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Next-Generation Materials for Cutting Tools: Superhard Materials
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Abstract: Development of superhard materials is divided into six stages or classified into five
kinds of products (exploring stage; synthetic diamond and ¢BN by high-pressure and high temper-
ature ( HPHT) technology; single crystal cutting tools; synthetic diamond by Chemical Vapor
Deposition (CVD) technology; new superhard materials) according to the extending of application
fields, and detailedly overviewed along to the main line of synthetic diamond and related materials
and tools. The advantages and potential capacity of superhard materials seen as next generation
materials for cutting tools are discussed from three aspects of their own performances, development
of high performance machined materials, and improving machining efficiency and saving cost. Some
potential limitations and possible solutions for superhard cutting tools in preparations and applications

are also proposed.
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1 Introduction

Superhard materials are highly imcompressible solid ma-
terials with a hardness value exceeding 40 GPa when measured

by the Vickers hardness test'"

, at the same time, usually also
show high thermal conductivity and good wear resistance. As a
result of their unique properties, these materials are of poten-

tial great interest in many industrial areas including, but not
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limited to, abrasives, polishing, cutting tools, wear-resistant
and protective coatings, etc. For now, diamond and cubic bo-
ron nitride (¢BN), which are widely used, are mainly two
categories of superhard materials. Especially for diamond with
a dazzling appearance and an extremely high hardness has al-
ways attracted people to study how to synthesize. It is more
than half a century from the first particle of synthetic diamond

231 " and the family of superhard materials has been ex-

to now
panded continuously, and their application fields have expand-
ed from the initial abrasives to the current advanced cutting
tools and even some precision parts. In this paper,

development of superhard materials is detailedly overviewed
along to the main line of synthetic diamond and related materials

and tools, and the advantages and potential limitations of
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superhard materials seen as next generation materials for
cutting tools are discussed by comparing the characteristics

and applications of traditional cutting tools.

2 History of superhard materials

Diamond is the hardest known material to date, with a Vick-
er’s hardness in the range of 70 ~ 150 GPa, and coupled with its
dazzling appearance, which has always attracted people to study
how to synthesize. Therefore, history of superhard materials is orig-
inated from synthesizing diamond, and can be roughly divided into
six stages or classified into five kinds of products according to the

extending of application fields, as shown in Figure 1.
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Fig. 1 History of superhard materials

(1) Exploring stage. Humans have began to explore
the synthesis journey of artificial diamond since 1797, in
which Tennant™’ firstly revealed that diamond is made of only
carbon element by a famous experiment of burning natural dia-
mond. Many reports of synthetic diamonds had been published
in 1879 ~ 1928, but after careful analysis, it can’t be sure
that their synthetic crystals were a real diamond, more like a
spinelle™’. Tt was not until the graphite-diamond equilibrium
phase diagram, which is a key to open synthetic diamond, had

been obtained by Simon and Berman'®’

according to experi-
mental results and reasoning in the 1950s.

(2) Synthetic diamond by high-pressure and high
temperature (HPHT) technology. The HPHT synthesis of
diamond in 1953 in Sweden'*’ and in 1954 in the US"' be-
came a milestone in synthesis of artificial superhard materials.
Four years after the first synthesis of artificial diamond, cubic
boron nitride (¢BN) which cannot be found in nature was syn-
thesized and found to be the second hardest solid™. Up to
date, the size of the synthesized diamond crystals by HPHT
has been covered from a nanoscale (5 nm in diameter'™®') to a
gem grade ( >16 mm in diameter and 34. 8 ct in weight'”!).

(3) Single crystal cutting tools. The single crystal dia-
mond cutting tools had been fabricated by adhering or welding
large natural or artificial single crystal diamond (usually >3

mm in diameter) on a cutter body, and used for machining

since 1960s. The development of single crystal ¢BN cutting

tools !

is slower due to probably difficult growth of a large
single crystal ¢cBN and its lower toughness.

(4) Polycrystalline diamond ( PCD) compact and
polycrystalline cubic boron nitride (PcBN) compact. Be-
cause there are the potential shortages of easy cleavage and an-
isotropy for single crystal used as the cutting tools, materials
researchers have studied the preparation technology of PCD
and PcBN since about 1965, and the commercial products of
PCD and PcBN cutting tools appeared in the 1970s. PCD is
fabricated by sintering individual diamond crystals (which are
direct diamond powders or in situ generated by carbon materi-
als with a non-diamond structure ) together with or without
binders under HPHT or other conditions, and it is a similar
process for the preparation of PcBN. And the further, PCD
and PcBN compacts are formed by bonding PCD or PcBN to a
substrate (WC/Co alloy is commonly used, but it can also be
other materials'""""”" ). Now PCD and PcBN compacts have
been widely used in cutting tools, coal mine, oil drilling,
wear resistant parts, and wire drawing die fields, etc., and
the size in diameter of the compact can be beyond 100 mm.

(5) Synthetic diamond by Chemical Vapor Deposi-
tion (CVD) technology. Although a diamond film had been
fabricated by using C-H compound at an atmospheric pressure
in 1962 | the innovation has not attracted people’ s atten-
tion due to the widespread influence of HPHT technology and
a slower growth rate for CVD. Until 1982, the commercializa-
tion of CVD diamond became possible because a faster growth
rate than 20 pum/h was broken""*'. Subsequently, CVD dia-
mond technology has been widely and quickly developed in the
US, Russian, Japan, England, etc. Now diamond coated cut-
ting tools have been widely used, the size in diameter of flat
with a thick diamond film of 2 mm grown by CVD method is

[15]

larger than 100 mm' ", and the size and weight of a gem dia-

mond fabricated by three-dimensional growth CVD technolo-
gy!'® can reach 1 inch and 300 ct, respectively.

(6) New superhard materials. Many simple substances
and compounds composed of non-metallic elements (such as, B,
C, N, Si, 0), and many compounds composed of these non-me-
tallic elements and transition elements (such as, Re, W, Mo,
Ti, Zr, Cr, Ir, Pt, Os, etc. ), which have already been synthe-
sized or indirectly extrapolated some possible crystal structure
and composition by theoretical calculation, have also very high
hardness due to their high electron density and high bond cova-
lency. The synthetic technologies and properties for these new
superhard materials have been widely studied since the 1990s,
and some of them have been attempted to use as cutting tools,
wear resistant parts, and protective equipments, such as,

B0 BXC)NZ“Q’M , and B, _ C;Me, (Me is a general desig-



24

ZHANG Taiquan, et al; Next-Generation Materials for Cutting Tools: Superhard Materials

149

)LZU ’

nation of above transition metal elements etc.

3 Advantages of superhard materials
used as cutting tools

3.1 Mechanical, physical and chemical properties

During cutting, cutting tools will withstand the test of
high temperature, high load, strong friction, thermal shock,
etc. , so cutting tool materials must have the following basic
properties : (Dhigh hardness; @good wear resistance ; @suffi-
ciently high strength and toughness; @good heat resistance;
(®good thermal conductivity; ®low thermal expansion.

Figure 2 shows a schematic distribution for four commercial
cutting tool materials according to hardness and toughness. Dia-

mond and ¢BN materials have absolute advantage in hardness and

thermal conductivity, but their toughness is lower than that of ce-
mented carbides. The disadvantages of low toughness for diamond
and ¢BN materials are greatly weakened by designing a multilayer
gradient structure (PCD and PcBN compacts are made of WC/Co
layer and diamond or ¢cBN layer) or a coating. Under the premise
of without damaging other properties, the toughness (K,.) of PCD
can also reach 10 ~ 14 MPa
ture ™). Another disadvantage of diamond is that its strength and

- m"”? by optimizing its microstruc-

hardness will sharply decrease due to diamond-to-graphite phase
transformation at the temperature of higher than 700 °C and at-
mospheric pressure, as shown in Figure 3, but the resistance
temperature of PCD, which is defined as the thermal stability
polycrystalline diamond (TSPCD ), can be improved up to
1200 °C by using ceramic binder'” ™ instead of Co binder.
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Fig. 2 Schematic distribution for four cutting tool materials according to hardness and toughness
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3.2 Development of high performance materials
With the development of aero-space technology, the re-
quirements for the performance of materials and the machining

accuracy of workpieces, especially for aero-engine, are higher

and higher. Many novel nickel, titanium and aluminium su-
per-alloys, high strength refractory metal alloys, metal-matrix
composites, ceramic-matrix composites, and C,/C compos-
ites, etc. , have been developed. Figure 4 shows the weight per-
centages for main materials in a typical aero-gas turbine'”’. The
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Fig.4 Evaluation of main materials use in aero-gas turbines
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above alloys and composites with good high temperature proper-
ties, good thermal fatigue and shock resistance, good ablation
resistance, good corrosion resistance, and high strength-to-
weight ratio can ensure the efficient fuel consumption with low
cost and longer service life. However, high performance mate-
rials will also bring many difficulties in manufacturing and ma-
chining of the corresponding work-pieces. The difficult-to-ma-
chine characteristics are mainly shown in the following as-
pects:

For super-alloys and metal-matrix composites: ()
Strong work hardening; (2High strength and good plasticity;
the sharp and proper shaped cutting tools are required to en-
sure a smooth cutting action and a chip with a proper shape
and size. (3)Low thermal conductivity; heat generated by the
cutting action cannot be dissipated quickly, and will be direct-
ly gathered at the cutting edge of the tools. High thermal load
at the cutting edge will damage its strength, wear-ability, and
sharpness. (@Good chemical activity to easily cause adhesive
and chemical wear; (®FEasy to cause machining deformation
due to cutting heat and stress for some large or irregular work-
pieces with a large difference in the three-dimension.

For ceramic-matrix composites and C,/C compos-
ites; (D Good abrasive resistance; to realize the machining
method of turning instead of grinding. @ High hardness; 3
Low thermal conductivity; @ Burr generation due to fracture
and pulling out of carbon fiber; the sharp cutting edge with
good roughness is required.

Although the ultrafine-grained cemented carbides with
high properties ™’ have been developed in recent year, they
are very difficult to reach the requirements of the modern cut-
ting techniques in many cases while cutting the above high
performance materials and some materials with a hardness of
higher than HRC55. The modern cutting techniques must have
the characteristics of high speed, high accuracy, high efficien-
cy, low cost, and low pollution ( green). Therefore, super-
hard cutting tools with good performances ( see the section
3.1) are a potential suitable choice. With extending applica-
tion fields of superhard cutting tools, many advanced machi-
ning concepts and theories have been proposed, such as, high
speed cutting, hard turning, turning instead of grinding, dry
cutting, green cutting technology, etc.

3.3 Cutting efficiency and cost

Although the price of superhard cutting tools is 5 ~ 10
times higher than that of WC/Co cutting tools, the total cut-
ting cost is saved more than 15% due to the increase (more
than 25% ) of cutting efficiency and the decrease ( more than
15% ) of power consumption while using superhard cutting
tools. Machining cost is saved more than 30% by turning in-

stead of grinding, as shown in Figure 5, and now some high

cobalt cemented carbides and even ceramic materials can be
machined by turning instead of grinding. In addition, the di-
mensional accuracy and surface roughness of the work-piece
machined by superhard cutting tools is better than those by the
traditional cutting tools because superhard cutting tools have

the low thermal expansion and the sharp edge retention.
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Fig. 5 Comparison of superhard cutting tools and traditional cutting

tools for the cost, power consumption and efficiency

4 Limitations and some possible sté?er—s

Comparing PCD and PcBN cutting tools with the tradi-
tional cutting tools, although the superhard cutting tools have
many obvious advantages, as analyzed in the section 3, some
limitations need to be improved or overcome.

(1) Complex and long manufacturing processes lead
to high cost. PCD and PcBN compacts, which are one of the
most important raw materials used to fabricate superhard cut-
ting tools, are usually fabricated by HPHT sintering with a cu-
bic or belt type press, and it is very difficult to directly fabri-
cate a near-forming cutting tool. Therefore, the fabricating
process of PCD and PcBN cutting tools is very complex and
long, as shown in Figure 6, which results in a relatively high
cost. With the progress of synthesis technology and ultra-high
pressure equipments, the diameter of PCD and PcBN compacts has
improved from the initial about 10 mm to the current more than 100
mm and the number of products in a single synthetic block is also
greatly increased, so the unit cost is greatly reduced.

(2) Low toughness for cBN and diamond. The edge
chipping resistance of PCD and PcBN cutting tools is very
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Fig. 6 A schematic expression for the main fabricating processes of PCD and PcBN cutting tools

weak due to low toughness (3 ~5 MPa + m"?) of diamond
and ¢BN materials, so PcBN and PCD cutting tools are general-
ly considered unsuitable for heavy cutting. Many studies have fo-
cused on improving the toughness of PcBN and PCD materials.
The toughness (K,.) of PCD can be improved to reach 10 ~
14 MPa - m"? by using a nano-size SiC binder™. The tough-
ness of PcBN can be improved to reach 7 ~10 MPa + m"” by u-
sing Y-Zr0, and Si, N, tough binders'™’ | and should be im-
proved by in situ reacting ¢BN and, such as Ti, Zr, etc. , to
form a nano-columnar boride grain with a diameter of 100 ~

200 nm'* ",
prove the toughness of PcBN inserts

Coated technology is also a good way to im-
B2 In order to improve
the properties, similar to cemented carbides or other cutting
tools materials, the effect of micro-alloying elements (for ex-
B9 Rare earth™ ™ | etc. ) on the properties

of PCD and PcBN have been researched.
(3) Thermal stability for diamond. As shown in sec-

ample ; Boron'

tion 3.1, the diamond-to-graphite phase transformation will
occur at temperatures of higher than 700 °C and at atmospher-
ic pressure and it is also oxidized at temperatures of above 800
°C. In addition, diamond dissolves in iron and forms iron car-
bides at high temperatures and therefore is inefficient in cut-
ting ferrous materials or even materials containing iron ele-
ment. Therefore, many recent researches of diamond materials
have been focusing on doped compounds or composites which
would be thermally and chemically more stable than pure dia-
mond. As mentioned above, the resistance temperature of
TSPCD can be improved up to 1200 °C by using ceramic bind-
ers'™ ! instead of Co binder. The oxidation temperature of
diamond can be increased to more than 900 °C by doping bo-

33-35
ron element! !

, and even PCD cutting tools boron doped
can be used for turning of hardened steel.
(4) Difficult machining process. The edge of superhard

cutting tools is usually machined by grinding method, and in or-

der to ensure grinding precision and efficiency, the grinding ma-

chine must have a good rigidity and an online wheel dressing de-
vice, which will give many difficulties for the design and manu-
facture of the grinding machine. Recently, the laser and electric
discharge machining (EDM) methods with high efficiency have
been well developed for machining of superhard cutting tools.
(5) Difficult to manufacture long edge drilling or
end milling tools or inserts with 3D chip breaker. As men-
tioned above, it is very difficult to directly fabricate a near-
forming superhard cutting tool, especially for a long edge drill-
ing or end milling tool because of difficult welding and an in-
sert with 3D chip breaker because of difficult machining. PCD
or PcBN inserts with 3D chip breaker can be fabricated by an

o
"or a fur-

electro-erosion technology in LaCH Diamond Inc. "
ther advanced laser engraving technology. An integral sintered
PCD drilling tool ( PCD-veined drill) in Precorp Inc. ™ or a
superhard cutting insert with 3D chip breaker E6'* can be fabri-
cated by HPHT sintering, which provides the possibility for mak-
ing long edge PCD or PcBN drilling or end milling tools.

5 Conclusion

Compared with the traditional cutting tool materials, super-
hard materials used as cutting tools have obvious advantages in
many aspects, such as, high cutting efficiency, long life, low
cutting cost, high machining accuracy, etc. After half a century
of technological progress, the manufacturing cost of superhard
materials has been also continually reduced, and their limitations
are being gradually solved, and their applications are invading
the market of traditional cutting tools, as shown in Figure 7. E-
ven their application ratio in metal machining fields is seen as an
index by some authorities to measure the level of advanced manu-
facturing technology for a country. You admit it or not, the age
of superhard cutting tools is coming to us. In addition, cemented
carbides have been threatened by the depletion of raw materials
(W and Co), and the raw materials (C, B, N) used to fabricate

diamond and c¢BN are almost inexhaustible.
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Fig. 7

Application percentage of PCD and PcBN cutting tools in all cutting tools, and three inserted pie figures are the actual statistical

application percentages of various cutting tools in 1998, 2005, and 2008 in the world, respectively.
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