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Thermal resistance properties of sintered diamonds with 1 to 5 vol% Co, Ni or super invar alloy were investigated at 1100~
1300°C in a vacuum of 1-1.8x 107> Pa. The thermal resistance of these sintered diamonds was strongly dependent on the
amount and kind of metal species. Sintered diamonds with small amounts of super invar alloy had superior resistance
against both graphitization and cracking. The temperature dependence of the thermal conductivity of sintered diamond
with 1.3 vol% Co was measured up to 110°C. Thermal conductivity slightly increased with increasing temperature.

1. Introduction

Most sintered diamonds available commercially
have superior mechanical properties' such as hard-
ness, wear resistance, transverse rupture strength,
etc., but the electrical resistivity of the sintered
mass has a very low value,” similar to that of
metal. The low electrical resistivity is due to a
continuous network of large amounts of metallic
Co phase which is used as a sintering aid. The large
amounts of metallic phases such as Co in sintered
diamonds deteriorate their physical properties at
high temperatures because of graphitization and
chipping or micro-cracking, caused by the catalytic
action of the metal and by differences in the
thermal expansion coefficients of diamond and
additive metals.”

It is very interesting to investigate the physical
properties of the sintered diamonds with small
amounts of metals. In this context, we have already
reported the synthesis of sintered diamond with 1
to 5 vol% Co or Ni and their improved physical
properties such as electrical resistivity, hardness,
etc.Y™ Also, these sintered diamonds are expected
to have improved thermal properties compared to
sintered diamonds with large amounts of metals.

In this paper, the effects of metal content and
metal species on the thermal resistance properties
of sintered diamonds with 1 to 5 vol% Co, Ni or
super invar alloy and the temperature dependence

of the thermal conductivity of diamond with 1.3
vol% Co are described.

2. Experimental procedures

Diamond sintering

Commercially available synthetic diamond
powders (General Electric Co. Ltd., 2-4 and 20-40
pm), ultrafine Co and Ni powders (Vacuum Metal-
lurgical Co. Ltd., 30 nm) and plates of Co (purity;
99.9%), Ni (purity; 99.9%) and super invar alloy
(Ni 31%, Co 4-6%, Mn 0.3-0.4%, C 0.07%, re-
mainder Fe) were used as starting materials.
Powder mixtures of diamond and metal were
prepared by mechanical mixing and magnetron
sputtering methods. Starting materials and sinter-
ing conditions are shown in Table 1. These starting
materials were sintered at 7.7 GPa and 2000°C for
1 hr using a belt-type high pressure apparatus. The
details of the starting material preparations and
the physical properties such as microstructure,
hardness and electrical resistivity of these sintered
diamonds have been described in previous
papers.Y™®

Thermal resistance property

Sintered diamonds obtained under the condi-
tions of Table 1 were polished using a rotating cast
iron scaife. The thermal resistance of polished
sintered diamonds was investigated by heat treat-
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Table 2. Thermal resistance of sintered diamonds at 1100, 1300°C in a vacuum

Heat treatment at 1100°C, 30 min

Heat treatment at 1300°C, 30 min

Sample No.

Graphitization Cracks

Graphitization Cracks

DN-5 small amount many micro
cracks

no cracks

many cracks

two cracks

two cracks

DNSpu. small amount
DC-5 no
DCoSpu. no
DCoSpu. no
C&F

DInSpu. no no cracks

small amount no cracks

sintered diamond with super invar alloy was
superior in resistance against both graphitization
and cracking compared to sintered diamonds with
Co or Ni additives.

As described above, no graphitization or crack-
ing was observed by heat treatment of 1100°C in
the sintered diamond with super invar alloy addi-
tive. It is very interesting to investigate the thermal
resistance property of this sample at higher temper-
ature conditions. DInSpu heat-treated at 1100°C
was treated again at 1200°C for 30 min in the
vacuum and then treated at 1300°C for 30 min in
the same atmosphere. X-ray diffraction patterns of
the sample treated at 1200°C and that at 1300°C
are shown in Figs. 3(B) and (C), respectively.
From this figure, graphitization of the sintered
diamond is not clearly observed up to 1200°C, but
a small amount of graphite was confirmed in the
sample treated at 1300°C. Also, DInSpu without
any heat treatment was treated at 1300°C for 30
min in the vacuum. The X-ray diffraction pattern
of the sample was almost the same as that of Fig.
3(C). These results suggest that the graphitization
rate of the sintered diamond with super invar alloy
is fairly increased above 1300°C in the vacuum
condition.

No cracking was observed on the surface of the
sintered diamond after the heat treatment up to
1300° C in vacuum, as listed in Table 2. This shows
that sintered diamond with small amounts of super
invar alloy was superior against cracking. This
may be due to a very low thermal expansion
coefficient of super invar alloy compared with
those of Co or Ni. These results suggest that super
invar alloy is a desirable additive for the sintering
of diamond to improve thermal resistance.
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Fig. 3. X-ray diffraction patterns of sintered diamond,
DInSpu, after heat treatment in the vacuum. (A) 1100° C for 30
min. (B) 1100, 1200°C for 30 min. (C) 1100, 1200, 1300°C for
30 min.

Thermal conductivity

Samples of DCoSpu C&F for thermal conduc-
tivity measurement were shaped into 1.74x1.85x%
2.45 mm rectangular prisms having three parallel
polished faces. Thermal conductivity of the sin-
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tered diamond with this shape was measured by
the method described in the experimental proce-
dures. Figure 4 shows a typical temperature scan
on the sample and probes. Temperature gradients
and thermal conductivity are also shown in Fig. 4.
The temperature gradients of sample and probes
were calculated using cut-off data at 15% from the
observed values. The cut-off points are shown in
Fig. 4 as lines parallel to the temperature axis. The
average thermal conductivity of the sample at
41.5-42.5°C was 3.46+0.05 watt/cm-°K, as shown
in Fig. 4. The average thermal conductivity was
obtained from S thermal conductivity measure-
ments.

The temperature dependence of the thermal
conductivity of this sample is shown in Fig. 5. As
shown in Fig. 5, the thermal conductivity slightly
increased with increasing temperature. Usually,
the thermal conductivity of single crystal diamond
decreases with increasing temperature above room
temperature. However, the temperature depen-
dence of the thermal conductivity of polycrystalline
cubic boron nitride has been reported by Sumiya
et al.” to be positive, as shown in Fig. 5; our
experimental results on sintered diamond showed
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Fig. 5. Temperature dependence of thermal conductivity of
sintered diamond.

a similar temperature dependence. The reason is
not clear as yet, but this phenomenon may be
closely related to the grain size of sintered diamond
as well as impurities and other defects.

4. Conclusion

Sintered diamonds with Ni additive are easily

Thermal Conductivity

No . Kl{watt/K/cm) No. Temp(_C) Grad(K/mm)
G(L) 35.6 1.7544
1 3.46 +/- 0.009 SAMF 42.5 1.9777
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Fig. 4. Temperature scans to determine the thermal conductivity of sintered diamond, DCoSpu C&F.
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graphitized compared with those with Co or super
invar alloy additives by heat treatment of 1100°C
for 30 min in a vacuum of 1 to 1.8x107° Pa.

Cracking of sintered diamonds by heat treatment
increased markedly with increases of additive metal
content. Also, cracking was strongly dependent on
the kind of metal species. Sintered diamonds with
Co additive were easily cracked compared to those
with Ni or super invar alloy.

In the examined sintered diamonds, those with
small amounts of super invar alloy had superior
thermal properties in resistance against both
graphitization and cracking.

The temperature dependence of the thermal con-
ductivity of sintered diamond with 1.3 vol% Co
was measured up to about 110°C. Thermal con-
ductivity slightly increased with increasing temper-
ature; the thermal conductivity of the sintered
diamond at 42.5°C was 3.46+0.05 watt/cm-°K.

REFERENCES

1) R. H. Wentorf, R. C. DeVries, and F. P. Bundy, Science
208, 873 (1980).

2) P.D. Gigl, High Pressure Science and Technology, Vol. 1,
eds. K. D. Timmerhaus and M. S. Barber, Plenum, New
York, 1979, 914 p.

3) N. lijima, H. Takeyama, and M. Kashiwase, J. Jap. Soc.
Precis. Eng. 50, 1110 (1984).

4) M. Akaishi, S. Yamaoka, J. Tanaka, T. Ohsawa, and O.
Fukunaga, J. Am. Ceram. Soc. 70, 237 (1987).

5) M. Akaishi, S. Yamaoka, J. Tanaka, T. Ohsawa, and O.
Fukunaga, Materials Science and Engineering, A105/106
517-523 (1988).

6) M. Akaishi, S. Yamaoka, T. Ohsawa, and O. Fukunaga,
The Ceramic Society of Japan, Regional Meeting, Aug.,
1988, Tsukuba.

7) E. A. Burgemeister, Ind. Diamond Rev. 35, 242 (1975).

8) E. A. Burgemeister, Modern Utilization of Infrared Tech-
nology V, Proceedings of SPIE, Vol. 197, 1979, 305 p.

9) H. Sumiya, S. Yazu, K. Tsuji, S. Satoh, A. Hara, and N.
Urakawa, Sumitomodenki, 130, 114 (1987).



