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Titanium alloys are used in a large array of applications. In this work we focus our attention on the most used
alloy, Ti-6Al-4V (Ti64), which has excellent mechanical and biocompatibility properties with applications in
aerospace, defense, biomedical, and other fields. Here we present high-fidelity experimental shock compression
data measured on Sandia’s Z machine. We extend the principal shock Hugoniot for Ti64 to more than threefold
compression, up to over 1.2 TPa. We use the data to validate our ab initio molecular dynamics simulations and to
develop a highly reliable, multiphase equation of state (EOS) for Ti64, spanning a broad range of temperature and
pressures. The first-principles simulations show very good agreement with Z data and with previous three-stage
gas gun data from Sandia’s STAR facility. The resulting principal Hugoniot and the broad-range EOS and phase
diagram up to 10 TPa and 10° K are suitable for use in shock experiments and in hydrodynamic simulations.
The high-precision experimental results and high-fidelity simulations demonstrate that the Hugoniot of the Ti64
alloy is stiffer than that of pure Ti and reveal that Ti64 melts on the Hugoniot at a significantly lower pressure

and temperature than previously modeled.
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I. INTRODUCTION

A. Ti-6Al-4V properties and applications

Unraveling the structure-property-performance relation-
ship of metal alloys subjected to high-pressure and high-
temperature conditions is of fundamental importance in the
field of condensed matter physics, with numerous technolog-
ical applications. Appearing in the United States in 1954,
Ti-6Al-4V (Ti 90 wt%, Al 6 wt%, V 4 wt%), also called
Ti64, remains the most used of titanium alloys in commercial
and in industrial applications. It displays excellent mechan-
ical (high strength-to-weight ratio, high fatigue resistance,
etc.), biocompatibility properties, and outstanding corrosion
resistance together with ease of machinability [1]. Due to its
reliable performance Ti-6Al-4V possesses a range of appli-
cations in aerospace, automotive, and biomedical (protheses
and implants) fields as well as in chemical plant, power gen-
eration, oil and gas extraction, sporting goods, and building
applications [1].

Pure titanium crystallizes in the « hcp lattice (hexagonal
closed packed, structure: space group 194, P63/mmc) at low
and ambient temperature, while at high temperature (1155 K)
it transitions to a B bcc lattice (body-centered cubic, struc-
ture: space group 229, Im—3m). The Ti-6Al-4V alloy is a
two-phase alloy of titanium with substitutional aluminum and
vanadium. At ambient conditions, Ti64 crystallizes predom-
inantly in the hcp lattice, or o phase, but with a smaller
fraction by volume of bcc or B phase Ti64 around the o
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grain boundaries. In Ti64 the inclusion of aluminum stabilizes
the o phase while the 8 phase is stabilized by vanadium.
Stabilization occurs by increasing or lowering the transition
temperature to the 8 phase through addition of Al or V, re-
spectively. Hence the material is sometimes called an o + 8
Ti alloy [1,2]. Alloying of the substitutional elements Al and
V increases the strength of Ti64 compared to pure titanium
[3].

For applications at extreme conditions such as defense,
aerospace, or nuclear industries, it is paramount to have a good
description of the mechanical response of the Ti64 alloy to
extreme pressures and temperatures. Yet the ubiquitous Ti64
alloy is much less studied, compared with the many investiga-
tions on pure Ti, including static and shock compression (see,
for example, the book chapter by Velisavlijevic and references
therein [4]).

The Ti64 Hugoniot was only examined in a few shock
compression works up to 250 GPa, with most publications
focusing on the region up to ~20 GPa: Rozenberg et al.
measured the Hugoniot up to 14 GPa with manganin gauges
[5]. Dandekar et al. [6] as well as Hopkins and Brar [7]
explored the Hugoniot elastic limit up to 13 GPa. Andriot et al.
measured the Hugoniot up to 64 GPa with velocimetry [8].
Winfree et al. extended the Hugoniot EOS of Ti-6Al-4V up to
250 GPa with shock experiments on a three-stage gas gun [9].
Recent works have focused on Ti64 under static compression
in a diamond anvil cell [10-12] including high-pressure and
temperature measurements [13].
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The equation of state (EOS) of a material plays a key role in
describing how the material changes volume and temperature
during compression. The Hugoniot, in turn, is a key parameter
for describing shock compression of a material and therefore a
particularly important component of building analytical EOS
models. The scarcity of shock compression experimental data
above 250 GPa is a limiting factor for developing a truly pre-
dictive Ti64 model. In the absence of adequate experimental
data to further understand the high-pressure response of this
metal alloy, an equation of state (EOS) for Ti64 cannot be
constrained and validated.

Here we show, through high-precision shock experiments
and high-fidelity simulations, that the shock response of Ti64
is stiffer than in pure Ti and that the melting point on the
Hugoniot is at a lower pressure and temperature than pre-
viously assumed. We present experimental measurements of
the principal Hugoniot of Ti-6Al-4V on shock compression
up to 1.27 TPa (or 1,270 GPa) using the Sandia Z machine.
We couple experimental data with ab initio molecular dy-
namics (AIMD) simulations, as well as we develop a new
broad-range, multiphase SESAME EOS and phase diagram
up to 10 TPa and 10° K. This EOS table is suitable for
use in shock experiments and in hydrodynamic simulations
requiring a high-accuracy EOS description of Ti64.

B. Shock compression

Shock compression is the primary method for exploring
the extreme thermodynamic states of stress and temperature.
A single shock compression experiment consists of the mea-
surement of a material’s end state achieved by single shock
wave compression at constant velocity, from a given initial
(ambient) state. In a simple shock experiment the conservation
of mass, momentum, and energy is described by Rankine-
Hugoniot jump conditions [14,15] [Egs. (1)-(3)], where P, p,
and E are the pressure, density, and specific internal energy,
respectively, of the shocked material relative to its initial state,
denoted with the subscript 0. P, p, and E are related by the
shock velocity (Us) and particle velocity behind the shock
front (Up) of the shock wave:
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The “Hugoniot” is then defined as a collection of loci of
material end states achieved from a given initial state, and in
practice it is a collection of P-p data points or Us-Up data
points. By definition, the “principal Hugoniot” initiates from
ambient conditions, while nonambient initial conditions lead
to measuring “off-Hugoniot” states. To describe the Hugoniot
from a collection of single shock experiments one must mea-
sure two out of the five unknown quantities: Up, Us, p, P, or
E. Typically the easiest to measure in a shock experiment is
either Up or Us, but both cannot be measured in one experi-
ment (except in the special case of a symmetric impact, where
the sample and the impactor are made of the same material).

Instead, one can use a process in which a well-characterized
standard material with a known Hugoniot (Al, Ta, etc.) is used
as the impactor material. This allows one to infer the pressure
and density of the material of interest: this is called impedance
matching with a standard [16]. Current impedance match-
ing techniques utilize Monte Carlo algorithms to propagate
uncertainties in Hugoniot states by incorporating all random
experimental uncertainties as well as systematic uncertainties
from the standard. The process of Monte Carlo impedance
matching is detailed in the following section.

II. EXPERIMENTS ON THE Z MACHINE, VISAR,
DATA PROCESSING, AND ANALYSIS

We carried out shock compression experiments using the
Sandia National Laboratories’ Z Machine [17]. The Z ma-
chine is a pulsed power system capable of producing shaped
current pulses and inducing magnetic fields of more than
20 MA and 10 MG, respectively. One can utilize the Z ma-
chine to accelerate aluminum flyer plates up to 40 km/s [18]
to probe shock Hugoniot states. In this study, the highest
velocity achieved was 30.8 km/s. In the present experi-
ments, we generated shocked states from 0.21 TPa up to
1.27 TPa (210 GPa to 1270 GPa) using the two geometries
illustrated in Fig. 1: the coaxial geometry and the two-sided
stripline geometry for extremely high velocity experiments.
The Al flyer plate was shocklessly accelerated toward the
target stack composed of a sample of Ti-6Al-4V Grade 5
(Ti-6Al1-4V, Grade 5 per ASTM B 348, Al = 6.24 wt%, V =
3.97 wt.%, 300-500 um thickness depending on experiment,
4.43 g/cm?) and an alpha-quartz window. While the back side
of the flyer was melted by the high driving current, the impact
side of the flyer remained at solid density [18], producing a
steady shock in the sample upon impact. For example, in the
highest pressure shot, the flyer thickness was 1050 ns and the
experiment was designed to produce at least 20 ns of steady
shock wave, while the actual transit time through the sample
was less than 20 ns.

We used two, push-pull velocity interferometer system for
any reflector (VISAR, [19,20]) systems with dual velocity per
fringe (VPF) capabilities to measure velocity of the flyer plate
from rest up to impact with the target (Fig. 1). Three VISAR
signals were typically recorded for the sample eliminating
ambiguities and providing redundant measurements for im-
proved precision. Typically, three different VPFs were used on
each sample and each window above or below the sample, for
example, 0.5878 km/s/f, 1.0632 km/s/f, and 1.4317 km/s/f.

Since the sample is opaque to VISAR light, impact time
was determined from fiducials observed in transparent win-
dows adjacent to the opaque sample stack. Impact time was
then corrected for any measured tilt of the impact plane and
for the relative offset of the two windows as compared to
the opaque sample (typically a few microns). Shock breakout
was directly monitored at the back surface of the opaque
sample, through a window. The sample shock velocity (Us)
was calculated using the transit time determined from the
VISAR fiducials and the measured thickness. The shock wave
was also monitored in a thick quartz witness window, which
allowed us to determine any necessary correction due to ac-
celeration of the flyer and apply this correction to the Us
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FIG. 1. A shock compression experiment on the Z machine. (a) Schematic of the asymmetric coaxial load configuration for lower velocity
experiments and (b) that of the two-sided symmetric stripline configuration for high-velocity experiments, illustrating how flyer acceleration
is produced, and the need for multiple VISAR signals. (c) Representative measured VISAR signals from one of the high-velocity experiments
on Ti64, and the workflow to obtain a Hugoniot point from the measured quantity Af.

of the sample. For the transit time measurements, the uncer-
tainty was typically less than 0.5%. In the VISAR analysis,
we determined the shock velocity via the transit time using
unprocessed VISAR signals. To calculate transit time, we
determined when the raw VISAR signal exhibited a change
larger than the standard deviation of the signal prior to the
change. That marked the impact and the transit into the back-
ing window. The standard deviation from the transit time
determination and the uncertainty in the sample thickness was
used to determine the uncertainty in the shock velocity. The
initial densities of the Ti64 sample and Al flyer plate, the
measured flyer velocity at impact (Vy), and the inferred Us
of the sample, enables calculation of the sample Hugoniot
state density (p), pressure (P), and particle velocity (Up).
The Hugoniot state was determined using a Monte Carlo
impedance matching analysis [21,22] to solve the Rankine-
Hugoniot equations [Eqs. (1)—(3)] [15]. The Monte Carlo
impedance matching (MCIM) method accounts for the cor-
related and uncorrelated uncertainties in the experimental
measurement and the Al Hugoniot standard. In the MCIM,
uncorrelated random numbers with one standard deviation
equal to the measurement uncertainty were used to perturb
the flyer velocity, the shock velocity, and the initial densities
about their mean values. Correlated random numbers were
used to perturb the fit parameters for the aluminum Hugoniot
standard. The linear fit parameters and correlation between
the parameters used for the aluminum standard are listed in
Table 1. The impedance matching calculation was performed
to determine Up, p, and P in the Hugoniot state. The data

TABLE I. Aluminum flyer plate Hugoniot linear fit parameters
and covariance matrix parameters for Us = Cy + S1Up.

Flyer Cj(km/s) S (7620 x10° 052] x10®  ocoos x10°
Al 6.322+ 1.188+ 53.58 0.4195 —4.605
0.231 0.020

were saved, and the calculation restarted using new random
numbers. A database of Hugoniot states was built for 107
iterations and the final Hugoniot state was calculated as the
mean with one standard deviation of the distribution as the
uncertainty. The experimentally determined Hugoniot states
with uncertainties are listed in Table II.

III. AB INITIO MOLECULAR DYNAMICS
CALCULATIONS

First-principles density functional theory (DFT) was used
to conduct ab initio molecular dynamics (AIMD) calculations
of the Hugoniot using the Vienna ab initio simulation package
(VASP) [23-26]. The AIMD simulations were performed in the
canonical (NVT) ensemble with the Mermin generalization
of the Kohn-Sham equations to finite temperature [27]. The
exchange-correlation energy was computed with the param-
eterization of Perdew, Burke, and Ernzerhof (PBE) [28]. In
the Kohn-Sham equations, the nuclei were represented by a
projector augmented wave (PAW) method [29]. The pseu-
dopotentials contained three electrons, 12 electrons, and 13
electrons for aluminum, titanium, and vanadium, respectively.
The cutoff energy was set to 700 eV. The k-point mesh was
Monkhorst-Pack [30] 2x2x2 for a 128 atom hcp reference
cell. The vanadium 4 wt% and aluminum 6 wt% were rounded
to an integer number of five and 13 atoms, which were sub-
stituted randomly into the titanium lattice (Fig. 2), because
DFT is not realistically capable of looking at grain boundary
effects. The vanadium 4 wt% and aluminum 6 wt% atoms
were substituted randomly into the titanium lattice (Fig. 2)
using the ATAT code [31]. Three different initial atom position
configurations were tested and the difference in energy and
pressure between them was negligible. We only examined
the « (hcp) phase on the assumption that the vast majority
of the material would be in this phase and the contribution
to the reference state by the § (bcc) BCC grain boundary
would be small. The simulation ran for 6 picoseconds at 0.6
fs per time step for ion motion using velocity scaling as the
thermostat. The 6g/cm® Hugoniot point is in the w phase,
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TABLE II. Experimental data for the principal Hugoniot of Ti-6Al-4V. The initial density was 4.43 g/cm?® with an uncertainty of 0.3%.

VF Up US 1% P

Flyer (km/s) (km/s) (km/s) (g/cc) (GPa)

Al 10.50£0.02 4.68+0.03 10.03£0.04 8.31£0.07 208.0£2.0
Al 11.98 +£0.04 5.30£0.05 10.96 +0.15 8.58+0.18 257.4+2.8
Al 12.66 +0.03 5.57+0.04 11.45+0.07 8.63 £0.09 282.7+2.1
Al 12.88+0.01 5.68 £0.04 11.50£0.09 8.76 £0.11 289.3+2.2
Al 14.70 £0.01 6.46+£0.04 12.55+0.09 9.13+0.11 359.0+3.0
Al 17.87+£0.02 7.79 £0.05 14.44+0.14 9.62+0.17 498.5+4.1
Al 24.04+£0.01 10.46 £0.06 17.80£0.12 10.75+£0.20 825.0+6.0
Al 30.83 +£0.06 13.43 +£0.08 21.344+0.15 11.96 £0.22 1270.0£10.0

so that simulation used 192 atoms. The higher compression
simulations were in the liquid phase and used 128 atoms.
Hugoniot material states were interpolated from bracketing
simulations. Table III lists the calculated Hugoniot states from
the present AIMD calculations.

IV. DEVELOPMENT OF A BROAD RANGE EOS

We developed a new EOS table in the SESAME format
[32,33], SES92966, which gives a broader range of densities
and temperatures than was feasible to produce with DFT. A
tabular-style EOS like SESAME is often required for many
types of simulations. SESAME tables have been used in hy-
drodynamic calculations since the early 1970s.

In the development of the SESAME EOS (see Fig. 3), we
used a standard three-term decomposition of the Helmholtz
free energy: cold curve, ion thermal, and electron ther-
mal components, i.e., F(T,V)= Fa(V)+ Fon(T,V) +
Feectron (T, V') [33]. The ion thermal component used a De-
bye approximation for the solid [34] and a corrected Debye
[35] approximation for the fluid [36]. The thermodynamic

" X
@
Qv

FIG. 2. Representation of the crystal lattice used in the AIMD
calculations: Ti: gray speres; Al: blue spheres; V: red spheres.

Griineisen gamma (. = 1.14) and reference Debye temper-
ature (6 = 318 K) in the ion thermal model [37] were set
by matching isobaric expansion data [38,39] and specific heat
[40]. The cold curve, in the form of a Birch-Murnaghan [41]
was determined by leveraging diamond anvil cell data and
density functional theory results as constraints. The derivative
of the Griineisen gamma (y) parameter with respect to den-
sity was obtained by matching shock compression data and
quantum molecular dynamic calculation in the fluid phase.
The electron thermal component was determined using the
Thomas-Fermi-Dirac (TFD) model. In the region of the liquid
shock data, the free parameters consist of gref, gref, for the ion
model and a fourth-order Birch-Murnaghan cold curve.

V. RESULTS AND DISCUSSION: EXPERIMENTAL SHOCK
DATA TO OVER 1.2 TPa, AIMD AND EOS

In this section we present the results of the three-pronged
approach of this project: experimental shock data to over
1.27 TPa, AIMD modeling to the same pressure and a high-
fidelity, multiphase SESAME EOS Ti64.

The experimental Hugoniot data in Us-Up space from the
Z machine experiment are presented in Fig. 4. The corre-
sponding experimental P-p states are presented in Fig. 5. We
also compare, in Fig. 5, the present Z data and AIMD sim-
ulations with: prior gun data from Hopkins [7], Andriot [8],
and Winfree [9], as well as with three EOS models: the new
SESAME 92966, which is developed in this work, SESAME
2970 for pure Ti [42], and SESAME 4061 for Ti64 [42]. The Z
machine Hugoniot data extend from 0.21 TPa to 1.26 TPa and
span a range of threefold compression (Figs. 4 and 5). The
lowest pressure points from the Z machine (208-257 GPa)
overlap with gas gun data from Winfree [9] and hence provide
continuity between data from different platforms.

It is straightforward to conclude from the results in Figs. 4
and 5 that the AIMD calculations are in excellent agreement
with the experimental data from Z. Because the AIMD is
entirely independent from the experimental data, the agree-
ment between theory and experiment provides a high degree
of confidence in AIMD calculations. The SESAME 92966
EOS developed in this work is consistent with the Z data
and the AIMD calculations, over the range covered by the
experiments (Fig. 5). The high precision shock experiments
and high-fidelity simulations in Fig 5 all display an increased
curvature towards lower densities in P-p space, or stiffening
in the Hugoniot with respect to pure Ti (SESAME 2970).
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TABLE III. DFT-MD Hugoniot data for Ti-6Al-4V.

No. atoms o (g/cm?) T (K) Pressure (GPa) Energy (J/kg) Up (km/s) Us (km/s)
128 5.0 364.4 16.2 —1.96x 107 0.650 5.703
192 6.0 887.5 54.3 —1.82x107 1.796 6.862
192 7.0 2860.3 110.0 —1.53x107 3.022 8.232
128 7.5 3951.2 146.6 —1.31x107 3.683 8.998
128 7.7 4744 4 164.0 —1.20x107 3.968 9.343
128 8.0 6358.5 194.2 —1.01x107 4.425 9.917
128 8.3 8409.0 228.1 —7840731 4.902 10.514
128 9.0 149124 334.8 —659253.9 6.197 12.204
128 10.0 30714.9 571.5 1.61x107 8.479 15.222
128 11.0 58752.1 974.6 4.59% 107 11.464 19.195

Examining the Hugoniot in Us-Up space or in P-p space
(Figs. 4 and 5) can be a valuable way to identify possi-
ble phase transitions, including shock melting. Examples of
shock-melt in metals detectable as slight discontinuities in
the Hugoniot in Us-Up or a subtle steepening in P-p space
are Al [43], Fe [44], Cu [45], and V [46]. In Fig. 4(a) at
Up ~ 3.8km/s we observe a discontinuity in the Hugoniot,
which also appears in Fig. 5 as a subtle steepening in P-p
space beginning at p ~ 7.4 g/cm? or P ~ 140 GPa. This dis-
continuity likely arises from shock-driven melt in Ti64. It has
been proposed [47] that the effects of pressure and material
properties on the shock response are more easily seen and
analyzed by plotting Us-Up vs Up. Such a plot recasts shock
velocity in a frame of reference moving with the material be-
hind the shock, i.e., with velocity Up and can be very useful to
highlight slope changes due to shock-melt transitions [43,47].
Figure 4(b) shows Us-Up as a function of Up for Ti64. In
Fig. 4(b) we note the very clear change in slope in the region
Up ~ 3.8 km/s (or p ~ 7.4g/cm? or ~130 GPa), which we
interpret as a shock-melt transition.

AIMD simulations were performed near melt for p =
7.0g/cm? at 3000 K and 3500 K and 7.5 g/cm? at 3700 K
and 4000 K. We interpolate along temperature at constant

density for each Hugoniot point. Figure 6 shows the mean
atom displacement from two different simulations. The first
is at 7.0g/cm® and 3500 K and the second is at 7.5 g/cm?
and 4000 K. These two simulations were selected as they
are at bounding temperatures of our bracketing simulations.
Figure 6(a) shows the AIMD simulation at 7.0 g/cm® and
Fig. 6(b) shows 7.5 g/cm>. As can be seen, Ti64 is solid at the
lower temperature point, but has begun to melt at 4000K. Also
seen in Fig. 6(b) is the species-dependent and independent
displacement. The aluminum and vanadium shift as if they
are a liquid and then appear remain stationary for some time
before moving again. This is due to the low number of atoms
(13 Al and 5 V). To test this, we calculated the displacement
of the titanium in blocks of 13 atoms and saw similar behavior.
When the entire simulation is assumed to be a single species
[Fig. 6(b), line marked “combined Al+Ti+ V], this artifact of
averaging over few atoms is no longer present. The constant
increase in displacement [Fig. 6(b)] is an established signature
of a liquid system.

Over the range of all the experimental data from the Z
machine and from literature the Us-Up data exhibit a slight
curvature (Fig. 4). To facilitate the use of Ti64 as an exper-
imentally constrained impedance matching material, we fit a
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FIG. 4. (a) Ti64 Hugoniot Z data in Us-Up space, alongside
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line), and literature gun data. Also shown are the fits to the data:
linear fit (dashed black line) and cubic fit (solid orange line). (b) Plot
of Us-Up vs Up that highlights the change in slope due to shock melt.
The dashed line is a guide to the eye.

cubic polynomial to all experimental data:

U, = Co + C1Up + CU} + C3U;. 4)

The cubic fit results are listed in Table IV and the covari-
ance matrix elements are listed in Table V. This functional
form was chosen because the cubic polynomial captures well

TABLE IV. Parameters for the cubic fit of the Ti64 Hugoniot:
Us = Cy + S1Up + U2 + GU3.

Co(km/s)  Cy(km/s)™' G, (km/s)~ Cs (km/s)~
5411+ 0.709+ 0.086+ —0.0037 % 5.301
0.082 0.058 0.011 x107*
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FIG. 5. Ti6Al4V Hugoniot Z data in P-p space, alongside AIMD
data and SESAME 92966 (this work), literature gun data, and
two SESAME EOSs: SEAME 4061 and SESAME 2970 for pure
titanium.

the slight curvature in the data and the uncertainty in the fit
parameters are well approximated by Gaussian distributions.
This polynomial fit is only valid over the range of the exper-
imental data. Since impedance matching with a linear Ug-Up
is often sufficient for experimental design and simulation of
simple configurations, we also list a linear fit to the experi-
mental data from the Z machine and from literature. The linear
fit has the advantage of being quick and easy to implement in
experiment planning and simulations. Linear fit results and the
covariance matrix elements are listed in Table VI.

Finally, putting together the present experimental and
AIMD results, in conjunction with the best available exper-
imental data, we generate a new tabular multiphase EOS for

——— — ;
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I iy solid
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FIG. 6. The mean atom displacement from two different simu-
lations: still solid Ti64 at 7.0 g/cm? at 3000 K (top) and Ti64 has
begun to melt at 7.5 g/cm? at 4000 K (bottom). Single species and
combined displacement are shown alongside each other.
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TABLE V. Covariance matrix elements for the cubic fit parameters.

aco ocl ac2 oc3
oco 0.0067 —0.00447 7.69223x107* —3.58048x107°
ocl —0.00447 0.00332 —6.03258x10~* 2.88611x107°
o 7.69223x 1074 —6.03258x107* 1.14434x 107 —5.61709%107°

ocs —3.58048x 107

2.88611x107°

—5.61709%107° 2.80993x 1077

Ti64. The overall EOS consists of the liquid phase as well
as the ambient phase and the higher-pressure crystal phases.
The new EOS SESAME 92966 is illustrated in Fig. 7, as a
wide-ranging phase diagram of Ti64 spanning 1 TPa and 10°
K. Fig. 7 shows the density and temperature range of the EOS
table as well as the assumed phase of the material as a function
of pressure and temperature. In the present SESAME 92966
the estimated onset of shock melt on the Hugoniot is ~110
GPa and ~3000 K (Fig. 7). This is in excellent agreement
with the observed discontinuity in the experimental Hugoniot
curve (Fig. 4). The AIMD calculations suggest that at 110 GPa
the material is still in the solid state; this is consistent with the
observation that DFT tends to overestimate melt temperatures
[48].

VI. SUMMARY AND CONCLUSIONS

In this work we examined the shock response of the ti-
tanium alloy Ti-6Al-4V (Ti64). New shock Hugoniot data
are presented from experiments on the Sandia Z machine.
The pressure ranges from 0.21 TPa up to over 1.27 TPa and
corresponds to a threefold compression of Ti64. The AIMD
calculations are in excellent agreement with the experimental
data. We also developed a high-fidelity, multiphase EOS of
Ti64, SESAME EOS 92966, spanning a broad range of tem-
peratures and pressures. The resulting Hugoniot is suitable for
use in experiments as an impedance matching standard, while
the new SESAME EOS is now validated with shock data
up to 1.2 TPa and can be used in hydrodynamic simulations
involving shock compression of solid materials. The wide-
ranging SESAME EOS and phase diagram up to 10 TPa and
10° K accesses higher density and higher temperature regimes
than the AIMD table, thereby allowing simulation of a wider
variety of experiments, particularly in regimes where AIMD
calculations are computationally intractable.

When comparing the Ti64 Hugoniot obtained in this work
with that of pure Ti [42], it is apparent that (Fig. 5) the Ti64
Hugoniot is stiffer with respect to pure Ti, where stiffening
corresponds to an increased curvature towards lower densities
in P-p space. Previous EOS models predicted [42] a sub-
stantial stiffening of the Hugoniot in the alloy, compared to
pure Ti. The present Z data and AIMD demonstrate that the
stiffening does occur, but to a lesser extent, over the threefold

TABLE VI. Ti64 Hugoniot linear fit parameters and covariance
matrix elements for Us = Cy + S,Up.

Co (km/s) S
4.6724+0.058 1.223+0.012

02 x10° 02, x10% oo x 107

1.156 2.354 3.469

compression. One can interpret the Hugoniot stiffening in
the alloy by considering that, at low compression, the P(V)
Hugoniot and the isentrope are close to each other. Then P(V)
is proportional to B(1-V/Vy) where B is the bulk modulus or
incompressibility of the material. For a material with a larger
bulk modulus, the Hugoniot will then be stiffer, i.e., have
a larger P(V) slope. The bulk modulus for the Ti64 crystal
phases ranges from 120 GPa to 156 GPa [13] while pure Ti
has smaller bulk moduli ranging from 110 GPa to 130 GPa
[49].

Ti64 melt on the Hugoniot was previously suggested [42]
to occur at 6000-6800 K and 182-207 GPa, while in pure Ti it
was proposed at 6000-7000 K and 178-202 GPa, based on a
thermodynamic multiphase model. That model also proposed
that shock-melt of Ti64 was likely being underestimated by
10%. Here we present evidence that shock melt of Ti64 is
in fact much lower, at p ~ 7.4 g/cm3 or ~140 GPa on the
Hugoniot. Moreover, a recent experimental work [50] showed
that in pure Ti the melt curve follows a much lower P and
T path. In reference [50] the melt curve for pure Ti was
measured experimentally in a diamond anvil cell combined

¢ AIMD - this work
Hugoniot -this work
§ MacLeod et al. [13]

100.0 101.0 102.0 10340

P (GPa)

FIG. 7. SESAME EOS 92966 wide-ranging phase diagram of
Ti64 spanning 10 TPa and 10° K. The & phase is represented in
green, the o phase in yellow, the B phase in red, and the liquid in
blue. The solid teal curve is the principal Hugoniot with overlapped
AIMD calculations (teal diamonds). The «-f phase boundary data
points (hollow diamonds) are from Ref. [13].
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with laser heating and that work reported, at 110 GPa, a range
of melt temperatures of 2800-3100 K. The melt curve in Ti64
is expected to be at least similar to that of pure Ti owing to the
predominance of Ti in the alloy’s composition: for example,
at ambient pressure Ti melts at ~1941 K and Ti64 at 1943 K
[51].
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