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The production of fused compacts of polycrystalline diamond was achieved by subjecting
porous {35%—49% porosity ) mixtures of diamond crystals pius graphite (13-16 wt. %} to
dynamic shock pressures of 10~18 GPa. The recovered material from an initial mixture of 4-8-
um dismoend crystals plus graphite revealed a very homogeneous texture with little evidence of
original grain boundaries. The preconsolidation addition of graphite aiso allowed ultrafine

{ < 5 pm) diamond crystals to be consolidated; this was not previously possible with the use of
diamond crystals alone. The results are consistent with calcuiations which suggest that a thin
layer of graphite surrounding a diamond crystal delays thermal equilibrium between the
surface and interior of the diamond crystal, thus allowing greater surface heating.
Consolidation is also probably enhanced by conversion of graphite to diamond, possibly via the

liguid state.

5. INTRODUCTION

Previous experiments’ showed that the production of a
fused polycrystalline solid compact, by subjecting an initial-
Iy porous aggregate of diamond crystals to moderate dynam-
ic shock stress, depended critically on the size of the initial
crystals. Ultrafine crystals ( <5 pm) did nct fuse together,
and it was assumed that this result was due to the fact that
the time constant for thermal equilibrivm between the sur-
face and interior of the crystals approached the shock transit
time through them, thus preventing local surface melting
and consolidation. In the present study we describe the re-
suits of experiments which have shown that the initial addi-
tion of small quantities of very fine graphite to samples con-
taining diamond crystals can be used to (a) consclidate fine
diamond crystals and (b) produce more homogeneous fu-
sion between larger diamond crystals (4-8 pm). We will
show through model calculations that a thin layer of graph-
ite covering diamond crystals effectively delays thermal
equilibrium between the surface and interior of the crystals
{because of the lower thermal diffusivity of graphite, as com-
pared to diamond ), thus allowing greater sarface heating.

. PHASE DIAGRAM OF CARBON

The details of the diamond/graphite equilibrium line
have been known for some time, both from theoretical con-
siderations®’ and experimental synthesis of diamond from
graphite.* However, the exact nature of the melting lines of
graphite and diamond have only recently begun to emerge.
Venkatesan ef al.® and Braunstein et al.° melted graphite
with a pulsed ruby laser at pressures of less than 0.1 GPa,
and all experiments indicated a melting temperature of
about 4300 K. In addition, the latter study indicated that the
liquid evaporates at about 4700 K. The details of the slope of
the melting line at higher pressures remains more controver-
sial. Van Vechten’ used electronegativity as a scaling param-
eter to construct universal phase diagrams for group IV ele-
ments and binary alloys crystallizing in the diamond
structure. His results for carbon are shown in Fig. 1{a) and
predict that the melting line should have a negative slope of
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asbout — 0.07 GPa/K. Experimental evidence®® showed
that the melting line of diamond must come to the triple
point {12.5-13 GPa, 4000-4200 K) with a slightly negative
siope. Further evidence for this came from the behavior of
small diamond crystals embedded in graphite rod speci-
mens.” It was found that there was a sharp temperature
threshold at which the diamond crystals completely graphi-
tized. By analogy with the direct graphite to diamond trans-
formation, the flash-heating diamond graphitization line
would be expected to be parallel to the diamond melting line,
but 2 few hundred degrees cooler, and thus the slope of the
line just above the triple point was inferred from that of the
flash-heat diamond graphitization line.

Recently, Shaner ef al.'® measured the sound velocity of
graphite shocked into the high-pressure diamond field.
These results are consistent with a phase diagram in which
carbon {diamond) remains solid from 80 to 140 GPa along
the Hugoniot curve. A calculated pressure-temperature Hu-
goniot curve!! along with the data points of Shaner ef 4/. is
also shown in Fig. {(2). Shaner ez a/. did not find evidence
for amelting transition at any of these points, suggesting that
the melting curve has a positive slope at high pressure. In
Fig. 1(b) we present a proposed phase diagram for carbon
which is basically an updated version of that developed by
Bundy® constrained by these recent observations and theory.

il EXPERIMENTAL DETAWLS

Shock compaction was achieved by using the fiyer plate-
type shock-wave generator and momentum trap recovery
systemn shown in Fig. 2, which is a modified version of that
given by Ahrens ef al.'? A stainless-steel impactor plate (1.6
cm in diameter and 0.25 cm thick ) was accelerated to a ve-
locity of between 1.81 and 1.87 kin/s and impacted against a
stainless-stee! sample capsule containing the diamond crys-
tals plus graphite sample which had been pressed into the
sample ring and capsule. This produced a shock pulse with a
duration of ~0.8 us. A 0.05-cm-thick disk (single crystal)
of AL,Q, (sapphire) was placed between the stainless-steel
and diamond crystals (at the interface nearest to where the
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FIG. L. Phase diagram of carbon. (2} Data which constrain phase diagram
based or indicated references. (b} Proposed phase diagram of carbon. Val-
ues of £, and Ty from Table I are shown for single-crystal diamond D,
single-crystal graphite G, and porous graphite PG.

fiyer plate impacts) so as to act as an umbrella to prevent
molten metal spray from the stainless steel interacting with
the sample. The initial sample was prepared by mixing dia-
mond crystals and graphite until a uniform color tone was
achieved. This ensured that substantially all of the diamond
crystals were coated with graphite. The experimental condi-
tions are given in Table L.

V. EXAMINATION OF RECOVERED SAMPLES
A. Successful fused compacts

1. Synthetic diamond orystals {<§ pmj plus graphite
Fig. 3

Material from shot 909 was well consolidated, and scan-
ning electron microscopy (SEM) analysis showed evidence
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FIG. 2. Shock compaction of diamond experimental assembly.

of fusion between diamond crystals [Fig. 3(c)]. This result
contrasted to material recovered from previous experiments
in which we unsuccessfully attempted to consolidate pow-
dered < 5-um diamond crystals alone.’ The previous sam-

ples were very unconsclidated and showed no evidence of
fusion.

2 Synthetlc diamond crystais (4-8 pm) plus graphite
(Fig. 4}

SEM analysis of the material recovered from shot 908
revealed a very homogeneous texture, with little evidence of
original crystal boundaries [Fig. 4(b); compare this with
the initial crystals, Fig. 4(a) ], much more so than previous
compacts where the starting material was the 4-8-um dia-
mond crystals alone.! However, the strength of the compact
appeared to be slightly weaker than those recovered in the
previous work.

B. Partially fused compact: Natural diamond crystals
{100-150 pm) plus graphite

Analysis of the material recovered from shot 886 re-
vealed a high degree of fracturing within the individual crys-
tals [Fig. 5(b}], as was the case for previous compacts
formed from large diamond crystals without graphite,’ and
there was little evidence of fusion. The strength of the com-

pact was only moderate, since particles could be removed
with a steel probe.

V. X-RAY ANALYSIS

Powder x-ray diffraction was performed by the Debye—
Scherrer method with the use of 2 Siemens D-500 diffrac-
tometer with CuKo radiation. Figures 6(a} and 7(a) show
diffraction patterns of the original unshocked mixtures of
the «3-m diamond plus graphite and 4-8-um diamond
plus graphite. The 002 of graphite and the 111 and 220 4
spacings of diamond are clearly evident. Figure 6(b) shows
the diffraction pattern of the shocked < 5-um diamond plus
graphite sample {shot No. 509). This shows that while the
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TABLE 1. Experimental conditions.

Initiaf Projectile Recovered
Shot Enitial pore volume velocity sample
number sample (%) (km/s) condition
Natural Compacted,
diamond crystals no fusion
886 (106150 gem) 35 1.8t
plus 13 wt. %
graphite
Synthetic Fused compact
diamond (4-8 pm) homogeneous
908 pilus 16 wt. % 49 1.84 texture
graphite Substantial conversion
of graphite
to diamond
Synthetic Compacted
diamond ( <5 gm) partial fusion
909 plus 16 wt. % 43 1.87 Substantial conversion
graphite of graphite
to diamond
diamond peaks remain, the graphite peak has substantially U (km/s) = 12.16 + 1.00u,, (1)

diminished. This suggests that much of the graphite has con-
verted to diamond. The diffraction pattern of the shocked 4-
8-um diamond plus graphite sample from shot No. 908 [Fig.
7(b) ] also exhibits a much diminished graphite peak. More-
over, the broadening of the diamond (111) peak implies the
presence of very small crystallite sizes (10-20 nm}. The
AL, peaks shown in this figure were due to small amounts
of the remains of the ALQ, disk which were unavoidably
removed, along with the diamond, during the course of ex-
tracting a part of the sample for the analysis.

¥i. MODEL CALCULATIONS
A. Continuum thermodynamics

By using the shock (U, ) and particle {u, } velocity re-
lationship of Paviovskii'® for single-crystal diamond (3.51
Mg/m?},

10um 10pm

iOum

FIG. 3. Scanning electron images (a) unshocked < 5-um synthetic dia-
mond; (b) unshocked graphite; (¢} fused compact (shot No. 908).
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the shock pressure (P ) generated in single-crystal dia-
mond, after passage of the shock wave through stainless-
steel 304 and an AL O, single crystal, was estimated by using
the impedance matching technique.’*"® The projectile ve-
locity was taken to be 1.82 km/s. The subsequent value of Py,
generated in graphite {after passage of the shock wave
through single-crystal diamond) was then calculated. Val-
ues were obtained for both single-crystal (2.26 Mg/m?) and
porous graphite (initial density 55% of the crystal density)
by using the following shock and particle velocity relation-
ship:

U, (km/s) = 4.3 + 1.8s,, (2)

FIG. 4. Scanning electron
images: (a) unshocked 4
8-um diamond crystals;
(b) fused compact formed
from 4-8um diamond
crystals plus graphite (shot
No. 508).
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FIG. 5. Scanning electron
micrographs  illustrating
(a) unshocked 100-150-
#m natural diamond crys-
tals and (b) compact
formed from diamond crys-
tals plus graphite (shot No.
886).

proneed
1B pam

with the use of data from Marsh'® for values of «, in the
range (~2 km/s.
The shock {continuum ) temperature T, was given by"

Ty=T,+ Vyg(Py —P)/vC,, (3}

where T, and P, are the temperature and pressure along the
principal isentropes, ¥y is the high-pressure specific vol-
ume, ¥ is the Griineisen parameter (taken to be 0.9)," and
C, is the specific heat at constant volume (assumed to be
3R /M, where R is the gas constant and #f is the atomic
weight}.

Values of T}, are given in Table II and plotted in Fig.
1 (b). The results indicaie that higher temperatures are gen-
erated in the graphite (particularly if it is porous), but these

{a}
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FIG. 6. Debye-Scherrer diffraction patterns, shot 309: (a) initial graphite
(G) pivs diamond (D) mixture; (b) postshock pattern.

813 J. Appl. Phys., Vol. 83, No. 3, 1 February 1988

(a)

1
A

1.0
a8
(eX3)
Q4
0.2

L L
1

T

GC.25

T

0.20

INTENSITY (orbitrery units)

G5

oiok 2

ﬁ‘*“”jw .

10 30 5‘O 70 g
DIFFRACTION ANGLE 28 {Degrass!

I

0.05

FIG. 7. Debye-Scherrer diffrsction patterns, shot 908: (a) initial graphite
{G) pius diamond (D) mixture; (b) postshock pattern. 4 indicates sap-
phire diffraction peak.

are only a few hundred degrees higher than those generated
in the diamond and well below those required for melting.
Since these temperatures are some 3000 K below the melting
line of diamond, we conclude they are absolute lower bounds
and that achievement of higher temperatures can only be the
result of local inhomogeneous heating. This concept was
suggested by De Carli'’ for the shock production of diamond
from initially porous graphite. We assume that grain-bound-
ary sliding is the main mechanisin for generating the neces-
sary temperatures to produce partial melting in the fused
compacts. However, jetting and irregular reflection prob-
ably also occur. Note that under the above conditions,
graphite is shocked into the diamond regime.

B. Time scales for heat fiow

There are at least three time scales of interest which may
be calculated with simple one-dimensional assumptions in

TABLE [1. Shock pressures and continuum temperatures genierated in sin-
gle-crystal diamond and graphite samples. Values for the graphite samples
represent those determined after passage of the shock wave through single-
crystal diamond. Projectile velocity in each case was 1.82 km/s.

Shock pressure Shock temperature
Py® Ty
Sample {GPa) {K)

Single-crystal
dizmond 40.0 500
(3.51 g/em®)
Single-crystal
graphite 25.6 610
(2.26 g/cm®}
Porous graphite
55% of 7.0 910
single-crystal
density

* Enitial shock states.
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the present experiments. These are {1) the time scale of
freezing of a layer of L mass fraction of molten material, 7
(2) the time scale required to heat and meit, via frictional
sliding or other mechanisms on the surface and Fourier con-
duction into the interior, the entire crystallite then achieving
an approximately uniform temperature, 7,; and (3) the time
scale of shock-wave propagation through the crystal, ¢,. The
latter time scale £, that we might infer may be on the order of
the period of frictional heating of the surface, although other
processes such as jetting and irreguiar reflection may also
assist in production of melt.

The time scale for freezing, £, an initially molten layer
of mass fraction £ 2 is given by the theory of Schwarz er al.’®
as

ty=mD /16 [LdH, /D C(T, — T T, (4

where D is the thermal diffusivity of diamond,’® ( ~1x 107
m?/s), d is crystal diameter, H, is the estimated heat of
fusion’ (9.2 MJ/kg); C, is the specific heat at constant pres-
sure’® (2k¥/(kg K),and (7,, — T, ) is the temperature dif-
ference between melting and ambient temperature (4000
K). For d~10 pm and L = 0.05, 1, = 6.5X 1079 5. This
time is very short compared to the thermal equilibrium time
whaich from

t,~d*/D (5)

is ~ 107 %s. However, the value of t, is comparable with the
shock transit time ¢, through a 10-um crystallite given by

t,=d/U, (6)

where we assuiine a mean shock velocity of ~ 15 km/s, This
size range of crystal appears to shock consolidate best either
with graphite or without.! As noted earlier,’ when the initial
crystallite size becomes small, the value of ¢, —¢,, and we
infer that the crystals conduct heat from the surface so rapid-
ly that they become nearly isothermal. (Shock welding ap-
pears not to occurin < S-um crystals without graphite under
our experimental conditions.) The critical crysiallite dia-
mond value obtatned from setting #;, = ¢, is 0.007 gm.

As partial fusion of the fine, < 5-um sample is observed
{shot 909, Table 1), two mechanisms are expected to be at
work, causing enhanced fusion of the diamond crystals. We
believe that as graphite is a good thermal insulator, with
respect to diamond with D ~ 107°m?/s it provides a thermal
insulating layer between diamond crystals during shock con-
solidation, and this aliows more of the diamond surface 1o be
heated to the melting point during compaction. For exam-
ple, a G.1-um-thick layer of graphite around a 10-um dia-
mond crystal will have a thermal equilibrium time of ~107#
s; this is much longer than the freezing time of 6.5 18 %s
calculated from Eq. (4). In addition, some of the graphite
appears to convert to diamond, possibly partially from the
liguid state. Substantial, but not complete, conversion from
graphite to diamond is demonstrated in Figs. 6 and 7.

Vil. CONCLUSIONS

We conclude that mixing a small quantity of graphite
with diamond upon shock consolidation effectively delays
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thermal equilibrium between the surface and interior of the
diamond crystals and allows greater surface heating and
hence shock consolidation. This is consistent with the ex-
perimental results of (a) the consolidation of uitrafine ( < §
pm) diamond crystals plus graphite, in contrast to previous
experiments where the diamond crystals alone did not con-
solidate, (b) the increased bomogeneity of the 4-8-um dia-
mond crystals plus graphite recovered sample over previous
compacts formed from 4-8-um crystals alone, and (c) the
increased enhancement of shock consolidation for larger
(100-150 um) diamond crystals, when initially mixed with
graphite.
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