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Abstract

Monocrystalline tantalum with orientations [100] and [111] was subjected to laser-driven compression at energies of 350-684 J,
generating shock amplitudes varying from 10 to 110 GPa. A stagnating reservoir driven by a laser beam with a spot radius of
~800 pum created a crater of significant depth (~80 to ~200 um) on the drive side of the Ta sample. The defects generated by the laser
pulse were characterized by transmission and scanning electron microscopy, and are composed of dislocations at low pressures, and
mechanical twins and a displacive phase transformation at higher pressures. The defect substructure is a function of distance from
the energy deposition surface and correlates directly with the pressure. Directly under the bottom of the crater is an isentropic layer,
approximately 40 um thick, which shows few deformation markings. Lattice rotation was observed immediately beneath this layer.
Further below this regime, a high density of twins and dislocations was observed. As the shock amplitude decayed to below
~40 GPa, the incidence of twinning decreased dramatically, suggesting a critical threshold pressure. The twinning planes were primarily
{112}, although some {123} twins were also observed. Body-centered cubic to hexagonal close-packed pressure induced-transformation
was observed at high pressures (~68 GPa).

The experimentally measured dislocation densities and threshold stress for twinning are compared with predictions using analyses
based on the constitutive response, and the similarities and differences are discussed in terms of the mechanisms of defect generation.

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Although the first laser shock experiments, by Askaryan
et al. [1], date from the 1960s, and early work showed the
potential use of laser shock pulses to harden aluminum
alloys [2,3], there has been only limited inquiry on the nat-
ure of laser-shock-induced defects. White [4,5] and others
[6-8] introduced the use of lasers to obtain Hugoniot data
over a broad range of pressures.

A systematic inquiry into the effects of laser pulses on
fcc metals (Cu and Cu-Al) was initiated in 2001 and has
yielded significant results that have been explained in terms
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of shock compression [9-11]. This work was extended to
nickel by Jarmakani et al. [12].

The objective of this study is to extend the methodology
developed for copper and nickel to a model body-centered
cubic (bcc) metal, tantalum. There are important funda-
mental differences between face-centered cubic (fcc) and
bce metals; in tantalum, the Peierls—Nabarro stress is
~2.97 GPa [13], whereas it is only ~19 MPa in copper
[14]. This difference profoundly affects the temperature
and strain-rate sensitivities, and is expressed in different
constitutive equations developed by Zerilli and Armstrong
[15]. Tantalum has been subjected to shock compression
experiments using gas-gun [16] and explosively driven flyer
plate techniques [17]. The slip—twinning transition has been
observed [18,19], and the bcc-hexagonal close-packed
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(hep) transformation was identified by Hsiung [20] and
Hsiung and Lassila [21,22].

The dislocation response is governed at low strain rates
by thermal activation. With increasing strain rate, drag
(phonon and electron) mechanisms become relevant [23],
as well as a proposed new regime of effective “drag”
through debris generation [24]. At even higher strain rates,
relativistic effects have been postulated.

In spite of extensive research, we still do not fully under-
stand at the lattice level how a strong shock — that is, a
shock where the plastic wave has a higher shock velocity
than the elastic precursor — propagates through a solid
sample [9]. Further, the timescale and physical processes
involved in elastic—plastic [25] and polymorphic phase tran-
sitions [26] are fertile areas of investigation.

The regimes obtained by laser-induced compression are
extreme and cannot be accessed by other experimental
methods. The timescales are two to three orders of magni-
tude shorter than those in gas-gun and explosive experi-
ments. The goal of this research is to probe the
mechanisms of plastic deformation (slip and twinning) in
a time and pressure region accessible via laser energy depo-
sition. Recovery experiments of ramp-loaded, monocrys-
talline Ta were designed to study mechanisms of plastic
deformation and failure at high pressure and strain rates.

2. Experimental techniques

Pure monocrystalline Ta was obtained from MarkeTech
Intl, Inc. in cylindrical shape, with dimensions of 3 mm
diameter and 3 mm height. The interstitial impurities
(ppm in weight) in Ta measured by the Evans Analytical
Group are 0:<10, N:<10, H: 7.6 and C:<10. The laser
recovery experiments were performed at the Laboratory
for Laser Energetics, University of Rochester (Omega
Facility). The experimental set-up, shown in Fig. 1, had
previously been tested for recovery of fcc metals [9]. The
cylindrical tantalum monocrystal targets were placed
behind a tantalum washer inside a stainless steel recovery
container. The inside of this container was filled with silica
aerogel, which acted as a deceleration medium for the tan-
talum specimens after they had undergone compression
loading.

The recovery container was designed to be mounted in
the Omega chamber [27,28] (Fig. 1a). Fig. 1b shows a more
detailed view of the recovery set-up. A shock was driven
into the 180 um BrCH (2%) reservoir via direct illumina-
tion of the 20 um polycarbonate ablator by six overlapping
beams at a nominal energy of ~60J per beam for ~3 ns.
The standard SG8 distributed phase plates (focal spot of
radius ~400 um) were used [29] on each beam, with best
focus at the ablation surface. The overlap region between
the six beams was optimized to ensure a large, uniform
ablation front. The stagnation of the reservoir material
against the Ta sample provided a quasi-isentropic loading
profile for a few tens of micrometers of Ta sample before
steepening into a shock [30]. The detailed cross-section of

the target holder with the tantalum specimen to be studied
is shown in Fig. 1c. The specimens were successfully recov-
ered in this geometry. The aerogel did not introduce any
additional damage into the recovered samples and acted
as a gradual decelerating medium. A removable cap with
a centered 4 mm hole was used to clamp and fix the sample
at the front end of the tube (Fig. 1a).

The generation of shockless compression using an
expanding plasma has three stages. First, the incident laser
energy flux is converted in the ablator/reservoir into a low-
density plasma [27]. Secondly, the plasma expands in the
gap. Thirdly, the plasma stagnates and piles up against
the front surface of the tantalum, producing a monotoni-
cally rising pressure. The amplitude of the pressure wave
propagating into the monocrystal increases and gradually
steepens into a shock wave as it propagates into the metal.
Surface heating effects are minimized through this process.
A 3 mm diameter and 20 pm thick polycarbonate ablator
(C16H1604), density 1.2 gcm™, followed by 180 pm thick
brominated polystyrene reservoir (CsoH4gBr,), density
1.23 gem >, was placed on the laser-irradiating front sur-
face of the tantalum washer (Fig. 1c). The Ta washer, with
a machined radial groove for vacuum pumping of the gap
(marked in Fig. 1c), was clamped between the cap and the
front end of the tube. The radial groove was designed for
pumping out the gap between the ablator/reservoir and
the front surface of monocrystals. The internal diameter
of the Ta washer is 2 mm, determining the diameter of
the compression pulse.

Five recovery experiments on monocrystals and three
complementary VISAR (Velocity Interferometer System
for Any Reflector) experiments of the drive were per-
formed. The VISAR experiments were conducted on Al-
LiF drive calibration samples and provided interface veloc-
ity data that allowed the pressure vs. time of loading to be
deduced, which became the input to the subsequent com-
puter simulations. The total drive laser energies (Epaser)
varied between 350 and 684 J.

The shocked targets were examined using a profilome-
ter, a microhardness tester, a scanning electron microscope
(Phillips XL.30 ESEM) and transmission electron micro-
scopes (operated at 200 kV). Transmission electron micros-
copy (TEM) foils were prepared by electropolishing and
focused ion beam (FIB; Hitachi NB-5000 FIB-SEM) tech-
niques. The electropolishing liquid was a solution of
87.5 vol.% methanol, 10 vol.% sulfuric acid and 2.5 vol.%
hydrofluoric acid, which was used to polish at ~25V and
~—35°C. The temperature was lowered by pouring liquid
nitrogen directly into the electropolishing solution. FIB
samples were prepared by cutting targets into half along
the energy deposition direction and mounting them into
epoxy. They were mechanically polished down to 0.05 um
using Al,O3 and coated with a thin layer of Ir before the
FIB milling procedure. The FIB samples were perpendicu-
lar to the shock propagation direction and had thicknesses
of 50-100 nm. DIFFRACT™ was used to simulate the dif-
fraction patterns taken from TEM images.
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Fig. 1. (a) Tridimensional illustration of recovery tube; (b) cross-section of the recovery tube with dimensions; (c) detailed cross-section of the laser

package and recovery tantalum specimen.

3. Results and discussion
3.1. SEM analysis

The laser-driven loading produced significant cratering
of the specimen surfaces. Figs. 2 and 3 show the craters,
their profiles and scanning electron microscopy (SEM)
observations of the surfaces for [100] and [1 1 1] monocrys-
tals at the lowest (~350 J) and highest (~684 J) drive laser
energies, respectively. The crater radius is ~1.2 mm in all
cases, but the depth is a function of the laser energy, being

approximately 0.08 mm for the 350 J and ~0.21 mm for the
684 J total laser energy. Fig. 4 shows plots of the crater
dimensions vs. laser energy; the crater depth increases
monotonically with laser energy (Fig. 4a), whereas the cra-
ter radius is largely independent of it (Fig. 4b).

The SEM micrographs of the shocked specimens reveal
interesting features. First, the “blow-off” effect from the
laser energy deposition is seen through striations that ema-
nate from the central region. This “blow-off” likely
involves melting of the surface layers. SEM micrographs
also show other features of relevance: two arrays of perpen-
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Fig. 2. Surface of Ta [100] monocrystals after laser compression (top: Ep user = 358 J; bottom: Ey 4. = 684 J). (a) Optical micrographs; (b) SEM showing

cracks; (c) profilometry traces.

dicular dark lines (marked by arrows) are seen in the [100]
crystal (Fig. 2). These lines are also present in the [111]
crystal, but are irregular. Two possibilities were considered:
cracks and twins. The irregular lines in the [111] crystal
(Fig. 3) are not consistent with twin traces. It is possible
that bec tantalum undergoes a ductile-to-brittle transition
at high strain rates, where the cracks could be formed in

tension generated by the large stress, temperature and
deformation gradients generated by the laser pulse. Duc-
tile-to-brittle transitions in becc metals due to temperature
effects have been studied both experimentally [31,32] and
computationally [33], but high strain rate effects are not
as well understood as temperature effects. However, the
two effects, lowering the temperature and increasing the
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Fig. 3. Surface of Ta [1 1 1] monocrystals after laser compression (top: Ej aser
cracks; (c) profilometry traces.

strain rate, restrict dislocation motion and promote brittle
fracture.

3.2. VISAR analysis

The initial pressure pulse was calibrated using the
VISAR traces of the Al-LiF witness plate interface velocity
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obtained from independent experiments under similar laser
energy conditions. Fig. 5a shows the superimposed VISAR
(dashed line) and LASNEX simulations (full line) traces.
To obtain a good fit, the initial LASNEX computed energy
was corrected by a factor of 0.7 to account for two-dimen-
sional effects in a one-dimensional simulation. Tabulated
measured/calculated electron thermal conductivity values
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Fig. 4. (a) Depth and (b) radius of craters formed in [100] and [111]
monocrystals as a function of laser energy. No significant differences in
crater radius between the [100] and [111] samples are observed.

were used. In spite of using a polycarbonate ablator/reser-
voir, heating of the front of the Ta sample still occurs due
to the high-energy photon deposition into the Ta sample
during laser ablation and the diffusion process used to
model radiation propagation in the simulation. An aspect
of the experimental set-up that is of relevance is that the
initial pulse rise is not a shock discontinuity. This is seen
in Fig. 5b; the temperature is expressed as eV
(~12,000 K). For distances of 5 and 10 pm from the energy
deposition surface, the quasi-isentropic loading condition
prevails, providing a gradual temperature rise. By the time
the stress wave has penetrated 50 um into the sample, the
temperature rise is much more rapid. This quasi-isentropic
loading was purposely incorporated into the target design
to minimize the temperature rise at high pressures. The
dip in Ty, just before ramp occurs is due to the transition
of the zonal region from elastic to plastic flow and is an
artifact of the simulation (not real). The ion temperature
after the transition to plastic flow is still valid and can be
seen to be ramp-like in nature until the sample is ~25—
30 um in thickness. Then the induced shock heating caused
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Fig. 5. Measured and simulated parameters for laser energy of
E} aer = 684 J: (a) measured VISAR and simulated LASNEX traces of
the AL-LiF interface velocity from a drive shot; (b) 1D LASNEX
simulation of temperature as a function of time at different depths into the
Ta. Note the transition from quasi-isentropic to shock compression with
an attendant decrease in rise time and increase in temperature (12,000 K,
~1eV).

by the steepening of the ramped compression wave into a
shock causes an abrupt jump in 7., and the ramp-like nat-
ure is lost.

Fig. 6 shows the calculated pressure decay using the
LASNEX radiation hydrodynamics code with the assump-
tion of one-dimensional propagation. The radial release is
not incorporated into the calculation, which is reasonable
for a depth of up to 2 mm in our experimental set-up.
The pressure-time profiles at different depths are shown
in Fig. 6a and b for Ey .. of 358 and 684 J, respectively.
The pressure decays rapidly, but is still significant at the
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Fig. 6. LASNEX simulations of the decay of the laser-generated pressure
pulse as it travels through tantalum specimen for (a) total laser energy of
358 J and (b) and total laser energy of 684 J.

back surface of the specimen (3 mm). At the same time, the
pulse, which has a characteristic triangular shape, widens
with depth into the sample. At each depth, the largest pres-
sure occurs along the energy deposition axis and is indi-
cated as “peak pressure” at that depth. For the
Epaser = 358 1 (Fig. 6a) experiment, the pressure decays
from ~50 to ~10 GPa from the front (loading side) to
the back of the sample. For the Ej ... = 684 J (Fig. 6b)
experiment, it decays from ~110 to ~20 GPa.

3.3. Microhardness analysis

The shocked and recovered [100] and [111] specimens
were sectioned into six slices along their 3 mm length
(Fig. 7a), slice 1 being ~600 pm thick and the other slices
~250 pm thick (Fig. 7a). After brief mechanical polishing
of all flat surfaces, microhardness values were measured
across the diameter of each slice. The microhardness varies
across the sample diameter, being highest in the center due
to the localization of the laser pulse in the central portion
of the specimens (Fig. 7b). The microhardness of the
[100] crystal driven with Ey .4 = 606 J as a function of dis-

tance from the driven Ta surface is shown in Fig. 7c. The
microhardness decays from the front to back, from
~1500 to ~900 MPa. This decay is most significant in the
first millimeter from the compression surface. The original
microhardness (before laser compression) is ~760 MPa.
The dashed line shows a hardness discontinuity, related
to the slip-to-twinning transition, as explained in Sec-
tion 3.4. The microhardness was also measured in the slices
for the E} ,.r = 358 and 684 J experiments; the correspond-
ing positions were converted to the respective pressures
through the use of the LASNEX calculations of Fig. 6.
For the 606 J experiment, the pressures were interpolated
from the 358 and 684 J simulations. The relation between
microhardness and pressure is shown in Fig. 7d. By assess-
ing the slice location, we can extract the pressure from
Fig. 6. It can be seen that the results from the three exper-
iments are consistent. These results do not follow the Murr
expression, H o P2 [34]. This is due to the fact that twin-
ning is prevalent above P ~ 43 GPa, as marked in Fig. 7d.
The onset of twinning in Ta has been shown by Murr et al.
[19] to generate an increase in hardness, as evident from
our results.

3.4. TEM analysis

3.4.1. Dislocation density analysis

TEM foils for dislocation density analysis were prepared
by electropolishing slices 2-6 (see Fig. 7a) for the [100]
monocrystals. TEM characterization shows the deforma-
tion structures associated with the passage of the pressure
wave/shock. Typical deformation substructures are shown
in Fig. 8. The dislocation density decreases with distance
from the laser deposition surface. The dislocation segments
are predominantly of screw character, a feature well known
in bce metals since the edge dislocations have much higher
mobility. As pressure increases (Fig. 8a), the dislocations
tend to organize into well-defined bands. The g =200
imaging condition in Fig. 8a is normal to the deformation
band, consistent with the projected (101) slip trace in bcc
tantalum.

Fig. 9b shows a high magnification region of loops
observed in slice 3 of the [100], Eyaser = 358 J sample. This
is compared with earlier work on laser-shocked copper
(Fig. 9a). There are striking similarities in loop structure
between the laser-shocked Cu and Ta. The presence of
large numbers of dislocation loops has been previously
identified by Meyers et al. [9]. Similarly, tantalum shows
the same proclivity for shear loop formation as marked
in Fig. 9b.

3.4.2. Twin structure analysis

The FIB technique was used to prepare TEM foils from
slice 1 (Fig. 7a), for the locations just below the energy
deposition surface at the center of the crater. The removal
of FIB foils from slice 1 of the Ta [00 1] with Ej 5, = 606 J
is shown in Fig. 10a. The foil “Top” comes from 54 pm
beneath the center of the crater bottom, whereas the foil
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Fig. 7. (a) Slices into which the specimens were cut: slice 1 was ~600 pm, slices 2-6 ~250 pm thick before polishing. (b) Microhardness variation along
diameter for slice 1 of [100] crystal, total laser energy of 684 J. (c) Microhardness variation in [100] crystal as a function of depth, total laser energy of
606 J. At each depth (slice), the microhardness values were measured across the slice diameter. The “center part” dashed line corresponds to the crater
center axis, while the “edge part” corresponds to the edge of each slice. The vertical dashed line indicates the approximate position of the slip—twin
transition boundary. (d) Combined results for center part microhardness in a [100] crystal as a function of shock pressure. When pressure exceeds a

threshold value, indicated by the dashed line, twinning is observed.

“Bottom” comes from 202 um below the crater bottom.
The foil “Edge” comes from the same depth from the
energy deposition surface as foil “Top” but close to the
edge of the target, as shown in Fig. 10a. The thickness of
the FIB sample is about 50-100 nm. There are only small
grains [35] observed in the top foil (Fig. 10b), while abun-
dant deformation substructures are observed in the bottom
foil (Fig. 10c). Comparing the top and edge foils, the grains
in top foil rotated ~14.8° off the [00 1] zone axis. Dark-field
images using selected diffraction spots (marked by arrow)
are shown in Fig. 10c. They reveal substructures in three
crystallographic directions. A software simulation result
consistent with the experimental diffraction pattern is
shown in Fig. 11.

The diffraction pattern with foil normal [001] and zone
axis = [103]is shown in Fig. 11a by black diffraction spots.
The {112} bce twin plane and (111) directions were used
to simulate twin spots. Therefore, the additional diffraction

spots for twinning structures in this monocrystalline Ta foil
with zone axis tilted less than 0.1° toward the [013] axis are
shown in Fig. 11a (open circle diffraction spots). In com-
parison with the experimental results (Figs. 10c and 11b),
the twinning structures induced by laser shock compression
in monocrystalline [001] Ta can be identified; the twin
planes are (121), (211) and (121).

Shock compression-induced twinning has been previ-
ously identified by several investigators. Murr et al. [19]
observed it in polycrystalline tantalum (~43 um grain size)
at ~45 GPa. There was significant twinning, which was
dependent on grain orientation, and this resulted in addi-
tional hardening in post-shock quasi-static testing. Gray
and Vecchio [36] shocked polycrystalline tantalum
(~68 um grain size) to ~20 GPa and also observed twin-
ning. However, they report that only a limited amount of
twinning was observed and that the subsequent quasi-static
stress—strain response was not affected. Thus, one can
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Fig. 8. TEM micrographs as a function of distance from the laser
deposition surface for a [00 1] Ta single crystal, driven with laser energy of
6067J: (a) slice 3 (1.3mm from laser impact surface; local pressure
~32.2 GPa); (b) slice 5 (2.2 mm from laser impact surface; local pressure
~21.2 GPa); (c) slice 6 (2.7 mm from laser impact surface; local pressure
~18.8 GPa). Foil normal 2[00 1]. All images were taken with two electron
beam conditions ~5° off [001] in the transmission electron microscope.
The micrographs show dislocation tangles from deformation by slip, but
no obvious evidence of twinning.

- i‘_%"‘iocaﬁ

. +

200 nm

Fig. 9. Dislocation loops in shocked (a) monocrystalline copper [9] and
(b) monocrystalline tantalum at a laser energy of 358J and average
pressure of ~22 GPa (slice 3).

consider 20 GPa as a lower bound for twinning in polycrys-
talline Ta. Hsiung [20] and Hsiung and Lassila [22]
observed twins in pure Ta at 45 GPa but not at 30 GPa.
In our current study, twinning structures were observed
to depths of slice 2 in [001] driven at Ej e, = 606 J and
of slice 3in [00 1] driven at Ey 5., = 684 J (Fig. 12). We esti-
mate the pressure for slice 3 in [001] driven at Ep,.
ser = 684 J to be ~32 GPa (from Fig. 6b), at a depth of
~1.49 mm from the front surface for this slice. Similarly,
we estimate the pressure for slice 2 in [001] driven at Ey,.
ser = 006 J as 43 GPa, interpolated for its 0.9 mm depth
from the front surface. The slip—twinning transition is
likely somewhere between 32 and 43 GPa in pure Ta, con-
sistent with Murr et al. [19] and Hsiung [20]. It should be
mentioned that twins and dislocations are generated not
by the pressure, but by the shear stresses associated with
compression in uniaxial strain. This will be discussed in
greater detail in Section 3.5.2.

Murr [34] reports an increase in hardness associated
with the formation of twins. This is also seen in Fig. 7c.
There are two lines in Fig. 7c — one at the edge and one
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Fig. 10. (a) FIB cutting location in slice 1 for [00 1] orientation of Ta at Ej ,sr = 606 J. “Top” foil: ~50 pm from the crater bottom (~78 GPa); “Bottom”
foil: ~200 um from the crater bottom (~68 GPa). “Edge” foil: the same depth as “Top” foil, but far away from the crater center. (b) TEM bright-field
images and diffraction pattern of “Top” foil; (c) dark-field images and selected diffraction patterns in the “Bottom” foil. Foil normal = [103]. The beam
conditions were ~5° off [103] in the transmission electron microscope.
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at the center — indicating that the results come from the
central axis and outer edge of the cylindrical monocrystal,
respectively. The vertical dashed line in Fig. 7c marks a dis-
continuity in hardness and corresponds to the TEM obser-
vations of twins. This line is ~1 mm from the front for
Ep aser = 606 J. Similarly, it is ~1.5 mm from the front for
Ef aser = 684 J. In all cases, the discontinuity in hardness
occurs at a pressure of ~30-40 GPa (Fig. 7d).

Looking back to the isentropic deformation profile,
described in Section 3.2, the examination of the deforma-
tion substructure in the region just below the surface is of
importance. For this reason, the front and back surfaces
of slice 1 for Ep .4 = 606 J were simultaneously evaluated
via surface and backscattered SEM techniques. It should
be noted that the front and back surfaces of slice 1 are at
depths of ~186 and ~600 um, respectively. Sample surfaces
were slightly electropolished for ease of examination, and
the depth of metal removed was carefully tracked via pro-
filometry. Successive polishing, profilometry and SEM
yielded the deformation substructure as a function of
depth. On the first iteration, no substructure was observed
on the front surface but extensive substructures are
revealed on the back surface of slice 1 for Ej ;e = 606 J,
as shown in Fig. 13a and c. Because of the extreme defor-
mation gradient, evidenced by the variance of surface fea-
tures on the front and the back face of slice 1 for
Epaser =606, it was necessary to incrementally polish
and explore the depth-dependent deformation substruc-
ture. After repeated surface removal steps by electropolish-
ing, profuse twinning is first observed in only one small
part on the front surface of slice 1 at a depth of ~42 pym
from the crater surface (Fig. 13b). It is thus surmised that
the extent of the isentropic layer is of the order of ~40 um.
This is also consistent with the simulation results shown in
Fig. 5b. However, the absence of features can also be due
to thermal annealing.

321, 301, 321,
L ] L ] L]
21 21l
112, . 12,
020, 020,
° ® )
[ ] L]
a2,
321n 301, 321n
L] L] L]

(a)

Fig. 11. (a) Diffraction pattern simulated by DIFFRACT™ as foil
normal = [00 1] and zone axis = [103] with zone axis tilted less than 0.1°
toward [013] axis (subscripts m and t denote matrix and twin,
respectively). (b) Experimental diffraction pattern from FIB foil “Bot-
tom”; 202 um below the crater bottom.

The orthogonal deformation twins observed in back-
scattered SEM (Fig. 13b and c) are marked by arrows A,
B and C, D. The nominal spacing is about 0.5 um and
the thickness is, at most, ~0.2 um. Fig. 13d shows profuse
twinning patterns observed via TEM. The orthogonal pat-
tern of twins observed is also marked by arrows A and B.
These correspond to the traces of {112} of the slip systems
with a Schmid factor of 0.457 on the (00 1) plane of the foil.
There is also a significant number of markings at ~40°,
marked C and D. These are likely traces of the {123} slip
planes [37], with the highest Schmid factor (0.463) on the
(001) plane of the foil. Therefore the {112} and {123} slip
systems are activated under almost similar conditions.

3.4.3. BCC to HCP transformation

The detailed mechanism of the o (bcc) — @ (hexagonal)
phase transformation in Ta was proposed by Hsiung [20]
following experimental observations and confirmation via
simulation. For monocrystalline Ta ([011] orientation),
the shock-induced w-phase transformation was observed
at 45 GPa but not at 15 GPa [22]. In the current research,
the o-phase was observed for [001] at Ey zsor = 606 J in the
foil “Bottom” and is shown in Fig. 14. From LASNEX
simulation results, the peak pressure of the foil “Bottom”
in slice 1 (202 pm under the crater bottom) is ~68 GPa.
However, there are only twinning structures, in slice 2 of
the same target, at a peak pressure ~43 GPa. The Schmid
factor of the transformation plane and direction
({211}(111)) is higher for [011] than for [001] loading.
Thus, to a first approximation, the transformation pressure
for [011]loading should be lower than for [001]. Similar to
the experimental results from Hsiung [20] and Hsiung and
Lassila [22], the o-phase is bulky (Fig. 14) compared to the
lenticular shape of the twin structure (Figs. 10c and 12).
The phase transition threshold pressure seems to be higher
than the slip-twinning transition pressure.

3.5. Modeling

3.5.1. Dislocation densities: comparison with experimental
results

Two analyses are applied in this section: the first is the
mechanism for homogeneous dislocation generation
behind the shock front [38,39]; the second is dislocation
multiplication by the Orowan mechanism. They yield
quantitative predictions of dislocation densities which are
compared with experimental results obtained here and
those reported by Hsiung [20] and Gray and Vecchio
[36]. The dislocation density p can be statistically calcu-
lated from the TEM pictures through:

W
Lt
where N is the number of intersections on a grid line L, and
t is the thickness of the sample [40-42]. From the FIB tech-

nique, we approximate the thickness of the TEM samples
as 50 nm. Using the relation between pressure and depth

p
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0.2 pm

Fig. 12. Mechanical twinning induced by laser compression (a and b) at 0.9 mm from the drive surface (slice 2) for the [100] orientation of Ta at
E} 250 = 606 J, corresponding to an average shock strength of ~43 GPa; (c) at 1.49 mm from the driven surface (slice 3) for the [100] orientation of Ta at
E} aser = 684 J, corresponding to average shock strength of ~32 GPa. Foil normal = [001]. Dark-field images were taken with the electron beam ~5° off

[001] in the transmission electron microscope.

from Fig. 6, the dislocation density can be expressed as a
function of pressure (Fig. 15). The black, white and half-
black/half-white points indicate structures consisting of
purely dislocations, cellular dislocation structures and cel-
lular dislocations with twinning, respectively [20,36].

3.5.1.1. Homogenous dislocation generation [38,39,43].
Fig. 16 shows a schematic of the shock front propagating
down a bec crystal with orientation [100]. Two configura-
tions are shown: {110} and {112} slip planes. In Fig. 16a,
four of the six {110} planes have equal Schmid factors and
are shown as sides of the pyramid. Dislocation loops nucle-
ated on these planes are shown. Their Burgers vectors are
(111) and are parallel to the slip plane intersections. For
the {112} slip planes, the Burgers vectors bisect the inter-
sections. The calculations below use the recently revised
equations [43] for homogeneous nucleation.

From Fig. 17 [43], the dislocation density, p, is expressed
by the distance along the front and perpendicular to the
front of the dislocations:

2

0 T

where d, is the dislocation spacing along the front obtained
directly from hydrostatic compression of the lattice and /% is
obtained as the spacing between nucleation events perpen-
dicular to the shock front. Two cases are considered: sta-
tionary and moving dislocations.

The spacing between dislocation planes, 4, was calcu-
lated [9,43] as

~0.8(1 —v)
%

where b is the Burgers vector. If the dislocations are as-
sumed to move under the effect of the applied shear stress
at a velocity vy, the spacing between sequential homoge-
neous loop generation events is /4,. Under the influence of
the high residual stresses, they try to “catch up” with the
shock front. This results in an increase in the spacing be-
tween dislocation arrays from / to &, given in Eq. (2):

kl)d
Us

h L& (1)

hy=nh {1 + (2)
where Uj is the shock-wave velocity and & is an orientation
factor. When v,; = 0, h, reduces to . When the dislocation
velocity equals the shear wave velocity v, (our maximum
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Fig. 13. Twins imaged by SEM-BSE (20 kV) in [00 1] Ta at E} ... = 606 J; (a) front surface of slice 1 (~186 um from the laser shock surface); (b) polished
out ~42 um depth from the front surface of slice 1 to where twins and the deformation microstructure first become visible (~228 um from laser shock

surface); (c) back surface of slice 1 (~590 um from the laser shock surface). All images are post-processed by inversion.

“bottom” (~202 um from the laser shock surface).

110, 110,
L ]

Fig. 14. o (hexagonal) phase was observed in foil “Bottom” marked in
Fig. 10(a). A bright-field and a dark-field TEM image, and the
corresponding selected area diffraction pattern. ® phase was lightened at
an additional spot, as marked by an arrow. Dark-field images were taken
with two electron beam conditions ~5° off [001] in the transmission
electron microscope.

assumed velocity for dislocation motion), %, reaches a
maximum:

(d) TEM image from FIB

1E16
i Gray (1995)

Current work

Hsiung (2010): cellular dislocation structures

Current work: cellular dislocation structures

Current work: cellular dislocation structures + twins
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Fig. 15. Dislocation density calculated from TEM results. Black points
reveal the dislocation density when only dislocations are observed. White
points correspond to cellular dislocation structures. Half-black/half-white

points correspond to dislocation structures with concurrent twinning
[20,36].

kv
h|l : 3
{ i Us] )
The expression connecting the dislocation density, p, to
the specific volume, V, for stationary dislocation is:
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{110} Planes

Shock Front

(a)

{211} Planes

(b)

Fig. 16. Schematic representation of shear loops nucleating at (a) {110}
and (b) {211} planes in shock compression along [100].

Plastically
deformed
region

Elastically
deformed

Fig. 17. Stress due to dislocations on a reference point 0 at the shock front
[431].

3
22 P\ 23 13
N NECAA
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where k is an orientation parameter, v is Poisson’s ratio,
and V), and V are the initial and compressed specific vol-
umes of the lattices. The specific volume is, in turn, related
to the pressure through the Rankine-Hugoniot relation-
ship [44]:

. Ga=r/vy)
C Voll =S(1L—-V/Vo))

(5)

where Cj is the sound velocity, and S is a material param-
eter. Solving Egs. (4) and (5) by assigning different values

V/V, < 1, one obtains the dislocation density as a function
of pressure, as shown in Fig. 18a. The predictions based
on the two values of / (for stationary dislocations v; = 0
and for dislocations moving at the shear sound velocity
vy = vy) are used in modeling dislocation density and com-
pared with experimental results from three sources in
Fig. 18a. The calculated dislocation densities are orders
of magnitude higher than the values measured on recovery
samples. However, it should be mentioned that, at this
juncture, the model does not incorporate either relaxation
during the shock nor the additional defect motion and
annihilation during the rarefaction (unloading) portion
of the shock pulse. This will be further developed in the
future. Molecular dynamics calculations by Jarmakani
et al. [12] have shown that the homogeneous generation
mechanism gives values, for nickel and copper, that are
comparable with the predictions of the homogeneous dis-
location generation model. Upon unloading, the majority
of the dislocations are annihilated in the molecular
dynamics calculations.

e Gray (1995)

O Hsiung (2010)
O Current work (single Ta)
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Fig. 18. (a) Residual dislocation density as a function of shock pressure
for tantalum; comparison of calculated values (lines) with experimental
measurements (symbols); (b) dislocation velocity as a function of stress
from MD simulations. The dashed curve is a fit to the simulation results.
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3.5.1.2. Orowan dislocation multiplication. The alternative
to homogeneous dislocation generation at the front is the
activation of conventional sources and an increase in dislo-
cation density through multiplication of dislocations. The
classic Orowan equation has the form:

y = Mbpl (6)

where M = 3.08 is the Taylor factor, b =2.86 x 10~ cm is
the Burgers vector, p is the mobile dislocation density and /¢
is the mean distance traveled by a dislocation. Taking the
time derivative,
d 4 0
/ Sy Yt = Mb(pvg + £p) (7)

.:—:M =
V=" = Mbr, or

In order to estimate the dislocation velocity, v,, molecu-
lar dynamics simulation results from Deo et al. [45] and

Tang et al. [37] were used. The computed results were fit
to the following equation:

oy = {1 ~Adexp [B <_>] } (8)

where A, B and m are parameters. The stress ¢ is normal-
ized to the Peierls stress, 7, estimated to be 7, = 3.76 GPa
[37]. Eq. (8) predicts a maximum velocity equal to the shear
wave velocity (v; = 2,039 m/s). The predictions from the
molecular dynamics were fitted into Eq. (8) and are shown
in Fig. 18b. The following fitting parameters were used:
A =0.999985, B=0.012 and m = 3.1.

The relationship between pressure and strain rate in
shock compression was obtained by Furnish et al. [16]
for tantalum by passing a line through two experimental
points. In Fig. 19, a Swegle-Grady equation (P o &'/4) is
passed through these points, providing the relationship:

£=2734x107°x P, . 9)

where P is expressed in Pa and the strain rate is in s '. In

laser compression, one has a state of uniaxial strain. Thus:
o — 0y 1—2v

=" —2(17\))0 (10)

100 |

Quasi-isentropic —

wl ”’__."':_Shock
- ‘.‘
® Shock, Furnish et al.
A Shock, Tonks et al.
B Quasi-isentropic, LASNEX simulation at 25 um
— = - Swegle-Grady relationship
Quasi-isentropic relationship

Stress (GPa)

i .
10° 108 10 108
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Fig. 19. Swegle-Grady relationship for Ta: & = 27.34 x 107 x P*_ [19],
where Py is in units of Pa and ¢ is in s™'; strain rate data within the
isentropically loaded layer are also presented [16,19,64], with a Swegle—
Grady relationship for Ta of & = 2.14 x 107! x P10,

1—2v (1 —v) eE
Gy = eE =
20—v) (I +v)(1—-2v) 2(1+4v)
and thus y = ¢, where 7 is the shear stress, ¢ is the normal
stress, o, is the normal stress in the transverse direction, v is
Poisson’s ratio, G is the shear modulus, y is the shear strain,
¢ is the normal strain and E is Young’s modulus. Thus,
7 = & is also used.
The rate of change in dislocation density p is obtained
from the rate of generation, p,.,, and the rate of annihila-
tion of dislocations, p,,:

p = pgen + pann (12)

The evolution of dislocation density was calculated
using two expressions:
In Barton et al.’s [46] analysis, it is expressed as:

£ )s (13)

psat(ép)

= Ge (11)

0= (Hp—Dpz)vd:R<1 —

) ¢ !
where p,, (&) = p,, <£ + So> (14)

where p,,, is the saturation dislocation density; H, D, R, Sy
and n are parameters.
Inserting Eqs. (13) and (14) into Eq. (7):

i = Mbvgp + MbvgtRé, — MbvgtRi,—-— (15)
psm‘(‘gﬁ)
. &, — MbvoytRe
p = pEpva) = p(P) = - (16)
(Mbvd T d(é )p)

The following parameters from Barton et al. [46] for tan-
talum are used: R=10"m? p, =1.1266 x 10" m2,
év = 1s571,8y =650 and n = 0.59. The value of R used here
is a factor of 10 larger than that given by Barton et al. [46]
in order to predict results that approximate the observa-
tions by TEM reasonably. Applying Egs. (8) and (9) to
Eq. (16), one obtains a relationship between dislocation
density and pressure. The result is plotted in Fig. 18a. It
can be seen that the curve, marked “Barton et al.”, predicts
densities that are fairly close to the observed residual den-
sities at lower pressures. At higher pressures, twinning
accommodates part of the strain and the experimental dis-
location densities are lower than predicted values. In a
more general relationship, the overall strain based on Oro-
wan equation has be expressed as

Mbp 1
V= Mbp !+ fror

.V < Vthreshold
1

Y > Vihreshold

where p is the dislocation density, f7 is the twin fraction,
yr 1s the twin strain (= 0.707 in bee [47]) and Jgyeshora 18 the
threshold strain rate at which the slip-twinning transition
occurs. For a strain rate below the threshold, the disloca-
tion density increases with increasing strain as a result of
increasing pressure. Above the threshold strain rate, part
of the strain is accommodated by dislocations through
Orowan and part through twinning.
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In Kocks’s model [48], the dislocation density rate p can
be expressed as
p = (kip'? = kap)y (17)
where k| and k, are experimentally determined parameters,
and 7 is the shear strain rate (= ¢ for uniaxial strain, Eq.
(11)). The first term represents dislocation generation and
the second, dislocation annihilation. The difference with
the Barton et al. [46] model is in the exponents of the dis-
location generation (Y2 vs. 1) and annihilation (1 vs. 2)
terms. Two methods were used to estimate the parameters
k1 and k- in the dislocation density evolution:

Method I: The saturation dislocation density is defined
by: p = psur, p = 0. Using the approach from Barton
et al. [46]:

k 2 . : n
(8) = = s =, (324 50) (18)
2 &N
p =

(p'?)

2

—Mbvytik, + \/ (Mbvtyky)* — 4(Mbv, — Mbvgtyk,)(—5)
- 2(Mbv, — Mbv,tyks)

(19)

where we set k, =1 x 107°.

Method 2: Florando et al. [49] recently presented the
parameter relationship for the dislocation evolution
equation based on Kocks’s [48] equation:

i 1/n
ks = o, (g) (20)

where k; = 16719, ky, = 983.473, &, = 15! and n = 0.25.

The predictions of Kocks [48] equation and its modifica-
tion by Florando et al. [49] based on Orowan multiplica-
tion are shown in Fig. 18a. The values are considerably
lower than the ones using the Barton et al. [46] equation
(with the corrected value for R). The two predictions
bracket the experimental results. It may be concluded that
dislocation multiplication can correctly predict the evolu-
tion of dislocation density in shock compression of bce
tantalum.

The differences between the models are still an unre-
solved issue that needs to be addressed through a combina-
tion of experiments, analysis and molecular dynamics
simulations. Two possible reasons for the differences have
been identified:

a. The dislocation density increases through conven-
tional multiplication according to the Orowan equa-
tion. In this case, the strain dependence of the
dislocation generation and annihilation terms fol-
lowed the Barton et al. [46] model, based on Orowan
multiplication. According to the discussion at the
beginning of Section 3.5.1, the dislocation density

decreased as twin structures were observed at higher
pressure.

b. Dislocations are homogeneously nucleated but a
large fraction of the dislocations generated in the
shock front are annihilated during the release portion
of the pulse. This was hypothesized earlier for Ni and
Cu via molecular dynamics simulations [12].

3.5.2. Slip—twinning transition

Slip and twinning can be considered as competing defor-
mation processes. This criterion enables an analysis that
leads to the predicted transition between the two mecha-
nisms. They are both determined by shear stresses acting
in the slip or twin plane and in the direction of displace-
ment (7, and t7, respectively). To a first approximation,
one can establish a criterion for the dominance of one
deformation regime by using the transition in which the
shear stresses are equal:

T, = 1T (21)

During shock compression, in the elastic loading stage
one can relate the maximum shear stress to the stresses
aligned with (o,,) and perpendicular to (s),) the propaga-
tion direction (e.g., Stirk et al.[50]):

1 1—2v

=5 (Gxx - O’W) = mqu (22)
where v is Poisson’s ratio (=0.34 for Ta). Assuming that, to
a first approximation, Poisson’s ratio is independent of
pressure, one has: t = 0.240,,. Thus, there is a direct rela-
tionship between the normal stress (that is directly related
to the pressure, P) and the shear stress prior to plastic
deformation.

The slip-twinning analysis proposed by Meyers et al.
[51] has been extended successfully to the shock compres-
sion domain [10,11,52]. Meyers et al. [11] and Jarmakani
et al. [52] have developed constitutive descriptions for the
slip-twinning transition for copper and nickel, respectively.
In the calculations presented here, this treatment is
extended to a bce metal, tantalum, as done previously by
Murr et al. [19]. The effects of strain rate on slip can be
expressed by the Zerilli-Armstrong equation for bcc metals
[15]:

15 = 15 4 Coe OO 4 fgd™'/? (23)
where 7 is slip stress, t§ is athermal stress and d is the grain
size. Cy, Cy, C3, C4 and kg are parameters that have been

established for tantalum. The twinning stress, 77, has been
expressed by Armstrong and Worthington [53] as:

Gp\'"Prur . &Y
TT:T0+m<a> |:RT ln%:| d 1/2 (24)

where 1 is a frictional stress, m is an orientation factor, G
is the shear modulus, b is the Burgers vector, U" is a nor-
malized activation energy for twinning, R is the gas con-
stant, & is a reference strain rate, d is the grain size, and
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the exponent ¢ varies between 4 and 8. The effect of strain
rate on twinning can be neglected, to a first approximation.
This can be surmised from the 1/¢ exponent in Eq. (24),
where ¢ has a large value of ~5, as shown earlier by Meyers
et al. [51]. Thus, the onset of twinning can be obtained by
setting Eq. (23) equal to Eq. (24), following the criterion
expressed in Eq. (21).

It is clear from the above discussion that, in shock com-
pression, twinning is triggered by the shear stresses and not
by the pressure. However, both are related by Eq. (22). The
pressure only creates the strain rate at the front, which in
turn determines the level of shear stress. Applying the Swe-
gle-Grady equation (P o é'/4) shown in Fig. 19
(8=12734x 107° x P%_.) to Egs. (23) and (24), one can
calculate the stresses required for slip and twinning, respec-
tively, as a function of pressure. In isentropic compression,
the strain rate is significantly lower for a prescribed pres-
sure (Fig. 19). Average strain rates were computed from
the effective plastic strain and compression time calculated
through LASNEX in the first 25 um layer. The results are
also shown in Fig. 19.

There is extensive prior work indicating that the twin-
ning stress is dependent on interstitial content. Table 1
summarizes the different observations on twinning in tanta-

Table 1
Interstitial content and twinning occurrence from different investigations.

6617

lum. The differences obtained by different investigators
confirm this. Barrett and Bakish [54] obtained twinning
by impact deformation at 77 K, but not at 273 K; their
Ta had ~300 ppm C. On the other hand, Anderson and
Bronisz [55] had a total of ~53 ppm of C, O, H and N
impurity in their samples. They were able to twin Ta
(d=4 mm) at room temperature. Shock compression of
polycrystalline Ta at room temperature suggests a concur-
rence of lower shock pressures at lower interstitial content
at which twinning is observed [36,54-56]. Accordingly, the
reported twinning stresses also vary with the source. Mitch-
ell and Spitzig [18] observed twinning only in tensile tests at
4.2 K. From Mitchell and Spitzig [18], a twinning stress of
887.7 MPa (in tension) was calculated using {112}(111)
twin system by finding the corresponding tension on
[100]. It should be mentioned that loading was in the cen-
ter of the stereographic triangle. In contrast, the twinning
stresses in tension and compression were established for
loading along [100] by Sherwood et al. [56]. They obtained
values that varied widely, and this is explained by the twin-
ning plane and direction. The twinning stresses in tension
and compression were 370 and 755 MPa, respectively, for
[100] monocrystal. Thus, there is a large difference between
the twinning stress in tension of Mitchell and Spitzig [18]

Investigator Interstitial (ppm) Monocrystal/polycrystal Twin Temperature (K) Tension/compression
Bechtold [31] 100 C Polycrystal (47 pm) No 77 Tension
100 N
Barrett and Bakish [54] 300 C Polycrystal Yes 77 Compressive impact
No 196
273
Anderson and Bronisz [55] 20 C Polycrystal (4 mm) Yes RT (298 K) Compressive impact
8 O,
15 N,
10 H,
Mitchell and Spitzig [18] 18 C Monocrystal [123] Yes 4.2 Tension
370
6N
<l H
Sherwood et al. [56] 36 C Monocrystal [100] Yes 77 Tension (370 MPa)
110 4.2 Compression (755 MPa)
7N
11 H Monocrystal [110] 77 Tension (680 MPa)
42 Compression (350 MPa)
Gray and Vecchio [36] 6C Polycrystal (~68 pm) Yes RT (298 K) Compression shock (~20 GPa)
56 O
24 N
<1H
Murr et al. [19] 70 C Polycrystal (~43 pm) Yes RT (298 K) Compression shock (~45 GPa)
60 O
10N
4H
Lu et al. (current work) <10 C Monocrystal [100] Yes RT (298 K) Compression shock (~110 GPa)
<10 O
<I0ON

7.6 H
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Fig. 20. Temperature dependence of the asymmetry of flow stress for slip
and twinning stresses in tension and compression for tantalum with [100]
orientation (from Sherwood et al. [56]) at a strain rate of & = 10™* s~!. TW
represents the conditions at which twinning is observed.

Table 2
Zerilli-Armstrong and other modeling parameters for experimental data
fitting.

Parameters Unit Value
T K 298
Athermal stress MPa 20

C N/A 0.0005
C, =B, MPa 1125
Cs=po K! 0.00535
Ci=p K! 0.00024
Tension twin stress MPa 370
Compression twin stress gq MPa 755
Burgers vector nm 0.286

and Sherwood et al. [56]. The experimental results by Sher-
wood et al. [56] are the most complete because they include
tension and compression of [100] and [1 1 0] monocrystals,
and therefore will be used in this analysis. The inverse trend
of tension—compression asymmetry pressure between [100]
and [110] is not discussed in this paper. There is a signifi-
cant tension—compression asymmetry in the shear stress of
bee metals that has been extensively investigated by Vitek
and co-workers [13,57-60] and Seeger [61], among others.
This tension—compression asymmetry is due to dislocation
core effects. The yield stress in tension is lower than in com-
pression in [100] monocrystal; the influence gradually
decreases with increasing temperature, as evident from
the data of Sherwood et al. [56], plotted in Fig. 20. The
compressive and tensile yield stresses are equal at 300 K.
Thus, from Fig. 20, no apparent tension—-compression
asymmetry should be expected in our 300 K laser shock
experiments. The (quasi-static and dynamic) experiments
by Rittel et al. [62] and quasi-static experiments in current
investigation (both in compression) were used to obtain the
Z-A parameters, C4 and C,, given in Table 2. Fig. 21
shows the application of the Z-A parameters in the predic-
tion of the strain rate dependence of the flow stress. The
twinning curves in tension and compression are shown in
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Fig. 21. Flow stress-strain rate curves for [100] single crystal Ta
deformed in tension (full lines) and compression (dash lines) [62]. The
twinning stresses in tension and compression (from Sherwood et al. [56])
were assumed to be independent of strain rate. The higher yield stresses at
high strain rates is due to our linear extrapolation from Rittel et al.’s [62]
data.
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Fig. 22. Slip and twinning stress vs. shock pressure for Ta (grain size
d =3 mm). The dashed curve corresponds to the isothermal case (close to
isentropic compression); the solid curve includes the adiabatic shock-
induced temperature rise (shock compression). The threshold ranges from
29.2 to 35.2 GPa.

the same plot, assuming no strain-rate sensitivity, due to
the high value of ¢ in Eq. (24).

The temperature rise in Ta as a function of shock pres-
sure can be expressed as the second-order polynomial,
based on the R-H equations (and on the Cy and S values
for Ta [63]):

Tohock_1a = 1.007 x 107°P%,  — 1.13 x 10" Pyjoes + 294.8
(25)

where Py, 1s expressed in units of Pa.

The calculated slip—twinning transition stress varies in
the ~29-35 GPa range and is affected by consideration of
the thermal rise in specimens during loading, i.e. isothermal
(for quasi-isentropic) vs. adiabatic compression (for
shock), as shown in Fig. 22. In our present study, twinning
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is observed above a 32 GPa pressure threshold for experi-
ments performed at 300 K. Thus, considering the various
approximations and assumptions of the model, the predic-
tions match the experimental results fairly well.

4. Summary and conclusions

1. Tantalum monocrystals were subjected to laser com-
pression utilizing an experimental set-up that provides
quasi-isentropic loading for the first ~40 pm depth; after
this, the rise time of the pulse decreases and becomes a
shock discontinuity.

2. The defects generated by the laser pulse were character-
ized by transmission and scanning electron microscopy,
and are composed of dislocations at low pressures, and
mechanical twins and a displacive phase transformation
at higher pressures.

3. The dislocation density increased with the proximity to
the energy deposition surface. The experimentally
observed dislocation density was compared with calcula-
tions based on homogeneous dislocation generation and
Orowan dislocation multiplication.

4. The homogeneous dislocation generation mechanism
predicts results that are higher by orders of magnitude
than the experimentally measured densities. These
results are consistent with earlier investigations on cop-
per (an fcc metal) [9].

5. The lower dislocation density observed experimentally
might be due to two reasons: (a) dislocations are not
homogeneously nucleated but rather increase their den-
sity as a result of movement, interaction and multiplica-
tion from existing sources; (b) a significant fraction of
the dislocations generated homogeneously in shock
compression are annihilated upon release.

6. An analysis based on the Orowan mechanism of multi-
plication and involving two forms of dislocation gener-
ation and annihilation terms (Barton et al. [46] and
Kocks [48]) was applied and enabled the prediction of
dislocation densities as a function of pressure. The Bar-
ton et al. [46] analysis predicted dislocation densities
that are consistent with experimental results at lower
pressures but higher than the experimental results at
higher pressure. The difference may come from the effect
of mechanical twins accommodating part of the strain.

7. In the proximity of the energy-deposition surface, as the
shock pressure increases, the dislocations give way to
mechanical twinning as the principal deformation mode.
The experimentally obtained slip—twinning threshold
stress is ~32-43 GPa. Calculations involving constitu-
tive equations for slip and twinning and the Swegle—
Grady equation predict a pressure ~29-35 GPa range,
consistent with experimental results.

8. The w-phase was observed at a peak pressure of
~68 GPa. From the current results and Hsiung and
Lassila’s [22] experiments, it can be concluded that the
experimentally obtained phase transformation pressure

is ~43-68 GPa. This is higher than the twinning thresh-
old stress.
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