Femtosecond X-Ray Diffraction Studies of the Reversal of the Microstructural Effects
of Plastic Deformation during Shock Release of Tantalum
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We have used femtosecond x-ray diffraction (XRD) to study laser-shocked fiber-textured polycrys-
talline tantalum targets as the 37-253 GPa shock waves break out from the free surface. We extract
the time and depth-dependent strain profiles within the Ta target as the rarefaction wave travels
back into the bulk of the sample. In agreement with molecular dynamics (MD) simulations the
lattice rotation and the twins that are formed under shock-compression are observed to be almost

fully eliminated by the rarefaction process.

When a crystal is uniaxially shock-compressed to a
sufficiently high pressure in the solid phase, beyond the
so-called Hugoniot Elastic Limit, the Hugoniot curve —
the locus of states that can be achieved by shock com-
pression — approaches the hydrostat in pressure-volume
space, implying that significant plastic deformation has
occurred. [1] An understanding of the rapid deformation
mechanisms occurring during the shock process at the
lattice level, such as the generation and motion of defects,
or deformation twinning, has long been sought [2-4]. Of
particular interest is the observation that in many cases
the high rates of plastic strain observed at the shock front
not only cannot be mediated by pre-existing dislocations,
but are also inconsistent with the defect densities found
via post facto analysis. That is to say a direct applica-
tion of Orowan’s equation [5], €, = p|blv, where ¢, is
the plastic strain rate, p the number of mobile disloca-
tions per unit area with Burgers vector b and velocity v,
implies (under the assumption of sub-sonic dislocations)
dislocation densities behind the shock front that can be
several orders of magnitude greater than both those ini-
tially present, and those found in recovered samples.

Whilst defect densities consistent with observed plas-
tic strain rates are not found in recovered samples [6, 7],
such high densities are observed in many MD simulations
[8, 9], and long prior to those simulations the generation
of high densities of homogeneously nucleated dislocations
at the shock front had been proposed [3]. A resolution
to this discrepancy is suggested by further MD simula-
tions that show that upon the shock unloading at a free
surface, and subsequent rarefaction, most of the disloca-
tions annihilate [10] implying that post facto analysis of
recovered samples may at best not provide a full picture
of the conditions present during the passage of the shock
itself. The large defect densities thought to be present
under shock compression may also be pertinent to ap-

parent contradictions in measured melting temperatures
at high pressure [11-13]. Common methods of interro-
gating sample response, such as velocimetry techniques
using VISAR (Velocity Interferometer System for Any
Reflector) [14], rely on measurements of the velocity of
the free surface in order to deduce the sample’s response
[15]. However, this kind of method provides a limited
amount of information since it does not probe either the
plastic behavior at the lattice level or the state of the en-
tirety of the material at one particular moment. It thus
cannot be used to address the above hypothesis that mi-
crostructural plastic deformation during the shock can
be, at least to some extent, eliminated upon release.

It is within the context outlined above that we present
the results of experiments where, via femtosecond XRD,
we directly observe the microstructural effects of shock-
induced plasticity being reversed in polycrystalline tanta-
lum during shock breakout as the rarefaction wave travels
back into the sample (although overall entropy increase,
evinced by shock heating, would still be irreversible). In
particular, we directly observe the reduction of shock-
induced twins as well as a significant reversal in the lat-
tice rotation imparted during the shock-compression pro-
cess. These results, which are in good agreement with
MD simulations, provide conclusive evidence that the re-
lease of stress after shock events, and the associated sub-
sequent rarefactions and reverberations, can significantly
alter the microstructure of the sample from that extant
during the shock itself, highlighting the importance of in
situ measurements.

Shock-induced plasticity in tantalum, a body-centered
cubic metal, has been studied extensively, with post facto
analyses [6, 16-19] being complemented by a number of
MD studies [9, 20-23]. Here we use XRD to directly mon-
itor lattice orientations during shock release. The tech-
nique of in situ XRD to study shock-compressed materi-



als has been developed over several years utilizing a num-
ber of different shock drivers and x-ray sources, including
diodes [24-27], laser-produced-plasmas [28-33] and 3¢
generation synchrotrons [34-37]. More recently, with the
advent of 4*" generation light sources such as the Linac
Coherent Light Source (LCLS) single-shot 100-fs diffrac-
tion patterns can be obtained from laser-shocked crystals,
providing lattice-level information on a timescale shorter
than even the fastest phonon period [38-43].

The experiment was performed at the Matter in Ex-
treme Conditions (MEC) endstation of LCLS [44]. A
schematic diagram of the experimental setup is shown
in Fig. 1. The targets comprised a 50um thick poly-
imide ablator glued to a 6um thick foil of polycrystalline
Ta with a fiber texture such that the majority of the
crystallites were oriented with their [110] axis parallel,
within a few degrees, to the normal to the target sur-
face, but azimuthally around this axis the grains were
oriented approximately randomly (a pole plot is shown
in the Supplemental Material [45]). As explained in more
detail below, such a texture allows direct monitoring of
lattice rotation and twinning via XRD. A 5 ns, flat-
topped, frequency doubled (527 nm) laser pulse was used
to drive a shock into the target. By varying the intensity
of the drive laser it was possible to obtain shock pres-
sures of 37+2 to 253+6 GPa, as measured via position of
the Bragg peaks considering volumetric compression of
the crystal lattice together with the Rankine-Hugoniot
equations using the shock speed data [46]. The LCLS
beam (9.6 keV, 50 fs duration) probed the compressed
region after a set delay (from just before to ~10 ns af-
ter shock break out) and the resulting diffraction pat-
terns were captured on a number of CSPAD detectors
(Cornell-SLAC Pixel Array Detector) [47]. The target
was oriented such that the surface normal was aligned at
an angle of 35° to the x-ray beam.

By bringing the x-ray beam in at an angle to the com-
pression axis of the fiber textured target we are able to
directly monitor lattice rotation and twinning. Such a ge-
ometry does not produce full Debye-Scherrer (DS) rings,
but distinct arcs on each ring, the azimuthal position of
which provides direct information on the orientation of
the planes with respect to the shock direction, [48] and
which previously enabled the observation of lattice rota-
tion due to slip and twinning under shock compression
[43]. The texture direction is aligned with the sample’s
normal, and we define angles x between the sample’s nor-
mal and the normals to the lattice planes producing the
diffraction spots, and denote by xo such angles for the
ambient unshocked material.

The shock wave is characterised by a high-strain-rate
resulting in a sharp discontinuity in the strain at the
shock front. Therefore, during the passage of the shock
before it reaches the rear free surface, diffraction from
both compressed and ambient material is observed, re-
sulting in arcs lying on two distinct well-defined DS rings,

6pm Ta
Fiber Textured

Overlapped
Drive Beams

FIG. 1. A schematic diagram of the experimental setup.
The fiber-textured Ta sample is shocked along the crystal-
lographic [110] direction via laser ablation of the polyimide
overcoat. An SEM micrograph of the Ta sample (inset) shows
the columnar microstructure that gives rise to the fiber tex-
ture. The driven material is probed with x-rays that are in-
cident at an angle of 35° to the surface normal, and diffrac-
tion images are collected on an array of CSPADs. A VISAR
system interrogates the rear surface velocity of the sample.
Figure adapted from Wehrenberg et al. [43].

with negligible diffraction signal between them, as shown
in Fig. 2a. When the shock encounters the free sur-
face, the normal component of the stress at that sur-
face must remain zero, so a rarefaction wave is launched
back into the sample allowing material to expand quasi-
isentropically [49]. In contrast to the extremely rapid
change of strain at the shock front, a rarefaction fan en-
sues owing to the reduction in the local speed of sound
as the pressure drops, leading to a release of strain at a
decreasing rate as the rarefaction proceeds. This much
lower strain gradient exhibits itself as a clear diffraction
signal over the whole range of Bragg angles between those
DS rings that correspond to fully compressed and fully
released material, as shown in Fig. 2b. As we show be-
low, the distribution of diffracted intensity in this region
allows us to extract the instantaneous strain-depth pro-
files in the rarefaction fan.

Several important observations can be made immedi-
ately from the data. As has been shown in [43] under
[110] compression in these samples, the shock-induced
shear stress is relieved by either slip on {112}(111) sys-
tem or {112} twinning. Since the material is laterally
confined, in order to preserve the geometry of uniaxial
compression, both slip and twinning induce crystal lattice
rotations [31, 43, 50] about [110] which can be directly
related to the amount of shear stress relieved.

Lattice rotation can be measured from the azimuthal
position of the diffraction. For example, for the (110)
ring, the diffraction peak at xo = 90° preserves its az-
imuthal position upon compression as grains diffracting
in this orientation have their (110) planes with normals
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FIG. 2. XRD images of Ta during a) the initial shock passage
at 167 GPa and b) release following 150 GPa and c) 75 GPa
shocks. In ¢) diffraction due to twins is marked with full
circles, and the positions of the expected locations of twin
spots on release are marked with dashed circles. Images a)
and b) correspond to the CSPADs’ coverage marked with the
full rectangle encompassing c).

perpendicular to the shock propagation direction. How-
ever, the diffraction at xo7#90° splits under compression
since the corresponding diffraction planes rotate towards
and away from the compression axis. Figure 2a shows
an example of lattice rotations inferred from the (110)
Bragg reflections for a shock pressure of 150 GPa, where
the diffraction signal on the left follows the xo = 90°
path while yo=60° diffraction signal splits on compres-
sion into x >60° and x < 60°, and the magnitude of the
splitting implies a lattice rotation of just over 10° in the
shocked state. On release we observe diffraction along
paths connecting the diffraction signal from the fully-
compressed and fully-released material at the rear sur-
face, which provides an explicit in situ history of lattice
rotations during rarefaction. As shown in Fig. 2b, the
diffraction signal traces out a path along the y =90° line,
while the x=60° signal, split during compression, traces
paths back close to its initial position. This is indicative
of reversed lattice rotations on release about [110]. Re-
versed lattice rotations, even though not explicitly con-
firming dislocation annihilation, suggest inverted dislo-
cation motion. It should be noted that a small residual
azimuthal split between peaks which were originally at
X0 =060° in the ambient sample is observed, correspond-
ing to residual lattice rotations up to ~ 3° in magnitude,
compared with the rotation of ~ 10° in the shocked state.

As well as the observation of a shock-induced splitting
of those spots with yo # 90°, we also observe the ap-
pearance of a completely new set of y # 90° diffraction
spots corresponding to the formation of twins. The rel-
ative intensity of these spots provide a measure of the
degree of twinning within the sample, which has been
found to maximize at a volume fraction of order 30% be-

tween shock pressures of 50 and 150 GPa [43]. Figure 2¢
shows a diffraction pattern during release after a passage
of 75 GPa shock, which on compression generates large
amounts of twinning, with the diffraction associated with
the twins marked both under compression, and where
they would be expected to appear under release. It can
be seen that no signal corresponding to twins is observed
in the released state, indicating disappearance upon rar-
efaction (to a fraction below 1%, a figure determined by
the noise background).

This experimental observation of detwinning, sup-
ported by MD simulations below, is interesting in the
context of previous post facto studies. In contrary to the
monocrystalline [17-19] and polycrystalline [16] samples
which show significant amounts of twinning remaining
after the shock, nanocrystalline materials [6] have not
shown traces of twins. This phenomenon has been con-
sidered in terms of the Hall-Petch effect which suggests
that large grains twin more easily. However, the evi-
dence of detwinning in the high-strain-rate experiment
brings a new perspective on those studies. Further-
more, twinning-detwinning deformation in grains with
transverse dimensions of the order of 100-nm (see mi-
crograph in Fig. 1) may be analogous to the cyclic
loading-unloading experiments performed on nanopillars
[51], suggesting pseudoelastic properties of the nanoscale
materials not only on the static, but also on the dynamic
timescales.

In order to complement these observations of the par-
tial reversal of lattice rotation and detwinning upon
release we have performed MD simulations using the
LAMMPS code [52]. Using the Ravelo EAM Tal poten-
tial [22], we simulated the response of a 100x100x950
cells (33x33x314 nm) Ta single crystal at 300 K to a
moving piston along the [110] direction, with periodic
boundaries in the transverse directions. Piston velocities
in the range 0.7-1.2 km s~! were applied which drove
shocks of strengths between 50-100 GPa. The simulation
time was sufficiently long that we could observe both
shock propagation and subsequent rarefaction from the
rear surface. Upon release (which occurs just before 70 ps
in the simulations), the shear stress changes its sign with
respect to the one observed during initial shock passage
as shown in Fig. 3a for a shock of 100 GPa. As a result, it
causes a significant reversal of the microstructural plas-
tic deformation induced by the shock, in good agreement
with our experimental findings. Using a nearest neigh-
bor analysis we identified variations in lattice orientation
across the sample. Figure 3b presents the average lattice
rotation about the [110] direction as a function of lon-
gitudinal position within the sample at different times.
In agreement with the experiment, it can be observed
that the simulated sample experiences reversed lattice
rotations as a result of rarefaction. The quantitative ro-
tations are in excellent agreement with the experiment,
where we also see a maximum rotation of the lattice of
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FIG. 3. Average rotation angle about [110] direction (a) and
shear stress defined as (0., —022)/2 (b) along the Lagrangian
position in a single crystal Ta as a function of time in MD
simulation with 100 GPa shock moving to the right and the
rarefaction wave propagating to the left (after 70 ps). c) and
d) show the visualizations in Eulerian coordinates of the re-
gions rotated by more than 20° at the timesteps 80 ps and 100
ps for the case of 50 GPa shock. This method allows for an
easy observation of the twinned parts (thick, red well-defined
lines). Blue and purple regions correspond to the non-twinned
shocked and released parts of the sample respectively.

order 8° at 100 GPa. Furthermore, the simulations also
indicate that upon rarefaction not all of the rotation is
reversed, with a residual rotation of approximately 3°
persisting in the simulation. Using a dislocation extrac-
tion analysis [53, 54] we also find a reduction of a factor
of 2.5 of the dislocation density upon rarefaction from a
peak value of 5x10'3cm™2 behind the shock. In addi-
tion, as can be seen Fig. 3c¢) the MD simulations with a
50 GPa shock predict significant twinning (a twin frac-
tion of 6%) upon compression, but in agreement with
the experiment, and as can be seen in Fig. 3d), the twins
disappear upon release.

The experimental data allow us to extract the strain
transverse to shock propagation direction as a function
of depth. The strength of the diffraction signal at a par-
ticular angle between that corresponding to the totally
released material, and that still under peak compression,
is a measure of the amount of material at a given strain.
As shown in the Supplemental Material [45], this allows
us to iteratively construct a transverse [110] strain pro-
file (for this direction the elastic component of the strain,
to which diffraction is sensitive, is equal and opposite to

the plastic strain) that is consistent with the diffraction
image, under the assumption that the strain within the
sample varies monotonically. Such algorithms have been
used previously to deduce strain profiles from diffraction
profiles [55, 56].

The deduced strain profiles as a function of depth and
time are shown in Fig. 4a. As expected, the strain gra-
dient becomes shallower as the rarefaction proceeds. In-
deed, we can construct a model of the propagation of
the release wave showing that the rate of reduction of
the strain gradient is consistent with a simple model (see
Supplemental Material [45]). Given that the elastic strain
that we measure is that transverse to the shock direction,
and thus insensitive to any purely elastic longitudinal re-
lease, we approximate the strain gradient, o, within the
rarefaction fan as a function of the position of the release
tail, z:
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where Cg and Cj are the bulk sound speeds at the shock
pressure and ambient conditions respectively, and € is the
plastic strain in the shocked region.

Figure 4b shows the evolution of the strain gradient
extracted from the data as a function of time, as well as
analytic values from Eq. (1) and the prediction of the 1D
hydrodynamic (HYADES [57]) and the MD simulations.
Good agreement has been found between the first three
methods. The slightly lower than predicted experimental
inverse strain gradient at 3.7 pm is due to the onset of
release on the front (driven) side of the Ta foil. By using
Eq. (1), for Cy = 3293ms~! [46], the bulk sound speed
in the shocked state can be estimated. While the MD
simulations predict slightly lower strain gradients than
those seen experimentally, the finite size of the simula-
tions means that significant elastic-plastic kinetics may
still be occurring during the simulation time, and conse-
quently the MD gives implies slightly larger sound speeds
than suggested by the XRD measurement and previous
studies [58, 59]. Furthermore, the effects of finite shear
strain within the rarefaction fan itself are not taken into
account in this simple model, and this may also affect the
accuracy of any deduced sound speeds. What is clear,
however, is that the rate of reduction of the strain gra-
dient deduced from the diffraction signals is consistent
with that expected.

In conclusion, we have performed in situ femtosecond
XRD studies of the release of shocked fiber-textured poly-
crystalline tantalum. We observe that the significant lat-
tice rotations imparted by the shock are largely reversed
upon shock breakout as the rarefaction wave travels back
into the sample. We also observe a complete reversal of
the shock-induced twinning. The experimental data are
in good agreement with MD simulations, and this direct
observation of the reversal of micro-structural changes
upon release emphasises the important contribution that
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FIG. 4. a) Extracted transverse strain profiles from the XRD
images as a function of Lagrangian position of the sample
along the shocked direction with Opm and 6um referring to
the back surface and the polyimide/Ta interface respectively.
Selected profiles correspond to samples driven by shocks of
50-100 GPa. (b) Inverse strain gradient (from the shaded re-
gions in (a)) as a function of the position of the tail of release
wavefront (taken at € = 0). A theoretical prediction (red
line), HYADES (blue dashed line) and MD (green asterisks),
obtained for the case of 100 GPa shock, are also shown. The
inset shows inferred bulk sound speed as a function of trans-
verse elastic strain, and compares this with previous data as-
suming hydrostatic response.

such in situ studies can make to our understanding of the
physics of shock deformation at the lattice level.
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