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Absence of a pressure-induced structural phase transition in Ti3Al up to 25 GPa
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Experimental high-pressure studies of titanium aluminide (Ti3Al) have been carried out under quasihydro-
static and nonhydrostatic conditions up to a pressure of 25 GPa using anin situ powder x-ray diffraction
technique. The experiments were complemented by first-principles total energy calculations. The experimental
equation of state for three samples with different compositions was fitted using the Birch-Murnaghan equation.
The obtained parameters agree very well with theoretical results. In the studied pressure range neither experi-
ment nor theory observed any pressure-induced structural phase transition. In particular, the phase transition
from the DO19 (Ni3Sn type! structure of Ti3Al to DO24 (Ni3Ti type! structure, reported earlier by Sahuet al.
@Phys. Rev. Lett.78, 1054 ~1997!# is not confirmed in our study. Possible reasons for the discrepancy are
analyzed.

DOI: 10.1103/PhysRevB.63.024106 PACS number~s!: 62.50.1p, 64.70.Kb
te
o
c

. I

wa
e
s

of
s

ed
r

ive
c

y.
er
ru
n
f
ili
ri

ty
ha

Pa

e
on
n
f.
x

c-

ct a
po-

s

tial

iate
.

ow-
°C
R-

al
e de-
wn

us
ol-

e-
-

um,
pa-

up
ll at

the
e

the

he
by
Titanium and its alloys are traditional engineering ma
rials that possess an extraordinary combination
properties.1 They are commonly utilized in aerospace, spa
vehicles, and in the petroleum and chemical industries
particular, the phase Ti3Al (Ni 3Sn-type structure! exhibits
low density and good high-temperature strength and
therefore chosen for development of aircraft engin
materials.2 However, one of the main technological problem
with Ti3Al is to increase the room-temperature ductility
this (Ni3Sn-type! brittle phase. In practice, the ductility i
increased by alloying Ti3Al with 8–18 % Nb~other possible
alloying elements are Mo, V, Ta, and Ni!, but other more
efficient ways to increase the ductility are being pursu
One avenue that is being pursued quite generally in orde
improve on the ductility is to increase the number of act
slip planes to satisfy the von Mises criterion. Crystal stru
ture plays very important role in determining the ductilit
For this reason the goal has become to transform the mat
of interest into cubic crystal structure, since often these st
tures display many active slip planes. It is for this reaso
structural investigation of Ti3Al becomes important, since i
the mechanisms that are pertinent for the structural stab
is understood one may find ways to synthesize this mate
in a cubic~and hopefully more ductile! phase.

Recently, a high pressure investigation of Ti3Al was made
by Sahuet al.3 in order to study its structural phase stabili
behavior. These authors have reported a structural p
transition from the DO19 (Ni3Sn-type! to the DO24
(Ni3Ti-type! structure in the pressure range of 10–15 G
In a subsequent paper by Rajagopalanet al.4 this finding was
seemingly confirmed by theoretical calculations. Howev
the high pressure study in Ref. 3 was carried out on
single sample, and the interpretation of the results was
unambiguous as well as the calculations reported in Re
were carried out within the so-called atomic sphere appro
mation ~ASA! which sometimes fails to resolve small stru
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tural energy differences. Therefore, we decided to condu
series of experiments on a number of samples with com
sitions covering the whole homogeneity range~22–38 at. %
Al ! of Ti3Al, and to complement them by first-principle
total energy calculations of the competing phases of Ti3Al
using the ASA, as well as much more accurate full-poten
method.

Three samples were prepared by arc melting appropr
amounts of titanium rod~99.98% Materials research S.A!
and aluminum ingot~99.999 % Granges S.M.! in an arc fur-
nace in a pure argon atmosphere. The samples were p
dered by milling and then homogenized in vacuum at 900
for 5 h. For the compressibility study we used the DX
GMW diamond anvil cell~DAC! ~Diacell Products, UK! de-
scribed elsewhere.5 Pt, Ag, Cu, and NaCl served as intern
standards for pressure calibration and the pressures wer
termined with accuracies better than 1 GPa by using kno
equations of state.6 For every composition of Ti3Al, 33.3,
28.4, and 24 at. % Al, a series of experiments with vario
pressure calibrants and with, as well as without, methan
ethanol-water~MEW! mixture as a pressure-transmitting m
dium were conducted.7 The MEW provides hydrostatic con
ditions up to 15 GPa.8 In experiments with NaCl as a
pressure calibrant and MEW mixture as a pressure medi
the unit cell parameter of NaCl was determined using se
rately three reflections~111!, ~200!, and~220!. All the three
values agree with each other within 0.0005 Å at pressures
to 19 GPa. This means that stresses are negligibly sma
these conditions.9

Theoretical calculations have been carried out in
framework of the density functional theory employing th
generalized gradient approximation~GGA! ~Ref. 10! for the
exchange-correlation potential and energy. We employed
linear-muffin-tin-orbital~LMTO! method of Andersen.11 The
effective one-electron potential was treated within t
ASA,11 as well as without any shape approximation
©2000 The American Physical Society06-1
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means of an accurate full-potential~FP! technique.12 The
former approach allows us to take into account the effec
disorder within the multisublattice generalization of the c
herent potential approximation~CPA!,13 and to calculate ac
curate total energy differences betweendifferent atomic ar-
rangements on the same underlying crystal lattice. In
contrast to the ASA~also used in Ref. 4!, the FP method is
particularly suitable for resolving smallstructural energy
differences in ordered intermetallic compounds and there
it is widely used for studies of structural phase transition14

In particular, in our FP-LMTO calculations, we have us
1000k points in the irreducible part of the Brillouin zone o
the DO19 and DO24 structures, and we have converged
total energies with respect tok points and basis set up to 0.0
mRy. Note that the present full-potential approach is kno
to give an accuracy of the total energy withinme V range.15

To illustrate the reliability of the combined experiment
and theoretical approach to the problem, the determined
cell parameters and molar volumes are shown in Table I.
a comparison, parameters available in the literature are
listed.16–18 Both the a and c unit cell parameters decreas
with increasing Al content, which is in correspondence w
smaller radius of Al than that of Ti. The good agreeme
between the theory and the experiment is typical for mod
ab initio calculations.

The dependence between the unit cell volume and
pressure, both from experiments and theory, is shown in
1~a! for all three samples. Again, the agreement betw
theory and experiment is found to be quite satisfactory. T
P-V experimental data was fitted to the Birch-Murnagh

TABLE I. Lattice parametersa andc ~in Å!, unit cell volumesV
~in Å 3), bulk moduliK300,1 ~in GPa! and their pressure derivative
K300,18 for Ti3Al obtained by different experimental and theoretic
techniques.

Sample a c V K300,1 K300,18

Ti76.0Al24.0
a 5.8083~7! 4.6563~5! 136.04~4! 133~8! 2.6~8!

Ti76.0Al24.0
b 5.79 4.69 136.4 124 3.4

Ti71.6Al28.4
a 5.7829~4! 4.6388~4! 134.35~2! 131~8! 3.6~1.4!

Ti71.6Al28.4
b 5.78 4.68 135.5 123 3.5

Ti66.7Al33.3
a 5.7763~4! 4.6348~4! 133.92~2! 125~6! 4.4~9!

Ti66.7Al33.3
b 5.77 4.67 134.7 122 3.5

Ti3Al c 5.775 4.638 133.96
Ti3Ald 5.77 4.62 133.21
Ti2.88Al1.12

e 5.780 4.647 134.45
Ti3Al f 5.818 4.689 137.45 106.7~5.8!
Ti3Alg 127.8 128.87

aThis work, experiment.
bThis work, theory. Presented results were obtained by mean
LMTO-ASA-CPA technique, andc/a ratio was optimized for or-
dered Ti3Al by means of FP-LMTO method, and then fixed.

cExperiment, Ref. 16.
dExperiment, Ref. 17.
eExperiment, Ref. 18.
fExperiment, Ref. 3.
gTheory, Ref. 4. Unit cell volume was extracted from Fig. 4 of R
4 using experimental volume of Ref. 3.
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equation of state.19 The volume of the unit cell at zero pres
sure and room temperatureV300,0 for all three phases wa
found with high accuracy, and therefore a fixedV300,0 was
used in the fitting procedure. The values of the bulk modu
K300,1 and its pressure derivativeK300,18 are also presented in
Table I. There is a correlation between the values ofK300,1

and K300,18 and the Al content. The bulk modulus decreas
and its pressure derivative increases with increasing Al c
centration. Similar trends are also seen in the theoretica
sults. Note that the values ofK300,1 for all three alloys are
significantly higher than the value reported by Sahuet al.3

@106.7~5.8! GPa, Table I#.
The central question of the present study is to investig

possible pressure induced structural phase transition in T3Al
at pressures up to 25 GPa. The experiment with the 3
at. % Al sample was conducted under the same condition
described in the paper by Sahuet al.3 A pure silver powder
was used as pressure calibration standard and MEW
used as pressure-transmitting medium.7 Diffraction patterns
were registered upon compression~up to 21 GPa! and de-
compression, and the results are shown in Fig. 2@curves
denoted~a!, ~c!, and~e!#. The only change in the diffraction
patterns, except shifts of reflections to lowerd spacings, was
disappearances of the~101!, ~110!, and ~211! superlattice

FIG. 1. ~a! Experimental~circles, squares, and diamonds! and
theoretical~lines! dependences between the unit cell volume a
pressure for the Ti3Al alloys with 24 at. % Al ~solid line, circles!,
28.4 at. % Al~dotted line, squares!, and 33.3 at. % Al~dashed line,
diamonds!. Theoretical results are obtained by the LMTO-ASA
CPA method. The FP-LMTO PV diagram for ordered Ti3Al is not
shown, but is in very good agreement with those for o
stoichiometric alloys presented in this figure.~b! Calculated pres-
sure dependence of the enthalpyH for stoichiometric Ti3Al with
DO24 structure~solid line, FP-LMTO calculations! and disordered
hcp Ti3Al alloy ~dashed line, LMTO-ASA-CPA calculations! rela-
tive to the enthalpy of ordered DO19 Ti3Al.
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reflections, as well as the~002! and~202! reflections of Ti3Al
at elevated pressures~above 20 GPa!.

For Ti3Al with 28.4 at. % Al we conducted two exper
ments, with and without pressure-transmitting medium,
ing a piece of pure Pt wire~10 mm in diameter! as a pressure
calibrant. We reached 25 GPa and registeredin situ x-ray
diffractograms both on compression and decompression
additional changes in the diffraction patterns compared to
33.3 at. % Al alloy were found in the experiments both und
nonhydrostatic and hydrostatic conditions. Note that exp
ments conducted under nonhydrostatic conditions, may
duce a phase transition at a different pressure compare
hydrostatic experiments. As a matter of fact non-hydrost
pressures may even result in phase transitions to metas
phases.

For the specimen with the lowest Al content~24 at. %!,
three experiments were performed. One with Pt powder~par-
ticle size 2mm), one with a copper wire and one with NaC
as the pressure calibration standards. The diffraction pat
shown in Fig. 2@curve denoted~d!# was recorded at a pres
sure of 22.1~5! GPa. Cu was chosen as a standard espec

FIG. 2. The diffraction patterns of the various Ti3Al alloys at
different pressures.~a! Ti3Al with 33.3 at. % Al ~Ag was used as an
internal standard for pressure calibration!, P51 bar;~b! Ti3Al with
24 at. % Al ~NaCl was used as a pressure calibration standard!, P
518.6(3) GPa. This diffraction pattern was collected at ESRF.~c!
Ti3Al with 33.3 at. % Al atP520.5(3) GPa;~d! Ti3Al alloy with
24 at. % Al ~Cu was used as an internal standard for pressure
bration!, P522.1(5) GPa;~e! Ti3Al with 33.3 at. % Al after de-
compression;~f! Ti3Al alloy with 24 at. % Al ~Cu was used as an
internal standard for pressure calibration! after decompression
rotation scan. The estimated positions of the most intense re
tions from the Ni3Ti type structure (DO24) are marked with arrows
02410
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to ‘‘clean’’ the area where the new reflections were observ
by Sahu and co-authors.3 Moreover, the curve denoted as~b!
in Fig. 2 shows the x-ray diffraction pattern of Ti76Al24 col-
lected at the European Synchrotron Radiation Facilit
~ESRF!. Here NaCl was used as a pressure calibration s
dard. At pressure 18.63 GPa the difraction pattern conta
all six reflections of the DO19 structure of Ti3Al. Figure 2
shows that no extra reflections appear up to 25 GPa, bu
superlattice reflections~101!, ~110!, and~211!, as well as the
~002! and ~202! reflections disappear at pressures above
GPa. According to earlier study by Sahuet al.3 a complete
phase transition of Ti3Al with the Ni3Sn-type (DO19) struc-
ture to the Ni3Ti-type (DO24) structure should occur betwee
10–15 GPa. The estimated positions of the reflections fr
the Ni3Ti-type structure are marked with arrows in Fig.
Thus, no evidence of a structural phase transition of Ti3Al
was found in the present experiments, and the absence o
DO24 phase was clearly established by the absence of
most intensive characteristic reflections of this phase in
pressure range up to 25 GPa.

To investigate this finding further, we have carried o
total energy electronic structure calculations for the DO19
and DO24 structures of Ti3Al using the FP-LMTO method.
To see what structure is more stable one needs to com
the free energies of the two systems

Gi~x,p,V,T!5Hi~x,p,V!2TSi~x!1Flv
i ~x,V,T!, ~1!

whereHi5Ei1pV is the enthalpy at temperatureT50 cal-
culated from the energy per atomEi in a particular structure
i with a compositionx at volumeV and pressurep. The last
two terms, the entropySi and the free energy of the lattic
vibrations Flv , can be neglected atT50. Calculated en-
thalpy difference between the DO24 and DO19 structures is
shown in Fig. 1~b! by the solid line. The positive value in th
complete pressure interval confirms our experimental ob
vation that there is no pressure induced structural transi
from DO19 to DO24 in Ti3Al up to 25 GPa, in contrast with
what has been reported in Refs. 3,4. Notice that the ene
difference between these two structures is very small ind
~;0.01 eV! in the whole pressure interval. Therefore, clea
there is a necessity for using the most accurate fi
principles techniques, such as the FP method, in orde
resolve it.

Several reasons for the disagreement between our pre
study and the one of Sahuet al.3 can be identified. Different
nature of the samples may be a possible reason for the
crepancy. The samples in both investigations were syn
sized by arc melting. This technique itself cannot guaran
quality of a specimen, because of possible lose of mate
oxidation, etc. Our samples were well characterized and
unit cell parameters were found to be in agreement with e
lier studies and with theory~see Table I!. The authors of Ref.
3 neither explained, why the unit cell parameters of th
sample had discrepancies with those previously reported,
analyzed probable reasons for internal inconsistency in t
values ofa and c. According to Ref. 20, there is a well
established correlation between the unit cell dimensions
the Al content in Ti3Al. The alloy studied in Ref. 3 had to
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contain 19–22 at. % Al, according to the length of thea axis,
but could not contain more than 15 at. % Al as judged fro
the c axis. The latter case corresponds to the two phase
~with a-Ti! in the Al-Ti phase diagram. There are two mo
problems associated with presentation and interpretatio
experimental data in Ref. 3. First, the diffraction patter
published in this paper do not contain any silver reflectio
although Ag was used as a standard for pressure calibra
Second, the observed and calculated intensities of the
fraction peaks of the DO24 structure at 16 GPa do not agre
Of course, the intensity mismatch in high-pressure x-ray
fraction experiments is a well known problem attributed
preferred orientation of particles in a diamond anvil ce
However, in such cases there should be a regularity in
crease or increase of intensities in certain directions. S
regularity is absent in data provided in Ref. 3.

The ~101!, ~110!, and ~211! superlattice reflections an
the ~002! reflection of Ti3Al disappear at elevated pressure
The ~101! and ~110! reflections,d;3.88 and 2.88 Å at am
bient conditions, correspondingly, represent superlattice
flections with respect to the pure hcp structure ofa-Ti. The
~110! reflection is difficult to observe using in-house x-ra
facilities even in the initial diffraction pattern because of
low intensity~2 % in relative intensities!. In all experiments,
the ~101! and ~211! superlattice, as well as~002! and ~202!
reflections disappeared. To investigate whether it was a
sult of a preferred orientation or structural changes,
samples were extracted out of the gasket after the h
pressure experiments, and x-ray rotation scans were ru
ambient conditions. The size of the samples was of 75mm in
diameter and a fewmm thickness. In the diffraction pattern
recorded at rotation, the~002! reflection was found@Fig. 2
curve ~f!#, i.e., their disappearance in high pressure exp
ments was a result of a strong preferred orientation de
-
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oped on compression. At the same time, the~101! and~211!
superlattice reflections were not found in any diffractogra
This means that their disappearance was not likely relate
a preferred orientation. One plausible way to interpret t
result would be to view it as a pressure-induced ord
disorder phase transition on compression. However, our t
energy calculations show that the enthalpy difference~at T
50) between the ordered DO19 and the random hcp Ti75Al25
phase@dashed line in Fig. 1~b!# in fact increases as a functio
of pressure up to 25 GPa. Thus, the nature of this experim
tal effect needs to be studied by the use of more powe
x-ray sources.

In summary, we have investigated the behavior of Ti3Al
with various Al content at pressures up to 25 GPa by me
of in situ x-ray diffraction experiments and first-principle
total energy calculations. The isothermal bulk moduli we
obtained for three Ti3Al alloys from direct measurements o
a unit cell volume as function of pressure, as well as fro
first-principles calculations. It was found, that the alloys w
higher Al content are characterized by lower bulk modu
For all three compositions of the Ti3Al alloys studied, no
sign of the phase transition from the DO19 to DO24 structure
was found. Thus the recent observation3 of this phase transi-
tion was not confirmed. The only changes in the diffracti
patterns on compression are the disappearance of som
perlattice reflections in Ti3Al at pressures above 20 GPa.
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