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Phase transition kinetics revealed by in situ x-ray diffraction in laser-heated
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We report successful coupling of dynamic loading in a diamond anvil cell and stable laser heating, which
enables compression rates up to 500 GPa/s along high-temperature isotherms. Dynamic loading in a diamond-
anvil cell allows exploration of a wider range of pathways in the pressure-temperature space compared to
conventional dynamic compression techniques. By in sifu x-ray diffraction, we are able to characterize and
monitor the structural transitions with the appropriate time resolution i.e., millisecond timescales. Using this
method, we investigate the y-¢ phase transition of iron under dynamic compression, reaching compression rates
of hundreds of GPa/s and temperatures of 2000 K. Our results demonstrate a distinct response of the y-€ and «-¢
transitions to the high compression rates achieved, possibly due to the different transition mechanisms. These
findings open up new avenues to study tailored dynamic compression pathways in the pressure-temperature
space and highlight the potential of this platform to capture kinetic effects (over ms time scales) in a diamond

anvil cell.
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I. INTRODUCTION

Understanding how matter responds and deforms under a
wide range of compression rates is crucial for various fields,
from planetary formation modeling [1] to high-strength ce-
ramic development [2]. Dynamic compression experiments
generally rely on the generation and propagation of super-
sonic shock waves to reach extreme pressure and temperature
(P-T) conditions; single-shock experiments, however, are con-
strained to probe states along the Principal Hugoniot of a
material [3]. Here, we successfully demonstrate the use of a
dynamic-diamond anvil cell (dDAC) setup compatible with
in situ laser heating (LH). This setup enables rapid (ms)
isothermal compression at high temperature (HT), signifi-
cantly expanding the range of conditions that can be studied at
high compression rates. We use in situ x-ray diffraction (XRD)
to study the phase transitions of iron (Fe), and demonstrate
compression rates of hundreds of GPa/s at temperatures up
to 2000 K. By accessing this largely unexplored region of
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compression rates, we provide valuable experimental insight
lacking in this regime, especially at high temperature.

Fe is the main constituent of the Earth’s core; as such, its
behavior at extreme conditions has been extensively studied,
both experimentally and theoretically. The stable structure of
Fe at ambient conditions, the so-called « phase with body-
centered cubic (bcc) structure, transforms into an hexagonal-
close packed (hcp) structure, the € phase, under high pressure
(HP) [4]. The HT phase, y, has a face-centered cubic (fcc)
structure. Upon compression, this phase transforms into the €
phase, which remains stable up to multi-mbar pressures and is
believed to be present in the Earth’s solid core [5,6].

Numerous static compression experiments have investi-
gated Fe behavior at HP-HT [4,7-15]. To characterize the
equilibrium phase diagram and reproduce more accurately
the conditions in Earth’s interior, efforts were made in these
studies to maintain quasihydrostatic conditions. On the other
hand, conventional dynamic compression techniques, such as
gas gun and laser ablation, have been used to characterize
Fe deformation and melting at ultrafast timescales, from us
down to ps [16-27]. These techniques can attain pressures
up to several TPa [28]; however, they are constrained to
probe specific thermodynamic pathways in the P-T space.
The Principal Hugoniot of Fe crosses the a-¢ phase bound-
ary, and the transition under shock and ramp compression
has been observed at higher pressures than the value from
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static compression experiments [29-32]. Despite recent devel-
opments that allow us to deploy more complex, off-Hugoniot
compression profiles [33-35], the y-¢ transition remains inac-
cessible using conventional dynamic compression techniques.

Recent developments in dDAC technology allow explo-
ration of intermediate compression timescales in between
conventional static compression experiments performed over
minutes to hours, and shock compression experiments that
generate uniaxial compression states over microseconds to
nanoseconds. Using either gas supplied membranes or elec-
tromechanical piezoelectric actuators to control pressure,
dDAC:Ss can access compression rates up to 160 TPa/s [36,37].
Konopkova et al. investigated the «-€ transition of Fe at
compression rates up to 4.1 GPa/s at 300 K, and found a
transition onset consistent with the quasiequilibrium phase di-
agram when experiments were conducted in quasihydrostatic
conditions [38]. Here, we use a double-sided LH-compatible
dDAC that enables simultaneous heating and compression to
extend previous studies and explore Fe phase transitions up to
500 GPa/s and 2000 K. With this capability, we provide the
insight into the y-€ phase transition of Fe under compression
over millisecond timescales. We report a different response
to increasing compression rates for the o-¢ and y-e¢ phase
transitions, respectively, and ascribe it to the specifics of the
transition mechanism at the atomic level. Our findings demon-
strate a dDAC platform compatible with laser heating HT
experiments which enables in sifu characterization of struc-
tural transformations over millisecond timescales at varying
compression rates and temperatures.

II. EXPERIMENTAL METHOD

Experiments were conducted at the 13-IDD beamline of
the GSECARS sector of the Advanced Photon Source [39].
Compression was performed in a mini-BX80 DAC equipped
with a membrane enclosure for remote control of the pressure
and with an intermediate buffer for fast loading [36]. The
short working distance of the apparatus is compatible with
the double-sided laser heating setup of the 13-IDD beamline
[40], and allowed for isothermal dynamic compression runs at
HT (Fig. 1, see also Sec. I of the Supplemental Material [41]).
During dynamic dDAC loading, the pressure increased rapidly
over a few tens of milliseconds, and then kept increasing at a
lower rate (see Table I of the Supplemental Material). Data
discussed in the following were acquired during the initial
rapid compression, which always comprised the onset of the
phase transition; compression rates were estimated via linear
fitting of the P evolution in the examined interval (Fig. 2). In
run 1, compression was performed at 2000 K, with an average
compression rate of 400 GPa/s: run 2 reached 530 GPa/s
at 1400 K. Run 3 and run 4 were performed at ambient
temperature and reached compression rates of 360 GPa/s and
2.5 GPa/s, respectively. It should be noted that in run 4 the
compression was performed without using the intermediate
buffer. X-ray diffraction data were collected in situ during
compression with sufficient temporal resolution for character-
ization of the structural evolution and accurate determination
of the transition onset. During runs 1-3, XRD data were
acquired at 2 ms/pattern, while the acquisition time was in-
creased to 20 ms/pattern during run 4. For each experiment,
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FIG. 1. Schematic view of the experimental setup used on the 13-
IDD beamline at the APS synchrotron. Dynamic loading of the DAC
was performed using a membrane and an enclosure compatible with
the mini-BX80 cells; the intermediate buffer allowed to perform fast
(ms) compression runs. The structure of the sample was monitored in
real time using XRD. The x-ray beam was spatially overlapped with
the laser-heating spot and had a wavelength of 0.3344 A.

the sample was compressed statically up to a pressure value
close to the phase boundary before launching the dynamic
compression run, as to ensure observation of the onset of the
transformation during loading.
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FIG. 2. Temporal evolution of pressure during dynamic loading
for the four experimental runs; pressure was measured using the
known EOS of KCI. For each run, temperature values, as well as
compression rates, are reported; in run 4, no intermediate buffer was
used, resulting in a ~100 times lower compression rate.
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FIG. 3. Azimuthally integrated XRD patterns as a function of time show the structural changes in the sample upon compression. The XRD
data is shown in the same colors used in Fig. 2 to represent pressure evolution. (a) and (b) HT experiments, showing the y-¢ transition at
2000 K and 1400 K, respectively. (c) and (d) Experiments at 300 K, showing the «-¢ transition for compression at 360 GPa/s and 2.5 GPa/s,
respectively. For all patterns, the peaks of the observed Fe phases, as well as those of KCI, are indexed; the time values are measured with

respect to the beginning of the dDAC compression run.

III. RESULTS

In run 1 the sample was precompressed up to 37 GP,
and temperature was increased up to 2000 K before dynamic
loading [Fig. 3(a)]; at these initial conditions only the y phase
is present. During loading we observe the appearance of the
€(010) reflection (~9.2°) after 12 ms, at 40 GPa. Coexistence
of the y and € phases is observed up to 46 GPa, and pro-
gression of the transformation is confirmed by the changes in
relative intensity of the correspondent peaks. At 46 GPa, the
peak observed at ~9.7° can be indexed as either the y(111)
or the €(002) reflections. The crystalline texture, which can

be inferred by examining the intensity distribution along the
Debye-Scherrer ring in the 2D XRD data, is more consistent
with the y phase (see also Sec. III C of the Supplemental Ma-
terial). Moreover, based on previous experiments, the € phase
is expected to grow along a preferred orientation in a DAC,
which would result in a decrease of the intensity of €(002)
reflection [42,43]. Thus, we do not expect to observe signal
from the €(002) peak over the 2 ms integration time, and we
interpret this peak as the signature of some residual y phase.
In run 2 the sample was precompressed up to 18 GPa and tem-
perature was maintained at 1400 K during dynamic loading
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[Fig. 3(b)]. At ¢t = 0 ms, all the Fe peaks can be indexed as
reflections from the y phase. The €(010) peak becomes visible
after 9 ms, at 23 GPa, and at 28 GPa, after 15 ms, the y(200)
reflection is no longer visible, leaving only the y(111) peak
overlapping with the €(002) peak in the diffraction pattern. In
run 3 the sample was initially compressed to about 11 GPa,
a pressure at which only the o phase is present. Dynamic
loading was performed at 300 K and 360 GPa/s [Fig. 3(c)];
at 13.6 GPa, we observe the appearance of the €(010), €(011),
and €(012) reflections. In run 4 compression was performed at
300 K without the use of the intermediate buffer, resulting in
a compression rate reduction by a factor ~100 to 2.5 GPa/s
[Fig. 3(d)]. The sample was compressed statically up to 7 GPa,
and at this compression rate the emergence of the €(010)
and €(011) reflections was observed at pressures as low as
10.8 GPa, a value that is in agreement with the o-€ phase
boundary identified in static compression experiments [4]. It
is worth noting that for all runs, despite persistence of small
fractions of the initial phase during dynamic loading, the sam-
ple continues to compress slowly for several seconds. XRD
collected after this period of slow compression confirmed that
the sample had fully transformed into the € phase (see also
Sec. III C of the Supplemental Material).

IV. DISCUSSION

The experiments here presented using a dDAC apparatus
to perform HP-HT experiments and reach compression rates
up to ~500 GPa/s to investigate the influence of the loading
timescale on Fe behavior at extreme conditions. Although
these compression rates are much slower than those achieved
in traditional shock compression experiments, they are several
orders of magnitude higher than static compression studies at
high temperature. Experimental runs performed at hundreds
of GPa/s will be thus referred to as dynamic in order to stress
the difference with previous experiments when comparing the
results. The transition onsets measured at high compression
rates for both the fcc-hep (y-€) and the bee-hep (a-€) phase
transitions of Fe are shown in Fig. 4 and overlaid with four
previous results from static compression experiments that em-
ploy different experimental methods [4,8,9,11]. For the y-€
transition, results from dDAC are in good agreement with
the phase boundaries proposed by Shen ef al. [4], while they
exhibit a markedly lower transition onset compared with more
recent static compression experiments, which are the current
state-of-the-art reference for the equilibrium phase diagram
[8,9]. It is worth noting that, independently of the considered
reference for the equilibrium phase boundary, no increase in
the phase transition onset is observed for the y-€ transition
under ms compression. In contrast, for a compression rate
of 360 GPa/s at 300 K, the «-€ transition is observed at
13.6 GPa, a higher pressure with respect to the boundary
from static compression experiments. To confirm that the
shift observed in the a-€ transition is due to the compression
timescale, we have performed an additional experiment (run
4, not shown in Fig. 4) at ~100 lower compression rate; the
XRD data confirms that at 2.5 GPa/s the transition onset is
10.8 GPa, in much closer agreement with the equilibrium
value. Interestingly, a similar trend has also been observed
in recent laser-driven ramp compression experiments that re-
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FIG. 4. Experimental results from dDAC experiments compared
with the state-of-the-art equilibrium phase diagram of Fe. Data are
represented using markers of different shapes for each run, while the
colours correspond to different Fe phases. The solid line is the y-€
equilibrium phase diagram in Kombayashi et al. [8]; the dotted lines
represent the equilibrium boundary from other experimental studies,
including the a-€ boundary reported by Shen et al. [4,9,11].

ported a shift of the a-€ transition onset with increasing strain
rate [44]. Our results demonstrate the capability of the LH-
dDAC apparatus to generate high pressures over timescales
at which kinetic effects can be observed and characterized.
Furthermore, we observe a different behavior of the «-¢ and
y-€ phase boundaries at high compression rates, with the
transition onset being increased and lowered, respectively,
compared to equilibrium phase diagram.

A. Kinetic effects under dynamic compression

The influence of compression rate on HP phase transitions
has already been analyzed in several systems; however, the
effects of fast compression on the phase boundaries strongly
depend on the system and on the specifics of the deformation
mechanism. For example, in certain systems higher compres-
sion rates can cause an increase of the transition pressure,
as the fast loading hinders the rearrangement of the atoms
(so-called kinetic hindrance) [45]. In contrast, several systems
have been observed to exhibit a phase transition lowering
under shock-compression, e.g., silicon [46,47], bismuth [48],
and antimony [49]. Interestingly, with the exception of silicon,
the lowering in pressure is observed for displacive transitions,
i.e., transformations that require no change in unit cell volume
and happen via small displacements of the atoms.

Our results indicate two distinct trends in the «-€ and y-€
phase transitions of Fe under dynamic loading: compared to
static compression experiments, the onset of € formation is
increased and lowered, respectively. Though the two transi-
tion onsets may be influenced by thermal effects, we notice
that temperature cannot fully explained the lowering of the
y-€ transition onset reported here. Based on previous re-
sults from dynamic compression experiments, this is likely
due to differences in the transition mechanisms that govern
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the transformations at the atomic level. The bcc-hcp (y-€)
transformation happens via a combination of compression
along one axis and shuffle of the planes [29,30,50]; recent
experiments have confirmed that the completion of the trans-
formation requires two steps: a displacive seeding followed
by a reconstructive (i.e., involving bond breaking) defor-
mation [51]. Under dynamic compression, a reconstructive
transformation is expected to exhibit kinetic hindrance, as
also suggested by molecular dynamics simulations of the «-€
transition [52]. On the other hand, the fcc and hcp structures
are more closely related, as they only differ in the stacking
of the planes along one direction; the transformation is thus
expected to happen via a purely displacive deformation [53]
that may not be affected by kinetic hindrance, and could thus
explain the phase transition lowering observed here.

V. CONCLUSIONS

In this study, we demonstrate dynamic compression of a
material in a dDAC setup coupled with stable laser heating.
Compression rates of hundreds of GPa/s were attained while
simultaneously maintaining high temperatures up to 2000 K.
Collection of time-resolved XRD data with millisecond time
resolution enabled characterization of the phase transitions
of Fe in situ. Interestingly, the dDAC laser-heating setup al-
lows exploration of isothermal compression of a material, a
pathway not attainable using conventional shock-compression
techniques. This demonstrates a new approach for exploration
of HP-HT phase transitions under dynamic loading. With this
approach, we provide insight on the y-€ phase transition of
Fe under dynamic compression, and compare our results with
those obtained for the «-€ transition, as well as the equilibrium

phase diagram. We observe that the increase in compression
rate affects the phase transitions of Fe differently, and we
attribute the differences to the specific deformation mecha-
nisms. Indeed, no sign of kinetic hindrance is observed for the
displacive y-¢ phase transition up to 500 GPa/s. In contrast,
the reconstructive «-€ transition exhibits a marked increase of
the transition onset with the compression rate. Thus, particular
care should be taken when using experimental data to model
extreme conditions processes at different timescales.
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