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Abstract
We report results from a series of diamond-anvil-cell synchrotron x-ray diffraction and
large-volume-press experiments, and calculations, to investigate the phase diagram of
commercial polycrystalline high-strength Ti-6Al-4V alloy in pressure–temperature space. Up
to ∼30 GPa and 886 K, Ti-6Al-4V is found to be stable in the hexagonal-close-packed, or α
phase. The effect of temperature on the volume expansion and compressibility of
α–Ti-6Al-4V is modest. The martensitic α→ ω (hexagonal) transition occurs at ∼30 GPa,
with both phases coexisting until at ∼38–40 GPa the transition to the ω phase is completed.
Between 300 K and 844 K the α→ ω transition appears to be independent of temperature.
ω–Ti-6Al-4V is stable to ∼91 GPa and 844 K, the highest combined pressure and temperature
reached in these experiments. Pressure–volume–temperature equations-of-state for the α and
ω phases of Ti-6Al-4V are generated and found to be similar to pure Ti. A pronounced
hysteresis is observed in the ω–Ti-6Al-4V on decompression, with the hexagonal structure
reverting back to the α phase at pressures below ∼9 GPa at room temperature, and at a higher
pressure at elevated temperatures. Based on our data, we estimate the Ti-6Al-4V α–β–ω triple
point to occur at ∼900 K and 30 GPa, in good agreement with our calculations.

Keywords: Ti-6Al-4V, x-ray diffraction, high-pressure, high-temperature, phase
transformation, equation-of-state

(Some figures may appear in colour only in the online journal)

1. Introduction

Ti-6Al-4V (wt.%, and hereafter referred to as Ti64) is a
two-phase (α + β) alloy of titanium (Ti) and substitutional
aluminium (Al) and vanadium (V). Originally created to sta-
bilise the α-phase character of Ti, Ti64 finds itself utilised
across a wide range of industrial and commercial applications,
∗ Author to whom any correspondence should be addressed.

where superior strength-to-weight ratio, resistance to corro-
sion and ease of machinability are desirable material proper-
ties [1, 2]. Compared with commercial Ti, Ti64 possesses a
greater hardness, yield strength and tensile strength [3]. This
makes Ti64 particularly attractive to the defence, aerospace
and automotive sectors, where there is a constant drive to
improve performance by means of greater fuel efficiencies and
component fatigue mitigation. Ti64 is also broadly used for
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biomechanical applications, including protheses and implants.
Since the mechanical properties of a material are strongly
influenced by the underlying microstructure (crystal struc-
tures, defects, impurities, grain boundaries), design engineers
require materials models that accurately represent these prop-
erties. However, without adequate experimental data to con-
strain and validate these models, uncertainties will inevitably
remain. Surprisingly, the crystal structure of Ti64 has rarely
been studied under extreme pressure and temperature con-
ditions. This scarcity of data renders the development of a
truly predictive Ti64 model challenging. Therefore, there is
a clear requirement for more experimentation to address this
data deficiency.

At ambient conditions, Ti64 crystallises predominantly in
the hexagonal-close-packed (hcp) structure, or α phase (space
group P63/mmc). Around the α phase grain boundaries there
exists a smaller fraction by volume of body-centred-cubic
(bcc), or β phase (space group Im3m) Ti64. The alloying of
substitutional elements Al and V, and the presence of intersti-
tial impurities (mostly oxygen, carbon and iron) increases the
strength of near-α (hereafter referred to as just α) Ti64 relative
to pure Ti [1, 2].

At ambient pressure, Ti64 transforms from α to the mixed
(α + β) phase at ∼1070 K and then to the more ductile β
phase at ∼1280 K [2]. Melting occurs at 1943 K [4]. Pure Ti,
which also crystallises in the α phase at ambient conditions,
transforms to β–Ti at 1155 K and melts at ∼1940 K.

At room temperature (RT), and under static compression
in combined diamond-anvil-cell (DAC) and x-ray diffraction
(XRD) studies, commercially pure α–Ti64 is stable up to at
least 26 GPa [5-8]. The bulk modulus (K0) and pressure deriva-
tive (K0

′) for α–Ti64 embedded in neon, a quasi-hydrostatic
pressure-transmitting-medium (PTM), were found to be K0

= 101(3) GPa, and K0, = 4.1(3) [6, 7], respectively. With
no PTM present, thus resulting in the α–Ti64 sample expe-
riencing a strong uniaxial stress along the direction of load,
K0 = 154(11) GPa and K0, = 5(1) [8], suggesting a link
between compressibility and the hydrostaticity of the pres-
sure environment [8]. α–Ti64 martensitically transforms to
the more brittle hexagonal ω-phase (space group P6/mmm) at
26–33 GPa [5–7]. The α→ ω transition is sluggish and com-
pletely transforms by∼45 GPa [6]. The corresponding volume
reduction at α → ω is −ΔV/V ∼ 1%–2% [5–7]. The Ti64
samples studied were of the commercial variety, and hence low
purity [5–8]. On decompression from 70 GPa back to 0.8 GPa,
α–Ti64 was recovered fromω–Ti64 [6]. Thisα→ω transition
sequence is common to group IVB metals Ti, zirconium (Zr)
and hafnium (Hf) [9, 10]. In Ti, the α → ω transition occurs
at 3–14.6 GPa [11–20] and appears to be sensitive to impu-
rity content and the presence of non-hydrostatic stress condi-
tions [16]. For α–Ti, K0 = 102–117 GPa, and for ω–Ti, K0 =
107–142 GPa [13–20], depending on the PTM. Just like Ti64,
Ti has a higher compressibility in a more hydrostatic environ-
ment. Unlike Ti64, the α→ ω transition is strongly dependent
on the PTM, with the transition taking place at higher pressures
in more hydrostatic environments [16, 19]. The α ↔ ω trans-
formation exhibits a considerable hysteresis in a hydrostatic
environment, with ω–Ti remaining after decompression [12,

13, 19], though in the presence of shear stress, ω–Ti reverts to
α–Ti after pressure release [16].

Under further compression at RT, ω–Ti64 transforms
sluggishly to a bcc-type phase, which is isomorphic to
high-temperature (HT) β–Ti64 and has been proposed (but
not probed yet) to be the same phase. To distinguish the
two phases, we will name the RT high-pressure phase as
β′–Ti64. This transition occurs at ∼94 GPa, and completes
at 127–128 GPa, with a reduction in volume at ω → β′ of
−ΔV/V < 2% [6]. The transition to β′–Ti64 is characterised
by the gradual reduction in intensity of the (001), (101), (111),
(002) and (112) ω–Ti64 peaks in the XRD patterns until only
β′ phase peaks remain. At RT, β′–Ti64 is stable to at least
220 GPa [6, 7]. Density functional theory calculations con-
firm the α → ω → β′ transformation pathway to be the most
likely sequence for Ti64 at RT, but the transition pressures are
only consistent with experiment if calculations are performed
on the assumption that significant local atomic ordering occurs
during compression [6].

Ti does not undergo the α → ω → β′ RT pathway fol-
lowed by Ti64 and the other Group IVB metals, Zr and Hf
[9, 10]. ω–Ti transforms to an orthorhombic (space group
Cmcm) γ phase (distorted hcp) at 115–128 GPa, and then
to an orthorhombic (space group Cmcm) δ phase (distorted
bcc) at 135–145 GPa [13, 14, 17]. The δ phase has been
reported to transform back to the β′ phase at 243 GPa, which
is stable to at least 290 GPa [22]. In one study [15], a mixed
phase ω–Ti and β′–Ti was reported between 40 GPa and
80 GPa. After laser-heating at 78–80 GPa, an orthorhombic
η–Ti (space group Fmmm) structure emerged that reverted
back to pure β′–Ti below 40 GPa after quenching to RT, and
then finally transformed to ω–Ti below 30 GPa [15]. The ther-
mal properties of Ti have been studied up to 200 GPa and
3500 K [15, 19–23]. Thermal equations-of-state (EoSs) have
been generated for α–Ti, ω–Ti [21] and β–Ti [20], and the
α–β–ω triple point was estimated to lie at ∼8.0 GPa and
>900 K [19, 20]. The hysteresis in the α ↔ ω transforma-
tion at HT is reduced compared with RT, with partial ω–Ti
reportedly still present at ∼2 GPa and 737 K [20]. After
quenching β–Ti from 3000 K, the δ–Ti phase subsequently
reappeared under compression, suggesting the δ phase is not
metastable [20].

Shock experiments have yet to verify the α→ ω transition
in Ti64 [24–30] though this may be due to the difficulty in
detecting the small volume change across the phase bound-
ary [24, 26]. Sollier et al [29] shock compressed Ti64 up to
52 GPa and observed a dip in the release isentrope at ∼27 GPa.
This feature may correspond to the α–β–ω triple point at
30 GPa and 850 K, predicted using the particle swarm opti-
mization (PSO) technique [31, 32]. α–Ti has been observed to
transform to ω–Ti at 10.1–14.3 GPa under shock compression
[34–37]. The presence of impurities in Ti, notably intersti-
tial oxygen, strongly influences the shock α → ω transition
pressure: for high purity Ti (oxygen content 360 ppm), the
transition pressure was 10.4 GPa, whereas for low purity Ti
(oxygen content 3700 ppm), no transition was observed up
to 35 GPa [36].
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Figure 1. The transformation pathway of Ti-6Al-4V at
high-pressure and HT.

Very few calculations of the Ti64 pressure–temperature
(P–T) phase diagram have been attempted (see section 3.2
for a discussion of the PSO method), primarily due to a lack
of experimental data to constrain the models [32, 34]. On the
other hand, considerable effort has been expended on the Ti
phase diagram and on developing a better understanding of the
α→ω transition mechanism [38–50]. Cold curve calculations
agree with the sequenceα→ω→γ [40, 42, 43, 45, 46], but dis-
agreements exist concerning the subsequent pathway as either
γ → β′ [40, 43] or γ→ δ→ β′ [42, 46], largely based on con-
siderations of phase stability under hydrostatic conditions. At
RT, Joshi et al predict ω→β′ [38], and in a joint experimental
and theoretical study, ω → β′ has also been proposed as the
structural pathway [15].

The energetics and kinetics driving the martensitic α
→ ω transformation have been considered and intermediate
metastable states have been contemplated [47–51]. The so-
called TAO-1 pathway was found to have the lowest activation
enthalpy for the α → ω transformation [47–49]. In addition,
interstitial and substitutional impurities have been calculated
to suppress the transition by increasing the energy barrier of
the TAO-1 transformation [49].

Interstitial oxygen has more significance than nitrogen and
carbon in suppressing the α→ ω transition in pure Ti [49], as
borne out by experiment [36]. Even a low density body-centred
orthorhombic (bco) metastable structure might be stabilised
through the manipulation of impurities [51].

In summary, given its widespread utility across industry and
commerce, it is surprizing how seldom Ti64 has been stud-
ied experimentally and theoretically at extreme pressures and
temperatures [5–8, 24–30, 32–34]. By contrast, the available
literature on Ti is quite extensive [11–23, 33–51]. Here we
report results from a series of high-pressure high-temperature
(HP–HT) experiments to investigate the structural pathway
of Ti64 (see figure 1) and benchmark these results against
published Ti data.

2. Experimental details

Powdered samples of commercial polycrystalline Ti64, pos-
sessing an impurity level of 0.123 wt.%, were procured from
Goodfellow. The purity level of the Ti64 was equivalent to an
oxygen content of approximately 3700 ppm in pure Ti. Pro-
duced by Goodfellow using a patented approach known as
plasma atomization, these samples can be characterised as low
purity [52]. The Ti64 samples used in this study were sourced
from the same batch used in a previous RT study performed by
us [6, 7].

2.1. DAC experiments

Samples of Ti64 powder were loaded into eight gas membrane-
driven piston and cylinder DACs, together with one or more
of the following: potassium chloride (KCl), sodium chloride
(NaCl), magnesium oxide (MgO), and copper (Cu), as the
PTM and/or pressure marker. The thermal EoSs for these mate-
rials are known and can be used to determine pressure values
from XRD patterns at HP–HT [53–56]. Spark-eroded rhenium
(Re) discs were used as the gasket material (pressure cham-
ber). We chose a variety of pressure media to reduce the risk
of potential chemical reactions at HT. Diamond culet diame-
ters ranged from 200 μm to 300 μm and the pressure chamber
diameters <100 μm.

For HP–HT measurements, our DACs were placed inside a
dedicated water-cooled vacuum vessel and heated with a coiled
Watlow resistive heater (rated at 4.65 W cm−2), wrapped
around the outside of the DACs [57]. To prevent diamond
oxidation and convective heating inside the vessel, vacuum
pressures <10−5 mbar level were maintained using a rotary-
backed turbo pump. Water cooling the vacuum vessel limits
the effects of thermal transfer from the heater and improves
the positional stability of the sample relative to the x-ray
microfocus. Temperatures were measured using a K-type ther-
mocouple attached to the DAC piston, close to the diamond
anvils. The accuracy of temperature measurements is better
than 0.4%. In our experience, the practical upper limit in tem-
perature that samples can be heated to using this apparatus
is ∼900 K (for example, [58–60]). To ensure the conditions
inside the DACs were as close to thermal equilibrium as prac-
ticable, the Ti64 samples were initially compressed to a low
pressure (<5 GPa) in the α phase and then heated up slowly
at a rate of ∼100 K hr−1 to a target temperature. Isotherms
were then collected in small pressure steps (<1 GPa) at the
target temperature.

Data were mostly collected at beamlines I15 at diamond
light source (DLS) and BL04-MSPD at the ALBA synchrotron
[61]. The monochromatic x-ray wavelength was 0.4133 Å
(30 keV) at I15 and 0.4246 Å (29.2 keV) at BL04. The FWHM
of the x-ray beam microfocus at I15 and BL04 was �20 μm.
The detector used at I15 was a Mar345 image plate detector
and at BL04 a Rayonix CCD. Additional data were collected
at the high pressure collaborative access team beamline 16-
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BMD, at the advanced photon source (APS). The x-ray wave-
length was 0.4133 Å (30 keV) and the detector used was a
Mar345 CCD.

In total, eight isotherms were collected from initial temper-
atures of 298, 418, 517, 586, 642, 713, 844 and 886 K. All of
the 2D angle-dispersive XRD (ADXRD) patterns were inte-
grated azimuthally using Fit2D [62] or DIOPTAS [63]. The
resulting 1D profiles were analysed by applying a Le Bail
refinement using GSAS [64] or by performing a least-squares
fitting of the d spacings of individual peaks using the JADE 9
[65] and unitcell [66] programs. Only XRD patterns contain-
ing reflections from both the sample and the pressure marker
were analysed.

2.2. Bridgman-type cell experiments

To complement the DAC experiments, we performed lab-
based experiments using a Bridgman-type belt apparatus. This
device consists of a 150 ton oil-press containing steel-belted
Bridgman-type opposed tungsten-carbide anvils. The sample
is contained in a pyrophyllite gasket with hexagonal boron
nitride acting as the PTM. The sample pressure is determined
by calibrating the load applied to the anvils against high-
pressure resistivity transitions in calibrant materials, see for
example [67, 68]. Though the calibrant data is limited in range,
for pressures above 10.5 GPa a linear extrapolation can be
applied to the calibration [68]. The heating element consists of
a graphite block connected to a 100 A power supply. Temper-
atures in the pressure chamber are measured using a shielded
K-type thermocouple with an accuracy <3% [69].

This device is capable of pressurising samples to 13 GPa at
temperatures up to 1600 K [69, 70]. Resistivity measurements
are made across samples using the four probe method. Discon-
tinuities in the measured electrical resistance are indicative of a
material phase change. For this study, three experiments were
performed on samples of Ti64 sourced from the same batch
used in the DAC experiments.

3. Results and discussion

3.1. HP RT DAC XRD experiment

We performed one compression run at 298 K from 2.95(6) GPa
to 66(1) GPa. The Ti64 sample was embedded in KCl,
which acted as both the PTM and pressure marker. A
Sanchez-technologies pressure control system (maximum
output 1000 bar) was used to regulate the DAC membrane-
pressure. A time interval of 2–3 min between membrane-
pressure increase and data collection ensured the sample pres-
sure was always close to equilibrium. At 6.4 GPa, the pressure
gradient across the pressure chamber (gasket hole diameter
<100 μm) was 0.3 GPa. The results at RT are in excellent
agreement with previous studies [5–7]. Thus, for the sake of
briefness (and to avoid redundancies) we do not show a selec-
tion of RT XRD patterns. In our experiments, the emergence of
the dominant ω–Ti64 (110/101) peaks at 30(1) GPa signified
the onset of the α → ω transformation. This sluggish trans-
formation to the ω phase was completed at 40.7(8) GPa. The
measured volume reduction −ΔV/V , from α- to ω- was <2%.

The KCl B2 Vinet EoS parameters used to generate pressure
values at 298 K, as a function of volume, were: V0 = 54.5 Å3,
K0 = 18.3(3) GPa and K′

0 = 5.60(3) [53], where V0 is the
ambient cell volume.

The c/a axial ratio for α–Ti64 was found to be almost
invariant under pressure, fluctuating between 1.595 and 1.602
between 2.95(6) GPa and 33.1(6) GPa, again in good agree-
ment with previous measurements [6, 7]. These values are
smaller than the ideal value of 1.633 for the α phase. For
ω–Ti64, c/a has a slightly positive slope, rising from 0.612 (the
ideal value) to 0.617 between 34.8 GPa and 65.5 GPa. The cal-
culated c/a ratio for ω–Ti64 at 0 K, due to local ordering of Al
and V, rises from 0.616 at 20 GPa to 0.618 at 60 GPa, and then
drops to 0.615 at 100 GPa [6].

The sample was slowly decompressed from 66(1) GPa, to
reveal a strong hysteresis, with the ω phase stable to ∼9.1(1)
GPa. A sudden jump in pressure to 3.2(1) GPa resulted in the
Ti64 completely reverting back into the α phase. But unlike
ω–Ti under quasihydrostatic conditions [11, 12], ω–Ti64 is
not metastable at ambient pressure after pressure release [6].
Errandonea et al [16] recovered α–Ti from ω–Ti at RT, after
decompressing a Ti sample embedded in NaCl, a similar PTM
to KCl. But α–Ti was not detected after pressure release for
ω–Ti embedded in the more hydrostatic PTMs argon and 4:1
methanol–ethanol [16] and helium [19]. In our earlier study of
Ti64, we decompressed ω–Ti64 from 70 GPa to 0.8 GPa in a
methanol–ethanol PTM and recovered α–Ti64 [6].

A discussion of the RT EoS will be conducted in section 3.3
in combination with the analysis of the HP–HT results.
Here we would like just to mention that a 3rd order
Birch–Murnaghan (BM3) EoS [71] fit to the α–Ti64 data gen-
erated the EoS parameters, V0 = 17.25(4) Å3, K0 = 110(2)
GPa and K′

0 = 3.8(2). For ω–Ti64, a BM3 fit generated V0 =
16.8(2) Å3, K0 = 115(8) GPa and K′

0 = 4.6(8). A Vinet [72] fit
to the data returned similar values. These EoS results are con-
sistent with published data for Ti64 [5–7] and pure Ti [13–17,
20].

3.1.1. HP–HT DAC XRD experiments. Seven HP–HT
isotherms were collected at 418(2), 517(2), 586(2), 642(3),
713(1), 844(5) and 886(2) K. All DACs were precompressed
to ∼5 GPa in the α phase at RT and then heated to a
target temperature and compressed into the ω phase. To
control the gas-membrane pressure to our DACs, we used a
Sanchez-technologies control system at ALBA and a Druck
PACE 5000 (maximum output 210 bar) at DLS and the APS.
With the exception of the isotherms collected at 418 K and
642 K, all samples were compressed until diamond or gasket
failure.

The first set of HP–HT experiments were performed at DLS
(isotherms at 517, 642 and 886 K). All DACs were loaded with
α–Ti64, NaCl as the PTM, and Cu as the pressure marker. The
Cu P–V –T EoS used to generate pressure values comprised a
BM3 for RT and a Mie–Grüneisen–Debye (MGD) term for
the thermal effects [56].

In figure 2, a waterfall plot of integrated ADXRD patterns,
collected at 642 K, shows the α → ω transition and demon-
strates the sluggish nature of the transition. The XRD patterns
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Figure 2. A waterfall plot of integrated ADXRD patterns showing
the α→ ω transformation in Ti-6Al-4V with increasing pressure at
642(3) K. The vertical arrow at 29.8 GPa points to the emergent ω
(101)/(110) peaks. ∗ represents reflections from B1 NaCl, +

reflections from Cu, and ‡ reflections from Re. Less prominent
peaks are not labelled.

are affected by preferred orientation due to limitations in the
experimental apparatus. However, this does not affect phase
identification. The dominantω phase (101)/(110) peaks appear
at ∼29(1) GPa (the peak positions are indicated by the verti-
cal arrow at 29.8 GPa) and grow in intensity with increasing
pressure, while simultaneously the α phase peaks gradually
diminish in intensity, until at ∼40 GPa the transformation is
complete. The volume change from α to ω phase, −ΔV/V
∼ 1.7%. The pressure range of α + ω phase coexistence of
∼10 GPa at 642 K matches that observed at RT. This DAC
was compressed to 65 GPa at 642 K into the ω phase. On
decompression back to 32 GPa and 642 K, Ti64 was still sta-
ble in the ω phase. An unexpected drop in pressure to 8 GPa
resulted in the complete transformation back into α–Ti64. Pis-
ton and cylinder DACs often seize, then jump, during decom-
pression at HT, leading to irregular intervals in sample pres-
sure. This DAC was cooled down to 517 K and recompressed
back into the ω phase at 30(1) GPa, with a phase coexistence
extending over a range of ∼9.5 GPa. Diamond failure in the
ω phase occurred at ∼45 GPa. For both isotherms the vol-
ume reduction from α–Ti64 to ω–Ti64, −ΔV/V < 2%. Pure

Ti remains in the ω phase if released back to ambient pres-
sure at 444 K, but at 737 K there is a partial recovery of the
α phase after decompression [19]. An isotherm collected at
886 K, the highest temperature reached in our DAC exper-
iments, terminated early at ∼23 GPa in the α phase due to
gasket failure.

A second series of HP–HT DAC experiments were per-
formed at ALBA (isotherms at 418, 586 and 713 K). Sam-
ples of α–Ti64 were embedded in KCl, which acted as both
the PTM and pressure marker. Pressure values were gener-
ated using a B2 KCl EoS consisting of a Vinet RT term and
an MGD thermal term [53]. The transition pressures for α→
ω were: 30.0(3) GPa at 418 K, with a phase coexistence of
∼8.3 GPa; 31(1) at 586 K, with a coexistence of∼8.5 GPa; and
∼31(1) GPa at 713 K, with a coexistence of ∼8 GPa. Again,
−ΔV/V from α–Ti64 to ω–Ti64, was <2%. The sample at
418 K was compressed to 49.4 GPa in the ω phase and then
released back to 21.9 GPa, still in the ω phase. Upon cool-
ing to RT and 24.7 GPa, the sample still retained the ω phase.
Seizure of the cell prevented any further measurements. The
586 K and 713 K isotherms were terminated at 44 GPa and
67 GPa due to gasket failure. At 713 K, the pressure gradient
across the chamber (gasket hole <100 μm) at 22.7 GPa was
1.4 GPa. At 713 K and 48.6 GPa, the pressure gradient was
1.7 GPa. To avoid contamination of the XRD patterns from the
gasket, we collected all of our patterns as close to the centre of
the pressure chamber as possible and to reduce the effects of
the pressure gradient.

An additional isotherm at 844 K was collected at the APS,
this time using MgO as the PTM and pressure marker. The
onset of the α→ω transition was observed at 29(2) GPa, with
a coexistence region of∼8 GPa before completion of the trans-
formation to the ω phase. ω–Ti64 was stable up to the highest
pressure achieved, 93(1) GPa. Due to peak overlap and Re con-
tamination it was not possible to measure the volume reduction
across the α–ω phase boundary. In figure 3 we show an inte-
grated ADXRD pattern of ω–Ti64 at 91(1) GPa and 848 K.
The unit-cell parameters for the ω–Ti64 pattern in figure 3 are
a = 3.9617(27) Å and c = 2.4666(12) Å.

Pressure values were generated using a combined BM3 and
modified MGD thermal EoS for MgO [55]. Unfortunately we
did not detect a measurable lowering in intensity of the (001),
(101), (111), (002) and (112) ω peaks to indicate the onset of
the predicted ω → β′ transformation. However, based on our
analysis, the simulated intensity of the (101) peak relative to
the (110) begins to decrease at ∼85 GPa. In figure 3, as the
(101) and (110) start to separate, the (101) peak becomes a
shoulder and introduces an asymmetry into the overall pro-
file, which is consistent with the behaviour we observed at
∼88 GPa in our previous RT experiment as ω–Ti64 trans-
formed to β′–Ti64 [6]. In the current experiment, the run
terminated at ∼93 GPa due to diamond failure.

For all HP–HT experiments, the c/a axial ratio trend for
α–Ti64 is effectively invariant under pressure, indicating
isotropic compression, see figure 4. In the plot, the c/a ratio for
the α phase at RT, 586 and 844 K averages as 1.597(8). The
c/a ratio for ω–Ti64, on the other hand, appears to increase
monotonically from the ideal ratio ∼0.613(1) at ∼30 GPa to
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Figure 3. An integrated ADXRD pattern showing ω–Ti-6Al-4V at
91(1) GPa and 848 K. MgO was used as the pressure marker and
pressure transmitting medium. The prominent ω phase peaks are
indexed. The tick marks beneath the profile indicate the ω phase and
MgO diffraction peaks. Note the splitting of the dominant ω
(101)/(110) peaks at ∼12◦.

Figure 4. A plot of axial ratios for α–Ti-6Al-4V and ω–Ti-6Al-4V,
as a function of pressure, at 298, 586 and 844 K. Square datapoints
represent α–Ti-6Al-4V and circular datapoints represent
ω–Ti-6Al-4V.

∼0.622(1)at∼91 GPa. The slope also seems to be independent
of temperature. This behaviour is not universally observed in
Ti HP experiments. A constant c/a ratio∼0.6125 forω–Ti was
reported up to 8.1 GPa in a large press at RT [20], whereas in
DAC experiments at RT, the c/a ratio for ω–Ti rises in a simi-
lar fashion to our ω–Ti64 data, but starting from a much lower
α→ ω transition pressure [17–19].

3.1.2. Bridgman-type cell experiment. Three isobaric exper-
imental runs were performed using the Bridgman-type cell
apparatus and resistivity measurements were made using the
four-probe method. In figure 5, the change in electrical resis-
tivity as a function of temperature is shown for Ti64 at 4.0(2),
8.0(2) and 12.0(2) GPa. The sudden decrease in the mea-
sured resistivity is indicative of a material transformation. This

Figure 5. A plot showing the measured changes in resistivity of
Ti-6Al-4V at 4.0(2), 8.0(2) and 12.0(2) GPa, as a function of
temperature. ρ0 corresponds to the ambient conditions resistivity
measurement.

change of resistivity on its own does not provide evidence for
the α → β phase transition in Ti64. However, since Ti64 is a
near-α two-phase α + β alloy at ambient conditions, and is
known to transform at ambient pressure to the α + β phase
at ∼1070 K [2], the modest change observed in the slope
for ((dρ/ρ0)/dT) at 1230(30) K at 4.0(2) GPa; 1180(30) K at
8.0(2) GPa; and 1140(30) K at 12.0(2) GPa, is likely caused
by the growth of β phase grains. Similar experiments per-
formed on hcp Ti, Zr and Gd at HP–HT in a large press found
the measured resistivity increased with increasing tempera-
ture and decreased with increasing pressure [73]. The slight
change in slope for isobaric data collected at temperatures up
to ∼900 K suggested the α→ω transformation in Ti occurred
above 2 GPa at HT [73]. Theα–Ti64 plots in figure 5 appear to
confirm the relationship between resistivity and temperature,
and resistivity and pressure.

3.2. HP–HT phase diagram

The Ti64 pressure–temperature (P–T) phase diagram is shown
in figure 6. The DAC data and Bridgman-type cell data from
this study are shown alongside RT data collected by us in
an earlier study [6]. Based on the DAC data, the α–ω phase
boundary appears to be almost vertical in P–T space. The
slope of the α–ω phase boundary, dT/dP ∼ 550 K GPa−1. The
slope of the α–ω phase boundary for pure Ti was reported by
Zhang et al to be 345 K GPa−1 [22]. The Bridgman-type cell
data lie on a slope given by dT/dP ∼ −11.3 K GPa−1. The
black dashed line denotes the proposed solid–solid boundaries
for the α–ω and (α + ω)–β phases. Extrapolating the black
dashed line from the Bridgman cell data towards the proposed
α–ω phase boundary suggests the α–β–ω triple point occurs
at ∼30 GPa and ∼910 K.

The black dot-dot-dash line indicates the upper pressure
bound of the mixed-phase (α + ω) region, beyond which,
ω–Ti64 is stable. The width of this region of coexistence
does not change significantly with increasing temperature. It
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Figure 6. The P–T phase diagram of Ti-6Al-4V. Experimental data
from this study are represented by: red circles, α–Ti64; half-red
half-white circles, mixed phase (α + ω)–Ti64; white circles,
ω–Ti64; black diamonds, phase changes measured using the
Bridgman-type cell. Experimental data from previous work are
represented by: blue circle, α–Ti64 [2]; green triangle, β–Ti64 [2];
half-purple half-white squares mixed phase (ω + β′)–Ti64 [6];
purple triangles β′–Ti64 [6]. The black dashed lines act as a visual
guide for the proposed α–ω and (α + β)–β phase boundaries based
on our data. The black dashed-dot line indicates the complete
transition to ω–Ti64 from the mixed phase (α + ω)–Ti64. The solid
grey lines represent the solid–solid phase boundaries calculated
using the PSO technique; and the dashed grey lines the Hugoniot,
also calculated using the PSO. The black short dashed lines
represent the solid–solid phase boundaries of pure Ti measured by
Zhang et al [21].

reduces from ∼10 GPa at RT to ∼8 GPa at 844 K, which sug-
gests the kinetic barrier in the transformation to the preferredω
phase is weakly dependent on temperature and hydrostaticity.
Once transformed, ω–Ti64 extends to at least ∼93 GPa and
850 K. In this P–T diagram there are regions where we have
observed the coexistence of the α and ω phases. Phase coex-
istence could be affected by Al redistribution between the α
and ω phase. However, the exact Al content in each phase can-
not be accurately determined from our experiments. Since the
quantity of Al in Ti64 is known to vary between 5.7 and 6.5%,
we expect the Al redistribution to not significantly affect our
results.

The solid and dashed grey lines in figure 6 represent the
solid–solid phase boundaries and the Hugoniot, calculated
using the PSO technique [31, 32]. The PSO is a stochastic anal-
ysis technique that fits statistical mechanics-based condensed
matter models to wide ranging datasets. For solid phases,
an EoS can be generated by combining contributions to the
Helmholtz free energy from a cold curve calculation, thermal
ion term, and thermal electron term. In this study, the cold
curve was calculated using the augmented stabilised jellium
EoS (ASJEOS) [74], which requires only three inputs: ρ0, K0

and K′
0, where ρ0 is the density. The thermal ion term com-

bines a mean field model [75] with an Einstein density of states
model, where the Einstein temperature is given by

θE =
h

2πk
∈1/3ρ5/6

(
2 (2 − λ) E′

C + 3ρE′′
C

)1/2
, (1)

Table 1. Multiphase EoS parameters for Ti-6Al-4V, generated using
the PSO technique. Parameters λ and ε represent model choices for
the solid phase and do not change during the PSO calculations.

Parameter α–Ti-6Al-4V β–Ti-6Al-4V ω–Ti-6Al-4V

ρ0 (g/cc) 4.4615 4.5075 4.6578
K0 (GPa) 119.78 131.01 156.58
K′

0 3.2518 2.7469 2.7799
λ −1 −1 −1
ε 0.70711 0.76980 0.70711
Boundary Ambient α–β α–ω
P1 (GPa) 0.0001 33
T1 (K) 1207 300
P2 (GPa) 29 29
T2 (K) 846 846

where the derivatives of the cold curve energy EC, are
with respect to density; ∈ is a constant dependent on
the lattice structure; λ takes the value −1, 0, or +1,
which gives rise to the Slater, Dugdale–MacDonald, or
Vaschenko–Zuberov Grüneisen functions when calculated
using Γ = −∂ ln θE/∂ ln V , where Γ is the Grüneisen param-
eter and V is the volume. The Thomas–Fermi model repre-
sents the electronic term. The EoS along a phase boundary
is calculated using the method of mixtures [76]. To predict
a phase boundary, the Gibbs free energies are forced to be
equal at two specified starting P–T points, which are con-
straints described by experimental data. No constraints exist
for subsequent calculated points in P–T space.

Since the PSO method does not incorporate metastable or
two-phase regions in calculations, phase boundaries in P–T
space are generated as single points only [32]. As such, the
PSO α–β phase boundary in figure 6 is a little mislead-
ing. The (α + β) mixed phase region is currently treated
as β–Ti64 using the PSO technique, hence the apparent dis-
agreement between the predicted α–β phase boundary and
our proposed (α + β)–β phase boundary. Nonetheless, the
α–β–ω triple point, predicted by PSO to occur at 30 GPa and
850 K [32], is in reasonable agreement with our inferred triple
point. The parameters obtained from the PSO fitting process
are presented in table 1. In figure 6, the calculated value for
the RT ω–β′ phase boundary appears to be a little high at
∼120 GPa, compared with our previous measurement for ω
→ β′ of ∼95–120 GPa [6].

At 848 K, there is a suggestion in our current dataset that
the ω → β′ transition may be occurring at ∼85 GPa, but PSO
predicts the transition below 80 GPa. This could be related to
the use of the Einstein model, which neglects anharmonicity,
and which has been found to be relevent for the bcc structure
(β-phase) in metals at HP–HT [77]. An alternative explanation
for the β′-phase at higher pressures is the presence of kinetic
barriers [78]. To close this discussion we would like to empha-
sise the point that the PSO technique takes into account shock
data as well as static data in the fitting process, and that the
overall result includes a misfit with some of the experimental
data [32]. The PSO calculated P–T phase boundaries, shown
in grey in figure 6, are therefore generated as a balance of best
fits to the available experimental data.
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Figure 7. The variation in the atomic volume of Ti-6Al-4V as a
function of temperature, at pressures 11(1), 22.0(6) and 40(1) GPa
generated using KCl, Cu and MgO thermal EoSs. Ti-6Al-4V is in
the α-phase at 11 and 22 GPa and in the ω-phase at 40 GPa. The
uncertainties are absorbed into the data-points. The dashed grey
lines have been added as a visual guide.

3.3. P–V–T EoS

Since our data were collected from three synchrotron visits,
it is worth considering the impact an analysis of three sep-
arate datasets may have on the overall P–V –T EoS. Firstly,
errors inadvertently introduced during the setting up of the
beamlines could lead to systematic errors propagating into the
data. These effects are difficult to quantify but are assumed
to be negligible since detector calibrations were performed
using x-ray standards (CeO2, LaB6 and Si) at the start of
each experiment. Secondly, the selection of a range of pres-
sure media and markers for these experiments may give rise
to dissimilar pressure environments and inconsistent pressure
values. We used thermal EoSs for KCl [53], MgO [55] and
Cu [56] to determine sample pressures. In figure 7, the mea-
sured atomic volumes for Ti64 are plotted against temper-
ature, at pressures 11(1), 22.0(6) and 40(1) GPa, generated
using the KCl, MgO and Cu thermal EoSs. The effects of
thermal expansion on atomic volume decrease with increasing
pressure. The lack of scatter in the data suggests the overall
impact of the different DAC loadings on the volume analysis
is not critical and therefore these variations can be discounted
as limiting factors in the determination of a P–V –T EoS
for Ti64.

The thermal EoS of a material can be defined as:

P (V , T) = P (V , T0) + Pth(V , T), (2)

Figure 8. Pressure–volume–temperature data for (a) α–Ti-6Al-4V
and (b) ω–Ti-6Al-4V. The solid lines correspond to EOS fits to the
data. To ease interpretation of the data, we have omitted a number of
isotherms from these figures.

where P(V , T0) represents the RT isothermal EoS component
and Pth(V , T) the thermal component. The thermal expansion
of a material is given by

V0T = V00 exp
∫ T

Tref

α(T)dT (3)

where T ref is 298 K, V00 is the volume at 298 K, and α(T ) is
the coefficient of thermal expansion. The Berman model [79]
can be used to describe the effects of non-linear thermal expan-
sion on the variation of the volume with temperature, and at
constant pressure:

V0T = V00

(
1 + α0 (T − Tref) +

1
2
α1(T − Tref)2

)
, (4)

where α is treated as a constant. For small changes in volume,
the thermal expansion can be approximated to

α ≈ α0 + α1(T − Tref), (5)

where α0 is the thermal expansion coefficient at 298 K [80].
A P–V –T EoS was generated forα–Ti64 andω–Ti64 using

the least-squares fitting programme EoSFit7 [80, 81]. Isother-
mal data generated at 298, 418, 517, 586, 713 and 886 K were
used to generate the thermal EoS for α–Ti64, and isotherms at
298, 418, 586, 642 and 713 K were used for ω–Ti64. For both
Ti64 phases, a BM3 EoS was fit to the RT data, giving the EoS
parameters reported in section 3.1.

The isotherms for α–Ti64 are shown in figure 8(a) along
with the best fits to the data. In figure 8(b), we show the
isotherms and fits for ω–Ti64. The corresponding EoS param-
eters for both phases are presented in table 2 alongside pre-
viously published parameters for pure Ti at HP–HT [20].
There is good agreement with the values reported for pure
Ti [20]. The negative value for (∂K0/∂T)P in Ti64 indi-
cates a reduction in the bulk modulus with increasing tem-
perature. Between RT and ∼900 K, this corresponds to a
decrease in the bulk modulus of ∼15% for α–Ti64 and ∼6%
for ω–Ti64.
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Table 2. P–V –T EoS parameters generated using a 3rd order Birch–Murnaghan model at RT and a
Berman model for the thermal component.

V0 (Å3) K0 (GPa) K′
0 α0 (K−1) α1 (K−2) (∂K0/∂T)P (GPa K−1)

α–Ti-6Al-4V 17.25(4) 110(2) 3.8(2) 4.1(6) 10−5 3(2) 10−8 −0.028(3)
ω–Ti-6Al-4V 16.8(2) 115(8) 4.6(8) 3.0(9) 10−5 1.0(4) 10−8 −0.011(2)
α–Ti [20] 17.64(1) 114(3) 4.0a 1.2(6) 10−5 2.5(1.1) 10−8 −0.011
ω–Ti [20] 17.29(1) 107(3) — 6.5(3.5) 10−6 2.8(6) 10−8 −0.0095

aK ′
0 was fixed to derive a value for K0.

4. Conclusion

Commercial powdered polycrystalline Ti64 has been inves-
tigated at HP–HT using DACs and a Bridgman-type cell.
ADXRD data up to 95 GPa and between RT and 886 K were
collected using membrane-driven DACs. Resistivity data up
to 12 GPa, and at temperatures between RT and 1500 K were
collected using a Bridgman-type cell.

The data has been combined to generate for the first time
a phase diagram in P–T space for Ti64. This work confirms
the suppression of the α→ω transition in Ti64 up to ∼30 GPa.
For low purity Ti64 (this sample), the α→ω transition appears
to be insensitive to the pressure environment in a DAC and
also to temperatures between RT and ∼900 K. On decompres-
sion, there is a pronounced hysteresis in ω–Ti64. The ω → α
transition is sensitive to temperature, and transforms back into
the α phase at higher pressures than is the case at lower tem-
peratures. Our calculated solid–solid phase boundaries using
the PSO method are consistent with these results and with pre-
viously published shock and static Ti64 data. Our proposed
α–β–ω triple point appears to occur at the same temperature as
that proposed for pure Ti, but shifted from∼8 GPa to∼30 GPa.
In addition, we have derived the thermal EoSs for α–Ti64 and
ω–Ti64 and found the agreement with α–Ti and ω–Ti to be
good.
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upon reasonable request from the authors.
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