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Transformation of shock-compressed copper to the body-centered-cubic structure at 180 GPa
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Using in situ x-ray diffraction measurements in shock-compressed copper (38-276 GPa), we show that the
ambient face-centered-cubic (fcc) structure transforms to the body-centered-cubic (bec) structure at ~180 GPa.
Additionally, stacking fault (SF) abundance in shock-compressed copper increases with compression, reaching
~10% at the onset of the fcc-bee phase transition. Both findings are consistent with recent results on shock-
compressed gold and silver that showed the importance of SFs in facilitating the fcc-bee transformation. In
contrast to our results, copper was recently reported to retain the fcc structure to over 1000 GPa under ramp
compression [Fratanduono et al., Phys. Rev. Lett. 124, 015701 (2020)]. Further studies are needed to understand
why the fce-bee transformation in copper is observed under shock compression, but not under ramp compression.
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Shock-wave and static compression experiments, despite
significantly different timescales, are widely used to examine
compression-induced structural transformations in condensed
matter. Because direct determination of crystal structures—
using x-ray diffraction (XRD)—during shock compression
has been experimentally difficult, identification of high-
pressure phases in much of the shock-wave literature has
relied on static pressure results. In utilizing static results to
understand shock-compressed states, two common assump-
tions are the following: temperature is the primary difference
between shock-wave response (adiabatic compression) and
static pressure response (isothermal compression), particu-
larly at high pressures (>50 GPa) [1,2]; and crystal structures
during shock compression correspond to those achieved under
comparable static compression [3]. Overall, in situ XRD
measurements during shock compression have supported this
correspondence in the limited number of materials examined
[4-10].

We note that unlike the nearly isotropic compression
achieved in static pressure experiments, a defining character-
istic of shock-wave compression is uniaxial strain which leads
to plastic deformation—resulting in microstructural changes,
including lattice defects [11,12]. Effects of deformation-
induced lattice defects on thermodynamic equations of state
(EOS) and high-pressure phase changes have received mini-
mal attention in shock-wave studies—including comparisons
with static pressure results—because material phenomena due
to density and deformation changes are generally considered
to be uncoupled and because of the challenges associated with
microstructural measurements during shock compression.

Due to recent experimental developments utilizing in-
tense x-ray sources, real-time XRD measurements can now
be obtained in shock-compression experiments to exam-
ine both pressure-induced phase changes [6—10,13—15] and
deformation-induced microstructural changes [15-18]. Using
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synchrotron x rays, XRD measurements were utilized re-
cently to examine the shock-compression response of three
face-centered-cubic (fcc) metals: gold, silver, and platinum
[13,15,18]. The novel findings from these studies, briefly
summarized below, provided the motivation for the present
work on copper.

The results on Au and Ag demonstrated that stacking faults
(SFs) constitute an important deformation mechanism during
shock compression. For both materials, the abundance of SFs
increases with shock stress to ~150 GPa where almost every
sixth layer is a SF [15,18]. Beyond ~150 GPa, both metals
transform to the body-centered-cubic structure (bcc) [13,15].
Furthermore, Pt exhibited neither significant SF formation nor
structural transformation when shock compressed to stresses
reaching 380 GPa [15]. Taken together, the results on Au, Ag,
and Pt show that SF formation is essential for the fcc-bec tran-
sition not observed in static pressure experiments. Stacking
fault energy (SFE) provides a way to understand these results
as it is significantly higher for Pt, compared to Au and Ag
[19-21]. Smaller SFE leads to shock-induced SF generation,
which, in turn, facilitates the fcc-bee phase transformation.
Therefore, copper would be expected to behave similarly to
Ag and Au since the SFE for Cu is somewhat higher than the
Ag and Au SFEs, but much less than the Pt SFE (SFEs are 16,
32,45, and 322 m)J /m2 for Ag, Au, Cu, and Pt, respectively)
[19-21].

Copper is widely used both as an impactor and as an
impedance-matching driver plate in shock experiments, and
several studies have examined its Hugoniot curve [22-26].
These continuum results did not display any anomaly in
the measured Hugoniot states up to 1.1 TPa [26]. However,
sound velocity measurements under shock compression sug-
gest probable melting at ~230 GPa [27], in agreement with
theoretical predictions [28]. Under static compression, the
fcc structure of copper is known to be stable up to ~150
GPa, the highest static pressure studied [29]. First-principles
theoretical calculations predict the absence of any phase
transformation in copper under static compression to 100 TPa
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[30]. Therefore, similar to gold and silver, copper has been
suggested and used as a pressure standard for high-pressure
studies [29-32].

Copper has also been a subject of several studies investigat-
ing the deformation mechanisms of metals under shock com-
pression. Although postmortem studies of shock-recovered
copper samples have found a significant abundance of stack-
ing faults [33-35], an in situ Laue x-ray-diffraction study
reported results that did not exhibit features consistent with
the generation of stacking faults in Cu shocked to ~50 GPa
[36]. In a recent investigation, copper was reported to retain
its ambient fcc structure under ramp compression to 1.15 TPa
[32]. Because the reported high-stress dynamic response of
copper [32,36] differs significantly from that reported for
gold and silver [13-15,18], determination of the structural
and microstructural evolution in copper shock compressed
to high stresses—up to the melt transition—is an important
need.

Real time, x-ray-diffraction (XRD) measurements were
obtained on copper shock compressed to ~276 GPa at
the laser-shock experimental station [37] of the Dynamic
Compression Sector (DCS) located at the Advanced Photon
Source. The experimental configuration, shown schematically
in Fig. 1, is similar to the configuration used in recent
laser-shock compression experiments on other noble metals
[13,15,18]. In these experiments, a 100 J laser was used to
ablate an aluminized Kapton film, launching a shock wave
in the Kapton, which then propagated into a 20-um-thick
polycrystalline copper foil (Goodfellow, 99.99+% pure). The
temper of the Cu foil was “as rolled” and the ambient XRD
patterns displayed intensity variations around the diffraction
rings indicating texture, typical of rolled metals (see Supple-
mental Material (SM) Fig. S1 [38] for representative ambient
two-dimensional Cu diffraction images). Flat-top shock states
in the copper foil samples, with stresses ranging from 38 to
276 GPa, were generated using one of the two different pulse
durations (5 or 10 ns) along with beam splitters to control the
total laser energy reaching the target [37].

Laser-shock experiments on copper were performed at
nine different stresses. Shock stresses were determined from
velocity interferometry measurements that recorded the ve-
locity histories at the Cu/LiF window interface (see Fig. S2
[38]). For seven of the nine shock stresses, a companion
experiment was performed without a LiF window. For these
experiments, the same laser-drive settings were used as those
for the corresponding experiments with a LiF window. These
companion experiments had cleaner XRD records because of
the absence of LiF Laue XRD spots, reduced x-ray absorption,
and reduced incoherent scattering reaching the detector. The
shock stresses for the companion experiments are assumed
to be the same as those determined from the corresponding
experiments with a LiF window, since the laser-drive histories
for companion experiments with and without LiF windows
were nominally the same. Shock stresses and results for 17
laser-shock experiments on copper are listed in Table S1
[38]. Lattice parameters for shocked Cu, determined from the
in situ XRD measurements, are consistent between companion
experiments with and without a LiF window (see Table S1
[38]). More details regarding laser-shock experiments at the
DCS can be found in Ref. [37].
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FIG. 1. (a) Experimental configuration used for in situ XRD
measurements in copper laser shocked to stresses from 38 to
276 GPa. For some experiments, a LiF window was not used. (b)
Representative XRD results for fcc copper at 123 GPa. Result is from
experiment 8 which did not include a LiF window.

The compression and crystal structure of the shocked
copper samples were probed using XRD measurements while
the high-stress (38-276 GPa) shock wave propagated through
the Cu sample. The XRD measurements correspond to a
snapshot obtained using an ~100-ps-duration x-ray pulse with
maximum flux at ~23.5 keV and an energy bandwidth of a
few percent (see Fig. S3). The XRD patterns were recorded
before the shock wave reflects from the LiF window or from
the Cu-free surface (resulting in a partial or full stress release,
respectively) and before a release wave from the ablator
enters the Cu sample. Thus, the XRD measurements have
contributions from two distinct material states: the shocked
state and the ambient state.

Powder XRD patterns were recorded on a Rayonix SX165
area detector, capturing the first five diffraction rings of the fcc
copper. The two-dimensional diffraction patterns are reduced
to one-dimensional line profiles of intensity versus scattering
angle (20) by azimuthally integrating around the rings using
FIT2D [40]. For targets that had a LiF window, the LiF
Laue diffraction spots were masked prior to performing the
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azimuthal integration. Because the measured XRD profiles
contained diffraction from both shocked and unshocked Cu,
a fraction of the ambient XRD line profile (measured from
the Cu sample prior to each shock compression experiment)
was subtracted from the XRD line profile measured during the
shock experiment to obtain the XRD line profile correspond-
ing to the shocked copper, as described in Ref. [18].

To identify structural changes (volume compression, stack-
ing fault generation, and/or phase transformations) under
shock compression, the experimental XRD line profiles are
quantitatively compared with simulated line profiles. The
simulated profiles are computed by incorporating all the rel-
evant experimental parameters: sample thickness, angle of
incidence @ of the x-ray beam with respect to the sample
plane, sample to detector distance, spectral flux of x rays
incident on the sample, x-ray absorption and line broaden-
ing due to instrumental resolution. The effects of SFs on
line profiles are incorporated in the simulations using the
formalism developed by Warren [41] and generalized by
Velterop et al. [42]. Finite SF probability results in a shift of
the (200) diffraction peak toward the (111) diffraction peak
[18,41,42]. Simulated diffraction profiles are also convoluted
with a Lorentzian broadening function to match the observed
peak widths; these peak widths increase with shock stress, as
also observed previously for gold and silver [15,18]. When
fitting simulations to the measured line profiles, the relative
intensities of different simulated {hkl} peaks are varied, which
accounts for the textured nature of the copper foils. A more
detailed description of the forward XRD simulations is given
in Ref. [18].

Figure 2 shows measured XRD line profiles for Cu, along
with the simulated XRD line profiles incorporating SFs in
the fcc structure at several representative stresses. The cor-
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FIG. 2. Representative x-ray-diffraction line profiles at various
stresses, indicating the fcc phase at stresses below 181.5 GPa, mixed
fce-bee phases at 181.5 GPa, and bee phases at higher stresses up
to the shock melting stress. At 275.6 GPa, the diffraction profile
has only one broad diffraction peak at ~17.5° scattering angle,
indicating complete melting of the shocked copper. The experiments
corresponding to these line profiles are indicated in Table S1 [38].
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FIG. 3. Stacking fault probability () in copper versus volume
compression. The corresponding Hugoniot stresses and calculated
temperatures are shown at the top. The longitudinal stresses were
determined using the reported Cu Hugoniot [22-24,45]. The cal-
culated temperatures were determined using an equation of state
(#3336) from the SESAME library developed at Los Alamos National
Laboratory [43].

responding two-dimensional XRD patterns recorded in the
ambient state and in the shock experiments are shown in
Fig. S1 of the Supplemental Material [38]. Up to ~157 GPa,
the line profiles show that the Cu remains in the fcc phase.
However, XRD simulations only match the measured fcc
peak positions when SFs are included (see Fig. S4). The
SF probability increases with compression reaching ~10%
at ~180 GPa, as shown in Fig. 3. The observed variation in
the SF probability with volume compression is qualitatively
similar to molecular-dynamics simulation results [33,34,44],
as well as to the experimental results for silver [15] and gold
[18] (see Fig. S5). However, the SF probability is lower for Cu
than for Au and Ag at a given volume compression.

The line profile for Cu at ~182 GPa shows the ap-
pearance of a new peak indexed as the {110} bcc peak
that partially overlaps with the {111} fcc peak (Fig. 2),
indicating a mixed fcc-bcc phase. At ~212 GPa, the fcc
peaks completely vanish and two additional new diffraction
peaks are apparent at 20 ~ 24.5° and 30° (Fig. 2). These
two new peaks are indexed as {200} and {211} bcc peaks,
respectively. From the width of the {110} bcc peak, the
coherently diffracting domain size is estimated to be ~22 nm
at ~212 GPa. At ~276 GPa, the crystalline diffraction peaks
are replaced by a significantly broader diffraction peak at
26 = 17.5°, indicating the molten phase.

Figure 4 shows that the peak longitudinal stress (P;)—
volume (V) states determined from the present experiments
are in good agreement with the previously reported Hugoniot
curve from continuum measurements [22—-24,45]. The lack of
a discontinuity in the previous Hugoniot data indicates a small
volume change for the fcc-bee transition. Our XRD results
confirm this finding as the volume/atom in the mixed-phase
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FIG. 4. Measured P,-V states for shock-compressed copper. The
stresses were determined from the velocity interferometry results and
the volumes were determined from the XRD results. For comparison,
the gray band is the Hugoniot curve for Cu [45], determined from
continuum measurements [22-24]; the width of the band indicates
the experimental uncertainty.

region differs by ~1% for the fcc and bce structures, which is
on the order of the experimental resolution.

The present experimental results establish two important
findings: (1) Shock compression of copper generates an in-
creasing abundance of stacking faults with increasing com-
pression and (2) shock-compressed copper adopts the bcc
structure above 180 GPa. Both of these phenomena were also
observed in shock-compressed gold [13,18] and silver [15].
In particular, our observation of a shock-induced first-order
fce-bee transformation in copper—similar to that observed
in shock-compressed gold [13] and silver [15], but not in
platinum [15]—supports our earlier conclusion that SFs pro-
vide sites essential for the bcc phase and, hence, represent a
necessary condition for this transformation.

The above findings are in marked contrast to previous
results for dynamically compressed copper [32,36]. Our ob-
servation of stacking faults under shock compression differs
from earlier in situ XRD results on laser-shocked Cu that
found no evidence for SFs in copper shock compressed to
~50 GPa [36]. However, it is important to recognize that the
SF probability at 50 GPa is low (~4% based on the present
work) and, therefore, the expected changes in the {200} Cu
peaks may have been too small to be observed in the broad
Laue diffraction images reported in the previous experiments
[36]. Similarly, the presence of stacking faults and/or other
potential defects was not noted in Ref. [32] for Cu ramp
compressed up to 1.15 TPa. However, the diffraction pattern
reported in Ref. [32] has broad peaks, some of which are
obscured by diffraction from ambient platinum (used for angle
calibration), likely making it impossible to draw conclusions
regarding the presence of stacking faults.

The present finding regarding the fcc-bece transition differs
markedly from the recent in situ XRD results for ramp-
compressed Cu where the fcc phase is claimed to persist

to 1.15 TPa [32]. Although ramp compression and shock
compression both generate a uniaxially strained state, the
loading rates are significantly different. Assuming that the
conclusions of Ref. [32] are correct, then these contrasting
findings suggest the possibility of a critical loading rate above
which the material response undergoes a dramatic change.

Ramp compression of Cu to a given peak stress will
have a lower temperature than Cu shock compressed to the
same peak stress. Although this temperature difference could
be invoked as a possible explanation for the apparent lack
of the fcc-bee transformation in ramp compressed Cu, our
recent in situ XRD results showed a lack of stacking faults
and the persistence of the fcc phase in shock compressed Pt
to ~380 GPa [15]. In addition, the pressures and temperatures
associated with onset of the fcc-bee transformation in shock-
compressed Cu, Ag, and Au are not close to any known
equilibrium-phase boundaries, including the melt boundary
[13,15]. Hence, temperature alone is likely not the govern-
ing factor driving the fcc-bec transformation in dynamically
compressed noble metals.

Since stacking faults have an element-specific formation
energy, which is predicted to increase rapidly with compres-
sion [46,47], activation of stacking faults may be hindered
at the lower temperatures encountered in ramp compressed
Cu. As discussed above, the occurrence of the fcc-bee phase
transformation and the presence of shock-induced SFs below
the transformation onset show a clear link for noble metals.
Therefore, the absence of SFs in ramp-compressed Cu would
be consistent with an absence of the fcc-bee phase transfor-
mation, the same as observed for shock-compressed Pt [15].
An unambiguous resolution of these issues requires in situ
XRD measurements on ramp-compressed fcc metals with suf-
ficient resolution to quantify stacking-fault probabilities. Such
studies would elucidate possible fundamental differences in
the microscopic nature of the peak states achieved under
shock compression and ramp compression. Additionally, the
contrasting experimental findings between shock compressed
and ramp-compressed Cu should motivate further theoretical
work to examine the effect of loading rate on deformation and
structural transformations in dynamically compressed noble
metals.

Finally, earlier theoretical investigations [48] have pre-
dicted the possibility of virtual melting and rapid resolidifi-
cation in copper under laser shock compression at stresses
of ~160 GPa, i.e., at stresses lower than in the present
experiments. Our results do not support the existence of such
a phenomenon.
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