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Abstract

The PANDA code is used to build tabular equations of state (EOS) for titanium
and the alloy Ti4Al6V. Each EOS includes solid-solid phase transitions, melting,
vaporization, and thermal electronic excitation. Separate EOS tables are construct-
ed for the solid and fluid phases, and the PANDA phase transition model is used
to construct a single multiphase table. The model explains a number of interesting
features seen in the Hugoniot data, including an anomalous increase in shock ve-
locity, recently observed near 200 GPa in Ti6Al4V. These new EOS tables are avail-
able for use with the CTH code and other hydrocodes that access the CTH
database.
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Symbols and Units

Symbols and Units

P density [g/cm?®]

\ specific volume, V = 1/p [cm3/g]

T temperature [K]

P pressure [GPa]

E specific internal energy [MJ/kg]

A Helmholtz free energy [MJ/kg]

S entropy [MJ/(kg-K)]

B isothermal bulk modulus, B = p(dP/0dp); [GPa]
Cq sound velocity [km/s]

Ug shock velocity [km/s]

Up particle velocity [km/s]

R gas constant [8.31451x10°3 MJ/kg-mole-K]
wW atomic or molecular weight [g/mole]

k Boltzmann’s constant [1.38066x10 % MJ/K]
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Introduction

1. Introduction

Sandia National Laboratories (SNL) maintains an equation of state (EOS) data-
base for use with the three-dimensional hydrodynamics code CTH [2]-[4]. This
database includes default parameters for a number of materials and for several
EOS models that are described in Refs. [5][6]. The present study is part of a con-
tinuing effort to evaluate and improve this database [7]-[14].

This report describes new EOS tables for titanium and its important alloy
Ti6Al4V. The tables were constructed with the PANDA code [15], using a model
that includes solid-solid phase transitions, melting, vaporization, and thermal
electronic excitation. The approach is similar to that discussed in Refs. [10]-[14];
separate EOS were first constructed for each phase, and the PANDA phase transi-
tion model was used to create a single multiphase table including the transitions.

Titanium has an interesting phase diagram. It has been studied extensively, in
both static and shock wave experiments and in theoretical calculations. Five solid
phases—a, B, w Yy, and d—have been identified [16]-[19]. a, which has the hcp
structure, is the stable phase at room temperature and pressure (RTP). 3, which
has the bcc structure, is formed at zero pressure and high temperatures (>1166K).
w which has a distorted hexagonal structure, is formed on compression to 9-10
GPa at room temperature; this phase is also metastable on release back to zero
pressure [20]. Melting occurs at 1941K.

The other two Group IV transition metals—Zr and Hf—have phase diagrams
similar to that of Ti. Since Zr and Hf both transform from the w phase to the (3
phase at high pressures [21][22], it was expected that Ti would exhibit the same
behavior [23][24]. Instead, recent measurements showed that Ti transformed from
wto y (distorted hcp) at 120 GPa and from yto o (distorted bcc) at 140 GPa [18][19].

A number of shock wave studies have shown that the w phase is also formed on
shock compression, at 10-11 GPa [25]-[27]. The transition splits the shock into two
waves at pressures in the neighborhood of the transition. The w phase can even be
retained on release, if the samples are cooled before shocking [25]. Consideration
of the phase diagram shows that the Hugoniot also traverses the 3 phase before
crossing the melting curve; examination of the Hugoniot data does indicate a
transition near 60 GPa.

The phase diagram of Ti6Al4V alloy is not as well known. However, it has been
established that the alloy does not transform to the w phase when shocked. Shock
experiments similar to those for pure titanium did not show any evidence of split-
ting of the shock or any retention of the w phase on release [27]. In addition, the
shock velocity-particle velocity curve for the alloy lies above that for pure titani-
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Introduction

um at pressures above 10 GPa. The Hugoniot does exhibit evidence of a phase
transition near 40 GPa, but the volume change is less than the transitions seen in
pure titanium.

The EOS model for pure Ti is discussed in Sec. 2. The model development paral-
lels that described in Ref. [13]. However, three solid phases are included instead
of only one, leading to a more complicated phase diagram. Good agreement is ob-
tained with thermophysical data, static measurements, and Hugoniot data, in-
cluding measurements on highly porous materials.

The EOS model for Ti6Al4V is discussed in Sec. 3. This model uses the same basic
formulas as for pure Ti, but the w phase is omitted. The parameters for the zero-
Kelvin isotherms are computed using additive volume mixing of the pure Ti
phases with Al and V. The model predicts a stiffer Hugoniot for the alloy, in agree-
ment with the data. The model also predicts a large jump in shock velocity near
200 GPa, due to melting, that is consistent with recent Hugoniot measurements.

Conclusions and recommendations are discussed in Sec. 4.

Appendix A gives plots of the tension region for the two materials.

Titanium Equation of State 9



Pure Titanium

2. Pure Titanium

2.1 Model Overview

Our model for pure titanium includes four phases—a, 3, w3 and the fluid (includ-
ing liquid, vapor, and supercritical regions). The y and & phases were treated as
high-pressure extensions of the B phase, as discussed below. Separate EOS tables
were constructed for each phase, using a common energy zero (a-Ti at RTP). The
phase transition option was then used to construct a single multiphase table.

The EOS model for each phase is essentially the same as that previously used for
Be, Ni, W, and Au [13]. A detailed description of the formulas is given in Ref. [13],
and only the most important points are discussed here.

The model for the solid phase uses the Birch-Murnaghan formula for the zero-
Kelvin isotherm and the Debye model for the lattice vibrations. The solid parame-
ters were chosen to fit the following data: density [20][28][29], enthalpy and entro-
py [30], static compression [19][31][32], and Hugoniot [33]-[37]. Band-theoretical
calculations of Ostanin and Trubitsin [24] were also considered in making the fits.

The CRIS model for the fluid phase uses a zero-Kelvin isotherm, similar to those
for the solid phases, along with thermodynamic perturbation theory [38][39]. Ad-
ditional parameters are used to define the solid isotherm in tension and to match
the thermodynamic state of the liquid at the melting point.

The solid and fluid EOS also include the contribution from thermal electronic ex-
citation and ionization. This term was computed by merging calculations from
two quantum-statistical theories—the PANDA ionization equilibrium model at
densities below the metal-insulator transition, and a modified version of the IN-
FERNO model [13][40] at higher densities.

2.2 Solid Phases

The zero-Kelvin isotherms were fit to the Birch-Murnaghan (BM) equation ,

PLP) = 3Bo(n73 =N 1+3(n73-1)(B'5-4) . @

where n = p/py, and pgy, By, and ', are constants. To insure correct asymptotic
behavior at high densities, the PANDA extrapolation formula, which is based on
Thomas-Fermi-Dirac (TFD) theory, was used at pressures above about 100 GPa
(match density RTFD).

10 Titanium Equation of State



Pure Titanium

As we will show below, the Hugoniot for Ti traverses all three of the solid phases.
In fixing the parameters (3, and ', for each phase, special emphasis was given to
matching the Hugoniot in the appropriate pressure range. The parameters for w
and 3 were also constrained by the w—3 phase boundary.

Recent static measurements at 298K show that the w phase transforms first to vy,
then to §, in the pressure range 124-145 GPa [19]. Our model, like that of Ostanin
and Trubitsin [24], predicts the w—[3 transition temperature to decrease at high
pressures. In the absence of any other phases, the model predicts a transition from
wto B at room temperature and high pressure, as observed in Zr [21] and Hf [22].
Since existing data are insufficient to construct separate EOS for the yand d phas-
es, we have treated them as extensions of the B phase. A tabular isotherm for the 3
phase was constructed from two sets of BM parameters—the Hugoniot fit below
124 GPa and the fit of Akahama, et al. [19], above 145 GPa, with an interpolation
in the intermediate region.

In Ref. [13], the density dependence of the Grineisen function I' was computed
from the generalized Dugdale-MacDonald option. This option is not suitable for
use with the tabular isotherm because it uses both first and second deriviatives of
the pressure. Therefore, the following expression was used in this work.

r(p) = rref/r] +05(1—1/r])2: n= p/pref' (2)

where ps is the density at RTP. The RTP Grineisen parameter ' and Debye
temperature O, for the a and 3 phases were obtained by fitting thermal expan-
sion, sound speed, enthalpy, and entropy data. No thermophysical data are avail-
able for the w phase. However, the fact that the a—w phase boundary is nearly
independent of temperature indicates that the thermal properties for the two
phases are quite close. Therefore, the Griineisen parameter and Debye tempera-
ture for wwere taken to be the same as for a.

The EOS table for each solid phase was set to give its heat of formation, AfHO, at
RTP. This condition guarantees a common energy zero for use in the phase transi-
tion model. The heat of formation was chosen to match the a—3 transition temper-
ature at zero pressure and the a—w transition stress on the Hugoniot.

Table 1 lists eight parameters for each solid phase—the RTP density, the three BM
constants, the TFD match density, the RTP Griineisen parameter and Debye tem-
perature, and the heat of formation.

Titanium Equation of State 11
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Table 1: Parametersfor Ti phases.

parameter a B W liquid
P« (g/cc) 45018 45174 4.5810 -
Py (9/cc) 4.5405 455212 4.6205 same as 3
B, (GPa) 111.0 105.0 115.0 same asf
By 3.48 3.25° 3.35 same asf
RTFD 7.0 8.75 7.0 sameas 3
[ ref 1.184 1.010 1.184 -
Oref (K) 368.0 317.0 368.0 -
AH® (MIkg) 0.0 0.0859 0.0353 -
ECOH (MJkg) - - - 9.8926
RLJ (g/cc) - - - 4.05
FACLJ - - - 10
EFAC (MJkg) - - - 0.404
Wiig - - - 1.08

2 These values were used for pressures below 124 GPa. The values of
Akahama, et al. [19], p, = 5.5995 g/cc, B, = 211.2 GPa, B'y= 3.24, were
used at pressures above 145 GPa, as discussed in the text.

2.3 Fluid Phase

The thermodynamic functions for the fluid phase were computed using the CRIS
model [13][38][39], along with the contributions from thermal electronic excita-
tion. The CRIS model also uses a zero-Kelvin isotherm that is used to compute the
potential energy of an atom in the cage formed by its neighbors. When several sol-
id phases are present, as in this case, experience has shown that best results are
usually obtained by using the highest-density phase. In this work, we have used
the zero-Kelvin curve for the (3 phase, which is the most compressible phase at
high pressures. The liquid model also requires five additional parameters.
= The zero-Kelvin curve must be extended into tension using the so-called
LJ match option, requiring three parameters—ECOH, RLJ, and FACLJ.
ECOH, the binding energy, was computed from the heat of formation
data.

12 Titanium Equation of State
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= The parameters EFAC and w;, are used for “tuning” the model to
match the enthalpy and entropy of the liquid at the melting point.

The energy zero for the liquid was set by using the same energy shift as for the a
phase. Table 1 lists the parameters for the fluid phase.

2.4 Results

The model results are compared to zero-pressure thermophysical data and isobar-
ic expansion measurements in Fig. 1. The agreement is satisfactory for the solid
region and for the enthalpy and entropy of the liquid phase. The density of liquid
Ti is not well known. Paradis and Rhim [41] list several measurements of the lig-
uid density, including their own, from the melting point to 2400K. Our model pre-
diction is within the envelope of these measurements, shown by triangles with
error bars in Fig. 1. There are two sets of isobaric expansion measurements that
give somewhat lower densities [42]. The discrepancies between these different
sets of data are not yet understood.

[

(MJ/kg)

(MI/kg/K) (x107°)

Enthalpy
T

Entropy

20

L L L L 0 ot L L L L 0 L L L L
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Temperature (K) Temperature  (K) Temperature (K)

Fig. 1. Comparison of model with thermophysical data for Ti. Density: circles—solid at
P=0 [28][29], triangles with error bars—liquid [41], squares and diamonds—isobaric
expansion data for liquid at 0.3 GPa[42]. Enthalpy and entropy: circles—solid and liquid at
P=0 [30], squares—isobaric data for liquid at 0.3 GPa [42]. Solid lines are from model.

Figure 2 compares the room-temperature isotherms for the three solid phases
with experimental data and theoretical calculations. The a-phase curve agrees
well with the experimental data of Vohra, et al. [31], which go up to 7 GPa, and
the calculations of Ostanin and Trubitsin (OT) [24] at high pressures. The w-phase
curve also agrees with the low-pressure static data [31] and with the one data
point of Xia, et al. [32], at 87 GPa. It is somewhat softer than OT and the data of
Akahama, et al. [19]; however, a stiffer curve would not agree with the Hugoniot
data and would give too low a pressure for the w—Btransition. The 3-phase curve
is in good agreement with OT up to 120 GPa. The data of Akahama, et al. [19], in-
dicate a stiffening of the isotherm at high pressures, upon entering the &-phase.
The B curve was modified to match the high-pressure data, as explained above.

Titanium Equation of State 13
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250 250 250
o phase
200 b 200 0] phase 1 200 B phase B
— — —_
o o o]
g 5 3
E 150 1 Cis0 1 Z1s0 .
g g L
7 100 1 @100 1 100 g
[
=~ 2 + 2
o = o
50 B 50 - B 50 B
0 1 Il Il Il 0 1 L 1 1 0 1 Il Il Il
45 55 6.5 7.5 8.5 95 45 55 65 75 8.5 95 45 55 65 7.5 85 95
Density  (g/cc) Density  (g/cc) Density  (g/cc)

Fig.2. Room temperature isotherms for Ti phases. Triangles—[31], crosses—[19],
square—[32], circles—[24]. Solid lines are from model.

The titanium Hugoniot is shown in Fig. 3. The left side of the figure compares the
calculated curve with experimental data up to about 300 GPa [34]-[36]. Strength
terms were included in computing the Hugoniot in the solid region; the same pa-
rameters, taken from Steinberg [43], were used for all three solid phases. The
strength corrections are significant; they stiffen the Hugoniot and also give rise to
an elastic precursor with a velocity of 6.16 km/s. The phase transitions give rise to
structure in the Hugoniot curve, as discussed below. The right side of Fig. 3 shows
the Hugoniot in the ultra-high pressure region.

12 L e

N3
o

(o]
o

10 - , 1

(km/s)
(km/s)

w >
o o

Shock Velocity
N
o

Shock Velocity

4 P T T R N S 0 P S T R H R S
0 1 2 3 4 5 6 0 10 20 30 40 50 60

Particle Velocity  (km/s) Particle Velocity  (km/s)

Fig. 3. Titanium Hugoniot in shock velocity-particle velocity plane. Curveswere computed
from model; dashed region shows melting, dotted region shows velocity drop behind elastic
precursor. Left side gives data up to about 300 GPa, shown by crosses[33], squares|[34][37],
triangles [35], and diamonds [36]. Right side extends plot to ultra-high pressure of 14 TPa.
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The predicted phase diagram and Hugoniot are shown in Fig. 4. The equilibrium
o-w transition pressure appears to be 7-8 GPa at room temperature [16][19]. We
have deliberately chosen parameters that give a transition pressure of 10 GPa in
order to match the shock wave measurements. The model predicts the onset of the
o—-w phase transition at a stress of 10.7 GPa on the Hugoniot, in good agreement
with the value 10.4 obtained by Gray, et al. [27]. This transition leads to the region
of constant shock velocity at Us=5.5 km/s, seen in Fig 3. There is considerable
scatter in the Hugoniot data near the transition. The older shock data indicated a
higher transition stress, 17.5 GPa; the discrepancy is thought to be due to the use
of low-purity titanium samples [27].

As seen in Fig. 4, the o—f transition temperature decreases with pressure until it
intersects the a—w boundary, forming a triple point at 960K and 10.4 GPa. The w—3
transition temperature increases with pressure to 35 GPa, then decreases with in-
creasing pressure. The w—[ phase boundary is very sensitive to the zero-Kelvin
parameters for the two phases; a stiffer isotherm for the w-phase would give too
low a pressure for the w— transition at room temperature. The parameters used
here predict the w—Btransition at 115 GPa, in reasonable agreement with the value
124 GPa obtained by Akahama, et al. [19].

The model predicts the w—[3 transition
to occur over the range 52-60 GPa on
the Hugoniot. This transition gives rise
to a slight softening in the Hugoniot at
particle velocites in the range 1.75-1.95

10000

8000

liquid

(Kelvin)

6000 -

km/s, as seen in the experimental da-
ta. The dotdash line in Fig. 4 is a re-
lease isentrope from the 86.5 GPa
shock state of the solid, which inter-
sects the zero pressure axis near the a-
( transition pressure. This result agrees
with the experiments of Kanel, et al.
[44], who observed a drop in the sur-
face reflectivity of titanium for shock
pressures over the range 82.5 to 90.8
GPa.!

The model predicts shock melting to
begin at 178 GPa and be complete at
202 GPa. The dashed portion of the

melting

4000

< Hugoniot
/~ release

isentrope

V. B .

Temperature

150
(GPa)

200

250
Pressure

Fig. 4. Calculated phase diagram and
Hugoniot for Ti. Phase boundaries are
shown by dashed lines, the Hugoniot by a
solid line. The dotdashed line is a release
isentropre from a 86.5 GPa shock state.

Hugoniot in Fig. 3 corresponds to the melting region. The model predicts an in-
crease in shock velocity due to melting and also a small increase in the slope of the

1. Kanel, et. a., attributed the drop in reflectivity to melting but noted that the pressure was |ower
than expected for melting. We believe that the phenomenon is actually due to the a—f3 transition.

Titanium Equation of State
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shock velocity-particle velocity curve. However, there are not enough experimen-
tal data to test this prediction. The onset of shock melting can be inferred experi-
mentally by measuring the sound speed behind the shock front. Unfortunately,
measurements of this type are not available for titanium.

It should be noted that the phase boundaries are quite sensitive to some of the
model parameters. In particular, the onset of shock melting depends upon the
density dependence of the Grineisen function; a higher value of I' (p) would low-
er the melting temperature. New measurements of the Hugoniot and sound
speed in this region would locate the w—Band melting transitions more accurately.

Figure 5 compares the model predictions with Hugoniot data for porous titanium
having initial densities ranging from 0.80-4.03 g/cc. These shock states cover a
wide range of densities and temperatures. For example, the highest data point for
an initial density of 1.80 g/cc corresponds to a shock state of 5.1 g/cc, 106 GPa,
and 25,000K. The model is in good agreement with all of the data for porous tita-
nium, showing that it is accurate at states far from the principal Hugoniot.

12 200 ————— 11— —
| o 4.03g/cc
~10F [ o 303g/cc ]
E i 150 + © 2.25 g/CC -
S sl © | » 1.80g/cc ]
~ A
12 + 0.80 g/cc
o I l
= 8 © 100 .
9 4.03 g/cc | g . . a .
2 0 303g/cc | @ e/ &
. 4 192 Al o) o
3 o 225¢g/cc | 6o | N
S | L i
& , s 1.80¢g/cc | : . Fy °
+ 0.80 g/cc I M a9
| . &
0 . ] . ] . ] . 0 . e + F ] . ] . ] .
0 2 4 6 8 2 3 4 5 6 7 8
Particle Velocity  (km/s) Density  (g/cc)

Fig.5. Hugoniot for poroustitanium. Experimental data are from Ref. [34].

In constructing the EOS table, special attention was given to the treatment of ten-
sion and vaporization. Maxwell constructions were included at temperatures
above the boiling point, so that the EOS describes equilibrium vaporization at
high temperatures. A nonequilibrium tensile region was left at temperatures be-
low the boiling point, so that the EOS will give a correct prediction of spallation in
hydrodynamic code calculations.

16 Titanium Equation of State
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The behavior of the EOS in the vapor-
liquid region is shown in Fig. 6. The
pressure is plotted as a function of den-
sity on 25 isotherms from 3700K to
25,000K. The EOS exhibits a “plasma
phase transition” (PPT) at temperatures
above 4690K and below 5800K, at den-
sities in the range 1.7-2.7 g/cc. This fea-
ture, which was also predicted in our
models for aluminum [10], nickel [13],
and copper [14], arises from the effect
of the metal-insulator transition on the
thermal electronic contribution to the
EOS. At temperatures below 4690K,
there is a single coexistence region be-
tween the vapor and the metallic lig-
uid. At higher temperatures, there are
two coexistence regions, one between
the vapor and an insulating liquid, the

o

N
O
g 0
S 10
£ 107"
"
) |
2
a 1072
1073 L
10-4 N | N |
1072 107" 10° 10’
Density  (g/cc)

Fig.6. EOS of titanium in vapor-liquid
transition region. There are 25 isotherms at
temperatures from 3700K to 25,000K,
equally spaced in thelogarithm.

other from the insulating liquid to the metallic liquid. The predicted critical point
(for the vapor and the insulating liquid) is at 15,500K, 0.7 GPa, and 0.5 g/cc. The
existence of a PPT has not yet been demonstrated in any metal, and this region of

the EOS surface requires further study.

The EOS table for titanium covers the density range from 0.0 to 400 g/cc and the
temperature range from 5 to 1.0x108 K. It has been given material number 2970.

Titanium Equation of State
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Ti6AI4V Alloy

3. Ti6AI4V Alloy

3.1 General

The alloy Ti6Al4V has the nominal composition 90% Ti/6% Al/4% V by weight.
The corresponding atomic composition is 86.2% Ti/10.2% Al/3.6% V. The average
atomic weight is 45.859, compared with 47.88 for pure Ti. Actual samples vary
from the nominal composition. For example, the material studied by Gray, et al.
[27], was 89.06% Ti/6.33% Al/4.23% V/0.38%, with 0.38% other elements.

Little is known about the phase diagram of the alloy. We will rely heavily on our

model for pure titanium, together with some theoretical considerations, to con-

struct an EOS that matches the available data. In particular, the model must be

consistent with the following information.

= The shock velocity-particle velocity curve for Ti6Al4V agrees fairly well
with that for pure Ti at low pressures but is much stiffer above 10 GPa.

e Unlike pure Ti, Ti6Al4V does not transform to the w-phase at shock
pressures up to 25 GPa [27].

e The Hugoniot for Ti6Al4V does show evidence of a phase transition
near 40 GPa [45]. However, the Hugoniot above the transition is still
stiffer than for pure Ti.

In this work, we will show that good agreement with all of the available data can
be obtained with a model similar to that for pure Ti, but with two modifications.
First, we eliminate the w phase, leaving only the a, (3, and fluid phases. Second,
additive-volume mixing is used to determine the model parameters, resulting in
the increased stiffness that is observed experimentally.

Before proceeding, we note that the Ti6AI4V is not pure a at RTP but contains a
small amount of the B-phase [27]. We will not attempt to deal with this complica-
tion explicitly and will continue to refer to the ambient phase as “a.”

3.2 Model Parameters

Our EOS models for the a, 3, and fluid phases are identical to those for pure Ti,
except for the model parameters. The EOS for the solid phases use the Birch-Mur-
naghan formula for the zero-Kelvin isotherm and the Debye model for the lattice
vibrations. The EOS for the fluid phase uses the CRIS model and the same zero-
Kelvin isotherm as the 3 phase. Thermal electronic contributions are also included
in the EOS for the solid and fluid phases.

The amounts of Al and V in this alloy are not sufficient to cause the formation of
Ti-Al or Ti-V compounds [46]; the alloy may be regarded as a mixture of elements.
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Therefore, the additive-volume mixture approximation, though not exact for an
alloy, is a reasonable starting point for the development of a model.

Figure 7 shows room temperature iso-
therms for the a and B phases, calculat-
ed from the additive-volume model.
These calculations were made using the
MOD MIX option in PANDA, using our
tabular EOS for the titanium phases,
the aluminum EOS discussed in Ref.
[10], and a simple vanadium EOS table
constructed specifically for use in this
work.l The compressibility of the o
phase is close to that for pure Ti up to
50 GPa. However, the isotherm for the
B phase is considerably stiffer than that
for pure Ti at high pressures, enough to
explain the increased stiffness of the
Hugoniot. The additive-volume calcu-
lation also gives a reasonable density
for the a phase—4.372 g/cc, only 1%
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Fig. 7. Room temperature isotherms for
Ti6Al4V. Circles (a phase) and squares (3
phase) were computed by additive volume

I 6.0 I
Density

10.0

. approximation. Solid lines are thefits.
less than the experimental value, 4.418

g/cc. This result lends further credence to our use of this approximation.

In principle, additive-volume mixing could be used to construct the new EOS ta-
bles for all three phases. However, that procedure would require additional work
on the EOS for both Al and V. Therefore, a simpler approach was adopted. Debye
temperatures and Grineisen parameters for the two solid phases were estimated
by averaging the values for the pure elements, weighted by their mass fractions.
The zero-Kelvin parameters were then chosen to fit the results of the additive-vol-
ume calculations. The fits are compared to the additive-volume calculations in
Fig. 7. (The fit for the a phase was chosen to match the experimental RTP density
instead of the calculated value.) The heat of formation AfHo for the 3 phase was
taken from that for pure Ti, multiplied by the mass fraction of Ti.

For the liquid phase, the cohesive energy was computed by summing the cohe-
sive energies for the three elements, weighted by their mass fractions. The other
parameters were kept the same as for pure Ti.

The parameters for all three phases of the alloy are given in Table 2.

1. Thevanadium EOS was constructed using the same model discussed in Sec. 16.1 and Appendix
E of the PANDA manual. Only the solid phase was used in these calculations.
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Table 2: Parametersfor Ti6Al4V phases.

parameter a B liquid
Pref (9/cCC) 4.4180 4.3856 -
Py (9/cc) 4.4588 4.4233 same as 3
By (GPa) 111.0 103.0 same as 3
B'o 3.58 3.35 sameasf3
RTFD 7.0 6.0 sameas 3
[ ref 1.250 1.100 -
Oret (K) 371.0 326.0 -
AH® (MIkg) 0.0 0.0773 ]
ECOH (MJKkg) - - 10.0
RLJ (g/cc) - - 3.90
FACLJ - - 10
EFAC (MJkg) - - 0.404
Wiig - - 1.08

A special thermal electronic table was also constructed for the alloy, using the
electronic tables for pure Ti and Al. Because we do not have a thermal electronic
table for V, the mixture was taken to have an atomic composition 89.8% Ti/10.2%
Al. (V is adjacent to Ti in the periodic chart, so this approximation should give sat-
isfactory results.) The entropies of the two components were added together,
weighted by their atomic fractions, at constant atomic volumes.

3.3 Results

Figure 8 shows the Hugoniot for Ti6Al4V in the shock velocity-particle velocity
plane. Figure 9 shows the phase diagram and Hugoniot in the pressure-tempera-
ture plane. The model predictions agree very well with the experimental Hugoni-
ot data [36][45][47]-[49], including several features associated with phase
transitions. Steinberg’s parameters for the alloy [43] were used to include strength
terms in the solid region. The strength corrections are significant, just as they were
in pure Ti; they stiffen the Hugoniot slightly and give rise to an elastic precursor
with a velocity of 6.21 km/s.
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The model predicts the a—f3 transition to occur at 56 GPa at room temperature.
Under shock loading, it occurs at a stress of 42 GPa, with a 4% volume change, in
good agreement with the Hugoniot data [45].

The model predicts shock melting to
begin at 182 GPa and be complete at
207 GPa, almost the same as in pure Ti.
The dashed portion of the Hugoniot in
Fig. 8 corresponds to the melting re-
gion. As in pure Ti, there is an increase
in shock velocity due to melting. This
prediction agrees with the anomalous
behavior seen in the data. The data
points of Winfree, et al. [47], shown by
squares in Fig. 8, do not lie on an ex-
trapolation of the lower pressure data.
Their data show a marked stiffening of
the Hugoniot over the highest density
point of Hixon [49], shown by circles
in Fig. 8. Taking the two sets of data to-
gether, there is a striking 6.5% increase
in the shock velocity with only 5.6%
increase in the particle velocity. The
model shows that this unusual behav-
ior arises from melting.

Hixon’s data point shows that the
model underestimates the onset of
shock melting by about 20 GPa (10%).
This discrepancy could easily be cor-
rected by small changes in the model
parameters, particularly the Griineisen
parameter for the B phase. However,
we have not made that adjustment in
the present work, preferring to wait
until additional experimental data be-
come available in this regime.

As for pure Ti, the EOS table for the al-
loy includes Maxwell constructions for
temperatures above the boiling point,
leaving a nonequilibrium tensile re-
gion at low temperatures. The EOS ta-
ble covers the density range from 0.0
to 400 g/cc and the temperature range
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Fig. 8. Ti6Al4V Hugoniot in shock velocity-
particle velocity plane. Curves were
computed from model; dashed region shows
melting, dotted region shows velocity drop
behind elastic precursor. Data: crosses
[45][48], circles [49], squares [47],
triangles [36].

and

10000
liquid
S 8000 [
£
0]
&
6000 melting
[}
[
=
& 4000 | -
by Hugoniot
(o}
£
& 2000 f B s
o —F>
O\\\\‘\\\\\‘\\\\‘\\\\‘\\\\
0 50 100 150 200 250
Pressure (GPa)
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from 5 to 1.0x108 K. It has been given material number 4061. The behavior of the
EOS in the vapor-liquid region is similar to that for pure titanium, shown in Fig. 6,

including the PPT.

Chhabildas has obtained time-depen-
dent data on Ti6Al4V shocked to 220
GPa [50]. The same technique used in
Ref. [47] was used to accelerate a flyer
plate to a velocity of 9.6 km/s, which
then impacted a target plate backed by
a LiF window. The particle velocity at
the target-window interface was mea-
sured using the VISAR method. The
flyer and target, both Ti6Al4V, were
0.56 and 2.0 mm in thickness, respec-
tively. Figure 10 compares a CTH cal-
culation of this experiment, using our
new EOS table, with the experimental
data. (The data have been shifted in
time to match the calculation, since the
arrival time was not determined in the
experiment.) The flyer plate is heated
during acceleration, and an initial tem-
perature of 600K was assumed in the
calculation. The calculation gives an

Velocity  (km/s)
[aS) w > (9]
T T T T

[y
T

%1 0z 03 0z 05 06 07 08
Time  (us)

Fig. 10. Interface particle velocity for shock-

release experiment on Ti6Al4V. Experimen-

tal data [50] are shown by crosses connected

by a dotted line. CTH calculation is shown

by a solid line.

initial shock pressure of 220 GPa in the flyer and target. This state is close to the
lower Hugoniot point from Ref. [47], shown by squares in Fig. 8. Hence it lies in
the liquid region. The rarefaction from the rear surface of the flyer overtakes the
shock front just as it impacts the window. Impact with the window simultaneous-
ly drops the shock pressure to 180 GPa. The calculation is in good agreement with

the experimental data.
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4. Conclusions and Recommendations

The present report describes new EOS tables for titanium (material number 2970)
and the alloy Ti6Al4V (material number 4061). These tables are significantly better
than those currently available in the CTH database [8][9]. They should be added
to file “sesame” and set as the default materials in the CTH file EOS_data [5][6].

Experience has shown that no EOS modeling effort is ever fully finished—further
refinements are always possible and desirable. In this case, the following tasks are
particularly worthy of consideration.

e Further investigation of shock melting is needed for both pure Ti and
the alloy. The EOS model predicts an unusually large increase in shock
velocity near 200 GPa, due to melting. This prediction agrees with three
recent Hugoniot data points for Ti6Al4V. However, more measurements
are needed to confirm these findings. An accurate EOS for Ti6AI4V is es-
pecially important for impedance matching calculations in the SNL
three-stage gun experiments. Measurements of the sound speed in this
region would also be very useful. Some revision of the EOS may be
needed when new data become available.

< The model predicts a plasma phase transition in the vapor-liquid critical
region for both Ti and Ti6AIl4V. Further theoretical and experimental
work is needed to determine if such a transition actually exists and what
effect it could have on the material behavior.

Titanium Equation of State 23



References

[2]

[3]

[4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

References

J. M. McGlaun, F. J. Ziegler, S. L. Thompson, L. N. Kmetyk, and M. G. Elrick,
“CTH - User's Manual and Input Instructions,” Sandia National Laboratories
report SAND88-0523, April 1988.

J. M. McGlaun, S. L. Thompson, and M. G. Elrick, “CTH: A Three-Dimen-
sional Shock Wave Physics Code,” Int. J. Impact Engng. 10, 351-360 (1990).

J. M. McGlaun, S. L. Thompson, L. N. Kmetyk, and M. G. Elrick, “A Brief De-
scription of the Three-Dimensional Shock Wave Physics Code CTH,” Sandia
National Laboratories report SAND89-0607, July 1990.

E. S. Hertel, Jr. and G. I. Kerley, “CTH EOS Package: Introductory Tutorial,”
Sandia National Laboratories report SAND98-0945, 1998.

E. S. Hertel, Jr. and G. I. Kerley, “CTH Reference Manual: The Equation of
State Package,” Sandia National Laboratories report SAND98-0947, 1998.

G. I. Kerley, “CTH Equation of State Database: MGRUN Option,” Kerley
Publishing Services report KPS00-4, June 2000.

The status of existing EOS models is discussed in several on-line documents
in the CTH /data subdirectory. The default EOS tables are discussed in file
tables.ref.

G. I. Kerley, “Progress on CTH EOS Database,” memorandum to P. A. Taylor
and E. S. Hertel, Jr., June 15, 2000.

G. I. Kerley, “Theoretical Equation of State for Aluminum,” Int. J. Impact En-
gng. 5, 441-449 (1987).

G. I. Kerley, “Multiphase Equation of State for Iron,” Sandia National Labo-
ratories report SAND93-0027, 1993.

G. I. Kerley and L. C. Chhabildas, “Multicomponent-Multiphase Equation of
State for Carbon,” Sandia National Laboratories report SAND2001-26109,
2001.

G. I. Kerley, “Equations of State for Be, Ni, W, and Au,” Sandia National Lab-
oratories report SAND2003-3784, October 2003.

G. I. Kerley, “Equations of State for Copper and Lead,” Kerley Technical Ser-
vices report KTS02-1, February 2002.

24

Titanium Equation of State



References

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

G. I. Kerley, “User’s Manual for PANDA II: A Computer Code for Calculat-
ing Equations of State,” Sandia National Laboratories report SAND88-2291,
1991.

J. F. Cannon, “Behavior of the Elements at High Pressures,” J. Phys. Chem.
Ref. Data 3, 781-824 (1974).

D. A. Young, “Phase Diagrams of the Elements,”” Lawrence Livermore Labo-
ratory report UCRL-51902, September 11, 1975.

Y. K. Vohra and P. T. Spencer, “Novel y-Phase of Titanium at Megabar Pres-
sures,” Phys.Rev. Lett. 86, 3068-3071 (2001).

Y. Akahama, H. Kawamura, and T. Le Bihan, “New & (Distorted-bcc) Titani-
um to 220 GPa,” Phys.Rev. Lett. 87, 275503-1 (2001).

J. C. Jamieson, “Crystal Structures of Titanium, Zirconium, and Hafnium at
High Pressures,” Science 18, 72-72 (1963).

H. Xia, S. J. Duclos, A. L. Ruoff, and Y. K. Vohra, “New High Pressure Phase
Transition in Zirconium Metal,” Phys. Rev. Lett. 64, 204-207 (1990).

H. Xia, G. Parthasarathy, H. Luo, Y. K. Vohra, and A. L. Ruoff, “Crystal Struc-
tures of Group IVa Metals at Ultrahigh Pressures,” Phys. Rev. B 42, 6736-6738
(1990).

R. Ahuja, J. M. Wills, B. Johansson, and O. Eriksson, “Crystal Structures of Ti,
Zr, and Hf Under Compression: Theory,” Phys. Rev. B 48, 16269-16279 (1993).

S. A. Ostanin and V. Yu. Trubitsin, “A simple model for calculating the P-T
phase diagram of Ti,” J. Phys.: Condens. Matter 9, L491-L.496 (1997).

A. R. Kutsar, V. N. German, and G. I. Nosova, “(a->w Transition in Titanium
and Zirconium in Shock Waves,” Sov. Phys. Dokl. 18, 733-734 (1973).

A. R. Kutsar, M. N. Pavlovskii, and V. V. Komissarov, “Observation of a Two-
Wave Shock Configuration in Titanium,” JETP Lett. 35, 108-112 (1982).

G. T. Gray lll, C. E. Morris, and A. C. Lawson, “Omega Phase Formation in
Titanium and Titanium Alloys,” in Titanium ‘92 Science and Technology, ed-
ited by F. H. Froes and I. Caplan (The Minerals, Metals & Materials Society,
1993).

Handbook of Chemistry and Physics, edited by David R. Lide (CRC Press,
Boca Raton, 1996) 771" edition.

Titanium Equation of State 25



References

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Y. S. Touloukian, R. K. Kirby, R. E. Taylor, and T. Y. R. Lee, “Thermal Expan-
sion, Nonmetallic Solids,” Thermophysical Properties of Matter (IFI/Ple-
num, New York, 1977) Vol. 13.

M. W. Chase, Jr., C. A. Davies, J. R. Downey, Jr., D. J. Frurip, R. A. McDonald,
and A. N. Syverud, “JANAF Thermochemical Tables,” J. Phys. Chem. Ref.
Data 14, Supp. No. 1 (1985).

Y. K. Vohra, H. Olijnyk, W. Grosshans, and W. B. Holzapfel, “Equation of
State Measurements of a, 3, and w-Ti by High Pressure Energy Dispersive X-
ray Diffraction,” in Proc. 8th AIRAPT Conf. High Pressure in Research and
Industry (Uppsala) 1981, pp. 354-357.

H. Xia, G. Parthasarathy, H. Luo, Y. K. Vohra, and A. L. Ruoff, “Crystal Struc-
tures of Group IVa Metals at Ultrahigh Pressures,” Phys. Rev. B 42, 6736-6738
(1990).

S. P. Marsh, LASL Shock Hugoniot Data (University of California, Berkeley,
1980).

R. F. Trunin, G. V. Simakov, and A. B. Medevdey, “Compression of Titanium
in Shock Waves,” High Temp. 37, 851-856 (1999).

W. M. Isbell, F. H. Shipman, and A. H. Jones, “Hugoniot Equation of State of
Eleven Materials to Five Mbars,” Materials Science Laboratory report MSL-
68-13.

P. Andriot, P. Lalle, and J. P. Dejean, “Elastic Behavior of Pure Titanium and
TAG6V4 Titanium Alloy at High Pressure,” in High Pressure Science and
Technology - 1993, edited by S. C. Schmidt, J. W; Shaner, G. A. Samara, and
M. Ross (AIP Conference Proceedings 309, 1994) pp. 1009-1012.

R. F. Trunin, L. A. II’kaeva, M. A. Podurets, L. V. Popoy, B. V. Pechenkin, L. V.
Prokhorov, A. G. Sevast’yanov, V. V. Khrustalev, “Shock compressibility
Measurements for Iron, Copper, Lead, and Titanium Under Pressures of 20
TPa,” High Temp. 32, 646-649 (1994).

G. . Kerley, “Perturbation Theory and the Thermodynamic Properties of
Fluids Il. The CRIS Model,” J. Chem. Phys. 73, 478-486 (1980).

G. I. Kerley, “A Model for the Calculation of Thermodynamic Properties of a
Fluid Using Hard-Sphere Perturbation Theory and the Zero-Kelvin Isotherm
of the Solid,” in Molecular Based Study of Fluids, edited by J. M. Haile and
G. A. Mansoori (Am. Chem. Soc., Washington, DC., 1983) pp 107-138.

D. A. Liberman, “Self-Consistent Field Model for Condensed Matter,” Phys.
Rev. B 20, 4981-4989 (1979).

26

Titanium Equation of State



References

[41] P.-F. Paradis and W.-K. Rhim, “Non-Contact Measurements of Thermophysi-
cal Properties of Titanium at High Temperatures,” J. Chem. Thermo. 32, 123-
133 (2000).

[42] G. R. Gathers, “Dynamic Methods for Investigating Thermophysical Proper-
ties of Matter at Very High Temperatures and Pressures,” Rep. Prog. Phys.
49, 341-396 (1986). Two sets of data are given for titanium. Data from table 13
(Kiel) is shown by squares in Fig. 1. Table 32 (Livermore) gives only density
vs. enthalpy; these densities are higher than those of table 13. A curve of den-
sity vs. temperature, obtained by using the density from table 32 and the en-
thalpy from table 13, is shown by diamonds in Fig. 1.

[43] D.J. Steinberg, “Equation of State and Strength Properties of Selected Mate-
rials,” Lawrence Livermore National Laboratory report UCRL-MA-106439,
1991.

[44] G.I. Kanel, K. Baumung, D. Rush, J. Singer, S. V. Razorenov, and A. V. Utkin,
“Melting of Shock-Compressed Metals in Release,” in Shock Compression of
Condensed Matter - 1997, edited by S. C. Schmidt, D. P. Dandekar, and J. W.
Forbes (AIP Conference Proceedings 429, 1998) pp. 155-158.

[45] C. E. Morris, M. A. Winkler, and A. C. Mitchell, “Ti-6%Al-4%V Alloy Wave
Profile Measurements in the Shadow Region,” in Shock Waves in Condensed
Matter - 1987, edited by S. C. Schmidt and N. C. Holmes (North-Holland,
Amsterdam, 1988) pp. 155-158.

[46] F. H. Hayes, “The AIl-Ti-V (Aluminum-Titanium-Vanadium) System,” J.
Phase Equil. 16, 163-176 (1995).

[47] N. A. Winfree, L. C. Chhabildas, W. D. Reinhart, D. E. Carroll, and G. I. Ker-
ley, “EOS Data of Ti-6Al-4V to Impact Velocities of 10.4 km/s on a Three-
Stage Gun,” presented at the 2001 APS Meeting on Shock Compression of
Condensed Matter, in press.

[48] Data of C. E. Morris, Los Alamos National Laboratory, cited in Ref. [47].
[49] Data of R. Hixson, Los Alamos National Laboratory, cited in Ref. [47].

[50] L. C. Chhabildas, “Hypervelocity Impact Phenomena,” in Metall. Mater. Ap-
pl. Shock-Wave High-Strain-Rate Phenom., edited by L. E. Murr, K. P.
Staudhammer, and M. A. Meyers (Elsevier, Amsterdam, 1995), pp. 245-256.

Titanium Equation of State 27



Appendix A

Appendix A

Plots of Tension Region

The following plots have been included in response to a request for more informa-
tion about the tension region of the tables. All EOS models that have a realistic
treatment of the vapor-liquid transition display van der Waals loops at low tem-
peratures. The equilibrium vapor-liquid transition is described by the “Maxwell
construction.” At a given temperature, the two-phase region is defined by the
densities at which the vapor and liquid have equal pressures and Gibbs free ener-
gies. The pressure is constant in the two-phase region, while the energy is given
by a volume-weighted average.

In generating an EOS table, we normally include the Maxwell constructions at
temperatures above the boiling point but allow a tension region at low tempera-
tures so that the EOS can be used in hydrocode calculations that treat spallation
behavior. Unfortunately, the inconsistency inherent in this procedure leads to neg-
ative heat capacities and other numerical problems at densities below the liquid
spinodals. PANDA eliminates this problem by substituting well-behaved func-
tions at low temperatures and densities. (See Sec. 13.5 of the PANDA manual

[15].)

The resulting tension regions for Ti and Ti6Al4V are shown in Fig. 11. Since tensile
strengths for these materials are typically 2.5-5.0 GPa, the tables should give a rea-
sonable description of spallation behavior in most cases. In unusual cases, i.e.,
where a material is very hot when it goes into tension, it may be necessary to use
a temperature-dependent fracture model or simply reduce the fracture strength to
avoid getting into the artificial region.

28 Titanium Equation of State



Appendix A

25 T T T T T T T T

200 (b) TiGAI4V

15

(GPa)
(GPa)

10

Pressure
Pressure
o

-10

~15 . | . | . | . 1 . ~15 , | , | . | . .
0 1 2 3 4 5 0 1 2 3 4 5

Density  (g/cc) Density  (g/cc)

Fig. 11. Plots of tension region for Ti and Ti6Al4V. There are 20 isotherms from 100 to
4000K , equally spaced in temperature.
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