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Shock consolidation of diamond powders 
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Fine and coarse diamond powders were shock-compacted at peak pressures of 77, 90, and 
108GPa. The densification and consolidation mechanisms of diamond powders under shock 
compression were investigated. The densification behaviour of the diamond powders depen- 
ded strongly on the particle size of the starting materials. Fine diamond powders were den- 
sified primarily by plastic deformation, while coarse diamond powders were densified mainly 
by particle fracture. The relative densities of the compacted diamond samples increased with 
an increase in the initial particle size of the diamond and with shock pressure. The consolida- 
tion mechanism of the diamond powders under shock compression was closely related to the 
densification mechanism, and depended on the initial particle size of the diamond. At a shock 
pressure of 90GPa, particle sizes of 2 to 4#m grade and 10 to 20#m grade were desirable as 
the starting material in order to produce well-bonded diamond compacts. Diamond compacts 
having microhardness values over 80GPa were obtained from 2 to 4#m grade and 10 to 
20#m grade diamond powders at a shock pressure of 90GPa, and their relative densities were 
88.5% and 91.0%, respectively. 

1. In troduct ion  
Carbonardo and ballas are well-known natural poly- 
crystalline diamond masses and have great toughness, 
superior to that of a single-crystal diamond, and have 
high hardness. Because of their excellent mechanical 
properties, these materials have been widely used as 
cutting tools, drill-bits and wire-drawing dies. The 
formation processes of carbonardo and ballas are 
investigated based on observations of their micro- 
structures [1-4]. It is reported that their formation 
processes are different from each other but that both 
have an extensive diamond-diamond bonding, lead- 
ing to high hardness and toughness [2, 3]. However, 
these natural polycrystalline diamonds are limited in 
amount, and in wide industrial applications there are 
some difficulties in shaping and holding these mate- 
rials. Thus, many efforts for making strong polycrys- 
talline diamond by high-pressure and high-temperature 
techniques have been made [5, 6]. 

The sintering of diamond with and without addi- 
tives at high temperatures and high pressures has been 
studied [7, 8]. A major difficulty in the sintering of 
diamond powder without additives is the surface 
transformation of diamond to graphite during the 
sintering process [8]. Although sintered diamond com- 
pacts with relatively high compressive strengths of 4.5 
to 5.8GPa were produced without additives, the 
bonding strength between diamond particles in these 
compacts is considered to be mainly due to the bond- 
ing of retransformed graphite [8]. On the other hand, 
from the studies on additives, it is reported that cata- 
lyst metals for diamond synthesis such as cobalt and 
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nickel [9-11] and some appropriate elements such as 
silicon, boron and beryllium [7] are effective in the 
sintering of diamond. Among these diamond additive 
systems, the sintering of diamond with cobalt is con- 
sidered to be the more attractive and promising method 
for making strong diamond compacts [12]. Akaishi 
et al. [11] studied the sintering behaviour of diamond 
in this system (diamond-cobalt) and pointed out that 
the surface graphitization of diamond particles, which 
is a harmful phenomenon in the sintering of pure 
diamond powders, is important for transferring cobalt 
and, consequently, producing diamond--~diamond 
bonding during the sintering process. 

Diamond can be synthesized by shock compression 
of a low-density phase of carbon as well as by the 
static high-pressure process [13, 14]. Trueb [15, 16] 
investigated shock-synthesized diamond powders and 
found many polycrystalline aggregates, a few tens of 
micrometres in size, having a substructure very similar 
to that observed in carbonardo. This suggests that the 
consolidation of transformed diamond crystallites 
took place at a high temperature in an extremely short 
duration of shock pressure, simultaneously with the 
phase transformation of graphite to diamond. 

In the previous papers [17, 18], we reported the 
dynamic compaction of cubic boron nitride (cBN) 
powder which is a high-pressure phase of BN. The 
densification and consolidation processes of cBN 
powders under shock compression were investigated 
and well-sintered cBN compacts with 98% theoretical 
density and a microhardness of 51.3 GPa were obtained 
from coarse cBN powders (40 to 60/~m grade) [18]. 
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The consolidation of diamond crystallites observed in 
the shock-synthesized diamond powders mentioned 
above and our previous results on the dynamic com- 
paction of cBN powders, strongly suggest that possi- Element 
bility of consolidation of  pure diamond powders into 
practically large masses by a shock compression tech- si 
nique. In this paper we describe the shock consolida- Mg Ni, Cu, Ca 
tion of diamond powders. AI, Cr 

2. Experimental procedure 
2.1. Starting materials 
Commercial-grade, synthetic diamond powders with 
different grain sizes were used as the starting materials. 
These powders were provided by General Electric Co. 
Ltd and were of  0 to l/2, 2 to 4, 10 to 20 and 40 to 
60/~m grades. Scanning electron micrographs of the 
as-received diamond powders are shown in Fig. 1. 
Particle morphology, especially in the coarse grade 
powders, suggests that these diamond powders were 
seived and refined through a crushing operation after 
synthesis. A spectrochemical analysis of the impurities 
in the 2 to 4/~m grade and 40 to 60 #m grade powders 
is listed in Table I. The powders without additives 

TABLE I Spectrochemical analysis of starting diamond pow- 
ders 

2 to 4 pm grade powder 40 to 60 #m grade powder 

Wt (p.p.m.) Element Wt (p.p.m.) 

800 Si 800 
10 Mn 10 
5 Ni, Cu, Ca 5 
1 Fe, Mg, A1 1 

were pressed into stainless steel capsules [19] to form 
discs 5 mm thick and 12mm diameter with a density of 
60% theoretical density. Then they were explosively 
shock-compacted. 

2.2. S h o c k - c o m p a c t i o n  e x p e r i m e n t s  
Shock treatments were carried out using a mouse-trap 
type plane wave generator and a momentum trap 
recovery system. Details of the shock-treatment fixture 
have been reported elsewhere [19]. The iron flyer plane 
used was 4.3ram thick and the impact velocities 
employed in this experiment were 2.1, 2.5 a n d  

3.0kmsec -1. The shock pressures  i n d u c e d  in the 

Figure 1 Scanning electron micrographs of starting diamond powders. (a) 0 to 1/2pm, (b) 2 to 4/tm, (c) 10 to 20#m and (d) 40 to 60gm 
grade diamond powders. 
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diamond powder compacts at these impact velocities 
were not calculated, but a calculation for titanium 
dioxide (futile-type) powder has been performed using 
the two-dimensional CSQ computer code at an impact 
velocity of 2.5 km sec-1 [20]. Thus, approximate peak 
pressures in the powder compacts at 2.1 and 3.0kin 
sec-~ were obtained by scaling the pressures in [20]. 
Peak pressures at the outer and centre regions within 
the powder compacts differ significantly and are esti- 
mated to be 33 and 77 GPa, 40 and 90 GPa and 48 and 
108 GPa for the outer and centre regions at impact 
velocities of 2.1, 2.5 and 3.0kin sec 1, respectively. 
Immediately after impact, fixtures containing the 
capsules were plunged into a water basin and quickly 
cooled before being recovered. After the shock treat- 
ments, compacted samples were carefully taken out of 
the capsules using a lathe. 

2.3. Characterization of compacted diamond 
powders 

In the shock-treatment fixture employed in this work, 
the shock pressure depends strongly on the radial 
position within the powder compacts mentioned above, 
while the shock temperature differs remarkably in the 
top and bottom regions at a given impact velocity [20]. 
The positions correspond to the direction of impact of 
the flyer plate to the capsules. In our previous studies 
[18, 19, 21] on shock consolidation of some ceramic 
powders using a shock-treatment fixture identical to 
the fixture used in this work, the distribution and 
history of the shock temperature within the powder 
compacts rather than those of shock pressure, had a 
significant effect on their consolidations. Because of 
this, in this work the resultant diamond compacts were 
characterized with respect to the top and bottom regions 
by means of X-ray diffraction, Vicker's microhardness 
test and scanning electron and optical microscopy. 

Both surfaces of each diamond compact recovered 
were ground using a diamond wheel and then polished 
with 10 to 20 and 0 to 1 #m diamond powders. After 
polishing, densities of the diamond compacts were 
measured by the water displacement method. Vicker's 
microhardness values were measured on the polished 
surfaces of the compacts using 4.9 and 9.8 N loads 
with a loading time of 15 sec. The phases present in the 
recovered compacts were examined using an X-ray 
diffractometer with nickel-filtered CuKc~ radiation. 
The residual lattice strain and the crystallite size of 
the compacted diamond powders were determined 
by X-ray line-broadening analysis using the Hall 
equation [22] referring to well-annealed alumina 
powder. X-ray diffraction patterns of the samples for 
the phase identification and the line-broadening 
analysis were also taken on the polished top and 
bottom surfaces of the compacts. Microstructures of 
the fracture and polished surfaces of the compacted 
diamond samples were examined by scanning electron 
(SEM) and optical microscopy. 

3. Results and discussion 
3.1. Appearance of recovered diamond 

compacts 
Compacted diamond samples were recovered as a 
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whole disc containing many cracks, except for the 
samples produced at 108 GPa which were broken into 
few pieces at recovery. Fig. 2 shows the polished top 
and bottom surfaces of the diamond compacts obtained 
from the (a) 0 to l/2#m, (b) 2 to 4#m, (c) 10 to 
20 #m and (d) 40 to 60 #m grade powders at 90 GPa. 
Bright regions, most noticeably in the compacted fine 
powders, correspond to the regions where diamond 
particles or agglomerates were taken out during the 
grinding and polishing operations. The number of 
cracks generated in the compacted diamond powders 
tends to increase with an increase in the particle size of 
the starting diamond powders, as seen in Fig. 2. This 
is the same tendency as was observed in the dynamic 
compaction ofcBN powders [17, 18]. Furthermore, in 
each compact there were fewer cracks in the top 
surface than in the bottom surface. This seems to 
be related to a difference in microhardness in the 
surfaces. Also, the cracking behaviour observed in 
Fig. 2 is related to the rarefaction wave associated 
with the intense radial shock wave generating from the 
outer part of the bottom region as predicted by the 
two-dimensional simulation [20]. 

The diamond compacts obtained at 77 GPa had 
fewer cracks, independent of the initial diamond 
particle size, than those produced at 90 and 108 GPa, 
but the microhardness values of the compacts were 
considerably low, near 10 GPa. 

3.2. Microhardness and density of diamond 
compacts 

Fig. 3 shows the dependence of the relative density 
of the compacted diamond powders on the initial 
particle size of the diamond. In this figure, 0 to 1/2, 2 
to 4, 10 to 20 and 40 to 60#m grade powders are 
represented by their mean particle sizes of 1/4, 3, 15 
and 50 #m, respectively. Density of the 2 to 4 #m grade 
powder compacted at 108 GPa could not be measured 
because the compacts were broken into small pieces. 
The relative densities of the diamond compacts 
produced at 77 and 90 GPa increased gradually with 
an increase in the initial particle size and with shock 
pressure. The dependence of the relative density on 
the initial particle size qualitatively agrees with that 
observed in the dynamic compaction of cBN powders 
[18], but the relative densities reached at 77 GPa differ 
significantly between the diamond and cBN powders. 
The relative density of the compacted 40 to 60 #m 
grade cBN powder was 98%, while the 40 to 60 #m 
grade diamond powder showed no greater than 89% 
theoretical density. Although it is necessary to consider 
an effect of a large number of cracks in the recovered 
diamond compacts on the density, the lower relative 
density of the compacted diamond powders indicates 
that densification of diamond powder under shock 
compression is much harder than that of cBN powder. 
This may be caused by the excellent mechanical 
properties of diamond at high temperatures [23, 24]. 

The dependence of the microhardness of the com- 
pacted diamond samples on the particle size of the 
starting diamond powders is shown in Fig. 4. Also, the 
dependence of the microhardness on shock pressure is 
shown in Figs 5 and 6. At 77 GPa the microhardness 



Figure 2 Sectional views of polished top and bottom surfaces of(a) 0 to 1/2/tm, (b) 2 to 4#m, (c) 10 to 20pm and (d) 40 to 60pm powders 
compacted at 90 GPa. 
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Figure 3 Dependence of relative density of compacted diamond 
powders on initial particle size of diamond. 

values of the diamond compacts were very low, near 
10GPa, and little dependence on the initial particle 
size was shown. As shock pressure increased from 77 to 
90 GPa, microhardness values increased significantly, 
especially in the bottom surfaces of the compacts, 
and clearly showed large dependence on the initial 
diamond particle size. A maximum microhardness 
value of 84 GPa was obtained in the bottom surface of 
the 2 to 4#m grade powder compacted at 90GPa, 
which is equivalent to microhardness values reported 
in the static high-pressure sintering of pure diamond 
powders [7]. The compacted 10 to 20 #m grade powder 
(at 90 GPa) also had microhardness of 82 GPa. At a 
shock pressure of 90 GPa, as the initial particle size 
decreased to smaller than 2 to 4 #m grade or increased 
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Figure 4 Dependence of microhardness of compacted diamond 
powders on initial particle size of diamond. 

to larger 10 to 20#m grade, microhardness of the 
compacted diamond samples tended to decrease as 
seen in Fig. 4. The dependence of  microhardness on 
the initial particle size, which is different from that 
observed in the dynamic compaction of cBN powders 
[18], seems to be closely related to both the densifi- 
cation and consolidation mechanisms of  diamond 
powders under shock compression. 

The large difference in the microhardness values 
between the top and bottom surfaces of each diamond 
compact obtained at 90 GPa is apparently due to the 
difference in the temperature history in both the 
regions during shock compression. This is a more 
distinguishable phenomenon than in the compacted 
cBN powders [18],and suggests that the densification 
and consolidation of diamond powders under shock 
compression of  90 GPa were more sensitive to the 
temperature and its history within the powder compact 
than to shock pressure. On the other hand, with an 
increase in shock pressure from 90 to 108 GPa, the 
microhardness values in the top and bottom surfaces 
of the compacted samples tended to be close to each 
other as seen in the results of the compacted 2 to 4 and 
40 to 60 #m grade powders (Figs 5 and 6). The micro- 
hardness of the top surface of the compacted 2 to 4 #m 
grade powder increased remarkably with the increase 
in shock pressure, but in the bottom surface the micro- 
hardness value was reduced significantly by the con- 
version of the diamond to graphite (Fig. 7c). In the 
bottom surface of the compacted 40 to 60 #m grade 
powder, a small amount of graphitization of diamond 
was detected. Because of this, the microhardness of 
this surface increased little with the increase in shock 
pressure. Thus, a diamond compact having nearly 
equal microhardness in both the top and bottom 
surfaces can be produced from 2 to 4 ym grade powder 
at about 102 GPa and from 40 to 60 #m grade powder 
at about 112 GPa according to Figs 5 and 6. In these 
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Figure 5 Dependence of microhardness of compacted diamond 
powders on shock pressure. Initial particle sizes of diamond are 0 to 
I/2 and 2 to 4 ym grade. ( ) Top surface, ( - - )  bottom surface. 

cases, microhardness of the diamond compacts is 
expected to be about 60 GPa, but a small amount 
of graphitization of the diamond may occur in the 
bottom surfaces of the compacts. 

3.3. Densification mechanism of diamond 
powders 

Densification of powder compacts in the dynamic- 
compaction process is thought to occur mostly at the 
shock wave front. Ceramic powders can be densified 
mainly by means of  particle fracture and/or plastic 
deformation of  particles under shock compression. 
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Figure 7 X-ray diffraction patterns of compacted 2 to 4 #m 
grade powders. Patterns (a), (b) and (c) are taken using the 
bottom surfaces of compacts obtained at 77, 90 and 
108 GPa, respectively. 

The former densification mechanism, particle frac- 
ture, usually results in a large particle size reduction 
in compacted powders, and the latter mechanism, 
plastic deformation, brings about a significant increase 
in lattice strain in the recovered materials [19]. Figs 8 
and 9 show the residual lattice strain and crystallite 
size in the diamond powders compacted at 77, 90 and 
108 GPa. At 77 GPa, the lattice strain values in the 
recovered diamond compacts were less than 0.05% 
and showed no appreciable dependence on the initial 
particle size of the diamond. Such small lattice strain 
in the compacts suggests that diamond powders were 
densified by particle fracture under shock compression 
of 77 GPa. However, the SEM observations of frac- 
ture surfaces of the compacts obtained at 77GPa 
indicated that there was no significant particle size 

'reduction in the compacted 0 to 1/2 and 2 to 4/~m 
grade powders, while m the compacted 10 to 20 and 40 
to 60/~m grade powders, the particle size was reduced 
remarkably by the shock compression. Therefore, it is 
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Figure 8 Residual lattice strain and crystallite size in compacted 
(O, e)  0 to 1/2 and (zx, A) 2 to 4#m grade powders. ( ) Top 
surface, ( - - - )  bottom surface. 

concluded that it is possible to densify the 0 to 1/2 and 
2 to 4#m grade powders by plastic deformation of 
particles but that shock pressure and temperature 
were, in fact, not sufficiently high to create plastic 
deformation in these powder compacts, resulting in 
little change in lattice strain and particle size. On 
the other hand, the 10 to 20 and 40 to 60#m grade 
powders appear to be densified mainly by particle 
fracture under shock compression. With an increase in 
shock pressure from 77 to 90GPa, the increase in 
lattice strain in the recovered diamond compacts 
depended on the initial particle size of the diamond. In 
the compacted 2 to 4#m grade powder, the lattice 
strain increased significantly to 0.23% and 0.18% 
for the top and bottom surfaces, respectively, while in 
the compacted 0 to 1/2/~m grad e powder, the increase 
in the lattice strain was appreciable (Fig. 8). As the 
particle size increased from 2 to 4 to 10 to 20 and 40 
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Figure 9 Residual lattice strain and crystallite size in compacted 
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to 60 #m grade, the lattice strain gradually decreased. 
Figs 10 and 11 show optical micrographs of the poli- 
shed bottom surfaces and scanning electron micro- 
graphs of fracture surfaces in the bottom regions of 
the diamond compacts obtained at 90GPa. These 
photographs clearly show changes in the size and the 
shape of the diamond particles due to shock treat- 
ments. There was no appreciable change in the particle 
size of the diamond in the compacted 0 to 1/2 and 2 
to 4pro grade powders, but there was remarkable 
change in the compacted 10 to 20 and 40 to 60#m 
grade powders relative to the initial particle size. 
This is the same phenomenon as was observed in the 
compacts obtained at 77 GPa. Fig. 12 shows a low- 
magnification photograph of the polished bottom 
surface of the compacted 40 to 60 #m grade powder 
(at 90GPa), corresponding to Fig. 10d. From the 
comparisons of this figure and Figs 10c, and 1 lc and d, 
the particle size reduction of the diamond in the com- 
pacted 40 to 60 #m grade powder was remarkable in 
comparison with that in the compacted 10-20#m 
grade powder. From the residual lattice strain and 
particle size reduction found in the recovered diamond 
compacts, it is concluded that the 0 to 1/2 and 2 to 
4#m grade fine diamond powders were densified 
primarily by plastic deformation of particles under 
shock compression of 90 GPa, while the 40 to 60 #m 
grade coarse powder was densified mainly by particle 
fracture. The 10 to 20/~m grade powder can be densi- 
fled by both the mechanism of particle fracture and 
that of plastic deformation. Also, at 108 GPa, fine and 

coarse diamond powders were densified by plastic 
deformation and particle fracture, respectively. There- 
fore, the dependence of densification behaviour of 
diamond powders on the initial particle size of 
diamond is unchanged in the shock pressure range 
from 77 to 108 GPa employed in this experiment. 

The amount of plastic deformation during the 
densification process in the compacted 0 to 1/2#m 
grade powder, estimated from the residual lattice 
strain in the recovered compact, was appreciable even 
at 90 GPa. This can be explained by the following two 
factors. One is the effective stress being applied to each 
particle under shock compression, which decreases 
with a decrease in particle size. Another is the strength 
of the particle, which generally increases with a 
decrease in particle size [25]. Stupkina [26] has inves- 
tigated dependence of the impact strength of a dia- 
mond on particle size and reported that the strength of 
diamond particles was inversely proportional to the 
diamond particle size. Thus, in dynamic compaction 
of 0 to 1/2#m grade powder, local stress applied to 
each diamond particle at a shock pressure of 90 GPa 
seems to be lower than that in the compacted 2 to 4 #m 
grade powder. Furthermore, each particle of 0 to 
1/2pm grade powder seems to have greater strength 
than that of each particle of the 2 to 4#m grade 
powder. Therefore, the plastic deformation in the 
compacted 0 to 1/2#m grade powder during shock 
compression became considerably less than that in the 
compacted 2 to 4 #m grade powder, even when shock 
pressure and temperature conditions were the same. 

Figure 10 Optical micrographs of  polished bottom surfaces of  compacted (a) 0 to 1/2 btm, (b) 2 to 4/~m, (c) 10 to 20#m and (d) 40 to 60/~m 
grade powders (at 90 GPa). 
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Figure 11 Scanning electron micrographs of fracture surfaces near the centre parts of the bottom surfaces of compacted (a) 0 to l/2#m, 
(b) 2 to 4/1m, (c) 10 to 20#m and (d) 40 to 60pro grade powders (at 90GPa). 

Such powder compaction behaviour in the 0 to 1/2/~m 
grade powder under shock compression is primarily 
responsible for the low relative density and low micro- 
hardness of its resultant compacts. High microhard- 
ness values of the compacted 2 to 4/~m grade and l0 
to 20#m grade powders indicate that at a shock 
pressure of 90 GPa, particle sizes of 2 to 20/ira are 
most suitable for making strong diamond compacts 
by dynamic compaction. On the other hand, the com- 
pacted 40 to 60 gm grade powder revealed a small 
amount of lattice strain, showing a little plastic defor- 
mation during the dynamic-compaction process, even 
though the coarse diamond powder is densified mainly 
by particle fracture by the shock treatment mentioned 
before. This implies that small fragments of a few 
micrometres in size, produced from coarse particles 
through particle fracture by a passage of the shock 
front, deformed plastically during shock compression 
and brought about additional densification of the 
compact. The fracture features of a diamond particle 
when loaded indicate that the densification speed of 
the coarse diamond powder (40 to 60 #m grade) under 

shock compression by means of particle fracture 
might be very fast. The crack velocity in diamond 
crystal is reported to be more than 7.5 km sec ~ [27], 
which is lower than the shock wave velocity in dia- 
mond being shock compressed at 90 GPa, but about 
three times higher than the particle velocity [28]. This 
strongly suggests that the coarse diamond powder can 
be densified very rapidly by particle fracture at the 
shock wave front into high density, and then resultant 
small fragments of diamond deformed plastically 
during shock compression, resulting in the additional 
densification of the powder. 

The crystallite size of the diamond in the recovered 
compacts also varied with the initial particle size of the 
diamond and with shock pressure. Except for the 
compacted 40 to 60 #m grade powder, the variation of 
the crystallite size with shock pressure almost corres- 
ponds to the variation of the residual lattice strain and 
microhardness with shock pressure as seen in Figs 5 to 
7 and 9. The increase in the crystallite size with shock 
pressure, observed in the compacted 2 to 4 and 10 to 
20/~m grade powders, is a unique feature in the 
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dynamic compaction of diamond powders. This may 
imply that the growth of crystallites produced during 
the densification took place simultaneously with the 
consolidation. The uniqueness of the crystallite size 
change in the compacted 40 to 60 #m grade powder 
may be related to the densification mechanism of this 
powder under sliock compression and to the pressure 
distribution and history within the powder compact 
during the dynamic-compaction process. 

Thus, it is concluded that the densification mechan- 
ism of diamond powders under shock compression 
strongly depends on the initial particle size of the 
diamond powders, but does not depend on shock 
pressure in the pressure range from 77 to 108GPa. 
The relative densities of the compacted diamond 
samples increased with the increase in the initial dia- 
mond particle size and reached 93% in the 40 to 60 #m 
grade powder compacted at 108 GPa. The variation in 
the microhardness values of the resultant compacts (at 
90 and 108 GPa) is not related to the relative density 
but is closely related to the densification mechanism 
depending on the initial particle size of the diamond. 

3.4. Consolidation mechanism of diamond 
powders 

The densification mechanism of a powder compact 
under shock compression is closely related to the 
degree of interparticle bonding developed during the 
dynamic-compaction process, because the localized 
high temperature rise is associated with the powder 
densification and plays an important role in producing 
that bonding [29-31]. Specifcally, the high tempera- 
ture rise at the grain boundaries resulting from intense 
plastic deformation in the contact surfaces of particles 
during the densification is significant in the shock 
consolidation of powders [19]. Furthermore, our 
previous work [18] on the dynamic compaction of 
cBN powders showed the strong effects of particle size 
of the starting materials on the consolidation of the 
powders. That consolidation of cBN powders was 
enhanced with an increase in the initial particle size 
reflected the fact that localized temperature in the 
compacted coarse cBN powder was higher than in the 
compacted fine powder. 

In the dynamic compaction o f  diamond powders, 
the densification mechanism depended strongly on the 
initial particle size of the starting materials as men- 
tioned before. The 40 to 60 #m grade coarse powder 
was densified mainly by particle fracture in the shock 
pressure range of 77 to 108 GPa. Therefore, little tem- 
perature rise at the contact surfaces of particles caused 
by plastic deformation during the densification may 
occur in this compact, though the heating resulting 
from frictional rubbing and the shock compression of 
gases in the pores can still be expected. Such localized 
heating can occur at particle boundaries that are in the 
initial powder compact, but that are not related to 
grain boundaries newly induced within the coarse 
diamond particles by fracturing during the densifica- 
tion. This may be the reason why the consolidation of 
the fine grains produced by fracturing coarse particles 
took place locally, as seen in Fig. 12. This is also why 
the microhardness value of the compacted 40 to 60 #m 
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Figure 12 Microstructure of polished bottom surface of compacted 
40 to 60 #m grade powder (at 90 GPa). 

grade powder is lower than the microhardness values 
of the compacted 2 to 4 and 10 to 20 #m grade pow- 
ders. On the other hand, the 2 to 4 #m grade diamond 
powder was densified by plastic deformation of parti- 
cles in the pressure range from 77 to 108 GPa. Thus, 
in this powder compacted at 90 GPa, judging from the 
high residual lattice strain in the recovered sample, 
intense plastic deformation may have resulted in a 
localized high temperature rise at the grain boundaries 
producing interparticle bonding in the compact during 
shock compression. In the 0 to 1/2 #m grade diamond 
powder, even at 90 GPa, plastic deformation of parti- 
cles was very limited because of the low effective stress 
in each particle and the high strength of fine diamond 
particles. This caused the low relative density and low 
microhardness of the compacted 0 to 1/2#m grade 
powder. In dynamic compaction of the 10 to 20#m 
grade powder, consideration of the densification 
mechanism shows that the powder can be consolidated 
by both the mechanisms proposed above. 

In Fig. 10, bright regions correspond to well- 
consolidated regions with strong interparticle bond- 
ing. As the initial particle size increased, such consoli- 
dated regions observed in these polished surfaces 
decreased gradually and the distribution of such 
regions became non-uniform as seen in the photo- 
graphs. The relatively large bright regions seen in Figs 
10c and d were found to consist of particles of few 
micrometres which were bonded each other. The 
microstructures in Figs 10b and c correspond to the 
regions where the microhardness values were 84 and 
82GPa, respectively. The amount of interparticle 
bonding observed in the photographs was, in fact, less 
than that supposed from such high microhardness 
values. This contradiction can be explained partly by 
the extremely strong diamond~tiamond bonding and 
partly by the small particle size of the diamond after 
shock compression compared to the size of the inden- 
tation of 14 to 16 #m in microhardness measurements. 
The strong direct bonding seems to result in high 
microhardness, even though the apparent amount of 
interparticle bonding was small. Also, the small par- 
ticle size of the diamond can increase microhardness 
because the indentation is covered by many fine 



Figure 13 Microstructures of polished top surfaces of compacted 
2 to 4 #m grade powders. (a), (b) and (c) correspond to compacts 
obtained at 77, 90 and 108 GPa and to regions where microhardness 
values are 8, 32 and 76 GPa, respectively. 

particles and its extension can be constrained by the 
grain boundaries. 

The microstructures in the polished top surfaces of 
the compacted 2 to 4 #m grade powders (at 77, 90 and 
108 GPa) are shown in Fig. 13. In this figure, (a), (b) 
and (c) correspond to the regions where microhard- 
ness values were 8, 32 and 76GPa, respectively. The 
increase with shock pressure in bright regions in these 
microstructures is very consistent with the increase in 
the microhardness, indicating the increase in the forma- 
tion of interparticle bonding. This implies that the 
formation of interparticle bonding in diamond powder 
compacts can be remarkably increased by increasing 
the shock temperature, because increasing shock 
pressure corresponds increasing shock temperature in 
the shock compaction of powder compacts with an 
equal initial density [32]. 

In the observations of fracture surfaces of the com- 
pacted diamond samples, intergranular fracture was 
found locally in the bottom regions of the 2 to 4 #m 
grade powder compacted at 90 GPa. Such regions may 
correspond to the regions where interparticle bonding 
was observed in the polished surface (Fig. 10b). This 
is evidence of strong interparticle bonding locally 
developed in this compact. The observations of the 
polished and fracture surfaces of the compacted dia- 
mond samples mentioned above are very consistent 
with the results of microhardness measurements. In 
addition, the variation in the microstructures of the 
resultant diamond compacts with the initial particle 
size of the diamond agrees well with the variations in 
the densification and consolidation mechanisms of 

diamond powders with different particle size under 
shock compression. 

A major difficulty in the static high pressure sinter- 
ing of pure diamond powders is the graphitization of 
diamond during the sintering process [8]. In this work, 
the graphitization was found in the bottom surface of 
the 0 to 1/2 #m grade powder compacted at 90 GPa 
and in the bottom surfaces of the 2 to 4 and 40 to 
60#m grade powders compacted at 108GPa. The 
amount of graphite formation in the bottom surface 
of the compacted 2 to 4#m grade powder (108 GPa) 
was estimated from X-ray diffraction analysis (Fig. 7c) 
to be about 10%. This is primarily responsible for the 
rapid reduction of the microhardness in the bottom 
surface of this compact with the increase in shock 
pressure from 90 to 108 GPa. However, it is surprising 
that the bottom surface of this compact still exhibited 
a high microhardness of 44 GPa (Fig. 5). In the other 
two compacts, the graphitization of diamond was a 
trace, and the effect of the graphitization on the micro- 
hardness seems to be insignificant considering the 
result mentioned above. The recovered diamond 
compacts had relatively low relative densities. This 
suggests a possibility of the graphitization of the 
diamond during the shock compression as well as after 
the release of the shock pressure. 

Fig. 7 shows X-ray diffraction patterns taken of the 
polished bottom surfaces of the diamond compacts 
produced from the 2 to 4 #m grade diamond powders 
at (a) 77, (b) 90 and (c) 108 GPa. Weak diffraction 
lines on both sides of the (1 1 1) diffraction line for 
diamond were detected in (b) and (c). Electron probe 
X-ray micro-analysis (EPMA) showed that the main 
impurities in these two samples were iron and nickel 
from the stainless steel capsule. These impurities were 
found to be concentrated in the crack regions observed 
in the recovered compacts (Fig. 2). Therefore, from 
the impurity analysis, the weak diffraction lines men- 
tioned above can be identified with the lines for Fe-C 
and Ni-C compounds which were produced during or 
after shock compression. The effect of these impurities 
on the consolidation of diamond powders is not clear, 
but the following comparison of microhardness 
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suggests that this effect is not significant. The amount 
of the impurities, estimated from X-ray diffraction 
analysis, in the two top surfaces of the 2 to 4#m grade 
powders compacted at 90 and 108 GPa were almost 
equal, but their microhardness values differed signifi- 
cantly. The former had 32 GPa, while the latter had 
76 GPa. It is clear that this increase in microhardness 
was caused by an increase in shock pressure and tem- 
perature, but that it is not related to the amount of the 
impurities in these compacts. 

Thus, it is concluded that the consolidation mech- 
anism of diamond powders under shock compression 
is closely related to the densification mechanism of the 
powders, and depends strongly on the initial particle 
size of the diamond. Plastic deformation of particles 
during the densification process has an important role 
in the shock consolidation of diamond powders. In 
order to produce well-bonded diamond compacts by 
dynamic compaction at a shock pressure of 90 GPa, 
diamond powders with particle sizes of 2 to 20 #m are 
desirable as the starting material. 

4. Conclusions 
Fine and coarse diamond powders were shock- 
compacted at peak pressures of 77, 90 and 108 GPa 
and the densification and consolidation mechanisms 
of diamond powders under shock compression were 
studied. The densification behaviour of diamond 
powders depended strongly on the particle size of the 
starting diamond powders. The 0 to 1/2 and 2 to 4 #m 
grade fine diamond powders were densified primarily 
by plastic deformation, while 40 to 60 #m grade coarse 
powder was densified mainly by particle fracture. The 
10 to 20#m grade powder was densified by both 
mechanisms. The relative densities of the compacted 
diamond samples increased with an increase in the 
initial particle size of the diamond and with shock 
pressure. 

The consolidation behaviour of the diamond pow- 
ders under shock compression was closely related to 
the densification mechanism of the powders and also 
depended on the initial particle size of the diamond. 
The results of microhardness measurements indicate 
that the optimum shock compaction condition for 
producing strong diamond compacts depends on the 
particle size of the starting diamond powder. At a 
shock pressure of 90 GPa, particle sizes of 2 to 4 and 
10 to 20 #m grade were suitable. The large difference 
in the microhardness in the top and bottom surfaces of 
each compact (at 90 GPa) suggests that the consolida- 
tion of diamond powders by shock compression is 
more sensitive to shock temperature than to shock 
pressure, and that high temperatures are required for 
the consolidation of diamond powders, i.e. higher 
temperatures than those required for the consolida- 
tion of cBN powders. Diamond compacts having 
microhardness values over 80GPa were produced 
from the 2 to 4 and 10 to 20 #m grade powders at a 
shock pressure of 90 GPa. Their relative densities were 
88.5% and 91.0%, respectively. 
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