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C-BN powders with different grain sizes were dynamically compacted by explosive shock 
loading using approximate peak pressures from 33 to 77 GPa. The density and the microhard- 
ness of the resulting c-BN compacts were strongly dependent upon the grain size of the c-BN 
powders used as the starting materials. The best c-BN compacts, with 98% of the theoretical 
density and microhardness of 51.3 GPa, were obtained from the coarse c-BN powder (40 to 
60#m). In the compacted fine c-BN powder (2 to 4#m) conversion of the c-BN to low den- 
sity forms of BN at a residual temperature degraded the interparticle bonding significantly. 
X-ray line-broadening analysis of the compacted c-BN powders indicated that the residual 
lattice strain increased with the increase in grain size of the starting powder, while the crystal- 
lite size was independent of the grain size. 

1. Introduction 
Chemical and physical properties of cubic boron 
nitride (c-BN) are very similar to those of a diamond 
[1]. Polycrystalline c-BN compact can be expected to 
have good toughness (superior to single crystal c-BN) 
in addition to high hardness, analogous to natural 
polycrystalline diamond, carbonardo. However, c-BN 
and diamond are typically hard-to-sinter materials, 
even when high-temperature and high-pressure 
techniques are used, due to their strong covalent 
bonding and their stability at high temperatures and 
pressures [2-4]. 

Shock compaction is one of the powder compaction 
processes and seems to have considerable potential in 
the fabrication of c-BN and diamond powders ds 
well as in the densification. In the shock-compaction 
process, powder compact can be densified to near the 
theoretical density at the shock front with subsequent 
interparticle bonding. The effects of shock com- 
pression on powder materials depend strongly upon 
the nature of the chemical bonding of the materials 
and their physical properties [5, 6]. Thus, the required 
shock-compaction conditions are also dependent 
upon the chemical and physical properties as well as 
the characteristics of the powders [7, 8]. In addition, in 
the shock consolidation of c-BN powder, the zinc 
blende type structure should be preserved through the 
shock-compaction process in order to develop good 
mechanical properties. 

In this work, c-BN powders with different 
grain sizes were dynamically compacted to study the 
effects of grain size on the densification and con- 
solidation processes under the shock-loading 
conditions. 

2. Experimental procedures 
2.1. Starting materials 
Commercial-grade c-BN powders with different grain 
sizes were used as the starting materials. Three sizes 
were used: 2 to 4/~m grade (Showa Denko Co. Ltd.) 
and 10 to 20#m and 40 to 60/zm grade (General 
Electric Co. Ltd.). Scanning electron micrographs of 
the as-received c-BN powders are shown in Fig. 1. The 
powders were composed of angular particles as seen in 
Fig. 1. A spectrochemical analysis of the impurities in 
the starting c-BN powders is listed in Table I. The 
powders without additives were cold-pressed to form 
discs 5 mm thick and 12 mm in diameter with a density 
of 60% of the theoretical density in stainless steel 
capsules [7] and then shock-compressed. 

2.2. Shock compaction experiments 
Shock treatments were carried out using a mouse-trap 
type plane-wave generator and a momentum-trap 
recovery system. Details of the shock-treatment fix- 
ture have been reported elsewhere [7]. The impact 
velocity employed in this work was 2.1 km sec J. The 
shock pressures induced in the c-BN powder compacts 
were approximated from the calculation for titanium 

T A B L E  I Spectrochemical analysis of  starting c-BN powders 

2 to 4pm 10 to 20#m 40 to 60#m 
grade c-BN grade c-BN grade c-BN 

Element Weight Element Weight Element Weight 
(p.p.m.) (p.p.m.) (p.p.m.) 

Si 800 Si 800 Si 800 
Mg 100 Ca 5 Ca 5 
Mn 10 Mg 1 Mg 1 
Fe, Cr < 1 Fe < 1 Fe < 1 
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Figure 1 Scanning electron microgaphs of starting c-BN powders. 
(a) 2 to 4#m, (b) 10 to 20#m and (c) 40 to 60pm grade c-BN 
powders. 

dioxide (rutile type) powder at an impact velocity of 
2.5 km sec-~ [9]. The peak pressures obtained by scal- 
ing the pressures in [9] according to the impact veloc- 
ity of 2.1 kmsec -I were 33 and 75GPa for the outer 
and centre regions within the powder compact, respect- 
ively. Immediately after impact, fixtures containing 
the capsules were plunged into a water basin and 
quickly cooled before being recovered. After the shock 
treatments, c-BN samples were carefully taken out of 
the capsules using a lathe. 

2.3. Characterization of compacted c-BN 
powders 

The computer calculations using CSQ code [9] show 
that in the present shock-treatment fixture, the press- 
ure and the temperature induced by shock loading 
depend strongly upon the position within the powder 
compact. Most noticeably, shock temperatures in the 
front and bottom regions at a given impact velocity 
differ significantly. These positions correspond to the 

1128 

direction of propagation of a shock wave. Powder in 
the bottom region has a temperature about two times 
higher than that in the front region at an impact 
velocity of 2.5 km sec 1. Because of this, in the present 
work, the shock-compacted c-BN powders were exam- 
ined with respect to the front and bottom regions by 
using X-ray diffraction, scanning electron and optical 
microscopy and Vicker's microhardness tester. 

Both surfaces of each recovered c-BN compact were 
ground using a diamond wheel and then polished with 
0 to 1 #m diamond paste. After the polishing, the 
relative densities of the compacts were measured by 
water displacement method. Vicker's microhardness 
values were measured on the polished surfaces of the 
compacts using a 9.8N load with a loading time of 
15 sec. The phases present in the recovered compacts 
were examined using an X-ray diffractometer with 
Ni-filtered CuKc~ radiation. The residual lattice strain 
and the crystallite size of the compacted c-BN pow- 
ders were determined by X-ray line-broadening analy- 
sis using the Hall equation [10] referring to well 
annealed alumina powder. X-ray diffraction patterns 
for the phase indentification and the line-broadening 
analysis were also taken on the polished surfaces of 
the compacts. Microstructures of the fracture and 
polished surfaces of the compacted c-BN samples 
were observed by a scanning electron and optical 
microscopy. 

3. Results and discussion 
C-BN compacts were recovered as a whole disc con- 
taining several cracks. The difference in the cracking 
behaviours of the front and bottom surfaces of the 
compacts was due to the difference in their pressure 
and temperature histories within the powder compacts 
during and after shock compression. Fig. 2 shows 
such crack generation in the compacted c-BN sample 
obtained from 40 to 60 #m grade powder. Photographs 



Figure 2 Section views of the polished front (a) and bottom (b) surfaces of compacted coarse c-BN powder (40 to 60#m grade), x 6.3. 

in this figure show the polished front (a) and bottom 
(b) surfaces. The cracks in the c-BN compacts seem 
to be partly caused by the high residual stress in 
the compacts and partly by the abrupt volume expan- 
sion associated with the rarefaction wave. The larger 
number of cracks in the bottom surface than in the 
front surface, as seen in Fig. 2, seems to be evidence of 
the effects of the strong rarefaction wave that is asso- 
ciated with the intense radial shock wave generating 
from the outer part of the bottom region as predicted 
by the simulation [9]. 

3.1. Density and microhardness 
The densities and Vicker's microhardness values of 
the compacted c-BN samples are shown in Fig. 3. This 
reveals a strong dependency of the density and micro- 
hardness on the grain size of the starting c-BN pow- 
ders. Percentages in parentheses in this figure indicate 
relative densities calculated using the theoretical den- 
sity of c-BN. X-ray diffraction showed that a trace of 
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Figure 3 Density and Vicker's microhardness of c-BN compacts. 2 
to 4/~m, 10 to 20/~m and 40 to 60#m grade powders are represented 
by 3 #m, 15 #m and 50/~m in this figure, respectively. ( ) front, 
(-  -) bottom. 

the c-BN in the compacts produced from 10 to 20/~m 
and 40 to 60 #m grade c-BN powders was transformed 
to a turbostratic BN (t-BN) [11], and that a part of the 
c-BN in the compacted fine c-BN powder (2 to 4/tm 
grade) was converted into t-BN and graphite-like BN 
(g-BN) by the shock treatments. Thus, the relative 
densities in Fig. 3 contain some error, especially in the 
compacts obtained from 2 to 4 #m grade powder. 

From the X-ray diffraction, it is seen that the 
decrease in the density of the compacted c-BN samples 
with the decrease in grain size of the starting c-BN 
powders is apparently caused by the conversion of the 
c-BN to low density forms such as t-BN and g-BN 
after shock compression, rather than the difficulty in 
the densification of fine grained powder by a shock 
wave. Also, this conversion is undoubtedly respon- 
sible for the marked reduction in the microhardness of 
the c-BN compacts with the decrease in c-BN grain 
size. 

In the compacts produced from the 2 to 4/~m and 10 
to 20 #m grade powders, the micro Vicker's indenta- 
tions for a 9.8 N load were larger than an apparent 
particle size of the c-BN powders after shock treat- 
ments. On the other hand, in the compacted 40 to 
60/2m grade c-BN sample, indentations were some- 
what smaller than the apparent c-BN particle size 
after shock treatment. Thus, the microhardness of this 
compact was measured on the c-BN particles and on 
the boundaries between the particles separately. Some 
indentations in both positions are shown in Fig. 4. 
Microhardness of the particles was slightly higher 
than that in the particle boundaries: 53.3 _+ 1.4 GPa 
for the particles and 51.3 _+ 3.6GPa for the bound- 
aries in the front surface, respectively. In Fig. 3, 
microhardness values in the front and bottom surfaces 
of the compacted 40 to 60/~m grade powder are 
represented by the values obtained on the c-BN par- 
ticle boundaries. The average microhardness values in 
the front and bottom surfaces of this compact, 51.3 
and 50.6 GPa, are almost equivalent to those for stati- 
cally synthesized polycrystalline c-BN compacts [4]. 
This indicates that extensive interparticle bonding has 
been successfully produced in the compacted coarse 
c-BN (40 to 60/lm grade) following the densification 
of the powder in the shock-compaction process. The 
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Figure 4 Micro Vicker's indentations in compacted 40 to 60/xm 
grade c-BN powder. (A) and (B) indicate indentations in the c-BN 
particles and the particle boundaries, respectively. 

difference in the microhardness values of the front and 
bottom surfaces of the compacted 2 to 4#m grade 
c-BN powder is apparently due to the difference in the 
pressure and temperature histories in both regions 
during and after shock compression. 

3.2. Lattice strain and crystallite size 
In general, ceramic powders can be densified by 
intense particle fracture and plastic deformation 
under shock compression. As reported in shock- 
treated ceramic materials [7, 12], plastic deformation 
in particles during densification usually results in a 
significant increase of lattice strain in the recovered 
materials. The residual lattice strain and the crystallite 
size in the recovered c-BN compacts are shown in 
Fig. 5 and Table II. Relatively small lattice strain 
values in the compacted c-BN samples compared to 
those in shock-treated ceramic powders [12-14] sug- 
gest that the c-BN powders are densified by particle 
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Figure 5 Hall-Williamson plots of X-ray line-broadening analysis. 
X-ray diffraction patterns were taken using the polished front sur- 
faces of the recovered c-BN compacts. D: crystallite size, E: lattice 
strain. 
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T A B L E  II Lattice strain and crystallite size of compacted 
c-BN powders 

Grain size Lattice strain (%) Crystallite size (nm) 

Front Bottom Front Bgttom 

2 to 4 #m grade 0.29 0.26 36 32 
l0 to 20/xm grade 0.19 0.19 30 33 
40 to 60#m grade 0.17 0.14 31 31 

fracture. However, scanning electron micrographs of 
the fracture surfaces of the compacts show that 
apparent particle sizes of the c-BN after the shock 
treatments were reduced to about half of the initial 
grain sizes. Therefore, it is reasonable to conclude 
that the fine and coarse c-BN powders were densified 
mainly by plastic deformation rather than by particle 
fracture, and that the low lattice strain values in the 
recovered compacts are due to the annealing effects at 
a high temperature during shock compression and in 
a part of the pressure release process where the c-BN 
structure is stable. The lattice strain values, slightly 
larger in the compacted fine c-BN powder (2 to 4 #m 
grade) than in the compacted coarse powders (10 to 
20 #m and 40 to 60 #m grade) (Fig. 5), seem to be 
caused by a large plastic deformation in the fine 
grained powder during densification. This is consist- 
ent with ~he results of dynamically compacted fine and 
coarse alumina powders by Prfimmer and Ziegler [13]. 

The crystallite size of the compacted c-BN samples 
was independent of the grain size of the starting 
c-BN powders (Table II). This suggests that heavily 
deformed c-BN particles were annealed and then 
recrystallized into 30 to 35nm crystallites during 
shock compression, and not after release of the shock 
pressure, because c-BN is a stable phase of BN at high 
pressures. As reported in some shock-compacted 
ceramic powders, the residual strain and crystallite 
size are sensitive to temperatures during and after 
shock compression as well as to the level of shock 
pressure [12, 14, 15]. In the shock treatment fixture 
used in this experiment, there is a large difference in 
temperatures in the front and bottom regions within 
the powder compacts during and after shock com- 
pression [9]. It is, therefore, supposed that the residual 
strain and crystallite size in both regions of each 
c-BN compact may be significantly different. How- 
ever, there is in fact no appreciable difference in the 
lattice strain and crystallite size in both surfaces of the 
compacts as seen in Table II. This seems to be caused 
by the fact that the annealing effects of the deformed 
c-BN particles can be expected to occur only for an 
extremely short duration of about 1 #sec, correspond- 
ing to the duration of the shock pressure and the part 
of the pressure release process where c-BN is stable. 
Thus, the independence of the residual lattice strain on 
the position within the powder compacts obtained is 
not inconsistent with the temperature distribution and 
history during the shock-compaction process within 
the powders predicted by the simulation [9]. This 
phenomenon seems to be a unique feature in dynamic 
compaction of this material. 

3.3. Microstructure of c-BN compac t s  
Typical microstructures of the fracture surfaces in the 



Figure 6 Scanning electron micrographs of a fracture surface of the compacted 2 to 4/~m grade c-BN powder: (a) front region, (b) bottom 
region. 

front (a) and bottom (b)regions of the c-BN compacts 
produced from the 2 to 4, 10 to 20 and 40 to 60#m 
grade powders are shown in Figs 6, 7 and 8. The front 
region of the compacted 2 to 4#m grade powder 
exhibited relatively porous microstructure and mostly 
intergranular fractures (Fig. 6). Some of the pores in 
Fig. 6a seem to be remnants of grains which are pulled 
out at fracturing, which indicate weak interparticle 
bonding due to the conversion of the c-BN to low 
density forms, as indicated by X-ray diffraction. With 
the increase in grain size of the starting c-BN powder 
from 2 to 4#m to 10 to 20#m and 40 to 60#m, frac- 
ture morphology of the resulting compacts gradually 
Changed from intergranular to transgranular fracture 
in both front and bottom regions, as seen in Figs 6 to 
8. Predominance of the transgranular fracture in the 
c-BN compacts obtained from the 10 to 20 and 40 to 
60 #m grade powders is evidence of the development 
of substantial interparticle bonding during the shock- 
compaction process. The change in the fracture mor- 
phology with the c-BN grain size is very consistent 
with the phenomenon of the increase in microhard- 
ness with the increase in grain size. 

Optical micrographs of the polished front surfaces 

of three c-BN compacts produced from 2 to 4, 10 to 20 
and 40 to 60 ~m grade powders are shown in Fig. 9. 
This clearly shows the difference in the amount of 
interparticle bonding developed in these compacts. 
The dark gray regions in the photographs (Fig. 9) 
were probably made by pulling out of fine grains 
during polishing. These fine grain regions seem to 
correspond to the weakly bonded regions where fine 
c-BN grains, produced during the static powder com- 
paction prior to the shock compaction and during the 
shock densification, might have been converted into 
low density forms resulting in friable regions. On the 
other hand, the bright regions in the photographs 
correspond to polished c-BN secondary particles. 
Fig. 9 shows that the size and the number of bright 
regions in the three c-BN compacts increased mark- 
edly with the increase in grain size of the starting 
powder. In the compact obtained from the 40 to 60 #m 
grade powder, it can be seen that c-BN particles 
bonded successfully to each other with a part of each 
particle. This is also evidence of the substantial inter- 
particle bonding formed in the compact. In the com- 
pacted 10 to 20/~m grade powder, interparticle bond- 
ing was locally observed but limited by the undesirable 

Figure 7 Scanning electron micrographs of a fracture surface of the compacted 10 to 20#m grade c-BN powder: (a) front region, (b) bottom 
region. 
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Figure 8 Scanning electron micrographs of a fracture surface of the compacted 40 to 60 #m c-BN powder: (a) front region, (b) bottom region. 

conversion of the c-BN to low density forms. Fig. 9 
shows that this conversion took place preferentially 
on the particle surfaces of c-BN (grain boundaries in 
the compacts). 

In the static high pressure sintering of diamond 
powders, it is also pointed out that graphitization of 
the diamond occurs preferentially on the surfaces of 
the diamond grains during sintering [3, 16]. Thus, the 
surface transformation from a high pressure phase to 
a low density form that occurs during the consolida- 
tion process seems to be a major problem in the sinter- 
ing of a high pressure modification such as c-BN and 
diamond. Such a transformation results in a signifi- 

cant degradation of the mechanical properties of the 
resulting compacts. 

3.4. Shock  consol idat ion of c -BN p o w d e r s  
Assuming that the Hugoniot of a material is indepen- 
dent of particle size, it can be believed that an increase 
in the total internal energy of powder compacts con- 
sisting of particles with different sizes should be the 
same for equal initial packing densities as a given 
shock pressure. In the shock compaction of porous 
materials, most of the energy has been assumed to be 
concentrated at particle surfaces as heat during shock 
compression [17-19]. This heterogeneous heat gener- 
ation in dynamically compacted powder materials is 
mainly caused by frictional rubbing and shock 
compression of gas in the pores during densification 
[19, 20]. 

Roman et al. [21] studied the effects of powder 
particle size on shock compaction using tungsten pow- 
ders with different particle sizes. They found that in 
the coarse grained powder compact, intense plastic 
flow took place at grain boundaries and that interpar- 
ticle bonding developed, while little plastic flow took 
place and limited self-bonding developed in the shock- 
compacted fine grained powder. They explained the 

Figure 9 Optical micrographs of polished front surfaces of the 
compacted (a) 2 to 4pm, (b) 10 to 20/tm and (c) 40 to 60#m grade 
powders. 

1132 



results by considering the difference in energy distribu- 
tion in powder compacts due to the different particle 
sizes. Because of the number of particle contacts per 
unit volume and the size of the contacts in each pow- 
der compact, the temperature at contact surfaces 
should increase significantly with the increase in par- 
ticle size of the starting material. Consequently, very 
fine powder results in a uniform energy distribution 
over the volume, while coarse grained powder results 
in a significant energy concentration on the contact 
surfaces behind the shock front. This dependence of 
the surface temperature on grain size agrees well with 
the consideration proposed by Gourdin [22]. Roman 
et al. [21] suggested that such a high temperature rise 
at the contact surfaces behind the shock front acted as 
an important factor in shock compaction of powder 
materials and enabled the development of the inter- 
particle bonding during the shock-compaction process. 

Fine grain structure along the particle boundaries in 
the bottom region of the compacted 10 to 20 ktm grade 
c-BN powder (Fig. 7b) seems to be evidence of a high 
temperature rise at the contact surface behind the 
shock front. Moreover, the amount of the fine grain 
structure increased with the increase in grain size of 
the starting c-BN powder from 10 to 20#m to 40 to 
60 #m (Figs 7b and 8b), while there was no such fine 
grain structure in the compacted fine grained c-BN 
powder (2 to 4 #m grade) (Fig. 6b). This indicates that 
the temperature at the contact surfaces in the powder 
compacts in fact increased with the grain size of the 
c-BN. The fine grain structure is possibly formed by 
the recrystallization of heavily deformed regions 
between grains at high temperature, or even by solidi- 
fication of the liquid phase of the BN produced at a 
high temperature at the contact surfaces by consider- 
ing the pressure-temperature phase diagram of BN 
[23, 24]. 

On the other hand, in the bottom region of the 
compacted fine c-BN powder (2 to 4/~m grade) 
(Fig. 6b), no fine grain structure was observed, indi- 
cating that the temperature at the contact surfaces was 
significantly lower than that in the compacted coarse 
c-BN powders. It is therefore considered that the 
marked difference in the microstructures of the c-BN 
compacts produced in this work (Figs 6 to 8) is caused 
by the difference in the energy distribution in the 
powder compacts due to the different c-BN grain sizes, 
even though an increase in the internal energy accom- 
panied by the shock compression is the same at a given 
shock pressure. 

The temperature at grain boundaries in the c-BN 
powder compacts should be quickly decreased by heat 
transfer to the grain interiors in order to prevent the 
conversion of the c-BN to low density forms after the 
release of the shock pressure. Critical particle size of 
the c-BN powder for the thermal equilibrium in pow- 
der compacts during shock compression is estimated 
to be about 25#m [15]. Therefore, considering the 
decrease in grain size of the starting c-BN powder 
during the static powder compaction and during the 
shock densification into about half that of the initial 
grain size, the localized high temperature could be 
reduced during shock compression even in the corn- 

pacted coarse c-BN powder (40 to 60 #m grade). This 
is supported by the fact that only a trace of the c-BN 
converted into low density forms in the compacted 
coarse powders (10 to 20 and 40 to 60#m grade). 
Furthermore, the absence of g-BN in these compacts 
suggests that the recrystallization or solidification 
mentioned above has been accomplished before 
release of the shock pressure. 

Formation of a small amount of g-BN was detected 
only in the compacted fine grained c-BN powder (2 to 
4 ktm). This g-BN formation seems to be related to the 
nature of the surface transformation of c-BN to low 
density forms, rather than a high residual temperature 
in this compact because the residual temperatures in 
the c-BN compacts should be the same. The trans- 
formation of c-BN to low density forms at a high 
temperature under ambient pressure is relative to the 
crystallite size ofc-BN, but not to the apparent particle 
size. X-ray line-broadening analysis showed that there 
is no significant difference in the crystallite sizes of the 
c-BN compacts obtained from different grain sizes 
(Table II). Therefore, it is concluded that the different 
conversion behaviour of c-BN to low density form in 
the recovered compacts resulted from the difference in 
the degree of the self-bonding between the crystallites 
that developed in these compacts during the shock- 
compaction process. The results obtained in this work 
show that in the coarse c-BN powder compact, con- 
solidation of the powder can be substantially enhanced 
by the high temperature rise at grain boundaries 
during shock compression, and that the enhanced 
consolidation prevents undesirable conversion of the 
c-BN to low density forms after release of the shock 
pressure, preserving good mechanical properties of 
the compacted c-BN powder. 

4. Conclusions 
The density and microhardness of the shock-compacted 
c-BN powders are strongly dependent upon the grain 
size of the starting c-BN powder. Well sintered c-BN 
compact with 98 % of the theoretical density and micro- 
hardness of 51.3 GPa can be produced from the coarse 
c-BN powder (40 to 60 #m grade) by a shock compac- 
tion technique. The degree of the transformation of 
c-BN to low density forms after release of the shock 
pressure increases with the decrease in initial c-BN 
grain size. This conversion has significant effects on 
the density, microhardness and microstructure of the 
resulting compacts. 

In the coarse c-BN powder compact, the consoli- 
dation can be enhanced by the high temperature rise 
at grain boundaries during shock compression. This 
enhanced consolidation consequently prevents undesir- 
able conversion of the c-BN to low density forms at a 
residual temperature, preserving good mechanical 
properties of the c-BN compact. Therefore, in the 
shock compaction of c-BN, coarse powder is desirable 
as the starting material in order to produce a well- 
consolidated compact. 
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