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Melting curve of vanadium up to 256 GPa: Consistency between experiments and theory
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The melting curve of vanadium at high pressure and temperature (P-T) is of great interest to our understanding
of d-orbital transition metals with simple crystal structures at extreme P-T conditions. Here we have investigated
the melting curve and crystal structures of polycrystalline vanadium at high P-T using synchrotron x-ray
diffraction (XRD) in laser-heated diamond anvil cells (LH DACs) up to ~100 GPa and ~4400 K, a two-stage
light-gas gun with in situ shock temperature measurements up to ~256 GPa and ~6200 K, and ab initio
molecular dynamics (AIMD) with density functional theory computations up to ~200 GPa. The occurrence of
the diffuse scattering signals in high P-T XRD patterns is used as the primary criterion to determine the melting
curve of body-centered cubic (bcc) vanadium up to ~100 GPa in LH DACs. Analysis of thermal radiation
spectra of shocked vanadium using a quasispectral pyrometer constrains the melting curve up to ~246 GPa
and ~5830 K, which is consistent with our static results using the Simon equation. The present static and
dynamic experiments on the melting curve of vanadium are consistent with our AIMD simulations with the
two-phase melting modeling, and are overall consistent with other theoretical simulations using the Z method.
The results reconcile the recently reported theoretical discrepancy, and refute a higher melting curve report
given by self-consistent ab initio lattice dynamics calculations. The consistencies among our studies indicate
that one does not have to invoke superheating as a hypothesis to describe the solid-liquid equilibrium boundary
of vanadium as an explanation for static vs dynamic experimental results. Our static and dynamic results with
in situ diagnostics of melting and two-phase AIMD simulation have implications for studying melting curves of

other d-orbital transition metals and their alloys at extreme P-T conditions.

DOI: 10.1103/PhysRevB.102.214104

I. INTRODUCTION

Phase diagrams and melting behaviors of d-orbital tran-
sition metals with simple crystal structures at high pressure
and temperature (P-T) are of fundamental interest in con-
densed matter physics and materials science [1-8]. Among
the d-orbital transition metals, a number of elements including
vanadium (V), niobium (Nb), tantalum (Ta), chromium (Cr),
molybdenum (Mo), tungsten (W), and iron (Fe) are stable in
a body-centered cubic structure (bcc, space group Im3m),
one of the simplest crystal structures, at ambient conditions.
Even with the bce crystal structure, these transition metals and
their compounds can exhibit very distinct physical properties
and have thus attracted particular interest in materials science
applications such as new functional materials (e.g., refractory
alloys [9,10]) [5,11-14]. The transition metals also occur
naturally in the cores of the Earth and other planets where
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iron is the most abundant element [15-20]. Therefore, there
are significant interest in knowing their P-T phase diagrams
and physical properties for materials and planetary science
applications.

Extensive studies on the phase diagrams of the bcc tran-
sition metals including melting curves have been conducted
using laser-heated static diamond anvil cells (LH DACs) and
shock compression experiments as well as theoretical calcu-
lations [5,12,14,21]. However, reliable determinations of the
high P-T phase diagram and melting curve, especially above
100 GPa and 4000 K, remain very challenging. Previous
experiments using LH DACs and shock compressions have
reported melting curves on V [14,22], Fe [23,24], Ta [12,21],
and Mo [5,25,26]. While some static and dynamic results
have converged with each other (Ref. [27]), discrepancies in
other metals between different approaches still exist [28,29].
As an example, the melting points determined by the shock
experiments and the extrapolations of static experimental re-
sults for V [14], Ta [12], Mo [5], and W [2,30] show a
large discrepancy of ~3000 K at ~300 GPa, which is far
beyond the reported experimental uncertainties. Such a large
discrepancy makes it difficult to benchmark theoretical calcu-
lations and to establish physical models of simple metals at
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extremes. So far, a number of hypotheses have been invoked
to explain these inconsistencies including diagnostic tech-
niques for detecting melting and structures, stress-strain rates,
superheating effect, and mechanical responses in static vs dy-
namic experiments [7,31], but the consistency and reliability
between experiments and theories require further confir-
mation using multiple reliable experimental and theoretical
constraints.

Vanadium has recently attracted attention because it is one
of the few transition metals with the simplest bee structure be-
low the melting curve [14,32-34]. Under compression in the
solid, the bce-V phase transforms to the rhombohedral phase
(rh, space group R-3 m) [33] at ~30-69 GPa and 300 K. The
transition appears to be sensitive to hydrostaticity and devia-
toric stress environment in the sample chambers [32,33,35].
Recently, both first-principles calculations (Ref. [34]) and
high P-T XRD experiments in LH-DACs (Ref. [14]) found
that the rh-V phase transforms back to the bcc-V phase
upon heating at high pressure. However, the melting curve of
vanadium at high pressure remains controversial among re-
sults in DAC experiments, shock experiments, and theoretical
computations. Early static DAC experiments up to ~80 GPa
reported a relatively low and nearly “flat” melting curve of
vanadium using the laser-speckle method as a diagnostics [2].
Recent high P-T experiments using diffuse scattering signals
of liquid vanadium in in situ XRD coupled with LH DACs or
the plateaus feature between the temperature and laser power
relationship (Ref. [14]) have indicated a melting temperature
of ~3800 K at ~80 GPa that was ~1000 K higher than that
using the laser-speckle method (Ref. [2]). It has been argued
that the reported melting curve of vanadium using the laser-
speckle method was likely affected by the recrystallization
of vanadium at high P-T and thus is not a good indicator of
melting.

Shock experiments using sound velocity and pyrome-
ter measurements have provided additional constraints on
the melting temperature of vanadium at shock pressures of
150-250 GPa [22]. However, the reported melting point of
~T7800K at ~230 GPa in the shock experiment (Ref. [22])
is ~2000-4000 K higher than the extrapolated value in the
recent DAC works (Ref. [14]). These previous shock exper-
iments may have suffered from a large uncertainty in shock
temperature determinations because the pyrometer used only
had six channels with discrete wavelengths between 400 and
800 nm [22]. In recent shock temperature measurements for
iron using proper shock temperature measurements and sam-
ple assemblages, the determined shock melting curve of iron
is consistent with that in static LH-DAC experiments [27].
This reconciliation encourages us to reinvestigate the shock
melting curve of vanadium under shock loading and compare
the results with LH-DAC experiments.

Early ab initio lattice dynamics calculations at high P-T
showed melting temperatures of vanadium that are more con-
sistent with shock experimental results with higher melting
temperatures, e.g., ~8000 K at ~182 GPa [36], but recent
computations using ab initio molecular dynamics (AIMD)
and the Z method based on density-functional theory (DFT)
indicate much lower melting curves that are generally consis-
tent with the extrapolation from new LH-DAC results [14,37].
Additionally, recent theoretical predictions by the Z method

(Ref. [14]) indicate ~300-500 K higher melting tempera-
tures than that of a two-phase method by AIMD simulations
(Ref. [37]) up to ~250 GPa. This difference remains to be
confirmed by accurate experiments and theory at such high
pressures. In AIMD simulations, the two-phase method and
the heat until it melts (HUM) method are two typical means
to obtain the melting curve of a material, where the former
can usually give a more reliable result than the HUM using
experimental results as a reference, but the latter can converge
more rapidly [38]. The Z method was developed to combine
the advantages of both methods [39], but there is still a dis-
crepancy between the two approaches especially at ultrahigh
pressure [38,40]. Therefore, further static and dynamic exper-
iments with reliable diagnostics of melting and temperature
measurements, as well as accurate theoretical calculations, are
needed to better constrain the melting curve of vanadium at
high P-T.

Here we report the melting curve of vanadium up to ~250
GPa using experimental results from in situ XRD in LH
DACs and pyrometer measurements in shock compression,
together with theoretical predictions using AIMD. Diffuse
scattering signals from molten vanadium in synchrotron XRD
experiments are used as a major criterion to determine melt-
ing, while analysis of crystalline textures is used to provide
additional constraints on the melting curve and the fast recrys-
tallization of vanadium at high P-T [5]. In shock experiments,
we measured the shock temperatures of vanadium across its
solid-liquid phase boundary using a 16-channel time-resolved
quasispectral pyrometer in a two-stage light-gas gun. In the-
oretical calculations, the two-phase method using DFT and
AIMD simulations is employed to locate the melting points
accurately. The melting temperature of vanadium is deter-
mined to be ~5830 K at the pressure of ~246 GPa. Our static
and shock experimental results are consistent with each other
and also with our two-phase theoretical predictions. These
results are applied to understand the melting curves of other
d-block transition metals at high P-T.

II. METHODS

A. In situ synchrotron x-ray diffraction
measurements in LH DACs

High P-T experiments were performed using double-sided
LH DACs with a pair of diamond anvils of 200 wm or beveled
diamond anvils of 150-300 pm culets (a beveled angle of 9°).
Polycrystalline vanadium with >99.9% purity purchased from
Alfa Aesar was used as the starting material. The powder sam-
ple was compressed into a thin disk 6-8 pm thick between a
pair of diamond anvils with 1000-m culets. A piece of ~50—
80-pum-wide disk was then loaded into a sample chamber of
~100 pum diameter drilled in a rhenium gasket, which was
sandwiched between two dried KCl layers with a thickness
of ~5 pum each (Fig. S1 in the Supplemental Material [41]).
KCl was dried in a vacuum oven for 8 h before loading into a
DAC, and was used as the pressure-transmitting medium and
pressure calibrant, as well as thermal insulator. A small piece
of ruby was also loaded into the sample chamber and used as
a pressure calibrant for initial pressure increase before XRD
experiments.
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In situ synchrotron XRD experiments in LH DACs were
performed at the beamline 13-IDD of GSECARS at the
Advanced Photon Source. An incident x-ray wavelength of
A =0.3344 A was focused to a spot size of ~3 x 4 um
[full width at half maximum (FWHM)] onto the sample, and
diffracted signals were collected using a Pilatus CdTe 1M
detector. The loaded samples were compressed to targeted
pressures at room temperature, where the chamber pressure
was determined from the equation of state of KCI using the
lattice parameter measured by in situ XRD [42] and cross
checked with the equation of state of vanadium [14,33]. Sub-
sequently, two infrared laser beams were focused onto both
sides of the sample with flat-top laser spots of ~8-10 um in
diameter. The thermal radiation spectra of the heated samples
were measured and then fitted to the Planck function with
graybody approximation to determine the temperatures of the
samples [43]. To avoid possible sample contaminations and
diamond failures during heating [5], a burst-laser heating pro-
cedure with a heating duration of 1-2 s was used to heat the
samples between 1000 and 4400 K. A Pilatus detector was
synchronized with the burst heating to timely collect diffrac-
tion patterns at high P-T. Multiple temperature measurements
were conducted within XRD exposure time to evaluate tem-
perature fluctuations, which were typically ~5% or less of the
measured temperatures [44]. A fresh and unheated spot of the
sample was selected for each new heating cycle at a given
pressure point so XRD patterns were collected from pristine
sample regions (Fig. S1(b) in the Supplemental Material [41]).

B. Shock temperature measurements by optical pyrometer
in a two-stage light-gas gun

High purity (>99.9%) polycrystalline vanadium in the bulk
form 2-3 mm thick without any observable porosity was used
as the starting material in the shock experiments. Single-
crystal LiF with the [100] orientation (~20 mm in diameter
and ~8 mm in thickness) was used as the window attached
to the vanadium sample to allow continuous optical obser-
vations of the thermal radiance at the V/LiF interface. The
vanadium sample and LiF crystal were polished to a surface
roughness below ~20 nm and a flatness below ~100 nm,
and were then assembled to ensure a smooth V/LiF interface
boundary (Fig. S2 in the Supplemental Material [41]). The
LiF window has optical transparency without shock-induced
extinction [45]. The sample box was evacuated before shots to
minimize the optical background from the residual air. Pure
copper (Cu) and Ta disks (~25 mm in diameter) were used
as the flyers. A schematic diagram of the setup is shown in
Fig. S2 in the Supplemental Material [41], while details of
the shock temperature measurements can be found in previous
works [27,46,47].

Hypervelocity impact experiments were conducted using a
30-mm-bore two-stage light-gas gun at the Institute of Fluid
Physics, China. Impact velocities (5.78-6.77 km/s) were mea-
sured within ~1% uncertainty by an optic beam breakout
(OBB) method, where the time-interval counters were trig-
gered by laser-beam interrupts. Using previous sound velocity
measurements as the initial reference [22], the vanadium sam-
ple was shocked to pressures of ~210-240 GPa to cross over
its solid-liquid phase boundary. The impact conditions are

listed in Table I, including the measured impact velocities
and the derived Hugoniot and interface pressures from the
reported Hugoniot relations of vanadium [48] and LiF win-
dow [45], as well as the Cu [49,50] and Ta [51] flyers. Thermal
emissions of the shocked sample were measured from the
V/LiF interface using a quasispectral optical pyrometer con-
sisting of 16 channels and 10-nm narrow bandpass filters with
a high time revolution of ~3 ns in the wavelength range of
400-800 nm [46,47]. The use of the quasispectral pyrome-
ter setup improved the temperature measurement accuracy as
compared with the previous shock temperature measurements
in Ref. [22].

C. Melting temperature calculations by ab initio molecular
dynamics and DFT

First-principles calculations were carried out to determine
the high-pressure melting curve of vanadium. In the cal-
culations, we used the finite temperature DFT of Mermin,
the projector augmented-wave (PAW) pseudopotential for the
ion-electron interaction (where 13 electrons and the inner 3s
orbital were treated in the valence space), and the general-
ized gradient approximation of Perdew, Burke, and Ernzerhof
(PBE) for the exchange-correlation functionals in the electron
subsystem, as implemented in VASP. The two-phase method
(TPM), in which a solid-liquid coexistence interface is intro-
duced into the initial configurations for the subsequent NPT
ensemble (representing the conservation of the total number
of atoms, the pressure, and the temperature) AIMD simula-
tions, is used to locate the melting temperature at the given
pressure theoretically. The two-phase method bracketed the
melting point by tracing the evolution of the liquid/solid in-
terface at a number of temperatures, which provided us an
estimate for the error bars of the calculated melting points.
The supercells of AIMD simulation contain up to 350 atoms
with periodic boundary conditions. A 2 x 2 x 2 Monkhorst-
Pack grid was utilized for the k-point sampling to guarantee
the high precision of the simulations, with the electronic tem-
perature set to the equilibrium ionic temperature, which is
controlled by a Nosé-Hoover thermostat. The energy cutoff
for the plane-wave basis set of the wave functions is 300 eV.

The AIMD simulation time was set for 3 ps with a time
step of 0.5 fs. Since the melting or solidification process
of a metal usually takes less than 2 ps to complete, results
from the last 1 ps of the calculations are used to evaluate
the statistics of some specific properties such as energy and
density. The initial interphase configuration in the two-phase
simulations was prepared by heating the system up to a suf-
ficiently high temperature to be fully melted, with half of
the atoms fixed. This treatment created a physical interface
between the two phases (liquid/solid) without an artificial gap
so each of the two subsystems was fully equilibrated before
they were thermodynamically combined. The convergence
quality of the electronic self-consistent field, the conditions of
thermodynamic equilibration, and ergodicity in AIMD were
also checked. We employed three different thermostats in-
cluding the Nosé-Hoover thermostat, Andersen thermostat,
and Langevin thermostat in the simulations to approach the
ergodicity as closely as possible. The last two thermostats
are stochastic and beneficial to remove dynamical corrections
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TABLE 1. Hugoniot and partially released states of vanadium in the pyrometer experiments under shock loading. Vi, is the measured
impact velocity of the flyer, u,; is the particle velocity of the LiF/V interface, and P; is the partially released (interface) pressure. u, and U,
are the particle velocity and shock velocity of vanadium sample, respectively, at the shock Hugoniot pressure of vanadium (P ). The Hugoniot
parameters used in this study are Us; = 5.044 + 1.242u,, (km/s) with the density of 6.087 g/cm3 for vanadium [48], U; = 3.310(0.008) +
1.296(0.005)u, (km/s) with the density of 16.684(0.03) g/cm? for Ta [51], U, = 3.933(0.004) + 1.500(0.025)u, (km/s) with the density
of 8.939(5) g/cm? for Cu [49,50], and U, = 5.215(0.02) + 1.351(0.03)u,, (km/s) with the density of 2.640(0.002) g/cm? for LiF [45]. The
uncertainties including measurement and propagation errors are given in parentheses at 2o levels.

Hugoniot state of vanadium

Shot No. Flyer Window Vimp (km/s) u,; (km/s) P, (GPa) up (km/s) Us (km/s) Py (GPa)
T1 Ta LiF 5.78(6) 4.609(40) 139.2(2.1) 3.663(37) 9.59(0.06) 213.9(3.2)
T2 Cu LiF 6.77(7) 4.755(48) 146.2(2.3) 3.784(39) 9.74(0.07) 224.5(3.5)
T3 Ta LiF 6.36(6) 5.051(46) 160.5(2.3) 4.026(40) 10.04(0.07) 246.1(3.4)
T4 Ta LiF 6.52(7) 5.173(53) 166.7(2.7) 4.129(44) 10.17(0.07) 255.7(3.9)

among particles. The coincidence of the results from these
thermostats implies our simulations in this system are close to
being ergodic. The reported values in this study are simulated
using the Langevin thermostat. With this approach here, the
theoretical melting curve of vanadium is accurately deter-
mined with a temperature uncertainty of about 100 K up to
200 GPa. Further details of the simulation methods can also
be found elsewhere [52,53].

III. RESULTS AND DISCUSSION

A. Bce-rh phase boundary of vanadium at high P-T by in situ
x-ray diffraction

The bee-structured vanadium is expected to be the primary
phase before melting at high pressure, but its solid phase
transition needs to be confirmed to ensure that the melting
behavior is probed properly. Diffraction patterns of solid vana-
dium at high P-T were thus collected using synchrotron in
situ XRD with ~2 pum in the spatial resolution and 1-2 s
in the collection time. The phase structure of vanadium was
determined from room temperature up to ~4400 K in the
pressure range of 20-100 GPa (Fig. 1). At room temperature
and pressures below ~44 GPa, XRD patterns were identified
as bee V [Fig. 1(a)]. With increasing pressure above ~52 GPa,
the split of the (110) bee-V peak into (1-10) and (100) th-V
peaks, as well as the (211) bce-V peak into (2-1-1), (2-10),
and (110) rh-V peaks, are clearly observed in the diffraction
patterns [Fig. 1(a)] [32,33]. The fitted lattice parameters of rh
V at ~52 GPa and room temperature are ag = 2.4459(5) A
and o = 109.9(2)°. The pressure of the bce-rh phase transi-
tion is consistent with the previous observations at ~53 GPa
using NaCl as the pressure medium [14]. Our experimental
results show that rh V is stable at pressures of 50-100 GPa
and room temperature. At 52 GPa, the th-V phase is stable
with increasing temperature by laser heating from ~300 to
1407 K, but it transformed back to bcc with increasing tem-
peratures from ~300 to ~1881 K, where the lattice parameter,
ap, in bee V was 2.8212(9) A [Fig. 1(b)]. Previous phonon
dispersion measurements and computations also show that
the pressure-induced bee-th phase transition in vanadium is
due to the softening of the transverse acoustic phonon near
the Brillouin zone center along its [£,0,0] direction [54,55].

The stability of rh V is proposed to be reduced by its high
electron temperatures due to the thermoelectron effect [34].
We analyzed the FWHM of the (110) bcc-V peak at high
P-T from the collected XRD patterns. The FWHM increases
from 0.10° at ~33 GPa to 0.18° at ~52 GPa due to the split
and broadening of the (110) bcc-V peak into (1-10) and (100)
rh-V peaks [Fig. 2(b)], while with increasing temperature
from ~300 to ~1600 K, the FWHM of the combined (1-
10) and (100) rh-V diffraction peaks continuously decreased
from ~0.18° to 0.10° (e.g., 52, 66, and 90 GPa, Fig. 2).
Consequently, th V transformed back to the bcc-V phase
at temperatures above ~1600 K. The bcc V underwent fast
recrystallization with strong spotty diffraction patterns at tem-

Room temperature 52 GPa

300 K
(b) ag = 2.4459(5) A
- 2=109.92)°
th LA

(a) B2KCl |
beev |
rh-v |

100 GPa

1302(40) K
= 2.4415(5) A
«=109.7(4)°

V (170)(100)

Intensity (arb. units)

52 GPa f 1407(50) K
ag = 2.4403(8) A
[ — @=109.7(5)°
th - A

1881(50) K
a,=28212(9) A

—) B2(200)

20 (deg)

FIG. 1. Representative x-ray diffraction patterns of vanadium at
high P-T. (a) Bee-V phase transforms to the rh-V phase at pressures
above ~52 GPa. Vertical red, blue, and black lines are the Bragg
diffraction positions of bec V, rh V, and B2 KCl, respectively. (b)
The rh-V phase transforms to the bcc V phase with increasing tem-
perature at ~52 GPa. The pressure of ~52 GPa was determined at
ambient temperature (~300 K). LeBail refinements of x-ray diffrac-
tion patterns for the rh V phase are also plotted in (b) as insets (open
blue circles with blue lines) to highlight the peak broadening feature.
The wavelength of the incident x-ray source was 0.3344 A. KCI in
the B2 phase was used as the thermal insulator and pressure calibrant.
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FIG. 2. Full width at half maximum (FWHM) of the diffraction peaks of vanadium at high P-T. (a) Evolution of the combined (1-10) and
(100) diffraction peaks in rh V with increasing temperatures at ~66 GPa. The exposure time for each spectrum was 2 s. The temperature
uncertainty in (a) is typically within ~5% of the reported temperature. (b) FWHMs of (110) peak in bcc V and (1-10) and (100) peaks in
rh V as a function of temperature at four selected pressures. The yellow region represents much narrower FWHMs below ~0.12°, which is
identified as the occurrence of the bcc V phase at elevated temperatures at each given pressure.

peratures of above ~2000-2100 K and pressures of ~52
and ~77 GPa (Figs. 3(b) and S3 [41]). Consistent with the
literature nomenclature such as polycrystalline iron at high
P-T [24], we referred to this temperature range as “fast re-
crystallization threshold (7¢)” upon heating. The FWHM of
the (110) bee-V peak decreases to 0.6°—0.8° across the “fast
recrystallization” line [Fig. 2(b)].

B. Melting of vanadium by x-ray diffraction in LH DACs

In situ XRD measurements in LH DACs are also used
to determine the melting curve of bcce-structured vanadium
at high pressure. At each given pressure, we incrementally
increased the laser power to achieve the required high tem-
peratures in DACs. X-ray diffraction images were recorded
during and after each step of burst laser heating to characterize
the crystalline textures of vanadium at high P-T. The textures
of vanadium changes in increments due to the short heating
duration of each burst (1-2 s), which allowed us to trace the
evolution of its texture with temperature [5,24]. The present
in situ XRD spectra indicate that bcc V remains stable at
high temperatures before melting at pressures up to ~100 GPa
[Fig. 3(a)]. The occurrence of the diffuse scattering signals
in liquid vanadium provides an unambiguous signature of the
melting of bee-structured vanadium. For example, the diffuse
signals of vanadium appeared above the melting temperature
(Ty) of ~3857 K at ~52 GPa and ~4192 K at ~77 GPa
[Fig. 3(a)]. The reported high P-T data for the melting curve
of vanadium in Fig. 4 have taken its thermal pressure during
laser heating into account. Considering that the thermal in-
sulator KCI in the sample chamber has a very low thermal
expansivity (a low oKy parameter of ~0.0022 GPa/K for
B2 KCI) [42], the thermal pressure of the heated vanadium
(Phermal) can be estimated to be approximately half of the
maximum thermal pressure (¢KyAT) for vanadium under
constant volume condition, where « is the thermal expansion
coefficient [4.6(6) x 107> K~!] and K7 is the isothermal bulk
modulus [152(4) GPa]. The literature thermal equation of state
data of vanadium are used for the estimates (Ref. [14]). The
estimated thermal pressures at high P-T along the melting

curve of vanadium are typically on the order of a few GPa
increase (Fig. 4).

The texture changes of vanadium with temperature at high
pressures are used as additional information to constrain the
melting temperature. The textures of the vanadium samples
were analyzed during and after laser heating at high P-T
[Figs. 3(b) and 3(c)]. The XRD images of vanadium at differ-
ent temperature ranges show three distinct textural features.
When polycrystalline bcc V was heated to temperatures be-
low Tg, its fine-grained features remained [e.g., at ~2007 K
and ~77 GPa, Figs. 3(b) and 3(c)]. At heating temperatures
between T and T, the XRD images displayed spotty patterns
as shown in Fig. 3(b), indicating the growth of texture with
preferentially oriented grains in bee V due to the fast recrys-
tallization during heating. In addition, the textured vanadium
is temperature quenchable as Fig. 3(c) shows. When the
sample was heated to above melting 7y, (e.g., at ~4192K
and ~77 GPa), the diffraction peaks of bcc V disappeared
and the diffuse scattering rings of liquid vanadium appeared
[Fig. 3(b)]. After temperature quenching from above Ty, the
fine-grained and continuous Debye rings in the XRD im-
ages were observed [Fig. 3(c)], indicating randomly oriented
grains in quenched vanadium. The diffuse scattering signals
of the liquid during heating and the fine-grained texture of
the temperature-quenched vanadium melt are both used to
define the melting curve of vanadium. Our observed textu-
ral features of the heated vanadium are consistent with the
changes of the crystalline microstructures in Mo at high P-T
by LH DAC:s [5]. The melting points of vanadium at pressures
of 20-100 GPa were determined using the aforementioned
melting criteria in LH DACs (open red circles, Fig. 4).

Using all of the XRD results together, we have constructed
the high P-T phase diagram of vanadium up to ~100 GPa
and ~4400 K including the rh-bcc phase boundary, fast re-
crystallization threshold, and melting curve (Fig. 4). The tran-
sition temperature between rh and bce V is ~1500-1600 K
and nearly flat at pressures of 52-100 GPa, which is gener-
ally consistent with the previous first-principles calculations
(Ref. [34]). Compared with literature XRD experimental re-
sults in LH DACs [14], the phase boundary between rh and
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FIG. 3. X-ray diffraction patterns of vanadium during and after laser heating at high pressure. (a) Integrated diffraction patterns of vanadium
during heating at 52.0(0.5) and 77(1) GPa. The observation of diffuse scattering rings (yellow regions) is indicative of the occurrence of liquid
vanadium. Azimuthally unwrapped x-ray diffraction images of vanadium during laser heating (b) and after temperature quenching (c) at ~77(1)
GPa. The patterns taken from ~2007 K in (b) and after quenching in (c) show continuous diffraction rings of polycrystalline vanadium. The
patterns taken from ~2506 K in (b) and after quenching in (c) show large spotty patterns of crystalline vanadium (in the boxes), indicating
grain growth textures due to fast recrystallization. The pattern taken from ~4192 K in (b) shows diffuse scattering signals of the liquid, and the
pattern after quenching from ~4192 K in (c) displays continuous rings, which are indicative of fine-grained polycrystalline vanadium from the
fast temperature-quenched liquid. The integrated x-ray diffraction patterns shown as green lines in (b) and yellow lines in (c) are also plotted
for comparisons.
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FIG. 4. Phase diagram of vanadium at high P-T determined by
in situ x-ray diffraction in LH DACs. The experimentally observed
phases are displayed as solid blue squares (polycrystalline bcc),
open green diamonds (polycrystalline rh), solid blue triangles (bcc
fast recrystallization), and open red circles (liquid). The solid green
line represents the bcc-rh phase boundary. The dashed blue line
represents the fast recrystallization threshold of bee V at high tem-
peratures. The solid red curve represents the modeled melting curve
of the measured melting points using the Simon law. Literature x-
ray diffraction results [14] are also plotted for comparisons, where
open black squares, diamonds, triangles, and circles represent the
polycrystalline bce, polycrystalline rh, fast recrystallization in bcc,
and liquid vanadium, respectively.

bce V agrees well with each other. The fast recrystallization
threshold of bee V at high P-T in the present study is signifi-
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cantly lower than the results in Ref. [14]. The difference here
is likely a result of different heating durations (continuous vs
burst laser heating) and/or initial sample thickness (~5 vs
6-8 um) in these studies, although original XRD images
reporting the large spots of recrystallized vanadium were not
available for direct comparisons (Figs. 3(b) and 3(c) and
S3 [41]).

C. Shock temperatures and melting of vanadium
under shock compression

The interface temperatures between vanadium and the LiF
window under shock compression were measured using a
two-stage light-gas gun to determine the melting tempera-
tures of vanadium along the Hugoniot. Shock pressures were
determined using the impedance matching method from the
measured impact velocity and known Hugoniot equations of
state for Ta [51] and Cu [49,50] flyers, LiF window [45],
and vanadium sample [48]. Four shots were performed at the
shock pressures of 214-256 GPa (Table I), which were de-
signed to target the shock melting curve of vanadium based on
the previous measurements of the longitudinal sound veloc-
ity [22]. The corresponding V/LiF interface pressures are from
~139 to 167 GPa. Typical high time-resolution radiant spectra
of shocked vanadium at the interface are shown in Fig. 5(a),
which were obtained from a 16-core silica fiber probe in the
pyrometer. The collected emission intensity remains steady in
the time interval between points A and B, which corresponds
to the arrival times of the shock and rarefaction waves at the
V/LiF interface, respectively [Fig. 5(a)]. The interface tem-
perature (77) and emissivity (&) were determined by fitting the
emission spectra intensity to Planck’s equation for a graybody

)
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(b) 73
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FIG. 5. Temperature measurements of shocked vanadium using thermal radiation spectral radiance. (a) Typical spectral radiance profiles
measured in vanadium by a 16-channel quasispectral pyrometer at the V/LiF interface pressure of 139.2(2.1) GPa (shot no. T1). Fitting the
measured spectral radiance using Planck’s radiation equation yields an emissivity (&) of 0.26(0.03) and a temperature of 4288(228) K (b).
The determined temperature profile during shock compression is shown in (c). Blue and green dashed lines represent the lower and upper
limits of the measured temperature, respectively. Points A and B indicate the arrivals of the shock and rarefaction waves at the V/LiF interface,

respectively.
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TABLE II. Hugoniot and melting temperatures of vanadium under shock compression. 7; is the measured temperature at the V/LiF
interface pressure P; by the pyrometer experiments. 7,, and k,, are the shock temperature and thermal conductivity of LiF window at P; [68],
respectively. The thermal conductivity of vanadium («;) at high P-T is still unclear, so we used the thermal conductivity of ~35 W/m/K at
ambient conditions [69]. It is noted that high P-T can modify the thermal conductivity of transition metals, e.g., in iron [70,71]. If the thermal
conductivity of vanadium at high P-T differs by a factor of 2-3 with the value at ambient conditions, it will introduce an extra uncertainty of

~100 K for the Hugoniot temperatures.

Shot No. T; at P (K) T, at P (K) «, at Py (W/m/K) o Tr (K) Ty at Py (K) T, at P, (K)
Tl 4288(228) 3250(300) 3.1(0.4) 25 4696(272) 5426(338) 4492(291)
™ 4330(287) 3370(400) 3.0(0.4) 2.6 4700(323) 5433(380) 4515(347)
T3 4617(272) 3430(400) 2.6(0.4) 2.8 5041(310) 5834(369) 4829(344)
T4 4900(293) 3470(400) 2.4(0.4) 2.9 5390(329) 6242(385) -

radiation function [Fig. 5(b)]. The fitting function is defined
as follows [46]:

Nexpt(A, &, Tr) = eCiA7 [exp(Co/ATy) — 1171, (1)

where Ny is the spectral radiance, the radiation constants
are C; =1.19106 x 107'*Wm?/Sr and C, = 1.43878 x
1072mK, and the emissivity is assumed to be independent
of wavelength. A typical fitting of the spectral radiance vs
wavelength at the interface pressure of ~139.2 GPa is shown
in Fig. 5(b), and the results for the other three shots are
shown in Fig. S4 in the Supplemental Material [41]. Anal-
ysis of the thermal radiation spectra with a time resolution
of 3 ns provided the time-resolved temperature profile dur-
ing the shock compression [Fig. 5(c)]. The time-dependent
temperature profile remains nearly constant during shock
compression except in the first ~20 ns of the shock-wave
arrival [time point A, Fig. 5(c)], where a spike peak of ~400
K appeared due to the shock-induced flash from the interfacial
residual gas.

The shock temperature 7y of vanadium was then deter-
mined from the measured 7; through a Mie-Griineisen thermal
relation [23,56]:

\Z
Ty = TRexp[— ()//V)dV:|, 2)
Vr
Te = Ty + M 3)
172
_ |: (pCx)s j| (4)
(0Cr )y

where Ty is the LiF window temperature, and p, C, and « are
the density, heat capacity, and thermal conductivity, respec-
tively, at the interface pressure P; for the vanadium sample
(subscript: S) and window (subscript: W) (Table II). The mea-
sured shock temperatures of vanadium are shown in Fig. 6(b)
(red circles). Based on the previous sound velocity data
[Fig. 6(a)], our results indicate that vanadium starts to melt
along the Hugoniot at 213.9(3.2) GPa and 5426(338) K, and
melting completes at 246.1(3.4) GPa and 5834(369) K. The
present shock temperatures of vanadium are ~1000-2000 K
lower than the previous results at 200-250 GPa by Ref. [22]
[Fig. 6(b)]. We observed a discontinuity in the present Hugo-
niot temperature which is taken as the melting point from

solid Hugoniot to liquid Hugoniot, but this behavior was not
found in Ref. [22] [Fig. 6(b)]. The pyrometer used in Ref. [22]
had only six channels in the wavelength range, which was
not sufficient to reliably derive an accurate temperature from
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FIG. 6. Melting temperature of vanadium determined from lon-
gitudinal sound velocity and shock temperature measurements at
high pressure. (a) A sharp decrease of the longitudinal sound velocity
at ~210-240 GPa (solid black circles) is indicative of shock-induced
vanadium melting [22]. The drop in the longitudinal sound velocity
of vanadium at ~40-80 GPa is due to the bcc-rh phase transition
under shock loading (solid black squares) [58]. The dashed lines are
plotted to guide the eyes for the sound velocity evolution during
shock. (b) High P-T phase diagram and Hugoniot states of vana-
dium. Shock temperatures along the Hugoniot states (7, solid red
circles) and melting temperatures at partially released (interface)
states (7,,, solid red triangles) are plotted using results from this
study. Previously reported shock Hugoniot temperatures of vanadium
in Ref. [22] are also plotted for comparisons (open black circles
and dash-dot line). The gray band represents the calculated solid
Hugoniot temperatures of vanadium, where the lower and upper
boundaries are from Refs. [14] and [37], respectively. The dashed
gray line represents the liquid Hugoniot temperatures of vanadium.
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the graybody fit to the measured thermal radiation spec-
tra; additionally, their sample was sputtered onto a sapphire
window ~4 pm thick [22], which might have introduced
porosity and/or an imperfect sample/window interface.

Our experimental results on the melting temperature are
generally consistent with the recently calculated solid Hugo-
niot Ty of vanadium by ab initio molecular dynamics and DFT
with the Z method [gray band in Fig. 6(b)]. Liquid Hugoniot
Ty of vanadium is then obtained using the measured shock
temperatures above ~246 GPa [gray dashed line, Fig. 6(b)],
whereas solid Hugoniot Ty is reduced by AT ~ 1200(200) K
across melting due to the latent heat of melting for vana-
dium. The entropy change (AS) across melting can thus be
estimated to be ~0.66R (R: gas constant) by the equation of
AS = Cy(AT/T,,), where Cy is the heat capacity of vana-
dium (& 0.49J/g K = 3R), and T, is the melting temperature
of ~5426 K at the onset melting pressure of ~214 GPa. The
estimated AS is consistent with the approximated value of
melting for simple substances (& RIn2) [57]. If we use the
calculated Hugoniot temperature and our determined phase
diagram of vanadium, we can also constrain the bce-rh phase
boundary on the Hugoniot. Figure 6(b) indicates that the solid
Hugoniot P-T of vanadium crosses the rh phase boundary
at ~46 GPa and ~600 K and at ~95 GPa and ~1600 K,
respectively. The longitudinal sound velocity data of shocked
vanadium also show a softening across the same pressure
range [Fig. 6(a)] [22,58]. The sound velocity recovers normal
behavior upon further shock pressure increase because the rh
V transforms back to the bec phase at the Hugoniot pressure
of above ~90 GPa.

When a metal or an alloy is shocked to the pressure on the
solid-liquid boundary, its partial release path follows the melt-
ing boundary through an isentropic release and subsequently
thermal conduction at the sample/window interface [27,59].
Therefore, the melting temperature (7,,) of vanadium at the
V/LiF interface pressure (P;) can also be obtained from
the measured 7; through a one-dimensional heat conduction
model [21]:

Tn =T+ (T = Tw)/ Qo) = (T; + Tr) /2. &)

We obtained the melting temperatures of vanadium at the in-
terfacial pressures of 139-167 GPa [solid triangles, Fig. 6(b)],
which partially released from the Hugoniot pressures of 214—
246 GPa (Table I). As a result, the melting temperatures
of vanadium are determined at pressures from ~139 to 246
GPa in this study. The present shock experimental results
are consistent with the extrapolation of our static LH-DACs
results [Fig. 6(b)]. Using the melting points derived from our
static and shock experimental results, the melting curve of
vanadium can be modeled using the Simon-Glatzel equation:

P—P N\
T=T(—=+1)". (©)
where the parameters are a = 26.3(3.9), b = 2.45(0.16), and
To = 2183 K at ambient pressure Py. The melting curve of
vanadium has an initial Clapeyron slope (d7,/dP) of 33.9
K/GPa at ambient pressure, which is overall consistent with
the previous values of 31.4-32.6 K/GPa [14,60]. The melting
slope gradually decreases with pressure to 13.4 K/GPa at
100 GPa and 7.6 K/GPa at 300 GPa.
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FIG. 7. High P-T phase diagram and melting curve of vanadium
at high pressure. The red line is the Simon-Glatzel fit to the present
melting points from in situ XRD experiments in LH DACs (solid
red squares) and shock pyrometer experiments (solid red circles).
The open star squares are our calculated melting temperatures of
vanadium by ab initio molecular dynamics based on DFT and the
two-phase method. The solid and open black diamonds are the melt-
ing points determined from XRD and temperature vs laser power
plateau in LH DACs in Ref. [14], respectively. The open black circles
are the melting points from shock experiments in Ref. [22]. The
solid green line is the melting curve determined by the laser- speckle
method in LH-DACs [2]. The open blue triangles and inverted tri-
angles are the calculated melting temperatures of vanadium by ab
initio molecular dynamics (Ref. [37]) and DFT Z-method techniques
(Ref. [14]), respectively, where the blue short-dashed and dashed
curves are used to show their trends, respectively. The symbol “+”
represents the estimated upper bound of the melting temperature of
vanadium by phonon dispersion calculations at high P-T [36].

D. Melting curves of vanadium and other d-orbital
transition metals

Figure 7 compares the melting curve of vanadium from
this study with literature data from previous experiments and
theoretical calculations. At pressures below 100 GPa, the
present melting curve of vanadium determined by in situ XRD
experiments is ~1000 K higher than previous ones using the
laser- speckle method in LH DACs in Ref. [2] (green line,
Fig. 7). Fast recrystallization and melting are endothermic,
and the speckles observed in Ref. [2] were likely affected
by the recrystallization that is indistinguishable optically at
high temperatures. Considering the error bars in the high P-T
melting curve of vanadium, the melting curve in our study
is overall consistent with literature results determined by in
situ XRD (solid black diamonds, Fig. 7) and temperature
vs laser-power plateaus (open black diamonds, Fig. 7) in a
continuously LH DAC (Ref. [14]).

The present melting curve of vanadium at shock pressures
above 100 GPa is ~1000-2000 K lower than that in previous
shock experiments in Ref. [22] (open black circles, Fig. 7).
The consistency in the melting results of bcc V between the
present shock and static experiments indicate a minor effect of
strain rate on the melting temperature of the simple structured
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metal. This result is also supported by our calculated melting
curve using AIMD-DFT and the two-phase method (open
squares in Fig. 7), as well as by the Z method calculation im-
plemented with quantum molecular dynamics of DFT (open
inverted triangles, Fig. 7) [14]. In particular, our calculation
employed the standard two-phase method for melting model-
ing. The melting curves of vanadium by these two methods
are very consistent with each other. However, the theoretical
results reported in Ref. [37] by AIMD technique are system-
atically ~10% lower (open triangles, Fig. 7), especially at
high pressures above 200 GPa. This small discrepancy (about
310 K at ~200 GPa) can originate in the low calculation
precision as employed in Ref. [37]. The measured melting
points of vanadium in this study are closer to our standard
two-phase method and the calculations using the Z method
(Fig. 7), indicating that our work successfully reconciles the
previously reported theoretical data in Refs. [14,37]. The
fact that the Z method can describe the melting behavior of
vanadium well indicates that superheating of solid vanadium
does not occur in dynamic experiments. On the other hand,
previous phonon dispersion calculations of vanadium at high
P-T using the self-consistent ab initio lattice dynamics method
(Ref. [36]) suggested a significantly higher melting point than
our experimental results (plus symbol, Fig. 7) and theoret-
ical predictions. The discrepancy could be explained by an
overestimation of the stability of rh V at high temperatures in
previous theoretical calculations [34].

Our work shows the convergence of the melting curve of
vanadium among results from static and dynamic experiments
as well as theoretical calculations. The consistency here indi-
cates that the melting curves of other d-block transition metals
at high P-T can also be reliably determined using the protocol
established here. On the other hand, the inconsistencies in the
previously reported melting curves between static and shock
experiments such as Mo [5], Ta [61], and W [2,30] at pressures
of 200-300 GPa can be interpreted as a result of different
melting diagnostics used, which varies by 2000-3000 K and
thus needs to be reinvestigated. We, therefore, have plotted the
melting curves of representative d-orbital transition metals for
comparisons, including 3d transition metals of V (this study),
Fe (Refs. [24,27]), and Ni (Ref. [62]); 4d of Zr (Ref. [63])
and Mo (Ref. [5]); and 5d of Ta (Ref. [12]) and Pt (Ref. [64])
(Fig. 8). These elements are selected as their melting curves
were determined using similar melting diagnoses in LH DACs
and/or shock compression. Specifically, the melting curves of
V and Fe taken from both shock and static experiments are
consistent with each other, while the melting curves of other
metals are taken from LH-DAC experiments with in situ XRD
diagnosis (Table S1 in the Supplemental Material [41]). These
results show that the 54 transition metals (Pt and Ta) have
higher melting temperatures than other 3d and 4d metals at
high pressures. Interestingly, Pt (5d) has a relatively lower
melting temperature at ambient pressure than some 4d (Mo)
or 5d (Ta) transition metals, but its melting slope (d7,,/dP) is
much steeper than the others. Except for Pt, the melting slopes
of these typical d-orbital transition metals flatten significantly
with increasing pressure. The relatively flat meting curve at
ultrahigh pressure indicates that the volume change (AV) of
melting for most d-orbital transition metals becomes smaller
with increasing pressure than the entropy change (AS) accord-

x103
7.0 T T T T

Temperature (K)

0 50 100 150 200 250
Pressure (GPa)

FIG. 8. Melting curves of representative transition metals V, Mo,
Ta, Zr, Fe, Ni, and Pt at high pressures. The melting curves of
these transition metals are determined by in sifru XRD in LH DACs
and/or quasispectral pyrometer measurements in shock compression.
The melting curves of V (this study) and Fe (Refs. [24,27]) up to
~250 GPa are obtained from in situ XRD and shock pyrometer ex-
periments, which are consistent with each other. The melting curves
of Ni (Ref. [62]), Zr (Ref. [63]), Mo (Ref. [5]), Ta (Ref. [12]), and Pt
(Ref. [64]) are determined using in siftu XRD in LH DACs.

ing to the Clausius-Clapeyron relation (37,,/0P = AV/AS).
On the other hand, in these transition metals, V, Ta, and Mo
melt from the bee phase; Fe (<~100 GPa), Ni, and Pt melt
from the fcc phase; and Fe (>~100 GPa) and Zr melt from the
hcp phase. We should note that the solid structural transitions
in some metals are known to affect the curvatures of their
melting curves (Fig. 8). For example, it has been argued that
the melting from the bcc phase should have a lower melting
slope than those from fcc and hcp phases because bee metals
have a smaller packing ratio (~0.68) than fcc and hcp transi-
tion metals (~0.74), so the volume change upon melting for
bce metals can be smaller [2]. However, this reasoning does
not work well according to recent works. Bcc Mo indeed has
a significantly lower melting slope than Ni (fcc), Fe (fcc/hep),
and Zr (hcp), but the melting slopes of becc V and bee Ta do
not follow this trend. Physically, the melting point of a metal
depends on the (shear) strength of the metallic bond, which
is sensitive to the numbers of shared delocalized electrons per
atom, the size of the cation, and the compressibility, to name a
few [65—67]. Further experimental and theoretical studies on
the melting slopes for other d-orbital transition metals under
high pressure are required to systematically understand their
melting mechanisms.

IV. CONCLUSION

We have studied the melting behavior of vanadium at high
pressure and temperature using complementary synchrotron
x-ray diffraction in LH DACs, pyrometer measurements in
a two-stage light-gas gun, and AIMD-DFT simulations with
two-phase melting modeling. The appearance of diffuse scat-
tering signals is used to determine the melting of vanadium
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using synchrotron XRD in LH DACs and the changes of
crystalline textures provide additional constraints on the melt-
ing behavior and the fast recrystallization of vanadium. The
melting curve of vanadium has been determined up to ~100
GPa and ~4400 K in LH DACs. At higher pressures of
140-260 GPa, the melting temperatures of vanadium were
determined using the time-resolved quasispectral pyrometer
under shock loading. The derived melting temperature is
~1000-2000 K lower than previous shock data. The present
shock melting curve is consistent with the extrapolated melt-
ing curve by our x-ray diffraction experiments in LH DACs.
Our study reconciles the discrepancy of vanadium on the
phase diagram and melting curve at high pressure and temper-
ature under static and dynamic compressions, as well as with
the theoretical predictions. The melting curve of vanadium
in the present study agrees well with the recent theoretical
calculations by AIMD and DFT calculations, and dismisses
the theoretical discrepancy reported in Refs. [14,37]. Our
results indicate that both the Z method and the AIMD-DFT
simulations with the two-phase method can describe the melt-
ing behavior of vanadium at high pressure very well, which
further supports the argument that there cannot be signifi-
cant superheating effects in static or dynamic experiments, in
sharp contrast to the previous hypothesis. This study provides
us a sound methodology of combined static and dynamic

experiments and theoretical approaches to determine the
phase diagrams and melting curves of d-orbital transition
metals and their compounds at ultrahigh P-T.
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