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Phase transition lowering under shock compression: The case of lead
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We report time-resolved x-ray diffraction measurements of lead (Pb) subjected to laser-driven shock compres-
sion up to the melt on nanosecond timescales. Along its Hugoniot, Pb exhibits a sequence of structural transitions
markedly different from those observed under static compression. The conventional fcc-to-hcp transition is
suppressed. Instead, the stacking fault probability in the fcc phase increases with compression up to ~20 GPa,
and the high-pressure bcc phase appears at 27 GPa, i.e., ~60 GPa below the static hcp-bcc boundary at the
same temperature. At 45.4 (£2.1) GPa and a calculated temperature of 2695 K, partial melting is evidenced
by diffuse scattering, in excellent agreement with previous diamond anvil cell (DAC) melting data. Our results
demonstrate that the dynamical response of Pb involves a distinct solid-state pathway, likely associated with
stacking faults probability increase. These findings highlight the need to revisit phase diagrams under shock

compression, particularly when coupled with time-resolved in situ microscopic diagnostics.
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Over the past decade, the coupling of dynamic high-
pressure science with advanced x-ray diagnostics has enabled
the investigation of material structure and properties un-
der extreme strain rates at the microstructural scale [1,2].
This synergy has opened new avenues for exploring phase
diagrams under dynamic compression, granting access to pre-
viously unreachable pressure-temperature regimes [3-5]. In
several cases, it has also revealed significant deviations from
equilibrium phase boundaries, such as the emergence of inter-
mediate phases [6] or shifts in phase transition pressures [7].

Surprisingly, certain materials, such as Si, Bi, and Sn
[8-10], have exhibited a lowering of the phase transition
threshold under dynamic loading. Lead (Pb), a group 14 el-
ement and the lighter homolog of Bi, has likewise attracted
attention in both theoretical and experimental studies under
static and dynamic compression. Under ambient conditions,
Pb crystallizes in a face-centered cubic (fcc) structure and is
valued for its shock-absorbing properties, ease of alloying,
and effective electromagnetic shielding, attributes that make it
indispensable in a wide range of technological and scientific
applications.

Under static compression at room temperature, Pb under-
goes a martensitic transformation to a hexagonal close-packed
(hcp) structure near 13 GPa [11], involving a small volume
collapse of ~1%. At higher pressures (~109 GPa), a second
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transition from hcp to bee occurs [12]. Both transformations
are characterized by sluggish kinetics, pronounced hysteresis,
and persistent two-phase coexistence, owing to small free-
energy differences and significant activation barriers.

While Pb’s melting line has been extensively studied under
static compression, substantial discrepancies have been re-
ported between static and shock compression results [13—15],
with the melting pressure threshold on the Hugoniot ranging
from as low as 22 GPa to as high as 124 GPa [16-18]. Fur-
thermore, the structural evolution of lead along its Hugoniot
remains poorly understood, as prior studies have relied pre-
dominantly on macroscopic diagnostics such as velocimetry,
without direct structural probes.

In this article, the structural evolution of Pb along
its Hugoniot has been determined using accurate picosec-
ond time-resolved synchrotron x-ray diffraction (XRD). The
hcp-Pb structure is never observed. Instead, an increasing
probability of stacking faults (SFs) in low-pressure fcc phase
is observed along the Hugoniot, followed by the appearance
of a bce-type phase at 27 GPa—approximately 60 GPa below
the static bcc transition line inferred from diamond anvil cell
studies. The onset of melting is then observed at 45.4 GPa and
2695 K.

Experiments were carried out at the ID09 beamline of the
European Synchrotron Radiation Facility using a pump-probe
setup for shock generation and phase-compression analysis
via XRD [10]. Shock waves were driven by an EKSPLA
ANLS5k laser, delivering up to 5 J at 1064 nm in 6.3 ns (full
width at half maximum) pulses, focused to a 250 um top-hat
spot. Time-resolved XRD measurements employed 15 keV
x-ray pulses (100 ps duration, ~10° photons per pulse), col-
lected on a Rayonix MX170-HS detector situated 120 mm
from the sample, providing an angular coverage of approxi-
mately 40°. Laser-x-ray delays between 10 and 30 ns captured
the dynamic response, with zero delay defined at the onset
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FIG. 1. Experimental setup. (a) The 15 keV (A = 0.8266 A), 100 ps x-ray pulse probes the shocked Pb samples and produces x-ray
diffraction signal recorded on a Rayonix MX170-HS detector [10]. Raw diffraction dataset at a shock pressure of 45.4 (£2.1) GPa is presented,
showing reflections from the high-pressure bce phase and a broad diffuse scattering signal originating from dense liquid Pb. (b) Hydrodynamic
simulation of the pressure distribution throughout the target package for the corresponding shot using the ESTHER code [19]. The horizontal
dashed lines indicate material boundaries in Lagrangian coordinates and the yellow line is representative of the 100 ps x-ray probe at 14 ns.
(c) Caked diffraction pattern corresponding to the same diffraction with the azimuthally integrated data below. The data are Le Bail fitted by
an fcc phase (purple peaks) corresponding to uncompressed lead ahead of the shock, a bee phase (orange peaks), and a liquid phase (green

component).

of the laser rise. The target [Fig. 1(a)] consisted of a 50 um
Kapton ablator, a 6 um 99.99% purity Pb foil (py = 11.346
g/crn3; Goodfellow), and a 200 wm LiF window, bonded with
Angstrom Bond AB9110LV low-viscosity adhesive. Targets
were mounted in vacuum (102 to 10~3 mbar) to mitigate at-
mospheric ionization. Laser energy tuning enabled control of
peak shock pressures from 11 to 46 GPa, resulting in uniaxial
compression of the Pb layer.

Velocity interferometer system for any reflector (VISAR)
data could not be collected directly on the 6 um Pb targets to
complement our XRD findings. To address this issue, VISAR
measurements were performed on thicker targets (Pb, 20 um)
and compared with hydrodynamic simulations from the ES-
THER code [19]. The laser loading that effectively replicated
these velocity signals was then utilized to simulate the thermo-
dynamic conditions in the 6 um Pb samples. SESAME [20]
is used in the hydrodynamic simulations because the model
of Dai et al. [21] describes the Hugoniot temperature rather
than providing a complete tabulated EOS. The hydrodynamic
simulations of the pressure-distance profiles through the 6 um
Pb sample confirm that the pressure state in the shocked bulk
is nearly uniform at the time of the XRD probe, with gradients
comparable to the experimental uncertainties (see Ref. [22]).
The pump-probe delay was incrementally increased until
the first x-ray diffraction peaks of the compressed sam-
ple emerged, thus confirming that measurements were taken
along the Hugoniot.

Figure 1(a) shows the two-dimensioanl orthographic view
of diffraction data for a shock pressure of 454 GPa
(£2.1 GPa) and the corresponding hydrodynamic simulation
in Fig. 1(b). At this pressure, we observe a weak signal from
the uncompressed lead ahead of the shock [purple peaks in

Fig. 1(c)], a compressed lead in the high-pressure bcc phase
(orange peaks), and a broad diffuse scattering signal at 26
values consistent with dense liquid lead. This diffuse scatter-
ing is uniform azimuthally and indicates partial melting onset
at this pressure. X-ray diffraction of the remaining solid part
allows us to determine the density of the compressed sample.
Pressure can then be determined using the Rankine-Hugoniot
relations:

PoUs = p(“v - up)a (1)
P—P = Polsitp, (2)
and using the linear shock Hugoniot
Us = co + Sup,

with pp the initial density, p the density behind the shock,
u, the shock speed, u, the particle velocity behind the shock,
Py (=0 at ambient pressure), and P the shock upstream and
downstream pressures, respectively. Solving Egs. (1) and (2)
for P gives

2
PoCy €
Py = 2207
7 (1 —es)?
|4
8=1——=1—@.
Vo P

Using the values ¢y =2.05 km/s, s =1.46, and py =
11.346 g/cm® from Ref. [21] gives the aforementioned pres-
sure. The error bars arise from the fitting errors.

No direct temperature measurements were possible in this
study; therefore, temperature estimates rely on calculated
pressure-temperature Hugoniot paths. Three such paths are
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FIG. 2. Phase diagram of lead. Experimental phases determined
in the present study (closed symbols) are overlaid on previously de-
termined Hugoniot curves from Dai et al. [21] (green line), SESAME
[20] (blue line), and BLF [23,24] (orange line). The graph also
shows the melting line reported by Dewaele et al. [15] (black line),
the fcc-hep boundary determined by Kznetsov et al. [11], and the
room-temperature hep-bec transition by Mao et al. [12] (dashed gray
lines). The dashed gray line between the ambient-temperature bce
transition and its high-temperature extension was added for clarity
and does not appear in the original datasets.

shown in Fig. 2. Using the shock Hugoniot of Dai et al
[21] to convert pressure into temperature yields a value of
T = 2695 K, which is in excellent agreement with the melting
line determined by laser heating of Pb in a diamond anvil
cell [15]. The end of the melting plateau could not be iden-
tified, as neither VISAR nor XRD provides reliable pressure
measurements in a fully molten sample. Nevertheless, a mere
5% increase in laser transmission (from 50% to 55%) was
sufficient to induce complete melting, suggesting that the
coexistence pressure interval is narrow. Moreover, Ref. [25]
suggested that Pb is fully liquid at 54.5 GPa based on sound
velocity measurements, consistent with our findings. These
observations support the use of the Hugoniot proposed by Dai
et al. [21] over alternative models (Sesame [20], BLF [23,24])
for shock-compressed Pb.

To track structural changes under shock compression,
such as stacking fault formation or phase transitions, the
experimental x-ray diffraction line profiles are quantitatively
compared with forward simulations. The simulated profiles
take into account all key experimental parameters, such as
the sample thickness, the sample-detector distance, the quasi-
monochromatic spectral flux from the ID09 beamline, and the
instrumental broadening. These quantities are incorporated
into the Warren-Velterop formalism that quantitatively sim-
ulates the effects of the SFs on the diffraction line profile in
an fcc material [26,27] and which was successfully employed
in other XRD experiments of shock-compressed noble metals
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FIG. 3. X-ray diffraction. Azimuthally averaged diffraction data
as a function of increasing shock pressure. The measured diffrac-
tograms are represented in black, the corresponding simulated profile
in red, and the LeBail fit for the bcc phase in orange. A dense
fcc phase is observed at 11 GPa, while at 20.1 GPa the data are
best simulated by a distorted fcc. A typical diffractogram of the
high-pressure bee phase is shown at 26.4 GPa, i.e., 60 GPa below the
static bee transition line inferred from diamond-anvil-cell studies.

[28-30]. In this description, the increasing SF probability
shifts the (200) peak toward the (111). To reproduce the
observed peak widths, the simulations are convoluted with a
Lorentzian broadening function, which increases with shock
stress. During the fitting process, the relative intensities of the
simulated hkl reflections are adjusted to capture the textured
nature of the lead foils. Details of the forward-simulation
approach are presented in Ref. [22].

By reducing the laser transmission to as low as 5%, the
solid Hugoniot was probed down to 8.1 GPa and a calculated
temperature of 458 K, where compressed fcc-Pb is unam-
biguously identified (Fig. 3). Under quasistatic compression,
fcc-Pb transforms to an hcp phase above 14 GPa, with the
transition pressure remaining constant up to the melting curve
[11]. In contrast, shock loading never produces hcp-Pb; in-
stead, the low-pressure fcc lattice develops an increasing SF
probability with compression, leading to a pronounced tetrag-
onal distortion at 20.1 GPa. Figure 3 shows the evolution of
the diffraction line profiles as a function of shock pressure,
along with the simulated XRD profiles taking into account the
stacking faults in the fcc phase (red lines). The fcc phase is ob-
served up to 20.1 GPa, with the SF probability increasing up to
~12% at 20.1 GPa, as shown in Fig. 4. The dependence of SF
probability with volume compression mirrors trends observed
in molecular-dynamics simulations [31] and experimentally
[28-30].

At 20.1 GPa, the XRD simulation including SFs could
not successfully match the observed diffraction profile [22].

033294-3



PEPIN, KOZHAEV, LEVANTINO, AND SOLLIER

PHYSICAL REVIEW RESEARCH 8, 033294 (2026)

0.20 — T T T
B Lead
Copper
Gold
g Silver
2 015F s
3
@©
Qo
o
Q it
2 010 4
=
o
: { t
c
<
8 0.05 .
(%]
0.00 L L L | L L L | L L L | L L L
0.0 0.1 0.2 0.3 0.4

Volume compression (1 — V/Vy)

FIG. 4. Stacking fault probability vs volume compression for the
present study (Pb, blue squares) compared to previous results for Au
[30] (yellow squares), Ag [29] (gray triangles), and Cu [28] (orange
points).

A tetragonal distortion was introduced to better match the
observed profile. The tetragonal distortion splits both the
[200] and [220] reflections, reproducing the measured peak
positions. Moreover, the measured density of the distorted-fcc
phase matches the continuum Hugoniot data [32] (Fig. 5),
confirming its thermodynamic plausibility under shock load-
ing.

Upon further compression, a bce-type phase emerges at
27 GPa, approximately 60 GPa below the static bcc transi-
tion line inferred from diamond-anvil-cell studies at the same
temperature [15,33,34]. A similar early onset of bcc-Pb was
noted but overlooked in a prior dynamic experiment [35]. The
fcc — bcce transformation is consistent with the classical Bain
mechanism, a diffusionless, martensitic pathway achieved
by uniaxial contraction along one cubic axis and simulta-
neous expansion along the orthogonal axes. This distortion
preserves atomic connectivity, enabling rapid rearrangement
under shock-loading conditions. The evolution of lattice pa-
rameters measured here (Fig. 5, inset) closely follows the
Bain-predicted trajectory shown as dashed curves. Several
orientation relationships (ORs), including the Bain distor-
tion itself, the Kurdjumov-Sachs-Nishiyama shear model,
the Bogers-Burgers mechanism, and the one-step Pitsch dis-
tortion, have been proposed for martensitic transformations
[36-39]. Recent shock-compression experiments on other
materials have successfully discriminated among these ORs
[6,40]. In our case, however, the highly textured Pb samples
[Fig. 1(a)] transform into a fine powder in the bcc phase and
prevent unambiguous OR determination.

By measuring the longitudinal and transverse stress com-
ponents in lead under shock compression, Bat’kov et al.
observed a decrease in the dynamic yield strength around
22 GPa [17], while Carter determined a minor change of
slope in the U;—U,, curve above 27.5 GPa [18]. These features
were initially attributed to shock-induced melting; however,
advances in the understanding of the phase diagram [15]
together with the present study now allow this hypothesis
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FIG. 5. Pressure vs density plot. P-p experimental points from
this study for each phase (squares, blue: fcc, cyan: distorted fcc,
red: bee, magenta: bee-liquid coexistence) alongside previously pub-
lished Hugoniot data [32] (gray triangles) and 300 K static equation
of state (EoS) [34,41] (blue and green curves). Three Hugoniot mod-
els are also shown (dashed curves): Dai ef al. [21], BLF [23,24], and
SESAME [20]. Inset: Evolution of the measured lattice parameters
as a function of pressure. The calculated evolutions of both the fcc
lattice parameter ag. and its value normalized by /2 are shown as
dashed lines.

to be ruled out. Notably, these pressures coincide with the
fcc — bcec transition domain identified in this work, which
could explain these observations. While these earlier macro-
scopic observations pointed to an anomaly in this pressure
range, they lacked the structural identification necessary to
distinguish between melting and a solid-state phase transition.
The present XRD data resolve this ambiguity.

Recent shock-compression experiments by Krygier et al.
[42] have demonstrated that lead, ordinarily one of the softest
metals at ambient conditions, can attain flow stresses of nearly
4 GPa when subjected to nanosecond-scale shocks. By inte-
grating time-resolved x-ray radiography with fits to the im-
proved Steinberg-Guinan strength model [43], they attributed
this dramatic hardening to a diffusionless fcc — bcc transfor-
mation. The modeling suggested the onset of the bcc phase
at low pressures, but the transformation itself remained indi-
rectly inferred and lacked direct structural confirmation. The
present work provides the first clear crystallographic evidence
of this fcc-to-bee transformation in dynamically compressed
Pb, firmly establishing the structural origin of the anomalous
hardening behavior. Furthermore, our results indicate that the
bce phase appears at significantly lower pressures than previ-
ously thought, suggesting that the hardening mechanism may
become active earlier along the compression pathway.

This study provides direct evidence for a shock-induced
fcc-bee phase transition in Pb, extending the findings pre-
viously reported for the noble metals Au, Cu, and Ag
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[3,4,28-30]. The recurrence of this transformation across fcc
metals points to a shared mechanism, whose key ingredient is
the generation of SFs: Under shock loading, the SF probability
rises to 10%—-15% (Fig. 4), producing disordered structures
that stabilize the bee phase by lowering its Gibbs free energy
relative to fcc, in line with theoretical predictions [44]. Our
Pb data follow the same trend, both in the magnitude of
the measured SF probability and in the resulting lowering
of the transition pressure, consistent with the low Stacking
Faults Energy (SFE) of lead [45,46]. Within the fcc metals,
Ni stands out as an exception: Despite a relatively low SFE
[46], it shows no shock-induced fcc-bec transition, suggesting
that a threshold may exist above which SFs are insufficient
to trigger the transformation. Establishing a quantitative link
between SFE and transition pressure is an interesting direction
for future investigation.

Whether planar-fault energetics play a comparable role
beyond the close-packed metals is an open question, but we
note that transition lowering under dynamic loading has also
been reported for Si [8], Sb [47], Bi [9], and TiO, [48]. Si
possesses a very low SFE [49], comparable to that of Ag. Sb
and Bi crystallize in the rhombohedral A7 structure, which is
not close-packed, so that a generalized stacking-fault energy
surface (y surface) would have to be considered instead of the
standard SFE. No such data are available for the elemental
forms, nor for TiO,. We therefore offer this only as a hy-
pothesis worth testing, and one that would require dedicated
y-surface calculations on these systems.

In conclusion, our nanosecond time-resolved x-ray
diffraction measurements reveal that, under laser-driven shock

loading, lead follows a crystallographic pathway fundamen-
tally distinct from its static counterpart. Instead of the
low-pressure fcc — hcp transition, we observe the fcc phase
at low pressures, accommodating an increasing probability
of SFs, up to 12%, followed by the appearance of the known
bce phase at ~27 GPa, approximately 60 GPa below its
static stability domain. This lowering of the phase-transition
threshold appears to be driven by the generation of SFs and
to be a common trait of materials with low SFE. Finally, the
onset of partial melting evidenced by diffuse scattering at 45.4
(£2.1) GPa and for a calculated temperature of 2695 K is in
excellent agreement with the diamond-anvil cell-determined
melting line, resolving discrepancies between shock and static
measurements. These findings underscore the importance of
time-resolved diagnostics in deciphering the complex path-
ways of structural transformations under extreme dynamic
loading.
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