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Sintered polycrystalline compacts in the system diamond-10-50 wt% SiC having average
grain size of less than 1 um were prepared at pressure of 6 GPa and temperature between
1400 and 1600 °C. Knoop indentation hardness of the compacts increased with diamond
content and sintering temperature, and specimens with a Knoop indentation hardness
greater 40 GPa were obtained. It was found that small amount of Al addition into the
starting diamond-SiC powder was effective to improve relative density and Knoop
indentation hardness of the compacts. The formation of graphite was also suppressed by
the addition of Al. Microstructure observation by SEM and TEM suggested that Al
segregated at the grain boundary and promoted the bonding between grains. Thin
microtwins were observed in diamond grains, whereas fine wavy structures with slightly
different orientations were observed in SiC grains, with or without Al addition.
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1. Introduction So far, a few studies have been reported on the high
Two methods for fabricating diamond compacts,pressure sintering of diamond and ceramic system. The
namely solid state and liquid phase sintering have beediamond-ceramic composites are possibly used as high
developed inthe early 1970s. Hall [1] has reported solidemperature abrasive materials because they do not
state sintering of diamond powder without additives un<form liquid phase at high temperature. We can also
der high pressure. He reported that the density of sinexpect lower internal-strain bodies as a result of min-
tered compact was 3480 kgin©9% of relative den- imizing the difference of thermal expansion between
sity) when it was sintered at 8.5 GPa and 21Cdor  diamond and matrix ceramic phase. SiC can be consid-
3 min. Stromberg and Stephens [2] have reported diaered as a candidate for the matrix phase, because SiC
mond sintering at 6-6.5 GPa and 1800—-1900They is known as a very hard material with strong covalent
have studied the effect of B and Si additives and rebonds having similar structure with diamond.
ported that both B and Si were effective to increase the In this paper we present experimental results of
relative density of the compacts. high pressure sintering of diamond-SiC or diamond-
Katzman and Libby [3] have reported liquid phase SiC-Al systems to explore diamond-ceramic compos-
sintering of the system diamond-Co. They preparedtes, and microstructure of the obtained composites are
diamond-Co composite having 27-30 GPa of micro-nvestigated.
hardness with adding 20% cobalt. Bex and Wilson [4]
and Walmsley and Lang [5] also obtained dia-
mond compacts sintered undef GPa and tempera-

tures above 140C€ with 8 vol% cobalt. Hibbs and . : T .
- _.. Starting materials used in this study were diamond pow-
Wentrof [6] have developed the cobalt infiltration der (0.1-1um grade, GE, USA)8-SiC powder (0.1

method into diamond layers at high pressure sinterin :
o . . i um grade, Ibiden, Japan) and Al powder (average
condition. They succeeded in making a WC-Co ano% m grade, Rare Metallic, Japan).

diamond laminated compact suitable for cutting tool
application. Yaet al. [7] reported the consolidation of
diamond powder with Si-18wt%Ti-2wt%B alloy under 2.2. High pressure sintering and

4.5-6.0 GPa at 1400-164D. On the other hand, dy- characterization of the compacts

namic or shock consolidation of diamond powder [8] The SiC powders ranging 10 to 50 wt% were mixed into
or mixture of diamond and ceramic powders [9] havediamond powders. The starting powders were mixed
been reported. with ethanol fo 1 h in an agatenortar. Mixing was

2. Experimental procedure
2.1. Starting materials
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Figure 1 Sample assembly for high pressure sintering. 1. paper gasket, . . .
2. pyrophyllite gasket, 3. stainless steel plate, 4. currentring, 5. zirconi igure 2 Relative densities of the samples 9D1S and 9D1SA with dif-

plate, 6. Mo plate, 7. steel ring, 8, 10, 14 NaCLO wt% zirconia, 9, 15 [erentsintering temperature.
NaCl, 11. zirconium foil, 12. sample, 13. graphite heater.

ied ith id ination f densities of the samples were increased with increase
carried outwith care to avoid contamination from agat€, 4, sintering temperature. The relative density of
mortar. In some case, 1 wt% Al was added to the dias

. ! the series increased remarkably with 1 wt% Al addi-
mond and SiC mixture. Here after, the samples wer y .

fion. The density of the other composition specimens
denoted as 9D1S for 90 wt% diamond and 10 wt% SiCWith higher SiC )::ontent was not mréasured Fl;ut it was

mixture and as 9D1SA for the mixture of (90 wt% dia- L o .
: . supposed that these densities reached similar relative
mond and 10 wt% SiC) plus 1 wt% Al. The dried pow- d:ﬁzities as shown in Fig '2' imi v

ders were sieved through an 83 mesh sieve. Green disks
of 7mm in diameter and 2 mm in thickness were formed
with a compacting pressure of 400 MPa. f3 2. XRD analysis

A flat belt type high pressure apparatus of 25 mm o
bore diameter [10, 11] was used for high pressure sinter'—:lg' 3 shows the XRD patterns taken from the surface

ing. Sample assembly of the sintering is illustrating inOf the mechanically polished specimen of 5D5S, 9D1S,

. ) . 5D5SA and 9D1SA sintered at 1600. The major
Fig. 1. The green bodies were surrounded with 0.04 mnen peaks were identified as diamond aH&iC bJut

thick Zr foils to prevent contamination from the pres- eak diffraction peaks of graphite aneSiC were de-

sure medium. The samples were loaded to 6 GPa Fcted. We could not find NaCl-type SiC, which was

room temperature, then heated to the designed tempejs . . e
eported to be formed during high pressure sintering
ature between 1400 and 1600 and kept for 1 h. The of diamond with Si-Ti-B alloy at 1400—160G under

sintered compacts were ground with a diamond grlnd-4.5_6 GPa [7]. The intensity of the graphite peak was

compacts was analvzed by X-rav diffraction methodedecreased with increase of SiC content and Al addition.
(XRB) y y y It was considered that graphite free compacts could be
) repared by adjusting the ratio of SiC and Al content

The Knoop indentation hardness was measured o the diamond.

the polished surface of the samples with 9.8 N load. The
microstructure of the fractured surface was analyzed by

SEM, after breaking the specimens. 3.3. Knoop indentation hardness

Preparation of the specimens for TEM observatio X .
were carried out as follows: Sintered bodies WergThe results of Knoop indentation hardness of the pol-

ground to under 4@m thickness, the disks were dim- ished surface of the diamond-SiC composites are illus-
pled and then these were Ar-ic')n-beam thinned withtrated in Fig. 4. Thg range of the hardngss was between
2.3 mA of current at 4.2 kV of voltage for about 48 h. 24 and 36 GPa with standard deviation of 0.9 GPa.

TEM observation was carried out using a 300 kV TEM Tfhg_ hardn desl-sl' n;crea_s?d .W'trt' mcrea?e of the %c.)nkt]ent
apparatus (Type H-9000, Hitachi Ltd., Japan) with anO! dlamond. Figher sintering temperature gave higher

attached EDX micro-analyzer (Analyst-8000, Kevexhardne;s._For the sample 9.[)18’ the increment of hard-
Co., USA). ness with increase of sintering temperature was small.

Degradation of micro-hardness of the sample 9D1S sin-
tered at 1600C could be attributed to formation of the
3. Results and discussion graphite phase, which was confirmed by XRD analysis.
3.1. Relative density of the sintered body Fig. 5 shows the micro-hardness of diamond-SiC-Al
Densities of the sintered bodies were measured by thgystem. The hardness values were ranging 23-40.5 GPa
Archimedes method. As shown in Fig. 2, the relativewith standard deviation of 0.7 GPa. The hardness values
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Figure 3 XRD diffraction patterns of 5D5S, 5D5SA, 9D1S and 9D1SA samples sintered at €600
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Figure 4 Knoop indentation hardness of the samples in the systemFigure 5 Knoop indentation hardness of the samples in the sys-
diamond-SiC with different diamond content and sintering temperaturetem diamond-SiC-Al with different diamond content and sintering

temperature.

were increased with increase of the content of diamond,

as in the system of the Al free composite. It was obvi-The degradation of hardness of 9D1SA sample may be

ous that the hardnesses of diamond-SiC-Al compositegttributed to the relatively weak intergranular bonding

were higher than those of diamond-SiC. The hardnesstrength.

of the sample 9D1SA sintered at 16D was about

14% higher than that of 9D1S. It was found that small

amount of Al addition was effective to improve inter- 3.4. Observation of the fractured surface

granular bonding between diamond and SiC, which wa$SEM micrographs of the fractured surface of 5D5S and

confirmed by TEM observation as mentioned later. 9D1S specimen sintered at 14@0 and 1600C are
Ideal hardness of diamond and SiC were reporteghown in Fig. 6a, b and c, d, respectively. It can be

to be 70 GPa and 25 GPa, respectively. From thesseen that the microstructure of the samples sintered at

data and simple rule of mixtures, the ideal hardness 01600°C suggested denser and pore free structure. It

9D1S was estimated to be about 55 GPa. The maximumwas suggested that the densification of the compacts

hardness of 9D1SA is about 75% of the estimated valueof diamond-SiC system may be promoted mainly by
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Figure 6 SEM micrographs of the fractured surfaces of diamond-SiC composites. (a) 5D5S sintered &€ 18P®D1S sintered at 140C,
(c) 5D5S sintered at 1600, (d) 9D1S sintered at 160C.

Figure 7 TEM micrographs of the grain boundary of the 50%diamond-50%SiC composite sintered aC188PBright field image of the grain
boundary, and (b) higher magnification photograph of the area indicated in (a).
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sintering temperature. Whilst change in sintering tem-Dynamic consolidation of admixture of diamond and
perature makes a significant difference to the density o8iC [9] or c-BN and SiC [12] resulted in extensive melt-
the compact, the ratio of diamond to silicon carbide ising of SiC phase. In the case of dynamic consolidation,
not an effective factor to obtain denser microstructurethe maximum pressure was reported to be higher than
From SEM micrographs of Fig. 6, no abnormal grain 10 GPa and maximum specimen temperature to be up to
growth was observed and the grain sizes were the san& 00 C, and then melting of SiC would be observed. In
order of magnitude with those of from starting powders.the case of static high pressure sintering of this study,
The fracture mode observed was mainly transgranulaspecimen temperature was controlled by heater more
There was no evidence of melting of the SiC phaseaccurately [11], and melting of SiC is not expected.

Figure 8 TEM micrographs of the grain boundaries of the 50%diamond-50%SiC-Al composite sintered &tC15@) Bright field image,
(b) higher magnification photograph of the grain boundary marked as b in Fig. 8a. (c) Higher magnification photograph of the grain boundary
where diamond-diamond formed grain boundary. The TEM taken the portion marked as c in Fig. 8a.
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The microstructure of the Al-containing samples a)
5D5SA and 9D1SA corresponding Fig. 6 data (not
shown here) suggested a similar trend to the sampls
without Al addition. No considerable difference was
recognized between the diamond-SiC and the diamond
SiC-Al system’s sample.

3.5. TEM observation

Fig. 7 shows TEM micrographs of grain boundary re-

gions of the diamond-SiC composite. The sample ex

amined was 5D5S sintered at 15@) Fig. 7b is higher

magnification photograph of the outlined region of

Fig 7a. Identification of diamond grains and SiC grains

was carried out by selected area diffraction technique

and by EDX analysis. Grains identified are labeled in Si

the figures. Strain contrast was observed both in dia

mond and SiC grains almost throughout the specimen

probably caused by ultra-high pressure during the sin-

tering. Between diamond and SiC grain, neither reac- Al

tion products nor glassy grain boundary phase was ob

served. In contrast, interstices between two grains wert C

observed frequently. It is suggested, therefore, that in- A

tergranular fracture observed by SEM was due to inter- J\Mw, b

stice between grains. 1[ é :; ; ; é '7 &'3
Fig. 8 shows TEM micrographs of the diamond- keV

SiC-Al composite. The sample was 5D5SA sintered

at 1500°C. Fig. 8b and c are higher magnification pho- Figure 9 TEM and EDX analysis of the sample 5D5SA sintered at

tographs of the outlined regions in Fig. 8a. An inter- 1'_500°C. EDX was taken at the portion marked by an arrow in

phase with thickness of about 5 nm between diamond'® %

and SiC grains was observed in Fig. 8b. As shown

in Fig. 8c, the contact parts between diamond grains

formed good bonding while there is the interstice in

other parts as indicated by the sign of the arrow. It can

be thought of as a cause of the grain boundary frac-’

ture. The aspects of bonding between grains affecte(

the properties of fracture. As stated above, the fracture

mainly depends on the existence of interstices for sin-

tered diamond-SiC composite.
In order to examine the role of Al addition, the mi-

crostructure of 5D5SA sample sintered at 150Gvas

further observed by EDX as shown in Fig. 9a and b.

The results of EDX analysis of the grain boundary be-|

tween diamond and SiC, at the point marked by ar-

row in Fig. 9a, indicates segregation of Al in the grain

boundary phase. The role of Al precipitates at the grain

boundary was not fully analyzed but Al may play a

role to promote the bonding between diamond and SiC|[SS88

grains. As mentioned in the fracture surface observa- &

tion, melting of not only SiC [9] but also diamond [8]is |

not confirmed also by TEM observation. On the other

hand, the fracture of large diamond particles and defor-

mation of SiC grains are observed generally, as showr

in Fig. 8a, irrespective of whether the sample containec

aluminum addition.
The microstructure of diamond and SiC grains ob-

served with incident beam direction of [110] are rep-

resented in Fig. 10a and c, respectively. Correspond

ing electron diffraction patterns are shown in Fig. 10b

and d, r_eSpeCtlver' In the dﬁfractl_on Pattem of dia- Figure 10 TEM micrographs of grains in the sintered body of 5D5S
mond, diffuse Strealfs an_ng thiEd[1] d|r_€‘Ct|0n WEre 0b-  sintered at 1500C under 6 GPa. (a) Diamond, (b) diffraction pattern
served, corresponding with the stacking faults observedr diamond, (c) SiC, and (d) diffraction pattern of SiC.
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in Fig. 10a. Walmsley and Lang [5] reported the for- amounts of graphite precipitation were observed from
mation of thin microtwins parallel t¢111} directions diamond-SiC samples, but the graphite content was de-
in synthetic diamond compacts under nearly the samereased with addition of 1 wt% Al. (3) SEM obser-
sintering conditions as used in the present study, i. eyation of the fractured surface suggested no abnormal
at pressure of-6 GPa and temperature above 1400 grain growth and intergranular fracture. Homogeneous
but more larger size (30—40m) diamond powders was microstructure was obtained by higher temperature sin-
used. They mentioned that the thinnest twins may beering. (4) Knoop indentation hardness was increased
only 1.0 nm thick. The diffraction pattern of diamond with increase of the content of diamond. Al addition
shown in Fig. 10b indicates the presence of reflectionsvas effective to increase hardness. (5) TEM observation
caused by{111} twins, overlapping onto the diffuse revealed interstices between diamond and SiC grains
streaks. Furthermore, many of the line-contrasts indifor diamond-SiC compact. It may induce grain bound-
cating the presence of stacking faults were observed axy fracture. Al addition formed interphase at the grain
aparallel pair lines, with separation of around a few nmboundary. (6) SiC grains deformed more severely than
as shown in Fig. 10a. This result is in good agreementliamond grains both with and without Al addition. Thin
with the above mentioned report [5]. microtwins were observed in diamond grains, whereas

In SiC grains, abnormal fine wavy contrast with afine wavy structure with slightly different orientations
slightly different orientations was frequently observedwas observed in SiC grains.
as shown in Fig. 10c. It probably gives concentric circu-
lar diffuse streaks, as shown in Fig. 10d. From these ob-
servations, both diamond and SiC grains were deformeReferences
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