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CEMENTED CARBIDES

Cemented Carbides and Other Hard Materials

Carbides and Carbonitrides.—Though high-speed steel retains its importance for such
applications as drilling and broaching, most metal cutting is carried out with carbide tools.
For materials that are very difficult to machine, carbide is now being replaced by carboni-
trides, ceramics, and superhard materials. Cemented (or sintered) carbides and carboni-
trides, known collectively in most parts of the world as hard metals, are a range of very
hard, refractory, wear-resistant alloys made by powder metallurgy techniques. The minute
carbide or nitride particles are “cemented” by a binder metal that is liquid at the sintering
temperature. Compositions and properties of individual hardmetals can be as different as
those of brass and high-speed steel.

All hardmetals are cermets, combining ceramic particles with a metallic binder. It is
unfortunate that (owing to a mistranslation) the term cermet has come to mean either all
hardmetals with a titanium carbide (TiC) base or simply cemented titanium carbonitrides.
Although no single element other than carbon is present in all hard-metals, it is no accident
that the generic term is “tungsten carbide.” The earliest successful grades were based on
carbon, as are the majority of those made today, as listed in Table 1.

The outstanding machining capabilities of high-speed steel are due to the presence of
very hard carbide particles, notably tungsten carbide, in the iron-rich matrix. Modern
methods of making cutting tools from pure tungsten carbide were based on this knowl-
edge. Early pieces of cemented carbide were much too brittle for industrial use, but it was
soon found that mixing tungsten carbide powder with up to 10 per cent of metals such as
iron, nickel, or cobalt, allowed pressed compacts to be sintered at about 1500°C to give a
product with low porosity, very high hardness, and considerable strength. This combina-
tion of properties made the materials ideally suitable for use as tools for cutting metal.

Cemented carbides for cutting tools were introduced commercially in 1927, and
although the key discoveries were made in Germany, many of the later developments have
taken place in the United States, Austria, Sweden, and other countries. Recent years have
seen two “revolutions” in carbide cutting tools, one led by the United States and the other
by Europe. These were the change from brazed to clamped carbide inserts and the rapid
development of coating technology.

When indexable tips were first introduced, it was found that so little carbide was worn
away before they were discarded that a minor industry began to develop, regrinding the so-
called “throwaway” tips and selling them for reuse in adapted toolholders. Hardmetal con-
sumption, which had grown dramatically when indexable inserts were introduced, leveled
off and began to decline. This situation was changed by the advent and rapid acceptance of
carbide, nitride, and oxide coatings. Application of an even harder, more wear-resistant
surface to a tougher, more shock-resistant substrate allowed production of new genera-
tions of longer-lasting inserts. Regrinding destroyed the enhanced properties of the coat-
ings, so was abandoned for coated tooling.

Brazed tools have the advantage that they can be reground over and over again, until
almost no carbide is left, but the tools must always be reset after grinding to maintain
machining accuracy. However, all brazed tools suffer to some extent from the stresses left
by the brazing process, which in unskilled hands or with poor design can shatter the carbide
even before it has been used to cut metal. In present conditions it is cheaper to use index-
able inserts, which are tool tips of precise size, clamped in similarly precise holders, need-
ing no time-consuming and costly resetting but usable only until each cutting edge or
corner has lost its initial sharpness (see Indexable Inserts and related topics starting on
page 730 and Indexable Insert Holders for NC on page 1280. The absence of brazing
stresses and the “one-use” concept also means that harder, longer-lasting grades can be
used.
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Table 1. Typical Properties of Tungsten-Carbide-Based Cutting-Tool Hardmetals

A complementary development was the introduction of ever-more complex chip-break-
ers, derived from computer-aided design and pressed and sintered to precise shapes and
dimensions. Another advance was the application of hot isostatic pressing (HIP), which
has moved hardmetals into applications that were formerly uneconomic. This method
allows virtually all residual porosity to be squeezed out of the carbide by means of inert gas
at high pressure, applied at about the sintering temperature. Toughness, rupture strength,
and shock resistance can be doubled or tripled by this method, and the reject rates of very
large sintered components are reduced to a fraction of their previous levels.

Further research has produced a substantial number of excellent cutting-tool materials
based on titanium carbonitride. Generally called “cermets,” as noted previously, carboni-
tride-based cutting inserts offer excellent performance and considerable prospects for the
future.

Compositions and Structures: Properties of hardmetals are profoundly influenced by
microstructure. The microstructure in turn depends on many factors including basic chem-
ical composition of the carbide and matrix phases; size, shape, and distribution of carbide
particles; relative proportions of carbide and matrix phases; degree of intersolubility of
carbides; excess or deficiency of carbon; variations in composition and structure caused by
diffusion or segregation; production methods generally, but especially milling, carburiz-
ing, and sintering methods, and the types of raw materials; post sintering treatments such
as hot isostatic pressing; and coatings or diffusion layers applied after initial sintering.

Tungsten Carbide/Cobalt (WC/Co): The first commercially available cemented car-
bides consisted of fine angular particles of tungsten carbide bonded with metallic cobalt.
Intended initially for wire-drawing dies, this composition type is still considered to have

ISO
Applica-

tion
Code

Composition (%)

Density Hardness

Trans-
verse

Rupture
Strength
(N/mm2)WC TiC TaC Co

P01 50 35 7 6 8.5 1900 1100
P05 78 16 6 11.4 1820 1300
P10 69 15 8 8 11.5 1740 1400
P15 78 12 3 7 11.7 1660 1500
P20 79 8 5 8 12.1 1580 1600
P25 82 6 4 8 12.9 1530 1700
P30 84 5 2 9 13.3 1490 1850
P40 85 5 10 13.4 1420 1950
P50 78 3 3 16 13.1 1250 2300
M10 85 5 4 6 13.4 1590 1800
M20 82 5 5 8 13.3 1540 1900
M30 86 4 10 13.6 1440 2000
M40 84 4 2 10 14.0 1380 2100
K01 97 3 15.2 1850 1450
K05 95 1 4 15.0 1790 1550
K10 92 2 6 14.9 1730 1700
K20 94 6 14.8 1650 1950
K30 91 9 14.4 1400 2250
K40 89 11 14.1 1320 2500
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the greatest resistance to simple abrasive wear and therefore to have many applications in
machining.

For maximum hardness to be obtained from closeness of packing, the tungsten carbide
grains should be as small as possible, preferably below 1 µm swaging 0.00004 in.) and
considerably less for special purposes. Hardness and abrasion resistance increase as the
cobalt content is lowered, provided that a minimum of cobalt is present (2 per cent can be
enough, although 3 per cent is the realistic minimum) to ensure complete sintering. In gen-
eral, as carbide grain size or cobalt content or both are increased—frequently in unison—
tougher and less hard grades are obtained. No porosity should be visible, even under the
highest optical magnification.

WC/Co compositions used for cutting tools range from about 2 to 13 per cent cobalt, and
from less than 0.5 to more than 5 µm (0.00002–0.0002 in.) in grain size. For stamping
tools, swaying dies, and other wear applications for parts subjected to moderate or severe
shock, cobalt content can be as much as 30 per cent, and grain size a maximum of about 10
µm (0.0004 in.). In recent years, “micrograin” carbides, combining submicron (less than
0.00004 in.) carbide grains with relatively high cobalt content have found increasing use
for machining at low speeds and high feed rates. An early use was in high-speed wood-
working cutters such as are used for planing.

For optimum properties, porosity should be at a minimum, carbide grain size as regular
as possible, and carbon content of the tungsten carbide phase close to the theoretical (sto-
ichiometric) value. Many tungsten carbide/cobalt compositions are modified by small but
important additions—from 0.5 to perhaps 3 per cent of tantalum, niobium, chromium,
vanadium, titanium, hafnium, or other carbides. The basic purpose of these additions is
generally inhibition of grain growth, so that a consistently fine structure is maintained.

Tungsten – Titanium Carbide/Cobalt (WC/TiC/Co): These grades are used for tools to
cut steels and other ferrous alloys, the purpose of the TiC content being to resist the high-
temperature diffusive attack that causes chemical breakdown and cratering. Tungsten car-
bide diffuses readily into the chip surface, but titanium carbide is extremely resistant to
such diffusion. A solid solution or “mixed crystal” of WC in TiC retains the anticratering
property to a great extent.

Unfortunately, titanium carbide and TiC-based solid solutions are considerably more
brittle and less abrasion resistant than tungsten carbide. TiC content, therefore, is kept as
low as possible, only sufficient TiC being provided to avoid severe cratering wear. Even 2
or 3 per cent of titanium carbide has a noticeable effect, and as the relative content is sub-
stantially increased, the cratering tendency becomes more severe.

In the limiting formulation the carbide is tungsten-free and based entirely on TiC, but
generally TiC content extends to no more than about 18 per cent. Above this figure the car-
bide becomes excessively brittle and is very difficult to braze, although this drawback is
not a problem with throwaway inserts.

WC/TiC/Co grades generally have two distinct carbide phases, angular crystals of
almost pure WC and rounded TiC/WC mixed crystals. Among progressive manufacturers,
although WC/TiC/Co hardmetals are very widely used, in certain important respects they
are obsolescent, having been superseded by the WC/TiC/Ta(Nb)C/Co series in the many
applications where higher strength combined with crater resistance is an advantage. TiC,
TiN, and other coatings on tough substrates have also diminished the attractions of high-
TiC grades for high-speed machining of steels and ferrous alloys.

Tungsten-Titanium-Tantalum (-Niobium) Carbide/Cobalt: Except for coated carbides,
tungsten-titanium-tantalum (-niobium) grades could be the most popular class of hardmet-
als. Used mainly for cutting steel, they combine and improve upon most of the best features
of the longer-established WC/TiC/Co compositions. These carbides compete directly with
carbonitrides and silicon nitride ceramics, and the best cemented carbides of this class can
undertake very heavy cuts at high speeds on all types of steels, including austenitic stain-
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less varieties. These tools also operate well on ductile cast irons and nickel-base superal-
loys, where great heat and high pressures are generated at the cutting edge. However, they
do not have the resistance to abrasive wear possessed by micrograin straight tungsten car-
bide grades nor the good resistance to cratering of coated grades and titanium carbide-
based cermets.

Titanium Carbide/Molybdenum/Nickel (TiC/Mo/Ni): The extreme indentation hardness
and crater resistance of titanium carbide, allied to the cheapness and availability of its main
raw material (titanium dioxide, TiO2), provide a strong inducement to use grades based on
this carbide alone. Although developed early in the history of hardmetals, these carbides
were difficult to braze satisfactorily and consequently were little used until the advent of
clamped, throwaway inserts. Moreover, the carbides were notoriously brittle and could
take only fine cuts in minimal-shock conditions.

Titanium-carbide-based grades again came into prominence about 1960, when nickel-
molybdenum began to be used as a binder instead of nickel. The new grades were able to
perform a wider range of tasks including interrupted cutting and cutting under shock con-
ditions.

The very high indentation hardness values recorded for titanium carbide grades are not
accompanied by correspondingly greater resistance to abrasive wear, the apparently less
hard tungsten carbide being considerably superior in this property. Moreover, carboni-
trides, advanced tantalum-containing multicarbides, and coated variants generally provide
better all-round cutting performances.

Titanium-Base Carbonitrides: Development of titanium-carbonitride-based cutting-
tool materials predates the use of coatings of this type on more conventional hardmetals by
many years. Appreciable, though uncontrolled, amounts of carbonitride were often
present, if only by accident, when cracked ammonia was used as a less expensive substitute
for hydrogen in some stages of the production process in the 1950's and perhaps for two
decades earlier.

Much of the recent, more scientific development of this class of materials has taken place
in the United States, particularly by Teledyne Firth Sterling with its SD3 grade and in Japan
by several companies. Many of the compositions currently in use are extremely complex,
and their structures—even with apparently similar compositions—can vary enormously.
For instance, Mitsubishi characterizes i ts Himet NX series of cermets as
TiC/WC/Ta(Nb)C/Mo2C/TiN/Ni/Co/Al, with a structure comprising both large and
medium-size carbide particles (mainly TiC according to the quoted density) in a superal-
loy-type matrix containing an aluminum-bearing intermetallic compound.

Steel- and Alloy-Bonded Titanium Carbide: The class of material exemplified by Ferro-
Tic, as it is known, consists primarily of titanium carbide bonded with heat-treatable steel,
but some grades also contain tungsten carbide or are bonded with nickel- or copper-base
alloys. These cemented carbides are characterized by high binder contents (typically 50–
60 per cent by volume) and lower hardnesses, compared with the more usual hardmetals,
and by the great variation in properties obtained by heat treatment.

In the annealed condition, steel-bonded carbides have a relatively soft matrix and can be
machined with little difficulty, especially by CBN (superhard cubic boron nitride) tools.
After heat treatment, the degree of hardness and wear resistance achieved is considerably
greater than that of normal tool steels, although understandably much less than that of tra-
ditional sintered carbides. Microstructures are extremely varied, being composed of 40–50
per cent TiC by volume and a matrix appropriate to the alloy composition and the stage of
heat treatment. Applications include stamping, blanking and drawing dies, machine com-
ponents, and similar items where the ability to machine before hardening reduces produc-
tion costs substantially.

Coating: As a final stage in carbide manufacture, coatings of various kinds are applied
mainly to cutting tools, where for cutting steel in particular it is advantageous to give the
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rank and clearance surfaces characteristics that are quite different from those of the body of
the insert. Coatings of titanium carbide, nitride, or carbonitride; of aluminum oxide; and of
other refractory compounds are applied to a variety of hardmetal substrates by chemical or
physical vapor deposition (CVD or PVD) or by newer plasma methods.

The most recent types of coatings include hafnium, tantalum, and zirconium carbides
and nitrides; alumina/titanium oxide; and multiple carbide/carbonitride/nitride/oxide,
oxynitride or oxycarbonitride combinations. Greatly improved properties have been
claimed for variants with as many as 13 distinct CVD coatings. A markedly sharper cutting
edge compared with other CVD-coated hardmetals is claimed, permitting finer cuts and
the successful machining of soft but abrasive alloys.

The keenest edges on coated carbides are achieved by the techniques of physical vapor
deposition. In this process, ions are deposited directionally from the electrodes, rather than
evenly on all surfaces, so the sharpness of cutting edges is maintained and may even be
enhanced. PVD coatings currently available include titanium nitride and carbonitride,
their distinctive gold color having become familiar throughout the world on high-speed
steel tooling. The high temperatures required for normal CVD tends to soften heat-treated
high-speed steel. PVD-coated hardmetals have been produced commercially for several
years, especially for precision milling inserts.

Recent developments in extremely hard coatings, generally involving exotic techniques,
include boron carbide, cubic boron nitride, and pure diamond. Almost the ultimate in wear
resistance, the commercial applications of thin plasma-generated diamond surfaces at
present are mainly in manufacture of semiconductors, where other special properties are
important.

For cutting tools the substrate is of equal importance to the coating in many respects, its
critical properties including fracture toughness (resistance to crack propagation), elastic
modulus, resistance to heat and abrasion, and expansion coefficient. Some manufacturers
are now producing inserts with graded composition, so that structures and properties are
optimized at both surface and interior, and coatings are less likely to crack or break away.

Specifications: Compared with other standardized materials, the world of sintered hard-
metals is peculiar. For instance, an engineer who seeks a carbide grade for the finish-
machining of a steel component may be told to use ISO Standard Grade P10 or Industry
Code C7. If the composition and nominal properties of the designated tool material are
then requested, the surprising answer is that, in basic composition alone, the tungsten car-
bide content of P10 (or of the now superseded C7) can vary from zero to about 75, titanium
carbide from 8 to 80, cobalt 0 to 10, and nickel 0 to 15 per cent. There are other possible
constituents, also, in this so-called standard alloy, and many basic properties can vary as
much as the composition. All that these dissimilar materials have in common, and all that
the so-called standards mean, is that their suppliers—and sometimes their suppliers
alone—consider them suitable for one particular and ill-defined machining application
(which for P10 or C7 is the finish machining of steel).

This peculiar situation arose because the production of cemented carbides in occupied
Europe during World War II was controlled by the German Hartmetallzentrale, and no fac-
tory other than Krupp was permitted to produce more than one grade. By the end of the war,
all German-controlled producers were equipped to make the G, S, H, and F series to Ger-
man standards. In the postwar years, this series of carbides formed the basis of unofficial
European standardization. With the advent of the newer multicarbides, the previous iden-
tities of grades were gradually lost. The applications relating to the old grades were
retained, however, as a new German DIN standard, eventually being adopted, in somewhat
modified form, by the International Standards Organization (ISO) and by ANSI in the
United States.

The American cemented carbides industry developed under diverse ownership and solid
competition. The major companies actively and independently developed new varieties of
hardmetals, and there was little or no standardization, although there were many attempts
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to compile equivalent charts as a substitute for true standardization. Around 1942, the
Buick division of GMC produced a simple classification code that arranged nearly 100
grades derived from 10 manufacturers under only 14 symbols (TC-1 to TC-14). In spite of
serious deficiencies, this system remained in use for many years as an American industry
standard; that is, Buick TC-1 was equivalent to industry code C1. Buick itself went much
further, using the tremendous influence, research facilities, and purchasing potential of its
parent company to standardize the products of each carbide manufacturer by properties
that could be tested, rather than by the indeterminate recommended applications. Many
large-scale carbide users have developed similar systems in attempts to exert some degree
of in-house standardization and quality control. Small and medium-sized users, however,
still suffer from so-called industry standards, which only provide a starting point for grade
selection.

ISO standard 513, summarized in Table 2, divides all machining grades into three color-
coded groups: straight tungsten carbide grades (letter K, color red) for cutting gray cast
iron, nonferrous metals, and nonmetallics; highly alloyed grades (letter, P. color blue) for
machining steel; and less alloyed grades (letter M, color yellow, generally with less TiC
than the corresponding P series), which are multipurpose and may be used on steels,
nickel-base superalloys, ductile cast irons, and so on. Each grade within a group is also
given a number to represent its position in a range from maximum hardness to maximum
toughness (shock resistance). Typical applications are described for grades at more or less
regular numerical intervals. Although coated grades scarcely existed when the ISO stan-
dard was prepared, it is easy to classify coated as uncoated carbides—or carbonitrides,
ceramics, and superhard materials—according to this system.

In this situation, it is easy to see how one plant will prefer one manufacturer's carbide and
a second plant will prefer that of another. Each has found the carbide most nearly ideal for
the particular conditions involved. In these circumstances it pays each manufacturer to
make grades that differ in hardness, toughness, and crater resistance, so that they can pro-
vide a product that is near the optimum for a specific customer's application.

Although not classified as a hard metal, new particle or powder metallurgical methods of
manufacture, coupled with new coating technology have led in recent years to something
of an upsurge in the use of high speed steel. Lower cost is a big factor, and the development
of such coatings as titanium nitride, cubic boron nitride, and pure diamond, has enabled
some high speed steel tools to rival tools made from tungsten and other carbides in their
ability to maintain cutting accuracy and prolong tool life. Multiple layers may be used to
produce optimum properties in the coating, with adhesive strength where there is contact
with the substrate, combined with hardness at the cutting surface to resist abrasion. Total
thickness of such coating, even with multiple layers, is seldom more than 15 microns
(0.000060 in.).

Importance of Correct Grades: A great diversity of hardmetal types is required to cope
with all possible combinations of metals and alloys, machining operations, and working
conditions. Tough, shock-resistant grades are needed for slow speeds and interrupted cut-
ting, harder grades for high-speed finishing, heat-resisting alloyed grades for machining
superalloys, and crater-resistant compositions, including most of the many coated variet-
ies, for machining steels and ductile iron.

Ceramics.—Moving up the hardness scale, ceramics provide increasing competition for
cemented carbides, both in performance and in cost-effectiveness, though not yet in reli-
ability. Hardmetals themselves consist of ceramics—nonmetallic refractory compounds,
usually carbides or carbonitrides—with a metallic binder of much lower melting point. In
such systems, densification generally takes place by liquid-phase sintering. Pure ceramics
have no metallic binder, but may contain lower-melting-point compounds or ceramic mix-
tures that permit liquid-phase sintering to take place. Where this condition is not possible,
hot pressing or hot isostatic pressing can often be used to make a strong, relatively pore-
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Table 2. ISO Classifications of Hardmetals (Cemented Carbides and Carbonitrides) by Application

Main Types of Chip Removal Groups of Applications
Direction of Decrease

in Characteristic

Symbol
and Color

Broad Categories of
Materials to be Machined

Designation
(Grade)

Specific Material
to be Machined Use and Working Conditions of cut of carbide

P
Blue

Ferrous with
long chips

P01 Steel, steel castings Finish turning and boring; high cutting speeds, small chip sections, accu-
rate dimensions, fine finish, vibration-free operations

↑
speed

P10 Steel, steel casting Turning, copying, threading, milling; high cutting speeds; small or 
medium chip sections

↑
wear

P20 Steel, steel castings, ductile cast iron with long 
chips

Turning, copying, milling; medium cutting speeds and chip sections, plan-
ing with small chip sections

P30 Steel, steel castings, ductile cast iron with long 
chips

Turning, milling, planing; medium or large chip sections, unfavorable 
machining conditions

P40 Steel, steel castings with sand inclusions and 
cavities

Turning, planing, slotting; low cutting speeds, large chip sections, with 
possible large cutting angles, unfavorable cutting conditions, and work 
on automatic machines

P50 Steel, steel castings of medium or low tensile 
strength, with sand inclusions and cavities

Operations demanding very tough carbides; turning, planing, slotting; low 
cutting speeds, large chip sections, with possible large cutting angles, 
unfavorable conditions and work on automatic machines

M
Yellow

Ferrous metals with long or 
short chips, and non fer-
rous metals

M10 Steel, steel castings, manganese steel, gray cast 
iron, alloy cast iron

Turning; medium or high cutting speeds, small or medium chip sections

M20 Steel, steel castings, austenitic or manganese 
steel, gray cast iron

Turning, milling; medium cutting speeds and chip sections

M30 Steel, steel castings, austenitic steel, gray cast 
iron, high-temperature-resistant alloys

Turning, milling, planing; medium cutting speeds, medium or large chip 
sections

M40 Mild, free-cutting steel, low-tensile steel, non-
ferrous metals and light alloys

Turning, parting off; particularly on automatic machines

K
Red

Ferrous metals with short 
chips, non-ferrous metals 
and non-metallic materials

K01 Very hard gray cast iron, chilled castings over 
85 Shore, high-silicon aluminum alloys, hard-
ened steel, highly abrasive plastics, hard card-
board, ceramics

Turning, finish turning, boring, milling, scraping

K10 Gray cast iron over 220 Brinell, malleable cast 
iron with short chips, hardened steel, silicon-
aluminum and copper alloys, plastics, glass, 
hard rubber, hard cardboard, porcelain, stone

Turning, milling, drilling, boring, broaching, scraping

K20 Gray cast iron up to 220 Brinell, nonferrous 
metals, copper, brass, aluminum

Turning, milling, planing, boring, broaching, demanding very tough car-
bide

K30 Low-hardness gray cast iron, low-tensile steel, 
compressed wood

Turning, milling, planing, slotting, unfavorable conditions, and possibility 
of large cutting angles

↓
feed

K40 Softwood or hard wood, nonferrous metals Turning, milling, planing, slotting, unfavorable conditions, and possibility 
of large cutting angles

↓
toughness
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free component or cutting insert. This section is restricted to those ceramics that compete
directly with hardmetals, mainly in the cutting-tool category as shown in Table 3.

Ceramics are hard, completely nonmetallic substances that resist heat and abrasive wear.
Increasingly used as clamped indexable tool inserts, ceramics differ significantly from tool
steels, which are completely metallic. Ceramics also differ from cermets such as cemented
carbides and carbonitrides, which comprise minute ceramic particles held together by
metallic binders.

Table 3. Typical Properties of Cutting Tool Ceramics

Alumina-based ceramics were introduced as cutting inserts during World War II, and
were for many years considered too brittle for regular machine-shop use. Improved
machine tools and finer-grain, tougher compositions incorporating zirconia or silicon car-
bide “whiskers” now permit their use in a wide range of applications. Silicon nitride, often
combined with alumina (aluminum oxide), yttria (yttrium oxide), and other oxides and
nitrides, is used for much of the high-speed machining of superalloys, and newer grades
have been formulated specifically for cast iron—potentially a far larger market.

In addition to improvements in toolholders, great advances have been made in machine
tools, many of which now feature the higher powers and speeds required for the efficient
use of ceramic tooling. Brittleness at the cutting edge is no longer a disadvantage, with the
improvements made to the ceramics themselves, mainly in toughness, but also in other
critical properties.

Although very large numbers of useful ceramic materials are now available, only a few
combinations have been found to combine such properties as minimum porosity, hardness,
wear resistance, chemical stability, and resistance to shock to the extent necessary for cut-
ting-tool inserts. Most ceramics used for machining are still based on high-purity, fine-
grained alumina (aluminum oxide), but embody property-enhancing additions of other
ceramics such as zirconia (zirconium oxide), titania (titanium oxide), titanium carbide,
tungsten carbide, and titanium nitride. For commercial purposes, those more commonly
used are often termed “white” (alumina with or without zirconia) or “black” (roughly
70⁄30 alumina/titanium carbide). More recent developments are the distinctively green
alumina ceramics strengthened with silicon carbide whiskers and the brown-tinged silicon
nitride types.

Ceramics benefit from hot isostatic pressing, used to remove the last vestiges of porosity
and raise substantially the material's shock resistance, even more than carbide-based hard-
metals. Significant improvements are derived by even small parts such as tool inserts,
although, in principle, they should not need such treatment if raw materials and manufac-
turing methods are properly controlled.

Oxide Ceramics: Alumina cutting tips have extreme hardness—more than HV 2000 or
HRA 94—and give excellent service in their limited but important range of uses such as

Group Alumina Alumina/TiC Silicon Nitride PCD PCBN

Typical composition types Al2O3 or
Al 2O3/ZrO2

70⁄30
Al2O3/TiC

Si3N4/Y2O3

plus

Density (g/cm3) 4.0 4.25 3.27 3.4 3.1

Transverse rupture strength (N/mm2) 700 750 800 800

Compressive strength (kN/mm2) 4.0 4.5 4.0 4.7 3.8

Hardness (HV) 1750 1800 1600

Hardness HK (kN/mm2) 50 28

Young's modulus (kN/mm2) 380 370 300 925 680

Modulus of rigidity (kN/mm2) 150 160 150 430 280

Poisson's ratio 0.24 0.22 0.20 0.09 0.22

Thermal expansion coefficient (10−6/K) 8.5 7.8 3.2 3.8 4.9

Thermal conductivity (W/m K) 23 17 22 120 100

Fracture toughness(K1cMN/m3⁄2) 2.3 3.3 5.0 7.9 10
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the machining of chilled iron rolls and brake drums. A substantial family of alumina-based
materials has been developed, and fine-grained alumina-based composites now have suf-
ficient strength for milling cast iron at speeds up to 2500 ft/min (800 m/min). Resistance to
cratering when machining steel is exceptional.

Oxide/Carbide Ceramics: A second important class of alumina-based cutting ceramics
combines aluminum oxide or alumina-zirconia with a refractory carbide or carbides,
nearly always 30 per cent TiC. The compound is black and normally is hot pressed or hot
isostatically pressed (HIPed). As shown in Table 3, the physical and mechanical properties
of this material are generally similar to those of the pure alumina ceramics, but strength and
shock resistance are generally higher, being comparable with those of higher-toughness
simple alumina-zirconia grades. Current commercial grades are even more complex, com-
bining alumina, zirconia, and titanium carbide with the further addition of titanium nitride.

Silicon Nitride Base: One of the most effective ceramic cutting-tool materials developed
in the UK is Syalon (from SiAlON or silicon-aluminum-oxynitride) though it incorporates
a substantial amount of yttria for efficient liquid-phase sintering). The material combines
high strength with hot hardness, shock resistance, and other vital properties. Syalon cutting
inserts are made by Kennametal and Sandvik and sold as Kyon 2000 and CC680, respec-
tively. The brown Kyon 200 is suitable for machining high-nickel alloys and cast iron, but
a later development, Kyon 3000 has good potential for machining cast iron.

Resistance to thermal stress and thermal shock of Kyon 2000 are comparable to those of
sintered carbides. Toughness is substantially less than that of carbides, but roughly twice
that of oxide-based cutting-tool materials at temperatures up to 850°C. Syon 200 can cut at
high edge temperatures and is harder than carbide and some other ceramics at over 700°C,
although softer than most at room temperature.

Whisker-Reinforced Ceramics: To improve toughness, Greenleaf Corp. has reinforced
alumina ceramics with silicon carbide single-crystal “whiskers” that impart a distinctive
green color to the material, marketed as WG300. Typically as thin as human hairs, the
immensely strong whiskers improve tool life under arduous conditions. Whisker-rein-
forced ceramics and perhaps hardmetals are likely to become increasingly important as
cutting and wear-resistant materials. Their only drawback seems to be the carcinogenic
nature of the included fibers, which requires stringent precautions during manufacture.

Superhard Materials.—Polycrystalline synthetic diamond (PCD) and cubic boron
nitride (PCBN), in the two columns at the right in Table 3, are almost the only cutting-
insert materials in the “superhard” category. Both PCD and PCBN are usually made with
the highest practicable concentration of the hard constituent, although ceramic or metallic
binders can be almost equally important in providing overall strength and optimizing other
properties. Variations in grain size are another critical factor in determining cutting char-
acteristics and edge stability. Some manufacturers treat CBN in similar fashion to tungsten
carbide, varying the composition and amount of binder within exceptionally wide limits to
influence the physical and mechanical properties of the sintered compact.

In comparing these materials, users should note that some inserts comprise solid poly-
crystalline diamond or CBN and are double-sized to provide twice the number of cutting
edges. Others consist of a layer, from 0.020 to 0.040 in. (0.5 to 1 mm) thick, on a tough car-
bide backing. A third type is produced with a solid superhard material almost surrounded
by sintered carbide. A fourth type, used mainly for cutting inserts, comprises solid hard
metal with a tiny superhard insert at one or more (usually only one) cutting corners or
edges. Superhard cutting inserts are expensive—up to 30 times the cost of equivalent
shapes or sizes in ceramic or cemented carbide—but their outstanding properties, excep-
tional performance and extremely long life can make them by far the most cost-effective
for certain applications.

Diamond: Diamond is the hardest material found or made. As harder, more abrasive
ceramics and other materials came into widespread use, diamond began to be used for
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grinding-wheel grits. Cemented carbide tools virtually demanded diamond grinding
wheels for fine edge finishing. Solid single-crystal diamond tools were and are used to a
small extent for special purposes, such as microtomes, for machining of hard materials,
and for exceptionally fine finishes. These diamonds are made from comparatively large,
high-quality gem-type diamonds, have isotropic properties, and are very expensive. By
comparison, diamond abrasive grits cost only a few dollars a carat.

Synthetic diamonds are produced from graphite using high temperatures and extremely
high pressures. The fine diamond particles produced are sintered together in the presence
of a metal “catalyst” to produce high-efficiency anisotropic cutting tool inserts. These
tools comprise either a solid diamond compact or a layer of sintered diamond on a carbide
backing, and are made under conditions similar to, though less severe than, those used in
diamond synthesis. Both natural and synthetic diamond can be sintered in this way,
although the latter method is the most frequently used.

Polycrystalline diamond (PCD) compacts are immensely hard and can be used to
machine many substances, from highly abrasive hardwoods and glass fiber to nonferrous
metals, hardmetals, and tough ceramics. Important classes of tools that are also available
with cubic boron nitride inserts include brazed-tip drills, single-point turning tools, and
face-milling cutters.

Boron Nitride: Polycrystalline diamond has one big limitation: it cannot be used to
machine steel or any other ferrous material without rapid chemical breakdown. Boron
nitride does not have this limitation. Normally soft and slippery like graphite, the soft hex-
agonal crystals (HBN) become cubic boron nitride (CBN) when subjected to ultrahigh
pressures and temperatures, with a structure similar to and hardness second only to dia-
mond. As a solid insert of polycrystalline cubic boron nitride (PCBN), the compound
machines even the hardest steel with relative immunity from chemical breakdown or cra-
tering.

Backed by sintered carbide, inserts of PCBN can readily be brazed, increasing the useful-
ness of the material and the range of tooling in which it can be used. With great hardness
and abrasion resistance, coupled with extreme chemical stability when in contact with fer-
rous alloys at high temperatures, PCBN has the ability to machine both steels and cast irons
at high speeds for long operating cycles. Only its currently high cost in relation to hardmet-
als prevents its wider use in mass-production machining.

Similar in general properties to PCBN, the recently developed “Wurbon” consists of a
mixture of ultrafine (0.02 µm grain size) hexagonal and cubic boron nitride with a “wurtz-
ite” structure, and is produced from soft hexagonal boron nitride in a microsecond by an
explosive shock-wave.

Basic Machining Data: Most mass-production metalcutting operations are carried out
with carbide-tipped tools but their correct application is not simple. Even apparently simi-
lar batches of the same material vary greatly in their machining characteristics and may
require different tool settings to attain optimum performance. Depth of cut, feed, surface
speed, cutting rate, desired surface finish, and target tool life often need to be modified to
suit the requirements of a particular component.

For the same downtime, the life of an insert between indexings can be less than that of an
equivalent brazed tool between regrinds, so a much higher rate of metal removal is possible
with the indexable or throwaway insert. It is commonplace for the claims for a new coating
to include increases in surface-speed rates of 200–300 per cent, and for a new insert design
to offer similar improvements. Many operations are run at metal removal rates that are far
from optimum for tool life because the rates used maximize productivity and cost-effec-
tiveness.

Thus any recommendations for cutting speeds and feeds must be oversimplified or
extremely complex, and must be hedged with many provisos, dependent on the technical
and economic conditions in the manufacturing plant concerned. A preliminary grade
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selection should be made from the ISO-based tables and manufacturers' literature con-
sulted for recommendations on the chosen grades and tool designs. If tool life is much
greater than that desired under the suggested conditions, speeds, feeds, or depths of cut
may be increased. If tools fail by edge breakage, a tougher (more shock-resistant) grade
should be selected, with a numerically higher ISO code.

Alternatively, increasing the surface speed and decreasing the feed may be tried. If tools
fail prematurely from what appears to be abrasive wear, a harder grade with numerically
lower ISO designation should be tried. If cratering is severe, use a grade with higher tita-
nium carbide content; that is, switch from an ISO K to M or M to P grade, use a P grade with
lower numerical value, change to a coated grade, or use a coated grade with a (claimed)
more-resistant surface layer.

Built-Up Edge and Cratering: The big problem in cutting steel with carbide tools is asso-
ciated with the built-up edge and the familar phenomenon called cratering. Research has
shown that the built-up edge is continuous with the chip itself during normal cutting. Addi-
tions of titanium, tantalum, and niobium to the basic carbide mixture have a remarkable
effect on the nature and degree of cratering, which is related to adhesion between the tool
and the chip.

Hardmetal Tooling for Wood and Nonmetallics.—Carbide-tipped circular saws are
now conventional for cutting wood, wood products such as chipboard, and plastics, and
tipped bandsaws of large size are also gaining in popularity. Tipped handsaws and
mechanical equivalents are seldom needed for wood, but they are extremely useful for cut-
ting abrasive building boards, glass-reinforced plastics, and similar material. Like the
hardmetal tips used on most other woodworking tools, saw tips generally make use of
straight (unalloyed) tungsten carbide/cobalt grades. However, where excessive heat is
generated as with the cutting of high-silica hardwoods and particularly abrasive chip-
boards, the very hard but tough tungsten-titanium-tantalum-niobium carbide solid-solu-
tion grades, normally reserved for steel finishing, may be preferred. Saw tips are usually
brazed and reground a number of times during service, so coated grades appear to have lit-
tle immediate potential in this field.

Cutting Blades and Plane Irons: These tools comprise long, thin, comparatively wide
slabs of carbide on a minimal-thickness steel backing. Compositions are straight tungsten
carbide, preferably micrograin (to maintain a keen cutting edge with an included angle of
30° or less), but with relatively high amounts of cobalt, 11–13 per cent, for toughness. Con-
siderable expertise is necessary to braze and grind these cutters without inducing or failing
to relieve the excessive stresses that cause distortion or cracking.

Other Woodworking Cutters: Routers and other cutters are generally similar to those
used on metals and include many indexable-insert designs. The main difference with wood
is that rotational and surface speeds can be the maximum available on the machine. High-
speed routing of aluminum and magnesium alloys was developed largely from machines
and techniques originally designed for work on wood.

Cutting Other Materials: The machining of plastics, fiber-reinforced plastics, graphite,
asbestos, and other hard and abrasive constructional materials mainly requires abrasion
resistance. Cutting pressures and power requirements are generally low. With thermoplas-
tics and some other materials, particular attention must be given to cooling because of soft-
ening or degradation of the work material that might be caused by the heat generated in
cutting. An important application of cemented carbides is the drilling and routing of
printed circuit boards. Solid tungsten carbide drills of extremely small sizes are used for
this work.
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