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ARTICLE INFO ABSTRACT

Keywords: The extreme response of polycrystalline iron at high pressures and high strain rates is revealed by means of high-
Iron power laser pulses. The compression portion of the pulse coupled with x-ray diffraction identifies the expected
High pressure body-centered cubic («) to hexagonal close packed (¢) displacive transformation. Upon release, observation
)S(p:al; diffraction shows that the complete reverse transformation takes approximately 8 ns and that the structure returns to its
Phase transformation initial microstructural configuration, in a reversible transformation path. This is in good agreement with mo-
Molecular Dynamics lecular dynamics (MD) simulations which predict an inverse dependence between transformation time and strain
rate. The grain size is reduced from pm to nm range during compression and begins increasing back to the
original grain size on decompression. The kinetics of the transition is dictated by heterogenous nucleation as it
follows the Johnson-Mehl-Avrami-Kolmogorov equation with the appropriate time exponent of ~1. This is
confirmed by MD simulations which also identify profuse twinning and dislocation generation. The tensile pulse
generated upon reflection at the free surface is captured by time-resolved free surface velocity measurements
from which a peak tensile stress of 7 GPa is obtained, in stark contrast with its quasi-static value of ~200 MPa. At
these strain rates, the strength of grain interiors, which is determined by twinning and slip exceeds the strength

of the boundaries, and failure initiates preferentially in the latter.

1. Introduction

The high-pressure behavior of iron (Fe) has been extensively studied
over the past seven decades. In particular, there have been numerous
experimental studies on the a-¢ (body-centered cubic (BCC) to hexago-
nal close-packed (HCP)) phase transition in iron both through static
[1-9] and dynamic methods [10-15]. Under shock compression, this
phase transformation occurs at ~13 GPa [16] through non-diffusive,
martensitic reordering of atomic planes [17] and is strongly influ-
enced by deformation twinning [18]. Furthermore, this phase transition
has been found to affect the extent of damage that occurs during dy-
namic fracture, or spallation [19,20]. When iron is spalled with lower
pressure shocks, below the a-¢ phase transition, the observed failure was
brittle — dominated by crack initiation and growth. However, if the
material is shocked to higher pressure, above the transition into the ¢
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phase, the spalled surface is dimpled (i.e., ductile failure) — dominated
by void nucleation and growth. Prior to complete spall, there is a release
stage in which the large compressive stress decreases due to wave in-
teractions with the free surface. This causes the high-pressure ¢ phase to
transform back to the ambient o phase [19,21]. This reversion to the
ambient crystal structure has also been found to be accompanied by a
restoration of the original microstructure [22-24]. The multiple HCP
variants that form from the compression and shuffling of BCC planes are
what lead to a breakup of the microstructure, down to 10’s of nano-
meters [17]. After the passage of a rarefaction wave, HCP planes expand
and return to their ambient positions for the new lower pressure BCC
state. Interestingly, it has been found that this reverse pathway follows
the forward (a-¢) pathway and, thus, causes the grains to retransform to
their original variant [24]. There is both an atomistic and microstruc-
tural memory effect during shock compression and release of iron.
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Many studies have focused on the pressure hysteresis of these phase
transitions under static, diamond anvil cell loading [2-6,9]. All these
studies are in agreement that the a-¢ transition begins at 13 + 4 GPa and
completes around 18 GPa while the reverse, e-a, transition begins
around 10 GPa and completes around 5 GPa. The kinetics of the a-e
phase transition is also well studied, both experimentally [21,25-27]
and computationally (shock propagation in single [14,26,28,29] and
polycrystals [30-32], uniaxial compression [33-36]), but is not the
focus of this work. Here, we instead focus on the timescale and micro-
structural effects of the e-a transformation following shock compression
and pressure release, a phenomenon that has been rarely studied. There
are only a few atomistic simulation studies covering this regime [29,30,
35,37]. With a better understanding of the atomic- and micro-scale
processes that occur prior to and during dynamic failure, constitutive
and failure models can be improved to better predict impact and failure
events. At extremely high strain rates of 10° s7!, the HCP phase in
small-grained iron was found to disappear over approximately 200 ps
[22]. MD of the reverse (e-o) transformation at strain rate of 10° 57!
found a transformation time of ~170 ps [33] and that the formation of
twins played an important role in spall strength [29]. Here and
throughout, strain rate refers to the total uniaxial release strain rate, — V
/Vo. The processes that occur prior to complete spall dictate the mode of
failure. The rapidity of the atomic-level changes is just the first step in
how quickly the microstructure will subsequently evolve. How the
microstructure changes will then have a profound effect on the type of
failure and, consequently, how much damaging debris will form.

High-intensity lasers paired with high-energy x-rays provide a
unique capability to study phase transition dynamics in iron. The
various phenomena connected to shock release due to wave interactions
at a free surface (spall strength, e-a transition timescale, and micro-
structural evolution) are investigated both experimentally and compu-
tationally. MD simulations under uniaxial compression-release are used
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to compare experimental results of strain rate and e-o transformation
time. Furthermore, MD simulations are used to show the evolution of the
atomic structure during compression and unloading. To the authors’
knowledge, there has never been such a detailed study of the shock-
induced reverse phase transformation in iron that ties together time-
resolved experiments with atomic-scale modeling to fully understand
spall failure. In this work, we present a detailed study of the shock-
induced reverse phase transformation in iron, combining time-
resolved experiments with atomic-scale modeling to fully understand
spall failure.

2. Experimental and Computational Methods

Laser shock experiments were conducted at the Dynamic Compres-
sion Sector (DCS) of the Advanced Photon Source (APS) in Argonne
National Laboratory [38]. Time-resolved x-ray diffraction (XRD) was
performed using an x-ray beam with focal spot size of ~50 um from a
~23.5 keV pink beam source [39]. Scattered x-rays were recorded on a
Rayonix SX165 detector 97.7 mm from the sample. A nominally 100 J
(~80J at 351 nm) laser with a 1 mm spot size and 10 ns pulse length was
used to generate a shock wave in the target package. Targets consisted of
a 30 pm polystyrene ablator glued onto ~50-70 pm polycrystalline iron
foils using Hardman Double Bubble epoxy (Fig. 1a). Grain sizes were
found to be 5 pm along the shock direction and 100-250 um normal to
the shock direction (determined using Electron Backscatter diffraction
as part of a complementary study [40]). Point [41] and line [42] velocity
interferometer system for any reflector (VISAR) were used to record free
surface velocity (Fig. 1b), which was used to calculate the peak pressure,
strain rate, and spall strength. Pre-shot hydrodynamic simulations were
performed using Hydra [43] to determine the x-ray timing for structural
characterization the iron samples on compression (t < 0 ns) or on release
(t > 0 ns), where 0 ns refers to the shock arrival time at the rear surface

(b) 2.0 !ﬁ — Umax——Q}
»
\'
3 3
> T.
g 5
% 7
>
o= ) TR
2.5 25 7.5
Time (ns)

Iron Free surface

-6 ns

o

~~

o

g

N W R O m

o ¢ & o o8
\ : B - >
e

Pressure (GPa)
o

-
o

40 50 60 70 80 90 100110120
Position (um)

Fig. 1. (a) Experimental set-up (not to scale) and (b) representative VISAR data (solid line represents line VISAR and dashed lines represent two channels of point
VISAR). Umax, Umin, and At values of 1.99 km/s, 1.62 km/s, and 4.3 ns correspond to strain rate and spall strength of 7.24 x 10° s~! and 8.87 GPa. (c) Position-time (x-
t) plot of pressure from Hydra simulations and (d) corresponding lineouts of pressure as a function of position within the iron at various time points.
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of the iron sample. Post-shot hydrodynamic simulations were also per-
formed with Hydra [43], using the as-delivered laser power-time profile
to understand the pressure profile in the iron sample achieved during the
experiment (Fig. 1c-d). The shock pressure is high enough to overdrive
the forward a-e phase transformation, resulting in a single-shock
loading. Dioptas [44] was used to calibrate the sample-detector dis-
tance using ceria (CeO2) and silicon x-ray standards and to azimuthally
integrate x-ray patterns. GSAS-II software [45] was used to obtain
structural information from the integrated x-ray diffraction patterns. An
instrument parameter file was created using the CeO, standard, which
defines the inherent peak broadening and peak shape of the pink beam
(from [39]). These instrument parameters were then used for fitting of
the unshocked, shocked, and released phases.

Molecular dynamic simulations of uniaxial compression were carried
out using LAMMPS [46]. BCC Fe polycrystals were modeled with an
embedded atom method (EAM) potential developed by Gunkelmann
and co-workers [36]. This potential is widely used due to its ability to
adequately reproduce the a-¢ transition [28,29,33,34,37,40], avoiding
some limitations of previous EAM potentials [35,36]. Polycrystal sam-
ples were designed using Atomsk [47] with dimensions of (100a0)3,
leading to 2 million atoms in 30 grains, with a mean grain diameter ~7
nm. Samples were compressed up to 15% strain along [001] at strain
rates of 2 x 107 s’l, 108 s’l, and 10° s~ ! and held at this maximum
strain for 20 ps. Finally, samples were unloaded by applying uniaxial
tension along the same axis at the same strain rate, to achieve zero
uniaxial strain and stress by the end of the simulations under NVE
(number, volume, energy) ensemble. This procedure is often used
[33-36] as an alternative to much larger wave-propagating simulations.
All samples were created with periodic boundary conditions (PBC) and
annealed at 300 K and zero pressure prior to compression. Sample with
~5 million atoms (30 grains, mean grain diameter ~15nm) at 300 K and
2 million atoms at 700 K (30 grains, mean grain diameter ~7 nm) were
also simulated to compare back transformation time. Visualization and
analysis were performed using OVITO [48]. Crystal structure was
identified with Polyhedral Template Matching (PTM) [49], a robust
method to identify structures at high temperatures and pressures, using
root-mean-square deviation (RMSD) equal to 0.1. Dislocations were
analyzed with the Dislocation Extraction Algorithm (DXA) in OVITO
[48].

3. Results and Discussion

X-ray diffraction measurements were taken using a 100 ps x-ray
exposure at different delay times with respect to shock breakout, which
is defined as t = 0 ns. The delay times were chosen based on pre-shot
hydrodynamic simulations to capture the iron at different states of
compression and release. The location and time point of the spallation
event can be determined from the x-t plot in Fig. 1c by finding the
intersection of the free surface and drive side release waves. In this case,
the spall plane is about halfway into the iron, at ~80 ym. Two com-
plementary velocimetry systems (point-VISAR [41] and line-VISAR
[42]) were used to measure the velocity of the free surface which is
used to characterize the shocked state of the samples. By adjusting the
delay time while keeping laser and sample parameters approximately
constant, time-resolved phase information on the shock compression
and release behavior of iron was obtained.

Free surface velocity profiles from experimental data were used to
calculate strain rate and spall strength at failure. The peak free surface
velocity, umax, and the spall pullback signal, up,, (Fig. 1b) in a simplified
acoustic approach yields the following approximation for strain rate
[501]

(“mwc - ”mi")

. (ttae — i) )
T TAr x 2¢ M

where At is the time difference between u,q, and uy,;, and c is the sound

Acta Materialia 257 (2023) 119148

velocity on release (6 km/s [51]). The spall strength can be calculated
using a similar acoustic approximation

P.spu[[ = (1 /z)poc(umnx - umin) (2)

where p, is the initial density. Peak pressure was calculated using the
Hugoniot relationship between pressure and particle velocity (u,)
assuming umax ~ 2u,. For the calculated data presented here, values in
parenthesis represent standard deviation due to variation in sample
thickness (30 — 70 pm) and laser power (70 — 73 J). The average peak
pressures and strain rates achieved in the samples were 56 (7) GPa and
8.7 (3.9) x 10%s71, respectively. According to Hydra modeling using the
equation of state LEOS 260, the ranges of internal pressure, temperature,
and strain rate (depending on the position within the iron) are 45 — 60
GPa, 800 - 1200 K, and 8 — 15 x 10%s7%, respectively. It is important to
note that there is also a release wave that originates from the drive side
due to the cessation of laser irradiation; however, this release is at a
reduced rate and magnitude compared to release from the free surface.
This combination of release waves contributes to the large range of
pressures, temperatures, and strain rates within the sample predicted
from modeling. However, the simulated values for pressure and strain
rate are similar to the calculated values from free surface velocity
measurements. Temperature is not directly measured. The average spall
strength for these polycrystalline samples was found to be 7.5 (1.1) GPa.
The spall strength observed here is in close agreement with values found
in other laser shock work [20,40,52] (Fig. 2) and this suggests similar
failure mechanisms (i.e., ductile fracture). The grain boundaries in
polycrystalline materials act as preferential void nucleation and dislo-
cation pile-up locations under tensile and shear loading [53]. Grain
boundaries, in conjunction with the a-e-a phase transition cycle, cause
ductile failure due to void formation and growth and, ultimately, failure
along boundaries. This failure behavior is typical of BCC metals like
tantalum [54] and vanadium [55]. It should be mentioned that the spall
strength has a significant strain rate dependence. In gas gun experi-
ments, where the pulse duration is in the ps domain, the spall strength is
around 2 GPa [56].

By adjusting the x-ray timing for each shot, without changing the
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Fig. 2. Spall strength comparison from experiments described here (filled
squares) and literature [20,40,52,56-60] (open squares). Dashed line repre-
sents fit to Py,q ~ ¢'/* as previously observed in Kanel et al. [61].
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laser energy, time-resolved phase transformation data were collected.
The known ambient (BCC: Im3m) and high-pressure (HCP: P63 /mmc)
crystal structures of iron were used to fit the diffraction peaks seen in the
x-ray data (Fig. 3). Integrated diffraction patterns from a series of shots
are shown in Fig. 4a where the evolution of the crystal structure can be
clearly seen. As expected, at negative times as the shock wave runs
through, more iron is rapidly compressed and the ambient BCC peaks
decrease in intensity as the HCP peaks grow. Around 0 ns, the integrated
pattern shows little evidence of any BCC structure (< 10 %). As the
release waves travel over the compressed material at positive times, BCC
peaks begin being evident again, with less than 5% HCP structure pre-
sent at the latest time point.

The reverse e-o transformation begins rapidly — with the first signs of
released BCC peaks visible at 0.85 ns after shock breakout. Over the
course of shock release, the phase transition completes within ~8 ns,
with the exact duration inconclusive due to sparsity of data points.
However, the latest time point does show that 97% of the structure has
retransformed to BCC. Consequently, 8 ns is a reasonable value for the
time needed post breakout for essentially all of the iron to transform. We
note that the 8 ns estimate is also dependent on the release wave
propagation velocity through the compressed sample, so the trans-
formation time for some material elements (closer to the release surface)
is likely much shorter. As these diffraction measurements are volume-
integrated, any BCC or HCP peaks are an average across the entire
sample. The kinetics of the iron e-a transformation observed here is
slower than previous reports with polycrystalline iron (200 ps in Hwang
et al. [22] for é ~ 10° s’l), but this difference is expected due to the
lower strain rate of experiments described here (1 0° - 107 s‘l), as dis-
cussed below from MD simulations. A similar trend in phase transition
time with strain rate can be seen for the a-¢ transformation during
compression [14].

The volume-integrated weight fraction of BCC phase is determined
using Rietveld refinement [62] with GSAS-II software, using the pink
beam profile function described in Von Dreele et al. [39]. The resulting
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evolution from BCC to HCP is clearly seen during compression (negative
times), and the reverse transition occurs during release (positive times for
material near the free surface) (Fig. 4b). The forward a-¢ transformation is
over-driven and fast, resulting in little structure to the shock profile in the
VISAR trace (Fig. 1b), and a BCC fraction at t < 0 ns that is approximately
equal to the fraction of material at pressures below the a-¢ phase
boundary according to the Hydra simulations (red circles and purple
triangles in Fig. 4b). The Hydra simulations assume instantaneous
transformation, which due to the drive-side release can account for the
disagreement of the BCC fraction at t~0. The kinetics of this reverse phase
transformation can be further described using a simple phenomenolog-
ical rate equation: the Johnson-Mehl-Avrami-Kolmogorov (JMAK) model
[63-65]. This type of formulation was originally designed to describe
isothermal material solidification processes but has been applied to
solid-state phase changes as well [66,67]. This model describes the
transformed volume fraction in an exponential form

1o ()]

where Y(t) is the fraction of the material transformed as a function of
time, t, 1/7 is the rate constant, and n is the JMAK kinetic exponent. This
exponent can provide information about the nature of the phase
nucleation process where the value can vary between 1 and 4, corre-
sponding to heterogeneous or homogeneous nucleation. The best-fit
parameters for the JMAK model to our data neglecting wave propaga-
tion are 7 = 4.17 (0.31) ns and n = 1.38 (0.24). The rate constant, K =
1/7 is estimated to be 0.24 (0.02) ns™'. The exponent around 1 corre-
sponds to non-random nucleation sites and growth being restricted to 1-
2 dimensions [68], i.e. grain boundary-dominated phase nucleation. A
more complex form of the JMAK model may include wave propagation
effects and would reduce 7.

The shock-induced changes in microstructure can also be extracted
from GSAS-II analysis — primarily the grain size. The software uses
typical Scherrer broadening [69] to determine grain size, so the overall
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Fig. 4. (a) Waterfall plot of polycrystalline iron showing evolution of BCC and
HCP peaks as x-ray timing is varied. Through-thickness averages of (b) weight
fraction of BCC phase, (c) weighted grain size, and (d) weighted density as
functions of x-ray timing. In (b-d) experiments are shown in filled circles (red
symbolizes compressive state, black symbolizes data around shock breakout,
blue symbolizes a release state) and MD (for ¢ = 2 x 107 s~ and Hydra
simulations are shown in open symbols (squares and triangles, respectively).
Dashed lines represent the fit with 1 standard deviation shown in
shaded region.

value in the sample (Fig. 4¢) is taken to be a weighted sum of the product
of the weight fraction of each phase and its corresponding grain size
calculated by the program. The grain size evolution shows evidence of a
memory effect, with the original, large, grains reducing to sizes on the
order of 10’s of nanometers during compression and at later times,
during release, becoming larger. This evident memory effect agrees with
results found in both diamond anvil cell [9] and laser shock experiments
[12,22] and can explain the dependence of grain size on spall strength
found in previous work [40,52]. The reduction of grain size down to the
nm-scale upon compression also agrees well with other experiments [17,
23,24] and simulations [33,35] of iron microstructure at high pressure.
Additional factors that can contribute to peak broadening, such as
temperature and plasticity are accounted for using fitting parameters in
GSAS-II (Debye-Waller factor, and microstrain, respectively). Lastly,
GSAS-II was also used to determine the density of the shocked area
probed by the x-ray beam (Fig. 4d). Again, the overall density is taken to
be a weighted sum of the densities of each phase. As expected, during
negative times the weighted density increases as the sample converts
from the ambient BCC phase to the compressed, high density HCP phase.
When the structure has mostly transformed to HCP iron at 0.03 ns, the
density (~9.1 g/cm®) is in excellent agreement with the corresponding
MD simulations. Density from MD is calculated as

_ 55.845
p= AtomicVolume * N,

4

where p is the average density for all atoms in the samples (FCC, BCC,
HCP and others), Nu is Avogadro’s number, and the Atomic Volume is
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the average atomic volume for atoms of a given structure type, obtained
by performing Voronoi analysis in OVITO. It is important to note that
even though the sample is at peak compression (i.e., mostly HCP), there
are still a large range of pressures within the iron from both the free
surface and drive side release waves. Specifically, simulations show the
drive side release wave lowers the pressure of the iron sample to ~20
GPa, whereas release from the free surface causes a drop in pressure to
0 GPa almost instantaneously. The release wave from the drive side
causes a large range of densities for iron in the HCP phase (Fig. S1). This
results in a weighted density that is lower than what is expected for
shocked iron to ~60 GPa. Nevertheless, the radiation hydrodynamic
simulations of the experiment (Fig. 1c) predict the average density
across the iron sample at breakout (i.e., 0 ns) to be ~9.06 g/cm3, which
is also in excellent agreement with experiments and MD. As shock
release from the free surface begins, the density decreases and eventu-
ally drops below ambient at late times as the crystal structure is
expanded, possibly due to temperature effects [70].

The results observed in the experiments are compared with MD
simulations of homogeneous uniaxial compression and release. The
average peak stress obtained in MD varies between 43 and 47 GPa,
similar to values calculated from VISAR, with all simulated samples
presenting similar stress-strain behavior (Fig. S2a). The phase trans-
formation starts at ~7.5% compression and no residual strain is seen at
0 GPa, similar to results obtained by Gunkelmann [33]. Due to imperfect
grain boundary atoms, a small number of BCC and HCP atoms are
identified at ~15% (compression) and 0% (release) strain, respectively.
The pressure-volume-temperature trajectory is not along the Hugoniot,
but it compares reasonably well with trajectories from much larger
non-equilibrium shock simulations. Wave propagation simulations at
strain rates of 107 s! would be difficult, even with significant super-
computing resources. Despite the differences in loading rate between the
experiments and the homogeneous MD simulations, the resulting
microstructure after compression is expected to be similar [29]. Fig. 4b
compares the atom fraction for experimental and MD (strain rate of 2 x
10”7 s7!) results. A great similarity in phase evolution for e-a was
observed and the fit performed for the experimental values (Eq. 3)
agrees reasonably well with the results obtained by MD. Note that the
final weight fraction of a (BCC) iron differs between the experiment and
the simulation. This could be due to difference in assumed temperature
(T ~ 800 K per radiation hydrodynamic modeling versus T ~ 550 K per
MD (Fig. S2b)) or change in grain morphology and other defects; the
number of grains in the simulations presented here grows from 30 to 38,
according to the OVITO tool Grain Segmentation Modifier [48], because
of the appearance of twins during the back transformation, which lead to
spurious grain splitting.

To measure the e-o transformation time in the simulations, the dif-
ference between the structure at 15% and 0% strain was considered. At
zero strain there are 83% BCC atoms, with the rest being disordered
atoms at grain boundaries. At the largest strain, there are ~3% BCC
atoms whereas after the structure has been released, ~81% atoms are
recovered as BCC. The reverse transformation times are plotted as
function of the strain rate (Fig. 5), where it can be said that there is a
reasonable agreement between the results obtained in this experiment (8
ns) and a compression-relaxation simulation (11 ns). The differences in
the reverse transformation time can be due to the differences in sample
size (um-scale versus nm-scale), strain rate (106 s~ 1 versus 108 s’l),
wave propagation, or assumed temperature. Furthermore, at higher
strain rate there is also reasonable agreement with the HCP trans-
formation time from Hwang et al. [22]. Finally, the transformation time
was compared for samples with different initial temperature and
different grain size at strain rates of 10% s~1 (Fig. $3). At higher tem-
perature (700 K), there is a higher transformation rate during the initial
stage of the e-a transition, but the final phase fractions are equivalent to
the lower temperature case. The final number of BCC atoms is lower,
because at higher temperature the simulation analysis tools find it more
difficult to detect crystal structures. For the sample with ~5 million



G. Righi et al.
100 3 IIIIIII 1 1 IIIIIII 1 1 IIIIIII 1 1 IIIIII:
E~\ A 7.5 nm grains [31] -
1. A HCP transforms [22] -
n AN
c 10 3 N —
g o -
O _ N B
@ ] . B
o J Mt -
2 B
O 1 s —
e 3 i F
o . AN C
AY -
B This work é -
0.1 = O 7 nm grains > -
1 ---015x10° NCEREE
IIIIIII 1 1 IIIIIII 1 1 IIIIIII T LI BLILLLI
10’ 10° 10° 10"

Strain rate (s )

Fig. 5. Time to restore the BCC phase. Filled square is the experimental value
and open symbols represent MD simulations from this work and the literature.
Dashed lined corresponds to fit for MD simulations of ~10% s~! strain rate. Data
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atoms and larger grain size there are no significant differences, and the
percent of BCC atoms is only higher due to a smaller ratio of atoms in
grain boundaries versus bulk material.

At the largest strain, all samples transform to HCP, with twins and
stacking faults identified as FCC atoms (Fig. 6). Similar structures were
obtained in previous works [29,31,33,37]. The unloading process leads
to a BCC nanocrystal with almost the same grains as the un-deformed
sample. This agrees with the experimental results of a microstructural
memory effect, albeit at much different time and length scales. There is
also evidence of dislocations and twins (Fig. S4) that are formed due to
compression and are retained after release, which have also been
observed in other computational work [29,33]. Additionally, there are
no grain rotations, only misorientation due to twins and some grain
boundary atoms. It is also observed that the dislocation density (p,)
from the simulations has a slight dependence on strain rate; for simu-
lations at 2 x 107 s7%, 10857, and 10°s71, p| is 0.68, 0.66, and 0.53 x
10'® m-2, respectively. Once again, these values are fairly consistent
with previous work on spallation in iron [29,40].

4. Conclusions

The kinetics of the e-o phase transition in pure iron driven to a
pressure of 60 GPa and released at a free surface was studied using
synchrotron x-ray diffraction. The spall strength was calculated based on
velocimetry data, the phase and microstructural behavior were inves-
tigated with XRD measurements, and MD simulations were used to
better understand the atomic-level behavior that occurs during the o-g-a
phase transformation pathway.

The following are the main findings of these experiments coupled
with simulations:

e Spall strength of polycrystalline iron agrees with previous work on
laser shock-induced spall. This suggests that the spallation mecha-
nisms were similar as well; ductile failure occurred along grain
boundaries following the complete a-e-a phase transition cycle.

Acta Materialia 257 (2023) 119148

Fig. 6. Microstructural evolution of nanocrystalline simulations through (top
row) compression and (bottom row) release as a function of percent strain.
Colors represent structure. Red: HCP, Green: FCC, Blue: BCC, Gray: other. Note
that OVITO labels stacking faults in HCP as FCC due to similar atomic plane
ordering; thus, there is likely much less true FCC structure than is depicted in
the 15% strain image. The evolution of atomic structure is similar for all strain
rate cases simulated.

e The a-¢ phase transition is observed during compression and is
accompanied by a grain size reduction from the pm- to the nm-scale.
Density is increased to ~9 g/cm® before decompressing to an
expanded structure, which can be attributed to temperature effects.
Experiments and simulations give equivalent results.

e The volume-integrated reverse phase transition, e-a, occurs during
release prior to complete spall. This phase change at ~10° s ™! occurs
within ~8 ns which is longer than previous experimental work on the
subject (at higher strain rates) but is in agreement with the MD
simulation of the experiment, which predict an inverse dependence
of back-transformation time with strain rate.

e From the kinetic exponent in the JMAK model (n~1), it can be

concluded that the released a phase nucleates at grain boundaries.

The rate constant, 7, can be further refined using a kinetic model that

includes wave propagation physics.

Experimental results also provide evidence of a microstructural

memory effect where the grain size is reduced to the nm scale during

compression and immediately starts to increase after the shock hits
the free surface and begins release.

MD simulations provide insight into the microstructural effects of

shock compression and release, which include twins, stacking faults,

dislocations. The initial grain structure, including size and orienta-
tion, is restored after complete unloading, in agreement with the
experiments described here.

Future work might explore the role of initial sample temperature,
grain texture and preexisting defects, like radiation-induced vacancies
and voids or large dislocation densities from pre-strained samples,
which might allow tailoring of the transformation kinetics.
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