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Atomic structure and melting of Ni and Fe3;Ni up to 400 GPa
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Iron, nickel, and their alloys are critically important materials for industrial and technological applications
due to their unique magnetic properties, strength, and thermal expansion. In this study, lasers were used to
compress and heat FesNi alloy (36 wt% Ni) and pure nickel up to the melting temperature using a combination
of shock and ramp compression. The structure was measured using nanosecond in situ x-ray diffraction, and
simultaneous velocimetry was used to measure the pressure up to 454 GPa. A mixed face-centered-cubic (fcc)
solid-liquid phase in FessNi at 311 GPa provides experimental evidence that, compared with pure iron, the
incorporation of nickel expands the stability field of the fcc phase to the melting curve. At lower temperatures, a
mixed fcc and hexagonal-close-packed (hcp) phase is observed in ramp-compressed Fes;qNi at 278 GPa. At the
higher compressions, a structure inconsistent with fcc, hep, and body-centered cubic is observed. In the case of
pure Ni, the fcc phase is stable under ramp compression up to 402 GPa.
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I. INTRODUCTION

Iron (Fe) and nickel (Ni) are 3d transition metals that
have numerous technological applications when alloyed due
to their manipulable strength, thermal-expansion coefficients,
and gas and magnetic permeabilities [1,2]. These elements are
also the primary components of Earth’s core, where they ex-
perience extreme pressures and temperatures (136 to 364 GPa,
4000 to 6500 K) [3]. The core is mainly composed of Fe
alloyed with 5%—-15% Ni and some lighter elements including
H, C, S, O, and Si [3,4]. While the average nickel content of
iron meteorites is ~9.1 wt%, there are some meteorites that
contain higher nickel contents of 16 to 35 wt% [5].

Pure iron has been the focus of numerous high-pressure
studies with measurements of the structure and equation of
state (EOS) well beyond the conditions of Earth’s crystalline
inner core [6—13]. Iron is stable in the body-centered cubic
(bcc, «) structure at ambient conditions and transforms to
a hexagonal-close-packed (hcp, €) phase upon compression
to 13 GPa [14]. The € phase is stable over a wide range of
pressures up to at least 300 GPa at room temperature [15] and
up to 1 TPa along the melting curve [6].

Pure nickel has been predicted to remain in the face-
centered-cubic (fcc) phase to terapascal conditions [16]. The
fcc phase has been observed up to 368 GPa and room tem-
perature under static compression [17]. Experiments have
explored the high-pressure EOS [18], melting curve [19,20],
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magnetic properties [21], and liquid structure [19] of Ni. The-
oretical calculations have also explored the phase stability,
thermodynamic, and elastic properties of Ni [22,23]. One
study has proposed that, while the fcc phase remains stable
at lower temperatures, a bce phase of nickel could be stable
above 140 GPa and 4000 K [22]. Although Ni is believed
to be a canonical fcc element to very high pressures, there
are predictions that Ni will transform into an insulator at 34
TPa [16] and that its robust van Hove singularity in its elec-
tronic band structure may be important in models of Earth’s
geomagnetism [24].

Studies of the effect of alloying on the structure in FeNi al-
loys show a sensitive dependence on Ni concentration [15,25—
27]. At ambient conditions, Fe-Ni alloys with less than 25
at.% of Ni crystallize in the bcc phase, and the higher Ni
content alloys crystallize in the fcc phase [1,15]. Fe-Ni al-
loy transforms to an hcp or hcp + fcc mixed phase upon
compression (7 to 150 GPa depending on composition) [15].
At high pressures and upon heating to 2000 K (below the
melting curve), various compositions (18.4, 24.9, 29.8, 35.7,
and 50 wt% Ni) of Fe-Ni alloy transform to a mixture of
hep and fec phases and eventually pure fcc with increasing
temperature [15]. This is in contrast with pure Fe where the
fcc phase is stable over a relatively small range of pressures
upon heating from the ambient bcc phase. At higher tempera-
tures approaching the melting curve (3400 K), measurements
on FegyNijo find that it adopts a bce structure at 225 GPa
[25] and computational studies suggest bcc Fe could be stable
due to diffusion mechanisms [28,29] or the distribution of
Ni in the Fe matrix [30]. Shock-wave data on Fe-Ni alloys
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with 10, 18, and 26 wt% Ni exist up to 200 GPa [31]. Ad-
ditionally, there have been studies of iron-nickel meteorites
under shock compression [32-35] as well as an interest in the
shock-induced microstructure of natural and recovered iron
meteorite samples [36-38].

The studies presented here used an fcc alloy called
Invar® (Fes3Ni) that is well known for its remarkably low
thermal-expansion coefficient at ambient conditions. The No-
ble Prize in physics was awarded in 1920 for its discovery
[39]. X-ray absorption measurements in laser-heated dia-
mond anvil cells (DACs) find that Fe,gNi and FessNi both
melt in the fcc phase and their melting curves coincide up
to 60 GPa, demonstrating that the higher Ni content does
not significantly affect the melting curve of Fe-Ni alloy up
to those conditions [26]. High-pressure dynamic compres-
sion experiments on FejsNi are limited to 16 GPa [40—42]
and no tabular EOS models exist for the iron-nickel binary
system.

In this study, x-ray diffraction (XRD) measurements on
laser-compressed Fe3sNi and pure nickel performed across
a large range of pressure and entropy states reveal that the
fce structure is stabilized through the addition of Ni as well
as an increase in temperature. The observation of fcc solid
and liquid coexistence provides experimental evidence that
the fcc phase is stable up to the melting curve. This is in
contrast with pure Fe that melts in the hcp phase [6,10]. At
lower temperatures, a mixed fcc and hcp phase is observed at
278 GPa and an unknown phase is observed at 367 GPa. Pure
Ni is fcc up to 402 GPa.

II. METHODS

To compress Fes;qNi and nickel to the very high pressures
and temperatures relevant to Earth’s inner core (330 GPa,
~5000 K) and beyond, we simultaneously compress and
heat the alloy samples using a combination of laser-driven
shock and ramp compression. This section of the paper is
divided into two sections corresponding to ramp-compression
and shock-release-ramp compression experiments. The first
were designed to nearly isentropically compress the samples,
enabling higher compressions and lower temperatures than
shock compression [Figs. 1(a)-1(d)]. The second set of exper-
iments used a combination of shock and ramp compression to
heat the samples up to the melting curve [Figs. 1(e)-1(h)].

A. Ramp-compression experiments

Experiments were performed on the Omega EP laser at
University of Rochester’s Laboratory for Laser Energetics
[43]. Laser energies up to 1.1 kJ were delivered using tem-
porally shaped 351-nm laser pulses. A single beam irradiated
the targets over 10 ns [Fig. 1(b)]. It was smoothed using
distributed phase plates producing an 1100-pm-diameter focal
spot with a super-Gaussian intensity distribution. The laser
power was continuously increased to peak intensities of up
to 1.2 x 10'* W/cm?. An additional beam with a nominally
steady 1.25-ns pulse irradiated a separate 2-mm x 2-mm
pure-Fe foil backlighter target to produce 6.685-keV (1.855
A) heliumlike (He,) x rays that probed the compressed
sample [44].

To measure the structure of compressed Fes;qNi and Ni,
x-ray diffraction (XRD) data were collected using the powder
XRD image plate (PXRDIP) diagnostic that is described in
detail in Refs. [45,46]. The target is held on the front face
of a stainless-steel box that is lined with image plates [47].
Pure Fe (12.5-um) and Kapton (25-pum) filters are inserted in
front of the image plate detectors to protect them from debris,
attenuate high-energy background photons just above the Fe
K-edge and low-energy background photons (approximately
<3 keV). The target is mounted on a 100-pm-thick tungsten
or platinum plate with a 300-pum-diameter pinhole aperture to
provide x-ray collimation and to restrict the field of view of
the image plates to the center of the 1100-um driven region
of the target. The x-ray source is positioned at 22.3° with
respect to the target normal as shown in Fig. 1(a). Diffraction
peaks from the edges of the pinhole aperture provide an in
situ calibration of the 26 scattering angle. The ambient bcc W
and fcc Pt reference XRD patterns are chosen to minimize
overlap with the high-pressure XRD from the sample. The
interatomic lattice plane spacings are calculated using the
Bragg condition. The reported error in the 26 scattering angle
is calculated using the difference between the expected 20
and calculated 26 of the calibration pinhole diffraction lines
using the best-fit geometrical parameters. An additional error
due to the uncertainty of the sample offset distance from the
pinhole of £10 pm is included. The 26 standard deviation
ranged from 0.1° to 0.2°.

The targets were designed so that the wave interactions
between the various layers nearly isentropically compressed
the samples while optimizing the XRD signal. The samples
were 15.0-um-thick FessNi alloy and pure-Ni (8.9-g/cm?)
foils obtained from Goodfellow. This thickness is approxi-
mately one optical depth at 6.685 keV and maximizes the
XRD signal for the transmission pinhole camera XRD con-
figuration used here. An ambient XRD pattern collected with
a Philips X’Pert High Resolution Materials Research Diffrac-
tometer confirmed the initial fcc phase of FessNi with a lattice
parameter, a = 3.58 = 0.01 A, corresponding to a density
of 8.2 g/cm3. The sample foil was sandwiched between a
35-pum-thick (110)-oriented single-crystal diamond ablator
and a 100-pm-thick (100)-oriented single-crystal LiF window
[Fig. 1(a)]. The single crystals are chosen to preclude pro-
ducing extended diffraction lines for the non-Fe3;sNi and Ni
layers.

The pressure in the sample is calculated using measure-
ments of the sample-LiF interface velocity. A line-imaging
velocity interferometer for any reflector (VISAR) [48] detects
the Doppler shifts of a 532-nm probe beam reflected off the
sample-LiF interface as a function of time. The signal passes
through a pair of interferometers, and one of the resulting
interferograms is shown in Fig. 1(c). The ramp-compression
wave breaks out of the sample at ~5 ns and then smoothly
accelerates the sample-LiF interface up to nearly 7 km/s when
it is probed with XRD. The sensitivities of the two VISAR
channels are 5.4205 and 2.1773 pum ns~! fringe™'. The appar-
ent sample-LiF interface velocity is corrected to give the true
velocity using the LiF refractive index data from Ref. [49].

The extracted velocities are shown in Fig. 1(d) and are
used as a boundary condition in a method-of-characteristics
calculation [50] to infer the pressure in the sample during
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FIG. 1. (a) Schematic of the ramp-compression XRD targets. The diamond transmits the ramping pressure wave into the sample, which
is tamped by the LiF window. The LiF window is transparent to the VISAR (velocity interferometer system for any reflector) probe beam
throughout the experiment. The x rays are incident at a nominal angle of 22.3 degrees and are flashed at peak pressure. (b) Representative laser
pulse shapes used to ramp-compress FessNi and pure Ni. (c) Streaked line-imaging VISAR interferogram, where the fringe shifts correspond
to the velocity of the sample-LiF interface. (d) The interface velocities extracted from the two VISAR channels. A weak initial shock arrives
at the interface around 5 ns and the wave interactions between the diamond and LiF substrates nearly isentropically increase the velocity
and pressure to 278 GPa. (e) Schematic of the shock-release-ramp FessNi XRD targets. (f) The laser pulse shapes used to compress and heat
FessNi. The rapid increase in the laser power launches a stronger initial shock wave into the target compared with those shown in panel (b).
(g) Streaked line-imaging VISAR interferogram, where the fringe shifts after 12 ns correspond to the diamond window free-surface velocity.
(h) The free-surface velocities extracted from the two VISAR channels (only shown after 12 ns).
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the x-ray probe time. The LiF SESAME 7271v3 principal
isentrope [51] and the pure-Fe LEOS 260 principal isentrope
were used as the EOS models for the window and the sample.
Because the sample was thin and compressed over a relatively
long timescale, the pressure of the FeNi sample is indepen-
dent from its EOS but does rely on the window EOS. The
reported errors in the mean pressure are the quadrature sum
of the random error due to the standard deviation of pressures
inferred from each VISAR leg, a systematic 3% error in the
pressure—density EOS of LiF [49], a systematic 0.3% error in
the refractive index of LiF, and the random uncertainty due
to the mean of the ensemble of pressures within the finite
thickness of the sample over the duration of the x-ray probe.
The total reported uncertainty ranged from 6.5% to 10.1%.

B. Shock-release-ramp experiments

To probe the structure of Fes;sNi up to its melting point,
modifications to the target design and laser power allowed
for a shock-release-ramp compression path. Three represen-
tative laser pulse shapes are shown in Fig. 1(f). The initial
rapid increase in laser power launches a shock wave into the
target that compresses and heats the FesgNi to a state on the
principal Hugoniot. The first shock pressures ranged from 183
to 428 GPa. The laser power is then increased linearly to
peak intensities of up to 1.1 x 10'* W/cm? that sustains the
pressure at the ablation front as the sample compresses to its
final pressure state.

The targets were designed so that the applied laser power
allowed for the FessNi to be compressed to increasing
pressure—temperature conditions up to the melting curve. The
Fe36Ni foil was sandwiched between a 120-pum-thick beryl-
lium or (110)-oriented single-crystal diamond ablator and a
70-pum-thick (110)-oriented single-crystal diamond window
[Fig. 1(e)]. The sample follows a shock-release-ramp thermo-
dynamic path. The FescNi is first compressed and heated to
a state on the Hugoniot. It then releases as the shock enters
the diamond window—ignoring the interaction with the thin
epoxy layer. A reverberation sequence between the shocked
Be (or diamond) ablator and diamond window then nearly
isentropically compresses the Fe;sNi to its final pressure state
when it is probed with XRD. The temperature is not measured
in these experiments but it is assumed that the initial shock
sets the entropy of the system.

The pressure is calculated in two distinct ways to bound the
conditions in sample. Similar to the ramp-compression exper-
iments, both methods use measurements of the target velocity.
Because the diamond window becomes opaque to the VISAR
probe beam for stresses above the Hugoniot elastic limit, the
VISAR measures the diamond free surface (diamond-vacuum
interface) velocity as shown in Figs. 1(g) and 1(h). The initial
shock breaks out of the sample at 11.5 ns, rendering the
diamond opaque. The fringe motion, now corresponding to
the diamond free surface, is stationary until 15 ns when the
free surface is then accelerated in a multishock sequence up to
~10 wm/ns. The first method uses the measured elastic wave
free-surface velocity uy, plastic wave free-surface velocity
Uy, the maximum free-surface velocity umax, the diamond
window thickness, and the breakout times into and out of the
diamond to calculate the pressure behind the plastic wave in

the diamond assuming a steady shock wave [52]. The particle
velocity to free-surface velocity relation uy = 2uj, is assumed
and the Rankine—Hugoniot equations are applied twice for the
two-shock system. The FesgNi is then assumed to be ramp
compressed from this shock-release state to uyax using an
experimental ramp-compression EOS of diamond [53].

The second method is used to calculate the pressure distri-
bution within the FejsNi sample using the same free-surface
velocity but in a method-of-characteristics algorithm [50],
which assumes that each shock originates at the diamond free
surface. The inputs of the calculation include measurements
of the diamond and FesNi thicknesses and the experimental
ramp EOS of diamond [53]. The results from these two meth-
ods are consistent within 8% in pressure due to the similar
compressibilities of the diamond shock wave and ramp data
[53]. The uncertainties reported in the pressure include an 8%
error due to assumptions in the thermodynamic path, £5-pm
error in the diamond thickness, and the standard deviation
in the pressures inferred from each VISAR leg. The total
standard error in the mean pressure is ~10%. An additional
+50-GPa systematic error due to diamond strength is included
[4]. This is related to the assumption that us = 2up, which has
been observed to be uf = 1.56u, for (110) diamond below
300 GPa [52].

III. RESULTS

A. Ramp-compression experiments

The XRD data for ramp-compressed nickel shows that it
remains in the fcc phase to 402 GPa (Fig. 2). Two XRD
peaks from the compressed Ni are observed and indexed as
the fcc (111) and (200) reflections. The same two peaks are
observed in a lower-pressure shot at 250 GPa. The d spacings
as a function of pressure for the two experiments are shown
in Fig. 3(a) and compared with those from the fcc, hep, and
bce phases calculated from the Ni SESAME 3101 principal
isentrope and Hugoniot. The data show excellent agreement
with the fcc structure. Assuming the fcc phase, the densities
are calculated for each XRD reflection and plotted in Fig. 3(b).
As expected, the densities lie between the principal isentrope
and Hugoniot consistent with ramp-compression with a weak
initial shock. A summary of the pure Ni data is shown in
Table I.

The XRD data on ramp-compressed Fe;Ni have additional
reflections compared with the pure-Ni case. The image plate
data at 278 and 367 GPa are shown in Fig. 4. Four reflec-
tions are observed between 60° and 75° at 278 GPa. The
calculated d spacings are shown in Fig. 5 compared with the
range of d spacings bounded by the Fe LEOS 260 principal
isentrope and the Ni SESAME 3101 principal isentrope for
the fcc, hep, and bee phases; an EOS table for FesgNi does
not exist. At 278 GPa, the reflections can be indexed as a
coexistence of fcc and hcp phases. The two weak hcp peaks
cannot be explained by diffraction from an fcc structure but at
a different wavelength. The x-ray source used in these experi-
ments is inherently broadband with the weaker satellite peaks
(e.g., Ly,, 6.973 keV, 1.778 A) capable of reaching ~10%
the intensity of the central He, wavelength (6.6850 keV,
1.855 A) [44]. Here we test whether diffraction from these
higher-energy x rays could potentially explain the two
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TABLE I. Pure Ni summary. The target dimension notation is material [thickness] and C is (110)-oriented single-crystal diamond.

Shot Pressure (GPa) Target dimensions (1m) 20 (°) Lattice parameter A) Density (g/cm?)
. . 63.3+0.1

34911 250+25 C[35]INi[15]LiF[100] 749+ 0.1 3.056 £+ 0.003 13.65 £ 0.04
. . 659+0.2

34915 402438 C[35]Ni[15]LiF[100] 776402 2.956 £ 0.006 15.10 £0.10

lower-angle 26 and lower-intensity diffraction peaks. The
time-integrated x-ray source spectra for this particular exper-
iment was measured and the intensity of the Ly, emission
relative to the He, is &2.5%. The fcc (111) and fcc (200)
peaks from the He-or at 20 = 64.2 0.2° and 74.9 £0.2°
would appear at 26 = 61.3° and 71.3° at the Ly, wavelength.
These values are not in agreement with our measured 26 of
60.3 £0.2° and 69.2 + 0.2°, respectively. Furthermore, the
texture of the weaker peaks are not identical to the more
intense peaks. Given these observations, the reflections at
278 GPa are assigned to the hep (010), fcc(111), hep (011),
and fcc (200).
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FIG. 2. Background subtracted 20-¢ projections of XRD pat-
terns for ramp-compressed fcc Ni at (a) 402 GPa and (b) 250 GPa.
The red bands mask XRD lines from the ambient density pinhole
calibrants. (c) The integrated XRD patterns showing the clear shift of
the fcc (111) and (200) peaks to higher 26 with increasing pressure.

The coexistence of the hcp and fcc phases at 278 GPa is
consistent with static-compression experiments that observed
this coexistence with compression in the same alloy at 102
to 291 GPa and 300 K [15]. In the static work, the hcp
peaks disappear when the fcc + hep mixture was heated and
the estimated transition temperature to pure fcc is ~1200 K.
In these experiments, the initial shock observed at the
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FIG. 3. (a) A comparison of the measured d spacing versus pres-
sure from this work (solid circles) and those bounded by the nickel
principal isentrope and Hugoniot from SESAME 3101 (continuous
bands) for the fcc (black), hep (red), and bee (blue) phases. The hep
(002) and fcc (111) phases have identical d spacing so they are plot-
ted slightly offset for clarity. (b) The Ni density compared with the
SESAME 3101 principal Hugoniot (red) and isentrope (black) and
the Vinet EOS fit to static-compression room-temperature pressure—
volume data (blue stars) to 368 GPa (blue solid, dash extrapolation)
[18].
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terns for ramp-compressed Fes;qNi at (a) 367 GPa and (b) 278 GPa.
The red bands mask XRD lines from the ambient density Pt calibrant.
(c) The integrated XRD patterns show four peaks at 278 GPa that are
indexed as a mixture of fcc and hcp phases (orange). At 367 GPa,
two peaks are observed (blue). The lowest angle peak does not shift
to a higher 26 with compression and the higher angle peak shifts to
a lower 26 indicating that a phase transformation has occurred.
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FIG. 5. A comparison of the measured d spacing versus pressure
from this work (solid circles) and the d spacings bounded by the
nickel principal isentrope from SESAME 3101 and the Fe LEOS 260
principal isentrope (bands) for the fcc (black), hep (red), and bee
(blue) phases. The color of the data points represents the assigned
structure (black: fcc, red: hep, unfilled: unknown).
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FIG. 6. X-ray diffraction image-plate data for Fes;sNi at
(a) 454 GPa (shot 34918), (b) 311 GPa (shot 34921), and (c) 202 GPa
(shot 36021) showing x-ray diffraction from the liquid, solid-liquid—
coexistence, and solid phases. The red shaded regions mask the
reference XRD lines.

FesgNi-LiF interface [Fig. 1(d), particle velocity up, = 1.6
km/s] corresponds to an initial shock pressure and tem-
perature of ~60 GPa and ~1000 K, suggesting a similar
lower-bound transition temperature.

At higher pressure, only two diffraction peaks are ob-
served. As seen in Fig. 5, the d spacings of the two peaks
do not show agreement with the d spacings of the fcc,
hcp, and bee phases. A comparison of the XRD pattern
to those from the fcc, hep, dhep, bee, and a strained fec
phase are shown in the Supplemental Material [54] (including
Refs. [6,15,26,55,56]). None of them provide an adequate
match to the data. The data at this pressure have decreased
signal-to-background compared with the lower-pressure data
at least in part because the image plates had stainless-steel
filtering rather than pure Fe filtering and hence a different
spectrum of background x rays were transmitted. But the
filter material would have no effect on the 26 position of the
peaks. Indexing these two peaks as the fcc (111) and (200)
reflections yields unreasonably small and different densities
at these conditions, ruling out the fcc phase. In addition, a
marked change in the texture is observed compared with the
lower-pressure data and high-pressure phase transformations
are often accompanied with a change in texture [57-60].
Therefore, we conclude that a phase transformation is occur-
ring in ramp-compressed Fe3sNi between 278 and 367 GPa.
A summary of the ramp-compressed FessNi data is shown
in Table II.
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TABLE II. Ramp-compressed Fes;qNi summary. The target dimension notation is material [thickness] and C is (110)-oriented single-crystal
diamond. The lattice parameters and density of the high-pressure phase are unknown.

Shot Pressure (GPa) Target dimensions (1m) 26 (°) Lattice parameter (A) Density (g/cm?)
60.3+0.2 3.036 % 0.008 (fcc) 13.5 £ 0.2 (fec)
34913 278+18 C[35]Fe;3sNi[15]LiF[100] 64.2+0.2 a =2.130 £ 0.007 (hcp) 13.6 £ 0.1 (hep)
69.2£0.2 c¢/a = 1.65 £+ 0.03 (hcp)
74.9+0.2
. . 63.8+0.2
34914 367+36 C[35]Fe;6Ni[15]LiF[100] 732102

B. Shock-release-ramp experiments

Examples of the shock-ramp XRD data in the liquid, the
coexistence of fcc and liquid, and the solid fcc phases for
FesNi are shown in Figs. 6(a)-6(c), respectively. The XRD
data are warped into a 26—¢ space, where ¢ is the azimuthal
angle around the Debye—Scherrer ring. The data shown are the
raw images; no background subtraction has been applied in
order to show the extended character of the liquid scattering.
Figure 6(c) shows the XRD data at 202 GPa where the lines
can be indexed as the fcc (111) and (200) reflections. As the
temperature and pressure are increased to 311 GPa [Fig. 6(b)],
a diffuse feature coincident with the (111) reflection emerges.
We interpret this datum as a mixture of the liquid and solid

Fe-36Ni Hugoniot
.......... Ni Hugoniot
= = =Fe Hugoniot

500 —

----- Fe-26Ni Hugoniot T [
- = =Fe isentrope 1 ’
.......... Ni isentrope ! ,' g
400 - hep bee e
£ 300 7
&)
2
2
£ 200 1
-9
100 T
0

Density (g/cm3)

FIG. 7. A comparison of the measured pressure versus density
from this work (solid circles) to the Ni principal isentrope (dotted
black curve) and Hugoniot (dotted red curve) from SESAME 3101,
the Fe LEOS 260 principal isentrope (dashed black curve) and Hugo-
niot (dashed red curve), the fit to shock wave data for Fe-26Ni to
187 GPa (dashed—dotted red curve) [31], and the Fe;sNi Hugoniot
calculated from a kinetic energy averaging model (red) [61]. The
densities are calculated by indexing the lowest-angle Bragg reflection
as the fcc (111) (black), hep (011) (red), and bec (110) (blue). The
conclusion of this figure is that the XRD data are inconsistent with
the expected pressure—density for the hep and bee structures, but are
consistent with the fcc structure.

phases [6,62]. At the highest pressures and temperatures, the
solid Bragg peaks disappear completely (except the reference
XRD lines) and only the diffuse liquid scattering is observed.

We find that the solid XRD data are best fit to the fcc
structure. The FessNi pressure inferred from VISAR versus
the density deduced from the XRD data are shown in Fig. 7.
The densities assuming the single solid Bragg peak is indexed
as the fcc (111) give reasonable densities compared with the
theoretical EOS models for iron and nickel. To rule out a
high-temperature, high-pressure hcp or bee phase, the peak
is indexed as the hcp (011) or bee (110) reflections, but the
densities are unreasonably small at these conditions. Because
the d spacing of the hcp (002) and fcc(111) are identical, we
cannot rule out that the single peak is from a highly textured
hcp phase but the hep (011) peak is expected to be more
intense for an ideal powder. The shock-release-ramp data are
summarized in Table III.

IV. DISCUSSION

Fe-Ni alloys are expected to be an important component
of the cores of the many terrestrial-type exoplanets that have
been detected in recent years [63]. Although the average
nickel content of iron meteorites is ~9.1 wt%, there are some
meteorites that contain higher nickel contents approaching
that of Invar [5] such as the Santa Catharina meteorite (35
wt% Ni) [64,65]. High-nickel contents are thought to arise
from core formation on highly oxidized parent bodies [66,67].
Since iron is more readily oxidized than nickel, oxidizing
conditions can result in more Fe being incorporated into the
mantle in the form of FeO and the resulting core is both
smaller and enriched in nickel.

It has been suggested that rocky exoplanets may form
under a wide range of possible oxidation states including
highly oxidized conditions [68], which would be expected
to produce a range of core compositions including poten-
tially Ni-enriched cores as sometimes found in meteorites.
Our work provides constraints on the atomic-level structure
and melting for cores with such nickel-rich compositions. In
addition, this work shows the feasibility of studying crystal
structures and melting of compositions across the Fe-Ni sys-
tem at the extreme pressures of Earth and exoplanetary cores,
and this can be extended to the more Fe-rich compositions in
future work.

These data and other high-pressure iron-nickel structural
data are compiled in a temperature-composition phase dia-
gram at 275 £ 57 GPa [10,12,13,15,25] (Fig. 8). The melting
curve from Kuwayama et al. [15] is scaled up to the re-
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TABLE III. Shock-release-ramp-compressed Fe;sNi summary. The target dimension notation is material [thickness] and C is (110)-
oriented single-crystal diamond. The reported pressure errors due not include the systematic error due to the diamond strength.

Shot Pressure (GPa) Target dimensions (pm) 26 (°) Lattice parameter (A) Density (g/cc)
34922 194 + 21 Be[120]Fe;6Ni[15]C[70] %2 i 8% 3.096 + 0.008 12.7 £ 0.1

. 61.6+0.2
36021 202 +23 C[120]Fe;3sNi[15]C[70] 724 +02 3.138 +0.008 12.2+0.1
36015 246 £ 25 C[120]FessNi[15]C[70] o0 3.122 4 0.008 12440.1
34921 311 +30 Be[120]Fe;6Ni[15]C[70] 63.31+0.2 3.060 &+ 0.009 13.2+0.1
34918 454 + 47 Be[120]Fe;sNi[15]C[70] Melted

ported melting temperature from pure-Fe shock experiments
observed at 242 GPa and 5560 K [10]. At low temperatures
near 1000 K, we observe the hcp + fcc phase in agreement
with static-compression data. With increasing shock strength,
the hep phase disappears and only fcc is observed. At higher
temperatures, our measurement of the fcc phase along the
melting curve at 311 GPa provides an upper bound on the
fcc—hep-liquid triple point. The location of this triple point
has important implications for the structure of the cores of
Earth and rocky exoplanets and suggests that a Ni-enriched
core with 36 wt% Ni would crystallize in the fcc phase.

V. CONCLUSION

In this work, we observe that the incorporation of nickel
in the Fe-Ni system and elevated temperatures stabilizes

275+57 GPa

6000 I
5000
4000

3000

Temperature (K)

2000

1000

wt% Ni

FIG. 8. Temperature-composition phase diagram of the iron-
nickel alloy system at 275 & 57 GPa. The data are color coded
according to their phase (fcc: black, hep: red, bee: blue, liquid:
yellow). A mixture of colors is used to designate coexistence. Data
from this work are shown by the diamond markers. A mix of fcc
and hcp phases is observed at 21000 K (red-black diamond) and
the fcc-liquid phase on the melting curve (yellow-black diamond).
Shock melting of pure iron in the hcp phase along the Hugoniot is
shown by the cross from Turneaure et al. [10]. Laser heated DAC
data are shown from Kuwayama et al. [15] (squares), Dubrovinsky
et al. [25] (triangles), and Tateno et al. (circles) [12,13]. The melting
curve from Ref. [15] is scaled up to the melting temperature from
the pure Fe shock melting experiment by Ref. [10] and the fcc-liquid
datum from this work is plotted along that curve.

the fcc structure over the competitive hcp and bec struc-
tures. At low temperatures, the fcc and hcp phases coexist
in ramp-compressed Fe;sNi at 278 GPa—consistent with
static compression work [15]—but a textured phase incon-
sistent with the fcc, hcp, and bee phases is observed at
367 GPa. Future work should investigate the role of signif-
icant compressions on Ni-rich Fe-Ni alloys where we find
this new phase. In pure Ni, the fcc structure is stable up
to 402 GPa, again confirming that Ni is an fcc stabilizer.
Materials that do not undergo structural phase transitions
under dynamic compression are often useful as standards
in such experiments, but most materials do not retain their
ambient structure up to multihundred GPa pressures. The
persistence of the fcc structure in Ni up to 400 GPa under
ramp compression makes it a candidate material as a dynamic-
compression standard to extreme conditions. For shock-
release-ramp experiments at higher temperatures, Fes;sNi
transforms to pure fcc and remains stable up to the melting
curve.

Our measurements reveal that alloying has a profound ef-
fect on phase stability across a large range of pressure and
entropy states and demonstrates that the atomic-level struc-
ture and melting of Ni and Fe-Ni alloys can be extended to
conditions at and above those achievable with conventional
static-compression techniques. This capability provides new
experimental constraints for testing and evaluating theoretical
predictions of the crystal structure, equation of state, and
melting of transition elements and their alloys at extreme
conditions.
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