo
points participate in generating the|
resulting wheel periphery form.

Dependent on specially designed §

made truing diamonds and nibs.

= >

nd

Cluster-Type
Diamond
Dresser

Several, usually seven, smaller diamgnd
stones are mounted in spaced relatjon
ship across the working surface of t
nib. In some tools, more than a sing
layer of such clusters is set at paral

levels in the matrix, the deeper pos
tioned layer becoming active after t
preceding layer has worn away.

e

=
mO:

le

e

Intended for straight-face dressing a
permits the utilization of smaller, le:
_expensive diamond stones. In use,
holder is canted at & 30 10 angle,
bringing two to five points into con-|
| tact with the wheel. The multiple-

point contact permits faster cross fe

rates during truing than may be us

ating a specific degree of wheel-fa
finish.

with single-point diamonds for geng

hd

the

ed
pd

e
0

Impregnated
Matrix-Type
Diamond
Dressers

The operating surface consists of a la
of small, randomly distributed, yet rath
uniformly spaced diamonds that are
retained in a bond holding the points i
an essentially common plane. Supplie
either with straight or canted shaft, the|
latter being used to cancel the tilt of
angular truing posts.

o

For the truing of wheel surfaces con-
er sisting of a single or several flat elg-
er ments. The nib face should be held
tangent to the grinding wheel periph-

ery or parallel with a flat working

surface. Offers economic advantages
where technically applicable because

of using less expensive diamond

splinters presented in a manner pefr-

mitting efficient utilization.

Form- Gener-
ating Truing
Devices

Swiveling diamond holder post with
adjustable pivot location, arm lengt
and swivel arc, mounted on angulal

ly

Such devices are made in various
degrees of complexity for the posi-
tionally controlled interrelation of
several different profile elements.

adjustable cross slides with controlled Limited to regular straight and circi

traverse movement, permits the ge
ation of various straight and circula
profile elements, kept in specific
mutual locations.

e

r-lar sections, yet offers great flexibil
ity of setup, very accurate
adjustment, and unique versatility f
handling a large variety of frequent]
changing profiles.

p

=
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Table 1.(Continued)Tools and Methods for Grinding Wheel Dressing and Truing

Designation Description Application
Preferred single-point truing method
for profiles to be produced in quantji-

The form of a master, called cam or
template, shaped to match the profile

Contour- : ties warranting the making of special
Duplicating x:enﬁiggsgfggnn }Q?r;vr:]selglégrirl:tso profile bars or templates. Used alsd in
Truing thegpath of the diamond point by small- and medium-volume produc
Devices means of mechanical linkage, a fluig %_llon Wgen thg cor’gplex:tydof thle prg-

. ile to be produced excludes alternate
actuator, or a pantograph device. methods of form generation.
Requires grinding machines designed
A hardened steel or carbide roll, which Loeracrgggg trr:Jg;Eigcg::tercht?gE Ssﬁg“l?le
is free to rotate and has the desired ! f ’
p ] wheel speed for truing, etc. Due to

Grinding ;clllr minﬂ{)t?heeW(r)irrfgiﬁc?A}rzse;?dv?r:iﬁu- the cost of crush rolls and equipment,
Wheel Con- rur)lls at slowgs, eedgThe rofl will b the process is used for repetitive wgrk
touring by peed. - 0y only. It is one of the most efficient

crushing action, produce its reverse
form in the wheel. Crushing produces
a free-cutting wheel face with sharp
grains.

Crush Truing| methods for precisely duplicating
complex wheel profiles that are cay
ble of grinding in the 8-microinch
AA range. Applicable for both sur-
face and cylindrical grinding.

The diamond rolls must be rotated b
an air, hydraulic, or electric motor gt
about one-fourth of the grinding

®

Special rolls made to agree with specffic
profile specifications have their

Rotating Dia- : N L. Wheel surface speed and in opposite
mond Roll- pfenp_l;ery lcog_tetd_gw:hda‘;arge n(l;mbvr direction to the wheel rotation.
Type Grind- ﬁ ellijnilnogmmyatrlii ?:ng \?vhi C'ﬁ?]%nmfj’i_ Whereas the initial costs are substan-
ing Wheel vidual stones are set by hand (for tially higher than for single-point diga-
Truing larger diamonds) or bonded by a plat- mond truing the savings ir'1 truing
ing process (for smaller elements). | ime warrants the method's applicg-
tion in large-volume production of
profile-ground components.
For straight wheels, dressing blocks
Made as flat blocks for straight whee| 2N reduce dressing time and offer
surfaces, are also available for radiyis easy installation on surface grindefs,
Diamond dressing and profile truing. The work- \rllvgt?ée Itgtz bsggsnznn?ggagg }Qfsnr:gljl_-
Dressing ing surface consists of a layer of elec- d p di -l | duction f
Blocks troplated diamond grains, uniformly| and mecium-volume production 1o

truing intricate profiles on regular
surface grinders, because the higher
pressure developed in crush dressing
is avoided.
Guidelines for Truing and Dressing with Single-Point Diamonds.—Fhe diamond nib
should be canted at an angle of 10 to 15 degrees in the direction of the wheel rotation al
also, if possible, by the same amount in the direction of the cross feed traverse during tt
truing (see diagram). The dragging effect resulting from this “angling,” combined with the
occasional rotation of the diamond nib in its holder, will prolong the diamond life by limit-
ing the extent of wear facets and will also tend to produce a pyramid shape of the diamor
tip. The diamond may also be set to contact the wheel atgoltinch below its center-

line.

Depth of CutThis amount should not exceed 0.001 inch per pass for general work, anc
will have to be reduced to 0.0002 to 0.0004 inch per pass for wheels with fine grains use
for precise finishing work.

Diamond crossfeed rat&his value may be varied to some extent depending on the
required wheel surface: faster crossfeed for free cutting, and slower crossfeed for produ
ing fine finishes. Such variations, however, must always stay within the limits set by the

distributed and capable of truing even
closely toleranced profiles.
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grain size of the wheel. Thus, the advance rate of the truing diamond per wheel revolutio
should not exceed the diameter of a grain or be less than half of that rate. Consequently, t
diamond crossfeed must be slower for a large wheel than for a smaller wheel having th
same grain size number.

Typical crossfeed values for frequently used grain sizes are giVeblia 2

Table 2. Typical Diamond Truing and Crossfeeds

Grain Size 30 36 46 50
Crossfeed per Wheel Rev,, in.  0.014-0.024 0.012-0/019 0.008-0.014 0.007{0.012
Grain Size 60 80 120

Crossfeed per Wheel Rev,, in.  0.006-0.10 0.004-0{007 0.0025-0.004...

These values can be easily converted into the more conveniently used inch-per-minu
units, simply by multiplying them by the rpm of the grinding wheel.

ExampleFor a 20-inch diameter wheel, Grain No. 46, running at 1200 rpm: Crossfeed
rate for roughing-cut truing—approximately 17 ipm, for finishing-cut truing—approxi-
mately 10 ipm

Coolantshould be applied before the diamond comes into contact with the wheel anc
must be continued in generous supply while truing.

The speed of the grinding whebbuld be at the regular grinding rate, or not much lower.
For that reason, the feed wheels of centerless grinding machines usually have an additior
speed rate higher than functionally needed, that speed being provided for wheel truin
only.

The initial approach of the diamoma the wheel surface must be carried out carefully to
prevent sudden contact with the diamond, resulting in penetration in excess of the select
depth of cut. It should be noted that the highest point of a worn wheel is often in its cente
portion and not at the edge from which the crossfeed of the diamond starts.

The general conditionsf the truing device are important for best truing results and for
assuring extended diamond life. A rigid truing spindle, well-seated diamond nib, and
firmly set diamond point are mandatory. Sensitive infeed and smooth traverse movemel
at uniform speed also must be maintained.

Resetting of the diamond poiritlever let the diamond point wear to a degree where the
grinding wheel is in contact with the steel nib. Such contact can damage the setting of tt
diamond point and result in its loss. Expert resetting of a worn diamond can repeatedly ac
to its useful life, even when applied to lighter work because of reduced size.

Size Selection Guide for Single-Point Truing Diamonds.-Fhere are no rigid rules for
determining the proper size of the diamond for any particular truing application because ¢
the very large number of factors affecting that choice. Several of these factors are related
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the condition, particularly the rigidity, of the grinding machine and truing device, as well
as to such characteristics of the diamond itself as purity, crystalline structure, etc
Although these factors are difficult to evaluate in a generally applicable manner, the
expected effects of several other conditions can be appraised and should be considerec
the selection of the proper diamond size.

The recommended sizesTiable 3must be considered as informative only and as repre-
senting minimum values for generally favorable conditions. Factors calling for larger dia-
mond sizes than listed are the following:

Silicon carbide wheelS@ble 3refers to aluminum oxide wheels)
Dry truing

Grain sizes coarser than No. 46

Bonds harder than M

Wheel speed substantially higher than 6500 sfm.

Itis advisable to consider any single or pair of these factors as justifying the selection c
one size larger diamond. As an example: for truing an SiC wheel, with grain size No. 3¢
and hardness P, select a diamond that is two sizes larger than that shable Bfor the
wheel size in use.

Table 3. Recommended Minimum Sizes for Single-Point Truing Diamonds

Index Number Examples gf Max. Grinding Whegl
Diamond Size (Wheel Dia.x Width imensions

in Carat8 in Inches) Diameter Width
0.25 3 4 0.75
0.35 6 6 1
0.50 10 8 1.25
0.60 15 10 1.50
0.75 21 12 1.75
1.00 30 12 2.50
125 48 14 3.50
1.50 65 16 4.00
1.75 80 20 4.00
2.00 100 20 5.00
2.50 150 24 6.00
3.00 200 24 8.00
350 260 30 8.00
4.00 350 36 10.00

a0ne carat equals 0.2 gram.

Single-point diamonds are available as loose stones, but are preferably procured fro
specialized manufacturers supplying the diamonds set into steel nibs. Expert setting, cor
prising both the optimum orientation of the stone and its firm retainment, is mandatory fot
assuring adequate diamond life and satisfactory truing. Because the holding devices fi
truing diamonds are not yet standardized, the required nib dimensions vary depending ¢
the make and type of different grinding machines. Some nibs are made with angular heac
usually hexagonal, to permit occasional rotation of the nib either manually, with a wrench
or automatically.
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Diamond Wheels

Diamond Wheels.—A diamond wheel is a special type of grinding wheel in which the
abrasive elements are diamond grains held in a bond and applied to form a layer on
operating face of a non-abrasive core. Diamond wheels are used for grinding very hard «
highly abrasive materials. Primary applications are the grinding of cemented carbides
such as the sharpening of carbide cutting tools; the grinding of glass, ceramics, asbest
and cement products; and the cutting and slicing of germanium and silicon.

Shapes of Diamond Wheels.—Fhe industry-wide accepted Standard (ANSI B74.3-
1974) specifies ten basic diamond wheel core shapes which are shown in Table 1 with t
applicable designation symbols. The applied diamond abrasive layer may have differer
cross-sectional shapes. Those standardized are shdalé@?2 The third aspect which is
standardized is the location of the diamond section on the wheel as shown by the diagrar
in Table. Finally, modifications of the general core shape together with pertinent designa
tion letters are given ifiable 4

The characteristics of the wheel shape listed in these four tables make up the compone

of the standard designation symbol for diamond wheel shapes. An example of that symb
with arbitrarily selected components is showRig. 1

D6 A 2 C

CORE SHAPE OF LOCATION OF MODIFICATION
SHAPE DIAMOND SECTION  DIAMOND SECTION  (DRILLED AND CSK)
HOLE

XY

4 441

Fig. 1. A Typical Diamond Wheel Shape Designation Symbol

An explanation of these components is as follows:

Basic Core Shapé&his portion of the symbol indicates the basic shape of the core on
which the diamond abrasive section is mounted. The shape is actually designated by
number. The various core shapes and their designations are given in Table 1.

Diamond Cross-Section Shagédiis, the second component, consisting of one or two
letters, denotes the cross-sectional shape of the diamond abrasive section. The varic
shapes and their corresponding letter designations are giVahl&?2

Diamond Section Locatiofhe third component of the symbol consists of a number
which gives the location of the diamond section, i.e., periphery, side, corner, etc. An exple
nation of these numbers is showTable 3

Modification: The fourth component of the symbol is a letter designating some modifica-
tion, such as drilled and counterbored holes for mounting or special relieving of diamonc
section or core. This modification position of the symbol is used only when required. The
modifications and their designations are givehable 4
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Table 1. Diamond Wheel Core Shapes and Designatiods\NS| B74.3-1974
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Table 3. Designations for Location of Diamond
Section on Diamond WheelANSI B74.3-1974

1165

Designation No.
and Location

Description

lllustration

1 — Periphery

The diamond section shall be placed on the pi

prinh_

ery of the core and shall extend the full thicknes
of the wheel. The axial length of this section ma

be greater than, equal to, or less than the dept
diamond, measured radially. A hub or hubs sh
not be considered as part of the wheel thicknes
this definition.

2 — Side

The diamond section shall be placed on the si
the wheel and the length of the diamond sectig
shall extend from the periphery toward the cen
It may or may not include the entire side and s
be greater than the diamond depth measured
ally. It shall be on that side of the wheel which
commonly used for grinding purposes.

3 — Both Sides

The diamond sections shall be placed on both|
of the wheel and shall extend from the periphe
toward the center. They may or may not includ
the entire sides, and the radial length of the dig
mond section shall exceed the axial diamond
depth.

gidac

ISR

4 —Inside Beve
or Arc

This designation shall apply to the general whe
types 2, 6, 11, 12, and 15 and shall locate the
mond section on the side wall. This wall shall h
an angle or arc extending from a higher point af
wheel periphery to a lower point toward the wh
center.

el
i¢
av
tr
ee:

5 — Outside This designation shall apply to the general wheel
Bevel or Arc |types, 2, 6, 11, and 15 and shall locate the diamo
section on the side wall. This wall shall have a
angle or arc extending from a lower point at the
wheel periphery to a higher point toward the wheel
center.
6 — Part of The diamond section shall be placed on the pefiph-
Periphery ery of the core but shall not extend the full thick-

ness of the wheel and shall not reach to either

7 — Part of Sids

The diamond section shall be placed on the s
the core and shall not extend to the wheel peri
ery. It may or may not extend to the center.
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Table 3.(Continued)Designations for Location of Diamond
Section on Diamond WheelANSI B74.3-1974

Designation No.
and Location Description lllustration

8 — Throughout Designates wheels of solid diamond abrasive|se~-
tion without cores.

9 — Corner Designates a location which would commonly|be
considered to be on the periphery except that the
diamond section shall be on the corner but shall
not extend to the other corner.

10 — Annular | Designates a location of the diamond abrasive se~-
tion on the inner annular surface of the wheel.

Composition of Diamond and Cubic Boron Nitride Wheels.—According to American
National Standard ANSI B74.13-1990, a series of symbols is used to designate the comp
sition of these wheels. An example is shown below.

Bond Manufacturer’s

Grain Concentra- | Bond | Maodifi- Depth of 1dentification
Prefix | Abrasive| Size |Grade tion Type | cation Abrasive Symbol
M| D |120| R 100 | B| 56 123 &

Fig. 2. Designation Symbols for Composition of Diamond and Cubic Boron Nitride Wheels

The meaning of each symbol is indicated by the following list:

1) Prefix: The prefix is a manufacturer's symbol indicating the exact kind of abrasive. Its
use is optional.

2) Abrasive TypeThe letter (B) is used for cubic boron nitride and (D) for diamond.

3) Grain Size:The grain sizes commonly used and varying from coarse to very fine are
indicated by the following numbers: 8, 10, 12, 14, 16, 20, 24, 30, 36, 46, 54, 60, 70, 80, 9
100, 120, 150, 180, and 220. The following additional sizes are used occasionally: 24(
280, 320, 400, 500, and 600. The wheel manufacturer may add to the regular grain numb
an additional symbol to indicate a special grain combination.

4)Grade:Grades are indicated by letters of the alphabet from A to Z in all bonds or pro-
cesses. Wheel grades from A to Z range from soft to hard.

5) ConcentrationThe concentration symbol is a manufacturer's designation. It may be a
number or a symbol.

6) Bond:Bonds are indicated by the following letters: B, resinoid; V, vitrified; M, metal.
7)Bond ModificationWithin each bond type a manufacturer may have modifications to
tailor the bond to a specific application. These modifications may be identified by either

letters or numbers.

8) Abrasive DepthAbrasive section depth, in inches or millimeters (inches illustrated),
is indicated by a number or letter which is the amount of total dimensional wear a user ma
expect from the abrasive portion of the product. Most diamond and CBN wheels are mad
with a depth of coating on the orderdgfin., %in., or more as specified. In some cases the
diamond is applied in thinner layers, as thin as one thickness of diamond grains. The L
included in the marking system to identify a layered type product.

9) Manufacturer's Identification Symbdrhe use of this symbol is optional.
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Table 4. Designation Letters for Modifications of Diamond Wheels
ANSI B74.3-1974
Designation
Letter Description lllustration

B — Drilled and

Holes drilled and counterbored in core.

Counterbored m
C — Drilled and |Holes drilled and countersunk in core.

Countersunk m
H — Plain Hole | Straight hole drilled in core.

M — Holes Plain
and Threaded

Mixed holes, some plain, some threaded, are in cq

P — Relieved On
Side

Core relieved on one side of wheel. Thickness of g
is less than wheel thickness.

R — Relieved
Two Sides

Core relieved on both sides of wheel. Thickness of
core is less than wheel thickness.

S — Segmented-
Diamond Sec-
tion

Wheel has segmental diamond section mounted 0|
core. (Clearance between segments has no beari
definition.)

SS — Segmental

Wheel has separated segments mounted on a sloi

and Slotted | core. &
T — Threaded |Threaded holes are in core.
Q — Diamond | Three surfaces of the diamond section are partially nr

Inserted completely enclosed by the core. M
V — Diamond Any diamond cross section, which is mounted on|the

Inverted core so that the interior point of any angle, or the g

cave side of any arc, is exposed shall be considere

inverted.

Exception:Diamond cross section AH shall be
placed on the core with the concave side of the ar
exposed.

ay — Diamond Inserted and Inverted. See definitions for Q and V.
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The Selection of Diamond Wheels.-Fwo general aspects must be defined: (a) The
shape of the wheel, also referred to as the basic wheel type and (b) The specification of t
abrasive portion.

Table 5. General Diamond Wheel Recommendations for Wheel Type
and Abrasive Specification

Basic
Typical Applications or Operation | Wheel Type Abrasive Specification
Rough: MD100-N100-Bj
Single Point Tools (offhand grinding) D6A2C
Finish: MD220-P75-B4
Rough: MD180-J100-B4
Single Point Tools (machine ground) D6A2H

Finish: MD320-L75-Bl;
Chip Breakers D1A1 MD150-R100-B4

Multitooth Tools and Cutters (face millg,
end mills, reamers, broaches, etc.)

Rough: MD100-R100-B4

Sharpening and Backing off D11V9| Combination: MD150-R100-B4
Finish: MD220-R100-B4
Fluting D12A2 MD180-N100-B4
Saw Sharpening D12A2 MD180-R100-Bjg
Rough: MD120-N100-B4
Surface Grinding (horizontal spindle) D1A1
Finish: MD240-P100-B4
Surface Grinding (vertical spindle) D2A2T MD80-R75-B
Cylindrical or Centertype Grinding D1A1 MD120-P100-Bg
Internal Grinding D1A1 MD150-N100-B4
Slotting and Cutoff D1A1R MD150-R100-8,
Lapping Disc MD400-L50-BY;¢
Rough: MD220-BYg
Hand Honing DH1, DH2

Finish: MD320-B);

General recommendations for the dry grinding, with resin bond diamond wheels, of mos
grades of cemented carbides of average surface to ordinary finishes at normal rates
metal removal with average size wheels, as published by Cincinnati Milacron, are listed i
Table 5

A further set of variables athe dimensions of the wheehich must be adapted to the
available grinding machine and, in some cases, to the configuration of the work.

The general abrasive specification§ able 5may be modified to suit operating condi-
tions by the following suggestions:

Use softer wheel grades for harder grades of carbides, for grinding larger areas or larg

or wider wheel faces.

Use harder wheel grades for softer grades of carbides, for grinding smaller areas, ft

using smaller and narrower face wheels and for light cuts.
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Use fine grit sizes for harder grades of carbides and to obtain better finishes.
Use coarser grit sizes for softer grades of carbides and for roughing cuts.

Use higher diamond concentration for harder grades of carbides, for larger diameter ¢
wider face wheels, for heavier cuts, and for obtaining better finish.

Guidelines for the Handling and Operation of Diamond Wheels.-Grinding
machines used for grinding with diamond wheels should be of the precision type, in goo
service condition, with true running spindles and smooth slide movements.

Mounting of Diamond Wheelg/heel mounts should be used which permit the precise
centering of the wheel, resulting in a runout of less than 0.001 inch axially and 0.0005 inc
radially. These conditions should be checked with a 0.0001-inch type dial indicator. Onct
mounted and centered, the diamond wheel should be retained on its mount and stored
that condition when temporarily removed from the machine.

Truing and DressingResinoid bonded diamond wheels seldom require dressing, but
when necessary a soft silicon carbide stick may be hand-held against the wheel. Periphe
and cup type wheels may be sharpened by grinding the cutting face with a 60 to 80 grit si
icon carbide wheel. This can be done with the diamond wheel mounted on the spindle ¢
the machine, and with the silicon carbide wheel driven at a relatively slow speed by a sp
cially designed table-mounted grinder or by a small table-mounted tool post grinder. The
diamond wheel can be mounted on a special arbor and ground on a lathe with a tool pc
grinder; peripheral wheels can be ground on a cylindrical grinder or with a special brake
controlled truing device with the wheel mounted on the machine on which it is used. Cuy
and face type wheels are often lapped on a cast iron or glass plate using a 100 grit silict
carbide abrasive. Care must be used to lap the face parallel to the back, otherwise they m
be ground to restore parallelism. Peripheral diamond wheels can be trued and dressed
grinding a silicon carbide block or a special diamond impregnated bronze block in a man
ner similar to surface grinding. Conventional diamonds must not be used for truing an
dressing diamond wheels.

Speeds and Feeds in Diamond Grinding.-General recommendations are as follows:

Wheel Speed3he generally recommended wheel speeds for diamond grinding are in
the range of 5000 to 6000 surface feet per minute, with this upper limit as a maximum t
avoid harmful “overspeeding.” Exceptions from that general rule are diamond wheels
with coarse grains and high concentration (100 per cent) where the wheel wear in dry su
face grinding can be reduced by lowering the speed to 2500-3000 sfpm. However, th
lower speed range can cause rapid wheel breakdown in finer grit wheels or in those wit
reduced diamond concentration.

Work Speeddn diamond grinding, work rotation and table traverse are usually estab-
lished by experience, adjusting these values to the selected infeed so as to avoid excess
wheel wear.

Infeed per PasOften referred to as downfeed and usually a function of the grit size of
the wheel. The following are general values which may be increased for raising the produ
tivity, or lowered to improve finish or to reduce wheel wear.

Wheel Grit Size Range Infeed per Pass
100to 120 0.001inch
150to 220 0.0005 inch
250 and finer 0.00025 inch




1170 GRINDING WHEEL SAFETY
Grinding Wheel Safety

Safety in Operating Grinding Wheels.—Grinding wheels, although capable of excep-
tional cutting performance due to hardness and wear resistance, are prone to dama
caused by improper handling and operation. Vitrified wheels, comprising the major part o
grinding wheels used in industry, are held together by an inorganic bond which is actuall
a type of pottery product and therefore brittle and breakable. Although most of the organi
bond types are somewhat more resistant to shocks, it must be realized that all grindir
wheels are conglomerates of individual grains joined by a bond material whose strength
limited by the need of releasing the dull, abrasive grains during use.

It must also be understood that during the grinding process very substantial forces act «
the grinding wheel, including the centrifugal force due to rotation, the grinding forces
resulting from the resistance of the work material, and shocks caused by sudden conte
with the work. To be able to resist these forces, the grinding wheel must have a substanti
minimum strength throughout that is well beyond that needed to hold the wheel togethe
under static conditions.

Finally, a damaged grinding wheel can disintegrate during grinding, liberating dormant
forces which normally are constrained by the resistance of the bond, thus presenting gre
hazards to both operator and equipment.

To avoid breakage of the operating wheel and, should such a mishap occur, to preve
damage or injury, specific precautions must be applied. These safeguards have been f
mulated into rules and regulations and are set forth in the American National Standar
ANSI B7.1-1988, entitled the American National Standard Safety Requirements for the
Use, Care, and Protection of Abrasive Wheels.

Handling, Storage and Inspection.—Grinding wheels should be hand carried, or trans-
ported, with proper support, by truck or conveyor. A grinding wheel must not be rolled
around on its periphery.

The storage area, positioned not far from the location of the grinding machines, should k
free from excessive temperature variations and humidity. Specially built racks are recorr
mended on which the smaller or thin wheels are stacked lying on their sides and the larg
wheels in an upright position on two-point cradle supports consisting of appropriately
spaced wooden bars. Partitions should separate either the individual wheels, or a sm
group of identical wheels. Good accessibility to the stored wheels reduces the need
undesirable handling.

Inspection will primarily be directed at detecting visible damage, mostly originating
from handling and shipping. Cracks which are not obvious can usually be detected by “rin
testing,” which consists of suspending the wheel from its hole and tapping it with a non:
metallic implement. Heavy wheels may be allowed to rest vertically on a clean, hard flool
while performing this test. A clear metallic tone, a “ring”, should be heard; a dead sounc
being indicative of a possible crack or cracks in the wheel.

Machine Conditions.—The general design of the grinding machines must ensure safe
operation under normal conditions. The bearings and grinding wheel spindle must b
dimensioned to withstand the expected forces and ample driving power should be prc
vided to ensure maintenance of the rated spindle speed. For the protection of the operat
stationary machines used for dry grinding should have a provision made for connection t
an exhaust system and when used for off-hand grinding, a work support must be availabl
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Wheel guards are particularly important protection elements and their material specifica
tions, wall thicknesses and construction principles should agree with the Standard’s spec
fications. The exposure of the wheel should be just enough to avoid interference with th
grinding operation. The need for access of the work to the grinding wheel will define the
boundary of guard opening, particularly in the direction of the operator.

Grinding Wheel Mounting.— The mass and speed of the operating grinding wheel
makes it particularly sensitive to imbalance. Vibrations that result from such conditions
are harmful to the machine, particularly the spindle bearings, and they also affect th
ground surface, i.e., wheel imbalance causes chatter marks and interferes with size contr
Grinding wheels are shipped from the manufacturer’s plant in a balanced condition, bu
retaining the balanced state after mounting the wheel is quite uncertain. Balancing of th
mounted wheel is thus required, and is particularly important for medium and large siz:
wheels, as well as for producing acccurate and smooth surfaces. The most common way
balancing mounted wheels is by using balancing flanges with adjustable weights. Th
wheel and balancing flanges are mounted on a short balancing arbor, the two concent
and round stub ends of which are supported in a balancing stand.

Such stands are of two types: 1) the parallel straight-edged, which must be set up pr
cisely level; and 2) the disk type having two pairs of ball bearing mounted overlapping
disks, which form a V for containing the arbor ends without hindering the free rotation of
the wheel mounted on that arbor.

The wheel will then rotate only when it is out of balance and its heavy spot is not in the
lowest position. Rotating the wheel by hand to different positions will move the heavy
spot, should such exist, from the bottom to a higher location where it can reveal its presen
by causing the wheel to turn. Having detected the presence and location of the heavy sp
its effect can be cancelled by displacing the weights in the circular groove of the flange
until a balanced condition is accomplished.

Flanges are commonly used means for holding grinding wheels on the machine spindl
For that purpose, the wheel can either be mounted directly through its hole or by means
a sleeve which slips over a tapered section of the machine spindle. Either way, the flang
must be of equal diameter, usually not less than one-third of the new wheel’s diameter. Tt
purpose is to securely hold the wheel between the flanges without interfering with the
grinding operation even when the wheel becomes worn down to the point where it is read
to be discarded. Blotters or flange facings of compressible material should cover the entir
contact area of the flanges.

One of the flanges is usually fixed while the other is loose and can be removed an
adjusted along the machine spindle. The movable flange is held against the mounted grin
ing wheel by means of a nut engaging a threaded section of the machine spindle. The set
of that thread should be such that the nut will tend to tighten as the spindle revolves. |
other words, to remove the nut, it must be turned in the direction that the spindle revolve
when the wheel is in operation.

Safe Operating Speeds.-Safe grinding processes are predicated on the proper use of the
previously discussed equipment and procedures, and are greatly dependent on the appli
tion of adequate operating speeds.
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The Standard establishes maximum speeds at which grinding wheels can be operate
assigning the various types of wheels to several classification groups. Different values al
listed according to bond type and to wheel strength, distinguishing between low, mediur
and high strength wheels.

For the purpose of general information, the accompanying table shows an abbreviate
version of the Standard’s specification. However, for the governing limits, the authorita-
tive source is the manufacturer’s tag on the wheel which, particularly for wheels of lower
strength, might specify speeds below those of the table.

All grinding wheels of 6 inches or greater diameter must be test run in the wheel manu
facturer’s plant at a speed that for all wheels having operating speeds in excess of 50
sfpmis 1.5 times the maximum speed marked on the tag of the wheel.

The table shows the permissible wheel speeds in surface feet per minute (sfpm) unit
whereas the tags on the grinding wheels state, for the convenience of the user, the ma
mum operating speed in revolutions per minute (rpm). The sfopm unit has the advantage
remaining valid for worn wheels whose rotational speed may be increased to the applicab
sfpm value. The conversion from either one to the other of these two kinds of units is ama
ter of simple calculation using the formulas:

sfpm = rpmx b, m
12

or
sfpmx 12

m = Dxn

WhereD = maximum diameter of the grinding wheel, in incHesble 2 showing the
conversion values from surface speed into rotational speed, can be used for the direct rez
ing of the rpm values corresponding to several different wheel diameters and surfac
speeds.

Special Speed€ontinuing progress in grinding methods has led to the recognition of
certain advantages that can result from operating grinding wheels above, sometimes ev
higher than twice, the speeds considered earlier as the safe limits of grinding wheel oper
tions. Advantages from the application of high speed grinding are limited to specific pro-
cesses, but the Standard admits, and offers code regulations for the use of wheels at spe
high speeds. These regulations define the structural requirements of the grinding machit
and the responsibilities of the grinding wheel manufacturers, as well as of the users. Hig
speed grinding should not be applied unless the machines, particularly guards, spind
assemblies, and drive motors, are suitable for such methods. Also, appropriate grindir
wheels expressly made for special high speeds must be used and, of course, the maxim
operating speeds indicated on the wheel's tag must never be exceeded.

Portable Grinders.—The above discussed rules and regulations, devised primarily for
stationary grinding machines apply also to portable grinders. In addition, the details of var
ious other regulations, specially applicable to different types of portable grinders are dis
cussed in the Standard, which should be consulted, particularly for safe applications ¢
portable grinding machines.
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Table 1. Maximum Peripheral Speeds for Grinding Wheels

Based on ANSI B7.1—

1988

3

Maximum Operating
Speeds, sfpm, Depending
on Strength of Bond

Classifi-
cation Inorganic Organic
No. Types of Wheefs Bonds Bonds
Straight wheels — Type 1, except classifi-
cations 6, 7, 9, 10, 11, and 12 below
Type 4 — Taper Side Wheels
1 Types 5, 7, 20, 21, 22, 23, 24, 25, 26 | 5,500 to 6,500 6,500 to 9,500
Dish wheels — Type 12
Saucer wheels — Type 13
Cones and plugs — Types 16, 17, 18, [19
Cylinder wheels — Type 2
2 Segments 5,000 to 6,000 5,000 to 7,040
Cup shape tool grinding wheels — Typles
3 6 4,500 to 6,000 6,000 to 8,500
and 11 (for fixed base machines)
Cup shape snagging wheels — Types |6
4 and 11 4,500 to 6,500 6,000 to 9,500
(for portable machines)
5 Abrasive disks 5,500 to 6,500 5,500 to 8,300
Reinforced wheels — except cutting-off
6 wheels 9,500 to 16,000
(depending on diameter and thickness|
Type 1 wheels for bench and pedestal
7 girzlr;tiers, Types 1 and 5 also in certain 5500 to 7,550 6,500 to 9,500
for surface grinders
Diamond and cubic boron nitride wheels to 6,500 to 9,500
8 Metal bond to 12,000
Steel centered cutting off to 16,000 to 16,000
Cutting-off wheels — Larger than 16-
9 inch diameter (incl. reinforced organic) 9,500 to 14,20p
Cutting-off wheels — 16-inch diamete
10 and 9,500 to 16,000
smaller (incl. reinforced organic)
11 Thread and flute grinding wheels 8,000 to 12,000 8,000 to 12,000
12 Crankshaft and camshaft grinding wheels 5,500 to 8,500 6,500 to[9,500

aSeeTablesandTablesstarting on pag&148
b Non-standard shape. For snagging wheels, 16 inches and larger — Type 1, internal wheels —
Types 1 and 5, and mounted wheels, see ANSI B7.1-1988. Under no conditions should a wheel b
operated faster than the maximum operating speed established by the manufacturer.

Values in this table are for general information only.



Table 2. Revolutions per Minute for Various Grinding Speeds and Wheel Diameters (Based on B7.1-1988)

Peripheral (Surface) Speed, Feet per Minute
D\i';’r':‘if'er 4,000 | 4500 | 5000[ 5500 6000 6,500 7,00p 7,540 8,0p0 8,400 9,poo ofso0  1p,000 42,000  fi4,000 ]ﬁm f'er
Inch Revolutions per Minute Inch
1 15,279 17,189 19,099 21,004 22,91 24,838 26,7B8 28,448 32468 34,377 36,287 8,197 45,837 53,476 61,115
2 7,639 8,594 9,549 10,504 11,45 12,414 13,369 14,924 16[234 11,189 1B,144 9,099 p2,918 26,738 30,558
3 5,093 5,730 6,366 7,003 7,63 8,27 8,913 9,549 10,823 11459 13,096 1p,732 5,279 117,825 20,372
4 3,820 4,297 4,775 5,252 5,73 6,20 6,645 7,162 8,117 8594 9072 549 1f1,459 3369 15,279
5 3,056 3,438 3,820 4,202 4,584 4,96 5,348 5,730 6,494 675 7257 ,639 p,167 0,695 2,223
6 2,546 2,865 3,183 3,501 3,82 4,13 4,496 4,715 5411 5[730 6048 ,366 V639 8,913  [10,186
7 2,183 2,456 2,728 3,001 3,274 3,54 3,890 4,093 4,638 4p11 5l184 ,457 b,548 7,639 8,731
8 1,910 2,149 2,387 2,626 2,864 3,104 3,342 3,581 4,058 4p97 4536 175 b, 730 6,685 7,639
9 1,698 1,910 2,122 2,334 2,541 2,75 2,971 3,183 3,608 3820 4032 ,244 b,093 5,942 6,791
10 1,528 1,719 1,910 2,101} 2,29 2,48B 2,644 2,8p5 3,047 3438 3629 ,820 1,584 5,348 6,112
12 1,273 1,432 1,592 1,751 1,91 2,08 2,248 2,3p7 2,06 2§865 3024 ,183 B.820 4,456 5,093
14 1,091 1,228 1,364 1,501 1,63 1,77B 1,910 2,06 2,819 2456 2592 728 B.274 3,820 4,365
16 955 1,074 1,194 1,313 1,433 1,55 1,671 1,790 2,029 2149 2]268 ,387 p.865 3,342 3,820
18 849 955 1,061 1,167 1,273 1,37 1,48 1,592 1,404 1,10 2[016 4122 546 2,971 3,395
20 764 859 955 1,050 1,146 1,24 1,33f 1,432 1,423 1,119 1814 3910 1292 R.674 3,056
22 694 781 868 955 1,042 1,12 1,21 1,3¢2 1,476 1,363 149 1736 ,083 p.431 2,778
24 637 716 796 875 955 1,039 1,11 119 1,3p3 1432 1,p12 1{592 1910 ,228 2,546
26 588 661 735 808 881 955 1,02 1,10p 1,249 1,922 1,396 1}469 1763 ,057 p.351
28 546 614 682 750 819 887] 959 1,02 1,160 1,228 1,296 164 14637 ,910 p,183
30 509 573 637 700 764 828 891 95! 1,042 1,146 1,310 1,p73 1/528 1,783 ,037
32 477 537 597 657 716 776) 83| 89! 1,035 1,0f4 1,134 1,194 1}432 1671 ,910
34 449 506 562 618 674 730f 78 84! 95 1,011 1,067 1,123 148 14573 ,798
36 424 477 531 584 637 690) 749 79 o2 945 1,0p8 1,461 1,p73 1{485 1,698
38 402 452 503 553 603 653} 704 75 844 905 9b5 1,4qos 1,206 1407 1608
40 382 430 477 525 573 621} 664 71 812 8%9 9p7 5 1,146 137 1}528
42 364 409 455 500 546 591 631 68! ™ 819 8pa 9 1,091 1p73 1}455
44 347 391 434 a77 521 564 604 65 738 781 8p5 8 1,042 1p15 1}389
46 332 374 415 457 498 540) 581 62! 706 747 789 0 96 1,163 1{329
48 318 358 398 438 477 517| 551 59 676 716 7b6 6 55 1p14 1f273
53 288 324 360 396 432 468 504 54 613 649 6p5 1 65 1,p09 1{153
60 255 286 318 350 382 414 44 47 541 513 6ps 7 64 91 1019
72 212 239 265 292 318 345 371 39 491 a17 5p4 1 37 43 B49
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Cylindrical Grinding

Cylindrical grinding designates a general category of various grinding methods that hav
the common characteristic of rotating the workpiece around a fixed axis while grinding
outside surface sections in controlled relation to that axis of rotation.

The form of the part or section being ground in this process is frequently cylindrical,
hence the designation of the general category. However, the shape of the part may |
tapered or of curvilinear profile; the position of the ground surface may also be perpendic
ular to the axis; and it is possible to grind concurrently several surface sections, adjacent
separated, of equal or different diameters, located in parallel or mutually inclined planes
etc., as long as the condition of a common axis of rotation is satisfied.

Size Range of Workpieces and Machifagindrical grinding is applied in the manufac-
ture of miniature parts, such as instrument components and, at the opposite extreme,
grinding rolling mill rolls weighing several tons. Accordingly, there are cylindrical grind-
ing machines of many different types, each adapted to a specific work-size range. Machir
capacities are usually expressed by such factors as maximum work diameter, work leng
and weight, complemented, of course, by many other significant data.

Plain, Universal, and Limited-Purpose Cylindrical Grinding Machines.—The plain
cylindrical grinding machine is considered the basic type of this general category, and i
used for grinding parts with cylindrical or slightly tapered form.

The universal cylindrical grinder can be used, in addition to grinding the basic cylindrical
forms, for the grinding of parts with steep tapers, of surfaces normal to the part axis, incluc
ing the entire face of the workpiece, and for internal grinding independently or in conjunc-
tion with the grinding of the part’s outer surfaces. Such variety of part configurations
requiring grinding is typical of work in the tool room, which constitutes the major area of
application for universal cylindrical grinding machines.

Limited-purpose cylindrical grinders are needed for special work configurations and for
high-volume production, where productivity is more important than flexibility of adapta-
tion. Examples of limited-purpose cylindrical grinding machines are crankshaft and cam
shaft grinders, polygonal grinding machines, roll grinders, etc.

Traverse or Plunge Grinding.—In traverse grinding, the machine table carrying the
work performs a reciprocating movement of specific travel length for transporting the
rotating workpiece along the face of the grinding wheel. At each or at alternate stroke end
the wheel slide advances for the gradual feeding of the wheel into the work. The length
the surface that can be ground by this method is generally limited only by the stroke lengt
of the machine table. In large roll grinders, the relative movement between work and whee
is accomplished by the traverse of the wheel slide along a stationary machine table.

In plunge grinding, the machine table, after having been set, is locked and, while the pa
is rotating, the wheel slide continually advances at a preset rate, until the finish size of th
part is reached. The width of the grinding wheel is a limiting factor of the section length
that can be ground in this process. Plunge grinding is required for profiled surfaces and f
the simultaneous grinding of multiple surfaces of different diameters or located in differ-
ent planes.

When the configuration of the part does not make use of either method mandatory, tt
choice may be made on the basis of the following general considerations: traverse grindir
usually produces a better finish, and the productivity of plunge grinding is generally
higher.

Work Holding on Cylindrical Grinding Machines.— The manner in which the work is
located and held in the machine during the grinding process determines the configuratic
of the part that can be adapted for cylindrical grinding and affects the resulting accuracy c
the ground surface. The method of work holding also affects the attainable production rat:
because the mounting and dismounting of the part can represent a substantial portion of t
total operating time.
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Whatever method is used for holding the part on cylindrical types of grinding machines
two basic conditions must be satisfied: 1) the part should be located with respect to its co
rect axis of rotation; and 2) the work drive must cause the part to rotate, at a specifi
speed, around the established axis.

The lengthwise location of the part, although controlled, is not too critical in traverse
grinding; however, in plunge grinding, particularly when shoulder sections are also
involved, it must be assured with great accuracy.

Table 1presents a listing, with brief discussions, of work-holding methods and devices

that are most frequently used in cylindrical grinding.
Table 1. Work-Holding Methods and Devices for Cylindrical Grinding

Designation

Description

Discussion

Centers, nonrotating
(“dead”), with drive
plate

Headstock with nonrotating spindle hold:

the center. Around the spindle, an indepg¢hetween two opposite centers is also the

dently supported sleeve carries the drive|
plate for rotating the work. Tailstock for
opposite center.

The simplest method of holding the work]

potentially most accurate, as long as cor|
rectly prepared and located center holes|
used in the work.

Centers, driving
type

Word held between two centers obtains if
rotation from the concurrently applied dri
by the live headstock spindle and live tall
stock spindle.

£liminates the drawback of the common
yeenter-type grinding with driver plate,
Fwhich requires a dog attached to the wol
piece. Driven spindles permit the grindini
of the work up to both ends.

Chuck, geared, or cam-
actuated

Two, three, or four jaws moved radially
through mechanical elements, hand-, or
power-operated, exert concentrically acti
clamping force on the workpiece.

Adaptable to workpieces of different con
figurations and within a generally wide
heapacity of the chuck. Flexible in uses th|
however, do not include high-precision
work.

Chuck, diaphragm

Force applied by hand or power of a fle:
diaphragm causes the attached jaws to
deflect temporarily for accepting the worl
which is held when force is released.

iRlapid action and flexible adaptation to d
ferent work configurations by means of s
cial jaws offer varied uses for the grindin
of disk-shaped and similar parts.

or several of which may be used, or entirg
removed, using the base plate for suppo
ing special clamps.

ebwkward shape, which are ground in sm
fguantities not warranting special fixtures.

Magnetic plate

Flat plates, with pole distribution adapte]
the work, are mounted on the spindle lik
chucks and may be used for work with th
locating face normal to the axis.

pApplicable for light cuts such as are fre-
quent in tool making, where the rapid

elamping action and easy access to both|
0.D. and the exposed face are sometime}
advantage.

Steady rests

Two basic types are used: (a) the two-j
type supporting the work from the back
(back rest), leaving access by the wheel;|
the three-jaw type (center rest).

pl complementary work-holding device,
used in conjunction with primary work

(bdlders, to provide additional support, pg
ticularly to long and/or slender parts.

if-
pe-
!]

are

at,

Collets Holding devices with externally or inter- | Limited to parts with previously machine
nally acting clamping force, easily adapt{ or ground holding surfaces, because of the
able to power actuation, assuring high | small range of clamping movement of th
centering accuracy. collet jaws.

Face plate Has four independently actuated jaws, pbged for holding bulky parts, or those of

al

the
s of

r-

Special fixtures

Single-purpose devices, designed for a
ticular workpiece, primarily for providing
special locating elements.

paypical workpieces requiring special fixty
ing are, as examples, crankshafts where
holding is combined with balancing func
tions; or internal gears located on the pit
circle of the teeth for O.D. grinding.

-
the

h

Selection of Grinding Wheels for Cylindrical Grinding.—For cylindrical grinding, as

for grinding in general, the primary factor to be considered in wheel selection is the work
material. Other factors are the amount of excess stock and its rate of removal (speeds &
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feeds), the desired accuracy and surface finish, the ratio of wheel and work diameter, w
or dry grinding, etc. In view of these many variables, it is not practical to set up a complet
list of grinding wheel recommendations with general validity. Instead, examples of recom-
mendations embracing a wide range of typical applications and assuming common pra:
tices are presented able 2 This is intended as a guide for the starting selection of
grinding-wheel specifications which, in case of a not entirely satisfactory performance,
can be refined subsequently. The content of the table is a version of the grinding-wheel re
ommendations for cylindrical grinding by the Norton Company using, however, non-pro-
prietary designations for the abrasive types and bonds.

Table 2. Wheel Recommendations for Cylindrical Grinding

Material Wheel Marking Material Wheel Marking
Aluminum SFA46-18V Forgings A46-M5V
Armatures (laminated) SFA100-18V Gages (plug) SFA80-K8V
Axles (auto & railway) A54-M5V General-purpose grinding SFA54-L5V
Brass C36-KV Glass BFA220-011V
Bronze Gun barrels
Soft C36-KV Spotting and O.D. BFA60-M5V
Hard A46-M5V Nitralloy
Bushings (hardened steel) BFAG0-L5V Before nitriding A60-K5V
Bushings (cast iron) C36-JV After nitriding
Cam lobes (cast alloy) Commercial finish SFA60-18V
Roughing BFA54-N5V High finish C100-1V
Finishing AT70-P6B Reflective finish C500-19E
Cam lobes (hardened steel) Pistons (aluminum) SFA46-18V
Roughing BFA54-L5V (cast iron) C36-KV
Finishing BFA80-T8B Plastics C46-Jv
Cast iron C36-JV Rubber
Chromium plating Soft SFA20-K5B
Commercial finish SFA60-J8V Hard C36-KB
High finish A150-K5E Spline shafts SFA60-N5V
Reflective finish C500-19E Sprayed metal C60-JV
Commutators (copper) C60-M4E Steel
Crankshafts (airplane) Soft
Pins BFA46-K5V 1in. dia. and smaller SFA60-M5V
Bearings A46-L5V over 1in dia. SFA46-L5V
Crankshafts (automotive Hardened
pins and bearings) 1in. dia. and smaller SFA80-L8V
Finishing A54-N5V over 1in. dia. SFA60-K5V
Roughing & finishing A54-05V 300 series stainless SFA46-K8V
Regrinding A54-M5V Stellite BFA46-M5V
Regrinding, sprayed Titanium C60-JV
metal C60-JV Valve stems (automative) BFA54-N5V
Drills BFA54-N5V Valve tappets BFA54-M5V

Note:Prefixes to the standard designation “A” of aluminum oxide indicate modified abrasives as
follows:

BFA = Blended friable (a blend of regular and friable).

SFA = Semifriable.
Operational Data for Cylindrical Grinding.— In cylindrical grinding, similarly to
other metalcutting processes, the applied speed and feed rates must be adjusted to the o
ational conditions as well as to the objectives of the process. Grinding differs, however
from other types of metalcutting methods in regard to the cutting speed of the tool which
in grinding, is generally not a variable; it should be maintained at, or close to the optimun
rate, commonly 6500 feet per minute peripheral speed.

In establishing the proper process values for grinding, of prime consideration are th
work material, its condition (hardened or soft), and the type of operation (roughing or fin-
ishing). Other influencing factors are the characteristics of the grinding machine (stability
power), the specifications of the grinding wheel, the material allowance, the rigidity and
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balance of the workpiece, as well as several grinding process conditions, such as wet or
grinding, the manner of wheel truing, etc.

Variables of the cylindrical grinding process, often referred griasling data,com-
prise the speed of work rotation (measured as the surface speed of the work); the infeed |
inches per pass for traverse grinding, or in inches per minute for plunge grinding); and, il
the case of traverse grinding, the speed of the reciprocating table movement (express
either in feet per minute, or as a fraction of the wheel width for each revolution of the
work).

For the purpose of starting values in setting up a cylindrical grinding process, a brief list
ing of basic data for common cylindrical grinding conditions and involving frequently
used materials, is presentedable 3

Table 3. Basic Process Data for Cylindrical Grinding

Traverse Grinding
Work Traverse for Each Work
Work Material Surface Infeed, Inch/Pass Revolution, In Fractiong
Material Condition | Speed, of the Wheel Width
fom Roughing Finishing Roughing Finishing
Plain Annealed 100 0.002 0.0005 % A
Carbon 0.0003
Steel Hardened 70 0.002 to % %
0.0005
Annealed 100 0.002 0.0005 A %
Alloy 0.0002
Steel Hardened 70 0.002 to A %
0.0005
Annealed | 60 0002 | 00005 %, %
il
Hardened 0.002 0.002 to % %
0.0005
Annealed
Copper Alloys or 100 0.002 0&?235 A A
Cold Drawn :
Cold Drawn
Aluminum or 0.0005
Alloys Solution 150 0.002 max. % %
Treated
Plunge Grinding
. Infeed per Revolution of the Work, Inch
Work Material - —
Roughing Finishing
Steel, soft 0.0005 0.0002
Plain carbon steel, hardened 0.0002 0.000050
Alloy and tool steel, hardened 0.0001 0.000025

These data, which are, in general, considered conservative, are based on average ope
ing conditions and may be modified subsequently,
reducing the values in case of unsatisfactory quality of the grinding or the occurrence c
failures;
increasing the rates for raising the productivity of the process, particularly for rigid work-
pieces, substantial stock allowance, etc.

High-Speed Cylindrical Grinding.—The maximum peripheral speed of the wheels in
regular cylindrical grinding is generally 6500 feet per minute; the commonly used grind-
ing wheels and machines are designed to operate efficiently at this speed. Recently, effol
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were made to raise the productivity of different grinding methods, including cylindrical
grinding, by increasing the peripheral speed of the grinding wheel to a substantially highe
than traditional level, such as 12,000 feet per minute or more. Such methods are designat
by the distinguishing term of high-speed grinding.

For high-speed grinding, special grinding machines have been built with high dynamic
stiffness and static rigidity, equipped with powerful drive motors, extra-strong spindles
and bearings, reinforced wheel guards, etc., and using grinding wheels expressly made a
tested for operating at high peripheral speeds. The higher stock-removal rate accomplish
by high-speed grinding represents an advantage when the work configuration and materi
permit, and the removable stock allowance warrants its application.

CAUTION:High-speed grinding mustot be applied on standard types of equipment,
such as general types of grinding machines and regular grinding wheels. Operating grin
ing wheels, even temporarily, at higher than approved speed constitutes a grave safety h:
ard.

Areas and Degrees of Automation in Cylindrical Grinding.—Power drive for the

work rotation and for the reciprocating table traverse are fundamental machine move
ments that, once set for a certain rate, will function without requiring additional attention.
Loading and removing the work, starting and stopping the main movements, and applyin
infeed by hand wheel are carried out by the operator on cylindrical grinding machines ir
their basic degree of mechanization. Such equipment is still frequently used in tool roor
and jobbing-type work.

More advanced levels of automation have been developed for cylindrical grinders an
are being applied in different degrees, particularly in the following principal respects:

A) Infeed,in which different rates are provided for rapid approach, roughing and finish-
ing, followed by a spark-out period, with presetting of the advance rates, the cutoff points
and the duration of time-related functions.

B) Automatic cyclingictuated by a single lever to start work rotation, table reciprocation,
grinding-fluid supply, and infeed, followed at the end of the operation by wheel slide
retraction, the successive stopping of the table movement, the work rotation, and the flui
supply.

C) Table traverse dwellgarry) in the extreme positions of the travel, over preset periods,
to assure uniform exposure to the wheel contact of the entire work section.

D) Mechanized work loadinglamping, and, after termination of the operation, unload-
ing, combined with appropriate work-feeding devices such as indexing-type drums.

E) Size controby in-process or post-process measurements. Signals originated by th
gage will control the advance movement or cause automatic compensation of size varis
tions by adjusting the cutoff points of the infeed.

F) Automatic wheel dressirgg preset frequency, combined with appropriate compensa-
tion in the infeed movement.

G)Numerical controbbviates the time-consuming setups for repetitive work performed
on small- or medium-size lots. As an application example: shafts with several sections c
different lengths and diameters can be ground automatically in a single operation, grindin
the sections in consecutive order to close dimensional limits, controlled by an in-proces
gage, which is also automatically set by means of the program.

The choice of the grinding machine functions to be automated and the extent of autom:
tion will generally be guided by economic considerations, after a thorough review of the
available standard and optional equipment. Numerical control of partial or complete
cycles is being applied to modern cylindrical and other grinding machines.

Cylindrical Grinding Troubles and Their Correction.— Troubles that may be encoun-
tered in cylindrical grinding may be classified as work defects (chatter, checking, burning
scratching, and inaccuracies), improperly operating machines (jumpy infeed or traverse
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and wheel defects (too hard or soft action, loading, glazing, and breakage). The Land
Tool Company has listed some of these troubles, their causes, and corrections as follow:
Chatter.— Sources of chatter include: 1) faulty coolant; 2) wheel out of balance;

3) wheel out of round; 4) wheel too hard; 5) improper dressing; 6) faulty work support
or rotation; 7) improper operation; 8) faulty traverse; 9) work vibration; 10) outside
vibration transmitted to machine; 11) interference; 12) wheel base; and 13) headstock.

Suggested procedures for correction of these troubles are:

1) Faulty coolant:Clean tanks and lines. Replace dirty or heavy coolant with correct
mixture.

2) Wheel out of balancéRebalance on mounting before and after dressing. Run wheel
without coolant to remove excess water. Store a removed wheel on its side to keep retain
water from causing a false heavy side. Tighten wheel mounting flanges. Make sure whe
center fits spindle.

3) Wheel out of roundTrue before and after balancing. True sides to face.

4)Wheel too hardtUse coarser grit, softer grade, more open bond\$ee| Defecten
page 1183.

5) Improper dressingUse sharp diamond and hold rigidly close to wheel. It must not
overhang excessively. Check diamond in mounting.

6) Faulty work support or rotationJse sufficient number of work rests and adjust them
more carefully. Use proper angles in centers of work. Clean dirt from footstock spindle an
be sure spindle is tight. Make certain that work centers fit properly in spindles.

7) Improper operationReduce rate of wheel feed.

8) Faulty traverseSeeUneven Traverse or Infeed of Wheel Heagage 1182.

9) Work vibration:Reduce work speed. Check workpiece for balance.

10)Outside vibration transmitted to machir@heck and make sure that machine is level
and sitting solidly on foundation. Isolate machine or foundation.

11)InterferenceCheck all guards for clearance.

12)Wheel baseCheck spindle bearing clearance. Use belts of equal lengths or uniform
cross-section on motor drive. Check drive motor for unbalance. Check balance and fit
pulleys. Check wheel feed mechanism to see that all parts are tight.

13)HeadstockPut belts of same length and cross-section on motor drive; check for cor-
rect work speeds. Check drive motor for unbalance. Make certain that headstock spindle
not loose. Check work center fit in spindle. Check wear of face plate and jackshaft beat
ings.

Spirals on Work (traverse lines with same lead on work as rate of traverse).—

Sources of spirals include: 1) machine parts out of line; and 2) truing.

Suggested procedures for correction of these troubles are:

1) Machine parts out of lineCheck wheel base, headstock, and footstock for proper
alignment.

2) Truing: Point truing tool down 3 degrees at the workwheel contact line. Round off
wheel edges.

Check Marks on Work.—Sources of check marks include: 1) improper operation;

2) improper heat treatment; 3) improper size control; 4) improper wheel; and

5) improper dressing.

Suggested procedures for correction of these troubles are:

1) Improper operationMake wheel act softer. S¥¢heel DefectsDo not force wheel
into work. Use greater volume of coolant and a more even flow. Check the correct posi
tioning of coolant nozzles to direct a copious flow of clean coolant at the proper location.

2) Improper heat treatmenT:ake corrective measures in heat-treating operations.

3) Improper size controlMake sure that engineering establishes reasonable size limits.
See that they are maintained.
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4)Improper wheelMake wheel act softer. Use softer-grade wheel. Review the grain size
and type of abrasive. A finer grit or more friable abrasive or both may be called for.

5) Improper dressingCheck that the diamond is sharp, of good quality, and well set.
Increase speed of the dressing cycle. Make sure diamond is not cracked.

Burning and Discoloration of Work.—Sources of burning and discoloration are:

1) improper operation; and 2) improper wheel.

Suggested procedures for correction of these troubles are:

1) Improper operationDecrease rate of infeed. Don't stop work while in contact with
wheel.

2) Improper wheelUse softer wheel or obtain softer effect. S¢leeel DefectsUse
greater volume of coolant.

Isolated Deep Marks on Work.—Source of trouble is an unsuitable wheel. Use a finer
wheel and consider a change in abrasive type.

Fine Spiral or Thread on Work.—Sources of this trouble are: 1) improper operation;
and 2) faulty wheel dressing.

Suggested procedures for corrections of these troubles are:

1) Improper operationReduce wheel pressure. Use more work rests. Reduce traverse
with respect to work rotation. Use different traverse rates to break up pattern when makin
numerous passes. Prevent edge of wheel from penetrating by dressing wheel face para
to work.

2) Faulty wheel dressindJse slower or more even dressing traverse. Set dressing tool at
least 3 degrees down and 30 degrees to the side from time to time. Tighten holder. Dor
take too deep a cut. Round off wheel edges. Start dressing cut from wheel edge.

Narrow and Deep Regular Marks on Work.—Source of trouble is that the wheel is too
coarse. Use finer grain size.

Wide, Irregular Marks of Varying Depth on Work.— Source of trouble is too soft a
wheel. Use a harder grade wheel. 8&eel Defects

Widely Spaced Spots on Work.—Sources of trouble are oil spots or glazed areas on
wheel face. Balance and true wheel. Keep oil from wheel face.

Irregular “Fish-tail” Marks of Various Lengths and Widths on Work.— Source of
trouble is dirty coolant. Clean tank frequently. Use filter for fine finish grinding. Flush
wheel guards after dressing or when changing to finer wheel.

Wavy Traverse Lines on Work.—Source of trouble is wheel edges. Round off. Check
for loose thrust on spindle and correct if necessary.

Irregular Marks on Work.— Cause is loose dirt. Keep machine clean.

Deep, Irregular Marks on Work.— Source of trouble is loose wheel flanges. Tighten
and make sure blotters are used.

Isolated Deep Marks on Work.—Sources of trouble are: 1) grains pull out; coolant too
strong; 2) coarse grains or foreign matter in wheel face; and 3) improper dressing.

Respective suggested procedures for corrections of these troubles are: 1) decrease st
content in coolant mixture; 2) dress wheel; and 3) use sharper dressing tool.

Brush wheel after dressing with stiff bristle brush.

Grain Marks on Work.— Sources of trouble are: 1) improper finishing cut; 2) grain
sizes of roughing and finishing wheels differ too much; 3) dressing too coarse; and
4) wheel too coarse or too soft.

Respective suggested procedures for corrections of these troubles are: start with hic
work and traverse speeds; finish with high work speed and slow traverse, letting whee
“spark-out” completely; finish out better with roughing wheel or use finer roughing wheel;
use shallower and slower cut; and use finer grain size or harder-grade wheel.
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Inaccuracies in Work.—Work out-of-round, out-of-parallel, or tapered.

Sources of trouble are: 1) misalignment of machine parts; 2) work centers; 3) imprope
operation; 4) coolant; 5) wheel; 6) improper dressing; 7) spindle bearings; and 8) work

Suggested procedures for corrections of these troubles are:

1) Misalignment of machine part€heck headstock and tailstock for alignment and
proper clamping.

2) Work centersCenters in work must be deep enough to clear center point. Keep work
centers clean and lubricated. Check play of footstock spindle and see that footstock spinc
is clean and tightly seated. Regrind work centers if worn. Work centers must fit taper o
work-center holes. Footstock must be checked for proper tension.

3) Improper operationDon't let wheel traverse beyond end of work. Decrease wheel
pressure so work won't spring. Use harder wheel or change feeds and speeds to ma
wheel act harder. Allow work to “spark-out.” Decrease feed rate. Use proper number o
work rests. Allow proper amount of tarry. Workpiece must be balanced if it is an odd
shape.

4) Coolant:Use greater volume of coolant.

5) Wheel:Rebalance wheel on mounting before and after truing.

6) Improper dressingUse same positions and machine conditions for dressing as in
grinding.

7) Spindle bearingsCheck clearance.

8) Work: Work must come to machine in reasonably accurate form.

Inaccurate Work Sizing (when wheel is fed to same position, it grinds one piece to cor-
rect size, another oversize, and still another undersize).Seurces of trouble are:

1) improper work support or rotation; 2) wheel out of balance; 3) loaded wheel;

4) improper infeed; 5) improper traverse; 6) coolant; 7) misalignment; and 8) work.

Suggested procedures for corrections of these troubles are:

1) Improper work support or rotatiorieep work centers clean and lubricated. Regrind
work-center tips to proper angle. Be sure footstock spindle is tight. Use sufficient work
rests, properly spaced.

2)Wheel out of balanc&alance wheel on mounting before and after truing.

3) Loaded wheelSeeWheel Defects

4) Improper infeedCheck forward stops of rapid feed and slow feed. When readjusting
position of wheel base by means of the fine feed, move the wheel base back after makir
the adjustment and then bring it forward again to take up backlash and relieve strain i
feed-up parts. Check wheel spindle bearings. Don't let excessive lubrication of wheel bas
slide cause “floating.” Check and tighten wheel feed mechanism. Check parts for wea
Check pressure in hydraulic system. Set infeed cushion properly. Check to see that pisto
are not sticking.

5) Improper traverseCheck traverse hydraulic system and the operating pressure. Pre:
vent excessive lubrication of carriage ways with resultant “floating” condition. Check to
see if carriage traverse piston rods are binding. Carriage rack and driving gear must n
bind. Change length of tarry period.

6) Coolant:Use greater volume of clean coolant.

7)Misalignment:Check level and alignment of machine.

8) Work: Workpieces may vary too much in length, permitting uneven center pressure.
Uneven Traverse or Infeed of Wheel Head.-Sources of uneven traverse or infeed of
wheel head are: carriage and wheel head, hydraulic system, interference, unbalanced c
ditions, and wheel out of balance. Suggested procedures for correction of these troubl
are:

1) Carriage and wheel headays may be scored. Be sure to use recommended oil for
both lubrication and hydraulic system. Make sure ways are not so smooth that they pre:
out ail film. Check lubrication of ways. Check wheel feed mechanism, traverse gear, ant
carriage rack clearance. Prevent binding of carriage traverse cylinder rods.
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2)Hydraulic systemdRemove air and check pressure of hydraulic oil. Check pistons and
valves for oil leakage and for gumminess caused by incorrect oil. Check worn valves o
pistons that permit leakage.

3) InterferenceMake sure guard strips do not interfere.

4) Unbalanced conditionsEliminate loose pulleys, unbalanced wheel drive motor,
uneven belts, or high spindle keys.

5) Wheel out of balanc&alance wheel on mounting before and after truing.

Wheel Defects.—Whenwheel is acting too harduch defects as glazing, some loading,
lack of cut, chatter, and burning of work result.

Suggested procedures for correction of these faults are: 1) Increase work and traver:
speeds as well as rate of in-feed; 2) decrease wheel speed, diameter, or width; 3) dre
more sharply; 4) use thinner coolant; 5) don't tarry at end of traverse; 6) select softe
wheel grade and coarser grain size; 7) avoid gummy coolant; and 8) on hardened wo
select finer grit, more fragile abrasive or both to get penetration. Use softer grade.

Whenwheel is acting too sofsuch defects as wheel marks, tapered work, short wheel
life, and not-holding-cut result.

Suggested procedures for correction of these faults are: 1) Decrease work and traver
speeds as well as rate of in-feed; 2) increase wheel speed, diameter, or width; 3) dre:
with little in-feed and slow traverse; 4) use heavier coolants; 5) don't let wheel run off
work at end of traverse; and 6) select harder wheel or less fragile grain or both.

Wheel Loading and Glazing.—Sources of the trouble of wheel loading or glazing are:

1) Incorrect wheel; 2) improper dress; 3) faulty operation; 4) faulty coolant; and
5) gummy coolant.

Suggested procedures for correction of these faults are:

1) Incorrect wheelUse coarser grain size, more open bond, or softer grade.

2) Improper dressingKeep wheel sharp with sharp dresser, clean wheel after dressing,
use faster dressing traverse, and deeper dressing cut.

3) Faulty operationControl speeds and feeds to soften action of wheel. Use less in-feec
to prevent loading; more in-feed to stop glazing.

4) Faulty coolant:.Use more, cleaner and thinner coolant, and less oily coolant.

5) Gummy coolanfTo stop wheel glazing, increase soda content and avoid the use of sol

uble oils if water is hard. In using soluble oil coolant with hard water a suitable conditioner
or “softener” should be added.
Wheel Breakage.—Suggested procedures for the correction of a radial break with three
or more pieces are: 1) Reduce wheel speed to or below rated speed; 2) mount wheel pre
erly, use blotters, tight arbors, even flange pressure and be sure to keep out dirt betwe
flange and wheel; 3) use plenty of coolant to prevent over-heating; 4) use less in-feec
and 5) don't allow wheel to become jammed on work.

A radial break with two pieces may be caused by excessive side strain. To prevent ¢
irregular wheel break, don't let wheel become jammed on work; don’t allow striking of
wheel; and never use wheels that have been damaged in handling. In general, do not us
wheel that is too tight on the arbor since the wheel is apt to break when started. Preve
excessive hammering action of wheel. Follow rules of the American National Standarc
Safety Requirements for the Use, Care, and Protection of Abrasive Wheels (ANSI B7.1
1978).

Centerless Grinding

In centerless grinding the work is supported on a work rest blade and is between th
grinding wheel and a regulating wheel. The regulating wheel generally is a rubber bonde
abrasive wheel. In the normal grinding position the grinding wheel forces the work down-
ward against the work rest blade and also against the regulating wheel. The latter impart:
uniform rotation to the work giving it its same peripheral speed which is adjustable.



1184 CENTERLESS GRINDING

The higher the work center is placed above the line joining the centers of the grinding an
regulating wheels the quicker the rounding action. Rounding action is also increased by
high work speed and a slow rate of traverse (if a through-feed operation). It is possible t
have a higher work center when using softer wheels, as their use gives decreased cont
pressures and the tendency of the workpiece to lift off the work rest blade is lessened.

Long rods or bars are sometimes ground with their centers below the line-of-centers ¢
the wheels to eliminate the whipping and chattering due to slight bends or kinks in the roc
or bars, as they are held more firmly down on the blade by the wheels.

There are three general methods of centerless grinding which may be described
through-feed, in-feed, and end-feed methods.

Through-feed Method of Grinding.—The through-feed method is applied to straight

cylindrical parts. The work is given an axial movement by the regulating wheel and passe
between the grinding and regulating wheels from one side to the other. The rate of fee
depends upon the diameter and speed of the regulating wheel and its inclination which
adjustable. It may be necessary to pass the work between the wheels more than once,
number of passes depending upon such factors as the amount of stock to be removed,
roundness and straightness of the unground work, and the limits of accuracy required.

The work rest fixture also contains adjustable guides on either side of the wheels th:
directs the work to and from the wheels in a straight line.

In-feed Method of Centerless Grinding.—When parts have shoulders, heads or some
part larger than the ground diameter, the in-feed method usually is employed. This methc
is similar to “plungecut” form grinding on a center type of grinder. The length or sections
to be ground in any one operation are limited by the width of the wheel. As there is no axie
feeding movement, the regulating wheel is set with its axis approximately parallel to tha
of the grinding wheel, there being a slight inclination to keep the work tight against the enc
stop.

End-feed Method of Grinding.—The end-feed method is applied only to taper work.
The grinding wheel, regulating wheel, and the work rest blade are set in a fixed relation t
each other and the work is fed in from the front mechanically or manually to a fixed enc
stop. Either the grinding or regulating wheel, or both, are dressed to the proper taper.

Automatic Centerless Grinding.—The grinding of relatively small parts may be done
automatically by equipping the machine with a magazine, gravity chute, or hopper feed
provided the shape of the part will permit using these feed mechanisms.

Internal Centerless Grinding.—Internal grinding machines based upon the centerless
principle utilize the outside diameter of the work as a guide for grinding the bore which is
concentric with the outer surface. In addition to straight and tapered bores, interrupted ar
“blind” holes can be ground by the centerless method. When two or more grinding opera
tions such as roughing and finishing must be performed on the same part, the work can'
rechucked in the same location as often as required.

Centerless Grinding Troubles.—A number of troubles and some corrective measures
compiled by a manufacturer are listed here for the through-feed and in-feed methods
centerless grinding.

Chattermarksare caused by having the work center too high above the line joining the
centers of the grinding and regulating wheels; using too hard or too fine a grinding wheel
using too steep an angle on the work support blade; using too thin a work support blad
“play” in the set-up due to loosely clamped members; having the grinding wheel fit loosely
on the spindle; having vibration either transmitted to the machine or caused by a defectiv
drive in the machine; having the grinding wheel out-of-balance; using too heavy a stocl
removal; and having the grinding wheel or the regulating wheel spindles not properly
adjusted.
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Feed lines or spiral markén through-feed grinding are caused by too sharp a corner on
the exit side of the grinding wheel which may be alleviated by dressing the grinding whee
to a slight taper abodginch from the edge, dressing the edge to a slight radius, or swivel-
ing the regulating wheel a bit.

Scored workis caused by burrs, abrasive grains, or removed material being imbedded ir
or fused to the work support blade. This condition may be alleviated by using a coolan
with increased lubricating properties and if this does not help a softer grade wheel shoul
be used.

Work not ground roundnay be due to the work center not being high enough above the
line joining the centers of the grinding and regulating wheels. Placing the work cente
higher and using a softer grade wheel should help to alleviate this condition.

Work not ground straightn through-feed grinding may be due to an incorrect setting of
the guides used in introducing and removing the work from the wheels, and the existenc
of convex or concave faces on the regulating wheel. For example, if the work is tapered ¢
the front end, the work guide on the entering side is deflected toward the regulating whee
If tapered on the back end, then the work guide on the exit side is deflected toward the re
ulating wheel. If both ends are tapered, then both work guides are deflected toward the re
ulating wheel. The same barrel-shaped pieces are also obtained if the face of the regulati
wheelis convex at the line of contact with the work. Conversely, the work would be grounc
with hollow shapes if the work guides were deflected toward the grinding wheel or if the
face of the regulating wheel were concave at the line of contact with the work. The use of
warped work rest blade may also result in the work not being ground straight and the blac
should be removed and checked with a straight edge.

In in-feed grinding, in order to keep the wheel faces straight which will insure straight-
ness of the cylindrical pieces being ground, the first item to be checked is the straightne:
and the angle of inclination of the work rest blade. If this is satisfactory then one of three
corrective measures may be taken: the first might be to swivel the regulating wheel to con
pensate for the taper, the second might be to true the grinding wheel to that angle that w
give a perfectly straight workpiece, and the third might be to change the inclination of the
regulating wheel (this is true only for correcting very slight tapers up to 0.0005 inch).

Difficulties in sizingthe work in in-feed grinding are generally due to a worn in-feed
mechanism and may be overcome by adjusting the in-feed nut.

Flat spots:on the workpiece in in-feed grinding usually occur when grinding heavy
work and generally when the stock removal is light. This condition is due to insufficient
driving power between the work and the regulating wheel which may be alleviated by
equipping the work rest with a roller that exerts a force against the workpiece; and by feec
ing the workpiece to the end stop using the upper slide.

Surface Grinding
The term surface grinding implies, in current technical usage, the grinding of surface:
which are essentially flat. Several methods of surface grinding, however, are adapted a
used to produce surfaces characterized by parallel straight line elements in one directio
while normal to that direction the contour of the surface may consist of several straight lin
sections at different angles to each other (e.g., the guideways of a lathe bed); in other ca:
the contour may be curved or profiled (e.g., a thread cutting chaser).

Advantages of Surface Grinding.—Alternate methods for machining work surfaces
similar to those produced by surface grinding are milling and, to a much more limited
degree, planing. Surface grinding, however, has several advantages over alternate me
ods that are carried out with metal-cutting tools. Examples of such potential advantages a
as follows:

1) Grinding is applicable to very hard and/or abrasive work materials, without significant
effect on the efficiency of the stock removal.



1186 SURFACE GRINDING

2) The desired form and dimensional accuracy of the work surface can be obtained to
much higher degree and in a more consistent manner.

3) Surface textures of very high finish and—when the appropriate system is utilized—
with the required lay, are generally produced.

4) Tooling for surface grinding as a rule is substantially less expensive, particularly for
producing profiled surfaces, the shapes of which may be dressed into the wheel, often wi
simple devices, in processes that are much more economical than the making and the ma
tenance of form cutters.

5) Fixturing for work holding is generally very simple in surface grinding, particularly
when magnetic chucks are applicable, although the mechanical holding fixture can also
simpler, because of the smaller clamping force required than in milling or planing.

6) Parallel surfaces on opposite sides of the work are produced accurately, either in co
secutive operations using the first ground surface as a dependable reference plane
simultaneously, in double face grinding, which usually operates without the need for hold
ing the parts by clamping.

7) Surface grinding is well adapted to process automation, particularly for size control
but also for mechanized work handling in the large volume production of a wide range o
component parts.

Principal Systems of Surface Grinding.—Flat surfaces can be ground with different
surface portions of the wheel, by different arrangements of the work and wheel, as well
by different interrelated movements. The various systems of surface grinding, with theil
respective capabilities, can best be reviewed by considering two major distinguishin
characteristics:

1) The operating surface of the grinding wheethich may be the periphery or the face
(the side);

2) The movement of the work during the processch may be traverse (generally recip-
rocating) or rotary (continuous), depending on the design of a particular category of sut
face grinders.

The accompanying table provides a concise review of the principal surface grinding sys
tems, defined by the preceding characteristics. It should be noted that many surface grin
ers are built for specific applications, and do not fit exactly into any one of these majol
categories.

Selection of Grinding Wheels for Surface Grinding.—The most practical way to select

a grinding wheel for surface grinding is to base the selection on the work matebial.
gives the grinding wheel recommendations for Types 1, 5, and 7 straight wheels used c
reciprocating and rotary table surface grinders with horizontal spifdibke 1bgives the
grinding wheel recommendations for Type 2 cylinder wheels, Type 6 cup wheels, anc
wheel segments used on vertical spindle surface grinders.

The last letters (two or three) that may follow the bond designation V (vitrified) or B (res-
inoid) refer to: 1) bond modification, “BE” being especially suitable for surface grinding;
2) special structure, “P” type being distinctively porous; and 3) for segments made o
23A type abrasives, the term 12VSM implies porous structure, and the letter “P” is no
needed.

Table 1a. Grinding Wheel Recommendations for Surface Grinding—
Using Straight Wheel Types 1, 5, and 7

Horizontal-spindle, reciprocating-table surface grinders

Wheels less than Wheels 16 inches in diameter
Material 16 inches in diameter and over
Castiron 37C36-K8V or 23A46-I18VBE 23A36-18VBE
Nonferrous metal 37C36-K8V 37C36-K8V
Soft steel 23A46-J8VBE 23A36-J8VBE




SURFACE GRINDING

1187

Table 1a.(Continued)Grinding Wheel Recommendations for Surface Grinding—
Using Straight Wheel Types 1, 5, and 7

Horizontal-spindle, reciprocating-table surface grinders

Material

Wheels less than
16 inches in diameter

Wheels 16 inches in diameter
and over

Hardened steel—
broad contact

32A46-H8VBE or 32A60-F12VBEP

32A36-H8VBE or 32A36-F12VBEHR

Hardened steel—
narrow contact or inter
rupted cut

32A46-18VBE

32A36-J8VBE

General-purpose wheel

23A46-H8VBE

23A36-18VBE

Cemented carbides

Diamond wheeks

Diamond wheeRs

aGeneral diamond wheel recommendations are listed in Table 5 on page 1168.

Horizontal-spindle, rotary-table surface grinders

Material Wheels of any diameter
Cast iron 37C36-K8V or 23A46-18VBE
Nonferrous metals 37C36-K8V
Soft steel 23A46-J8VBE

Hardened steel—broad contact

32A46-18VBE

Hardened steel—narrow
contact or interrupted cut

32A46-J8VBE

General-purpose wheel

23A46-18VBE

Cemented carbides—roughing

Diamond wheeBs

Courtesy of Norton Company

Table 1b. Grinding Wheel Recommendations for Surface Grinding—Using Type 2
Cylinder Wheels, Type 6 Cup Wheels, and Wheel Segments

boiler plate

23A30-G12VBEP

Type 2 Type 6 Wheel
Material Cylinder Wheels Cup Wheels Segments
High tensile cast iron
and nonferrous metals 37C24-HKV 37C24-HVK 37C24-HVK
Soft steel, malleable
cast iron, steel castings, 23A24-1BVBE or 23A24-18VBE 23A24-1BVSM or

23A30-H12VSM

Hardened steel—broad
contact

32A46-G8VBE or
32A36-E12VBEP

32A46-G8VBE or
32A60-E12VBEP

32A36-G8VBE or
32A46-E12VBEP

Hardened steel—narrow
contact or interrupt cut

32A46-H8VBE

32A60-H8VBE

32A46-G8VBE or
32A60-G12VBEP

General-purpose use

23A30-H8VBE or
23A30-E12VBEP

23A30-H8VSM or
23A30-G12VSM

The wheel markings in the tables are those used by the Norton Co., complementing tt
basic standard markings with Norton symbols. The complementary symbols used in thes
tables, that is, those preceding the letter designating A (aluminum oxide) or C (silicon cat
bide), indicate the special type of basic abrasive that has the friability best suited for partic

ular work materials. Those preceding A (aluminum oxide) are
57—a versatile abrasive suitable for grinding steel in either a hard or soft state.

38—the most friable abrasi
32—the abrasive suited for

ve.
tool steel grinding.

23—an abrasive with intermediate grinding action, and
19—the abrasive produced for less heat-sensitive steels.

Those preceding C (silicon

carbide) are

37—a general application abrasive, and

39—an abrasive for grinding hard cemented carbide.
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Principal Systems of Surface Grinding — Diagrams
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Principal Systems of Surface Grinding—Principles of Operation

Effective Grinding Surface—Periphery of Wheel
Movement of Work—Reciprocating

Work is mounted on the horizontal machine table that is traversed in a reciprocg
movement at a speed generally selected from a steplessly variable range. The
verse movement, called cross feed of the table or of the wheel slide, operates a

ting
rans-
the en

of the reciprocating stroke and assures the gradual exposure of the entire work surface
which commonly exceeds the width of the wheel. The depth of the cut is controlled by

the downfeed of the wheel, applied in increments at the reversal of the transverse

movement.

Effective Grinding Surface—Periphery of Wheel
Movement of Work—Rotary

Work is mounted, usually on the full-diameter magnetic chuck of the circular mg
table that rotates at a preset constant or automatically varying speed, the latter

chine
main-

taining an approximately equal peripheral speed of the work surface area being ground
The wheelhead, installed on a cross slide, traverses over the table along a radial path,
moving in alternating directions, toward and away from the center of the table. Ipfeed
is by vertical movement of the saddle along the guideways of the vertical colump, at
the end of the radial wheelhead stroke. The saddle contains the guideways along whicl

the wheelhead slide reciprocates.

Effective Grinding Surface—Face (Side) of Wheel
Movement of Work—Reciprocating

Operation is similar to the reciprocating table-type peripheral surface grinder, b

t

grinding is with the face, usually with the rim of a cup-shaped wheel, or a segmental

wheel for large machines. Capable of covering a much wider area of the work s
than the peripheral grinder, thus frequently no need for cross feed. Provides effi
stock removal, but is less adaptable than the reciprocating table-type peripheral

Effective Grinding Surface—Face (Side) of Wheel
Movement of Work—Rotary

The grinding wheel, usually of segmental type, is set in a position to cover eithe
annular area near the periphery of the table or, more commonly, to reach beyor
table center. A large circular magnetic chuck generally covers the entire table s

urface
cient
grindel

ran
d the
urface

and facilitates the mounting of workpieces, even of fixtures, when needed. The ininter-

rupted passage of the work in contact with the large wheel face permits a very h
of stock removal and the machine, with single or double wheelhead, can be ada

gh rate
pted

also to automatic operation with continuous part feed by mechanized work handling.

Effective Grinding Surface—Face (Side) of Wheel
Movement of Work—Traverse Along Straight or Arcuate Path

Operates with practically the entire face of the wheel, which is designated as ar
sive disc (hence “disc grinding”) because of its narrow width in relation to the la|
diameter. Built either for one or, more frequently, for two discs operating with op|
faces for the simultaneous grinding of both sides of the workpiece. The parts p3
between the operating faces of the wheel (a) pushed-in and retracted by the dra

abra-
ge
posed
Ss
werlike

movement of a feed slide; (b) in an arcuate movement carried in the nests of a
feed wheel; (c) nearly diagonally advancing along a rail. Very well adapted to fu|
mechanized work handling.

otating
ly

Process Data for Surface Grinding.—n surface grinding, similarly to other metal-cut-
ting processes, the speed and feed rates that are applied must be adjusted to the operati
conditions as well as to the objectives of the process. Grinding differs, however, from othe
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types of metal cutting methods in regard to the cutting speed of the tool; the periphere
speed of the grinding wheel is maintained within a narrow range, generally 5500 to 650!
surface feet per minute. Speed ranges different from the common one are used in particu
processes which require special wheels and equipment.

Table 2. Basic Process Data for Peripheral Surface Grinding
on Reciprocating Table Surface Grinders

Downfeed, Crossfeed
Wheel | Table in. per pass per pass,
Material Speed, | Speed,| fraction of
Work Material Hardness Condition fpm fpm | Rough Finish wheel width
52 Rc Annealed, 5500to | 50to
max. Cold drawn 6500 | 100 | 0008 | 0.0005max, %
Plain carbon Carburized
steel 52to and/or 5500 to [ 50 to
65 Rc quenched and 6500 100 0.003| 0.0005 max Yo
tempered
52 Re Amnealed or 1 550015 | 5010
max quenched and 6500 100 0.003 | 0.001 max. A
| tempered
Alloy steels Carburized
52 to and/or 5500to [ 50 to
65 Rc quenched and 6500 100 0.003 | 0.0005 max. Yo
tempered
150 to 5500t0 | 50to
To0! stoels 275 Bhn Annealed 6500 100 0.002 | 0.0005 max| %
56 to Quenched and | 5500to | 50 to 0.002 | 0.0005 max ¥
65 Rc tempered 6500 100 : : ’ 0
200 to Normalized, 5500to | 50 to
Nitriding 350 Bhn annealed 6500 | 100 | 0-003| 0.001max. %
steels 60 to . 5500 to | 50 to
65 Re Nitrided 6500 100 | 0:003 | 0.0005 max %o
52 Rc Normalized, 5500t0 [ 50 to
max. annealed 6500 100 0.003 | 0.001 max. %
Carburized
Caststeels Over and/or 5500to [ 50 to 0.003 | 0.0005 max ¥
52 Rc quenched and 6500 100 : : ’ 0
tempered
As cast, annealed,
. 52 Rc and/or 5000to | 50to
Gray irons max. quenched and 6500 100 0.003 0.001 max. %
tempered
- As cast, annealeg
Ductile 52 Rc ! 5500to [ 50 to
B or quenched and 0.003 | 0.001 max. %
irons max. tempered 6500 100
. 135to Annealed or 5500t0 [ 50 to
Stainless 235 Bhn cold drawn 6500 | 100 | 0002 | 0.0005max, %
Dt Over Quenched and | 5500to | 50 to
1 it
martensitic 275 Bhn tempered 6500 | 100 | ©:001| 0.0005max, %
Aluminum 30to As cast, cold 5500to | 50 to
alloys 150 Bhn | drawn or treated| 6500 | 100 | 0003 | 0.001max. %

In establishing the proper process values for grinding, of prime consideration are th
work material, its condition, and the type of operation (roughing or finishiiage 2
gives basic process data for peripheral surface grinding on reciprocating table surfac
grinders. For different work materials and hardness ranges data are given regarding tak
speeds, downfeed (infeed) rates and cross feed, the latter as a function of the wheel widt

Common Faults and Possible Causes in Surface Grinding.Approaching the ideal
performance with regard to both the quality of the ground surface and the efficiency of sur
face grinding, requires the monitoring of the process and the correction of condition:
adverse to the attainment of that goal.



Table 3. Common Faults and Possible Causes in Surface Grinding

WORK METALLURGICAL SURFACE WHEEL WORK
DIMENSION DEFECTS QUALITY CONDITION RETAINMENT
. ) 73] T =4
8 xS | 53 23 £3 - |85 |g3| 82| &3 | &% | &= EF %5
] g8 | g2 | 5% £g 8 |[cE|ge | |38 |35 |2 | 5% s
@ @ ° i (285 s 4 g °
z Heat treat stresses X -
é E Work too thin X X .
o g Work warped X X
= 8 Abrupt section changes X X
Grit too fine . . - X X . - - . X X
g o Grit too coarse . . . - . . - . X -
= tn] Grade too hard X . . X X . X . . X X .
ZZz Grade too soft . . X . . . X X . . . X
% 2 Wheel not balanced . . . . . . X . .
Dense structure . .. . . . . . . . X X
Improper coolant B B . . . B . B . X .
- Insufficient coolant X X . X X . . . . . X
2 o <Z( Dirty coolant . . . . . . . X . X
s % 6 Diamond loose or chipped X X . . . . . X . . .
'Q 8 Diamond dull . . X . . . . . X X X .
No or poor magnetic force . . X X X
Chuck surface worn or burred X X . . . . . X . . . . X
% o Chuck not aligned X X
g % E Vibrations in machine . . . - - . X
<§( @ Plane of movement out of parallel X X
Too Tow work speed N B B B B B B N B X B
Too light feed . . . . . . . . . . X
20 Too heavy cut X X . X
z % Chuck retained swarf X X
SE Chuck loading improper X X . . . . . .
3:( % Insufficient blocking of parts . . . . . . . X . . . .
E o Wheel runs off the work . X X . X . . . . . . X
e Wheel dressing too fine X . . . . .
Wheel edge not chamfered . . . . . X .
Loose dirt under guard . . . . . . . X

ONIANIYO 3DV4dNS
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Defective, or just not entirely satisfactory surface grinding may have any one or more o
several causes. Exploring and determining the cause for eliminating its harmful effects i
facilitated by knowing the possible sources of the experienced undesirable performanc
Table 3 associating the common faults with their possible causes, is intended to aid ir
determining the actual cause, the correction of which should restore the desired perfo
mance level.

While the table lists the more common faults in surface grinding, and points out their fre:
guent causes, other types of improper performance and/or other causes, in addition to thc
indicated, are not excluded.

Offhand Grinding

Offhand grinding consists of holding the wheel to the work or the work to the wheel and
grinding to broad tolerances and includes such operations as certain types of tool sharpe
ing, weld grinding, snagging castings and other rough grinding. Types of machines that al
used for rough grinding in foundries are floor- and bench-stand machines. Wheels fo
these machines vary from 6 to 30 inches in diameter. Portable grinding machines (electri
flexible shaft, or air-driven) are used for cleaning and smoothing castings.

Many rough grinding operations on castings can be best done with shaped wheels, su
as cup wheels (including plate mounted) or cone wheels, and it is advisable to have a go
assortment of such wheels on hand to do the odd jobs the best way.

Floor- and Bench-Stand Grinding.—The most common method of rough grinding is on
double-end floor and bench stands. In machine shops, welding shops, and automoti
repair shops, these grinders are usually provided with a fairly coarse grit wheel on one er
for miscellaneous rough grinding and a finer grit wheel on the other end for sharpenin
tools. The pressure exerted is a very important factor in selecting the proper grindin
wheel. If grinding is to be done mostly on hard sharp fins, then durable, coarse and hal
wheels are required, but if grinding is mostly on large gate and riser pads, then finer an
softer wheels should be used for best cutting action.

Portable Grinding.— Portable grinding machines are usually classified as air grinders,
flexible shaft grinders, and electric grinders. The electric grinders are of two types;
namely, those driven by standard 60 cycle current and so-called high-cycle grinders. Po
table grinders are used for grinding down and smoothing weld seams; cleaning met:
before welding; grinding out imperfections, fins and parting lines in castings and smooth:
ing castings; grinding punch press dies and patterns to proper size and shape; and grind
manganese steel castings.

Wheels used on portable grinders are of three bond types; namely, resinoid, rubber, a
vitrified. By far the largest percentage is resinoid. Rubber bond is used for relatively thir
wheels and where a good finish is required. Some of the smaller wheels such as cone a
plug wheels are vitrified bonded.

Grit sizes most generally used in wheels from 4 to 8 inches in diameter are 16, 20, and 2
In the still smaller diameters, finer sizes are used, such as 30, 36, and 46.

The particular grit size to use depends chiefly on the kind of grinding to be done. If the
work consists of sharp fins and the machine has ample power, a coarse grain size combir
with a fairly hard grade should be used. If the job is more in the nature of smoothing or sul
facing and a fairly good finish is required, then finer and softer wheels are called for.

Swing-Frame Grinding.—This type of grinding is employed where a considerable

amount of material is to be removed as on snagging large castings. It may be possible
remove 10 times as much material from steel castings using swing-frame grinders as wi
portable grinders; and 3 times as much material as with high-speed floor-stand grinders.

The largest field of application for swing-frame machines is on castings which are toc
heavy to handle on a floor stand; but often it is found that comparatively large gates an
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risers on smaller castings can be ground more quickly with swing-frame grinders, even
fins and parting lines have to be ground on floor stands as a second operation.

In foundries, the swing-frame machines are usually suspended from a trolley on a jib th:
can be swung out of the way when placing the work on the floor with the help of an over
head crane. In steel mills when grinding billets, a number of swing-frame machines ar
usually suspended from trolleys on a line of beams which facilitate their use as required.

The grinding wheels used on swing-frame machines are made with coarser grit sizes a
harder grades than wheels used on floor stands for the same work. The reason is that gre
grinding pressures can be obtained on the swing-frame machines.

Mounted Wheels and Mounted Points.—Fhese wheels and points are used in hard-to-
get-at places and are available with a vitrified bond. The wheels are available with alumi
num oxide or silicon carbide abrasive grains. The aluminum oxide wheels are used to grir
tough and tempered die steels and the silicon carbide wheels, cast iron, chilled iro
bronze, and other non-ferrous metals.

The illustrations on paged205and1206give the standard shapes of mounted wheels
and points as published by the Grinding Wheel Institute. A note about the maximum opel
ating speed for these wheels is given at the bottom of the first page of illustrations. Metri
sizes are given on pag204

Abrasive Belt Grinding

Abrasive belts are used in the metalworking industry for removing stock, light cleaning
up of metal surfaces, grinding welds, deburring, breaking and polishing hole edges, ar
finish grinding of sheet steel. The types of belts that are used may be coated with aluminu
oxide (the most common coating) for stock removal and finishing of all alloy steels, high-
carbon steel, and tough bronzes; and silicon carbide for use on hard, brittle, and low-tens
strength metals which would include aluminum and cast irons.

Table 1 is a guide to the selection of the proper abrasive belt, lubricant, and conta
wheel. This table is entered on the basis of the material used and type of operation to
done and gives the abrasive belt specifications (type of bonding andabrasive grain size a
material), the range of speeds at which the belt may best be operated, the type of lubricz
to use, and the type and hardness of the contact wheelTabke2serves as a guide in the
selection of contact wheels. This table is entered on the basis of the type of contact whe
surface and the contact wheel material. The table gives the hardness and/or density, |
type of abrasive belt grinding for which the contact wheel is intended, the character of th
wheel action and such comments as the uses, and hints for best use. Both tables
intended only as guides for general shop practice; selections may be altered to suit indivi
ual requirements.

There are three types of abrasive belt grinding machines. One type employs a conte
wheel behind the belt at the point of contact of the workpiece to the belt and facilitates
high rate of stock removal. Another type uses an accurate parallel ground platen ov
which the abrasive belt passes and facilitates the finishing of precision parts. A third typ
which has no platens or contact wheel is used for finishing parts having uneven surfaces
contours. In this type there is no support behind the belt at the point of contact of the be
with the workpiece. Some machines are so constructed that besides grinding agains
platen or a contact wheel the workpiece may be moved and ground against an unsuppor
portion of the belt, thereby in effect making it a dual machine.

Although abrasive belts at the time of their introduction were used dry, since the adver
of the improved waterproof abrasive belts, they have been used with coolants, oil-mist:
and greases to aid the cutting action. The application of a coolant to the area of conte
retards loading, resulting in a cool, free cutting action, a good finish and a long belt life.



Table 1. Guide to the Selection and Application of Abrasive Belts

Belt Type of Contact Wheel
Type of Speed, Grease Durometer
Material Operation Abrasive Bel2 Grit fpm Lubricant Type Hardness
Roughing [ R/R Al,O3 24-60 4000-65000 | Light-body or none Cog-tooth, serrated rubber 70-90
Hot-and Polishing | R/G or R/R AyO, 80-150 4500-7000 | Light-body or none Plain or serrated rubber, sectional or finger-type cloth 20-60
Cold-Rolled wheel, free belt
Steel Fine Polishing| R/G or electro-coated 505 180-500 4500-7000 | Heavy or with abrasive com- | Smooth-faced rubber or cloth 20-40
cloth pound
Roughing [ R/R Al,O3 50-80 3500-5000 | Light-body or none Cog-tooth, serrated rubber 70-90
Stainless Polishing R/G or RIR AyO3 80-120 4000-5500 | Light-body or none Plain or serrated rubber, sectional or finger-type cloth 30-60
Steel wheel, free belt
Fine Pol. Closed-coat SiC 150-280 4500-5500 | Heavy or oil mist Smooth-faced rubber or cloth 20-40
Roughing [ R/R SiC or A}O; 24-80 5000-6500 | Light Cog-tooth, serrated rubber 70-90
Aluminum, Polishing R/G SiC or A5O3 100-180 4500-6500 | Light Plain or serrated rubber, sectional or finger-type cloth 30-50
Cast or wheel, free belt
Fabricated Fine Closed-coat SiC or electro- 220-320 4500-6500 | Heavy or with abrasive com- | Plain faced rubber, finger-type cloth or free belt 20-50
Polishing | coated A;O, pound
Roughing [ R/R SiC or A30, 36-80 2200-4500 | Light-body Cog-tooth, serrated rubber 70-90
Polishing | Closed-coat SiC or electro- 100-150 4000-6500 | Light-body Plain or serrated rubber, sectional or finger-type cloth 30-50
Copper coated AYO;, or R/G SiC or wheel, free belt
Alloys ALO.
or Brass X 273 . . i . -
Fine Closed-coat SiC or electro- 180-320 4000-6500 | Light or with abrasive com- | Same as for polishing 20-30
Polishing | coated AjO5 pound
Roughing [ R/R SiC or A}O; 24-80 4500-6500 | Light-body Hard wheel depending on application 50-70
Non-ferrous Polishing R/G SiC or AYO3 100-180 4500-6500 | Light-body Plain rubber, cloth or free belt 30-50
Die-castings Fine Electro-coated A0, or 220-320 4500-6500 | Heavy or with abrasive com- | Plain or finger-type cloth wheel, or free belt 20-30
Polishing | closed-coat SiC pound
Roughing [ R/R AlL,O3 24-60 2000-4000 | None Cog-tooth, serrated rubber 70-90
Cast Polishing | R/IR Al,O; 80-150 4000-5500 | None Serrated rubber 30-70
Iron Fine RIR Al,O, 120-240 4000-5500 | Light-body Smooth-faced rubber 30-40
Polishing
Roughing [ R/R SiC or A;O3 36-50 700-1500 | Sulfur-chlorinated Small-diameter, cog-tooth serrated rubber 70-80
Titanium Polishing R/IR SiC 60-120 1200-2000 | Light-body Standard serrated rubber 50
Fine Pol. RI/R SiC 120-240 1200-2000 | Light-body Smooth-faced rubber or cloth 20-40

V61T
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aR/Rindicates that both the making and sizing bond coats are resin. R/G indicates that the making coat is glue anaat is resin. The abbreviations,O'; for
aluminum oxide and SiC for silicon carbide are used. Almost all R/R and FOj and SiC belts have a heavy-drill weight cloth backing. Most electro-cog;03 Al
and closed-coat SiC belts have a jeans weight cloth backing.
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Table 2. Guide to the Selection and Application of Contact Wheels

Hardness and

Surface Material Density Purposeq Wheel Action Comments
g 70 to 90 durom . Fast cutting, allows long beftFor cutting down projection:

Cog-tooth)  Rubber eter Roughing life. on castings and weld beadq.

Standard Rubber 40to st(()e::iurom Roughing Leaves rough- to medium- | For smoothing projections
serrated medium densit ground surface. and face defects.

X-shaped 20 to 50 durom Roughing] Flexibility of rubber allows | Same as for standard serrafed
serra- Rubber eter and entry into contours. Mediun| wheels but preferred for soff
tions polishing | polishing, light removal. non-ferrous metals.

K Plain wheel face allows co
Roughing N "
Plain face|  Rubber 20 to 70 durom and trolled penetration of abra:

eter sive grain. Softer wheels gi eFor large or small flat faces
better finishes.

Hard wheels can remove

polishing

Com- | About nine den{ Roughing

Flat L metal, but not as quickly as| Good for medium-range
flexible ?:frfvs:;j Iflatlrzst;rSemr Viro); oﬁsnf?in cog-tooth rubber wheels. | grinding and polishing.
Y p 9 [ softer wheels polish well.
" _ Uniform polishing. Avoids - ’ -
Flat Solid sec-| 506 mediym, . .| abrasive pattern on work. A low-cost wheel with uni
flexible tional and hard Polishing Adiusts to contours. Can bd form density at the face. Hah-
canvas ] . dles all types of polishing.
performed for contours.
Buff sec- X o ... | Can be widened or narrowejd
Ffllziible tion Soft %ﬂglhoi:“:r ;or fine polishing and finish by adding or removing sec-
canvas p 919 tions. Low cost.
K .. N Has replaceable segments.
Flat ?upgggre 5 to 10 durome; Polishin iL;E:LormPgﬁgﬁglsngr?;&felﬂﬁs Polishes and blends contoufs.
flexible inserts ter, soft 9 COntOgl.JI‘S Segments allow density
: changes.
Fingers of
: canvas . Uniform polishing and fin- . N
Flexible attached Soft Polishing ishing. For polishing and finishing.
to hub
X ) X For portable machines. Usgs
Flat Rubber | Varies in hard- Ro;ggmg ﬁ""odnsé)ernps?thsgﬁz ﬂz‘:s::s' replaceable segments that
flexible | segments] ness olishin ofginsens Y save on wheel costs and
P 9 . allow density changes.
Flat Inflated Air pressure | Roughing

controls and Uniform finishing. Adjusts to contours.

flexible rubber hardness polishing

Abrasive Cutting

Abrasive cut-off wheels are used for cutting steel, brass and aluminum bars and tubes
all shapes and hardnesses, ceramics, plastics, insulating materials, glass and cemented
bides. Originally a tool or stock room procedure, this method has developed into a high
speed production operation. While the abrasive cut-off machine and cut-off wheel can b
said to have revolutionized the practice of cutting-off materials, the metal saw continues t
be the more economical method for cutting-off large cross-sections of certain materials
However, there are innumerable materials and shapes that can be cut with much grea
speed and economy by the abrasive wheel method. On conventional chop-stroke abrasi
cutting machines using 16-inch diameter wheels, 2-inch diameter bar stock is the max
mum size that can be cut with satisfactory wheel efficiency, but bar stock up to 6 inches i
diameter can be cut efficiently on oscillating-stroke machines. Tubing dpiteBes in
diameter can also be cut efficiently.

Abrasive wheels are commonly available in four types of bonds: Resinoid, rubber, shel
lac and fiber or fabric reinforced. In general, resinoid bonded cut-off wheels are used fo
dry cutting where burrs and some burn are not objectionable and rubber bonded wheels
used for wet cutting where cuts are to be smooth, clean and free from burrs. Shellac bond
wheels have a soft, free cutting quality which makes them particularly useful in the too
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room where tool steels are to be cut without discoloration. Fiber reinforced bonded wheel
are able to withstand severe flexing and side pressures and fabric reinforced bonde
wheels which are highly resistant to breakage caused by extreme side pressures, are
cutting and have a low rate of wear.

The types of abrasives available in cut-off wheels are: Aluminum oxide, for cutting steel
and most other metals; silicon carbide, for cutting non-metallic materials such as carbor
tile, slate, ceramics, etc.; and diamond, for cutting cemented carbides. The method «
denoting abrasive type, grain size, grade, structure and bond type by using a system
markings is the same as for grinding wheels (see pagg. Maximum wheel speeds
given in the American National Standard Safety Requirements for The Use, Care, and Pr:
tection of Abrasive Wheels (ANSI B7.1-1988) range from 9500 to 14,200 surface feet pe
minute for organic bonded cut-off wheels larger than 16 inches in diameter and from 950
to 16,000 surface feet per minute for organic bonded cut-off wheels 16 inches in diamete
and smaller. Maximum wheel speeds specified by the manufacturer should never b
exceeded even though they may be lower than those given in the B7.1.

There are four basic types of abrasive cutting machines: Chop-stroke, oscillating strok
horizontal stroke and work rotating. Each of these four types may be designed for dry cu
ting or for wet cutting (includes submerged cutting).

The accompanying table based upon information made available by The Carborundul
Co. gives some of the probable causes of cutting off difficulties that might be experience
when using abrasive cut-off wheels.

Probable Causes of Cutting-Off Difficulties

Difficulty Probable Cause

Angular (1) Inadequate clamping which allows movement of work while the whee

Cuts and is in the cut. The work should be clamped on both sides of the cut.

Wheel (2) Work vise higher on one side than the other causing wheel to be pincped.

Breakage (3) Wheel vibration resulting from worn spindle bearings.
(4) Too fast feeding into the cut when cutting wet.

Burning (1) Insufficient power or drive allowing wheel to stall.

of (2) Cuts too heavy for grade of wheel being used.
Stock (3) Wheel fed through the work too slowly. This causes a heating up of the
material being cut. This difficulty encountered chiefly in dry cutting.
(1) Too rapid cutting when cutting wet.
. (2) Grade of wheel too hard for work, resulting in excessive heating and
Ec\(l:ﬁ:'zllve burning out of bond. ) )
Wear (3) Inadequate coolant supply in wet cutting.

(4) Grade of wheel too soft for work.
(5) Worn spindle bearings allowing wheel vibration.
(1) Feeding too slowly when cutting dry.

Excessive (2) Grit size in wheel too coarse.

Burring (3) Grade of wheel too hard.
(4) Wheel too thick for job.

Honing Process

The hone-abrading process for obtaining cylindrical forms with precise dimensions an
surfaces can be applied to internal cylindrical surfaces with a wide range of diameters suc
as engine cylinders, bearing bores, pin holes, etc. and also to some external cylindrical st
faces.

The process is used to: 1) eliminate inaccuracies resulting from previous operations k
generating a true cylindrical form with respect to roundness and straightness within mini
mum dimensional limits; 2) generate final dimensional size accuracy within low toler-
ances, as may be required for interchangeability of parts; 3) provide rapid and economic
stock removal consistent with accomplishment of the other results; and 4) generate su
face finishes of a specified degree of surface smoothness with high surface quality.
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Amount and Rate of Stock Removal.—-Honing may be employed to increase bore diam-
eters by as much as 0.100 inch or as little as 0.001 inch. The amount of stock removed |
the honing process is entirely a question of processing economy. If other operations a
performed before honing then the bulk of the stock should be taken off by the operation th:
can do it most economically. In large diameter bores that have been distorted in heat trez
ing, it may be necessary to remove as much as 0.030 to 0.040 inch from the diameter
make the bore round and straight. For out-of-round or tapered bores, a good “rule c
thumb” is to leave twice as much stock (on the diameter) for honing as there is error in th
bore. Another general rule is: For bores over one inch in diameter, leave 0.001 to 0.001
inch stock per inch of diameter. For example, 0.002 to 0.003 inch of stock is left in two-
inch bores and 0.010 to 0.015 inch in ten-inch bores. Where parts are to be honed for fini
only, the amount of metal to be left for removing tool marks may be as little as 0.0002 tc
0.015 inch on the diameter.

In general, the honing process can be employed to remove stock from bore diameters
the rate of 0.009 to 0.012 inch per minute on cast-iron parts and from 0.005 to 0.008 inc
per minute on steel parts having a hardness of 60 to 65 Rockwell C. These rates are ba:
on parts having a length equal to three or four times the diameter. Stock has been remov
from long parts such as gun barrels, at the rate of 65 cubic inches per hour. Recommenc
honing speeds for cast iron range from 110 to 200 surface feet per minute of rotation ar
from 50 to 110 lineal feet per minute of reciprocation. For steel, rotating surface speed
range from 50 to 110 feet per minute and reciprocation speeds from 20 to 90 lineal feet p
minute. The exact rotation and reciprocation speeds to be used depend upon the size of
work, the amount and characteristics of the material to be removed and the quality of th
finish desired. In general, the harder the material to be honed, the lower the speed. Inte
rupted bores are usually honed at faster speeds than plain bores.

Formula for Rotative Speeds.—Empirical formulas for determining rotative speeds for
honing have been developed by the Micromatic Hone Corp. These formulas take into cor
sideration the type of material being honed, its hardness and its surface characteristics; t
abrasive area; and the type of surface pattern and degree of surface roughness desit
Because of the wide variations in material characteristics, abrasives available, and types
finishes specified, these formulas should be considered as a guide only in determinin
which of the available speeds (pulley or gear combinations) should be used for any parti
ular application.

The formula for rotative spee8, in surface feet per minute is:

_KxD
S_WXN

The formula for rotative speed in revolutions per minute is:

R
RPM= ——
Wx N
where K andR are factors taken from the table on the following pBgs,the diameter
of the bore in inched¥ is the width of the abrasive stone or stock in inchesNaisdhe
number of stones.

Although the actual speed of the abrasive is the resultant of both the rotative speed al
the reciprocation speed, this latter quantity is seldom solved for or used. The reciprocatic
speed is not determined empirically but by testing under operating conditions. Changin
the reciprocation speed affects the dressing action of the abrasive stones, therefore, 1
reciprocation speed is adjusted to provide for a desired surface finish which is usually
well lubricated bearing surface that will not scuff.
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Table of Factors for Use in Rotative Speed Formulas

Hardnes%
Character Soft [ Medium [ Hard
of Factors
Surfacé Material K R K R K R
Base Cast Iron 110 420 80 300 60 230
Metal Steel 80 300 60 230 50 190
Dressing Cast Iron 150 570 110 420 80 300
Surface Steel 110 420 80 300 60 230
Severe Cast Iron 200 760 150 570 110 420
Dressing Steel 150 570 110 420 80 300

aThe character of the surface is classified according to its effect on the alBas@é/etabeing a
honed, ground or fine bored section that has little dressing action on tbeegiting Surfacbeing a
rough bored, reamed or broached surface or any surface broken by cross holesSeme£ress-
ing being a surface interrupted by keyways, undercuts or burrs that dress the stones severely. If ove
half of the stock is to be removed after the surface is cleaned up, the speed should be computed usil
theBase Metafactors folK andR.

bHardness designations of soft, medium and hard cover the following ranges on the Rockwell “ C”
hardness scale, respectively: 15 to 45, 45 to 60 and 60 to 70.

Possible Adjustments for Eliminating Undesirable Honing Conditions

Adjustment Required to Correct Conditfon

Abrasivé o Other
5 ) =
[} 0 ° 2 S £ =)
g2l o | £ 15| E (8] ||
=) c ° |5 a 2 o 5 >
< ‘s 5 = o 2 o ] X
Undesirable i Io] T ] 2 3 S|2
Condition w [:3 4 %]
Abrasive Glazing + -— - + ++ ++ —= - 0
Abrasive Loading 0] —- = = s T pp 0 )
Too Rough Surface Finish o ++ ++ N N = ++ + 0
Too Smooth Surface Finish o -- —= + + e — = 0
Poor Stone Life = + =+ = = = T 0 0
Slow Stock Removal + —= - + T+ ++ —= 0 0
Taper — Large at Ends ¢ 0 0 q 0 0 -
Taper — Small at Ends 0 0 0 [¢ 0 0 +

aThe+ and+ + symbols generally indicate that there should be an increase or addition while the
and-— symbols indicate that there should be a reduction or elimination. In each case, the double sym
bol indicates that the contemplated change would have the greatest effect. The 0 symbol means tha
change would have no effect.

bFor the abrasive adjustments thand+ + symbols indicate a more friable grain, a finer grain, a
harder grade or a more open structure ane trel- — symbols just the reverse.

Compiled by Micromatic Hone Corp.

Abrasive Stones for Honing.—Honing stones consist of aluminum oxide, silicon car-
bide, CBN or diamond abrasive grits, held together in stick form by a vitrified clay, res-
inoid or metal bond. CBN metal-bond stones are particularly suitable and widely used fo
honing. The grain and grade of abrasive to be used in any particular honing operatio
depend upon the quality of finish desired, the amount of stock to be removed, the materi
being honed and other factors.

The following general rules may be followed in the application of abrasive for honing:

1) Silicon-carbide abrasive is commonly used for honing cast iron, while aluminum-
oxide abrasive is generally used on steel; 2) The harder the material being honed, tt
softer the abrasive stick used; 3) A rapid reciprocating speed will tend to make the abre
sive cut fast because the dressing action on the grits will be severe; and 4) To improve t
finish, use a finer abrasive grit, incorporate more multi-direction action, allow more “run-
out” time after honing to size, or increase the speed of rotation.
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Surface roughnesses ranging from less than 1 micro-inch r.m.s. to a relatively coars
roughness can be obtained by judicious choice of abrasive and honing time but the mc
common range is from 3 to 50 micro-inches r.m.s.

Adjustments for Eliminating Undesirable Honing Conditions.—The accompanying
table indicates adjustments that may be made to correct certain undesirable conditiol
encountered in honing. Only one change should be made at a time and its effect nott
before making other adjustments.

Tolerances.—or bore diameters above 4 inches the tolerance of honed surfaces witt
respect to roundness and straightness ranges from 0.0005 to 0.001 inch; for bore diamet
from 1 to 4 inches, 0.0003 to 0.0005 inch; and for bore diameters below 1 inch, 0.00005 t
0.0003 inch.

Laps and Lapping

Material for Laps.— Laps are usually made of soft cast iron, copper, brass or lead. In gen-
eral, the best material for laps to be used on very accurate work is soft, close-grained ce
iron. If the grinding, prior to lapping, is of inferior quality, or an excessive allowance has
been left for lapping, copper laps may be preferable. They can be charged more easily a
cut more rapidly than cast iron, but do not produce as good a finish. Whatever material |
used, the lap should be softer than the work, as, otherwise, the latter will become charg
with the abrasive and cut the lap, the order of the operation being reversed. A common al
inexpensive form of lap for holes is made of lead which is cast around a tapering stee
arbor. The arbor usually has a groove or keyway extending lengthwise, into which the lea
flows, thus forming a key that prevents the lap from turning. When the lap has worr
slightly smaller than the hole and ceases to cut, the lead is expanded or stretched a little
the driving in of the arbor. When this expanding operation has been repeated two or thre
times, the lap usually must be trued or replaced with a new one, owing to distortion.

The tendency of lead laps to lose their form is an objectionable feature. They are, how
ever, easily molded, inexpensive, and quickly charged with the cutting abrasive. A more
elaborate form for holes is composed of a steel arbor and a split cast-iron or copper she
which is sometimes prevented from turning by a small dowel pin. The lap is split so that i
can be expanded to accurately fit the hole being operated upon. For hardened work, sor
toolmakers prefer copper to either cast iron or lead. For holes varyingfrotginch in
diameter, copper or brass is sometimes used; cast iron is used for holes lafgén¢han
in diameter. The arbors for these laps should have a taper o¥alidginch per foot. The
length of the lap should be somewhat greater than the length of the hole, and the thickne
of the shell or lap proper should be fréto % its diameter.

External laps are commonly made in the form of aring, there being an outer ring or holde
and an inner shell which forms the lap proper. This inner shell is made of cast iron, coppe
brass or lead. Ordinarily the lap is split and screws are provided in the holder for adjust
ment. The length of an external lap should at least equal the diameter of the work, an
might well be longer. Large ring laps usually have a handle for moving them across th
work.

Laps for Flat Surfaces.—Laps for producing plane surfaces are made of cast iron. In
order to secure accurate results, the lapping surface must be a true plane. A flat lap that
used for roughing or “blocking down” will cut better if the surface is scored by narrow
grooves. These are usually located aBgirich apart and extend both lengthwise and
crosswise, thus forming a series of squares similar to those on a checker-board. An abi
sive of No. 100 or 120 emery and lard oil can be used for charging the roughing lap. Fc
finer work, a lap having an unscored surface is used, and the lap is charged with a fin
abrasive. After a lap is charged, all loose abrasive should be washed off with gasoline, fc
fine work, and when lapping, the surface should be kept moist, preferably with kerosene
Gasoline will cause the lap to cut a little faster, but it evaporates so rapidly that the lap soc
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becomes dry and the surface caked and glossy in spots. Loose emery should not be app!
while lapping, for if the lap is well charged with abrasive in the beginning, is kept well
moistened and not crowded too hard, it will cut for a considerable time. The pressure upc
the work should be just enough to insure constant contact. The lap can be made to cut or
so fast, and if excessive pressure is applied it will become “stripped” in places. The cause
of scratches are: Loose abrasive on the lap; too much pressure on the work, and poo
graded abrasive. To produce a perfectly smooth surface free from scratches, the lap sho
be charged with a very fine abrasive.

Grading Abrasives for Lapping.—For high-grade lapping, abrasives can be evenly
graded as follows: A quantity of flour-emery or other abrasive is placed in a heavy clott
bag, which is gently tapped, causing very fine particles to be sifted through. When a suffi
cient quantity has been obtained in this way, it is placed in a dish of lard or sperm oil. Th
largest particles will then sink to the bottom and in about one hour the oil should be poure
into another dish, care being taken not to disturb the sediment at the bottom. The oil is the
allowed to stand for several hours, after which it is poured again, and so on, until the
desired grade is obtained.

Charging Laps.—To charge a flat cast-iron lap, spread a very thin coating of the prepared
abrasive over the surface and press the small cutting particles into the lap with a hard ste
block. There should be as little rubbing as possible. When the entire surface is apparent
charged, clean and examine for bright spots; if any are visible, continue charging until th
entire surface has a uniform gray appearance. When the lap is once charged, it should
used without applying more abrasive until it ceases to cut. If a lap is over-charged and &
excessive amount of abrasive is used, there is a rolling action between the work and I
which results ininaccuracy. The surface of a flat lap is usually finished true, prior to charg
ing, by scraping and testing with a standard surface-plate, or by the well-known method c
scraping-in three plates together, in order to secure a plane surface. In any case, the bea
marks or spots should be uniform and close together. These spots can be blended by cov
ing the plates evenly with a fine abrasive and rubbing them together. While the plates at
being ground in, they should be carefully tested and any high spots which may form shoul
be reduced by rubbing them down with a smaller block.

To charge cylindrical laps for internal work, spread a thin coating of prepared abrasive
over the surface of a hard steel block, preferably by rubbing lightly with a cast-iron or cop-
per block; then insert an arbor through the lap and roll the latter over the steel block, pres
ing itdown firmly to embed the abrasive into the surface of the lap. For external cylindrical
laps, the inner surface can be charged by rolling-in the abrasive with a hard steel roller th
is somewhat smaller in diameter than the lap. The taper cast-iron blocks which are som
times used for lapping taper holes can also be charged by rolling-in the abrasive, as pre
ously described; there is usually one roughing and one finishing lap, and when charging tt
former, it may be necessary to vary the charge in accordance with any error which migt
existin the taper.

Rotary Diamond Lap.—This style of lap is used for accurately finishing very small
holes, which, because of their size, cannot be ground. While the operation is referred to .
lapping, itis, in reality, a grinding process, the lap being used the same as a grinding whe«
Laps employed for this work are made of mild steel, soft material being desirable becaus
it can be charged readily. Charging is usually done by rolling the lap between two hardene
steel plates. The diamond dust and a little oil is placed on the lower plate, and as the I
revolves, the diamond is forced into its surface. After charging, the lap should be washe
in benzine. The rolling plates should also be cleaned before charging with dust of a fine
grade. It is very important not to force the lap when in use, especially if it is a small size
The lap should just make contact with the high spots and gradually grind them off. If a dia
mond lap is lubricated with kerosene, it will cut freer and faster. These small laps are run
very high speeds, the rate depending upon the lap diameter. Soft work should never |
ground with diamond dust because the dust will leave the lap and charge the work.
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When using a diamond lap, it should be remembered that such a lap will not produc
sparks like a regular grinding wheel; hence, it is easy to crowd the lap and “strip” some o
the diamond dust. To prevent this, a sound intensifier or “harker” should be used. This i
placed against some stationary part of the grinder spindle, and indicates when the Iz
touches the work, the sound produced by the slightest contact being intensified.

Grading Diamond Dust.—The grades of diamond dust used for charging laps are desig-
nated by numbers, the fineness of the dust increasing as the numbers increase. The
mond, after being crushed to powder in a mortar, is thoroughly mixed with high-grade
olive oil. This mixture is allowed to stand five minutes and then the oil is poured into
another receptacle. The coarse sediment which is left is removed and labeled No. |
according to one system. The oil poured from No. 0 is again stirred and allowed to stand te
minutes, after which it is poured into another receptacle and the sediment remaining |
labeled No. 1. This operation is repeated until practically all of the dust has been recovere
from the oil, the time that the oil is allowed to stand being increased as shown by the fol
lowing table. This is done in order to obtain the smaller particles that require a longer time
for precipitation:

To obtain No. 1 — 10 minutes To obtain No. 4 — 2 hours
To obtain No. 2 — 30 minutes To obtain No. 5— 10 hours
To obtain No. 3— 1 hour To obtain No. 6 — until oil is clear

The No. 0 or coarse diamond which is obtained from the first settling is usually washed i
benzine, and re-crushed unless very coarse dust is required. This No. 0 grade is sometin
known as “ungraded” dust. In some places the time for settling, in order to obtain the vari
ous numbers, is greater than that given in the table.

Cutting Properties of Laps and Abrasives.— order to determine the cutting proper-
ties of abrasives when used with different lapping materials and lubricants, a series of tes
was conducted, the results of which were given in a paper by W. A. Knight and A. A. Case
presented before the American Society of Mechanical Engineers. In connection with thes
tests, a special machine was used, the construction being such that quantitative resu
could be obtained with various combinations of abrasive, lubricant, and lap material
These tests were confined to surface lapping.

It was not the intention to test a large variety of abrasives, three being selected as rep
sentative; namely, Naxos emery, carborundum, and alundum. Abrasive No. 150 was us¢
in each case, and seven different lubricants, five different pressures, and three different I:
materials were employed. The lubricants were lard oil, machine oil, kerosene, gasoline
turpentine, alcohol, and soda water.

These tests indicated throughout that there is, for each different combination of lap an
lubricant, a definite size of grain that will give the maximum amount of cutting. With all
the tests, except when using the two heavier lubricants, some reduction in the size of tl
grain below that used in the tests (No. 150) seemed necessary before the maximum rate
cutting was reached. This reduction, however, was continuous and soon passed below t
which gave the maximum cutting rate.

Cutting Qualities with Different Laps.— The surfaces of the steel and cast-iron laps
were finished by grinding. The hardness of the different laps, as determined by the scler
scope was, for cast-iron, 28; steel, 18; copper, 5. The total amount ground from the tes
pieces with each of the three laps showed that, taking the whole number of tests as a st:
dard, there is scarcely any difference between the steel and cast iron, but that copper t
somewhat better cutting qualities, although, when comparing the laps on the basis of tt
highest and lowest values obtained with each lap, steel and cast iron are as good for
practical purposes as copper, when the proper abrasive and lubricant are used.
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Wear of Laps.—The wear of laps depends upon the material from which they are made
and the abrasive used. The wear on all laps was about twice as fast with carborundum
with emery, while with alundum the wear was about one and one-fourth times that witf
emery. On an average, the wear of the copper lap was about three times that of the cast-i
lap. This is not absolute wear, but wear in proportion to the amount ground from the tes
pieces.

Lapping Abrasives.—As to the qualities of the three abrasives tested, it was found that
carborundum usually began at a lower rate than the other abrasives, but, when once start
its rate was better maintained. The performance gave a curve that was more nearly
straight line. The charge or residue as the grinding proceeded remained cleaner and shar
and did not tend to become pasty or mucklike, as is so frequently the case with emer
When using a copper lap, carborundum shows but little gain over the cast-iron and ste
laps, whereas, with emery and alundum, the gain is considerable.

Effect of Different Lapping Lubricants.— The action of the different lubricants, when
tested, was found to depend upon the kind of abrasive and the lap material.

Lard and Machine OiThe test showed that lard oil, without exception, gave the higher
rate of cutting, and that, in general, the initial rate of cutting is higher with the lighter lubri-
cants, but falls off more rapidly as the test continues. The lowest results were obtained wif
machine oil, when using an emery-charged, cast-iron lap. When using lard oil and a carb
rundum-charged steel lap, the highest results were obtained.

Gasoline and Keroser@n the cast-iron lap, gasoline was superior to any of the lubri-
cants tested. Considering all three abrasives, the relative value of gasoline, when applied
the different laps, is as follows: Cast iron, 127; copper, 115; steel, 106. Kerosene, like ga:
oline, gives the best results on cast iron and the poorest on steel. The values obtained
carborundum were invariably higher than those obtained with emery, except when usin
gasoline and kerosene on a copper lap.

Turpentine and Alcohdlurpentine was found to do good work with carborundum on
any lap. With emery, turpentine did fair work on the copper lap, but, with the emery on
cast-iron and steel laps, it was distinctly inferior. Alcohol gives the lowest results with
emery on the cast-iron and steel laps.

Soda WateBoda water gives medium results with almost any combination of lap and
abrasives, the best work being on the copper lap and the poorest on the steel lap. On
cast-iron lap, soda water is better than machine or lard oil, but not so good as gasoline
kerosene. Soda water when used with alundum on the copper lap, gave the highest rest
of any of the lubricants used with that particular combination.

Lapping Pressures.—Within the limits of the pressures used, that is, up to 25 pounds per
square inch, the rate of cutting was found to be practically proportional to the pressure. TF
higher pressures of 20 and 25 pounds per square inch are not so effective on the copper
as on the other materials.

Wet and Dry Lapping.—With the “wet method” of using a surface lap, there is a surplus
of oil and abrasive on the surface of the lap. As the specimen being lapped is moved over
there is more or less movement or shifting of the abrasive particles. With the “dry method,
the lap is first charged by rubbing or rolling the abrasive into its surface. All surplus oil and
abrasive are then washed off, leaving a clean surface, but one that has embedded uniforr
over it small particles of the abrasive. It is then like the surface of a very fine oilstone anc
will cut away hardened steel that is rubbed over it. While this has been termed the dr
method, in practice, the lap surface is kept moistened with kerosene or gasoline.
Experiments on dry lapping were carried out on the cast-iron, steel, and copper laps us
in the previous tests, and also on one of tin made expressly for the purpose. Carborundt
alone was used as the abrasive and a uniform pressure of 15 pounds per square inch \
applied to the specimen throughout the tests. In dry lapping, much depends upon the ma
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ner of charging the lap. The rate of cutting decreased much more rapidly after the first 10
revolutions than with the wet method. Considering the amounts ground off during the firs
100 revolutions, and the best result obtained with each lap taken as the basis of compa
son, it was found that with a tin lap, charged by rolling No. 150 carborundum into the sur:
face, the rate of cutting, when dry, approached that obtained with the wet method. With th
other lap materials, the rate with the dry method was about one-half that of the wet metho

Summary of Lapping Tests.—T he initial rate of cutting does not greatly differ for differ-
ent abrasives. There is no advantage in using an abrasive coarser than No. 150. The rat
cutting is practically proportional to the pressure. The wear of the laps is in the following
proportions: castiron, 1.00; steel, 1.27; copper, 2.62. In general, copper and steel cut fas
than cast iron, but, where permanence of form is a consideration, cast iron is the superi
metal. Gasoline and kerosene are the best lubricants to use with a cast-iron lap. Machi
and lard oil are the best lubricants to use with copper or steel laps. They are, however, le
effective on a cast-iron lap. In general, wet lapping is from 1.2 to 6 times as fast as dry lay
ping, depending upon the material of the lap and the manner of charging.

Portable Grinding Tools

Circular Saw Arbors.— ANSI Standard B107.4-1982 “Driving and Spindle Ends for
Portable Hand, Air, and Air Electric Tools” calls for a round arb&f-ofch diameter for
nominal saw blade diameters of 6 to 8.5 inches, inclusive, gpitheh diameter round
arbor for saw blade diameters of 9 to 12 inches, inclusive.

Spindles for Geared Chucks.—Recommended threaded and tapered spindles for porta-
ble tool geared chucks of various sizes are as given in the following table:

Recommended Spindle Sizes

Chuck Sizes, Recommended Spindles

Inch Threaded Tapér
%sand¥, Light Y24 1
¥, and¥s Medium %24 or¥;-20 2 Short
% Light %24 or¥,—20 2
% Medium ¥-20 or%—16 2
¥ Light ¥-20 or%—16 33
% Medium %-16 or%,-16 6
% and?, Medium %-16 or%,—-16 3

aJacobs number.

Vertical and Angle Portable Tool Grinder Spindles.—The%-11 spindle with a length

of Lginches shown on pag09is designed to permit the use of a jam nut with threaded
cup wheels. When a revolving guard is used, the length of the spindle is measured from tf
wheel bearing surface of the guard. For unthreaded wheels %ithch hole, a safety
sleeve nut is recommended. The unthreaded wheeditbh hole is not recommended
because a jam nut alone may not resist the inertia effect when motor power is cut off.
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Standard Shapes and Metric Sizes of Mounted Wheels and Points
ANSI B74.2-1982

Abrasive Shape Size Abrasive Shape Size
Abrasive Shape N®. Diameter | Thicknes$ Abrasive Shape N®. Diametef  Thickne$
Al 20 65 A24 6 20
A3 22 70 A25 25
A4 30 30 A26 16
A5 20 28 A31 35 26
All 21 45 A32 25 20
Al12 18 30 A 34 38 10
A13 25 25 A35 25 10
Al4 18 22 A 36 40 10
A15 6 25 A37 30 6
A21 25 25 A 38 25 25
A23 20 25 A39 20 20
B 41 16 16 B 97 3 10
B 42 13 20 B 101 16 18
B 43 6 8 B 103 16 5
B 44 5.6 10 B 104 8 10
B 51 11 20 B 111 11 18
B 52 10 20 B 112 10 13
B 53 8 16 B 121 13
B 61 20 8 B 122 10
B 62 13 10 B 123 5
B71 16 3 B 124 3
B 81 20 5 B 131 13 13
B 91 13 16 B 132 10 13
B 92 6 6 B 133 10 10
B 96 3 6 B 135 6 13
W 144 3 6 W 196 16 26
W 145 3 10 W 197 16 50
W 146 3 13 W 200 20 3
W 152 5 6 W 201 20 6
W 153 5 10 W 202 20 10
W 154 5 13 W 203 20 13
W 158 6 3 W 204 20 20
W 160 6 6 W 205 20 25
W 162 6 10 W 207 20 40
W 163 6 13 W 208 20 50
W 164 6 20 W 215 25 3
W 174 10 6 W 216 25 6
W 175 10 10 w217 25 10
W 176 10 13 W 218 25 13
w177 10 20 W 220 25 25
w178 10 25 w221 25 40
W 179 10 30 W 222 25 50
W 181 13 15 W 225 30 6
W 182 13 3 W 226 30 10
W 183 13 6 W 228 30 20
W 184 13 10 W 230 30 30
W 185 13 13 W 232 30 50
W 186 13 20 W 235 40 6
W 187 13 25 W 236 40 13
W 188 13 40 W 237 40 25
W 189 13 50 W 238 40 40
W 195 16 20 W 242 50 25

2See shape diagrams on pag285and 1206

All dimensions are in millimeters.
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Standard Shapes and Inch Sizes of Mounted Wheels and Points
ANSI B74.2-1982—1
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The maximum speeds of mounted vitrified wheels and points of average grade range from pbout
38,000 to 152,000 rpm for diameters of 1 inch dow# toch. However, the safe operating speed
usually is limited by the critical speed (speed at which vibration or whip tends to become éxces-
sive) which varies according to wheel or point dimensions, spindle diameter, and overhang.
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Standard Shapes and Inch Sizes of Mounted Wheels and Points
ANSI B74.2-1982—2
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B131 B132 B133 B135 Group W
Abrasive Abrasive Abrasive
Abrasive Shape Size Abrasive Shape Size Abrasive Shape Size
Shape No. D T Shape No. D T Shape No. D T
W 144 % A W 182 % % W 208 % 2
W 145 % % W 183 % % w215 1 %
W 146 % % W 184 % % w216 1 %
W 152 e % W 185 % % w217 1 %
w153 %6 % W 186 % % w218 1 A
W 154 Y6 ¥ W 187 % 1 W 220 1 1
W 158 % % w188 % 1% w221 1 1
W 160 A % W 189 % 2 w222 1 2
W 162 % % W 195 % % W 225 1, A
W 163 % ¥ W 196 % 1 W 226 1, %
W 164 % % W 197 % 2 W 228 1, %
w174 % % W 200 % % W 230 1 1
W 175 % % W 201 A A W 232 1, 2
W 176 A ¥ W 202 A % W 235 1% %
w177 % % w 203 % A W 236 1% %
w178 % 1 W 204 % %, w237 1% 1
w179 % 1 W 205 % 1 w238 1% A
w181 A Yis W 207 % 1% w242 2 1
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Straight Grinding Wheel Spindles for Portable Tools.—Portable grinders with pneu-
matic or induction electric motors should be designed for the use of organic bond wheel
rated 9500 feet per minute. Light-duty electric grinders may be designed for vitrified
wheels rated 6500 feet per minute. Recommended maximum sizes of wheels of both typ
are as given in the following table:

Recommended Maximum Grinding Wheel Sizes for Portable Tools

Maximum Wheel Dimensions
9500 fpm 6500 fpm
Spindle Diameter Thickness Diameter Thickness

Size D T D T
Y24 % 1% 2% % 4 A
¥-13x 19, 4 % 5 ¥,
Y-11x 2% 8 1 8 1
Y11 3Y 6 2
Y%-11x 3y, 8 (EA
¥~10x 3Y, 8 2

Minimum T with the first three spindles is abdgtnch to accommodate cutting off wheels.
Flanges are assumed to be according to ANSI B7.1 and threads to ANSI B1.1.

American Standard Threaded and Tapered Spindles for
Portable Air and Electric Tools ASA B5.38-1958

- I.- R
3 E e
- — ——— '™M G T——-—+t V¢
t | 4
L "l L‘ LM"‘ — LG_"
Threaded Spindle Taper Spindle (Jacobs) Master Plug Gage
Nom. Pitch Dia.
Dia. Taper
and per
Thd. | Max. Min. | R| L | No2 Dy Lu Es Dg Ls Foof

¥%-24 | 0.3479 0.3459 ¥, | %¢ 1 0.335-0.333| 0.65¢ 0.384Q0 0.333¢#1 0.65¢25 0.92508
%20 | 04675 0.4649 %s | % 29! | 0.490-0.488 0.750 0.54880 0.487i4 0.7570 0.97_861

2 0.490-0.488| 0.879 0.55900 0.487p4 0.87300 0.97861
33 0.563-0.561f 1.00Q 0.624Q1 0.56051 1.00 0.76194
6 0.626-0.624| 1.000 0.676Q0 0.624p9 1.00f 0.62292
%-16 | 0.7094 0.7063 %, | Y 3 0.748-0.746| 1.219 0.81100 0.746[0 1.21875 0.63898

%16 |0.5844 05813 %, | Y

aJacobs taper number.

bCalculated fronEg, Dg, Lg for the master plug gage.
CAlso Zginch.

d2S stands for 2 Short.

All dimensions in inches.
Threads are per inch and right-hand.

TolerancesOnR, plus or minusg,inch; onL, plus 0.000, minus 0.030 inch.



1208 PORTABLE TOOL SPINDLES

American Standard Square Drives for Portable Air and Electric Tools
ASA B5.38-1958

. Ex; Diam.
Fyr Diam. Dy Trru Hole
il’lunger

T A

T
RM"I Chamfer or
Cm Radius Optional
DESIGN A DESIGN B
Male End
Drive | Desig Au i By Cu i P _ Ey Fi Ry
Size n. Max. Min. Max. Max. Min. Max. Min. Min. Max. Max.
A A 0.252 0.247 0.330 0.312 0.26 0.165 0.1%3 0.078 0.015
% A 0.377 0.372 0.500 0.438 0.40 0.227 0.215 ... 0.156 0.031
% A 0.502 0.497 0.665 0.625 0.53 0.321 0.309 ... 0.187 0.031
% A 0.627 0.622 0.834 0.656 0.59 0.321 0.309 ... 0.187 0.047
% B 0.752 0.747 1.000 0.938 0.75 0.415 0.403 0.2016 ... 0.047
1 B 1.002 0.997 1.340 1.125 1.00 0.602 0.590 0.234 ... 0.063
1% B 1.503 1.498 1.968 1.625 1562 0.653 0.641 0.3‘10 0.094

Chamfer Optional See Note

RF Alternate
Corner

By Min.

Must Accept Optional )
i Optional
Co Mas. Ce Min. Groove Designs

DESIGN A DESIGN B
Female End

Drive A Be Or Ep Re
Size Design Max. Min. Min. Max. Min. Min. Max.

% A 0.258 0.253 0.335 0.159 0.147 0.090

% A 0.383 0.378 0.505 0.221 0.209 0.170]

A A 0.508 0.503 0.670 0.315 0.303 0.201

% A 0.633 0.628 0.839 0.315 0.303 0.201]

% B 0.758 0.753 1.005 0.409 0.397 0.216| 0.0471

1 B 1.009 1.004 1.350 0.596 0.584 0.234 0.06.
1% B 1.510 1.505 1.983 0.647 0.635 0.310| 0.12§

All dimensions in inches.

Incorporating fillet radiusR,,) at shoulder of male tang precludes use of minimum diameter cross-

hole in socketg), unless female drive end is chamfered (shown as optional).

If female drive end is not chamfered, socket cross-hole dianfgjeis(increased to compensate
for fillet radiusRy,, max.

Minimum clearance across flats male to female is 0.001 inch thigimgh size; 0.002 inch in 1-
and -inch sizes. For impact wrenchig should be held as close to maximum as practical.

Ce, min. for both designs A and B should be equé@jpmax.
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American Standard Abrasion Tool Spindles for Portable Air and Electric Tools

ASA B5.38-1958

Sanders and Polishers

Max. 3/32

1516 20"

5/8-11 UNC-2A

Vertical and Angle Grinders

- ll Max. 3/32
;

Max. 3/32
L 4

—

v

[
Guard T

= 1-1/8

= |

5/8-11 UNC-24 ——] 5/8-11 UNC-2A
WITH REVOLVING CUP GUARD

]
P D

STATIONARY GURAD

1-18

Cone Wheel Grinders

D L
Max. 3/32
¥ ) F—24 UNF-2A %6
¥-13 UNC-2A We
%11 UNC-2A e
Straight Wheel Grinders
H R L
%24 UNF-2A % 1,
¥%-13 UNC-2A % 13,
%11 UNC-2A A 2%
%11 UNC-2A 1 3%
%~10 UNC-2A 1 3,

All dimensions in inches. Threads are right-hand.



1210

PORTABLE TOOL SPINDLES

American Standard Hexagonal Chucks for Portable Air and Electric Tools
ASA B5.38-1958

—

N

e
(V;L\\\ NN

A
A

N

NN

— ]

H

Nominal L Nominal L

Hexagon Min. Max. B Max. Hexagon Min. Max. B Max.
A 0253 0255 % B % 0.630 0632 Y 1%
Y6 0314 0316| 1 % 0.755 0.758| Uy, 17
% 0.442  0.444| 1%

All dimensions in inches.
Tolerances oB is plus or minus 0.005 inch.

American Standard Hexagon Shanks for Portable Air and Electric Tools
ASA B5.38-1958

of Chuck

To End
|0 =0C_

04375

&

w)—
y
—
i gl=

sl =

0.750
0747

2

1" of Chuck




KNURLS AND KNURLING 1211

KNURLS AND KNURLING

ANSI Standard Knurls and Knurling.— The ANSI/ASME Standard B94.6-1984 cov-
ers knurling tools with standardized diametral pitches and their dimensional relations witt
respect to the work in the production of straight, diagonal, and diamond knurling on cylin-
drical surfaces having teeth of uniform pitch parallel to the cylinder axis or at a helix angle
not exceeding 45 degrees with the work axis.

These knurling tools and the recommendations for their use are equally applicable t
general purpose and precision knurling. The advantage of this ANSI Standard system
the provision by which good tracking (the ability of teeth to mesh as the tool penetrates th
work blank in successive revolutions) is obtained by tools designed on the basis of diam
tral pitch instead of TPI (teeth per inch) when used with work blank diameters that are mul
tiples of¥%,inch for 64 and 128 diametral pitch¥ginch for 96 and 160 diametral pitch.
The use of knurls and work blank diameters which will permit good tracking should
improve the uniformity and appearance of knurling, eliminate the costly trial and error
methods, reduce the failure of knurling tools and production of defective work, and
decrease the number of tools required. Preferred sizes for cylindrical knurls are given i
Table 1and detailed specifications appeaf able 2

Table 1. ANSI Standard Preferred Sizes for Cylindrical Type Knurls
ANSI/ASME B94.6-1984

Nominal Width Diameter Standard Diametral PitcheB,
Outside of Face of Hole 64 | %6 [ 128 ] 160
DiameterD,, F A Number of Teethl,, for Standard Pitches
A e e 32 48 64 80
% Y Y 40 60 80 100
A % % 48 72 96 120
% % Y 56 84 112 140
Additional Sizes for Bench and Engine Lathe Tool Holders

% %6 A 40 60 80 100
% % A 48 72 96 120
1 % e 64 96 128 160

The 96 diametral pitch knurl should be given preference in the interest of tool simplification.
Dimensiond,, F, andA are in inches.

Table 2. ANSI Standard Specifications for Cylindrical Knurls
with Straight or Diagonal Teeth ANSI/ASME B94.6-1984

Diame- Nominal DiameterD,,, Tracking To?rtg gg{)éhh, Radius
tral A | % | % | % | 1 Correction b ' at
Pitch Fact 0.0000 Root
IPC Major Diameter of Knurl, a(g or go
Dy, +0.0000,-0.0015 Straight Diagonal
64 | 0.4932 0.6164 07398 0.8631 0.9864  0.0006676 0.024 o.op1 39979
96 | 0.4960| 0.6200 0.7440 0.8680 0.9920  0.0002618 0.016 0.034 39060
128 | 0.4972| 0.621% 07458 08701 09944  0.0001374 0.012 0.0p0 9045
160 | 0.4976| 0.6220 0.7464 0.8708 0.9952  0.0000942 0.009 0.0p8 0. 90%0

All dimensions except diametral pitch are in inches.

Approximate angle of space between sides of adjacent teeth for both straight and diagonal teeth is
80 degrees. The permissible eccentricity of teeth for all knurls is 0.002 inch maximum (total indica-
tor reading).

Number of teeth in a knurl equals diametral pitch multiplied by nominal diameter.

Diagonal teeth have 30-degree helix angle,
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The ternDiametral Pitchapplies to the quotient obtained by dividing the total number of
teeth in the circumference of the work by the basic blank diameter; in the case of the knur
ing tool it would be the total number of teeth in the circumference divided ipthimal
diameter. In the Standard the diametral pitch and number of teeth are always measured i
transverse plane which is perpendicular to the axis of rotation for diagonal as well a
straight knurls and knurling.

Cylindrical Knurling Tools.— The cylindrical type of knurling tool comprises a tool
holder and one or more knurls. The knurl has a centrally located mounting hole and is prc
vided with straight or diagonal teeth on its periphery. The knurl is used to reproduce thi
tooth pattern on the work blank as the knurl and work blank rotate together.

*Formulas for Cylindrical Knurls

P =diametral pitch of knurl N, + D ,, 1)
D,; = nominal diameter of knurl N, + P 2

N, =no. of teeth on knurl Bx D 3)
“P, = circular pitch on nominal diametens- P 4)
P, = circular pitch on major diametermd,, + N, (5)
D, = major diameter of knurl B, — (NQ + ) (6)

Q =P, — Py = tracking correction factor in Formula 7)

Tracking Correction Factor QuUse of the preferred pitches for cylindrical knuflable
2, results in good tracking on all fractional work-blank diameters which are multigigs of
inch for 64 and 128 diametral pitch, agginch for 96 and 160 diametral pitch; an indica-
tion of good tracking is evenness of marking on the work surface during the first revolutior
of the work.

The many variables involved in knurling practice require that an empirical correction
method be used to determine what actual circular pitch is needed at the major diameter
the knurl to produce good tracking and the required circular pitch on the workpiece. The
empirical tracking correcton factd®, in Table 2is used in the calculation of the major
diameter of the knurl, Formula (6).

ot nt

A A7\
R

Diagonal

45 deg bevel to depth
of teeth optional
Cylindrical Knurl

* Note: For diagonal knurls?,; andP,, are the transverse circular pitches which are measured in the
plane perpendicular to the axis of rotation.
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Flat Knurling Tools.— The flat type of tool is a knurling die, commonly used in recipro-
cating types of rolling machines. Dies may be made with either single or duplex faces hax
ing either straight or diagonal teeth. No preferred sizes are established for flat dies.

Flat Knurling Die with Straight Teeth:

Linear pitch=P
— "~

Radius at
root =R

Tooth depth = 4

R =radius at root

P =diametral pitch N, + D, (8)
D,, =work blank (pitch) diameter N, + P 9)
N,, = number of teeth on workPx D, (10)

h =tooth depth
Q =tracking correction factor (s@@ble J
P, =linear pitch on die
=circular pitch on work pitch diameteiP=—Q (11)

Table 3. ANSI Standard Specifications for Flat Knurling Dies
ANSI/ASME B94.6-1984

X Tooth Depth, . . Tooth Depth, .
Diame- X h Radius Diame- . h Radius
tral Linear at tral Linear at
Pitch, Pitch? Root, Pitch, Pitch? Root,
P Py Straight | Diagona R P Py Straigh| Diagongl R
64 0.0484 0.024 0.021 ggg;g 128 0.0244 0.012 0.010 ggggg
9 | 00325| oo016| oo14| 5990 | 160 | 0o0195| 0.009| 0.008 390

aThe linear pitches are theoretical. The exact linear pitch produced by a flat knurling die may vary
slightly from those shown depending upon the rolling condition and the material being rolled.

All dimensions except diametral pitch are in inches.

Addendum = ¢ Tooth depth=#

Work blank Knurled

diameter =D, diameter =D

Teeth on Knurled Work

Formulas Applicable to Knurled Work.— The following formulas are applicable to
knurled work with straight, diagonal, and diamond knurling.

ow
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Formulas for Straight or Diagonal Knurling with Straight or Diagonal Tooth Cylindri-
cal Knurling Tools Set with Knurl Axis Parallel with Work Axis:

P =diametral pitch ,,+ D,, (12)
D,, = work blank diameter #,,+ P (13)
N,, = no. of teeth on work 2 x D, (14)

a="addendum” of tooth on work #£,,,—D,,) + 2 (15)

h=tooth depth (se€able 2

D, = knurled diameter (outside diameter after knurling),= 2a (16)

Formulas for Diagonal and Diamond Knurling with Straight Tooth Knurling Tools Set
at an Angle to the Work Axis:

If, Y =angle between tool axis and work axis
P =diametral pitch on tool
P, =diametral pitch produced on work blank (as measured in the transverse plane
by setting tool axis at an angjewith respect to work blank axis
D,, = diameter of work blank; and
N,, = number of teeth produced on work blank (as measured in the transverse plane
then, P, =P cosy a7)
and, N=D,Pcosy (18)
For example, if 30 degree diagonal knurling were to be produced on 1-inch diamete
stock with a 160 pitch straight knurl:
N,, = D,Pcos30° = 1.000x 160x 0.86603= 138.56 teeth

Good tracking is theoretically possible by changing the helix angle as follows to corre-
spond to a whole number of teeth (138):

cosy = N, +D,P = 138+ (1x 160 = 0.8625
g = 30% degrees, approximately
Whenever it is more practical to machine the stock, good tracking can be obtained b
reducing the work blank diameter as follows to correspond to a whole number of teetl
(138):
D = NW = i
W Pcosp 160x 0.866

= 0.996 inch

Table 4. ANSI Standard Recommended Tolerances on Knurled Diameters
ANSI/ASME B94.6-1984

Diametral Pitch

Toler-| 64 | 96 [ 128 | 160 64 | 96 | 128] 160
ance Tolerance on Knurled Tolerance on Work-Blank
Class Outside Diameter Diameter Before Knurling

+0.005] +0.004] +0.003| +0.002
U ool o010l —0.008| —0006| *0:0015( +0.0010 £0.0007| +0.0005

+0.000| +0.000] +0.000 | +0.000
1] _0.010 —0.009l —o0.008| -0.008 +0.0015| +0.0010| +0.0007| +0.0005
+0.000| +0.000] +0.000| +0.000 +0.000 | +0.0000[ +0.000 | +0.0000

-0.006| - 0.005| -0.004| -0.003| -0.0015| -0.0010( -0.0007| -0.0005
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Recommended Tolerances on Knurled Outside Diameters.¥he recommended
applications of the tolerance classes shovilrainle 4are as follows:

Class l:Tolerances in this classification may be applied to straight, diagonal and raisec
diamond knurling where the knurled outside diameter of the work need not be held to clos
dimensional tolerances. Such applications include knurling for decorative effect, grip or
thumb screws, and inserts for moldings and castings.

Class ll: Tolerances in this classification may be applied to straight knurling only and are
recommended for applications requiring closer dimensional control of the knurled outside
diameter than provided for by Class | tolerances.

Class lll: Tolerances in this classification may be applied to straight knurling only and
are recommended for applications requiring closest possible dimensional control of th
knurled outside diameter. Such applications include knurling for close fits.

Note:The width of the knurling should not exceed the diameter of the blank, and knurl-
ing wider than the knurling tool cannot be produced unless the knurl starts at the end of tt
work.

Marking on Knurls and Dies.—Each knurl and die should be marked as folloaus:
when straight to indicate its diametral pitthwhen diagonal, to indicate its diametral
pitch, helix angle, and hand of angle.

Concave Knurls.—The radius of a concave knurl should not be the same as the radius o
the piece to be knurled. If the knurl and the work are of the same radius, the material con
pressed by the knurl will be forced down on the shoubdgnd spoil the appearance of the
work. A design of concave knurl is shown in the accompanying illustration, and all the
important dimensions are designated by letters. To find these dimensions, the pitch of tt
knurl required must be known, and also, approximately, the throat digBn@&teis diam-

eter must suit the knurl holder used, and be such that the circumference contains an ev
number of teeth with the required pitch. When these dimensions have been decided upc
all the other unknown factors can be found by the following formulask etadius of
piece to be knurled;= radius of concave part of knu@;= radius of cutter or hob for cut-

ting the teeth in the knurB = diameter over concave part of knurl (throat diamefer);
outside diameter of knurdt = depth of tooth in knurP = pitch of knurl (number of teeth

per inch circumference;= circular pitch of knurl; then=R+%d; C=r +d; A=B+2r -
(3d+0.010 inch); and = 0.5% p x cota/2, wheren is the included angle of the teeth.

As the depth of the tooth is usually very
slight, the throat diamet& will be accurate
enough for all practical purposes for calculat-
ing the pitch, and it is not necessary to take
into consideration the pitch circle. For exam-
ple, assume that the pitch of a knurl is 32, that
the throat diameteB is 0.5561 inch, that the
radiusR of the piece to be knurled¥ginch,
and that the angle of the teeth is 90 degrees;
find the dimensions of the knurl. Using the
notation given:

p= l% = 332 = 0.03125 inch d = 0.5x 0.03125 cotd5° = 0.0156 inch
r= 1_16+0 02 96 0.0703inch  C = 0.0703+ 0.0156= 0.0859 inch

A = 0.5561+ 0.1406-( 0.0468 0.01G= 0.6399 inch
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MACHINE TOOL ACCURACY

Accuracy, Repeatability, and Resolutidn:machine tools, accuracy is the maximum
spread in measurements made of slide movements during successive runs at a numbe
target points, as discussed below. Repeatability is the spread of the normal curve at the t
get point that has the largest spread. A rule of thumb says that repeatability is approx
mately half the accuracy value, or twice as good as the accuracy, but this rule is somewh
nullified due to the introduction of error-compensation features on NC machines. Resolu
tion refers to the smallest units of measurement that the system (controller plus servo) c:
recognize. Resolution is an electronic/electrical term and the unit is usually smaller tha
either the accuracy or the repeatability. Low values for resolution are usually, though nc
necessarily, applied to machines of high accuracy. In addition to high cost, a low-resolu
tion-value design usually has a low maximum feed rate and the use of such designs is us
ally restricted to applications requiring high accuracy.

Positioning Accuracythe positioning accuracy of a numerically controlled machine
tool refers to the ability of an NC machine to place the tip of a tool at a preprogrammed ta
get. Although no metal cutting is involved, this test is very significant for a machine tool
and the cost of an NC machine will rise almost geometrically with respect to its positioning
accuracy. Care, therefore, should be taken when deciding on the purchase of such
machine, to avoid paying the premium for unneeded accuracy but instead to obtain
machine that will meet the tolerance requirements for the parts to be produced.

Accuracy can be measured in many ways. A tool tip on an NC machine could be movec
for example, to a target point whoseoordinate is 10.0000 inches. If the move is along
theX-axis, and the tool tip arrives at a point that measures 10.0001 inches, does this me
that the machine has an accuracy of 0.0001 inch? What if a repetition of this move broug|
the tool tip to a point measuring 10.0003 inches, and another repetition moved the tool to
point that measured 9.9998 inches? In practice, it is expected that there would be a scatt
ing or distribution of measurements and some kind of averaging is normally used.

. Mean Positional
Positional Deviation
Deviation —— -—=0.0003 =;

Xjj
Readings
Normal
Curve\
7 TT T T 1111 g
X-Axis Target Mean Bistance
(Avg) Between
10.0000
10.0003  Increments
=0.001

Fig. 1. In a Normal Distribution, Plotted Points Cluster Around the Mean.

Although averaging the results of several runs is an improvement over a single run, th
main problem with averaging is that it does not consider the extent or width of the spread
readings. For example, if one measurement to the 10.0000-inch target is 9.9000 inches a
another is 10.1000 inches, the difference of the two readings is 0.2000 inch, and the acc
racy is poor. However, the readings average a perfect 10 inches. Therefore, the average
the spread of several readings must both be considered in determining the accuracy.

Plotting the results of a large number of runs generatesnaal distribution curveas
shown inFig. 1 In this example, the readings are plotted alongthgis in increments of
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0.0001 inch (0.0025 mm). Usually, five to ten such readings are sufficient. The distance c
any one reading from the target is calledgbsitional deviatiorof the point. The distance

of the mean, or average, for the normal distribution from the target is callae&meposi-
tional deviation.

The spread for the normal curve is determined by a mathematical formula that calculate
the distance from the mean that a certain percentage of the readings fall into. The math
matical formula used calculates astandard deviationwhich represents approximately
32 per cent of the points that will fall within the normal curve, as shofgir2 One stan-
dard deviation is also called one sigma,@rRlus or minus one sigmal(o) represents 64
per cent of all the points under the normal curve. A wider range on the £Roveneans
that 95.44 per cent of the points are within the normal curve;Zmoheans that 99.74 per
cent of the points are within the normal curve. If an infinite number of runs were made,
almost all the measurements would fall withint8e range.

64%
of Re‘adings

95.44% N\
/ of Refdmgs \
99.74%
v of Readings N
=10 +|~ +10 ]|
+20
-3¢ +30
Mean (Avg.)
Fig. 2. Percentages of Points Falling intie (64%),+20 (95.44%), and:30 (99.74%) Ranges
The formula for calculating one standard deviation is

—— 20—

n
o5 0 -%)°
i=1
wheren = number of runs to the targes; identification for any one ruix; = positional
deviation for any one run (s€&. 1); and)(J mean positional deviation (sEwg. 1).
The bar over thX in the formula indicates that the value is the mean or average for the
normal distribution.

ExampleFromFig. 3 five runs were made at a target point that is 10.0000 inches along
theX-axis and the positional deviations for each run were:
X3 ==0.0002 %y =+0.0002 x5 =+0.0005x,; =+0.0007, and; =+0.0008 inch. The alge-
braic total of these five runsm 0020, and the mean posmonal dewatloq 0.002@5
=0.0004.

The calculations for one standard deviation are:

lo =

10 = (5106 =307+ 06 =)+ 0 =X + 0 =)+ (% =X

10 = JL[( 0.0002- 0.00042 + (0.0002— 0.000)
=1(0.0005- 0.000% + (0.0007— 0.000) + (0.0008— 0.000)2]

= l%(o.ooooooetﬁ 0.17x10° = 0.0004

Three sigma variations oo3is 3 times sigma, equal to 0.0012 for the example.
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If an infinite number of trials were made to the target position of 10.0000 inches for the
ongoing example, 99.74 per cent of the points would fall between 9.9992 and 10.001
inches, giving a spread #f30, or 0.0024 inch. This spread alone is not considered as the
accuracybut rather the repeatability for the target point 10.0000.

_~T~.| Positional
/ Deviation X;
Mean Positional of Ps = 0.0008
Deviation = —
X, = 0.0004
9.9992 Py 10.0016
} —— x-Axis
PPy Py Ps
Target Point
10.000
=30 = -0.0012 ~~+35 = +0.0012
Mean (Avg.)

Fig. 3. Readings for Five Runs to Target Poiltd,, P;, P,, andPs Resultin a
Mean Positional Deviation of 0.0004

To calculate the accuracy, it is not sufficient to make a number of runs to one target poir
along a particular axis, but rather to a number of points along the axis, the number depen
ing on the length of axis travel provided. For example, a travel of about 3 ft requires 5, an
a travel of 6 ft requires 10 target points. The standard deviation and spread for the norm
curve must be determined at each target point, as shdig #h Theaccuracyfor the axis
would then be the spread between the normal curve with the most negative position and t
normal curve with the most positive position. Technically, the accuracy is a spread rathe
than at figure, but it is often referred to as figure and it may be assumed thateD03,
for expediency, is equal to a spread of 0.006.

The above description for measuring accuracy considers unidirectional approaches
target points. Bidirectional movements (additional movements to the same target poir
from either direction) will give different results, mostly due to backlash in the lead-screw,
though backlash is small with ballnut leadscrews. Measurements made with bidirectione
movements will show greater spreads and somewhat less accuracy than will unidirection
movements.

X—AXis

e NN SN
~ — -

=0.004

Fig. 4. Two Ways of Plotting Five Target Point Spreads
Rules for determining accuracy were standardized in guidelines last revised by the Asst
ciation for Manufacturing Technology (AMT) in 1972. Some European machine tool
builders use the VDI/DGQ 3441 (German) guidelines, which are similar to those of the
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AMT in that normal distributions are used and a number of target points are selected alor
an axis. Japanese standards JIS-B-6201, JIS-B-6336, and JIS-B-6338 are somewhat s
pler and consider only the spread of the readings, so that the final accuracy figure may |
almost double that given by the AMT or VDI methods. The International Standards Orga:
nization (ISO), in 1988, issued I1SO 230-2, which follows the procedures discussed above
butis somewhat less strict than the AMT recommendafiaide llists some types of NC
machines and the degree of accuracy that they normally provide.

Table 1. Degrees of Accuracy Expected with NC Machine Tools

Accuracy
Type of NC Machine inches mm

Large boring machines or boring mills 0.0010-0.002 0.025-0.05%0
Small milling machines 0.0006-0.0010 0.015-0.025
Large machining centers 0.0005-0.0008 0.012-0.020
Small and medium-sized machining centefs 0.0003-0.0006 0.008-0.015
Lathes, slant bed, small and medium size 0.0002-0.00p5 0.006-0.p12
Lathes, small precision 0.0002-0.0003 0.004-0.00B
Horizontal jigmill 0.0002-0.0004 0.004-0.010
Vertical jig boring machines 0.0001-0.0002 0.002-0.00%
Vertical jig grinding machines 0.0001-0.0002 0.002-0.00%
Cylindrical grinding machines, small to

medium sizes 0.00004-0.0003 0.001-0.007
Diamond turning lathes 0.00002-0.0001 0.0005-0.00B

Significance of Accuracitumerically controlled machines are generally considered to
be more accurate and more consistent in their movements than their conventional counte
parts. CNC controllers have improved the accuracy by providing the ability to compensat:
for mechanical inaccuracies. Thus, compensation for errors in the lead-screw, parallelisi
and squareness of the machine ways, and for the effects of heating can be made autom
cally on NC machines. Some machine tool types are expected to be more accurate than o
ers; for instance, grinding machines are more accurate than milling machines, and lath
for diamond turning are more accurate than normal slant-bed lathes.

Accuracy of machine tools depends on temperature, air pressure, local vibrations, ar
humidity. ISO standard 230-2 requires that, where possible, the ambient temperature ft
conducting such tests be held between 67.1 and 68.9 degrees F (19.5 and 20.5 degrees

AutocollimationChecks on movements of slides and spindles, and alignment and othe
characteristics of machine tools are performed with great accuracy by means of an autoc
limator, which is an optical, noncontact, angle-measuring instrument. Flatness, straigh
ness, perpendicularity, and runout can also be checked by autocollimation. The instrume
is designed to project a beam of light from a laser or an incandescent bulb onto an optical
flat mirror. When the light beam is reflected back to the instrument, the distance travele
by the beam, also deviations from a straight line, can be detected by the projector and c:
culated electronically or measured by the scale.

Autocollimators have a small angular measuring range and are usually calibrated in ar
seconds. One arc-second is an angle of 4.85 millionths of an inch (0.00000485 in.) per inc
of distance from the vertex, and is often rounded to 5 millionths of an inch per inch. Angles
can also be described in terms of radians and 1 arc-second is equal to 4.85 microradians
0.0000573 deg.

In practice, the interferometer or autocollimator is fixed to a rigid structure and the opti-
cal mirror, which should have a flatness of one-quarter wavelength of the light used (se
page696), is fixed to the workpiece to be measured. The initial reading is taken, and ther
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the workpiece is moved to another position. Readings of movement can be made to with
afew millionths of an inch. Angular displacements, corresponding to successive positions
of about 1 arc-second can be taken from most autocollimators, in azimuth or elevation or
combination of the two. Generally, the line width of the reticle limits the accuracy of read-
ing such instruments.

Laser interferometers are designed to allow autocollimation readings to be taken by
photodetector instead of the eye, and some designs can measure angles to 0.001 arc-
ond, closer than is required for most machine shop applications. Output from an electroni
autocollimator is usually transferred to a computer for recording or analysis if required.
The computer calculates, lists, and plots the readings for the target points automaticall
under control of the inspection program.

A typical plot from such a setup is seefrig. 5 where the central line connects the aver-
ages for the normal distributions at each target point. The upper line connects the positi\
outer limits and the lower line the negative outer limits for the normal distributions. The
normal spread, indicating the accuracy of positioning, is 0.00065 inch (0.016 mm), for the
Y-axis along which the measurements were taken.

Date 1984 /6/11 Machining Center Axis - Y
Humidity Percent 41.00  Axis Travel Runs - 8
Air Press. In. Hg 27.36 From —0.30 to —-15.30  Points - 16
Air Temp. Deg. F 77.50 In Increments
Mach. Temp. Deg. F 76.50 of 1.0000
+0.0010
+0.0005
o—0~
o—o —O_?—O—Wo—-o—o—o—.o\o
O~ o & oo o g To——o—o—o—
~0.0005 FO——=C
-15.30
~0.0010 —
-030 -180 -330 -480 -630 -780 -930 -10.80 -12.30 -13|80

Fig. 5. Laser Interferometer Plots of Movements of Slides on a Large Horizontal Machining Center
Showing an Accuracy of 0.00065 inch (0.016 mm) forytAgis

Effect of Machine Accuracy on Part Tolerances

Part tolerances are usually shown on prints, usually in a control block to ANSI Standart
14.5M-1994 (se&eometric Dimensioning and Tolerancistgrting on page 606Table2
shows some part tolerance symbols that relate to machine tool positioning accuracy. Tt
accuracy of a part is affected by machine and cutting tool dynamics, alignment, fixture
accuracy, operator settings, and accuracies of the cutting tools, holders, and collets, but t
positioning accuracy of the machine probably has the greatest influence. Spindle rotatio
accuracy, or runout, also has a large influence on part accuracy.

The ratio of the attainable part accuracy to the no-load positioning accuracy can var
from 1.7:1 to 8.31:1, depending on the type of cutting operation. For instance, making
hole by drilling, followed by a light boring or reaming operation, produces a quite accurate
result in about the 1.7:1 range, whereas contour milling on hard material could be at th
higher end of the range. A good average for part accuracy versus machine positionir
accuracy is 3.3:1, which means that the part accuracy is 3.3 times the positioning accurac



Table 2. Symbols and Feature Control Frame#NSI 14.5M-1994

Symbol

Characteristi

Meaning of Characteristic

Relationship to the Machine Tool

The allowable true position tolerance of a feature from g
datum (assume feature to be a drilled hole).
Feature control block might appear as:

Assume tolerance is 0.005 mm. Machine positioning ag
racy would be at least 0.0050.707 = 0.0035 mm even if it
assumed that the hole accuracy is the same as the positi
accuracy. Machine could be milling, drilling, or machining
center.

cu-
s
pbning

$_ Position 20005 A y—axis —Igz)us?tion
. Tolerance

A is the datum, which can be another surface, another hole, /'/Zone

or other feature X—axis
45
; True

Assume feature to be a turned circumference, the axis ¢f %?rﬁgge(azms) Position

which has to be within a tolerance to another feature. Tolerance
» Feature control block would appear as follows if feature|A Zone 2
Position | were the axis of hole 1: (0.005 mm)

Center (axis) Hole 2

for Hole 1

ADVdNOIV

Tect
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Symbol [ Characteristi Meaning of Characteristic Relationship to the Machine Tool N
The roundness tolerance establishes a band.
Tolerance ; :
This tolerance would apply to turning and would be the
Q Roundness band result of radial spindle runout.
Diametral accuracy of the part would depend on the posi- >
tioning accuracy of the cross-slide of lathe or grinder. Pogi-
@ Diameter Usually expressed as tolerance attached to the dimensidiening accuracy would be fro#g to %, of part accuracy, 8
depending chiefly on the rigidity of the tool, depth of cut, aind 33
material being cut. (J%
<
Specifies a uniform boundary, along a true profile.
Profile of a Tolerance Affected by positioning accuracy of machine. There woyld
Q surface 0.005 be side and/or end forces on the tool so expect part to mgchine

Datum A
Feature control block might appear as:

S0 4]

positioning accuracy to be high, say, 5:1




Table 2. Symbols and Feature Control Frame#NSI 14.5M-1994

Symbol [ Characteristi Meaning of Characteristic Relationship to the Machine Tool
A feature (surface) parallel to a datum plane or datum akis.

Tolerance

0.010
S S

. n o Affected by positioning accuracy, machine alignment, gnd
// Parallelism fixturing.

Datum A

Feature control block might appear as:

Concentricity

Applies to turning. The axis of the feature must lie within
tolerance zone of another axis.

Tolerance A
0.010 -
J;Tifﬁvzfﬂ
i EE
Datum A

Feature control block might appear as follows:

the

Affected by positioning accuracy, most likely along Z ax|s.

ADVdNOIV

€ect
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Symbol

Characteristi

Meaning of Characteristic

Relationship to the Machine Tool

Runout

Applies to the runout (both radial and axial) of a circular
ture at any one position around the circumference or flat,
pendicular to the axis.

I Runout at a
Point (Axial)

Runout at a
Point (Radial)

Runout at a Point (Radial)

fea-
per-

unless whole machine is untrue.

Axial runout on part is affected by axial runout on mach
Feature would normally be perpendicular to datum.
Feature control block might appear as:

Total runout

Similar to runout but applies to total surface and therefo
consider both radial and axial runout.

99

\
L _|o

()

Would be affected by either radial or axial runout, or boi
machine misalignment, or setup.

=
ADVHNOIV

Perpendiculart

ity

A feature is perpendicular to a datum plane or axis.

—| |~— Tolerance
Zone

Affected principally by misalignment of machine or fixturijg.

ne.

vect

Radial runout on part is not affected by spindle radial rupout
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NUMERICAL CONTROL
Introduction.— The Electronic Industries Association (EIA) defines numerical control as
“a system in which actions are controlled by the direct insertion of numerical data at som
point.” More specifically, numerical control, or NC as it will be called here, involves
machines controlled by electronic systems designed to accept numerical data and oth
instructions, usually in a coded form. These instructions may come directly from some
source such as a punched tape, a floppy disk, directly from a computer, or from an operatc

The key to the success of numerical control lies in its flexibility. To machine a different
part, itis only necessary to “play” a different tape. NC machines are more productive thal
conventional equipment and consequently produce parts at less cost even when the higl
investment is considered. NC machines also are more accurate and produce far less sc
than their conventional counterparts. By 1985, over 110,000 NC machine tools were ope
ating in the United States. Over 80 per cent of the dollars being spent on the most comm
types of machine tools, namely, drilling, milling, boring, and turning machines, are going
into NC equipment.

NC is a generic term for the whole field of numerical control and encompasses a com
plete field of endeavor. Sometimes CNC, which stands for Computer Numerical Contro
and applies only to the control system, is used erroneously as a replacement term for N
Albeit a monumental development, use of the term CNC should be confined to installa
tions where the older hardware control systems have been replaced.

Metal cutting is the most popular application, but NC is being applied successfully to
other equipment, including punch presses, EDM wire cutting machines, inspectior
machines, laser and other cutting and torching machines, tube bending machines, a
sheet metal cutting and forming machines.

State of the CNC Technology Today.-Early numerical control machines were ordi-
nary machines retrofitted with controls and motors to drive tools and tables. The opera
tions performed were the same as the operations were on the machines replaced. Over
years, NC machines began to combine additional operations such as automatically char
ing tools and workpieces. The structure of the machines has been strengthened to provi
more rigid platforms. These changes have resulted in a class of machine that can outp
form its predecessors in both speed and accuracy. Typical capabilities of a moder
machining center are accuracy better 500035 inch; spindle speeds in the range up to
25,000 rpm or more, and increasing; feed rates up to 400 inches per minute and increasir
tool change times hovering between 2 and 4 seconds and decreasing. Specialized machi
have been built that can achieve accuracy better than one millionth (0.000001) of an inct

Computer numerical control of machines has undergone a great deal of change in the I
decade, largely as a result of rapid increases in computer capability. Development of ne
and improved materials for tooling and bearings, improvements in tool geometry, and th
added structural stiffness of the new machines have made it possible to perform cuttin
operations at speeds and feeds that were formerly impossible to attain.

Numerical Control vs. Manual Operations.—The initial cost of a CNC machine is gen-
erally much higher than a manual machine of the same nominal capacity, and the high
initial cost leads to a higher overall cost of the machine per hour of its useful life. However
the additional cost of a CNC machine has to be considered against potential savings tf
the machine may make possible. Some of the individual factors that make NC and CN
machining attractive are considered below.

Labor is usually one of the highest costs in the production of a part, but the labor rate pal
to a CNC machine operator may be lower than the rate paid to the operator of convention
machines. This statement is particularly true when there is a shortage of operators with sp
cialized skills necessary for setting up and operating a manual machine. However, |
should not be assumed that skilled CNC machine operators are not needed because
CNCs have manual overrides that allow the operator to adjust feeds and speeds and to m
ually edit or enter programs as necessary. Also, skilled setup personnel and operators ¢
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likely to promote better production rates and higher efficiency in the shop. In addition, the
labor rate for setting up and operating a CNC machine can sometimes be divided betwe
two or more machines, further reducing the labor costs and cost per part produced.

The quantity and quality requirements for an order of parts often determines what mant
facturing process will be used to produce them. CNC machines are probably most effectiv
when the jobs call for a small to medium number of components that require a wide rang
of operations to be performed. For example, if a large number of parts are to be machine
and the allowable tolerances are large, then manual or automatic fixed-cycle machine
may be the most viable process. But, if a large quantity of high quality parts with strict tol-
erances are required, then a CNC machine will probably be able to produce the parts for tl
lowest cost per piece because of the speed and accuracy of CNC machines. Moreover
the production run requires designing and making a lot of specialized form tools, cams, fix
tures, or jigs, then the economics of CNC machining improves even more because much
the preproduction work is not required by the nature of the CNC process.

CNC machines can be effective for producing one-of-a-kind jobs if the part is compli-
cated and requires a lot of different operations that, if done manually, would require spe
cialized setups, jigs, fixtures, etc. On the other hand, a single component requiring only or
or two setups might be more practical to produce on a manual machine, depending on tl
tolerances required. When a job calls for a small to medium number of components th:
require a wide range of operations, CNC is usually preferable. CNC machines are als
especially well suited for batch jobs where small numbers of components are produce
from an existing part program, as inventory is needed. Once the part program has be
tested, a batch of the parts can be run whenever necessary. Design changes can be inco
rated by changing the part program as required. The ability to process batches also has
additional benefit of eliminating large inventories of finished components.

CNC machining can help reduce machine idle time. Surveys have indicated that whe
machining on manual machines, the average time spent on material removal is only abo
40 per cent of the time required to complete a part. On particularly complicated pieces, thi
ratio can drop to as low as 10 per cent or even less. The balance of the time is spent on pc
tioning the tool or work, changing tools, and similar activities. On numerically controlled
machines, the metal removal time frequently has been found to be in excess of 70 per ce
of the total time spent on the part. CNC nonmachining time is lower because CNC
machines perform quicker tool changes and tool or work positioning than manual
machines. CNC part programs require a skilled programmer and cost additional preprc
duction time, but specialized jigs and fixtures that are frequently required with manual
machines are not usually required with CNC machines, thereby reducing setup time ar
cost considerably.

Additional advantages of CNC machining are reduced lead time; improved cutting effi-
ciency and longer tool life, as a result of better control over the feeds and speeds; improve
quality and consistently accurate parts, reduced scrap, and less rework; lower inspectic
costs after the first part is produced and proven correct; reduced handling of parts becau
more operations can be performed per setup; and faster response to design chanc
because most part changes can be made by editing the CNC program.

Numerical Control Standards.—Standards for NC hardware and software have been
developed by many organizations, and copies of the latest standards may be obtained frc
the following: Electronic Industries Association (EIA), 2001 Pennsylvania Avenue NW,
Washington, DC 20006 (EIA and ANSI/EIA); American Society of Mechanical Engi-
neers (ASME), 345 East 47th Street, New York, NY 10017 (ANSI/ASME); American
National Standards Institute (ANSI), Il West 42nd Street, New York, NY 10017 (ANSI,
ANSI/EIA, ANSI/ASME, and 1SO); National Standards Association, Inc. (NSA), 1200
Quince Orchard Boulevard, Gaithersburg, MD 20878; NMTBA The Association for Man-
ufacturing Technology, 7901 Westpark Drive, McLean, VA 22102. Some of the standard:
and their contents are listed briefly in the accompanying table.
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Standard Title

Description

ANSI/CAM-|
101-1990

Dimensional Measuring Interface Specification

ANSI/ASME B5.50

V-Flange Tool Shanks for Machining Centers with Automatic Tool Changers

led

ANSI/ASME Methods for Performance Evaluation of Computer Numerically Control
B5.54-1992 Machining Centers

ANSI/ASME Methods for Performance Evaluation of Coordinate Measuring Machinges
B89.1.12M

ANSI/EIA 227-A

1-inch Perforated Tape

ANSI/EIA 232-D

Interface Between Data Terminal Equipment and Data Circuit-Termingting

Equipment Employing Serial Binary Data Interchange

ANSI/EIA 267-B

Axis and Motion Nomenclature for Numerically Controlled Machines

ANSI/EIA 274-D

Interchangeable Variable Block Data Format for Positioning, Contourin|
Contouring/Positioning Numerically Controlled Machines

h and

ANSI/EIA 358-B

Subset of American National Standarde Code for Information Interchg
for Numerical Machine Control Perforated Tape

nge

ANSI/EIA 408

Interface Between NC Equipment and Data Terminal Equipment Empl]
Parallel Binary Data Interchange

bying

ANSI/EIA 423-A

Electrical Characteristics of Unbalanced Voltage Digital Interface Circyits

ANSI/EIA 431 Electrical Interface Between Numerical Control and Machine Tools

ANSI/EIA 441 Operator Interface Function of Numerical Controls

ANSI/EIA 449 General Purpose 37-position and 9-position Interface for Data Termingl
Equipment and Data Circuit-Terminating Equipment Employing Serig!
Binary Data Interchange

ANSI/EIA 484 Electrical and Mechanical Interface Characteristics and Line Control Hroto-
col Using Communication Control Characters for Serial Data Link
between a Direct Numerical Control System and Numerical Control
Equipment Employing Asynchronous Full Duplex Transmission

ANSI/EIA 491-A Interface between a Numerical Control Unit and Peripheral Equipmen

-1990 Employing Asynchronous Binary Data Interchange over Circuits havijng
EIA-423-A Electrical Characteristics

ANSI/EIA 494 32-bit Binary CL Interchange (BCL) Input Format for Numerically
Controlled Machines

EIA ABs-D Glossary of Terms for Numerically Controlled Machines

EIA Bulletin 12 Application Notes on Interconnection between Interface Circuits Usind RS-
449 and RS-232-C

ANSI X 3.94 Programming Aid for Numerically Controlled Manufacturing

ANSI X 3.37 Programming Language APT

ANSI X 3.20 1-inch Perforated Tape Take-up Reels for Information Interchange

ANSI X 3.82 One-sided Single Density Unformatted 5.25 inch Flexible Disc Cartridpes
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Numerical Control Standards(Continued)

Standard Title

Description

1SO 841 Numerical Control of Machines—Axis and Motion Nomenclature

1SO 2806 Numerical Control of Machines—aBilingual Vocabulary

1SO 2972 Numerical Control of Machines—Symbols

1SO 3592 Numerical Control of Machines—Numerical Control Processor Outpul,
Logical Structure and Major Words

1SO 4336 Numerical Control of Machines—Specification of Interface Signals befween
the Numerical Control Unit and the Electrical Equipment of a Numerigally
Controlled Machine

1SO 4343 Numerical Control of Machines—NC Processor Output— Minor Elemgnts
of 2000-type Records (Post Processor Commands)

ISO TR 6132 Numerical Control of Machines—Program Format and Definition of
Address Words—Part 1: Data Format for Positioning, Line Motion arjd
Contouring Control Systems

1SO 230-1 Geometric Accuracy of Machines Operating Under No-Load or Finishjng
Conditions

1SO 230-2 Determination of Accuracy and Repeatability of Positioning of Numerically
Controlled Machine Tools

NAS 911 Numerically Controlled Skin/Profile Milling Machines

NAS 912 Numerically Controlled Spar Milling Machines

NAS 913 Numerically Controlled Profiling and Contouring Milling Machines

NAS 914 Numerically Controlled Horizontal Boring, Drilling and Milling Machings

NAS 960 Numerically Controlled Drilling Machines

NAS 963 Computer Numerically Controlled Vertical and Horizontal Jig Boring
Machines

NAS 970 Basic Tool Holders for Numerically Controlled Machine Tools

NAS 971 Precision Numerically Controlled Measuring/Inspection Machines

NAS 978 Numerically Controlled Machining Centers

NAS 990 Numerically Controlled Composite Filament Tape Laying Machines

NAS 993 Direct Numerical Control System

NAS 994 Adaptive Control System for Numerically Controlled Milling Machines

NAS 995 Specification for Computerized Numerical Control (CNC)

NMTBA Common Words as They Relate to Numerical Control Software

NMTBA Definition and Evaluation of Accuracy and Repeatability of Numerically
Controlled Machine Tools

NMTBA Numerical Control Character Code Cross Reference Chart

NMTBA Selecting an Appropriate Numerical Control Programming Method

NEMA 1A1 Industrial Cell Controller Classification Concepts and Selection Guide
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Programmable Controller.—Frequently referred to as a PC or PLC (the latter term
meaning Programmable Logic Controller), a programmable controller is an electronic uni
or small computer. PLCs are used to control machinery, equipment, and complete prc
cesses, and to assist CNC systems in the control of complex NC machine tools and flexib
manufacturing modules and cells. In effect, PLCs are the technological replacements fc
electrical relay systems.

Memory

I

Central

Input |—— Processing | | ¢
unit
(CPU)

Power
supply

Fig. 1. Programmable Controllers' Four Basic Elements

As shown inFig. 1, a PLC is composed of four basic elements: the equipment for han-
dling input and output (1/0O) signals, the central processing unit (CPU), the power supply
and the memory. Generally, the CPU is a microprocessor and the brain of the PLC. Ear
PLCs used hardwired special-purpose electronic logic circuits, but most PLCs now bein
offered are based on microprocessors and have far more logic and control capabilities th:
was possible with hardwired systems. The CPU scans the status of the input devices cc
tinuously, correlates these inputs with the control logic in the memory, and produces th
appropriate output responses needed to control the machine or equipment.

Input to a PLC is either discrete or continuous. Discrete inputs may come from push bu
tons, micro switches, limit switches, photocells, proximity switches or pressure switches
for instance. Continuous inputs may come from sources such as thermocouples, poten
ometers, or voltmeters. Outputs from a PLC normally are directed to actuating hardwar
such as solenoids, solenoid valves, and motor starters. The function of a PLC is to examil
the status of an input or set of inputs and, based on this status, actuate or regulate an out
or set of outputs.

Digital control logic and sensor input signals are stored in the memory as a series ¢
binary numbers (zeros and ones). Each memory location holds only one “bit” (either O o
1) of binary information; however, most of the data in a PLC are used in groups of 8 bits, o
bytes. A word is a group of bytes that is operated on at one time by the PLC. The word si:
in modern PLCs ranges from 8 to 32 bits (1 to 4 bytes), depending on the design of the PL(
In general, the larger the word size that a system is able to operate on (that is, to work on
one time), the faster the system is going to perform. New systems are now beginning f
appear that can operate on 64 bits of information at a time.

There are two basic categories of memory: volatile and nonvolatile. Volatile memory
loses the stored information when the power is turned off, but nonvolatile memory retain:
its logic even when power is cut off. A backup battery must be used if the information
stored in volatile memory is to be retained. There are six commonly used types of memon
Of these six, random-access memory (RAM) is the most common type because it is th
easiest to program and edit. RAM is also the only one of the six common types that is volz
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tile memory. The five nonvolatile memory types are: core memory, read-only memory
(ROM), programmable read-only memory (PROM), electronically alterable programma-
ble read-only memory (EAPROM), and electronically erasable programmable read-only
memory (EEPROM). EEPROMs are becoming more popular due to their relative ease ¢
programming and their nonvolatile characteristic. ROM is often used as a generic term t
refer to the general class of read-only memory types and to indicate that this type of men
ory is not usually reprogrammed.

More than 90 per cent of the microprocessor PLCs now in the field use RAM memory,
RAM is primarily used to store data, which are collected or generated by a process, and
store programs that are likely to change frequently. For example, a part program fo
machining a workpiece on a CNC machining center is loaded into and stored in RAM
When a different part is to be made, a different program can be loaded in its place. The no
volatile memory types are usually used to store programs and data that are not expectec
be changed. Programs that directly control a specific piece of equipment and contain sp
cific instructions that allow other programs (such as a part program stored in RAM) to
access and operate the hardware are usually stored in nonvolatile memory or ROM. Ti
benefit of ROM is that stored programs and data do not have to be reloaded into the mer
ory after the power has been turned off.

PLCs are used primarily with handling systems such as conveyors, automatic retrievz
and storage systems, robots, and automatic guided vehicles (AGV), such as are used
flexible manufacturing cells, modules, and systemsK#edble Manufacturing Systems
(FMS), Flexible Manufacturing CellandFlexible Manufacturing Modu)ePLCs are also
to be found in applications as diverse as combustion chamber control, chemical proce
control, and printed-circuit-board manufacturing.

Types of Programmable Controllers

Math
Type | No. of I/Os| General Applications Capability,
Mini 32 Replaces relays, timers, and counters. Yes
Micro 32-64 Replaces relays, timers, and counters. Yes
Small 64-128 Replaces relays, timers, and counters. Used for Yes

materials handling, and some process control.

Medium| 128-512 Replaces relays, timers, and counters. Used for Yes
materials handling, process control, and data|col-
lection.

Large 51% Replaces relays, timers, and counters. Mastef  Yes
control for other PLCs and cells and for gene
tion of reports. High-level network capability

Y]
T

Types of PLCs may be divided into five groups consisting of micro, mini, small,
medium, and large according to the number of 1/Os, functional capabilities, and memon
capacity. The smaller the number of I/Os and memory capacity, and the fewer the func
tions, the simpler the PLC. Micro and mini PLCs are usually little more than replacement:
for relay systems, but larger units may have the functional capabilities of a small compute
and be able to handle mathematical functions, generate reports, and maintain high-lev
communications.
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The preceding guidelines have some gray areas because mini, micro, and small PLCs
now available with large memory sizes and functional capacities normally reserved fo
medium and large PLCs. The accompanying table compares the various types of PLCs a
their applications.

Instructions that are input to a PLC are called programs. Four major programming lan
guages are used with PLCs, comprising ladder diagrams, Boolean mnemonics, function
blocks, and English statements. Some PLC systems even support high-level programmir
languages such as BASIC and PASCAL. Ladder diagrams and Boolean mnemonics a
the basic control-level languages. Functional blocks and English statements are consi
ered high-level languages. Ladder diagrams were used with electrical relay systems befo
these systems were replaced by PLCs and are still the most popular programming methc
so they will be discussed further.

Switch normally Switch normally Coil

open, will close closed, will open activates motor
if activated if activated or other
(shown open) (shown closed) mechanism

} i\ ()
o

1001 1002 0001
Fig. 2. One Rung on a Ladder Diagram

A ladder diagram consists of symbols, or ladder logic elements, that represent relay col
tacts or switches and other elements in the control system. One of the more basic symb
represents a normally open switch and is described by the sgmbghother symbol is
the normally closed switch, described by the syriiblol When the normally open switch
is activated, it will close, and when the normally closed switch is activated, it will open.
Fig. 2shows one rung (line) on a ladder diagram. Switch 1001 is normally open and switcl
1002 is closed. A symbol for a coil (0001) is shown at the right. If switch 1001 is actuated
it will close. If switch 1002 is not activated, it will stay closed. With the two switches
closed, current will flow through the line and energize coil 0001. The coil will activate
some mechanism such as an electric motor, a robot, or an NC machine tool, for instance

As an examplekig. 3shows a flexible manufacturing module (FMM), consisting of a
turning center (NC lathe), an infeed conveyor, an outfeed conveyor, a robot that move
workpieces between the infeed conveyor, the turning center, and the outfeed conveyc
and a PLC. The arrowed lines show the signals going to and coming from the PLC.

Fig. 4shows a ladder diagram for a PLC that would control the operations of the FMM
by:

1) Activating the infeed conveyor to move the workpiece to a position where the robot
can pick it up

2) Activating the robot to pick up the workpiece and load it into the chuck on the NC lathe

3) Activating the robot to remove the finished workpiece and place it on the outfeed con
veyor

4) Activating the outfeed conveyor to move the workpiece to the next operation
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Turning center
(NC lathe)
1002 1004
\-( Y
Photocell 1 Photocell 2
1002 1003
Infeed conveyor Robot Qutfeed conveyor
Conveyor Conveyor
motor motor
A
PC
Fig. 3. Layout of a Flexible Manufacturing Module
Lathe
Line requests At photocell .
workpiece 1 Coil 0001
1 il N} M
11 TN\T “_/
1001 1002 actuates infeed
conveyor motor
At photocell  Lathe requests
1 workpiece Coil 0002
2 11 11 2N
LI il I
1002 1001 actuates robot
(0 i 3
Lathe o pick up workpiece
performs At photocell
work 2 Coil 0003
3t —\ | —
1004 1003 actuates
Lathe robot
completes At photocell
work 2 Coil 0004
4 { } { |
1004 1003 actuates outfeed

conveyor motor
Fig. 4. Portion of a Typical Ladder Diagram for Control of a Flexible Manufacturing Module Including
a Turning Center, Conveyors, a Robot, and a Programmable Controller
In Rung 1 ofFig. 4 a request signal for a workpiece from the NC lathe closes the nor-
mally open switch 1001. Switch 1002 will remain closed if photocell 1 is not activated, i.e.,
if it does not detect a workpiece. The signal therefore closes the circuit, energizes the co
and starts the conveyor motor to bring the next workpiece into position for the robot tc

grasp.
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In Rung 2, switch 1002 (which has been changed in the program of the PLC from a nol
mally closed to a normally open switch) closes when it is activated as photocell 1 detec
the workpiece. The signal thus produced, together with the closing of the now normally
open switch 1001, energizes the coil, causing the robot to pick up the workpiece from th
infeed conveyor.

In Rung 3, switch 1004 on the lathe closes when processing of the part is completed a
it is ready to be removed by the robot. Photocell 2 checks to see if there is a space on t
conveyor to accept the completed part. If no part is seen by photocell 2, switch 1003 wil
remain closed, and with switch 1004 closed, the coil will be energized, activating the robo
to transfer the completed part to the outfeed conveyor.

Rung 4 shows activation of the output conveyor when a part is to be transferred. Nor
mally open switch 1004 was closed when processing of the part was completed. Switc
1003 (which also was changed from a normally closed to a normally open switch by th
program) closes if photocell 2 detects a workpiece. The circuit is then closed and the coil |
energized, starting the conveyor motor to move the workpiece clear to make way for th
succeeding workpiece.

Closed-Loop System.-Also referred to as a servo or feedback system, a closed-loop sys-
tem is a control system that issues commands to the drive motors of an NC machine. Tl
system then compares the results of these commands as measured by the movemen
location of the machine component, such as the table or spindlehead. The feedback devic
normally used for measuring movement or location of the component are called resolver
encoders, Inductosyns, or optical scales. The resolver, which is a rotary analog mech
nism, is the least expensive, and has been the most popular since the first NC machin
were developed. Resolvers are normally connected to the lead-screws of NC machine
Linear measurement is derived from monitoring the angle of rotation of the leadscrew an
is quite accurate.

Encoders also are normally connected to the leadscrew of the NC machine, and measu
ments are in digital form. Pulses, or a binary code in digital form, are generated by rotatio
of the encoder, and represent turns or partial turns of the leadscrew. These pulses are w
suited to the digital NC system, and encoders have therefore become very popular wif
such systems. Encoders generally are somewhat more expensive than resolvers.

The Inductosyn (a trade name of Farrand Controls, Inc.) also produces analog signal
but is attached to the slide or fixed part of a machine to measure the position of the tabl
spindlehead, or other component. The Inductosyn provides almost twice the measureme
accuracy of the resolver, but is considerably more expensive, depending on the length
travel to be measured.

Optical scales generally produce information in digital form and, like the Inductosyn, are
attached to the slide or fixed part of the machine. Optical scale measurements are mao
accurate than either resolvers or encoders and, because of their digital nature, are w
suited to the digital computer in a CNC system. Like the Inductosyn, optical scales ar
more costly than either resolvers or encoders.

Open-Loop System.—A control system that issues commands to the drive motors of an
NC machine and has no means of assessing the results of these commands is known a
open-loop system. In such a system, no provision is made for feedback of information cor
cerning movement of the slide(s), or rotation of the leadscrew(s). Stepping motors are poj
ular as drives for open-loop systems.

Adaptive Control.—Measuring performance of a process and then adjusting the proces:
to obtain optimum performance is called adaptive control. In the machine tool field, adap
tive control is a means of adjusting the feed and/or speed of the cutting tool, based on se
sor feedback information, to maintain optimum cutting conditions. A typical arrangement
is seen irFig. 5 Adaptive control is used primarily for cutting higher-strength materials
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such as titanium, although the concept is applicable to the cutting of any material. Th
costs of the sensors and software have restricted wider use of the feature.

Leadscrew Feed

Control
SLILIAISIIIIISS, -Drive
Cutting
Tool —
Sensors  Speed
Control Control
g System
Adaptive
Control Unit

Fig. 5.

The sensors used for adaptive control are generally mounted on the machine drive shaf
tools, or even builtinto the drive motor. Typically, sensors are used to provide informatior
such as the temperature at the tip of the cutting tool and the cutting force exerted by the to
The information measured by the sensors is used by the control system computer to ar
lyze the cutting process and adjust the feeds and speeds of the machine to maximize
material removal rate or to optimize another process variable such as surface finish. For tl
computer to effectively evaluate the process in real time (i.e., while cutting is in progress)
details such as maximum allowable tool temperature, maximum allowable cutting force
and information about the drive system need to be integrated into the computer progral
monitoring the cutting process.

Adaptive control can be used to detect worn, broken, or dull tooling. Ordinarily, the
adaptive control system monitors the cutting process to keep the process variables (cultti
speed and feed rate, for example) within the proper range. Because the force required
machine a workpiece is lowest when the tool is new or recently resharpened, a steac
increase in cutting force during a machining operation, assuming that the feed remains tt
same, is an indication that the tool is becoming dull (temperature may increase as well
Upon detecting cutting forces that are greater than a predetermined maximum allowabl
force, the control system causes the feed rate, the cutting speed, or both to be adjustec
maintain the cutting force within allowable limits. If the cutting force cannot be main-
tained without causing the speed and/or feed rate to be adjusted outside its allowable limif
the machine will be stopped, indicating that the tool is too dull and must be resharpened
replaced.

On some systems, the process monitoring equipment can interface directly with th
machine control system, as discussed above. On other systems, the adaptive control
implemented by a separate monitoring system that is independent of the machine contr
system. These systems include instrumentation to monitor the operations of the machir
tool, but do not have the capability to directly change operating parameters, such as fee
and speeds. In addition, this type of control does not require any modification of the exist
ing part programs for control of the machine.

Flexible Manufacturing Systems (FMS).—A flexible manufacturing system (FMS) is a

computer-controlled machining arrangement that can perform a variety of continuous
metal-cutting operations on a range of components without manual intervention. The
objective of such a system is to produce components at the lowest possible cost, especie
components of which only small quantities are required. Flexibility, or the ability to switch
from manufacture of one type of component to another, or from one type of machining tc
another, without interrupting production, is the prime requirement of such a system. Ir
general, FMS are used for production of numbers of similar parts between 200 and 200
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although larger quantities are not uncommon. An FMS involves almost all the department
in a company, including engineering, methods, tooling and part programming, planning
and scheduling, purchasing, sales and customer service, accounting, maintenance, &
quality control. Initial costs of an FMS are estimated as being borne (percentages in pare
theses) by machine tools (46.2), materials handling systems (7.7), tooling and fixture
(5.9), pallets (1.9), computer hardware (3.7), computer software (2.2), wash stations (2.8
automatic storage and retrieval systems (6.8), coolant and chip systems (2.4), spares (
and others (18.4).

FMS are claimed to bring reductions in direct labor (80-90), production planning and
control (65), and inspection (70). Materials handling and shop supervision are reducec
and individual productivity is raised. In the materials field, savings are made in tooling
(35), scrap and rework (65), and floor space (50). Inventory is reduced and many othe
costs are avoided. Intangible savings claimed to result from FMS include reduced toolin
changeover time, ability to produce complex parts, to incorporate engineering change
more quickly and efficiently than with other approaches, and to make special designs, s
that a company can adapt quickly to changing market conditions. Requirements for spa
parts with good fit are easily met, and the lower costs combine with higher quality to
improve market share. FMS also are claimed to improve morale among workers, leading t
higher productivity, with less paper work and more orderly shop operations. Better contro
of costs and improved cost data help to produce more accurate forecasts of sales and m
power requirements. Response to surges in demand and more economical materials oro
ing are other advantages claimed with FMS.

Completion of an FMS project is said to average 57 months, including 20 months from
the time of starting investigations to the placing of the purchase order. A further 13 month
are needed for delivery and a similar period for installation. Debugging and building of
production takes about another 11 months before production is running smoothly. FMS ar
expensive, requiring large capital outlays and investments in management time, softwar
engineering, and shop support. Efficient operation of FMS also require constant workflow
because gaps in the production cycle are very costly.

Flexible Manufacturing Cell.—A flexible manufacturing cell usually consists of two or
three NC machines with some form of pallet-changing equipment or an industrial robot
Prismatic-type parts, such as would be processed on a machining center, are usually h:
dled on pallets. Cylindrical parts, such as would be machined on an NC lathe, usually ar
handled with an overhead type of robot. The cell may be controlled by a computer, but i
often run by programmable controllers. The systems can be operated without attendan
but the mixture of parts usually must be less than with a flexible manufacturing systen
(FMS).

Flexible Manufacturing Module.— A flexible manufacturing module is defined as a sin-
gle machining center (or turning center) with some type of automatic materials handling
equipment such as multiple pallets for machining centers, or robots for manipulating cylin.
drical parts and chucks for turning centers. The entire module is usually controlled by on
or more programmable logic controllers.

Axis Nomenclature.—To distinguish among the different motions, or axes, of a machine

tool, a system of letter addresses has been developed. A letter is assigned, for example
the table of the machine, another to the saddle, and still another to the spindle head. The
letter addresses, or axis designations, are necessary for the electronic control system
assign movement instructions to the proper machine element. The assignment of these |
ter addresses has been standardized on a worldwide basis and is contained in three si
dards, all of which are in agreement. These standards are EIA RS-267-B, issued by tt
Electronics Industries Association; AIA NAS-938, issued by the Aerospace Industries
Association; and ISO/R 841, issued by the International Organization for Standardizatior
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The standards are based on a “right-hand rule,” which describes the orientation of th
motions as well as whether the motions are positive or negative. If a right hand is laid palr
up on the table of a vertical milling machine, as showfign 1, for example, the thumb
will point in the positiveX-direction, the forefinger in the positivedirection, and the
erect middle finger in the positidirection, or up. The direction signs are based on the
motion of the cutter relative to the workpiece. The movement of the table sh&wgn 2h
is therefore positive, even though the table is moving to the left, because the motion of th
cutter relative to the workpiece is to the right, or in the positive direction. The motions are
considered from the part programmer's viewpoint, which assumes that the cutter alway
moves around the part, regardless of whether the cutter or the part moves. The right-ha
rule also holds with a horizontal-spindle machine and a vertical table, or angle plate, a
shown inFig. 3 Here, spindle movement back and away from the angle plate, or work-
piece, is a positivE-motion, and movement toward the angle plate is a negativetion.

Rotary motions also are governed by a right-hand rule, but the fingers are joined and tf
thumb is pointed in the positive direction of the akig. 4shows the designations of the
rotary motions about the three linear ax6sY, andZ. Rotary motion about thé-axis is
designated a4; rotary motion about thé-axis isB; and rotary motion about tieaxis is
C. The fingers point in the positive rotary directions. Movement of the rotary table arounc
theY-axis shown irFig. 4is aB motion and is common with horizontal machining centers.
Here, the view is from the spindle face looking toward the rotary table. Referring, again, tc
linear motions, if the spindle is withdrawn axially from the work, the motion is a positive
Z. A move toward the work is a negatixe

When a second linear motion is parallel to another linear motion, as with the horizonta
boring mill seen irFig. 5 the horizontal motion of the spindle, or quill, is designated] as
and a parallel motion of the angle plat®isA movement parallel to thé¢axis isU and a
movement parallel to théaxis isV. Corresponding motions are summarized as follows:

Linear Rotary Linear and Parallel
X A U
Y B \%
z C w

Table movement to the left in ef-
fect moves the cutter to the right,
relative to the workpiece, or in the

+ direction
T
\ ]
|

1\
Workplece ﬁ;}
C: X Table Motion

Fig. 1. Fig. 2.
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+Z
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\Y%)
Fig. 3. Fig. 4.

Axis designations for a lathe are showfrig. 6. Movement of the cross-slide away from
the workpiece, or the centerline of the spindle, is noted as XgWisvement toward the
workpiece is a minuX. The middle finger points in the positiZedirection; therefore,
movement away from the headstock is positive and movement toward the headstock
negative. Generally, there is Manovement.

The machine shown iRig. 6is of conventional design, but most NC lathes look more
like that shown irfFig. 7. The same right-hand rule applies to this four-axis lathe, on which
each turret moves along its own two independent axes. Movement of the outside-diamet
or upper turret, up and away from the workpiece, or spindle centerline, is a p¥sitive
motion, and movement toward the workpiece is a neg4tivetion. The same rules apply
to theU-movement of the inside-diameter, or boring, turret. Movement of the lower turret
parallel to thez-motion of the outside-diameter turret is called\fthenotion. A popular
lathe configuration is to have both turrets on one slide, giving a two-axis system rather tha
the four-axis system showxX.andZ-motions may be addressed for either of the two heads.
Upward movement of the boring head therefore is a po3tivetion.

+X

Fig. 6.
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On a slant-bed
lathe with 2 cross-slides,

each tool turret can be operated
independently, requiring four
addresses, X, ¥, U and W

Fig. 7.

Axis nomenclature for other machine configurations is show#igind. The letters with
the prime notation (e.gX, Y', Z, W', A, andB') mean that the motion shown is positive,
because the movement of the cutter with respect to the work is in a positive direction. |
these instances, the workpiece is moving rather than the cutter.

Total Indicator Reading (TIR).— Total indicator reading is used as a measure of the
range of machine tool error. TIR is particularly useful for describing the error in a machine
tool spindle, referred to as runout. As showRim 8 there are two types of runout: axial
and radial, which can be measured with a dial indicator. Axial runout refers to the wobble
of a spindle and is measured at the spindle face. Radial runout is the range of movement
the spindle centerline and is measured on the side of the spindle or quill.

Measuring
radial
Tunout  Measuring
axial
runout

runout

— -runout-

Fig. 8.
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Profile and contour milling
X 7  machines, horizontal spindle
" and §-axis machines

Vertical knee-type milling, drilling, or
jig-boring machines

Tilting table, profile and contour
milling and s-axis machines

Gantry profilers
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NUMERICAL CONTROL PROGRAMMING

Programming.—A numerical control (NC) program is a list of instructions (commands)
that completely describes, in sequence, every operation to be carried out by a machir
When a program is run, each instruction is interpreted by the machine controller, whicl
causes an action such as starting or stopping of a spindle or coolant, changing of spinc
speed or rotation, or moving a table or slide a specified direction, distance, or speed. Tt
form that program instructions can take, and how programs are stored and/or loaded in
the machine, depends on the individual machine/control system. However, prograr
instructions must be in a form (language) that the machine controller can understand.

A programming language is a system of symbols, codes, and rules that describes tl
manner in which program instructions can be written. One of the earliest and most widel
recognized numerical control programming languages is based on the Standard ANSI/EI
RS-274-D-1980. The standard defines a recommended data format and codes for sendi
instructions to machine controllers. Although adherence to the standard is not mandator
most controller manufacturers support it and most NC machine controllers (especiall;
controllers on older NC machines using tape input) can accept data in a format that col
forms, at least in part, with the recommended codes described in the RS-274-D standal
Most newer controllers also accept instructions written in proprietary formats offered
(specified) by the controller's manufacturer.

One of the primary benefits of a standardized programming format is easy transfer o
programs from one machine to another, but even standardized code formats such as F
274-D are implemented differently on different machines. Consequently, a program writ-
ten for one machine may not operate correctly on another machine without some modifice
tion of the program. On the other hand, proprietary formats are attractive because c
features that are not available using the standardized code formats. For example, a pror
etary format may make available certain codes that allow a programmer, with only a fev
lines of code, to program complex motions that would be difficult or even impossible to dc
in the standard language. The disadvantage of proprietary formats is that transferring pr
grams to another machine may require a great deal of program modification or even con
plete rewriting. Generally, with programs written in a standardized format, the
modifications required to get a program written for one machine to work on another
machine are not extensive.

In programming, before describing the movement of any machine part, it is necessary
establish a coordinate system(s) as a reference frame for identifying the type and directic
of the motion. A description of accepted terminology used worldwide to indicate the types
of motion and the orientation of machine axes is contained in a separate section (Axi
Nomenclature). Part geometry is programmed with reference to the same axes as are u:
to describe motion.

Manual data inpu¢{MDI) permits the machine operator to insert machining instructions
directly into the NC machine control system via push buttons, pressure pads, knobs, «
other arrangements. MDI has been available since the earliest NC machines wel
designed, but the method was less efficient than tape for machining operations and wi
used primarily for setting up the NC machine. Computer numerical control (CNC) sys-
tems, with their canned cycles and other computing capabilities, have now made the ML
concept more feasible and for some work MDI may be more practical than preparing a prc
gram. The choice depends very much on the complexity of the machining work to be don
and, to a lesser degree, on the skill of the person who prepares the program.

Conversational part programming a form of MDI that requires the operator or pro-
grammer to answer a series of questions displayed on the control panel of the CNC. Tt
operator replies to questions that describe the part, material, tool and machine settings, a
machining operations by entering numbers that identify the material, blank size and thick
ness or diameter, tool definitions, and other required data. Depending on capability, son
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controls can select the required spindle speed and feed rate automatically by using a ma
rials look-up table; other systems request the appropriate feed and speed data. Tc
motions needed to machine a part are described by selecting a linear or circular motion pr
gramming mode and entering endpoint and intersection coordinates of lines and radiu
diameter, tangent points, and directions of arcs and circles (with some controllers, inte!
section and tangent points are calculated automatically). Machined elements such as hol
slots, and bolt circles are entered by selecting the appropriate tool and describing its actio
or with “canned routines” built into the CNC to perform specific machining operations. On
some systems, if a feature is once described, it can be copied and/or moved by: translati
(copy and/or move), rotation about a point, mirror image (copy and rotate about an axis’
and scaling (copy and change size). On many systems, as each command is entere
graphic image of the part or operation gives a visual check that the program is producin
the intended results. When all the necessary data have been entered, the program is ¢
structed and can be run immediately or saved on tape, floppy disk, or other storage mec
for later use.

Conversational programming gives complete control of machine operations to the sho
personnel, taking advantage of the experience and practical skills of the machine oper
tor/programmer. Control systems that provide conversational programming usually
include many built-in routines (fixed or canned cycles) for commonly used machining
operations and may also have routines for specialized operations. Built-in routines spee
programming because one command may replace many lines of program code that wou
take considerable time to write. Some built-in cycles allow complex machining operations
to be programmed simply by specifying the final component profile and the starting stock
size, handling such details as developing tool paths, depth of cut, number of roughin
passes, and cutter speed automatically. On turning machines, built-in cycles for reducin
diameters, chamfer and radius turning, and cutting threads automatically are commoi
Although many CNC machines have a conversational programming mode, the progran
ming methods used and the features available are not standardized. Some control syste
cannot be programmed from the control panel while another program is running (i.e.
while a part is being machined), but those systems that can be thus programmed are m
productive because programming does not require the machine to be idle. Conversation
programming is especially beneficial In reducing programming time in shops that do mos
of their part programming from the control panel of the machine.

Manual part programmindescribes the preparation of a part program by manually
writing the part program in word addressed format. In the past, this method implied pro
gramming without using a computer to determine tool paths, speeds and feeds, or any
the calculations normally required to describe the geometry of a part. Today, howevel
computers are frequently used for writing and storing the program on disk, as well as fo
calculations required to program the part. Manual part programming consists of writing
codes, in a format appropriate to the machine controller, that instruct the controller to pel
form a specific action. The most widely accepted form of coding the instructions for
numerically controlled machines uses the codes and formats suggested in the ANSI/EI
RS-274-D-1980, standard. This type of programming is sometimes called G-code pro
gramming, referring to a commonly used word address used in the RS-274-D standar
Basic details of programming in this format, using the various codes available, are dis
cussed in the next section (G-Code Programming).

Computer-assisted part programmif@APP) uses a computer to help in the prepara-
tion of the detailed instructions for operating an NC machine. In the past, defining a curv
or complicated surface profile required a series of complex calculationsto describe the fe:
tures in intimate detail. However, with the introduction of the microprocessor as an inte:
gral part of the CNC machine, the process of defining many complex shapes has be
reduced to the simple task of calling up a canned cycle to calculate the path of the cutte
Most new CNC systems have some graphic programming capability, and many us
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graphic images of the part “drawn” on a computer screen. The part programmer moves
cutter about the part to generate the part program or the detailed block format instructior
required by the control system. Machining instructions, such as the speed and feed rate, :
entered via the keyboard. Using the computer as an assistant is faster and far more accut
than the manual part programming method.

Computer-assisted part programming methods generally can be characterized as eitt
language-based or graphics-based, the distinction between the two methods being prin
rily in the manner by which the tool paths are developed. Some modern-language-base
programming systems, such as Compact Il, use interactive alphanumeric input so that pr
gramming errors are detected as soon as they are entered. Many of these programming <
tems are completely integrated with computer graphics and display an image of the part
operation as soon as an instruction is entered. The language-based programming syste
are usually based on, or are a variation of, the APT programming language, which is dic
cussed separately within this section (APT Programming).

The choice between computer-assisted part programming and manual part programmi
depends on the complexity of the part (particularly its geometry) and how many parts nee
to be programmed. The more complicated the part, the more benefit to be gained by CAP
and if many parts are to be programmed, even if they are simple ones, the benefits of a co
puter-aided system are substantial. If the parts are not difficult to program but involve
much repetition, computer-assisted part programming may also be preferred. If parts are
be programmed for several different control systems, a high-level part programming lan
guage such as APT will make writing the part programs easier. Because almost a
machines have some deviations from standard practices, and few control systems u
exactly the same programming format, a higher-level language allows the programmer t
concentrate primarily on part geometry and machining considerations. The postprocesso
(seePostprocessorbelow) for the individual control systems accommodate most of the
variations in the programming required. The programmer only needs to write the prograr
the postprocessor deals with the machine specifics.

Graphical programmingnvolves building a two- or three-dimensional model of a part
on a computer screen by graphically defining the geometric shapes and surfaces of the p
using the facilities of a CAD program. In many cases, depending on features of the CAL
software package, the same computer drawing used in the design and drafting stage o
project can also be used to generate the program to produce the part. The graphical entiti
such as holes, slots, and surfaces, are linked with additional information required for th
specific machining operations needed. Most of the cutter movements (path of the cutter
such as those needed for the generation of pockets and lathe roughing cuts, are hand
automatically by the computer. The program may then sort the various machining opere
tions into an efficient sequence so that all operations that can be performed with a partic
lar tool are done together, if possible. The output of graphical part programming is
generally an alphanumeric part programming language output file, in a format such as a
APT or Compact Il file.

The part programming language file can be manually checked, and modified, as nece
sary before being run, and to help detect errors, many graphics programming systems al
include some form of part verification software that simulates machining the part on the
computer screen. Nongraphic data, such as feed rates, spindle speeds and coolant on/
must be typed in by the part programmer or entered from acomputer data base at the app
priate points in the program, although some programs prompt for this information wher
needed. When the part program language file is run or compiled, the result is a center lir
data (CL data) file describing the part. With most computer-aided part programming out:
put files, the CL data file needs to be processed through a postprocesbas{peeces-
sorsbelow) to tailor the final code produced to the actual machine being used.
Postprocessor output is in a form that can be sent directly to the control system, or can |
saved on tape or magnetic media and transferred to the machine tool when necessary.
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graphic image of the part and the alphanumeric output files are saved in separate files
that either can be edited in the future if changes in the part become necessary. Revised fi
must be run and processed again for the part modifications to be included in the part pri
gram. Software for producing part programs is discussed further in the CAD/CAM sec-
tion.

Postprocessors.—A postprocessor is computer software that contains a set of computer
instructions designed to tailor the cutter center line location data (CL data), developed by
computerized part programming language, to meet the requirements of a particula
machine tool/system combination. Generally, when a machine tool is programmed in .
graphical programming environment or any high-level language such as APT, afile is cre
ated that describes all movements required of a cutting tool to make the part. The file tht
created is run, or compiled, and the result is a list of coordinates (CL data) that describes
successive positions of the cutter relative to the origin of the machine's coordinate syster
The output of the program must be customized to fit the input requirements of the machin
controller that will receive the instructions. Cutter location data must be converted into ¢
format recognized by the control system, such as G codes and M codes, or into another le
guage or proprietary format recognized by the controller. Generally, some instructions ar
also added or changed by the programmer at this point.

The lack of standardization among machine tool control systems means that almost ¢
computerized part programming languages require a postprocessor to translate the col
puter-generated language instructions into a form that the machine controller recognize
Postprocessors are software and are generally prepared for a fee by the machine t
builder, the control system builder, a third party vendor, or by the user.

G-Code Programming

Programs written to operate numerical control (NC) machines with control systems tha
comply with the ANSI/EIA RS-274-D-1980, Standard consist of a series of data blocks,
each of which is treated as a unit by the controller and contains enough information for
complete command to be carried out by the machine. Each block is made up of one or mo
words that indicate to the control system how its corresponding action is to be performec
Aword is an ordered set of characters, consisting of a letter plus some numerical digits, th
triggers a specific action of a machine tool. The first letter of the word is called the lettel
address of the word, and is used to identify the word to the control system. For example,
is the letter address of a dimension word that requires a move in the direction of the X-axi
Y is the letter address of another dimension word; and F is the letter address of the feed ra
The assigned letter addresses and their meanings, as listed in ANSI/EIA RS-274-D, a
shown inTable 1

Format Classification.—Theformat classification sheebmpletely describes the format
requirements of a control system and gives other important information required to pro
gram a particular control including: the type of machine, the format classification short-
hand and format detail, a listing of specific letter address codes recognized by the syste
(for example, G-codes: G01, G02, G17, etc.) and the range of values the available cod
may take (S range: 10 to 1800 rpm, for example), an explanation of any codes not specil
cally assigned by the Standard, and any other unique features of the system.

The format classification shorthaia nine- or ten-digit code that gives the type of sys-
tem, the number of motion and other words available, the type and format of dimensionz
data required by the system, the number of motion control channels, and the number
numerically controlled axes of the system. Ttvenat detailverysuccinctly summarizes
details of the machine and control system. This NC shorthand gives the letter addre:
words and word lengths that can be used to make up a block. The format detail defines t
basic features of the control system and the type of machine tool to which it refers. Fc
example, the format detail
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Table 1. Letter Addresses Used in Numerical Control
Letter
Address Description Refers to
A Air:f?;lla;;?tl?gfnslggge:zgut théaxis. Measured in deg Axis nomenclature
B Air:f?;lle;;?tlgwgfnslggge:ggut théaxis. Measured in de¢: Axis nomenclature
c Air:ggllarl);crltlgwgfnslggge:tégut theaxis. Measured in de Axis nomenclature
Angular dimension about a special axis, or third fepd
D function, or tool function for selection of tool comr Axis nomenclature
pensation
E A;Lgnucltailcr)gimension about a special axis or second e%j(is nomenclature
F Feed word (code) Feed words
G Preparatory word (code) Preparatory words
H Unassigned
| Interpolation parameter or thread lead parallel to theCircular interpolation and
X-axis threading
3 Interpolation parameter or thread lead parallel torthe Circular interpolation and
axis threading
K Interpolation parameter or thread lead parallel tZthe Circular interpolation and
axis threading
L Unassigned
M Miscellaneous or auxilliary function Miscellaneous functionsg
N Sequence number Sequence number
o Sequence number for secondary head only Sequence number
p Tz;;g;r?gignt;)ae\llrirl'ls; ?&menswn or tertiary-motion Axis nomenclature
0 Sg&)ggsrigﬁuggz\lllglrstgd|menS|0n or tertiary-motio Axis nomenclature
First rapid-traverse dimension or tertiary-motion
R dimension parallel t& or radius for constant sur- | Axis nomenclature
face-speed calculation
S Spindle-speed function Spindle speed
T Tool function Tool function
U Secondary-motion dimension parallelXo Axis nomenclature
\Y Secondary-motion dimension paralle/o Axis nomenclature
w Secondary-motion dimension parallelzo Axis nomenclature
X Primary X-motion dimension Axis nomenclature
Y Primary Y-motion dimension Axis nomenclature
z PrimaryZ-motion dimension Axis nomenclature

NAG2X+ 24Y + 247+ 24B24124J24F31T4M2

specifies that the NC machine is a machining centerXhas, andZ-axes) and a tool
changer with a four-digit tool selection code (T4); the three linear axes are programme
with two digits before the decimal point and four after the decimal po@&Y + 24Z+

24) and can be positive or negative; probably has a horizontal spindle and rotary table (BZ
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= rotary motion about thé-axis); has circular interpolation (124J24); has a feed rate range
in which there are three digits before and one after the decimal point (F31); and can hand
a four-digit sequence number (N4), two-digit G-words (G2), and two-digit miscellaneous
words (M2). The sequence of letter addresses in the format detail is also the sequence
which words with those addresses should appear when used in a block.

The information given in the format shorthand and format detail is especially useful
when programs written for one machine are to be used on different machines. Progran
that use the variable block data format described in RS-274-D can be used interchangeal
on systems that have the same format classification, but for complete program compatibi
ity between machines, other features of the machine and control system must also be co
patible, such as the relationships of the axes and the availability of features and contr:
functions.

Control systems differ in the way that the numbers may be written. Most newer CNC
machines accept numbers written in a decimal-point format, however, some systen
require numbers to be in a fixed-length format that does not use an explicit decimal poin
In the latter case, the control system evaluates a number based on the number of digit:
has, including zeroZero suppressioin a control system is an arrangement that allows
zeros before the first significant figure to be dropped (leading zero suppression) or allow
zeros after the last significant figure to be dropped (trailing zero suppressioXaas
movement of 05.3400, for example, could be expressed as 053400 if represented in the f
field format, 53400 (leading zero suppression), or 0534 (trailing zero suppression). Witk
decimal-point programming, the above number is expressed simply as 5.34. To ensu
program compatibility between machines, all leading and trailing zeros should be include
in numbers unless decimal-point programming is used.

Sequence Number (N-Word).—A block normally starts with a sequence number that
identifies the block within the part program. Most control systems use a four-digit
sequence number allowing step numbers up to N9999. The numbers are usually advanc
by fives or tens in order to leave spaces for additional blocks to be inserted later if requiret
For example, the first block in a program would be NO0OO, the next block NOOO5; the nex
NO0010; and so on. The slash character, /, placed in a block, before the sequence numbel
called aroptional stopand causes the block to be skipped over when actuated by the oper
ator. The block that is being worked on by the machine is often displayed on a digital reac
out so that the operator may know the precise operation being performed.

Preparatory Word (G-Word).— A preparatory word (also referred to as a preparatory
function or G-code) consists of the letter address G and usually two digits. The preparatol
word is placed at the beginning of a block, normally following the sequence number. Mos
newer CNC machines allow more than one G-code to be used in a single block, althouc
many of the older systems do not. To ensure compatability with older machines and witl
the RS-274-D Standard, only one G-code per block should be used.

The G-word indicates to the control system how to interpret the remainder of theblock
For example, GO1 refers to linear interpolation and indicates that the words following in
the block will move the cutter in a straight line. The GO2 code indicates that the words fol
lowing in the block will move the cutter in a clockwise circular path. A G-word can com-
pletely change the normal meaning of other words in a block. For example, X is normally ¢
dimension word that describes a distance or position iXtieection. However, if a
block contains the G04 word, which is the code for a dwell, the X word represents the time
in seconds, that the machine is to dwell.

The majority of G-codes are designated as modal, which means that once used, the cc
remains in effect for succeeding blocks unless it is specifically changed or cancelec
Therefore, it is not necessary to include modal G-codes in succeeding blocks except
change or cancel them. Unless a G-code is modal, it is only effective within its designate
block for the operation it define$able, G-Code Addresses, lists standardized G-code
addresses and modality.
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Table 2. G-Code Addresses

Code Description Code Description
GO00 abx | Rapid traverse, point to point G34 abe | Thread cutting, increasing
M,L) lead (L)
GO01 abe| Linear interpolation (M,L) G35 abc| Thread cutting, decreasing lead (L)
G02 abe| Circular interpolation — G36-G39 ab| Permanently unassigned
clockwise movement (M.L) G36 ¢ | Used for automatic _
GO03 abe| Circular interpolation—counter- aln:qceerﬁ;wa;g?oigg :reeceleratlon
clockwise movement (M,L) short (M.L)
Go4 ab| Dwell—a programmed time G37,G37.1, Used for tool gaging (M,L)
delay (M,L) G37.2,G37.3
GO05 ab| Unassigned G37.4
GO06 abc| Parabolic interpolation (M,L) G38 Used for probing to measure the di
ter and center of a hole (M)
Go7 ¢| Used for programming with G38.1 Used with a probe to measure
cylindrical diameter values (L) the parallelness of a part with
G08 ab| Programmed acceleration respect to an axis (M)
(M,L). 4 Also for lathe
programming with cylindrical G39, G39.1 Generates a nonprogrammed
diameter values block 10 i e ti d
ab[ Programmed deceleration ock to improve cycle time an
Go9 9 d . corner cutting quality when used
(M,L). 9 Used to stop the axis with cutter compensation (M)
movement at a precise location G39 Tool tip radius compensation used
ML) with linear generated block (L)
G10-G12 ab[ UnassignedSometimes used G39.1 Tool tip radius compensation used
for machine lock and unlock used with circular generated block (L.
devices
G13-G16  ac| Axis selection (M,L) G40 abc| Cancel cutter compensation/
offset (M)
G13-G16 b | Unassigned G41 abc| Cutter compensation, left (M)
G13 Used for computing lines and G42 abc| Cutter compensation, right (M)
circle intersections (M,L)
G14,G14.1 c|Used for scaling (M,L) G43 abe| Cutter offset, inside corner (M,L)
G15-G16 ¢ | Polar coordinate programming G44 abe| Cutter offset, outside corner
(M) (M.L)
G15, G16.1 c¢| Cylindrical interpolation—C G45-G49  ab| Unassigned
axis (L)
G16.2 ¢ | End face milling—C axis (L) G50-G59 a|Reserved for adaptive control
M.L)
G17-G19  abe[ X-Y, X-Z, Y-Z plane G50 bb| Unassigned
selection, respectively (M,L)
G20 Unassigned G50.1 ¢ | Cancel mirror image (M,L)
G22-G32  ab| Unassigned G51.1 ¢| Program mirror image (M,L)
G22-G23 ¢ | Defines safety zones in which G52 b| Unassigned
the machine axis may not enter
(M.L)
G22.1, ¢ | Defines safety zones in which G52 Used to offset the axes with
G233.1 the cutting tool may not exit respect to the coordinate zero
ML) point (see G92) (M,L)
G24 ¢ | Single-pass rough-facing cycle G53 be| Datum shift cancel
L
G27-G29 Used for automatically moving G53 ¢| Call for motion in the machine
to and returning from home coordinate system (M,L)
position (M,L) G54-G59  be| Datum shifts (M,L)
G30 Return to an alternate home G54-G59.3 ¢ Allows for presetting of work
position (M,L) coordinate systems (M,L)
G31, G31.1, External skip function, moves G60-G62  abe Unassigned
G31.2, G31.3, | an axis on a linear path until
G31.4 an external signal aborts the
move (M,L)
G33 abe| Thread cutting, constant lead (L)

pme-
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Table 2.(Continued)G-Code Addresses

Code Description Code Description
G61 ¢| Modal equivalent of GO9 except G80 abc| Cancel fixed cycles
that rapid moves are not taken
to a complete stop before the G81 abc| Drill cycle, no dwell and rapid out
next motion block is executed M,L)
(ML)
G62 ¢ [ Automatic corner override, G82 abe| Drill cycle, dwell and rapid out
reduces the feed rate on an (ML)
inside corner cut (M,L)
G63 a| Unassigned G83 abe| Deep hole peck drilling cycle
(ML)
G63 be | Tapping mode (M,L) G84 abe| Right-hand tapping cycle (M,L)
G64-G69  abc| Unassigned G84.1 ¢| Left-hand tapping cycle (M,L)
G64 ¢ | Cutting mode, usually set by G85 abc| Boring cycle, no dwell, feed out
the system installer (M,L) M,L)
G65 ¢| Calls for a parametric macro G86 abc| Boring cycle, spindle stop,
(ML) rapid out (M,L)
G66 ¢ | Calls for a parametric macro. G87 abe| Boring cycle, manual retraction
Applies to motion blocks only M,L)
ML)
G88 abc| Boring cycle, spindle stop, manual
retraction (M,L)
G66.1 ¢| Same as G66 but applies to G88.1 Pocket milling (rectangular and
all blocks (M,L) circular), roughing cycle (M)
G67 ¢ | Stop the modal parametric G88.2 Pocket milling (rectangular and
macro (see G65, G66, G66.1) circular), finish cycle (M)
(ML)
G68 ¢ | Rotates the coordinate system G88.3 Post milling, roughs out
(i.e., the axes) (M) material around a specified area
(M)
G69 ¢ | Cancel axes rotation (M) G88.4 Post milling, finish cuts material
around a post (M)
G70 abe| Inch programming (M,L) G88.5 Hemisphere milling, roughing
G71 abc| Metric programming (M,L) cycle (M)
G72 ac| Circular interpolation CW G88.6 Hemisphere milling, finishing
(three-dimensional) (M) cycle (M)
G72 b | Unassigned
G72 ¢| Used to perform the finish cut G89 abc| Boring cycle, dwell and feed out
on a turned part along the M,L)
Z-axis after the roughing cuts G89.1 Irregular pocket milling,
initiated under G73, G74, or roughing cycle (M)
G75 codes (L)
G73 b | Unassigned
G73 ¢| Deep hole peck drilling cycle G89.2 Irregular pocket milling,
(M); OD and ID roughing finishing cycle (M)
cycle, running parallel to the
Z-axis (L)
G74 ac| Cancel multiquadrant circular G90 abc| Absolute dimension input (M,L)
interpolation (M,L)
G74 be| Move to home position (M,L) Go1 abe| Incremental dimension input
(ML)
G74 ¢ | Left-hand tapping cycle (M) G92 abc| Preload registers, used to shift
the coordinate axes relative to
the current tool position (M,L)
G74 Rough facing cycle (L) G93 abe| Inverse time feed rate
(velocity/distance) (M,L)
G75 ac| Multiquadrant circular G94 ¢| Feed rate in inches or millimeters
interpolation (M,L) per minute (ipm or mpm) (M,L)
G75 b | Unassigned G95 abc| Feed rate given directly in inches or
G75 Roughing routine for castings or millimeters per revolution (ipr
forgings (L) or mpr) (M,L)
G76-G79  ab| Unassigned G96 abc| Maintains a constant surface
speed, feet (meters) per
minute (L)
G97 abc| Spindle speed programmed

inrpm (M,L)
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Table 2.(Continued)G-Code Addresses

[ Code | Description [ Code Description |
[ | | G9s-99 a[ Unassigned |

aAdheres to ANSI/EIA RS-274-D;

b Adheres to ISO 6983/1,2,3 Standards; where both symbols appear together, the ANSI/EIA anc
I1SO standard codes are comparable;

¢This code is modal. All codes that are not identified as modal are nonmodal, when used according
to the corresponding definition.

dindicates a use of the code that does not conform with the Standard.

Symbols following a description: (M) indicates that the code applies to a mill or machining center;
(L) indicates that the code applies to turning machines; (M,L) indicates that the code applies to both
milling and turning machines.

Codes that appear more than once in the table are codes that are in common use, but are not define
by the Standard or are used in a manner that is different than that designated by the Standard (e.g., s¢
G61).

Most systems that support the RS-274-D Standard codes do not use all the codes avz
able in the Standard. Unassigned G-words in the Standard are often used by builders
machine tool control systems for a variety of special purposes, sometimes leading to col
fusion as to the meanings of unassigned codes. Even more confusing, some builders of s
tems and machine tools use the less popular standardized codes for other than the mear
listed in the Standard. For these reasons, machine code written specifically for on
machine/controller will not necessarily work correctly on another machine controller
without modification.

Dimension wordsontain numerical data that indicate either a distance or a position. The
dimension units are selected by using G70 (inch programming) or G71 (metric program
ming) code. G71 is canceled by a G70 command, by miscellaneous functions M0O2 (end ¢
program), or by M30 (end of data). The dimension words immediately follow the G-word
in a block and on multiaxis machines should be placed in the following order: X, Y, Z, U,
V,W,P,Q,R,AB,C,D,and E.

Absolute programmin@90) is a method of defining the coordinate locations of points
to which the cutter (or workpiece) is to move based on the fixed machine zero géimt. In
1, theX—Y coordinates of P1 abé=1.0,Y = 0.5 and the coordinates of P2 4re2.0,Y =
1.1. To indicate the movement of the cutter from one point to another when using the abst
lute coordinate system, only the coordinates of the destination point P2 are needed.

Incremental programmin@591) is a method of identifying the coordinates of a particu-
lar location in terms of the distance of the new location from the current location. In the
example shown ifig. 2 a move from P1 to P2 is written as-X.0, Y+ 0.6. If there is no
movement along th&-axis,Z is zero and normally is not noted. Xn- Y incremental
move from P2 to P3 iRig. 2is written as %+ 1.0, Y- 0.7.

+Y
X=30
v [Y = 0.4]
Ll — - - P2
_’ P2 X
| M- — ==
-Y
05— — — —gPIl | P1 | +Y |
| | 0.5 —_—
+X P3
| i +X L | Ly
1 2 1.0 20 3.0
Fig. 1. Fig. 2.
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Most CNC systems offer both absolute and incremental part programming. The choice i
handled by G-code G90 for absolute programming and G91 for incremental programming
G90 and G91 are both modal, so they remain in effect until canceled.

The G92 word is used to preload the registers in the control system with desired values.
common example is the loading of the axis-position registers in the control system for :
lathe.Fig. 3shows a typical home position of the tool tip with respect to the zero point on
the machine. The tool tip here is registered as being 15.0000 inche&-ditaetion and
4.5000 inches in th¥-direction from machine zero. No movement of the tool is required.
Although it will vary with different control system manufacturers, the block to accomplish
the registration shown #fig. 3will be approximately:

NO050 G92 X4.5 715.0

Miscellaneous Functions (M-Words).—Miscellaneous functions, or M-codes, also
referred to as auxiliary functions, constitute on-off type commands. M functions are uset
to control actions such as starting and stopping of motors, turning coolant on and off
changing tools, and clamping and unclamping parts. M functions are made up of the lette
M followed by a two-digit codeTable lists the standardized M-codes, however, the func-
tions available will vary from one control system to another. Most systems provide fewer
M functions than the complete list and may use some of the unassigned codes to provi
additional functions that are not covered by the Standard. If an M-code is used in a block,
follows the T-word and is normally the last word in the block.

Table 3. Miscellaneous Function Words fromANSI/EIA RS-274-D

Code Description

MO0 Automaticallystopsthe machine. The operator must push a button to continde
with the remainder of the program.

MO01 An optional stopacted upon only when the operator has previously signaled [for

this command by pushing a button. The machine will automatically stop when the
control system senses the M0O1 code.

M02 Thisend-of-prograncode stops the machine when all commands in the block are
completed. May include rewinding of tape.
MO03 Startspindle rotationin aclockwisedirection—looking out from the spindle facg.
M04 Startspindle rotationin acounterclockwiselirection—looking out from the spin-
dle face.
MO05 Stopthe spindle in a normal and efficient manner.
M06 Command tehange a too{or tools) manually or automatically. Does not cover

tool selection, as is possible with the T-words.

MO07 to MO8 | MO07 (coolant 2) and M08 (coolant 1) are codeario on coolantMO7 may con-|
trol flood coolant and MO&nistcoolant.

M09 Shuts off the coolant.

M10 to M11 | M10 applies to automatitampingof the machine slides, workpiece, fixture spin-
dle, etc. M11 is an unclamping code.

M12 An inhibiting code used to synchronize multiple sets of axes, such as a fourraxis
lathe having two independently operated heads (turrets).

M13 StartsCW spindlemotion anccoolant onin the same command.

M14 StartsCCW spindlemotion anctoolant onin the same command.

M15to M16 | Rapid traverse of feed motion in either+i15) or—(M16) direction.
M17 to M18 | Unassigned.

M19 Oriented spindle stop. Causes the spindle to stop at a predetermined angulpr posi-
tion.

M20 to M29 | Permanently unassigned.
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Table 3.(Continued)Miscellaneous Function Words fromANSI/EIA RS-274-D

Code Description

M30 An end-of-tapecode similar to M02, but M30 will also rewind the tape; also may
switch automatically to a second tape reader.

M31 A command known asterlock bypassor temporarily circumventing a

normally provided interlock.
M32 to M35 | Unassigned.

M36 to M39 | Permanently unassigned.
M40 to M46 | Used to signal gear changes if required at the machine; otherwise, unassigned.

M47 Continues program execution from the start of the program unless inhibited|by an
interlock signal.

M48 to M49 | M49 deactivates a manual spindle or feeglride and returns the parameter to the
programmed value; M48 cancels M49.

M50 to M57 | Unassigned.

M58 to M59 | Holds the rpm constant at the value in use when M59 is initiated; M58 candel
M59.

M60 to M89 | Unassigned.
M90 to M99 | Reserved for use by the machine user.

S

Feed Function (F-Word).—F-word stands for feed-rate word or feed rate. The meaning
of the feed word depends on the system of units in use and the feed mode. For example, F
could indicate a feed rate of 0.15 inch (or millimeter) per revolution or 15 inches (or milli-
meters) per minute, depending on whether G70 or G71 is used to indicate inch or metr
programming and whether G94 or G95 is used to specify feed rate expressed as inches
mm) per minute or revolution. The G94 word is used to indicate inches/minute (ipm) or
millimeters/minute (mmpm) and G95 is used for inches/revolution (ipr) or millime-
ters/revolution (mmpr). The default system of units is selected by G70 (inch program-
ming) or G71 (metric programming) prior to using the feed function. The feed function is
modal, so it stays in effect until it is changed by setting a new feed rate. In a block, the fee
function is placed immediately following the dimension word of the axis to which it
applies orimmediately following the last dimension word to which it applies if it is used for

more than one axis.
15.0000 -u

I
Machine |—— 4.5000
Zero
_\L— 4

Fig. 3.

In turning operations, when G95 is used to set a constant feed rate per revolution, tt
spindle speed is varied to compensate for the changing diameter of the work — the spind
speed increases as the working diameter decreases. To prevent the spindle speed fr
increasing beyond a maximum value, the S-wordSgéedle Function (S-Wordis used
to specify the maximum allowable spindle speed before issuing the G95 command. If th
spindle speed is changed after the G95 is used, the feed rate is also changed accordingly
G94 is used to set a constant feed per unit of time (inches or millimeters per minute;
changes in the spindle speed do not affect the feed rate.
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Feed rates expressed in inches or millimeters per revolution can be converted to fee
rates in inches or millimeters per minute by multiplying the feed rate by the spindle spee
in revolutions per minute: feed/minute = feed/revoluti@pindle speed in rpm. Feed rates
for milling cutters are sometimes given in inches or millimeters per tooth. To convert feec
per tooth to feed per revolution, multiply the feed rate per tooth by the number of cutte
teeth: feed/revolution = feed/tootmumber of teeth.

For certain types of cuts, some systems require an inverséegtheommanthat is the
reciprocal of the time in minutes required to complete the block of instructions. The feec
command is indicated by a G93 code followed by an F-word value found by dividing the
feed rate, in inches (millimeters) or degrees per minute, by the distance moved in the bloc
feed command = feed rate/distance = (distance/time)/distance = 1/time.

Feed-rate overrideefers to a control, usually a rotary dial on the control system panel,
that allows the programmer or operator to override the programmed feed rate. Feed-ra
override does not change the program; permanent changes can only be made by modifyi
the program. The range of override typically extends from 0 to 150 per cent of the pro
grammed feed rate on CNC machines; older hardwired systems are more restrictive at
most cannot be set to exceed 100 per cent of the preset rate.

Spindle Function (S-Word).—An S-word specifies the speed of rotation of the spindle.
The spindle function is programmed by the address S followed by the number of digit:
specified in the format detail (usually a four-digit number). Two G-codes control the selec-
tion of spindle speed input: G96 selects a constant cutting speed in surface feet per mint
(sfm) or meters per minute (mpm) and G97 selects a constant spindle speed in revolutiol
per minute (rpm).

In turning, a constant spindle speed (G97) is applied for threading cycles and for machir
ing parts in which the diameter remains constant. Feed rate can be programmed with eith
G94 (inches or millimeters per minute) or G95 (inches or millimeters per revolution)
because each will result in a constant cutting speed to feed relationship.

G96 is used to select a constant cutting speed (i.e., a constant surface speed) for fac
and other cutting operations in which the diameter of the workpiece changes. The spind
speed is set to an initial value specified by the S-word and then automatically adjusted
the diameter changes so that a constant surface speed is maintained. The control syst
adjusts spindle speed automatically, as the working diameter of the cutting tool change
decreasing spindle speed as the working diameter increasesor increasing spindle speec
the working diameter decreases. When G96 is used for a constant cutting speed, G95 i
succeeding block maintains a constant feed rate per revolution.

Speeds given in surface feet or meters per minute can be converted to speeds in revo
tions per minute (rpm) by the formulas:

sfmx 12
nixd

mpmx 1000

nmm = Tixd

rpm =

whered is the diameter, in inches or millimeters, of the part on a lathe or of the cutter on
milling machine; andrtis equal to 3.14159.

Tool Function (T-Word).— The T-word calls out the tool that is to be selected on a
machining center or lathe having an automatic tool changer or indexing turret. Or
machines without a tool changer, this word causes the machine to stop and request a t
change. This word also specifies the proper turret face on a lathe. The word usually |
accompanied by several numbers, as in T0101, where the first pair of numbers refers to tl
tool number (and carrier or turret if more than one) and the second pair of numbers refers
the tool offset number. Therefore, TO101 refers to tool 1, offset 1.

Information about the tools and the tool setups is input to the CNC system in the form o
atool data tableDetails of specific tools are transferred from the table to the part program
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via the T-word. The tool nose radius of a lathe tool, for example, is recorded in the tool dat
table so that the necessary tool path calculations can be made by the CNC system. The n
cellaneous code M06 can also be used to signal a tool change, either manually or autom
ically.

Compensation for variations in the tool nose radius, particularly on turning machines
allows the programmer to program the part geometry from the drawing and have the toc
follow the correct path in spite of variations in the tool nose shape. Typical of the date
required, as shown Fig. 4 are the nose radius of the cutter XfsdZ distances from the
gage point to some fixed reference point on the turret, and the orientation of the cutter (tos
tip orientation code), as showrfig. 5 Details of nose radius compensation for numerical
control is given in a separate section (Indexable Insert Holders for NC).

p av o
distance D 78 23 <
Radius @ é @

Z distance

Gauge
Point

Tool tip orientation codes
Fig. 4. Fig. 5.

Tool offsetalso called cutter offset, is the amount of cutter adjustment in a direction par-
allel to the axis of a tool. Tool offset allows the programmer to accommodate the varying
dimensions of different tooling by assuming (for the sake of the programming) that all the
tools are identical. The actual size of the tool is totally ignored by the programmer who pro
grams the movement of the tools to exactly follow the profile of theworkpiece shape. Onc
tool geometry is loaded into the tool data table and the cutter compensation controls of tt
machine activated, the machine automatically compensates for the size of the tools in tt
programmed movements of the slide. In gage length programming, the tool length and to«
radius or diameter are included in the program calculations. Compensation is then use
only to account for minor variations in the setup dimensions and tool size.

0.0065
o= (N7
/ (\7 (BN
{ Adjustment Worn cutter
mode in the
0.0065 b X and Z axes

Fig. 6.

Customarily, the tool offset is used in the beginning of a program to initialize each indi-
vidual tool. Tool offset also allows the machinist to correct for conditions, such as tool
wear, that would cause the location of the cutting edge to be different from the pro
grammed location. For example, owing to wear, the tool tiign6is positioned a dis-
tance of 0.0065 inch from the location required for the work to be done. To compensate fc
this wear, the operator (or part programmer), by means of the CNC control panel, adjus
the tool tip with reference to thé andZ-axes, moving the tool closer to the work by
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0.0065 inch throughout its traverse. The tool offset number causes the position of the cutt
to be displaced by the value assigned to that offset number.

(B) S 0500" Cutter
(A) .0500

Fig. 7. Fig. 8.

Changes to the programmed positions of cutting tool tip(s) can be maoie lBngth
offsetprograms included in the control system. A dial or other means is generally providec
on milling, drilling, and boring machines, and machining centers, allowing the operator or
part programmer to override the programmed axia;axis, position. This feature is par-
ticularly helpful when setting the lengths of tools in their holders or setting a tool in a turret,
as shown irFig. 7, because an exact setting is not necessary. The tool can be set to a
approximate length and the discrepancy eliminated by the control system.

The amount of offset may be determined by noting the amount by which the cutter i
moved manually to a fixed point on the fixture or on the part, from the progradees
location. For example, iRig. 7, the programme#-axis motion results in the cutter being
moved to position A, whereas the required location for the tool is at B. Rather than resettin
the tool or changing the part program, the tool length offset amount of 0.0500 inch is keye
into the control system. The 0.0500-inch amount is measured by moving the cutter ti|
manually to position B and reading the distance moved on the readout panel. Thereafte
every time that cutter is brought into the machining position, the prograZvared loca-
tion will be overridden by 0.0500 inch.

Manual adjustment of the cutter center path to correct for any variance between nomin:
and actual cutter radius is calledtter compensatiofThe net effect is to move the path of
the center of the cutter closer to, or away from, the edge of the workpiece, as shigwn in
8. The compensation may also be handled via a tool data table.

When cutter compensation is used, itis necessary to include in the program a G41 code
the cutter is to be to the left of the part and a G42 code if to the right of the part, as shown
Fig. 8 A G40 code cancels cutter compensation. Cutter compensation with earlier harc
wire systems was expensive, very limited, and usually hel@.@999 inch. The range for
cutter compensation with CNC control systems can go as higB%s9999 inches,
although adjustments of this magnitude are unlikely to be required.

Minutes (and seconds) are
expressed as decimal parts of a
degree.

Cutter
Path \

Fig. 9.

Linear Interpolation.— The ability of the control system to guide the workpiece along a
straight-line path at an angle to the slide movements is called linear interpolation. Move
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ments of the slides are controlled through simultaneous monitoring of pulses by the contre
system. For example, if monitoring of the pulses fotfexis of a milling machine is at

the same rate as for thfeaxis, the cutting tool will move at a 45-degree angle relative to the
X-axis. However, if the pulses are monitored at twice the rate fot-thés as for théy-

axis, the angle that the line of travel will make with Xhaxis will be 26.57 degrees (tan-
gent of 26.57 degreed4}, as shown iifrig. 9. The data required are the distances traveled
in theX- andY-directions, and from these data, the control system will generate the straigh
line automatically. This monitoring concept also holds for linear motions along three axes
The required G-code for linear interpolation blocks is GO1. The code is modal, which
means that it will hold for succeeding blocks until it is changed.

Circular Interpolation.— A simplified means of programming circular arcs in one plane,
using one block of data, is called circular interpolation. This procedure eliminates the nee
to break the arc into straight-line segments. Circular interpolation is usually handled in on
plane, or two dimensions, although three-dimensional circular interpolation is described it
the Standards. The plane to be used is selected by a G or preparatoryf€igdé G 17

is used if the circle is to be formed in k€Y plane,

+Z
+Y
X = 1.1+
1.9 T B
. i
Yl 1.0 oW ‘
A J=03
le—1= 1,374?*
+X
1.8
Fig. 10. Fig. 11.

G18ifintheX-Zplane, and G19 if in thé-Z plane. Often the control system is preset for
the circular interpolation feature to operate in only one plane (e.¢;helane for mill-
ing machines or machining centers orXk€ plane for lathes), and for these machines, the
G-codes are not necessary.

A circular arc may be described in several ways. Originally, the RS-274 Standard spec
fied that, with incremental programming, the block should contain:

1) A G-code describing the direction of the arc, G02 for clockwise (CW), and G03 for
counterclockwise (CCW).

2) Directions for the component movements around the arc parallel to the axes. In th
example shown ifrig. 11, the directions ar¥ =+1.1 inches anf =+1.0 inch. The signs
are determined by the direction in which the arc is being generated. Her¥ doatfiare
positive.

3) The I dimension, which is parallel to theaxis with a value of 1.3 inches, and the J
dimension, which is parallel to théaxis with a value of 0.3 inch. These values, which
locate point A with reference to the center of the arc, are called offset dimensions. Th
block for this work would appear as follows:

N0025 G02 X011000 Y010000 1013000 JO03000
(The sequence number, N0025, is arbitrary.)

The block would also contain the plane selection (i.e., G17, G18, or G19), if this selectio

is not preset in the system. Most of the newer control systems allow duplicate words in th
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same block, but most of the older systems do not. In these older systems, it is necessary
insert the plane selection code in a separate and prior block, for example, N0O020 G17.

Another stipulation in the Standard is that the arc is limited to one quadrant. Therefore
four blocks would be required to complete a circle. Four blocks would also be required t
complete the arc shownkig. 12 which extends into all four quadrants.

When utilizing absolute programming, the coordinates of the end point are describec
Again fromFig. 11, the block, expressed in absolute coordinates, appears as:

N0055 G02 X01800 Y019000 1013000 JO03000

where the arc is continued from a previous block; the starting point for the arc in this blocl
would be the end point of the previous block.

+Y
11—+
“ 0.7+
+Y ? \
1.6
R=1.0
-X +X
l | 07
A B B
+X
-Y 22258
Fig. 12. Fig. 13.

The Standard still contains the format discussed, but simpler alternatives have bee
developed. The latest version of the Standard (RS-274-D) athuliple quadrant pro-
grammingin one block, by inclusion of a G75 word. In the absolute-dimension mode
(G90), the coordinates of the arc center are specified. In the incremental-dimension moc
(G91), the signed (plus or minus) incremental distances from the beginning point of the ar
to the arc center are given. Most system builders have introduced some variations on tt
format. One system builder utilizes the center and the end point of the arc when in an abs
lute mode, and might describe the block for going from A toBdn13as:

N0065 G75 G02 X2.5Y0.712.2J1.6

The land the Jwords are used to describe the coordinates of the arc center. Decimal-po
programming is also used here. A block for the same motion when programmed incremet
tally might appear as:

NO075 G75 G02 X1.1¥1.610.7 JO.7

This approach is more in conformance with the RS-274-D Standard in thaatitey
values describe the displacement between the starting and ending points (points A and
and the | and J indicate the offsets of the starting point from the center. Another and eve
more convenient way of formulating a circular motion block is to note the coordinates of
the ending point and the radius of the arc. Using absolute programming, the block for th
motion inFig. 13might appear as:

N0085 G75 G02 X2.5 Y0.7 R10.0

The starting point is derived from the previous motion block. Multiquadrant circular
interpolation is canceled by a G74 code.

Helical and Parabolic Interpolation.—Helical interpolation is used primarily for mill-
ing large threads and lubrication grooves, as showiginl4 Generally, helical interpo-
lation involves motion in all three axeX, (Y, Z) and is accomplished by using circular
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interpolation (G02 or G03) while changing the third dimension. Parabolic interpolation
(G06) is simultaneous and coordinated control of motion-such that the resulting cutter pat
describes part of a parabola. The RS-274-D Standard provides further details.

Subroutine.—A subroutine is a set of instructions or blocks that can be inserted into a pro-
gram and repeated whenever required. Parametric subroutines permit letters or symbols
be inserted into the program in place of numerical value®@®enetric Expressions and
Macrog. Parametric subroutines can be called during part programming and value:
assigned to the letters or symbols. This facility is particularly helpful when dealing with
families of parts.

A subprogram is similar to a subroutine except that a subprogram is not wholly containe
within another program, as is a subroutine. Subprograms are used when it is necessary
perform the same task frequently, in different programs. The advantage of subprograrn
over subroutines is that subprograms may be called by any other program, whereas the si
routine can only be called by the program that contains the subroutine.

There is no standard subroutine format; however, the example below is typical of a prc
gram that might be used for milling the three pockets shoWigirl5 In the example, the
beginning and end of the subroutine are indicated by the codes M92 and M93, respectivel
and M94 is the code that is used to call the subroutine. The codes M92, M93, and M94 a
not standardized (M-codes M90 through M99 are reserved for the user) and may be diffe
ent from control system to control system. The subroutine functions may use differen
codes or may not be available at all on other systems.

N0010 GO0 X.6 Y.85 Cutter is moved at a rapid traverse rate to a position
over the corner of the first pocket to be cut.

N0020 M92 Tells the system that the subroutine is to start in the
next block.

NO0030 G01 .25 F2.0 Cutter is moved axially into the workpiece 0.25 inch
at2.0ipm.

N0040 X.8 Cutter is moved to the right 0.8 inch.

N0050 Y.2 Cutter is moved laterally up 0.2 inch.

N0060 X-.8 Cutter is moved to the left 0.8 inch.

NO070Y.2 Cutter is moved laterally up 0.2 inch.

+Y

Fig. 14. Fig. 15.
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N0080 X.8 Cutter is moved to the right 0.8 inch.

N0090 GO0 Z.25 M93 Cutter is moved axially out of pocket at rapid traverse
rate. Last block of subroutine is signaled by word
M93.

N0100 X.75Y.5 Cutter is moved to bottom left-hand corner of second
pocket at rapid traverse rate.

N0110 M94 N0O030 Word M94 callls for repetition of the subroutine that

starts at sequence number NOO30 and ends at
sequence number N0O090.

N0120 GO0 X.2 ¥1.3 After the second pocket is cut by repetition of
sequence numbers NO030 through N0090, the cutter
is moved to start the third pocket.

N0130 M94 N0030 Repetition of subroutine is called for by word M94
and the third pocket is cut.

Parametric Expressions and Macros.—Parametric programming is a method whereby

a variable or replaceable parameter representing a value is placed in the machining co
instead of using the actual value. In this manner, a section of code can be used several
many times with different numerical values, thereby simplifying the programming and
reducing the size of the program. For example, if the values of X and Y in lines N0O04O tc
N008O of the previous example are replaced as follows:

NOO040 X#1
NOO50 Y#2
NO060 X#3
NOO70 Y#4

then the subroutine starting at line NOO30 is a parametric subroutine. That is, the numbe
following the # signs are the variables or parameters that will be replaced with actual val
ues when the program is run. In this example, the effect of the program changes is to allo
the same group of code to be used for milling pockets of different sizes. If on the othe
hand, lines N0O010, N0100, and N0120 of the original example were changed in a simila
manner, the effect would be to move the starting location of each of the slots to the locatic
specified by the replaceable parameters.

Before the program is run, the values that are to be assigned to each of the parameters
variables are entered as a list at the start of the part program in this manner:

#1=.8

#2=.2
#3=.8
#4=.2

All that is required to repeat the same milling process again, but this time creating a differ
ent size pocket, is to change the values assigned to each of the parameters #1, #2, #3, an
as necessary. Techniques for using parametric programming are not standardized and
not recognized by all control systems. For this reason, consult the programming manual «
the particular system for specific details.
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As with a parametric subroutine, macro describes a type of program that can be recalle
to allow insertion of finite values for letter variables. The difference between a macro anc
a parametric subroutine is minor. The term macro normally applies toa source prograr
that is used with computer-assisted part programming; the parametric subroutine is a fe
ture of the CNC system and can be input directly into that system.

Conditional Expressions.—}t is often useful for a program to make a choice between two
or more options, depending on whether or not a certain condition exists. A program ca
contain one or more blocks of code that are not needed every time the program is run, b
are needed some of the time. For example, refer to the previous program for milling thre
slots. An occasion arises that requires that the first and third slots be milled, but not the se
ond one. If the program contained the following block of code, the machine could be easil
instructed to skip the milling of the second slot:

N0095 IF [#5 EQ 0] GO TO N0120

In this block, #5 is the name of a variable; EQ is a conditional expression mequais;

and GO TO is a branch statement meaning resume execution of the program at the folloy
ing line number. The block causes steps NO100 and N0110 of the program to be skipped
the value of #5 (a dummy variable) is set equal to zero. If the value assigned to #5 is ar
number other than zero, the expression (#5 EQ 0) is not true and the remaining instructio
in block NO095 are not executed. Program execution continues with the next step, NO10
and the second pocket is milled. For the second pocket to be milled, parameter #5 is initia
ized at the beginning of the program with a statement such as #5 = 1 or #5 = 2. Initializin
#5 = 0 guarantees that the pocket is not machined. On control systems that automatica
initialize all variables to zero whenever the system is reset or a program is loaded, the se
ond slot will not be machined unless the #5 is assigned a nonzero value each time the p
gramis run.

Other conditional expressions are: NE = not equal to; GT = greater than; LT = less thar
GE = greater than or equal to; and LE = less than or equal to. As with parametric expre:
sions, conditional expressions may not be featured on all machines and techniques a
implementation will vary. Therefore, consult the control system programming manual for
the specific command syntax.

Fixed (Canned) Cycles.—Fixed (canned) cycles comprise sets of instructions providing
for a preset sequence of events initiated by a single command or a block of data. Fixe
cycles generally are offered by the builder of the control system or machine tool as part ¢
the software package that accompanies the CNC system. Limited numbers of canne
cycles began to appear on hardwire control systems shortly before their demise. Tt
canned cycles offered generally consist of the standard G-codes covering driling, boring
and tapping operations, plus options that have been developed by the system builder su
as thread cutting and turning cycles. ($keead CuttingandTurning Cycleg Some stan-

dard canned cycles included in RS-274-D are shown herewith. A block of data that migh
be used to generate the cycle functions is also shown above each illustration. Although t
G-codes for the functions are standardized, the other words in the block and the block fo
mat are not, and different control system builders have different arrangements. The blocl
shown are reasonable examples of fixed cycles and do not represent those of any particu
system builder.

The G81 block for a simple drilling cycle is:
N G81 X Y C D F EOB

N X Y EOB
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by ————ﬁB(X,Y)

c
1T
[ W/
), 1
\i/

D
This G81 drilling cycle will move the drill point from position A to position B and then
down to C at a rapid traverse rate; the drill point will next be fed from C to D at the pro-
grammed feed rate, then returned to C at the rapid traverse rate. If the cycle is to be repea
at a subsequent point, such as point E in the illustration, it is necessary Only to give th
required X and Y coordinates. This repetition capability is typical of canned cycles.

The G82 block for a spotfacing or drilling cycle with a dwell is:
N G82 X Y C D T F EOB

f
|
|

T 1
I_g_1
J F-X )
Previously

Drilled Hole &3 ~D
This G82 code produces a cycle that is very similar to the cycle of the G81 code except f
the dwell period at point D. The dwell period allows the tool to smooth out the bottom of
the counterbore or spotface. The time for the dwell, in seconds, is noted as a T-word.
The G83 block for a peck-drilling cyle is:
N G83 X Y C D K F EOB

|

In the G83 peck-drilling cycle, the drillis moved from point A to point B and then to point
C at the rapid traverse rate; the drill is then fed the incremental distance K, followed by
rapid return to C. Down feed again at the rapid traverse rate through the distance K is ne»
after which the drill is fed another distance K. The drill is thenrapid traversed back to C,
followed by rapid traverse for a distance of K; down feed to D follows before the drill
is rapid traversed back to C, to end the cycle.

The G84 block for a tapping cycle is:
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N G84 X Y C D F EOB

je

I ]

o

The G84 canned tapping cycle starts with the end of the tap being moved from point A t

point B and then to point C at the rapid traverse rate. The tap is then fed to point D, reverse
and moved back to point C.

The G85 block for a boring cycle with tool retraction at the feed rate is:
N G85 X Y C D F EOB

:

————9B

C
Feed Return
from D to C
D

In the G85 boring cycle, the tool is moved from point A to point B and then to point C at
the rapid traverse rate. The tool is next fed to point D and then, while still rotating, is move
back to point C at the same feed rate.

The G86 block for a boring cycle with rapid traverse retraction is:
N G86 X Y C D F EOB

1
| Rapid Return
1 from D to C

D

The G86 boring cycle is similar to the G85 cycle except that the tool is withdrawn at the
rapid traverse rate.

The G87 block for a boring cycle with manual withdrawal of the tool is:
N G87 X Y C D F EOB
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T
je
| Withdrawn
i Manually
D

In the G87 canned boring cycle, the cutting tool is moved from A to B and then to C at the
rapid traverse rate. The tool is then fed to D. The cycle is identical to the other boring cycle
except that the tool is withdrawn manually.

The G88 block for a boring cycle with dwell and manual withdrawal is:
N G88 X Y C D T F EOB

b Dwells at D

and Withdrawn
Manually

In the G88 dwell cycle, the tool is moved from A to B to C at the rapid traverse rate anc
then fed at the prescribed feed rate to D. The tool dwells at D, then stops rotating and
withdrawn manually.

The G89 block for a boring cycle with dwell and withdrawal at the feed rate is:
N G89 X Y C D T F EOB

A ____IB
'C

v
|
ps
Dwells at D

and Withdrawn

at Feedrate
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roTT T 3.1000 ---- 7"} Starting
L Point
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| 0.4000
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4th Pass

————————————— Part Centerline i

Fig. 16.

Turning Cycles.—Canned turning cycles are available from most system builders and are
designed to allow the programmer to describe a complete turning operation in one or a fe
blocks. There is no standard for this type of operation, so a wide variety of programs hav
developedFig. 16shows a hypothetical sequence in which the cutter is moved from the
start point to depth for the first pass. If incremental programming is in effect, this distance
is specified as D1. The depths of the other cuts will also be programmed as D2, D3, and
on. The length of the cut will be set by the W-word, and will remain the same with each
pass. The preparatory word that calls for the roughing cycle is G77. The roughing feed ra
is 0.03 ipr (inch per revolution), and the finishing feed rate (last pass) is 0.005 ipr. The
block appears as follows:

N00O54 G77 W=3.1 D1=.4 D2=.3 D3=.3 D4=.1 F1=.08 F2=.005

Thread Cutting.—Most NC lathes can produce a variety of thread types including con-
stant-lead threads, variable-lead threads (increasing), variable-lead threads (decreasin
multiple threads, taper threads, threads running parallel to the spindle axis, threads (spir
groove) perpendicular to the spindle axis, and threads containing a combination of the pri
ceding. Instead of the feed rate, the lead is specified in the threading instruction block, <
that the feed rate is made consistent with, and dependent upon, the selected speed (rpm
the spindle.

The thread lead is generally noted by either an I- or a K-word. The I-word is used if the
thread is parallel to thé-axis and the K-word if the thread is parallel toZkeis, the latter
being by far the most common. The G-word for a constant-lead thread is G33, for au
increasing variable-lead thread is G34, and for a decreasing variable-lead thread is G3
Taper threads are obtained by notingXh@ndZ-coordinates of the beginning and end
points of the thread if the G90 code is in effect (absolute programming), or the incremente
movement from the beginning point to the end point of the thread if the G91 code (incre
mental programming) is in effect.

NO0001 G91 (Incremental programming)

NO002 GO0 %-.1000 (Rapid traverse to depth)

NO003 G33 £1.0000 K.0625 (Produce a thread with a constant lead of
0.625 inch)

NO004 GO0 X.1000 (Withdraw at rapid traverse)

NO0005 Z1.0000 (Move back to start point)
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Lateral distance moved
in the -7 direction for

1.0000 inch ——‘ the start of each pass
Thread length =005 X tan 29.5

Start peint o]+ 0.0028
Withdraw |- = — — — — — —y_ Infeed (first pass) 0.00‘50?

+X

0.1000 inch e 29.5°
Lead F_ Infeed (second pass) Cutter
0.0625 inch 0.1050 inch
+Z
Fig. 17. Fig. 18.

Multiple threads are specified by a code in the block that spaces the start of the threa
equally around the cylinder being threaded. For example, if a triple thread is to be cut, th
threads will start 120 degrees apart. Typical single-block thread cutting utilizing a plunge
cutisillustrated ifrig. 17and shows two passes. The passes areidentical except for the dis
tance of the plunge cut. Builders of control systems and machine tools use different cod
words for threading, but those shown below can be considered typical. For clarity, botl
zeros and decimal points are shown.

The only changes in the second pass are the depth of the plunge cut and the withdraw
The blocks will appear as follows:

NO006 X-.1050

N0007 G33 Z 1.0000 K.0625

N0008 GO0 X.1050

NO0009 Z1.000

Compound thread cutting, rather than straight plunge thread cutting, is possible also, ar
is usually used on harder materials. As illustratétdgn18 the starting point for the thread
is moved laterally in the -Z direction by an amount equal to the depth of the cut times th
tangent of an angle that is slightly less than 30 degrees. The program for the second pas:
the example shown frig. 18is as follows:

N0006 X-.1050 Z-.0028

N0007 G33 Z 1.0000 K.0625

N0008 GO0 X.1050

N0009 Z1.0000

Fixed (canned), one-block cycles also have been developed for CNC systems to produ
the passes needed to complete a thread. These cycles may be offered by the builder of
control system or machine tool as standard or optional features. Subroutines also can ge
erally be prepared by the user to accomplish the same purpose (see Subroutine). A or
block fixed threading cycle might look something like:

N0048 G98 X-.2000 Z- 1.0000 D.0050 F.0010
where @8 = preparatory code for the threading cycle
X~-.2000 = total distance from the starting point to the bottom of the thread
Z-1.0000 = length of the thread
D.0050 = depths of successive cuts
F.0010 = depth(s) of the finish cut(s)

APT Programming

APT.—APT stands for Automatically Programmed Tool and is one of many computer
languages designed for use with NC machine tools. The selection of a computer-assist
part-programming language depends on the type and complexity of the parts bein
machined more than on any other factor. Although some of the other languages may |
easier to use, APT has been chosen to be covered in this book because itis a nonpropriet
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language in the public domain, has the broadest range of capability, and is one of the mc
advanced and universally accepted NC programming languages available. APT (or a vau
ation thereof) is also one of the languages that is output by many computer programs th
produce CNC part programs directly from drawings produced with CAD systems.

APT is suitable for use in programming part geometry from simple to exceptionally com-
plex shapes. APT was originally designed and used on mainframe computers, however,
is now available, in many forms, on mini- and microcomputers as well. APT has also bee
adopted as ANSI Standard X3.37and by the International Organization for Standardize
tion (ISO) as a standardized language for NC programming. APT is a very dynamic pro
gram and is continually being updated. APT is being used as a processor for par
programming graphic systems, some of which have the capability of producing an AP
program from a graphic screen display or CAD drawing and of producing a graphic display
on the CAD system from an APT program.

APT is a high-level programming language. One difference between APT and the
ANSI/EIA RS-274-D (G-codes) programming format discussed in the last section is tha
APT uses English like words and expressions to describe the motion of the tool or work
piece. APT has the capability of programming the machining of parts in up to five axes, an
also allows computations and variables to be included in the programming statements ¢
that a whole family of similar parts can be programmed easily. This section describes th
general capabilities of the APT language and includes a ready reference guide to the ba:
geometry and motion statements of APT, which is suitable for use in programming the
machining of the majority of cubic type parts involving two-dimensional movements.
Some of the three-dimensional geometry capability of APT and a description of its five-

dimensional capability are also included.

Section 0
Controls the information flow

PARTNO XXXX Section 1 Section 2 Section 3 Section 4
MACHIN/XXXX | [Converts Heart of APT Handles Converts to the
CUTTER/ .25 [|English-like 7| system. Performs| redundant || block data and
FROM/P1 part program geometry calcu-| | operations angl | format required
«y into computer lations. Output ig |axis shifts. by the machine
) (( language. Also| |center-line path tool/system
EINI checks for syn-| | of cutter or cutte combination.
tax errors in the |location (CLC), Referred to as
part program. described as postprocessor.
coordinate
points.

Tape output or
direct to machine
control system vig
DNC

As shown above, the APT system can be thought of comprising the input program, th
five sections 0 through IV, and the output program. The input program shown on the lef
progresses through the first four sections and all four are controlled by the fifth, section C
Section 1V, the postprocessor, is the software package that is added to sections Il and I1I
customize the output and produce the necessary program format (including the G-word
M-words, etc.) so that the coded instructions will be recognizable by the control system
The postprocessor is software that is separate from the main body of the APT program, b
for purposes of discussion, it may be easier to consider it as a unit within the APT progran
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APT Computational Statements.—Algebraic and trigonometric functions and compu-
tations can be performed with the APT system as follows:

Arithmetic Form| APT Form|| Arithmetic Form APT Form{ Arithmetic Form  APT Forrp
25x 25 25*25 252 25*+2 cos@ COSF@)
25+25 2525 25 25*n tan® TANF(6)
25+25 25+ 25 V25 SQRTF (25 arctan .5000 ATANF(.5
25-25 25-25 sind SINF@©)

Computations may be used in the APT system in two ways. One way is to let a facto
equal the computation and then substitute the factor in a statement; the other is to put t
computation directly into the statement. The following is a series of APT statements illus:
trating the first approach.

P1=POINT/0,0,1
T=(25*2/3+(3**2 - 1))
P2 =POINT/T,0,0
The second way would be as follows;
P1=POINT/0,0,1
P2 =POINT/(25*23+ (3**2 - 1)),0,0

Note:The parentheses have been used as they would be in an algebraic formula so tt
the calculations will be carried out in proper sequence. The operations within the inne
parentheses would be carried out first. It is important for the total number of left-hand
parentheses to equal the total number of right-hand parentheses; otherwise, the progr:
will fail.

APT Geometry Statements.—Before movements around the geometry of a part can be
described, the geometry must be defined. For example, in the statement GOTO/P1,
computer must know where P1 is located before the statement can be effective. P1 thel
fore must be described in a geometry statement, prior to its use in the motion stateme
GOTO/P1. The simplest and most direct geometry statement for a point is

P1 =POINT/X ordinate, Y ordinate, Z ordinate

If the Z ordinate is zero and the point lies on X3¢ plane, theZ location need not be
noted. There are other ways of defining the position of a point, such as at the intersection
two lines or where aline is tangent to a circular arc. These alternatives are described belo
together with ways to define lines and circles. Referring to the preceding statement, P1
known as a symbol. Any combination of letters and numbers may be used as a symbol pr
viding the total does not exceed six characters and at least one of themis a letter. MOUSI
would be an acceptable symbol, as would CAT3 or FRISBE. However, it is sensible to us
symbols that help define the geometry. For example, C1 or CIR3 would be good symbol
for a circle. A good symbol for a vertical line would be VL5.

Next, and after the equal sign, the particular geometry is noted. Here, itis a POINT. Thi
word is a vocabulary word and must be spelled exactly as prescribed. Throughout, th
designers of APT have tried to use words that are as close to English as possible. A sla
follows the vocabulary word and is followed by a specific description of the particular
geometry, such as the coordinates of the point P1. A usable statement for P1 might appe
as P1=POINT/1,5,4. The 1 would be ¥erdinate; the 5, th€ ordinate; and the 4, the
ordinate.

Lines as calculated by the computer are infinitely long, and circles consist of 360
degrees. As the cutter is moved about the geometry under control of the motion statemen
the lengths of the lines and the amounts of the arcs are “cut” to their proper size. (Some
the geometry statements shown in the accompanying illustrations for defining POINTS
LINES, CIRCLES, TABULATED CYLINDERS, CYLINDERS, CONES, and
SPHERES, in the APT language, may not be included in some two-dimensional [ADAPT]
systems.)
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Points
+Z Point in spe
ot in space +Y Intersection of two lines
+Y
L1
/ Pl
/
/ 2
St P3
L2
, yp
/S
+X +X
-Y
P1 = POINT/4, 5. 2
P2 = POINT/2, 2 P3=POINT/INTOF, L1. L2
Y Intersection of line and circle
(two possibilitics)
+y Intersection of two circles
Pl L1 (two possibilitics)
P2 C1
L1 Cl1
+X
P1
+X P2
P1 = POINT/XLARGE. INTOF, L1, C1 v (o
or =
Pr =POINT/YLARGE. INTOF. L1. C1 Pt = POINT/XSMALL, INTOF. C1. C2
P2 = POINT/XSMALL, INTOF, L1.C1 or
or P1 = POINT/YLARGE. INTOF, C1, C2
P2 = POINT/YSMALL., INTOF. Lt. C1 P2 = POINT/XLARGE. INTOF, C1. C2
The X and Y ordinates of Pr1 are larger or
than the X and Y ordinates of P2 P2 = POINT/YSMALL., INTOF, C1. C2
. . +Y .
Intersection of a radial Center of a circle
line and a circle
Pt
20°
- - C1
Cl1
+X
+X
P1=POINT/C1, ATANGL, 20 P1 = POINT/CENTER. C1
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Lines
Y Through two points 1Y The coordinates of two points
L1
7 —
P2
P1 e — —
| |
+X I L +X
5 10
L1 =LINE/P1, P2 L1 =LINE/s, 7. 10, 4
Through a point and
+Y parallel to another line Y Through a point and
perpendicular to another line
P1 L1
L1 P1
L2
L2
+X +X
L1 =LINE/P1, PARLEL, L2 L1 =LINE/P1, PERPTO, L2
A parallel line and a
perpendicular distance
+Y L1
Through a point and at an
L2 angle with X-axis
+Y
3
5o
L1
~ +X +30°
L1=LINE/PARLEL, L2, XSMALL., 3.50 Pi
or
L1 =LINE/PARLEL, L2. YLARGE, 3.50
L2 = LINE/PARLEL, L1, XLARGE, 3.50 +X
or
L2 =LINE/PARLEL, L1, YSMALL. 3.50 L1 = LINE/P1, ATANGL, 30
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Lines (Continued)

Through a point and at an

+Y

By an angle with the X-axis
and the intercept with the

Y angle with another line X-axis or the Y-axis
L1
+20°
+X
/5
2
2
L1=LINE/ATANGL. 20, INTERC.
7 +X XAXIS, 5
L1 = LINE/ATANGL, 20, INTERC.
L2 = LINE/P1. ATANGL, 35.5. L1 YAXIS, 2
Through a point and tangent to a
Y circle. Looking from the point
towards the circle
(two possibilities)
Tangent to two circles. Looking
il from the first circle noted in the
P1 statement towards the second
+Y  circle noted (four possibilities)
C1
L1
L2
L2
X ci 2
L1 =LINE/P1, LEFT. TANTO. C1 )
L2 = LINE/P1, RIGHT, TANTO, C1 L4
. +X
+Y Through a point and tangent or
perpendicular to a tabulated cylinder L1 = LINE/RIGHT. TANTO, C2.
LEFT, TANTO. C1
or
P1 L1 =LINE/RIGHT, TANTO, C1.
LEFT. TANTO, C2
L2 = LINE/LEFT, TANTO. C1.
LEFT. TANTO. C2
P3 or
P2 L1 L2 =LINE/RIGHT, TANTO. Cz.
RIGHT, TANTO, C1
L2 L3 =LINE/RIGHT, TANTO. C1.
Tab 1 RIGHT. TANTO, C2
+X

L1 =LINE/P1. TANTO, TABI1. P3
L1=LINE/P1, PERPTO. TAB1. P3

P2 and P3 are points close to the tangent p
of L1 and the intersection point of L2, therefol
cannot be end points of the tabulated cylinde

R

or
L3 =LINE/LEFT. TANTO, C2.
LEFT, TANTO. C1

L4 = LINE/LEFT,. TANTO. Cz,
RIGHT, TANTO, C1

or
L4=LINE/LEFT, TANTO, C1.
RIGHT, TANTO, C2
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Circles
The center of the circle The center of a circle
Y and the radius Y and a tangent line
6 - Cl
a L
L +X +X
5

C1=CIRCLE/s, 6, 2

or
C1=CIRCLE/s. 6,0, 2
(where 0 = Z ordinate)

or
C1=CIRCLE/CENTER, P1, RADIUS, 2

C1 = CIRCLE/CENTER, P1, TANTO. L1

The center of a circle and a
point on the circumference

+Y

Three points on a circle

+Y

P2 P1
P2
C1
Cl
P3
+X +X
C1=CIRCLE/CENTER, P1. P2 Cr=CIRCLE/P1. P2. P3
The center and a tangent The center and a tangent
+Y circle (two possibilities) +Y circle (two possibilities)
ONa
+X +X

C1 =CIRCLE/CENTER, P1, SMALL,
TANTO, C2

or
C3=CIRCLE/CENTER, P1, LARGE,
TANTO, C2

C1 =CIRCLE/CENTER, P1, SMALL,
TANTO, C2

or
C3=CIRCLE/CENTER, LARGE,
TANTO, C2
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Circles
Tangent to two intersecting lines,
given the radius (four possibilities)

Tangent to a line and a point on
+Y the circumference, given the radius
L2 (two possibilities)

C2
L1 +Y
C3
C1
R =0.75 typ.
Cc4

+X

C1 = CIRCLE/XLARGE, L2, YSMALL,
L1, RADIUS, .75

+X
or
C2 = CIRCLE/XLARGE, L2, YLARGE, C1 = CIRCLE/TANTO, L1, XSMALL, P1,
L1, RADIUS, .75 RADIUS, .5
or or
C3 = CIRCLE/XSMALL, L2, YLARGE, C2 = CIRCLE/TANTO, L1, XLARGE, P1,
L1, RADIUS, .75 RADIUS, .5
or if the point lies on the line, then:
C4q = CIRCLE/XSMALL, L2, YSMALL, C3 = CIRCLE/TANTO, L1, YLARGE, P2,
L1, RADIUS, .75 RADIUS, .5
The modifiers (XLARGE, etc.) are used or
to indicate which of the four circles is C4 = CIRCLE/TANTO, L1, YSMALL, P2,
wanted. RADIUS, .5

APT Motion Statements.—APT is based on the concept that a milling cutter is guided by
two surfaces when in a contouring mode. Examples of these surfaces are shiowh in

and they are called the “part” and the “drive” surfaces. Usually, the partsurface guides th
bottom of the cutter and the drive surface guides the side of the cutter. These surfaces m
or may not be actual surfaces on the part, and although they may be imaginary to the ps
programmer, they are very real to the computer. The cutter is either stopped or redirecte
by a third surface called a check surface. If one were to look directly down on these sul
faces, they would appear as lines, as showigis. 2athrough 2c.

Drive
Surface
\

Part
Surface

Fig. 1. Contouring Mode Surfaces
When the cutter is moving toward the check surface, it may move to it, onto it, or past it
as illustrated irfFig. 2a When the cutter meets the check surface, it may go right, denoted
by the APT command GORGT, or go left, denoted by the command GOLFiB. izh
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Alternatively, the cutter may go forward, instructed by the command GOFWDFas in

2c. The command GOFWD is used when the cutter is moving either onto or off a tanger
circular arc. These code instructions are part of what are called motion comRign@s.
shows a cutter moving along a drive surface, L1, toward a check surface, L2. When |
arrives at L2, the cutter will make a right turn and move along L2 and past the new chec
surface L3. Note that L2 changes from a check surface to a drive surface the moment tl
cutter begins to move along it. The APT motion statement for this move is:

GORGT/L2,PAST,L3

Contouring Cutter Movements

Check Check
Surface Surface

Check
Surface ON PAST I / X
\ 10 tcorwp Gorwp!
| ) &
t t ! Drive
/ 1\ /’1‘\ /’1‘\ Surface
oy D

Fig. 2c.

Fig. 3. Motion Statements for Movements Around a Workpiece

Still referring toFig. 3 the cutter moves along L3 until it comes to L4. L3 now becomes

the drive surface and L4 the check surface. The APT statement is:
GORGT/L3,TO,L4

The next statement is:

GOLFT/L4,TANTO,C1

Even though the cutter is moving to the right, it makes a left turn if one is looking in the
direction of travel of the cutter. In writing the motion statements, the part programmers
must imagine they are steering the cutter. The drive surface now becomes L4 and the che
surface, C1. The next statement will therefore be:

GOFWD/C1,TANTO,L5

This movement could continue indefinitely, with the cutter being guided by the drive,
part, and check surfaces.

Start-Up Statement§or the cutter to move along them, it must first be brought into con-
tact with the three guiding surfaces by means of a start-up statement. There are three diff
ent start-up statements, depending on how many surfaces are involved.

A three-surface start-up statement is one in which the cutter is moved to the drive, par
and check surfaces, as seeRi 4a A two-surface start-up is one in which the cutter is
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moved to the drive and part surfaces, d@sign 4h A one-surface start-up is one in which

NUMERICAL CONTROL

the cutter is moved to the drive surface andthéplane, wher& = 0, as irFig. 4¢ With

the two- and one-surface start-up statements, the cutter moves in the most direct path,
perpendicular to the surfaces. Referringigp 4dthree-surface start-up), the move is ini-
tiated from a point P1. The two statements that will move the cutter from P1 to the thre

surfaces are:

FROM/P1
GO/TO,DS,TO,PS, TO,CS

Circles

Tangent to a line and a circle, given
the radius (eight possibilities)

+Y

Tangent to two circles, given the
radius (eight possibilities)

+Y

R=0.75 typ.
’

C10' Cl1

+X

C1 = CIRCLE/YSMALL, L1, XLARGE,
OUT, C12, RADIUS, .5

C2 = CIRCLE/YLARGE, L1, XLARGE,
OUT, Ci2, RADIUS, .5

C3 = CIRCLE/YLARGE, L1, XLARGE,
IN, C12, RADIUS, .5

C4 = CIRCLE/YSMALL, L1, XLARGE,
IN, Ci2, RADIUS, .5

C5 = CIRCLE/YLARGE, L1, XSMALL,
OUT, Ci2, RADIUS, 5

C6 = CIRCLE/XLARGE, L1, XSMALL,
OUT, Ci2, RADIUS, .5

C7 = CIRCLE/YSMALL, L1, XSMALL,
OUT, Ci12, RADIUS, .5

C8 = CIRCLE/YSMALL, L1, XSMALL,
IN, C12, RADIUS, 5

Recommendations:

1. Note which side of line circle is on (e.g.,
YSMALL, L1).

2. Note whether the circle being defined is
inside (IN), or outside (OUT), the
known circle.

3. Of the two remaining circles, note
whether the circle to be defined is
XLARGE, XSMALL, or YLARGE or
YSMALL, to arrive at the second
modifier in the statement.

C1 = CIRCLE/YSMALL, OUT, C1o, OUT,
C11, RADIUS, .75

C2 = CIRCLE/YSMALL, OUT, Cio, IN,
Ci1, RADIUS, .75

C3 = CIRCLE/YSMALL, IN, Cio0, IN,
Ci1, RADIUS, .75

C4 = CIRCLE/YSMALL, IN, C1o0, OUT,
Cr1, RADIUS, .75

Cs = CIRCLE/YLARGE, IN, Cio, IN,
C11, RADIUS, .75

C6 = CIRCLE/YLARGE, OUT, Cro, IN,
Ci1, RADIUS, .75

C7 = CIRCLE/YLARGE, OUT, Cio, OUT,
Ci1, RADIUS, .75

C8 = CIRCLE/YLARGE, IN, Ci1o0, OUT,
C11, RADIUS, .75

Recommendations

1. Apply IN, OUT modifiers.

2. Apply XLARGE, etc., modifiers.
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DS is used as the symbol for the Drive Surface; PS as the symbol for the Part Surface; a
CS as the symbol for the Check Surface. The surfaces must be denoted in this sequen
The drive surface is the surface that the cutter will move along after coming in contact witf
the three surfaces. The two statements applicable to the two-surface Skagt-ap @re:

FROM/P1
GO/TO,DS,TO,PS

The one-surface start-uig. 49 is:

FROM/P1
GO/TO,DS
Planes
+Z
PL2 /
10
/)3
b — —— +X
/ PL1
/

Planes are often used as the part surface, A plane that is horizontal, or parallel to the
and are defined by three points not lying ina  X-Y plane, may be defined as:

traight li
straight fine PL1=PLANE/o, o, 1, 5 (0, 0, 1 does not
PL1=PLANE/PI1, P2, P3 change)

Alternatively, PL2 may be defined as a
plane parallel to PL1

PL2 = PLANE/PARLEL, PL1, ZLARGE, 1o

Cutter Movement Surfaces

+Z
Drive ,% P

Surface
(DS)

X-Y Plane

-y

Fig. 4a.

Fig. 4c.
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Tabulated Cylinder

+Z +Y
+Y

. TAB 1

P Pl py P3

+X +X

A tabulated cylinder is the line that is formed when an irregular cylinder intersects a plane. The

plane intersected in the figure at the left is the X-Y plane.

A section of the line can be defined by a series of points on the line, as seen at the right. This line

is called a TABCYL. The line must pass through all the points, therefore, it is best not to use too
many. The statement to the computer would read:

TAB1 = TABCYL/NOZ, SPLINE, P1, P2, P3, P4, Ps, P6
or

TAB1 = TABCYL/NOZ, SPLINE, X., Y., X2, Y2, X3, Y3, X4, Y4, X5, Y5, X6, Y6
(where X and Y are the coordinates of the points)

3-D Geometry

Cylinder
+Z +Y
\ x
P1 / ~
’ R=15
_ X, CL1
Nl +X
V2
Length of
vector = 1

A cylinder is defined by a vector, a point on the
centerline, and the radius

CL1 = CYLNDR/P1, V2, 1.5

where V2 is a unit vector in line with the cylinder
centerline, and is described by the X, ¥, and Z com-
ponents. The cylinder centerline lies on the X-Y
plane and is parallel to the Y-axis. The statement for
the vector is therefore:

V2 = VECTOR/X component, ¥ component, Z
component

V2 = VECTOR/o, 1, 0

Cone

P1

X
+X

A cone is defined by its vertex, its axis as a
vector, and the half angle (refer to cylinder for
example of a vector statement)

CON1 = CONE/P1,V1,45

nit

Sphere

+Z +Y

R=25
spt \-/

+X

A sphere is defined by the center and the rg

SP1 = SPHERE/P1, RADIUS, 2.5

or

SP1 = SPHEREI/5, 5, 3, 2.5 (where 5, 5, an
are theX, Y, andZ coordinates or P1, and 2.5 i
the radius)

dius

5
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GORGT/L2, PAST, L3

GORGT/L1, — T
TO, L2 q;

Ll Pl GOLFT/L4, TANTO, C1
~

@ - FROM/P1

GO/TO, L1, TO,PS

PS = Part Surface

/

P, ORI TAST. LT (—"Gorwb/c1, TANTO, Ls
@ L1 Extended

GOTO/P2

Fig. 5. A Completed Two-Surface Start-Up
Note that, in all three motion statements, the slash mark (/) lies between the GO and tf
TO. When the cutter is moving to a point rather than to surfaces, such as in a start-up, tl
statement is GOTO/ rather than GO/TO. A two-surface staffigp3 when completed,
might appear as shownfiig. 5 which includes the motion statements needed. The motion
statements, as they would appear in a part program, are shown at the left, below:

FROM/P1 FROM/P1
GO/TO,L1,TO,PS GOTO/P2
GORGT/L1,TO,L2 GOTO/P3
GORGT/L2,PAST,L3 GOTO/P4
GORGT/L3,TO,L4 GOTO/P5
GOLFT/L4,TANTO,C1 GOTO/P6
GOFWD/C1,TANTO,L5 GOTO/P7
GOFWD/L5,PAST,L1

GOTO/P2

GOTO statements can move the cutter throughout the range of the machine, as shown
Fig. 6. APT statements for such movements are shown at the right in the preceding exan
ple. The cutter may also be moved incrementally, as shokiig.i. Here, the cutter is to
move 2 inches in the X direction, 1 inch in the Y direction, and 1.5 inches in theZ
direction. The incremental move statement (indicated by DLTA) is:

GODLTA/2,1,1.5

The first position after the slash is tkenovement; the second tifenovement, and the

third, theZ movement.

Five-Axis MachiningMachining on five axes is achieved by causing the APT program
to generate automatically a unit vector that is normal to the surface being machined,
shown inFig. 8 The vector would be described byXtsY, andZ components. These com-
ponents, along with th€ Y, andZ coordinate positions of the tool tip, are fed into the post-
processor, which determines the locations and angles for the machine tool head and/
table.

APT Postprocessor Statements.-Statements that refer to the operation of the machine
rather than to the geometry of the part or the motion of the cutter about the part are calle
postprocessor statements. APT postprocessor statements have been standardized inte
tionally. Some common statements and an explanation of their meaning follow:
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MACHIN/Specifies the postprocessor that is to be used. Every postprocessor has ¢
identity code, and this code must follow the slash mark (/). For example:
MACHIN/LATH,82

FEDRATEDenotes the feed rate. If in inches per minute (ipm), only the number

+Z
+Z
l@\ @
@‘ ““p3 ‘@ “p1
s P4 P2
¥ o +Y
¥ —-X +X
@’ - P7
Ps - +X
Y e
/ X PR
iy -Y
-Y P6 -z
Fig. 6. A Series of GOTO Statements Fig. 7. Incremental Cutter Movement
Cutter Unit vector
Z along tool

axis

Y

Y-component
Z-component

Fig. 8. Five-Axis Machining

need be shown. If in inches per revolution (ipr), IPR must be shown, for example: FED:
RAT/.005,IPR

RAPIDMeans rapid traverse and applies only to the statement that immediately follows i

SPINDL/Refers to spindle speed. If in revolutions per minute (rpm), only the number neec
be shown. If in surface feet per minute (sfm), the letters SFM need to be shown, for exan
ple: SPINDL/ 100SFM

COOLNTMeans cutting fluid and can be subdivided into: COOLNT/ON,
COOLNT/MIST, COOLNT/FLOOD, COOLNT/OFF

TURRETMUsed to call for a selected tool or turret position
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Y
Lo
7 /2
’ / \\
‘ / L3 L\
| /
| N/ p L1 CL)7 X
T >
L*lJOOaFI.ZSOJ & — =%
P
+ L ] [j z
t
m ] X

Fig. 9. Symbols for Geometrical Elements
CYCLE/Specifies a cycle operation such as a drilling or boring cycle. An example of a
drilling cycle is: CYCLE/DRILL,RAPTO,.45,FEDTO,0,IPR,.004. The next statement
might be GOTO/PI and the drill will then move to P1 and perform the cycle operation. The
cycle will repeat until the CYCLE/OFF statement is read
END Stops the machine but does not turn off the control system

APT Example Program.—A dimensioned drawing of a part and a drawing with the sym-
bols for the geometry elements are showFign 9 A complete APT program for this part,
starting with the statement PARTNO 47F36542 and ending with FINI, is shown at the lef
below.

(1) PARTNO (1) PARTNO

(2) CUTTER/.25 (2) CUTTER/.25

(3) FEDRAT/5 (3) FEDRAT/5

(4) SP = POINT£S5, -5, .75 (4) SP = POINF/5,-5, .75
(5) P1=POINT/0, 0, 1 (5) P1=POINT/O0, 0, 1

(6) L1 =LINE/P1, ATANGL, O (6) L1 =LINE/P1, ATANGL, O

(7) C1=CIRCLE/(1.708 1.250), (7) C1 = CIRCLE/(1.706 1.250), .250, .250
250, .250

(8) C2=CIRCLE/1.700, 1.950, 5 (8) C2 = CIRCLE/1.700, 1.950, .5

(9) L2 = LINE/RIGHT, TANTO,  (9) L2 = LINE/RIGHT, TANTO, C1, RIGHT,
C1, RIGHT, TANTO, C2 TANTO, C2

(10) L3 =LINE/P1, LEFT, TANTO, (10) L3 =LINE/P1, LEFT, TANTO, C2
c2

(11) FROM/SP (11) FROM/SP

(12) GOITO, L1 (12) FRO-.500 -.5000 7500
M

(13) GORGT/L1, TANTO, C1 (13) GOITO/, L1

(14) GOFWD/C1, TANTO, L2 (14) GT -.5000 -.1250 .0000
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(15) GOFWD/L2, TANTO, C2 (15) GORGT/L1, TANTO, C1

(16) GOFWD/C2, TANTO, L3 (16) GT 29500  -.1250 .0000
(17) GOFWDIL3, PAST, L1 (17) GOFWD/C1, TANTO, L2
(18) GOTO/SP (18) CIR 2.9500 2500  .3750 CCLW
(19) FINI (19) 3.2763 4348 .0000
(20) GOFWD/L2, TANTO, C2
(21) GT  2.2439 2.2580 .0000
(22) GOFWD/C2, TANTO, L3
(23) CIR 1.700  1.9500  .6250 CCLW
(24) 1.1584 2.2619 .0000
(25) GOFWD/L3, PAST, L1
(26) GT -.2162 -.1250 .0000
(27) GOTOISP
(28) GT  -.5000 -.5000 7500
(29) FINI

The numbers at the left of the statements are for reference purposes only, and are not f
of the program. The cutter is set initially at a point represented by the symbol SP, havin
coordinateX =-0.5,Y =-0.5,Z = 0.75, and moves to L1 (extended) with a one-surface
start-up so that the bottom of the cutter rests oKHYgplane. The cutter then moves coun-
terclockwise around the part, past L1 (extended), and returns to SP. The coordinates of |
areX=0,Y=0,andZ=1.

Referring to the numbers at the left of the program:
(1) PARTNO must begin every program. Any identification can follow.
(2) The diameter of the cutter is specified. Here itis 0.25 inch.

(3) The feed rate is given as 5 inches per minute, which is contained in a postprocess
statement.

(4)—(10) Geometry statements.
(11)—(18) Motion statements.
(19) All APT programs end with FINI.

A computer printout from section Il of the APT program is shown at the right, above.
This program was run on a desktop personal computer. Lines (1) through (10) repeat tt
geometry statements from the original program. The motion statements are also repeate
and below each motion statement are showKtheandZ coordinates of the end points of
the center-line (CL) movements for the cutter. Two lines of data follow those for the circu-
lar movements. For example, Line (18), which follows Line (17),
GOFWD/C1,TANTO,L2, describes ticoordinate of the center of the arc, 2.9500Ythe
coordinate of the center of the arc, 0.2500, and the radius of the arc required to be travers
by the cutter.

This radius is that of the arc shown on the part print, plus the radius of the cutter (0.250
+0.1250 = 0.3750). Line (18) also shows that the cutter is traveling in a counterclockwist
(CCLW) motion. A circular motion is described in Lines (22), (23), and (24). Finally, the
cutter is directed to return to the starting point, SP, and this command is noted in Line (27
TheX, Y, andZ coordinates of SP are shown in Line (28).



NUMERICAL CONTROL 1279

APT for Turning.— In its basic form, APT is not a good program for turning. Although
APT is probably the most suitable program for three-, four-, and five-axis machining, it is
awkward for the simple two-axis geometry required for lathe operations. To overcome thi
problem, preprocessors have been developed especially for lathe part programming. Tl
statements in the lathe program are automatically converted to basic APT statementsin t
computer and processed by the regular APT processor. An example of a lathe prograr
based on the APT processor and made available by the McDonnell Douglas Automatio
Co., is shown below. The numbers in parentheses are not part of the program, but are us
only for referenceFig. 10shows the general set-up for the part, Bigd 11shows an
enlarged view of the part profile with dimensions expressed along what wouldXe the
andY-axes on the part print.

+X

20 |
1

N

=

i -
v -
L -
' -
s
i
3]
-"—\—— -4 - - - - +Z
Origin
Chuck
Fig. 10. Setup for APT Turning
+X
Clearance
Depth of Cut [g
+Z
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(1) PARTNO LATHE EXAMPLE

(2) MACHIN/MODEL LATHE

3) T1= TOOL/FACE, 1, XOFF1, YOFF,-6, RADIUS, .031

(4) BLANK1= SHAPE/FACE, 3.5, TURN, 2

(5) PART1 = SHAPE/FACE, 3.5, TAPER, 3.5, .5, ATANGL45, TURN, 1,$
FILLET, .25 FACE, 1.5 TURN, 2

(6) FROM/(20-1), (15-6)

@ LATHE/ROUGH, BLANK1, PART1, STEP, .1, STOCK, .05,$
SFM, 300, IPR, .01, T1

() LATHE/FINISH, PART1, SFM, 400, IPR, .005, T1

) END

(10) FINI

Line (3) describes the tool. Here, the tool is located on face 1 of the turret and it4 tip is
inch “off” (offset) in theX direction and-6 inches “off” in theY direction, when consider-
ing X-Y rather tharX-Z axes. The cutting tool tip radius is also noted in this statement.
Line (4) describes the dimensions of the rough material, or blank. Lines paralleXto the
axis are noted as FACE lines, and lines parallel t@4ves are noted as TURN lines. The
FACE line (LN1) is located 3.5 inches along #exis and parallel to th§-axis. The
TURN line (LN2) is located 2 inches above #haxis and parallel to it. Note thatfiigs.
10and11, theX-axis is shown in a vertical position and Hiexis in a horizontal position.
Line (5) describes the shape of the finished part. The term FILLET is used in this statemel
to describe a circle that is tangent to the line described by TURN, 1 and the line that i
described by FACE, 1.5. The $ sign means that the statement is continued on the next lir
These geometry elements must be contiguous and must be described in sequence. Line
specifies the position of the tool tip at the start of the operation, relative to the point of ori-
gin. Line (7) describes the roughing operation and notes that the material to be roughed o
lies between BLANK1 and PART1,; that the STEP, or depth of roughing cuts, is to be 0.1
inch; that 0.05 inch is to be left for the finish cut; that the speed is to be 300 sfm and the fee
rate is to be 0.01 ipr; and that the tool to be used is identified by the symbol T1. Line (8
describes the finish cut, which is to be along the contour described by PART1.

Indexable Insert Holders for NC.—Indexable insert holders for numerical control
lathes are usually made to more precise standards than ordinary holders. Where applicat
reference should be made to American National Standard B212.3-1986, Precision Holde
for Indexable Inserts. This standard covers the dimensional specifications, styles, and de
ignations of precision holders for indexable inserts, which are defined as tool holders the
locate the gage insert (a combination of shim and insert thicknesses) from the back or fro
and end surfaces to a specified dimension witB.@03 inch£ 0.08 mm) tolerance. In NC
programming, the programmed path is that followed by the center of the tool tip, which is
the center of the point, or nose radius, of the insert. The surfaces produced are the result
the path of the nose and the major cutting edge, so itis necessary to compensate for the n
or point radius and the lead angle when writing the progFabie, from B212.3, gives the
compensating dimensions for different holder styles. The reference point is determined b
the intersection of extensions from the major and minor cutting edges, which would be th
location of the point of a sharp pointed tool. The distances from this point to the nose radit
areL1 andD1; L2 andD2 are the distances from the sharp point to the center of the nose
radius. Threading tools have sharp corners and do not require a radius compensation. Ott
dimensions of importance in programming threading tools are also giele 2 the

data were developed by Kennametal, Inc.
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Table 1. Insert Radius CompensationANSI B212.3-1986
Square Profile
Turning 18 Lead Angle
Rad. L-1 L-2 D-1 D-2
B Stylet Yea .0035| .0191| .0009 .011
Also Applies
to R Style | Yo .0070 | .0383| .0019 .022
Foa .0105 | .0574| .0028 .033
Y .0140 | .0765| .0038 .0441
Turning 45 Lead Angle
¢ Rad. | L-1 L-2 D-1 | D-2
F oL
D Style, b:2 ‘] %, | .0065]| .0221] .0065 0
Also Applies i_L
to S Style il %, | .0129| .0442| .0129 0
L \ys“‘ 1 %, | .0194| .0663| .0194 0
Y .0259 | .0884| .0259 0
Facing 18 Lead Angle
Rad L-1 L-2 D-1 D-2
Yea .0009 | .0110| .0035 .019
K Stylex,
Yo .0019 | .0221| .0070 .038:
Foa .0028 | .0331| .0105 .0574
% | 0038 | .0442| .0140 .076%
Triangle Profile
Turning @ Lead Angle
c Rad. L-1 L-2 D-1 D-2
Yeu .0114 | .0271 0 .0154
G Style,
Y .0229 | .0541 0 .0312
N .0343 | .0812 0 .0469
Y .0458 | .1082 0 .0625
Turning and Facing P3_ead Angle
Rad L-1 L-2 D-1 D-2
B Style; Yeu .0146 | .0302| .0039 .008
Also Applies
to R Style %, | -0291| .0604| .0078 .0163
l N .0437 | .0906| .0117 .024
Y .0582 | .1207| .0156 .0324
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Table 1.(Continued)nsert Radius CompensationANSI B212.3-1986
Triangle Profile(continued)
Facing 90 Lead Angle
—*¢ Rad. | L-1 | L2 | D1 | D2
0 .0156 | .0114( .0271
F Syl Foe o
' 70 L.zj S % 0 | .0312| .0229| .0541
I s
0 .0469 | .0343( .0812
E s
p2pd % | 0 | .0625| .0458| .1082
Turning & Facing 8 Lead Angle
C Rad. L-1 L-2 D-1 D-2
F Yea .0106 | .0262| .0014 .017
J Style; D2
4 i Y .0212 | .0524| .0028 .034
P4 12 ¥ + ¥ .0318 | .0786| .0042 .051
L 6
Y%, | .0423| .1048| .0056 .068
80° Diamond Profile
Turning & Facing 0 Lead Angle
Rad. L-1 L-2 D-1 D-2
Yea .0030 | .0186 0 .0156
G Styley,
Yo .0060 | .0312 0 .0312
Fa .0090 | .0559 0 .0469
Y6 .0120 | .0745 0 .0625
Turning & Facing
— 5° Reverse Lead Angle
Rad. L-1 L-2 D-1 D-2
Yeu .0016 | .0172| .0016 .017%
L Style?, D-2
{ | Yo .0031 | .0344| .0031 .0344
° .0047 | .0516| .0047] .051
o ::‘ s s_t’ . | 00 0516| .00 051
L % | .0062 | .0688| .0062 .068%
Facing O Lead Angle
C
Rad. L-1 L-2 D-1 D-2
0 % 0 [ .0156| .0030| .018§
F Style, D-2
jﬁ Yo 0 .0312 | .0060| .0372
| i % 0 | .0469| .0090| .0559
b1 ::L— L-1 Ys 0 .0625 | .0120 .0745
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Table 1.(Continued)nsert Radius CompensationANSI B212.3-1986

80° Diamond Profilgcontinued)

Turning 15 Lead Angle

F Rad. | L1 | L2 | D1 | D2
D1 % | 0011 | .0167| 0003 .011]
R Styley L
= ] % | 0022 | .0384| .0008 0234
D2 L'l\f %, | .0032| .0501| .0004 .035
L-2—+ 15
- ¢ % | 0043 | .0668| .0012 .0468

Facing 15 Lead Angle

Rad. L-1 L-2 D-1 D-2

Yeu .0003 | .0117| .0011 .0161

K Stylex,

Yo .0006 | .0234| .0022 .0334
Fa .0009 | .0351| .0032 .050
Y6 .0012 | .0468| .0043 .0668
55° Profile
Profiling 3 Reverse Lead Angle
¢ Rad. L-1 L-2 D-1 D-2
i D2 Yea .0135 | .0292| .0015 .017%
I Suie, Yo .0271| .0583| .0031 .034
DTI_TEI t—m ?Fi_» Fa .0406 | .0875| .004g6 .051
L1 % | .0541| .1166| .0062 .0681
35° Profile
Profiling 3 Reverse Lead Angle
J Stylé; ¢ Rad. L-1 L-2 D-1 D-2

Negative rake

holders have %, | 0330 .0487| .0026/ .018%
&°
back rake and Yo .0661 | .0973| .0051 .0364
&°
side rake Foa .0991 | .1460| .0077 .054¢
Y6 1322 | .1947| .0103 .072
Profiling 5° Lead Angle
Rad. L-1 L-2 D-1 D-2
Yo .0324 | .0480| .0042 .019:
L Style;,

Yoo .0648 | .0360| .0086 .039
N .0971 | .1440| .0128 .0591
Y6 1205 | .1920| .0170  .079%
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aL-1 andD-1 over sharp point to nose radius; &r@ andD-2 over sharp point to center of nose
radius. Thé-1 dimension for thB, E,D, M, P, S T, andV style tools are over the sharp point of insert
to a sharp point at the intersection of a line on the lead angle on the cutting edge of the inse@t and the
dimension. Thé&-1 dimensions oK style tools are over the sharp point of insert to sharp point inter-
section of lead angle afddimensions.

All dimensions are in inches.

Table 2. Threading Tool Insert Radius Compensation for NC Programming

Threading
Insert
Size T R u Y X z
2 %, Wide .040 .075 .040 .024 .140
3 % Wide .046 .098 .054 .031 .183
4 ¥, Wide .053 128 .054 .049 .239
5 % Wide .099 .190
Buttress Threading 29° Acme 60° V-Threading S
3°
' /-1
G €. O <
\: >: N N A
% \ J J
i
U
»‘ L z »“» X 4—“~— R JL Y e omkc
NTB-B NTB-A NA NTF NT

All dimensions are given in inches.
Courtesy of Kennametal, Inc.
The C andF characters are tool holder dimensions other than the shank size. In all

instances, th€ dimension is parallel to the length of the shank an# timension is par-
allel to the side dimension; actual dimensions must be obtained from the manufacturer. F
all K style holders, th€ dimension is the distance from the end of the shank to the tangent
point of the nose radius and the end cutting edge of the insert. For all other holders, the
dimension is from the end of the shank to a tangent to the nose radius of the indert. The
dimension on all B, D, E, M, P, and V style holders is measured from the back side of th
shank to the tangent point of the nose radius and the side cutting edge of the insert. For
A, F, G, J, K, and L style holders, tRelimension is the distance from the back side of the
shank to the tangent of the nose radius of the insert. In all these designs, the nose radiu:
the standard radius corresponding to those given in the para@métpig Point Configu-
ration on page’32

V-Flange Tool Shanks and Retention Knobs.-Bimensions of ANSI B5.18-1972
(R1998) standard tool shanks and corresponding spindle noses are detailed 82@ages
through 924 and are suitable for spindles used in milling and associated machines. Corre
sponding equipment for higher-precision numerically controlled machines, using reten
tion knobs instead of drawbars, is usually made to the ANSI/ASME B5.50-1985 standarc
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Essential Dimensions of V-Flange Tool Shank8NSI/ASME B5.50-1985

jo——8 P—={ No alterations
le— D to OM

A 0002

»ﬁl_r
v @M@

g

G
| OH

20.375 dia.
T0.015 DP.

60 deg. + 15 deg. n
0.005 | A
v g

0.002 | A

_— L both sides M)

Ro.020 70000 i @R over
W ’ N S 0.2813 & pins

TR
IS S rin

p——Y —=
A B c D E F G H J K
Tolerancq £0.005 | £0.010 | Min. [ * 9213 UNC 28 £0.010 | 0.002 | 3992 | *0-900
Size Gage Dia
30 1250 | 1875| o0188] 109 0516 0500013 151  Lg12 0135  0p40
40 1750 | 2687| o0183] 114 0641 062511 22]9 2500 0485 0890
45 2250 | 3250| 0188 150 0766 075010 2969 3250 1435 140
50 2750 | 4000| 0250 17% 1.03] 1000[8 3594 3875 1485  1.B90
60 4250 | 6375| 0312 228 128] 12507 52]9 5500 2435 2140
A L M N B R 5 T z
Tolerancd  +0.001 | +0.005 fg:ggg Min. | $0.002 | +0.010 “,fl'gt fg:ggg
Size Gage Dia
30 1250 | 0645 | 1250| 0030] 138 217 0590 0640  1.2b0
40 1750 | 0645 | 1750| 0060] 138  2.86 0720 0840  1.750
45 2250 | 0770 | 2250| 0090] 138 361 0850 1090  2.2b0
50 2750 | 1020 | 2750| o0090] 138 423 1125 1330  2.7k0
60 4250 | 1020 | 4250| 0720 | 1500 | 5683 | 1375 204| 4.250

Notes: Taper tolerance to be 0.001 in. in 12 in. applied in direction that increases rate of taper. Geo-
metric dimensions symbols are to ANSI Y14.5M-1982. Dimensions are in inches. Deburr all sharp
edges. Unspecified fillets and radii to be G:@BO1@R, or 0.03t 0.010x 45 degrees. Data for size 60
are not part of Standard. For all sizes, the values for dimensi@iak+ 0.005) are 0.579: for (tol.
+0.010), 0.440; fow (tol. + 0.002), 0.625; foX (tol. + 0.005), 0.151; and fof (tol. + 0.002), 0.750.
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ANSI/ASME B5.50-1985

Essential Dimensions of V-Flange Tool Shank Retention Knobs

1 [0.002]|4[~—E—*

T

te—F—l l=1-G

oK

Pitch dia.
35 deg.
A B c D E F
Size/ UNC 2A +0.005 +0.005 +0.040 +0.005 +0.005
Totals - - - - -
30 0.500-13 0.520 0.385 1.10 0.460 0.320
40 0.625-11 0.740 0.490 1.50 0.640 0.440
45 0.750-10 0.940 0.605 1.80 0.820 0.580
50 1.000-8 1.140 0.820 230 1.000 0.700
60 1.250-7 1.460 1.045 3.20 1.500 1.080
G H J K L v R
Size/ +0.000 +0.010
T +0.010 +0.010 +0.010 om0 +0.040 o o0e
0.65
30 0.04 0.10 0.187 oea 053 0.19 0.094
0.94
40 0.06 0.12 0.281 099 0.75 0.22 0.094
1.20
45 0.08 0.16 0.375 T 1.00 0.22 0.094
50 0.10 0.20 0.468 bt 125 025 0.125
2.14
60 0.14 0.30 0.500 o 1.50 0.31 0.125

Notes: Dimensions are in inches. Material

: low-carbon steel. Heat treatment: carburize and harden
to 0.016 to 0.028 in. effective case depth. Hardness of noted surfaces to be Rockwell 56-60; core

hardness Rockwell C35-45. Haleshall not be carburized. SurfadesindR to be free from tool

marks. Deburr all sharp edges. Geometric dimension symbols are to

ANSI Y14.5M-1982. Data for size 60 are not part of Standard.
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CAD/CAM

CAD/CAM.— CAD in engineering means computer-aided design using a computer
graphics system to develop mechanical, electrical/electronic, and architectural designs.
second D (CADD) is sometimes added (computer-aided drafting and design) and simpl
indicates a mechanical drafting or drawing program. CAD technology is the foundation for
a wide variety of engineering, design, drafting, analysis, and manufacturing activities
Often a set of drawings initially developed in the design phase of a project is also used fc
analyzing and optimizing the design, creating mechanical drawings of parts and assen
blies and for generating NC/CNC part programs that control machining operations. For
merly, after a component had been designed with CAD, the design was passed to a p.
programmer who developed a program for machining the components, either manually ¢
directly on the computer (graphic) screen, but the process often required redefining an
reentering part geometry. This procedure is often regarded as the CAM part of CAD/CAM
although CAM (for computer-aided manufacturing) has a much broader meaning ant
involves the computer in many other manufacturing activities such as factory simulatior
and planning analyses. Improvements in the speed and capability of computers, operatil
systems, and programs (including, but not limited to CAD) have simplified the process of
integrating the manufacturing process and passing drawings (revised, modified, and tran
lated, as necessary) through the design, analysis, simulation, and manufacturing stages

A CAD drawing is a graphic representation of part geometry data stored in a drawing
database file. The drawing database generally contains the complete list of entity (line, ar
etc.) and coordinate information required to build the CAD drawing, and additional infor-
mation that may be required to define solid surfaces and other model characteristics. T}
format of data in a drawing file depends on the CAD program used to create the file. Ger
erally, drawings are not directly interchangeable between drawing programs, howevel
drawings created in one system can usually be translated into an intermediate format or fi
type, such as DXF, that allows some of the drawing information to be exchanged betwee
different programs. Translation frequently results in some loss of detail or loss of othe
drawing information because the various drawing programs do not all have the same fe
tures. The section Drawing Exchange Standards covers some of the available methods
transferring drawing data between different CAD programs.

Fig. 1. Simple Wireframe Cube with Hidden Lines Automatically Removed

The simplest CAD drawings are two-dimensional and conform to normal engineering
drafting practice showing orthographic (front, top, and side views, for example), exploded
isometric, or other views of a component. Depending on the complexity of the part anc
machining requirements, two-dimensional drawings are often sufficient for use in devel
oping NC/CNC part programs. If a part can be programmed within a two-dimensional
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CAD framework, a significant cost saving may be realized because 3-D drawings requir:
considerably more time, drawing skill, and experience to produce than 2-D drawings.

Wireframesare the simplest two- and three-dimensional forms of drawing images and
are created by defining all edges of a part and, where required, lines defining surface
Wireframe drawing elements consist primarily of lines and arcs that can be used in pract
cally any combination. A wireframe drawing of a cube, d&dn1, consists of 12 lines of
equal length (some are hidden and thus not shown), each perpendicular to the others. Inf
mation about the interior of the cube and the character of the surfaces is not included in tl
drawing. With such a system, if a 1-inch cube is drawn and a 0.5-inch cylinder is requiret
to intersect the cube's surface at the center of one of its faces, the intersection points can
be determined because nothing is known about the area between the edges. A wirefrau
model of this type is ambiguous if the edges overlap or do not meet where they should. Hic
den-line removal can be used to indicate the relative elevations of the drawing element
but normally a drawing cannot be edited when hidden lines have been removed. Hidde
lines can be shown dashed or can be omitted from the view.

Two-dimensional drawing elements, such as lines, arcs, and circles, are constructed |
directly or indirectly specifying point coordinates, usualndy, that identify the loca-
tion, size, and orientation of the entities. Three-dimensional drawings are also made up
a collection of lines, arcs, circles, and other drawing elements and are stored in a simil:
manner. A third point coordinate,indicates the elevation of a point in 3-D drawings. On
the drawing screen, working in tkey plane, the elevation is commonly thought of as the
distance of a point or object into the screen (away from the observer) or out of the viewin
screen (toward the observer). Coordinate axes are oriented according to the right-hat
rule: If the fingers of the right hand point in the direction from the positasds to the pos-
itive y-axis, the thumb of the right hand points in the direction of the pogitixes.

Assigning a thickness (or extruding) to objects drawn in two dimensions quickly gives
some 3-D characteristics to an object and can be used to create simple prismatic 3-
shapes, such as cubes and cylinders. Usually, the greatest difficulty in creating 3-D drav
ings is in picking and visualizing the three-dimensional points in a two-dimensional work-
space (the computer display screen). To assist in the selection of 3-D points, many CA
programs use a split or windowed screen drawing area that can simultaneously show di
ferent views of a drawing. Changes made in the current or active window are reflected i
each of the other windows. A typical window setup might show three orthogonal (mutually
perpendicular) views of the drawing and a perspective or 3-D view. Usually, the views
shown can be changed as required to suit the needs of the operator.

If carefully constructed, wireframe images may contain enough information to com-
pletely define the external geometry of simple plane figures. Wireframe images are espe
cially useful for visualization of 3-D objects and are effectively used during the design
process to check fits, clearances, and dimensional accuracy. Parts designed to be ut
together can be checked for accuracy of fit by bringing them together in a drawing, supe
imposing the images, and graphically measuring clearances. If the parts have bee
designed or drawn incorrectly, the errors will frequently be obvious and appropriate cor:
rections can be made.

A more complicated level of 3-D drawing involves solids, with sections of the part being
depicted on the screen as solid geometrical structures called primitives, such as cylindel
spheres, and cubes. Primitives can be assembled on a drawing to show more complex pa
Three distinct forms of image may be generated by 3-D systems, although not all systen
make use of all three.

Surface ImagesA surface image defines not only the edges of the part, but also the
“skin” of each face or surface. For the example mentioned previously, the intersection fo
the 0.5-inch cylinder would be calculated and drawn in position. Surface models are nece
sary for designing free-form objects such as automotive body panels and plastics injectic
moldings used in consumer goods. For a surface model, the computer must be providt
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with much more information about the part in addition toxhe z coordinates defining
each point, as in a wireframe. This information may include tangent vectors, surface noi
mals, and weighting that determines how much influence one point has on another, twist
and other mathematical data that define abstract curves, for ingt@n@shows a typical

3-D surface patch.

Shaded imagesay be constructed using simulated light sources, reflections, colors, anc
textures to make renderings more lifelike. Surface images are sometimes ambiguous, wi
surfaces that overlap or miss each other entirely. Information about the interior of the par
such as the center of gravity or the volume, also may not be available, depending on tt
CAD package.

Fig. 2. A 3-D Surface Patch Fig. 3. Isometric Drawing Showing Orientation of
Principle Drawing Axes

Solid ImagesA solid image is the ultimate electronic representation of a part, containing
all the necessary information about edges, surfaces, and the interior. Most solid-imagin
programs can calculate volume, center of mass, centroid, and moment of inertia. Sever
methods are available for building a solid model. One method is to perform Boolean opet
ations on simple shapes such as cylinders, cones, cubes, and blocks. Boolean operati
are used to union (join), difference (subtract one from another), and intersect (find the
common volume between two objects). Thus, making a hole in a part requires subtractin
a cylinder from a rectangular block. This type of program is called constructive solid
geometry (CSG).

The boundary representation type of imaging program uses profiles of 2-D shapes that
extrudes, rotates, and otherwise translates in 3-D space to create the required solid. Sor
times combinations of the above two programs are used to attain a blend of flexibility
accuracy, and performance. For more precision, greatly increased time is needed for calc
lations, so compromises sometimes are needed to maintain reasonable productivity. So
images may be sliced or sectioned on the screen to provide a view of the interior. This tyf
of image is also useful for checking fit and assembly of one part with another.

Solid images provide complete, unambiguous representation of a part, but the progran
require large amounts of computer memory. Each time a Boolean operation is performet
the list of calculations that must be done to define the model becomes longer, so that cor
putation time increases.

Drawing Projections.—Several different techniques are used to display objects on paper
or a computer screen to give an accurate three-dimensional appearance. Several of th
methods are commonly used in CAD drawings.

Isometric drawingsas inFig. 3 can be used to good effect for visualizing a part because
they give the impression of a 3-D view and are often much faster to create. Isometric drav
ings are created in 2-D space, withxhandy-axes being inclined at 30 degrees to the hor-
izontal, as shown ifrig. 3 and thez-axis as vertical. Holes and cylinders in isometric
drawings become elliptical. Because of the orientation okthe, andz-axes, the true
length of lines may not be accurately represented in isometric drawings and dimensior
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should not be taken directly from a print. Some CAD programs have a special set of pre
defined drawing axes to facilitate creating isometric drawings.

In parallel projectionsjines that are parallel in an object, assembly, or part being por-
trayed remain parallel in the drawing. Parallel projections show 3-D objects in a dimen:
sionally correct manner, so that relative and scaled dimensions may be taken directly frol
a drawing. However, drawings may not appear as realistic as isometric or perspectiv
drawings.

A characteristic gperspective drawings that parallel lines converge (3&g. 4) so that
objects that are farther away from the observer appear smaller. Perspective drawing tec
niques are used in some three-dimensional drawings to convey the true look of an obje
or group of objects. Because objects in perspective drawings are not drawn to scale, dime
sional information cannot be extracted from the drawings of a part. Some 3-D drawinc
packages have a true perspective drawing capability, and others use a simulation technic
to portray a 3-D perspective.

An axonometric projectiors a 3-D perpendicular projection of an object onto a surface,
such that the object is tilted relative to its normal orientation. An axonometric projection of
acube, as iRig. 1, shows three faces of the cube. CAD systems are adept at using this typ
of view, making it easy to see an object from any angle.
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Fig. 4. Perspective Drawing of Three Equal- . L
Size Cubes and Construction Lines Fig. 5. A Common Positioning Error

Drawing Tips and Traps.—Images sometimes appear correct on the screen but contain
errors that show up when the drawing is printed or used to produce NC/CNC part pro
grams. IrFig. 5, the two lines within the smaller circle appear to intersect at a corner, but
when the view of the intersection is magnified, as in the larger circle, it is clear that the line
actually do not touch. Although an error of this type may not be easily visible, other parts
placed in the drawing relative to this part will be out of position.

A common problem that shows up in plotting, but is difficult to detect on the screen,
comes from placing lines in the same spot. When two or more lines occupy exactly th
same location on the screen, there is usually no noticeable effect on the display. Howeve
when the drawing is plotted, each line is plotted separately, causing the single line visibl
to become thicker and darker. Likewise, if a line that appears continuous on the screen
actually made up of several segments, plotting the line will frequently result in a broken
marred, or blotted appearance to the line because the individual segments are plotted se
rately, and at different times. To avoid these problems and to get cleaner looking plots
replace segmented lines with single lines and avoid constructions that place one lin
directly on top of another.

Exact decimal values should be used when entering point coordinates from the keyboar
if possible; fractional sizes should be entered as fractions, not truncated decimals. F
example 7 should be entered as 0.3125/grnot 0.313. Accumulated rounding errors
and surprises later on when parts do not fit are thus reduced. Drawing dimensions, on tl
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other hand, should not have more significant digits or be more precise than necessatr
Unnecessary precision in dimensioning leads to increased difficulty in the productior
stage because the part has to be made according to the accuracy indicated on the drawil

Snapandobject snapcommands make selecting lines, arcs, circles, or other drawing
entities faster, easier, and more accurate when picking and placing objects on the scres
Snap permits only points that are even multiples of the snap increment to be selected by t
pointer. A¥%inch snap setting, for example, will allow points to be picked at exgdtigh
intervals. Set thenap incremertb the smallest distance increment (1%in., 1 ft., etc.)
being used in the area of the drawing under construction and reset the snap increment fi
quently, if necessary. The snap feature can be turned off during a command to override tl
setting or to select points at a smaller interval than the snap increment allows. Some sy
tems permit setting a different snap value for each coordinate axis.

Theobject snayselection mode is designed to select points on a drawing entity according
to predefined characteristics of the entity. For example, if end-point snap is in effect, pick
ing a point anywhere along a line will select the end point of the line nearest the poin
picked. Object snap modes include point, intersection, midpoint, center and quadrants
circles, tangency point (allows picking a point on an arc or circle that creates a tangent to
line), and perpendicular point (picks a point that makes a perpendicular from the base poil
to the object selected). When two or more object snap modes are used together, the nea
point that meets the selection criteria will be chosen. Using object snap will greatly reduct
the frequency of the type of problem showfrig. 5

Copy:Once drawn, avoid redrawing the same object. It is almost always faster to copy
and modify a drawing than to draw it again. The basic copy commands are: copy, arra)
offset, and mirror. Use these, along with move and rotate and the basic editing commanc
to modify existing objects. Copy and move should be the most frequently used command
If possible, create just one instance of a drawing object and then copy and move it to cree
others.

To create multiple copies of an object, usedbgy, multiplefeature to copy selected
objects as many times as required simply by indicating the destination poingsrae
command makes multiple copies of an object according to a regular pattern. The rectang
lar array produces rows and columns, and the polar array puts the objects into a circul.
pattern, such as in a bolt circf@ffsetcopies an entity and places the new entity a specified
distance from the original and is particularly effective at placing parallel lines and curves
and for creating concentric copies of closed shdgiesor creates a mirrorimage copy of
an object, and is useful for making right- and left-hand variations of an object as well as fo
copying objects from one side of an assembly to the other. In some CAD programs, a sy
tem variable controls whether text is mirrored along with other objects.

Many manufacturers distribute drawings of their product lines in libraries of CAD draw-
ings, usually as DXF files, that can be incorporated into existing drawings. The suitability
of such drawings depends on the CAD program and drawing format being used, the skill c
the technician who created the drawings, and the accuracy of the drawings. A typice
exampleFig. 6, shows a magnetically coupled actuator drawing distributed by Tol-O-
Matic, Inc. Libraries of frequently used drawing symbols and blocks are also available
from commercial sources.

Create Blocks of Frequently Used Obje@sice created, complete drawings or parts of
drawings can be saved and later recalled, as needed, into another drawing. Such objects
be scaled, copied, stretched, mirrored, rotated, or otherwise modified without changing th
original. When shapes are initially drawn in unit size (i.e., fitting withirr & $quare) and
saved, they can be inserted into any drawing and scaled very easily. One or more individu
drawing elements can be saved as a group elemdsinabs; that can be manipulated in a
drawing as a single element. Block properties vary, depending on the drawing progran
but are among the most powerful features of CAD. Typically, blocks are uniquely namec
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and, as with simple objects, may be saved in a file on the disk. Blocks are ideal for creatin
libraries of frequently used drawing symbols. Blocks can be copied, moved, scaled ver
easily, rotated, arrayed, and inserted as many times as is required in a drawing and man
ulated as one object. When scaled, each object within the block is also scaled to the sa
degree.

MGS100-100 C(SHOWN WITH 1.00° STROKE)

OPTIONAL REED o
ord MOLNTING RA

ELHM SWITCH ADD STROKE ¢-1.00)

OPTIONAL PROXIMITY
SWITCH

Fig. 6. Manufacturer's Drawing of a Magnetically Coupled Actu&ou(tesy of Tol-O-Matic, Ing.

When a family of parts is to be drawn, create and block a single drawing of the part the
fits within a unit cube of convenient size, such aslx 1. When the block is inserted in a
drawing, it is scaled appropriately in they-, andz-directions. For exampléinch bolts
can be drawn 1 inch long in tkedirection and¥inch in diameter in thg-z plane. If a 5-
inch bolt is needed, insert the “bolt” block with a scale of 5 ixttlieection and a scale of
1 in they- andz-directions.

Once blocked, the individual components of a block (lines, arcs, circles, surfaces, an
text, for example) cannot be individually changed or edited. To edit a block, a copy
(instance) of the block must e&plodedunblocked) to divide it into its original compo-
nents. Once exploded, all the individual elements of the block (except other blocks) can k
edited. When the required changes have been made, the block must be redefined (re
clared as a block by giving it a name and identifying its components). If the block is rede
fined using the same name, any previous references to the block in the drawing will b
updated to match the redefined block. For example, an assembly drawing is needed tt
shows a mechanical frame with 24 similar control panels attached to it. Once one of th
panels is drawn and defined as a block (using the R&NEL for instance), the block can
be inserted (or copied) into the drawing 24 times. Later, if changes need to be made to tl
panel design, one instance of the bIB&{NELcan be exploded, modified, and redefined
with the namd®ANEL WhenPANELis redefined, every other copy of tRANELblock
in the drawing is also redefined, so every codyARELin the drawing is updated. On the
other hand, if the block was redefined with a different nameP#eyEL 1, existing copies
of PANELremain unchanged. When redefining a block that already exists in the drawing
be sure to use the same insertion point that was used for the original definition of the blocl
otherwise, the positions of existing blocks with the same name will be changed.

Use of Text Attributes to Request Drawing Information Automaticedlyt attributes
are a useful method for attaching textual information to a particular part or feature of ¢
drawing. An attribute is basically a text variable that has a name and can be assignec
value. Attributes are created by defining attribute characteristics such as a name, locatic
in the drawing, text size and style, and default value. The attribute value is assigned whe
the attribute is inserted into a drawing as part of a block.

Fig. 7shows two views of a title block for size A to C drawing sheets. The upper figure
includes the title block dimensions (included only for reference) and the names and loce
tions of the attributes (COMPANY, TITLEL, TITLE2, etc.). When a block containing text
attributes is inserted in a drawing, the operator is asked to enter the value of each attribu
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To create this title block, first draw the frame of the title block and define the attributes
(name, location and default value for: company name and address, drawing titles [2 lines
drawing size, drawing number, revision number, scale, and sheet number). Finally, crea
and name a block containing the title frame and all the attribute definitions (do not include
the dimensions).
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Fig. 7. Title Block for A to C Size Drawing Sheets Showing the Placement of Text Attributes. The Lower
Figure Shows the Completed Block

When the block is inserted into a drawing, the operator is asked to enter the attribute va
ues (such as company name, drawing title, etc.), which are placed into the title block at t
predetermined location. The lower parfad. 7shows a completed title block as it might
appear inserted in a drawing. A complete drawing sheet could include several addition:
blocks, such as a sheet frame, a revision block, a parts list block, and any other suppleme
tary blocks needed. Some of these blocks, such as the sheet frame, title, and parts |
blocks, might be combined into a single block that could be inserted into a drawing at on
time.

Define a Default Drawing Configuratio®rawing features that are commonly used in a
particular type of drawing can be set up in a template file so that frequently used setting
such as text and dimension styles, text size, drawing limits, initial view, and other defaul
settings, are automatically set up when a new drawing is started. Different configuration
can be defined for each frequently used drawing type, such as assembly, parts, or print
circuit drawings. When creating a new drawing, use one of the template files as a pattern
open a template file and use it to create the new drawing, saving it with a new name.

Scaling DrawingsNormally, for fast and accurate drawing, it is easiest to draw most
objects full scale, or with a 1:1 scale. This procedure greatly simplifies creation of the ini-
tial drawing, and ensures accuracy, because scale factors do not need to be calculated.
becomes necessary to fit a large drawing onto a small drawing sheet (for example, to fit
15x 30 inch assembly onto a %117 inch, B-sized, drawing sheet), the drawing sheet can
be scaled larger to fit the assembly size. Likewise, large drawing sheets can be scaled do
to fit small drawings. The technique takes some practice, but it permits the drawing asser
bly to be treated full scale. If editing is required at a later date (to move something or add
hole in a particular location, for example), changes can be made without rescaling an
dimensions can be taken directly from the unscaled drawing on the computer.

Scaling Text on Drawing Sheelsis usually desirable that text, dimensions, and a few
other features on drawings stay a consistent size on each sheet, even when the drawing
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is very different. The following procedure ensures that text and dimensions (other feature
as well, if desired) will be the same size, from drawing to drawing without resorting to scal-
ing the drawing to fit onto the drawing sheet.

Create a drawing sheet having the exact dimensions of the actual sheet to be output (A,
C, D, or E size, for example). Use text attributes, such as the title block illustritgdin
to include any text that needs to be entered each time the drawing sheet is used. Creat
block of the drawing sheet, including the text attributes, and save the block to disk. Repe:
for each size drawing sheet required.

Establish the nominal text and dimension size requirements for the drawing sheet when
is plotted full size (1:1 scale). This is the size text that will appear on a completed drawing
UseTable las a guide to recommended text sizes of various drawing features.

Table 1. Standard Sizes of Mechanical Drawing LetteringANSI Y14.2M-1992

Inch Metric
Min. Letter Min. Letter
Use For Heights, (in) Drawing Size|| Heights, (mm) Drawing Size
Drawing title, drawing size, CAGE Code, drayv- 0.24 D,E,FRH,J K 6 A0, A1
ing number, and revision letter 0.12 A, B, C,G 3 A2, A3, A4
Section and view letters 0.24 All 6 All
Zone letters and numerals in borders 0.24 Al 6 Al
Drawing block headings 0.10 Al 25 All
All other characters 0.12 Al 3 All

aWhen used within the title block.

Test the sheet by setting the text size and dimension scale variables to their nominal v
ues (established above) and place some text and dimensions onto the drawing sheet. Pl
copy of the drawing sheet and check that text and dimensions are the expected size.

To use the drawing sheet, open a drawing to be placed on the sheet and insert the sh
block into the drawing. Scale and move the sheet block to locate the sheet relative to tt
drawing contents. When scaling the sheet, try to use whole-number scale factors (3:1, 4:
etc.), if possible; this will make setting text size and dimension scale easier later on. Set tt
text-size variable equal to the nominal text size multiplied by the drawing sheet insertior
scale (for example, for 0.24 text height on a drawing sheet scaled 3:1, the text-size variab
will be setto 3 0.24 = 0.72). Likewise, set the dimension-scale variable equal to the nom-
inal dimension size multiplied by the drawing sheet insertion scale.

Once the text size and dimensions scale variables have been set, enter all the text ¢
dimensions into the drawing. If text of another size is needed, multiphetihaominal
text size by the sheet scale to get the actual size of the text to use in the drawing.

Use Appropriate DetailExcessive detail may reduce the effectiveness of the drawing,
increase the drawing time on individual commands and the overall time spent on a drav
ing, and reduce performance and speed of the CAD program. Whenever possible, syr
bolic drawing elements should be used to represent more complicated parts of a drawir
unless the appearance of that particular component is essential to the drawing.

Drawing everything to scale often serves no purpose but to complicate a drawing an
increase drawing time. The importance of detail depends on the purpose of a drawing, b
detail in one drawing is unnecessary in another. For example, the slot size of a screw he
(length and width) varies with almost every size of screw. If the purpose of a drawing is tc
show the type and location of the hardware, a symbolic representation of a screw is usual
all that is required. The same is generally true of other screw heads, bolt threads, bolt he
diameters and width across the flats, wire diameters, and many other hardware features.
Drawing Exchange Standards.—T he ability to transfer working data between different
CAD, CAD/CAM, design analysis, and NC/CNC programs is one of the most important
requirements of engineering drawing programs. Once an engineer, designer, draftsman,
machinist enters relevant product data into his or her machine (computer or machine tool
the information defining the characteristics of the product should be available to the other
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involved in the project without recreating or reentering it. In view of manufacturing goals
of reducing lead time and increasing productivity, concurrent engineering, and improvec
product performance, interchangeable data are a critical component in a CAD/CAM pro
gram. Depending on the requirements of a project, it may be entirely possible to transfe
most if not all of the necessary product drawings from one drawing system to another.

IGESstands for Initial Graphics Exchange Specification and is a means of exchanging o
converting drawings and CAD files for use in a different computer graphics system. The
concept is shown diagrammaticallyRig. 8 Normally, a drawing prepared on the com-
puter graphics system supplied by company A would have to be redrawn before it woul
operate on the computer graphics system supplied by company B. However, with IGES
the drawing can be passed through a software package called a preprocessor that conv
it into a standardized IGES format that can be stored on a magnetic disk. A postprocess
at company B is then used to convert the standard IGES format to that required for the
graphics system. Both firms would be responsible for purchasing or developing their owr
preprocessors and postprocessors, to suit their own machines and control systems. Alm
all the major graphics systems manufacturing companies today either have or are develo
ing IGES preprocessor and postprocessor programs to convert software from one syste
to another.

Preprocessor Postprocessor
Software Software
\ /
Graphics \ Floppy / Graphics
(Sjystem @ Diee I:> System
ompany A Company B
Fig. 8.

DXF stands for Drawing Exchange Format and is a pseudo-standard file format used fc
exchanging drawings and associated information between different CAD and design ana
ysis programs. Nearly all two- and three-dimensional CAD programs support some sort C
drawing exchange through the use of DXF files, and most can read and export DXF files
There are, however, differences in the drawing features supported and the manner in whi
the DXF files are handled by each program. For example, if a 3-D drawing is exported ir
the DXF format and imported into a 2-D CAD program, some loss of information results
because all the 3-D features are not supported by the 2-D program, so that most attempts
make a transfer between such programs fail completely. Most common drawing entitie
(lines, arcs, etc.) will transfer successfully, although other problems may occur. For exarn
ple, drawing entities that are treated as a single object in an original drawing (such a
blocks, hatch patterns, and symbols) may be divided into hundreds of individual compo
nents when converted into a DXF file. Consequently, such a drawing may become muc
more difficult to edit after it is transferred to another drawing program.

ASCllIstands for American Standard Code for Information Interchange. ASCII is a code
system that describes the manner in which character-based information is stored in a col
puter system. Files stored in the ASCII format can be transferred easily between compu
ers, even those using different operating systems. Although ASCII is not a drawing file
format, many CAD drawing formats (DXF and IGES, for example) are ASCII files. In
these files, the drawing information is stored according to a specific format using ASCI|
characters. ASCI! files are often referred to as pure text files because they can be read a
edited by simple text editors.

HPGL,for Hewlett-Packard Graphics Language, is a format that was first developed for
sending vector- (line-) based drawing information to pen plotters. The formatis commonly
used for sending drawing files to printers and plotters for printing. Because HPGL is ¢
character-based format (ASCII), it can be transferred between computers easily. Noi
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mally, devices that recognize the HPGL format can print the files without using the pro-
gram on which the file (a drawing, for example) was created.

STLis a CAD drawing format that is primarily used to send CAD drawinggpid auto-
mated prototypingnachines. STL is a mnemonic abbreviation for stereo-lithography, the
technique that is used to create three-dimensional solid models directly from computel
generated drawings and for which the drawing format was originally developed. Most pro.
totyping machines use 3-D CAD drawing files in STL format to create a solid model of the
part represented by a drawing.

STEPstands for Standard for Exchange of Product Model Data and is a series of existin
and proposed ISO standards written to allow access to all the data that surround a produ
It extends the IGES idea of providing a geometric data transfer to include all the other dat
that would need to be communicated about a product over its lifetime, and facilitates th
use and accessibility of the product data. Although STEP is a new standard, software toc
have been developed for converting data from the IGES to STEP format and from STEP
IGES.

Rapid Automated Prototyping.—Rapid automated prototyping is a method of quickly
creating an accurate three-dimensional physical model directly from a computerized cor
ception of the part. The process is accomplished without machining or the removal of an
material, but rather is a method of building up the model in three-dimensional space. Th
process makes it possible to easily and automatically create shapes that would be diffict
or impossible to produce by any other method. Currently, production methods are able t
produce models with an accuracy tolerance: 6f005 inch. Models are typically con-
structed of photoreactive polymer resins, nylon, polycarbonate or other thermoplastics
and investment casting wax. The model size is limited by the capability of the modeling
machines to about 1 cubic foot at the present, however, large models can be built in se
tions and glued or otherwise fastened together.

Much of the work and a large part of the cost associated with creating a physical model b
rapid prototyping are in the initial creation of the CAD model. The model needs to be a 3
D design model, built using wireframe, surface, or solid CAD modeling techniques. Many
full-featured CAD systems support translation of drawing files into the STL format, which
is the preferred file format for downloading CAD models to rapid prototyping machines.
CAD programs without STL file format capability can use the IGES or DXF file format.
This process can be time-consuming and expensive because additional steps may have
be taken by the service bureau to recreate features lost in converting the IGES or DXF fil
into STL format. If the design file has to be edited by a service bureau to recreate surface
lost in the translation, unwanted changes to the model may occur, unnoticed. The safe
route is to create a CAD model and export it directly into the STL format, leaving little
chance for unexpected errors. Reverse STL generators are also available that will display
file saved in STL format or convert it into a form that can be imported into a CAD program.

DNC.—DNC stands for Direct Numerical Control and refers to a method of controlling
numerical control machines from a remote location by means of a link to a computer o
computer network. In its simplest form, DNC consists of one NC or CNC machine linked
by its serial port to a computer. The computer may be used to develop and store CNC ps
programs and to transfer part programs to the machine as required. DNC links are normal
two-directional, meaning that the NC/CNC can be operated from a computer terminal an
the computer can be operated or ordered to supply data to the NC/CNC from the machine
control panel.

The number of machines that can be connected to a DNC network depends on the n
work's capability; in theory, any number of machines can be attached, and controlled. Th
type of network depends on the individual DNC system, but most industry standard net
work protocols are supported, so DNC nodes can be connected to existing networks ve
easily. Individual NC/CNC machines on a network can be controlled locally, from a net-
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work terminal in another building, or even from a remote location miles away through
phone or leased lines.

Machinery Noise.—Noise from machinery or other mechanical systems can be con-
trolled to some degree in the design or development stage if quantified noise criteria a
provided the designer. Manufacturers and consumers may also use the same informatior
deciding whether the noise generated by a particular machine will be acceptable for a sp
cific purpose.

Such criteria for noise may be classified into three types: 1) those relating to the degre
of interference with speech communications; 2) those relating to physiological damage t
humans, especially their hearing; and 3) those relating to psychological disturbances |
people exposed to noise.

Sound Level Specificatioridpise criteria generally are specified in some system of
units representing sound levels. One commonly used system specifies sound levels in un
called decibels on the “A” scale, written dBA. The dBA scale designates a sound level sys
tem weighted to match human hearing responses to various frequencies and loudness. |
example, to permit effective speech communication, typical criteria for indoor maximum
noise levels are: meeting and conference rooms, 42 dBA, private offices and small meetir
rooms, 38 to 47 dBA, supervisors' offices and reception rooms, 38 to 52 dBA, large office:
and cafeterias, 42 to 52 dBA; laboratories, drafting rooms, and general office areas, 47
56 dBA; maintenance shops, computer rooms, and washrooms, 52 to 61 dBA; control ar
electrical equipmentrooms, 56 to 66 dBA; and manufacturing areas and foremen’s office:
66 dBA. Similarly, there are standards and recommendations for daily permissible time
of exposure at various steady sound levels to avoid hearing damage. For a working shift
8 hours, a steady sound level of 90 dBA is the maximum generally permitted, with marke
reduction in allowable exposure times for higher sound lévels.

Measuring Machinery Noise.—The noise level produced by a single machine can be
measured by using a standard sound level meter of the handheld type set to the dBA sce
However, when other machines are running at the same time, or when there are other ba
ground noises, the noise of the machine cannot be measured directly. In such cases, t
measurements, taken as follows, can be used to calculate the noise level of the individu
machine. The meter should be held at arm's length and well away from any bystanders
avoid possible significant error up to 5 dBA.

Step 1. Atthe point of interest, measure the total ndjse decibels; that is, measure the
noise of the shop and the machine in question when all machines are running; Step 2. Tu
off the machine in question and meadBirthe remaining background noise level; Step 3.
CalculateM, the noise of the machine aloives= 10log o[10(T19) — 10/10),

Example 1With a machine running, the sound level meter reads 51 decibels as the tote
shop noisd; and with the machine shut off the meter reads 49 decibels as the remainin
background noisB. What is the noise lev® of the machine aloné® = 10log j[10(¥10)

— 104910)] = 46.7 decibels dBA.

Example 2tf in Example 1 the remaining background noise |é&las 41 decibels
instead of 49, what is the noise level of the machine alre20log [10(6¥10) - 1(4¥10)
=50.5 decibels dBA.

Note:From this example it is evident that when the background noiseBéapproxi-
mately 10 or more decibels lower than the total noise [Emetasured at the machine in
guestion, then the background noise does not contribute significantly to the sound level ;
the machine and, for practical purpodds; T and no calculation is required.

* After April 1983, if employee noise exposures equal or exceed an 8-hour, time-weighted average
sound level of 85 dB, OSHA requires employers to administer an effective hearing conservation pro-
gram.
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