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Melting and refreezing of zirconium observed using ultrafast x-ray diffraction
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Ultrafast (130-fs) x-ray diffraction at the Linac Coherent Light Source has been applied to observe shock
melting, which is driven by a rapid (120-ps) laser pulse impinging on a thin (few micrometers) bilayer of
aluminum/zirconium. At a pressure of 100 GPa in the aluminum (130 GPa in the zirconium), there is rapid
melting of both metals and the recrystallization of zirconium into the bcc β phase. We observe the solidification
of the melt starting a few hundred picoseconds following the shock melting, out to 50 ns when the zirconium
is fully crystallized into the bcc β phase at a residual temperature of approximately 2000 K. The pressure is
obtained directly from the early time x-ray data, whereas the additional information from the x-ray line width
and intensity at longer times inform a model of crystal nucleation and growth.
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I. INTRODUCTION

Melting and freezing are one of the most common expe-
riences [1], yet can be difficult to understand since the fun-
damental mechanisms occur on near-atomic and picosecond
timescales [2–7]. Detailed knowledge of these mechanisms
(and the ability to control them) has the potential to revolu-
tionize how we view melting and freezing as well as appli-
cations, such as material synthesis of metallic glasses [6,7].
Since equilibration of metals upon rapid compression occurs
on the timescale of the lattice vibrations, traditional long
timescale (1–10-ns) compression experiments [8] cannot ob-
serve the melting transition mechanisms which are funda-
mentally a picosecond phenomena. More recently, several
groups have looked at the melting of Al [9], Bi [10], and
Sc [11] using a >10-ns laser. In particular, using a shock
release method, Gorman et al. [10] observe melting on the
timescale of 3 ns. In order to study the fundamental aspects of
melting, it is necessary to use laser pulses on the picosecond
timescale. These measurements are accompanied by the need
to have thinner samples. In particular, for shock speeds on
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the order of 5–10 nm/ps, a 100-ps duration laser drive will
require a sample on the order of a few micrometers. These
experiments also required the development of capabilities to
analyze nonsteady shocks within the samples. In addition,
velocimetry [12], which is conventionally used to estimate
pressure and density of dynamically compressed samples in
longer duration experiments, is not typically available at the
picosecond timescale, which required the development of an
ability to derive the shock pressure using the 100-fs x-ray
data alone. Here, we report on results using the SLAC/Linac
Coherent Light Source (LCLS) x-ray free-electron laser where
zirconium was dynamically compressed to a pressure of
130 GPa, using an ∼120-ps duration laser drive (20-ps rise
time) and interrogated by 130-fs duration x-ray pulses.

Dynamic compression experiments [8], typically require
timescales of several nanoseconds to ensure equilibration.
Our fast compression experiments conducted at the LCLS
Matter in Extreme Conditions (MEC) employed uniaxial
compression, which accesses far-from-equilibrium mechani-
cal states under extreme shear stress. Conventional picosec-
ond timescale compression experiments can, by character-
izing the flow of material, determine the time-dependent
bulk stress/strain state within a sample. Such experiments
have been used to observe a wide range of anomalous be-
havior, including extreme elastic deformation, simultaneous
phase transformation and plasticity, and strain-rate-dependent
shock-induced chemistry [13–16]. These previous experi-
ments did not, however, have access to femtosecond x-ray
diffraction and, therefore, could not provide a direct measure
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FIG. 1. Phase diagram for Zr. Solid-solid phase lines are taken
from Ref. [17]. Melt line data, calculated melt curve, and the shock
Hugoniot were determined as described in the text. The blue circle
indicates the location of our data point.

of the atomic structure. Zr is well suited for studying material
transformations due to its complex phase diagram allowing
the study of three solid-solid phase transformations [17] plus
the melt transition at pressures readily attainable at the MEC
instrument [9]. Our studies of compression and release at
the 100-ps timescale and 130-GPa pressure reveal melting
within 100 ps of shock arrival, in-line with a recent study
on Bi melting [18], and refreeze starting within hundreds of
picoseconds after release. In addition, we follow the refreeze
to 50 ns and observe substantial refreeze into the β-Zr phase.

II. EXPERIMENTAL AND COMPUTATIONAL METHODS

The melting line of Zr, under static high-pressure con-
ditions, was determined in this paper using a laser-heated
diamond-anvil cell) with micron-spatial resolution and a well-
established time-resolved approach [19,20]. Details about the
loading procedure, pressure determination, and temperature
measurement can be found elsewhere [21,22]. The experimen-
tal results are shown in Fig. 1 together with a Lindemann-
derived melt line calculated in this paper, the Zr phase diagram
and the Zr shock Hugoniot (a curve which gives thermo-
dynamic variables for a range of final states subsequent to
shock compression). Good agreement is observed between
the experimentally determined and the Lindemann-derived
melting lines. A recent study of the melting line of Zr under
static conditions [23], using, essentially, the same method we
used here gave a near-perfect agreement in the 30–50 GPa
overlap range.

The Zr Hugoniot curve was calculated using an equation
of state [24], which has been fit to shock compression data up
to 140 GPa [25]. This equation of state (EOS) does not dis-
tinguish among the different phases of Zr that may be present
along the shock compression pathway. As such, the Hugoniot
temperature is overestimated because the latent heats of trans-
formation are neglected. From previous work [17], the latent
heat of the α-ω transformation is rather small, whereas the

Hugoniot temperature would be reduced by ∼500 K across
the ω-β boundary. As discussed later, the latent heat of
melting would reduce the temperature by another ∼400 K.
Therefore, the Hugoniot temperature predicted at 130 GPa is
too high by ∼900 K but still well above the extrapolated melt
line.

An Al ablation layer and Zr sample layer were sputter
coated on a SiN-coated Si wafer which had been chemically
etched to give a 15×15 array of 550-μm2 SiN windows,
spaced by 1 mm. X-ray photoelectron spectroscopy (XPS)
with Al Kα x rays was used for elemental compositional
analysis. Each XPS measurement was obtained by an x-ray
beam focused to a 200-μm spot on a probed sample surface
while gradually sputtering the surface with a 3-kV Ar+ ion
beam. The absence of oxygen and Hf peaks in the full XPS
spectra suggests that the Zr film was pure up to 0.1% in atomic
mass (resolution of the XPS system). The 2.2-μm Al ablator
(coated on a thin SiN window) is driven by a 250-mJ ∼120-ps
FWHM duration laser pulse with a 20-ps initial rise, greater
than a 30-μm spot size launching a shock wave of similar
duration into the ablator. The drive laser rise time is consistent
with previous work [13–16]. The intensity contrast of the
pulse is sufficient to avoid significant preheating >100 K
from estimates of the Al Bragg peaks shifts based on the
known thermal EOS of Al at ambient pressure. We do not
observe any thermal shift of the Al Bragg peaks between the
static x-ray diffraction (XRD) patterns, acquired without the
driving laser, and the XRD patterns acquired at early times
(e.g., −30 ps) before the laser drive. The shock wave transits
the Al ablator and enters the 1.7-μm-thick Zr sample where
rapid compression initiates a phase transition to a melted
state in both the Al and in the Zr. After a variable delay, an
∼100-fs duration x-ray pulse with less than a 5-μm diameter
cocentered with the drive laser is used to obtain an XRD pat-
tern from the sample, providing structural information during
the compression wave transit through the sample. Using this
method on a set of identical samples by varying the delay
between the laser drive and the x-ray pulse, the progress of
phase transformations in the Zr sample can be tracked with
better than picosecond time resolution. This resulted in peak
pressures of 100 GPa in the Al, corresponding to 130 GPa in
the Zr, which is obtained by shock impedance matching with
the Al ablator.

III. RESULTS AND DISCUSSION

Figure 2 shows the 2D x-ray images taken at −30, 600 ps,
and at 50 ns, and the melting of both metals can be seen
in the figure. At the initial −30 ps, one can see both the
ambient pressure rings for Al plus the rings for the hexagonal
Zr. At 600 ps, both metals are melted with broad diffraction
seen characteristic of melted Zr. At 50 ns, the lines indicate
recrystallization of the Zr into the body centered cubic (bcc)
structure. The relatively broad Debye rings of Zr could be
attributed to the the presence of residual stress/texturing due
to the preparation method (sputtering) of the targets.

Selected one-dimensional integrated diffraction patterns
are shown in Fig. 3. Subsequent to compression of Zr, solid
Al peaks are seen to be reduced and then disappear, indicating
that Al had melted under shock compression [26]. Based on
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FIG. 2. X-ray diffraction two-dimensional (2D) images for t =
−30, 600 ps, and 50 ns. At 600 ps, one observes diffraction features
associated with melting of both Zr and Al, followed by the recrystal-
lization of Zr into the bcc structure.

linear variation of the ambient Al peak intensity with time (see
Fig. 4), the shock wave speed in the Al ablator for 250-mJ
drive energy was estimated to be 10.2 km/s with an error of
10%, corresponding to a shock pressure (assuming the known
Hugoniot of Al) of 100 GPa.

To help determine the timing of compression and release
waves in the sample and the distributions of pressure, plane-
wave propagation in the Al/Zr layers was simulated using a
LLNL hydrodynamic simulation code. The compression wave
was generated by a pressure boundary condition prescribed
on the back surface of the Al layer with a peak amplitude
and time variation selected to emulate the laser drive. The

FIG. 3. X-ray diffraction as a function of increasing delay time.
Each pattern represents a separate experiment on a set of identically
prepared samples. The delay time varies in the left panel from before
the pulse arrives (−30 ps) to 1000 ps. In the right panel, delays vary
from 400 ps out to 50 ns. The zirconium is under pressure and shock
melted from approximately 300–600 ps. From 600 ps out to 50 ns,
recrystallization occurs. The red traces are the Zr background with
Al diffraction peaks removed for comparison to time-resolved data
in black. The x-ray wavelength is λ = 1.301 Å. The Bragg peaks of
the β-Zr phase are noted with arrows.

FIG. 4. The top panel shows the thickness of the unshocked Al
ahead of the shock front, determined from the integrated area under
the Al peaks. This gives the shock speed as 10.2 km/s. The bottom
panel shows the simulated pressure field plotted on the space-time
(X -t) plane, which was obtained using a hydrocode calculation.

simulated thickness of the Al layer was reduced to the ex-
perimentally observed value at zero delay time (1.6 μm) to
account for ablation of material at the drive surface. The ther-
momechanical response of each layer (Al and Zr) is described
using a Mie-Gruneisen EOS and a constant heat capacity.
Deviatoric stresses are neglected, and tensile pressures are not
supported. The simulations employ the adiabatic assumption
with temperatures computed from the difference between
the internal energy and the cold energy. The selected EOS
parametrizations reproduce the shock Hugoniot data for Al
and Zr [25]. Here, we note that the equations of state do
not distinguish among the different solid phases of Zr, nor
do they account for melting of either Al or Zr. In Fig. 4(b),
the simulated pressure fields are plotted in the space of
Lagrangian position (X ) versus time (t). The pressure wave
in Al steepens up before reflecting from the interface at 180
ps. A pressure wave with a peak amplitude of 130 GPa then
travels into the Zr layer. Release waves return the pressure in
the Zr layer back to zero around 600–700 ps. Hydrodynamics
simulations designed to emulate the experimental conditions,
also shown in Fig. 4, illustrate the progress of the compression
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FIG. 5. (a) The pictorial model for crystal growth, with latent heat diffusing radially outward from the center of the solid nucleus and
reducing the subsequent growth of neighboring crystallites. (b) The time-dependent variation of the experimental x-ray linewidths, which
give a value for rS through the Scherrer equation, obtained by fitting a Lorentzian to the measured lineshapes. Panel (c) shows the integrated
solid volume fraction from the heat-coupled, time-dependent crystal growth model, Eq. (3), as a function of time, at different values of initial
dimensionless supercooling s = (Tm − T0)/TQ.

wave through the Al/Zr sample as a function of time and
match the observed times within the error bars. The rapid
drop near t = 0 of the Al lines is due to laser ablation, which
launches the shock wave. This results in the loss of crystalline
structure of Al, see Fig. 3, over an approximately 500-nm
thickness of material on the laser side of the Al ablator. The
observed transit time accounts for transit through an ambient
material, which is 500 nm thinner than the initial Al ablator
thickness. This loss of crystallinity also provides information
about ballistic electron thermal transport at very high fluence.

The remaining broad diffraction is consistent with liquid
Zr. We note that the melted Al at 400 ps is released in
pressure and would overlap the Zr melt peak which is still
under pressure. It is expected that the majority of this broad
peak derives from the Zr due to its higher scattering factor.
In addition, no large Al melt peak is observed at later times
once the Zr peak has shifted back to the lower angle. We
also note that, at late times up to 50 ns, the Al peaks do not
reappear. This implies that Al remains melted over this time
period, which is consistent with its low melting temperature
compared to Zr, and the high residual temperature of the Zr
out to late times due to the latent heat of recrystallization.

Shock melting of Zr is evident within ∼100 ps (∼300-ps
absolute time) after shock arrival in Zr via the appearance
of broad pressure-shifted peaks consistent with a compressed
liquid. Ambient Zr peaks decrease in intensity at subsequent
delays as the shock transits the Zr sample. Partial release
at 500 ps shifts the broad peaks to lower angles followed
by nearly complete release at 600 ps and evidence of initial
growth of β-Zr. Further growth of β-Zr occurs on nanosecond
timescales where much stronger diffraction peaks at 50 ns
likely indicate high crystallinity growth from the liquid phase.

Our sample contains less than 0.1% (atomic) of both
oxygen and hafnium meaning the melt line will not be sig-
nificantly shifted. We clearly observe the melting of Zr at the
shock pressure corresponding to 130 GPa in the Zr. Melting
at this shock pressure is consistent with crossing the melting
line shown in Fig. 1. Of note is the recrystallization of the
β phase, existing to late times of, at least, 50 ns. The data
show a very strong diffraction signature compared to the

original α-Zr phase, which indicates a new texturing as it
grows from the melt phase. From both the higher angle-shifted
location of the diffraction peak and the timing, Zr is melting
under compression. Also, at 50 and 130 ps, we observe a
substantial decrease in the intensity of the ambient Al 〈111〉
peak, suggesting (along with the estimated 1-Mbar shock
pressure) that the Al is shock melted on compression and stays
melted upon reflection of the shock at the Al/Zr interface. The
presence of broad melt peaks in both Al and Zr is consistent
with the estimate of shock pressure in the Al ablator given by
the shock speed from Fig. 4.

As shown in Fig. 3, the Zr melting occurs between the
times of about 300 and 600 ps, thus, lasting ∼300 ps. Crystal-
lization begins ∼200 ps after melting and crystallization was
followed out to a very long time of 50 ns. Our simulation of
the shock wave propagation through the sample, Fig. 4 (the
right panel), shows that the pressure in the sample releases to
zero pressure at about 600–700 ps. This is compared to the
time for crystallization which is observed out to 50 ns. This
quick cooling followed by a long crystallization time is analo-
gous to the temperature time plateau observed by calorimetry
in conventional crystallization at ambient conditions. This
plateau comes from the latent heat and is self-consistently
maintained since the external cooling is compensated by the
heat generated during crystallization in the melt-crystal slurry.

The average crystallite size at time t follows from the β-Zr
crystal diffraction linewidths w(t ), whereas the ratio of the
diffraction intensity at a given moment of time to the maximal
intensity reached at 50 ns can be used as a measure of the
solidified part in the sample by that time under the assumption
that by 50 ns the solidification is substantially complete. The
data are shown in Fig. 5.

The Scherrer equation provides the average radius of crys-
tallites rs(t ),

rs(t ) = Kλ

[w(t ) − win] cos θ
. (1)

Here, w is the width of the diffraction line at its half
maximum in radians at the diffraction angle θ whereas
win(= 0.1◦) is the instrumental linewidth. The radiation
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wavelength is λ = 1.3 Å. For the spherical crystallites, the
constant K = 1.11. Equation (1) for t = 1 ns results in crystal
radii rS = 7.6, 5.5, and 4.3×10−7 cm for the lines diffracting
at θ = 14.4◦, 20.65◦, and 25.5◦, respectively. At t � 10 ns,
the diffraction intensity shows that the solid fraction φ � 1.
Therefore, we assume that each crystal sphere sits in the center
of a concentric liquid cell with radius rL = φ−1/3rs remaining
constant in time. The cells form a lattice [Fig. 5(a)] and are
taken to be equal, making each thermally isolated. Comparing
the crystal radii at t = 1 and 2 ns, one may estimate the
average growth rate to be V ≈ 150 cm/s. At the later times,
the growth rate decreases.

The growth rate of 150 cm/s estimated above allows an
estimate of the average supercooling in the slurry. Since the
zirconium entropy of fusion is low [27–29], �S = 1.04k
(where k is the Boltzmann constant), the crystal-melt interface
is assumed to be disordered. Therefore, the growth rate V
is given by Eq. (2) and is proportional to the crystallization
driving force �μ/kTi where �μ is the difference between
the liquid and the solid chemical potentials. Tm is the melting
temperature at ambient pressure and Ti is the temperature at
the interface [30,31]

V = β�μ

kTi
≡ βT (Tm − Ti ). (2)

In the numerical estimates below, we distinguish the inter-
face temperature Ti from the bulk melt temperature T only
when it enters the interface supercooling and is multiplied
by the large kinetic coefficient β = ( kTi

m

)1/2 = 4×104 cm/s
determining the growth rate [31] βT = 19 cm/s K.

Using the cell model, the cooling process may be separated
into two parts. The first is adiabatic cooling due to the release
of pressure in a thermally isolated cell. Its initial temperature
may be Tm if crystal seeds are present or is much lower, down
to 0.7Tm if homogeneous nucleation is possible [32,33]. The
seeded or nucleated crystals grow until the supercooling falls
to zero. This supercooling depends on the initial temperature,
total adiabatic temperature drop, and on the latent heating
temperature TQ = Tm�S/cP, the ratio of the latent heat to the
heat capacity. For Zr, we take the temperature rise due to latent
heat to be TQ = 423 K based on previously measured values at
ambient conditions [34]. This is the temperature rise in a melt
of elemental Zr crystallized under thermally and mechanically
isolated conditions. Unless the initial temperature is deep
below the melting point, the final cell temperature reaches the
melting point before the whole melt is crystallized. That low
undercooling case is probably realized in these experiments
and the second part of the cooling begins. This part is con-
trolled by the latent heat transport out of the whole sample
rather than the small cell. Therefore, that second part may last
much longer.

A crystallite of a nanoscale radius rS≈10−6 cm or smaller
growing in a supercooled melt is expected to be heated close
to the melting point within the time of ∼(r2

S )/4α ≈ 2 ps
where the Zr thermal diffusivity α ≈ 0.12 (cm)2/s [35].
Later, the growing crystal has nearly no ability to absorb more
latent heat so that all latent heat goes to the melt. During
the initial adiabatic part of the process, the average liquid
temperature Tl is controlled by the simplified heat balance
equation within the cell, coupled with the crystal growth

rate drs
dt and with a driving force supplied by the rate of

undercooling, g(t ):

dTl

dt
= 3TQr2

S

r3
l − r3

S

drS

dt
− g(t ),

d

dt

(
rS

rl

)
= βT

rl
(Tm − Ti ) ≈ βT

rl
(Tm − Tl )

= 1

τ

{
Tm − T0

TQ
+ ln

[
1 −

(
rS

rl

)3
]}

. (3)

The second line of Eq. (3) follows from Eq. (2) where
the crystal interface temperature Ti(t ) is approximated by the
integral T̄l (t ) obtained from the first line of Eq. (3). The
integration constant T0 is the melt temperature at t = 0 plus
the integral of g(t ) over t > 0, both unknown. The solution of
the second line of Eq. (3) is presented in Fig. 5(c) for several
initial constant values of the supercooling s = (Tm − T0)/TQ.
The characteristic timescale for the process τ ≡ rL/βT TQ =
300 ps where the numerical estimate is for the experimental
rL

∼= 2.4 × 10−6 cm. Cessation of the fast growth at 6 ns
suggests the transition to latent heat being transported over
the whole sample rather than the small cell. Further sample
cooling due to radiation may require microseconds to occur,
which is beyond the timescale of relevance to this system.

We observed melting of metals on the timescale of a few
hundred picoseconds, and we observed the recrystallization
of Zr on timescales up to 50 ns. The shock speed in Al
was determined entirely from the x-ray diffraction patterns,
allowing us to determine the pressure in Zr from impedance
matching. The latent heat of crystallization is found to provide
the energy for the recrystallization process to extend out
to 50 ns following a 120-ps pulse which drove the initial
shock melting. The fact that we observe refreeze rather than
a metallic glass indicates that the formation of single phase
metallic glasses, even with these extremely high cooling rates,
may be fundamentally limited.
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