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Mechanical properties of high purity polycrystalline cBN sintered bodies synthesized by the
direct conversion method under high pressure and high temperature have been
investigated by hardness and transverse rupture strength (TRS) measurement in the
temperature range of 20-1200 °C. It was confirmed that the hardness and TRS of the
polycrystalline cBN depends strongly on the cBN grain size and the amount of residual
(compressed) hBN in the sintered body. The fine-grained (<0.5 um) and high purity
(cBN > 99.9%) polycrystalline sintered body synthesized at 7.7 GPa, 2200-2400°C has
highest hardness and TRS at any temperature. The TRS of the sintered body shows a
positive temperature dependence up to 1200°C. The high hardness and high TRS at high
temperature of the fine-grained high purity polycrystalline cBN suggest that the sintered
body has high potential in cutting tool uses. © 2000 Kluwer Academic Publishers

1. Introduction as effective catalysts for conversion sintering, the poly-
Cubic boron nitride (cBN) has high hardness and higtcrystalline cBN obtained by these catalysts is thought
thermal conductivity ranking next to diamond. With re- to have the same problem as mentioned above.
gard to chemical and thermal stability, cBN is superior On the other hand, a pure polycrystalline cBN sin-
to diamond. Because of those superior characteristicsered body can be obtained by the direct conversion
cBN sintered compacts are widely used as cutting toolsintering method in which substantially pure hBN is di-
for cutting hardened steel, cast iron, ferrous powderectly converted to polycrystalline cBN without adding
metal and heat resisting alloy. any catalysts [7-9]. In the method, the pressure and
Conventional cBN sintered compacts contain bindetemperature condition for synthesis of the polycrys-
materials of metal or ceramic composites of 10-talline cBN depends on the crystallite size or the degree
50 vol%. The binder materials remarkably affect theof crystallization of the staring hBN material. Namely,
mechanical and thermal properties. Therefore, the cutthe smaller grain size or lower crystallinity of starting
ting performance of the cBN sintered compact dependaBN material makes the synthesis condition more mild
strongly on the content and kind of binder material.[7, 10]. However, when such starting material is used,
A polycrystalline cBN, a single phase (binderless) sin-the polycrystalline cBN sintered body is ready to con-
tered body of cBN, would exhibit excellent mechanicaltain some impurities of boron oxide, which strongly
and thermal properties free from the effects of binderaffect the mechanical strength of the sintered body. If
and is expected to have high potential in cutting appli-a high purity and well-crystallized hBN is used for the
cations. starting material, although a relatively high pressure
Catalytic or direct conversion sintering method and high temperature condition is needed for the pro-
started from hBN is known to be a suitable method forcess, a high purity polycrystalline ¢cBN sintered body
obtaining such polycrystalline cBN. A polycrystalline with a denser and finer structure can be obtained [9].
cBN sintered body synthesized by the catalytic converThis high purity polycrystalline cBN is thought to ex-
sion method using a small amount of BBN3 as a cat-  hibit excellent mechanical properties and superior ther-
alyst [1] has been applied for heat sinks and TAB bond-mal stability because the sintered body contains no sec-
ing tools owing to its high thermal conductivity [2—4]. ondary phases and consists of very small cBN grains.
However, mechanical strength and thermal stability ofTherefore, the high purity polycrystalline cBN shows
the polycrystalline cBN are inferior, because the sin-great promise to become a new cutting tool material
tered body contains some residual catalyst {0l%)  with excellent cutting performance.
and the grain size is as large as /. Therefore, itis Hardness and transverse rupture strength (TRS) at
unsuitable for cutting tool uses. Although it is known high temperature are very important properties for a
that volatile materials [5] and HCI [6] and so on also actcutting tool, because they are closely related to the
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resistance of wearing and chipping of the cutting tool.tered bodies were obtained at more than Z@0and
Therefore, it is significant to investigate these propersingle phase polycrystalline cBN sintered bodies were
ties of the polycrystalline cBN in order to determine its obtained at more than 230Q. The sintered bodies syn-
potential in cutting tools. However, very few reports onthesized at 2000-220C contained small amounts of
systematic investigations of this subject have appeared@ompressed hBN, which is ascribed to hBN trapped
The present paper describes the results of an investigander high pressure in the polycrystalline cBN ma-
tion of these mechanical properties of the high puritytrix [12]. The amount of compressed hBN was found
polycrystalline cBN synthesized at various conditions,to increase with decreasing synthesis temperature. At
the objective of which was to evaluate its potential forlower temperatures than 2000 or lower pressure than
cutting tool uses. 7.5 GPa, a normal hBN phase remained in the sintered
bodies. The strength of the sintered bodies containing
the hBN phase was moderate. In this study, the strongly
sintered bodies obtained at 7.7 GPa and higher tempera-

a.j.hSpe.tc:lmelns talli BN sintered bodi ture than 2000C were subjected to investigations. The
Igh purity polycrystalliné CBIN Sintered bodIes Were gy grain size of the polycrystalline sintered body is

synthesized by the direct conversion sintering methOdreIated to the synthesis temperature. Fig. 2 shows the

A_thigh pt“T‘t_y hl?N ccilqnpagtoosl,‘ 1t7°§ g/fc_?rin bqik den- SEMimages of fracture surfaces of polycrystalline cBN
sity containing less than 0.03 wt % of impurity {Bs) sintered bodies obtained at various temperatures under

were prepared for the starting material. The hBN ComZJ GPa. The grain size of polycrystalline cBN sintered

pactwas setin Ta capsule, and converted and sintered Qdies obtained at lower temperatures than 28D@as
polycrystalline cBN under high pressure and high '[em-as small as less than 0.8n, however, the cBN grains

perature qonditions .O.f 7.7 GPa and_ 1900-270dor became larger rapidly above 240D, growing to above
15 min using a modified belt-type high pressure appas um at 2700°C. In Fig. 3, the amount of the com-
ratus [11]. After the reatment, Ta capsule was remove‘gressed hBN and the cBN grain size are plotted against

by hydrofluorlr; a(:|d'treatment. . the synthesis temperature. Here, the amount of com-

The_ X-ray dlffra_ct|on patterns .Of the polycrystallm_e pressed hBN was estimated from the ratio of the X-ray
cBN sintered bodies are shown in Fig. 1. Strongly SiN- eflection intensity of the compressed hBN (002) peak
(d=0.31 nm) to that of cBN (111) peak.

Two typical kinds of conventional commercial cBN
sintered compacts containing binder phases were used
(a) cBN for comparison. One is a high cBN content (cBN: 85—
90 vol%) type compact in which cBN grains are bonded
together (type A), and the other is a low cBN content
(50-55 vol%) type in which cBN grains are dispersed
in the ceramic binder matrix (type B).
hBN \ BN Furthermore, conventional commercialized poly-

JL crystalline cBN containing no binder material synthe-
A sized by the catalytic conversion sintering method using
Mg3BNg3 as the catalyst (type C) was also used for com-
(b) parison. The polycrystalline cBN consists of 341
cBN cBN grains, which contains 1.0 vol% of MBN3 in the
grain boundaries. The details of the process and char-
» acteristics of the material are described in our previous
i papers [3, 4].

Comp. hBN J cBN

2. Experiment

Comp. hBN

T~

2.2. Investigation of mechanical properties
The specimens were subjected to investigations of hard-
ness and TRS in the temperature range of 201200
(c) cBN The hardness was measured by the indentation method
using the Knoop or Vickers indenter. The indentations
were made on a polished surface of the specimens with
a normal load of 500 g applied for 15 s. Hardness mea-
surements at high temperatures were carried out in a
cBN vacuum under 10 torr using a high temperature hard-
ness tester with the Vickers indenter. For measuring the
A TRS, test pieces with the dimensions of 8 x 0.7 mm
20 40 60 80 were prepared from specimens. The side surfaces of
the test pieces were fine finished by grinding with a
CuKa,2 6 (degrees) diamond wheel, and the side edges were neatly cham-
Figure 1 X-ray diffraction patterns of polycrystalline cBN sintered bod- fered by 0.1 mm. TRS measurements were carried out

ies obtained by the direct conversion sintering method at 7.7 GPa anBy @ three'p_omt bending memOd with the span Iength
various temperatures; (a) 1910, (b) 2060C and (c) 2220C. of 4 mm (SiC supporter) using an Instron-type high

Intensity (arbi.)
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Figure 2 SEM images of fracture surfaces of polycrystalline cBN sintered bodies by the direct conversion sintering method at 7.7 GPa and various

temperatures; (a) 206Q, (b) 2420C, (c) 2500C and (d) 2680C.
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Figure 3 Amount of compressed hBN and cBN grain size of polycrys-
talline cBN sintered bodies with synthesis temperature. Here, the amou

BN grain size (um)

temperature material testing machine. High tempera-

ture TRS was measured in a flow of nitrogen gas. The

hardness and TRS values were obtained from the aver-
age of at least three measurements.

3. Results and discussion

3.1. Hardness

Fig. 4 shows the hardness at room temperature of poly-
crystalline cBN sintered bodies synthesized at various
temperatures plotted against the amount of the com-
pressed hBN. The hardness increases with decreas-
ing the amount of compressed hBN. A high purity
polycrystalline cBN sintered body containing com-
pressed hBN less than 0.5% (synthesized at tempera-

Jures above 210€) has high hardness of about 5000—

of compressed hBN was estimated from the ratio of the X-ray reflectiono©00 kg/mni. This h_ardn?SS value is almost equal to
intensity of the compressed hBN (002) peak to that of cBN (111) peak.that of a polycrystalline sintered body synthesized by
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ature than that of the fine-grained one (H-1). A similar
temperature dependence of polycrystalline cBN hard-
5500 ¢ ness on the grain size was reported by Novikbval.
. [13]. In the high temperature range above 5G0the
5000 [4® ® hardness of the coarse-grained sintered body become
° lower than those of conventional sintered compacts.
4500 | ® e ° When indentations are made on the high purity poly-
crystalline cBN, plastic deformation due to the slip sys-
4000 + ¢ tem may occur in the cBN crystal grains. The active slip
systems of cBN crystal are considered tqb&1} (110
3500 | A [14]. The slip deformation of crystal is ready to occur
under high temperature. That brings the deterioration
3000 1 : of hardness of the polycrystalline cBN at high temper-
0 2 4 6 g ature. On the other hand, the development of the slip
deformation ceases at the grain boundaries. Therefore,
Comp.hBN (%) the fine-grained polycrystalline cBN, which has a high
degree of grain boundaries, has less deformation at high
temperature than the coarse-grain polycrystalline cBN.
This explains the higher hardness of the fine-grained
sintered body compared to that of the coarse-grain one.

catalytic conversion sintering with MBN3 catalyst Conventional Cl?y compacts of type B, has low hard-
(type C), and considerably higher than those of convenD€SS {3000 kg/mm) at RT, but the decreasing rate of

tional cBN compacts containing binder phases (30001he hardness at high temperature is less than that of

4000 kg/mmA). A definite dependence of the cBN grain Nigh purity polycrystalline cBN. The temperature de-
size or synthesis temperature on the hardness was npgndence of hardness of the type B compact is ascribed

observed in the high purity sintered bodies synthe—to the mechanical behavior of the binder phase rather

sized above 2200C. An excess of compressed hBN than _that of CBN, because cBN particles disperses in
is thought to deteriorate the bonding strength of cBNthe binder matrix. ,
grains and lower the hardness of sintered body, but a Micro cracks were produced above 10@in the
small amount of compressed hBN:Q.5%) does not YPe A and B compacts. In the case of the poly-
affect the hardness at room temperature. cry_stalllne cBN obtained by catalytic conversion sin-
Fig. 5 shows the temperature dependence of hardnef&ing (type C), many cracks were recognized above
of two typical kinds of high purity polycrystalline cBN: ©600-700C. Secondary constituents or impurities are
afine-grained (H-150.5.m) and a coarse-grained (H- f[hought' to cause the deterioration of'the s_lntered bod-
2, 2-5,.m) sintered bodies obtained at 23@and at ies at high temp_era_ture. In_ contrast with '_[hls, no cracks
2600°C respectively. The high temperature hardness of/€re observed in high purity polycrystalline cBN even

conventional type A and type B compacts containingat 1350°C, demonstrating the sintered body’s high heat

binder phases are also plotted in the figure for comIesistance.

parison. The hardness of both of the high purity poly-

crystalline cBN decreases with increasing temperature,

however, the decreasing rate depends on the cBN grai®.2. Transverse rupture strength (TRS)

size. The hardness of the coarse-grained sintered bodye measured TRS of high purity polycrystalline cBN

(H-2) decreases more rapidly with increasing tempersintered bodies synthesized at various temperatures at
7.7 GPa. Fig. 6 shows the variation of TRS at°@0

Hv (kg/mm?2)

Figure 4 Hardness at room temperature of polycrystalline cBN sintered
bodies synthesized at various temperatures.
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Figure 5 Temperature dependence of hardness of high purity polycrys-
talline cBN sintered bodies (H-1: fine-grained, H-2: coarse-grained) andrigure 6 Variation of TRS of polycrystalline cBN sintered bodies at
conventional type A and type B sintered compacts. room temperature®) and 1000C (O) with the synthesis temperatures.
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Figure 7 Temperature dependence of TRS of high purity polycrystalline
cBN sintered bodies (H-1: fine-grained, H-2: coarse-grained) and con
ventional type A and type B sintered compacts.

(roomtemperature) and 1000 with the synthesis tem-
perature. Each TRS at 20 and 1000C has a maxi-
mum when the synthesis temperature is about 2300
above which they decrease rapidly. In the case of thg
polycrystalline cBN synthesized at 2100-2300the ~
TRS at 1000C is higher than that at 2C. In con-
trast, the TRS at 100C of the polycrystalline cBN
synthesized at 260C is low as half as that at room
temperature. .
As mentioned above, the grain size of the polycrys-
talline cBN rapidly increases with increasing the syn-
thesis temperature above 2400 The coarsening of
the grain is thought to lower the TRS. The type C poly- 38
crystalline sintered body which consists of large cBN S
grains such as 3-10m also had low TRS. When the
synthesis temperature is as low as below 220)Q@he _ _ _ _
polycrystalline cBN contains some Compressed hBN:lgure 8 $EM images of fracture surfaces of polycrystalllne.cBN sin-
ered bodies after high temperature TRS test at 1008ynthesis tem-
(>0.1%). Because of the compressed hBN, the TR%erature is (a) 230C and (b) 2600C.
becomes lower. Therefore, the optimum synthesis tem-
perature for obtaining a high strength polycrystalline
cBN is considered to be 2200-24@ high temperature, and this relaxes the localized stress at
In Fig. 7, the TRS of the fine-grained (H-1) and a crack tip and prevents the development of the crack.
coarse-grained (H-2) high purity polycrystalline cBN, Consequently, the TRS increases at high temperature.
that synthesized at 2300 and 2600C respectively, is In this case, it is said that the intra-granular fracture is
plotted against temperature. For comparison, the TR8ominant. Fig. 8 shows the typical microstructures of
of conventional types A and B compacts is also plot-the fracture surfaces of the fine-grained (H-1, Fig. 8a)
ted in the figure. TRS of all samples does not changend coarse-grained (H-2, Fig. 8b) polycrystalline cBN
with the temperature up to 800, above which that sintered bodies after TRS tests at 1000From the ex-
of the fine-grained polycrystalline cBN increases withaminations of the fracture surfaces, it is revealed that
increasing temperature. In contrast, the TRS of thehe fracture of the fine-grained polycrystalline cBN is
coarse-grained one decreases as temperature rises. Tdased on intra-granular fracture, whereas inter-granular
TRS of the type A compact also decreases rapidlyfracture is dominant forthe coarse-grained one. Itseems
above 800C. TRS at 1000C of the coarse-grain poly- thatthe bonding strength of the cBN particles in coarse-
crystalline cBN or type A compact is almost halved of grained polycrystalline cBN is inferior, and the bonding
that at room temperature. The TRS of the type B comstrength is weakened considerably at high temperature.
pact increases gradually as temperature increases. The this case, the effect of relaxation of the localized
fine-grained polycrystalline cBN has the highest TRSstress by micro plastic deformation in the cBN grain
of all samples at temperatures above €D0 does not arise, because most fractures occurin the grain
The strength increasing with an increase in temperboundaries, not in the cBN grains.
ature also has been reported for high purity polycrys- The decrease of TRS of the conventional type A com-
talline SgN4and SiC[15]. Itis explained thisincreasing pact at high temperature is ascribed to the heat stress
in strength at high temperature by assuming small plasdue to the difference of the thermal expansion coef-
tic deformations at the crack tips in the grain. Namely,ficient between the cBN and binder material. In con-
micro plastic deformation occurs in the grain crystal attrast, the TRS of conventional type B compact gradually
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TABLE | Summary of mechanical properties of high purity polycrystalline cBN

High purity polycrystalline cBN

Conventional sintered cBN

H-1 (fine) H-2 (coarse) Type A Type B Type C
cBN (vol%) >99.9 >99.9 85-90 50-55 ~99
cBN grain size gm) <0.5 2-5 1-3 1-3 3-10
Other constituents — (comp.hBN) — (comp.hBN) Binder (Co etc) Binder (TiN etc) 3BWg
Process Direct conv. Direct conv. cBAbinder cBN+ binder Catalytic conv.
Hardness (kg/mR) R.T. 5000-5500 5000-5500 3500-4000 3000-3500 5000-5500
1000C 2000 1000 1200 1200 —
TRS? (kg/mn?) R.T. 135 60 140 105 60
1000C 160 30 55 110 —
Thermal stability {C in air) 1350 1350 1000 1000 700

aTransverse rupture strength. Span length; 4 mm.

increases with increasing temperature. The reason isf the fine-grained high purity polycrystalline cBN are

thought to be that thermal softening of the binder ma-superior to other conventional cBN compacts. These
trix phase becomes prominent under high temperaturegesults suggest that this material has high potential in

A similar behavior of TRS of the conventional cBN cutting tool uses.

compact like type B also has been reported by Shintani
et al [16].
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