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INTRODUCTION

The transit.on from Sb I to the II-III mixed-phase region is
accompanied by & large volume change that can appear under shock
compression as a double wave structure[l,2]. This transition occurs
sluggishly on a time scale of a few microseconds. The I-II transi-
tion in Bi, its semimetal neighbor in the Group V elements, 1s accom~
panied by a large volume change that occurs on a nanosecond or sub-
nanosecond time scale under similar conditions[3]. Although the
structures for phase I for both elements are the same--namnly the
rhombohedral (2 atoms/unit cell) As type--those in phase II are dif-
ferent[4,5). Some investigators have suggested that the structures in
phase 1II, however, uare again alike or at least very similar([4,5,6].
If this is :rue, the question of whether Bi exhibits similar kinetics
in the I-I1I transition arises. The higner pressure Hugoniot for Bi
is shown in Fig. 1. Results for pressures greater than 42 GPa were
not included because of a phase change postulated to occur at that
pressure[7]). The solid line through the data 18 a shock velocity-
particle velocity fit of tge form U= 1,140 km/8 + 2.134 u for an av-
erage density of 9.81 Mg/m”. The limiting Rayleigh line, which corre-
spondas to a shock velocity of 2.089 km/s, passes through a I-II1 shock
transition stress of 2.54 GPa and a volume compiessioc.. ratio of 0.9405
--an average of the values obtained by lLarson using quartz gauges and
Asay using a velocity interferometer[3,8]). An expanded picture of the
mixed region iu shown in Fiz. 2. The Rayleigh intercept of the high
pressure Hugoniot and the second shock data of Hughes et ul.[9] and of
Duff and Minshall[10) wecre umed to describe a Hugoniot f}t through the
mixed region of the form U = 1.00 km/s + 1.43 u + 4.92 u® s/km. This
fit applies in the satress reglion from 2.54 GPa to 9.1 CGPa and 1s based
on uan average initial density of 1G.40 Mg/m?, the density at the I-I1I
transition point. Tor cach experiment included, the stress and com-
presalon for the gecond shock were determined with respect to the vari-
ables actually mcasured for the leading shock in that particular ex-
periment. The data are presented, however, with respect to the pre-
cire mcasurements of Lardon and Asay. This approach of using measured
differences was adopted becaure of nroblems in determining the abso-
lute velocity of leading waves in the earlier experimeats[11). In-
cluded in the figure for comparison is the room temperature isotherm
measured by Gilardini and Samara|[l2]. The phase notation is that of
Klement et al.[13]. The ¢, angular points, which represent recent
data by Romain(14], are the unly other previous results in this regime.
Romain claimed to have observed a double wave mtructure between 7.0
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and 8.6 CPa that could be explained by a shock-induced phase change
at 7.0 t 0.5 GPa. He postulated this to be the III-V transition.

His datn, on samples typically 1-2 mm thick, were obtained by ob-
serving electrical signals cnused wher a shock crossed a bimetallic
Junction--a technique not yet in widespread use. Two resultg in Fig.
2 lie below the precisely determined Rayleigh limiting line. Ir the
one case wher2 a specific experiment appears to have been duplicated
with sample thicknesses of nominally 1, 2, and 3 mm, the second shock
appears to decay in velocity 2,.5% per mm as it traverses the sample.
Romain, in his analysis, assumed no such bchavior. Thus, there are
numerous rcasons why the Bi 1I-1[1 mixcd-phase region deserves more
study.

RADIOGRAI'HIC EXPERIMENTS

A sample compressed obliquely by a detonation sweeping along the
sample-explosive Interface can, under certain circvastances, show a
double wave structure discernible by flash radiography. Details of
this technique are described clscwherel|2,15,16). 7The lilne tracing of
a radiograph of a B1 sample driven by TNT preeented in Fig., 3 is il-
lustrative »of this method. When the detonation hns been permitted to
travel sufficiently far, the wave structure becomes independent of
time--at lcast within the rusolution of the measurcements. The radlo-
graph then provides 2 kind of time history of the wave c¢volvement,
For a double shock structure, the shock and particle velocities are
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related to the stress and volume before (i-1) and behind (1) a shock
by

U = Vi v (04704 )/, _1-Vy) and uy = f(04-0; 1)V, y-V))

When the detonation velocity is known and steady, these velocities
may be ottainea directly from the radiograph by measuring the angles
indicated. Details of this technique are descrihed elsewhere[l16].

The Bi used in these radiographlc studies was a cast material with
a density of 9.77 Mg/m”. Flagh radiographs were taken at the PHERMEX
facility([17). Elastic precursor effects were ignored, both because
they would not alter the results within the significance of the mea-
surements and also because they could not be detected radiographically.
In the first experiment TNT was used as th2 driving explosive. A line
tracing of the radivgraph is on the left side of Fig. 3. Both inter-
face and intersecting shock exhibit gentle continuous curvature as a
result of the decay caused by the release wave that rollows the deto-
nation. The result for the shock at the interface [6 = 19.88 t 0.43°
and § = 3.95 £ 0.22°) 18 shown in Fig. 1. The pressure at the inter-
face is sufficiently high that no double shock structure occurs ini-
tially. After the pressure decuys and the double structure forms, the
leading shock is straight because the rarefaction follows the second
shock. The velocity of the leading shock is 2.083 * 0.009 km/s [0 =
17.57 + 0.08°]), which is within the standard deviation of that ex-
pected. No other shock structure is observed during the decay of
pressure through the regime investigated by Romain. The second ex-
periment used a baratol driver to investigate a Bi sample with a mi-
nute crack parallel to the sample—explosive interfece. The bend in
this crack was used to directly mcasure the compression ratio across
the lead shock. The mcasured bend of 1.44 % 0.41° indicated a volume
ratio of 0.937 % 0.Cl18, which agreed with the previous more precise
work and confirmed the lead shock to be as expected. In a subsequent
experiment the known velocity of this shock was then used to calibrate
the detonation velocity along the interface, an approach analogous to
the way that the T7-II transition pressure is usad to statically cali-
brate a pressure icale. The shock structure near the interface is -
shown in the line tracing in the right side of Fig. 3. The junction
of the lead shock and second shock Is not at the inteyrface, but 1§
connected to it by a short stem rection that corrcsponds to a shock
run of about 2 mm. A measurcment of the anglcs associnted with the
stem lead to a strcss prediction of 8.7 GPu [ = 27.67 % 0.20° and
6 = 4,57 ¢ 0.23°). Thise is the higher preasure result shown in Fig. 2.
In the double structure the velocity of the mecond shock can be mea-
sured directly. In Fig. 2 the resulting state wouvld lie below the
limiting Rayleigh line. Because no bend is aiscernible in *the Inter-
face as a result of the transition from stem to double structure, the
deflertion of the interface can be us-'d to characterize this state
directly. With this approximation, the atress behind rilat shock is
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determined to be 7.4 GPa [6 = 23,00 * 0.34°). This state 1is also
shown in Fig. 2. The result is that the shock initially lies in the
regime of Romain's data but, as it travels further into the sample,
decays in 0.9Y us along the dircction of the arrow to the mixed-phase
Hugoniot. Because all but one of Romain's samples were thinner than
2.3 mm, these results are not necessarily in disagreement.

The reasonableness of this pressure interpretation has been
checked by a somewhat independent method. When a sample is driven
obliquely, the deflection of the explosive-sample interface, across
which the pressure must remain continucus, 1is accompanied by an ex-
pansion of the detonation products. Thus the shock strength in a sam-
ple i8 directly related to that deflection. Th's phenomenon has been
detailed elscwhere for other explosives[16]). Results for baratol are
shown in Fig. 4. 7ero deflcection corresponds to the C.l pressure. An
experimental observation of the shock in U [6 = 26.2 % 0.3°],coupled
with low-pressure Hugoniot data[l8)], and of the shock in Pb [6 =
32.48 * 0.17°), interpreted with a previously used Hugoniot[16]), added
two other peg points. The Sb result, which came by extrapolating a
double shcck structure to remove relaxation effacts, was included be-
cause of its proximity to the Pi{ result, but is too complex to be de-
scribed here. The band of short vertical linesa defines baratol bechav-
for. The differcnce hetween the standard Bi mixed-phase lugoniot,
which is shown as a dotted curve, and that ot Romain's data is appar-
ent, The measnrement of the interface deflection nlone places the
stem result with Romain's results.

It 18 important to not overlook the fact that baratol has a
finite reaction-:one length that might affect the dynamic flow.
such effect, however, was noted In Pb, a standard well-undersiood
materlal, so the kinetic fcedback would have to be quite complicated
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to influence Bl in a pressure regime only slightly different.
CONCLUSION AND RECOMMENDATION

The indication given by the baratol experiments i1s that as the
shock in the mixed region progresses and decays, the lead state does
not change along a stable Hugoniot but appears to change from a sort
of metastable HugOniot, in accordance with Romain's data, to a stable
Hugoniot reminiscent of the eavlier results. If this is so, then the
Bi I-III transition 1s exhibiting a reiaxation effect similar to that
seen in the Sb I-III transition. The transition detected by Romain
could then be interpreted as the II-III tranasition seen in the meta-
stable region. The few experiments outlined here merely hint at an
explanation. Additional precision work in the stress range 6-10 GPa,
some with thin samples, 1s nceded to resolve this behavior.
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