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ALPHA-OMEGA TRANSITION IN TI: EQUATION OF
STATE AND KINETICS

C. W. Greeff, D. R. Trinkle and R. C. Albers

Los Alamos National Laboratory, Los Alamos, NM 87545

Abstract. We present the construction of free energy functions for the α and ω phases of Ti. These free
energies combine information from ambient pressure, static high pressure, and shock wave measurements as
well as first principles total energy calculations. The Hugoniot data are analyzed in terms of this equation
of state. The Hugoniot consists of three segments: a metastable α-phase region, a transition region, and an
ω-phase branch. The extent of the metastability and time resolved wave profiles are discussed in terms of
a model in which the transformation rate depends exponentially on the pressure, an assumption which is
motivated by static high-pressure data. This picture is consistent with the observed wave shapes and with the
observation that the apparent transformation pressure is dependent on the peak shock pressure.

INTRODUCTION

The phase diagram of pure Ti has three solid phases
at low pressure[1]. The α phase, which is hcp, is
stable at ambient conditions. Above 1148 K, the β
phase, which has a bcc structure, is stable. Under
pressures of a few GPa, the α phase transforms to
the ω phase, which has a hexagonal structure with
three atoms per unit cell[1]. In addition, a new high-
pressure γ phase with an orthorhombic structure has
been very recently observed at a pressure of 116
GPa[2].

Under static pressure, the α�ω transition is hys-
teretic, and the high pressure phase is retained af-
ter release of the pressure. The reported onset of the
transition in static experiments is highly variable due
to slow kinetics. Zilbershteyn et al. found that the
transformation occurred at 2.0 GPa without hystere-
sis when shear stress was applied [3] and this pres-
sure is assumed here to represent the equilibrium
phase boundary at room temperature. The α-ω phase
boundary is crossed by the principal Hugoniot, and
the transformation has been studied in shock waves
by a number of authors[4, 5, 6, 7, 8, 9]. As we will
discuss below, the Hugoniot data are consistent with
a transformation from the α to the ω phase occurring
at � 12 GPa. There is thus considerable metastabil-
ity in the shock data, and it is of interest to investigate
the nature of the transformation kinetics under shock

loading.
In this paper we discuss first our development of

an equation of state for Ti, in the form of free en-
ergies for the α and ω phases. We then discuss our
interpretation of the Hugoniot data in terms of this
equation of state. Next we describe a simple model
for the transformation rate which is motivated by
static high-pressure experiments which observe an
exponential dependence of the rate on pressure. This
model is used together with our equation of state in
numerical calculations of wave propagation, allow-
ing comparison with time-resolved experiments.

EQUATION OF STATE AND
HUGONIOT

Our development of the equations of state of α and
ω Ti is discussed extensively in another publication
[10], including sources of data and complete details
of the parameterized free energies. Here we summa-
rize the development and discuss the results, and par-
ticular the implications for the Hugoniot.

We formulate the EOS by evaluating the
Helmholtz free energies of both phases as func-
tions of temperature and specific volume. This
allows all thermodynamic properties of either phase
to be evaluated in the standard way. Phase bound-
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FIGURE 1. Room temperature isotherm of Ti. Curves
are present EOS. Data are from Xia - ref. [12], Vohra I -
ref. [13], Vohra II - ref. [2].

aries can be calculated by equating the pressures
and Gibbs free energies of the phases, and the equi-
librium Hugoniot can be calculated by allowing for
coexistence.

The free energy of either phase is expressed as

F�V�T � � φ0�V ��Fvib�V�T ��Fel�V�T � � (1)

Here φ0�V � is the static lattice potential, the energy
with all atoms fixed at their ideal crystal positions.
It is directly comparable with the band structure to-
tal energy. Fvib denotes the vibrational free energy,
and Fel is the contribution of electronic excitations.
We use standard functional forms [10] for the var-
ious contributions to F . The parameters have been
adjusted on the basis of ambient pressure thermody-
namic data, static high-pressure data and shock data.

The data set used for parameter adjustment in
our free energy is quite extensive. Of particular im-
portance with regard to understanding of the Hugo-
niot are ultrasonic measurements under pressure that
yield the pressure derivative of the bulk modulus of
the α phase [11], and diamond anvil cell measure-
ments of the room temperature isotherm of the ω
phase [12]. After we completed our EOS analysis,
addition high-pressure data on the ωphase were pub-
lished by Vohra et al. [2] in connection with their dis-
covery of the γ phase. These are included in Fig. 1
along with the earlier data, and our EOS. The agree-
ment of our EOS with the new data is quite good,
providing confirmation of our analysis.

As an additional check, and to test our extrapola-
tion of the α-phase EOS into the metastable region,
we also performed electronic structure total energy
calculations of the cold energies φ0�V � for both α
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FIGURE 2. Hugoniot of Ti. Curves are present EOS.
Data are from McQueen - ref. [4] and Trunin - ref. [9].

and ω phases. The parameters of φ0 from our empir-
ical EOS were compared to those derived by fitting
the electronic structure calculations. The differences
were found to be 0.8% for the equilibrium volume,
and 6% for the bulk modulus. This level of agreement
lends further confidence in our EOS, particularly the
metastable α-phase region.

Our calculated Hugoniot is shown in Fig. 2, along
with the data of McQueen et al. [4] and Trunin et
al [9]. The solid curve is the equilibrium two-phase
Hugoniot, and the dashed curve is the metastable α-
phase Hugoniot. We see that the experimental Hugo-
niot consists of a metastable α-phase branch, a tran-
sition region, and an ω-phase branch. We emphasize
that the curves are strongly constrained by indepen-
dent data and theory, so that this interpretation is
quite strongly supported. The pressure correspond-
ing to the onset of the transition is in the range 11-
14 GPa, well above the equilibrium transition pres-
sure. This pressure is also substantially above the
limit of hysteresis in static measurements, suggesting
that the shock-wave transformation pressure is deter-
mined by limitations on the transformation rate.

KINETICS, WAVE PROFILES

The fact that the equilibrium transition is overshot by
some 9-12 GPa in the shock wave may be related to
the small volume change in the transition. A small
volume change leads to a small difference in Gibbs
free energies between the phases at a given pressure.



We calculate that at 11 GPa on the Hugoniot, Gα �
Gω � 1.2 kJ/mol. This is not unusually large. Estrin
tabulates estimates of ∆G at the limits of hysteresis
for a number of transitions [14], with values ranging
from 0.82 kJ/mol for Fe to 3.0 kJ/mol for KCl.

There have been a number of time-resolved stud-
ies on the α-ω transition in shocks [5, 6, 7, 8]. A
wide range of transition pressures have been claimed.
Qualitatively, all these studies find that the transition
is marked by a ramp-like wave or a rounded profile
rather than distinct, sharp P1 and P2 waves. This a
further suggestion that a steady state has not been
reached due to a finite transformation rate.

Singh et al. have done a quantitative study of the
time evolution of the transition under static high-
pressure [15]. They find that the over a range from
4 to 8 GPa, the transformation rate varies essentially
exponentially with pressure. Motivated by this ob-
servation, we have performed continuum mechani-
cal calculations for the propagation of shocks, using
a model expression for the transformation rate. The
expression we use is

λ̇ � �1�λ�ν
�Gα�Gω�

B
exp ��Gα�Gω��B�2 (2)

where λ is the mole fraction in the ωphase, and ν and
B are phenomenological parameters characterizing
the material. We emphasize the Eq. (2) is adopted
here as a simple model that satisfies the requirements
that λ̇ � 0 at the equilibrium transition pressure,
and that λ̇ varies exponentially with P. (With our
parameters, ln�λ̇� varies nearly linearly between 4
and 8 GPa in spite of the fact that the exponential
has ∆G2 in its argument.)

Figure 3 shows a calculated velocity profile using
our EOS together with this model for the transforma-
tion rate. The calculation corresponds to a Ti sam-
ple 4.5 mm thick. The shock is generated by an Al
flyer at 1.48 km/s, giving a peak stress in the Ti of
11 GPa. There is a window of LiF over the sam-
ple, and the plot shows the velocity at the Ti-LiF
interface. The calculations use the value B � 0�542
kJ/mol. The solid curve uses ν � 105s�1, which was
adjusted with B to give a good match to the profile of
Gray et al. [7] for their high-purity sample. The other
curves illustrate the effect of varying the parameter ν.
The value ν � 4�103s�1 gives a reasonable match to
the profile of Kutsar [5]. It is therefore possible that
this type a variation corresponds to the differences
among samples. It is well known that the transforma-
tion kinetics are strongly influenced by such things
as impurities and mechanical history. Slower trans-
formation kinetics lead to a subtler signature of the
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FIGURE 3. Calculated surface velocity profiles in Ti.
The calculations are for a shock of 11 GPa peak stress.
There is a LiF window over the Ti. The curves illustrate
the effect of the phenomenological kinetic parameter ν.

transformation in the wave profile, changing a fairly
well-defined two-wave structure to a rounding of the
top of the wave.

Kiselev et al. [6] observed that the apparent tran-
sition pressure increased with increasing shock pres-
sure. Figure 4 shows a series of calculated velocity
profiles for varying shock strengths. The calculations
are for a free surface of a 15 mm thick sample. Again,
an Al flyer is used as the source of the shock. The ki-
netic parameters are fixed at the values correspond-
ing to the solid curve in Fig. 3. The peak shock stress
varies from 9.6 GPa to 19 GPa. The plot shows that
the location of kink in the velocity profile increases
with increasing shock pressure, in qualitative agree-
ment with the experiments. This was interpreted in
ref. [6] as due to the transformation kinetics. The
stronger shocks have a lower transit time, leading to
less complete transformation. This picture is consis-
tent with the present calculations. It can also be seen
from the plot that the P1 wave speed varies with the
shock strength, which is also connected with this ki-
netic effect. We have also calculated surface velocity
profiles for samples 5 and 10 mm thick at 14 GPa
peak stress. These calculations show a noticeable in-
fluence of sample thickness on location of the kink.

We have been able to obtain reasonable matches
to the wave shapes published by various authors
[5, 7, 8], but there does not appear to be a single
set of kinetic parameters that matches all the data
sets. Given the wide variation in sample prepara-
tion, we suspect that these variations are reflected
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FIGURE 4. Calculated free surface velocity profiles in
Ti. The calculations use the kinetic parameters correspond-
ing to the solid curve in Fig. 3. The peak stress varies
between 9.6 and 19 GPa.

in the transformation kinetics. The manifestation of
the α-ω transition in shock waves appears to be very
strongly influenced by kinetic factors.

SUMMARY, CONCLUSIONS

We have constructed free energies using physically
based functional forms for the α and ω phases of Ti.
These free energies consistently describe a large set
of experimental data and first principles calculations.
We believe that the interpretation of the Hugoniot
data is clear. There is a transition from the metastable
α branch to the ω phase branch occurring in the
vicinity of 12 GPa. The extent of the metastabil-
ity, the shapes of the observed wave profiles, and
the variability of the results in the transition region
all point to a strong influence of kinetics on shock-
wave observations of the transition. We have pre-
sented a simple model for the transformation rate
that is motivated by the observation of an exponen-
tial dependence of the rate on P. This model is con-
sistent with qualitative features of the data, includ-
ing the metastability and wave shapes. Based on this
model, we expect the observed transition pressure
to be somewhat dependent on sample thickness. We
also expect the speed of the P1 wave to depend on
shock strength for realizable sample thicknesses.

Different kinetic parameters are required to match
wave profiles published by different authors. We sus-
pect that this is due to the variability of the sam-

ple preparations used in different studies. Further
progress in quantitatively analyzing the kinetics of
the α�ω transition in shock waves will require sys-
tematic experimental studies varying shock strength
and sample thickness with carefully prepared and
characterized samples.
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