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What Determines the fcc-bee Structural Transformation
in Shock Compressed Noble Metals?
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High pressure structural transformations are typically characterized by the thermodynamic state
(pressure-volume-temperature) of the material. We present in situ x-ray diffraction measurements on
laser-shock compressed silver and platinum to determine the role of deformation-induced lattice defects on
high pressure phase transformations in noble metals. Results for shocked Ag show a copious increase in
stacking faults (SFs) before transformation to the body-centered-cubic (bcc) structure at 144-158 GPa.
In contrast, shock compressed Pt remains largely free of SFs and retains the fcc structure to over 380 GPa.
These findings, along with recent results for shock compressed gold, show that SF formation promotes high
pressure structural transformations in shocked noble metals that are not observed under static compression.
Potential SF-related mechanisms for fcc-bee transformations are discussed.
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Shock wave and static high pressure studies provide a
comprehensive approach for understanding condensed mat-
ter states at extreme thermodynamic conditions. Under static
compression [e.g., diamond anvil cell (DAC) experiments],
materials are subjected to nearly isotropic strains (negligible
shear strains). In contrast, shock wave compression results
in uniaxial strain and concomitant temperature increase.
Uniaxial strain compression—beyond the elastic limit—
leads to plastic deformation resulting in significant micro-
structural changes, including generation of lattice defects.
Equation of state (EOS) studies and related developments,
carried out extensively over several decades, have attempted
to reconcile the shock and static compression results at high
pressures (~100 GPa and higher) by treating temperature
increase as the primary difference between shock com-
pressed and statically compressed states [1,2]. Unlike
temperature, the role of differing strains on the high pressure
states achieved under shock and static compression has
received minimal attention.

It is commonly accepted that materials adopt unique
equilibrium crystal structures for given thermodynamic
conditions (pressure, density, and temperature), irrespective
of the state of strain. Indeed, the high pressure crystal
structures attained under shock compression are considered
to have an almost one-to-one correspondence with phases
observed under static compression [3-8], despite signifi-
cant differences in the strain states. This correspondence, in
much of the shock compression studies to date, is based
primarily on indirect inferences from wave profile mea-
surements or Hugoniot results [3] since direct structure
determination, in general, has not been possible; such
continuum measurements are also not sensitive to phase
transitions having small volume changes [3].
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Recent experimental developments using x-ray light
sources have resulted in high quality x-ray diftraction
(XRD) measurements on shocked solids, providing direct
in situ determination of crystal structures [5—8] and micro-
structural changes [9-11] in real time. These developments
provide atomistic level comparisons between shock and
statically compressed states, addressing a long-standing
need in high pressure research.

Face-centered-cubic (fcc) noble metals—due to their
structural stability under static compression [12—17] and in
Hugoniot measurements [ 18—22]—are considered ideal pres-
sure markers. However, recent XRD studies on gold have
shown that the fcc structure is not stable under shock
compression, transforming to the body-centered-cubic
(bce) phase above ~150 GPa [23,24]. In addition, in situ
XRD results on shock-compressed gold have established the
copious generation of stacking faults (ABCBCA stacking of
{111} fec planes, instead of ABCABC stacking) below the
threshold stress for the fcc-bee transformation [11]; the
abundance of stacking faults (SFs) was shown to increase
monotonically up to a shock stress of ~150 GPa, where
almost every sixth atomic layer was a SF.

Because the fcc-bee transformation in gold is neither
observed experimentally under static compression nor pre-
dicted to occur along the calculated Hugoniot [25], the
copious SF production under shock compression raises the
following fundamental question: Are the two findings noted
above for shock compressed gold linked? That is, do SFs
generated during shock compression play a significant role in
facilitating fcc-bee transformations in shocked noble metals?

To address this question, we have investigated two more
noble metals: silver, where we expected to observe signifi-
cant shock-induced stacking faults; and platinum, where we
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expected very low abundance of shock-induced stacking
faults. Our expectations regarding the abundance of stacking
faults in Ag, but not in Pt, were based on the well-known
correlation with the stacking fault energy established pre-
viously in quasistatic (uniaxial stress) experiments at low
stresses [26]. Pt possesses a much higher stacking fault
energy (SFE) than Au, whereas Ag has a slightly lower SFE
than Au (SFE: Pt~ 322 mJ/m?, Au~32mJ/m?, and
Ag ~ 16 mJ/m? [26-28]). Therefore, based on the results
for shocked Au [11], SF generation is a more likely
deformation mechanism in shocked Ag than in shocked Pt.

Here, we present results from in sitru XRD measurements
on shock compressed silver and platinum, and compare
them with our earlier results on shock-compressed gold
[11,23]. Silver and platinum, like gold, have often been
used as pressure calibrants [14,16,29-31] due to their
presumed structural stability, based on earlier investiga-
tions. For example, under static compression, Ag is known
to be stable in its ambient fcc structure up to 150 GPa [14].
Hugoniot results also suggest the stability of the fcc
structure up to ~210 GPa [20-22]. Consistent with these
observations, first principles stability calculations along
the 0 K isotherm predict that Ag will undergo structural
transformations only at much higher pressures: fcc-to-hcp
transformation at ~540 GPa and hcp-to-bec transformation
at ~1400 GPa [32]. The high pressure—high temperature
phase diagram of Ag remains theoretically unexplored. For
Pt, experiments support the stability of the ambient fcc
structure up to 330 GPa under static pressure [29] and to
660 GPa under shock compression [18].

In situ XRD experiments on Ag and Pt were conducted
at the laser-shock experimental station of the Dynamic
Compression Sector located at the Advanced Photon
Source. The experimental configuration, shown in
Fig. 1, is similar to that used in Refs. [11,23]. A 100 J
laser having a 5 or 10 ns pulse duration was used to ablate
an aluminized Kapton film, resulting in a shock wave in the
Kapton which propagated into a nominally 12.5(7.5) um
thick silver (platinum) foil. Different laser pulse shapes and
energies were used to generate flat-top shocked states in the
foil samples with stresses ranging from 33-221 GPa for
Ag and from 46-383 GPa for Pt. Shock stresses were
determined from velocity interferometry measurements that
recorded the velocity histories at the Ag/LiF and Pt/LiF
window interfaces (see Figs. S1 and S2 [33]). Stresses and
results for 24 Ag experiments and 20 Pt experiments
are presented in Tables S1 and S2 of the Supplemental
Material [33]. Additional details regarding the laser-shock
experiments are provided in the Refs. [33,37].

The XRD measurements represent a single snapshot
obtained using a ~100 ps duration x-ray pulse with a
bandwidth of a few percent and maximum x-ray flux at
~23.5 keV (see Fig. S3 [33]). During each experiment, the
crystal structure of the shocked sample was probed by
recording a two-dimensional XRD image on an area
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FIG. 1. (a) Schematic of the experimental configuration. (b)—(f)
Representative XRD results for shocked Pt and Ag. Pt shocked to
146 and 383 GPa remains in the fcc structure. Ag shocked to
118 GPa remains fcc. Ag shocked to 170 GPa has the bcc
structure and Ag shocked to 221 GPa shows a broad liquid
scattering ring. The localized spots are from the single crystal LiF
window.

detector while the shock wave was propagating through
the sample. For all experiments below the shock melting
stress, the XRD image was recorded before the shock wave
reflected from the LiF window and before the release wave
from the ablator entered the samples. Thus, the XRD
measurements of the crystalline state contain diffraction
contributions from two different states of the material: the
ambient (unshocked) state and the peak shocked state.
Measured powder XRD patterns (e.g., see Fig. 1 and
Fig. S4 in the Supplemental Material [33]) were converted to
one-dimensional line profiles of intensity versus scattering
angle (260) by integrating around the rings using Fit2d [38].
Because these line profiles have contributions from both
shocked and unshocked regions of the samples, a fraction of
the ambient XRD line profile (measured for each sample just
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prior to shock compression) was subtracted to obtain the
XRD line profile from the shocked portion of the foil
sample, as described in Ref. [11]. Representative XRD line
profiles for shocked Ag and Pt are shown in Fig. 2.

To identify structural modifications (volume changes,
structural transformations and/or stacking fault generation)
under shock compression, the experimental XRD line
profiles were quantitatively compared with simulated line
profiles. The simulated profiles were computed by incor-
porating all the experimental parameters, such as sample
thickness, angle of incidence @ of the x-ray beam with
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FIG. 2. (a) Experimental and simulated line profiles for silver
at several representative stresses. Only a single broad peak is
observed at 203.6 and 220.7 GPa [no observable (200),.. or
(211),. peaks] indicating the molten phase, but the noticeably
more pointed hump at 203.6 GPa possibly indicates that shock
melting is not completed by 203.6 GPa. (b) Experimental and
simulated line profiles for platinum at several representative
stresses.

respect to the sample plane, spectral flux of x rays incident
on the sample, x-ray absorption, and instrumental broad-
ening. The effects of SFs on line profiles were incorporated
in the simulations using the formalism proposed by Warren
[39] and generalized by Velterop et al. [40]. The primary
effect of SFs is to shift the (200) diffraction peak towards
the (111) diffraction peak such that the application of
Bragg’s law will give different apparent lattice spacings for
(111) and (200) diffraction peaks when SFs are present in
an fcc material [39,40]. To account for texture effects on the
diffraction peak intensities, the relative intensities of differ-
ent simulated {hkl} peaks were varied when fitting
simulations to measured line profiles. Simulated diffraction
profiles were also convoluted with a Lorentzian broadening
function to match the observed peak widths that increase
with shock stress. A detailed description of the forward
XRD simulations that incorporate SFs is presented
in Ref. [11].

Figure 2(a) shows measured XRD line profiles for Ag,
along with simulated XRD line profiles incorporating SFs in
the fcc structure (for comparison, simulations with and
without SFs are shown in Fig. S5 of the Supplemental
Material [33]). Up to ~144 GPa, the observed variations in
the line profiles can be ascribed to a combination of volume
compression and SF generation. The abundance of SFs,
shown in Fig. 3, increases to ~16.5% at 144.4 GPa,
comparable to shock-compressed gold at ~150 GPa [11].
The observed variation in SF abundance with volume
compression is qualitatively similar to the experimental gold
results [11] and the molecular dynamics (MD) simulation
results [41] (see Fig. S6 [33]).

At 158.8 GPa, the line profile for Ag shows two new
diffraction peaks at 20 ~ 21.6° and 26.5°, in addition to the
fce peaks, which are indexed as {200} and {211} bec peaks
(see Fig. S7 [33]). The {110} bec peak overlaps the {111}
and {200} fcc peaks. Beyond ~170 GPa, only bce peaks
are observed. From the width of the {110} bcc peaks, the
coherently diffracting domain size is estimated to be
~10 nm at ~170 GPa. Above 196.8 GPa, the crystalline
diffraction peaks are replaced by a significantly broader
diffraction peak at 260 ~ 15.4°, indicating the molten phase.
Figure 4(a) shows that the peak longitudinal stress
(P,)-volume (V) states determined from the present Ag
experiments are in good agreement with the previously
reported Hugoniot data [21,22,33], which have also been
shown to be consistent with theoretical Hugoniot curves
calculated assuming the fcc structure [43,44]. Hence, our
results are consistent with a small volume change asso-
ciated with the fcc-bee transition.

In contrast to Ag and Au [23,24], shocked Pt retains the
fce structure up to ~380 GPa [see Fig. 2(b)]. The P, —V
states determined from the present Pt experiments match
the previously determined Hugoniot [18] [see Fig. 4(b)]. At
~380 GPa, the FWHM of the Pt fcc peaks is substantially
increased and the texture significantly reduced, suggesting
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FIG. 3. Stacking fault probability versus volume compression
in silver. Corresponding longitudinal stresses and calculated
temperatures are shown at the top. The longitudinal stresses
were determined using the reported Ag Hugoniot [21,22,33]. The
calculated temperatures were determined using the silver equa-
tion of state (#2720) from the SESAME library developed at Los
Alamos National Laboratory [42].

proximity to the shock melting stress. Similar features were
observed recently for shocked Ge upon approaching the
melt boundary [45]. Melting of shocked Pt is discussed
further in the Supplemental Material [33]. The Pt diffrac-
tion patterns do not exhibit any features characteristic of
SFs up to ~339 GPa. At higher stresses, a small SF
probability cannot be ruled out (~0.02-0.06 SF probability
above 349 GPa). These results indicate that shock induced
deformation in platinum does not involve significant SF
generation.

MD simulations suggest SF generation is a generic
feature of shock compression in fcc solids [41,46,47].
However, the present results suggest strong material speci-
ficity, depending on the stacking fault energy (SFE) of the
material. In particular, SFs play an important role in shock
induced deformation in low SFE fcc metals (Ag and Au),
but are minimally observed even at very high shock stresses
(over ~340 GPa) and volume compressions (over 30%)—
approaching the melt boundary—in a high SFE fcc metal
(Pt). Although the SFE may change under compression
[48,49], this dependence is not known for Ag, Au, and Pt.

In contrast to the structural stability of Au and Ag under
static compression (and the predicted stability of fcc Ag
using first principles calculations [32]), the fcc to bce
transformation observed under shock compression shows
that features unique to shock compression govern this
structural change. The absence of this transformation in
shocked Pt suggests that temperature increase is likely not
the governing factor. As noted earlier, a distinctive feature
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FIG. 4. (a) Comparison of P, — V states for shock compressed

silver determined using XRD with the reported Ag Hugoniot
[21,22,33]. (b) Comparison of P, —V states for shock com-
pressed platinum determined using XRD with the reported
Hugoniot [18,33].

of shock compression is uniaxial strain which causes plastic
deformation—resulting in a high abundance of SFs in
shocked Au and Ag. The fcc-bec transformation in shocked
Au and Ag at shock stresses corresponding to large SF
abundance makes a strong case that SFs facilitate this
transformation.

The widely studied austenite to martensite phase change
in steels is a well-known rapid fcc to bec transformation
caused by lowering the temperature. Theoretical efforts to
understand this transformation provide useful insights,
potentially relevant to our work. Although no extant
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models for this transformation are based directly on a large
abundance of SFs, a hard sphere model proposed by Bogers
and Burgers [50] showed that two sequential shear dis-
placements related to Shockley partial dislocations (result-
ing in SFs on {111} fcc planes) can bring about the fcc to
bee transformation. Olson and Cohen [51,52] further
extended this model and proposed a path through a
transient hcp phase, consistent with the Kurdjumov-
Sachs (KS) orientation relation [53] commonly observed
in the austenite to martensite transformation. MD simu-
lations [54] have shown that the fault band generated by the
intersection of the two SFs used in the models of Bogers
and Burger [50] and Olson and Cohen [51,52] becomes a
preferred site for nucleation and growth of the bcc phase.
Another MD simulation also supports the finding that the
fcc to bee phase change in steel evolves through the same
atomic pathway [55]. Experimental studies [55] of this
phase change on a plastically deformed austenite steel
surface showed regions consistent with the models of
Refs. [50-52], validating the role of shear displacements
characteristic of Shockley partial dislocations, i.e., SFs,
in facilitating this phase change. The arguments of
Refs. [50-52,54,55] are broadly applicable to fcc metals
having SFs, not necessarily specific to steels and iron.

To date, the effect of SFs on the fcc to bee transformation
in noble metals has not been considered in theoretical
studies. Our results presented here for Ag and previously
for Au [11,23] provide strong motivation—and a quanti-
tative benchmark—for theoretical investigations regarding
the role of shock-induced deformation on the fcc-bee phase
transition observed in shocked Ag and Au. It may be
valuable to determine if the inclusion of SFs in the fcc
phase can significantly change the predicted phase boun-
daries and facilitate the transformation to the bcc structure
along the Hugoniot.

The experimental findings for shock compressed Ag,
Au, and Pt point to two key scientific outcomes for future
shock and static compression studies. The role of defor-
mation induced microstructural changes—because they
are an integral feature of shock compression—needs to be
carefully considered in high pressure structural trans-
formations. For Ag and Au, the equations of state used to
determine isothermal compression curves from shock
data cannot predict the fcc-bee transformation. Hence,
use of Ag and Au as a pressure calibrant above ~150 GPa
is questionable because reduction of the Hugoniot curve
to an isotherm presumes that the two curves differ only
in temperature. Quantitative theoretical calculations are
needed to determine if the free energy partitioned in
defects and structural changes in these shock-compressed
metals can have a significant effect on the reduced
isotherm. In contrast to the results for Ag and Au,
EOS studies correctly predict the fcc structure in shocked
Pt, suggesting that Pt may be the most suitable element as
a pressure calibrant.
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