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Absence of a pressure-induced structural phase transition in BAl up to 25 GPa
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Experimental high-pressure studies of titanium aluminidgAl)ihave been carried out under quasihydro-
static and nonhydrostatic conditions up to a pressure of 25 GPa usiing 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 DQgq (Ni3Sn type structure of TiAl to DO,, (Ni5Ti type) structure, reported earlier by Sahtial.
[Phys. Rev. Lett78, 1054 (1997] is not confirmed in our study. Possible reasons for the discrepancy are
analyzed.
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Titanium and its alloys are traditional engineering mate-tural energy differences. Therefore, we decided to conduct a
rials that possess an extraordinary combination oferies of experiments on a number of samples with compo-
properties: They are commonly utilized in aerospace, spacesitions covering the whole homogeneity ran@2-38 at. %
vehicles, and in the petroleum and chemical industries. Iml) of TizAl, and to complement them by first-principles
particular, the phase JAl (NizSn-type structuneexhibits  total energy calculations of the competing phases gAITi
low density and good high-temperature strength and waasing the ASA, as well as much more accurate full-potential
therefore chosen for development of aircraft enginesmethod.
materials? However, one of the main technological problems  Three samples were prepared by arc melting appropriate
with TizAl is to increase the room-temperature ductility of amounts of titanium rod99.98% Materials research S)A.
this (NisSn-type brittle phase. In practice, the ductility is and aluminum ingot99.999 % Granges S.Min an arc fur-
increased by alloying TAI with 8—18 % Nb(other possible nace in a pure argon atmosphere. The samples were pow-
alloying elements are Mo, V, Ta, and Nbut other more dered by milling and then homogenized in vacuum at 900 °C
efficient ways to increase the ductility are being pursuedfor 5 h. For the compressibility study we used the DXR-
One avenue that is being pursued quite generally in order tGMW diamond anvil cel(DAC) (Diacell Products, UK de-
improve on the ductility is to increase the number of activescribed elsewhergPt, Ag, Cu, and NaCl served as internal
slip planes to satisfy the von Mises criterion. Crystal struc-standards for pressure calibration and the pressures were de-
ture plays very important role in determining the ductility. termined with accuracies better than 1 GPa by using known
For this reason the goal has become to transform the materighuations of stat®.For every composition of FAl, 33.3,
of interest into cubic crystal structure, since often these struc28.4, and 24 at. % Al, a series of experiments with various
tures display many active slip planes. It is for this reason gressure calibrants and with, as well as without, methanol-
structural investigation of TAI becomes important, since if ethanol-watefMEW) mixture as a pressure-transmitting me-
the mechanisms that are pertinent for the structural stabilitylium were conductel The MEW provides hydrostatic con-
is understood one may find ways to synthesize this materialitions up to 15 GP&.In experiments with NaCl as a
in a cubic(and hopefully more ducti)ephase. pressure calibrant and MEW mixture as a pressure medium,

Recently, a high pressure investigation ofAliwas made  the unit cell parameter of NaCl was determined using sepa-
by Sahuet al in order to study its structural phase stability rately three reflectiongl11), (200, and(220. All the three
behavior. These authors have reported a structural phaselues agree with each other within 0.0005 A at pressures up
transition from the D@, (NizSn-typg to the DQ, to 19 GPa. This means that stresses are negligibly small at
(NizTi-type) structure in the pressure range of 10-15 GPathese conditionS.

In a subsequent paper by Rajagopataal* this finding was Theoretical calculations have been carried out in the
seemingly confirmed by theoretical calculations. Howeverframework of the density functional theory employing the
the high pressure study in Ref. 3 was carried out on ongeneralized gradient approximati08GA) (Ref. 10 for the
single sample, and the interpretation of the results was naixchange-correlation potential and energy. We employed the
unambiguous as well as the calculations reported in Ref. #near-muffin-tin-orbital(LMTO) method of Andersef: The
were carried out within the so-called atomic sphere approxieffective one-electron potential was treated within the
mation (ASA) which sometimes fails to resolve small struc- ASA,** as well as without any shape approximation by
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TABLE I. Lattice parametera andc (in A), unit cell volumesv/ i — T T

(in A 3), bulk moduliK s 1 (in GP3 and their pressure derivatives 140 t DO - _IT_:76-°2:24-°’ ::Zgz_

Kgoovllfor TisAl obtained by different experimental and theoretical — O b ——- Ti71A:AI28A: theory |

techniques. mg B oTi:: OAIZ?Z, oxp.
< 130 3 T,y Al . €XP.

Sample a c \% K300,1 K001 9:_9

Tize Aloso® 5.80837) 4.65635) 136.044) 1338)  2.68) S 120 | =

Tize Alpao® 5.79 4.69 136.4 124 3.4 | T

Ti; Algs® 5.78294) 4.63884) 134.352) 131(8)  3.6(1.49)

TiznAlogs” 5.78 4.68 1355 123 3.5 e ]

Tigs Alass® 5.77634) 4.63484) 133.922) 1256)  4.49) AL T T

Tigs Alazs? 5.77 4.67 134.7 122 35 -

TizAl® 5775 4638  133.96 S0 1

TigAl 5.77 4.62 133.21 e — po,

TiogAli 2% 5.780  4.647  134.45 £ ——~ random

TigAlf 5.818 4.689 137.45  1065.8 ( ]

TizAl 127.8  128.87 -

&This work, experiment. 0.0 ) ! L

®This work, theory. Presented results were obtained by means of 0 5 10 15 20 25

LMTO-ASA-CPA technique, and/a ratio was optimized for or- Pressure (GPa)

dered TiAl by means of FP-LMTO method, and then fixed.
‘Experiment, Ref. 16.
YExperiment, Ref. 17.

FIG. 1. () Experimental(circles, squares, and diamondmd
theoretical(lines) dependences between the unit cell volume and
eExperiment. Ref. 18 pressure for the FAl alloys with 24 at. % Al(solid line, circleg,

‘ P ; ! s 28.4 at. % Al(dotted line, squargsand 33.3 at. % Aldashed line,
Experiment, Ref. 3. _ diamonds. Theoretical results are obtained by the LMTO-ASA-
9Theory, Ref. 4. Unit cell volume was extracted from Fig. 4 of Ref. CPA method. The FP-LMTO PV diagram for orderedAliis not

4 using experimental volume of Ref. 3. shown, but is in very good agreement with those for off-

i iquel2 stoichiometric alloys presented in this figue) Calculated pres-
means of an accurate full-potentiefP) technique:” The  gre dependence of the enthaldyfor stoichiometric TiAl with

former approach allows us to take into account the effect oho,, structure(solid line, FP-LMTO calculationsand disordered

disorder within the multisublattice generalization of the co-pcp Ti;Al alloy (dashed line, LMTO-ASA-CPA calculationsela-
herent potential approximatigf€©PA),*® and to calculate ac- tjve to the enthalpy of ordered DQTi,Al.

curate total energy differences betwedifferent atomic ar-
rangements on the same underlying crystal lattide . 9 .
contrast to the ASAalso used in Ref. 4 the FP method is equation of staté® The volume of the unit cell at zero pres-
particularly suitable for resolving smaitructural energy ~ Suré and room temperatuhéso o for all three phases was
differences in ordered intermetallic compounds and thereforf?und with high accuracy, and therefore a fixggoo,o was
it is widely used for studies of structural phase transitiths. used in the fitting procedure. The values of the bulk modulus
In particular, in our FP-LMTO calculations, we have usedKaoo1and its pressure derivativey, ; are also presented in
1000k points in the irreducible part of the Brillouin zone of Table I. There is a correlation between the valueKgfo 1
the DO19 and DO24 structures, and we have converged o@nd K3y, and the Al content. The bulk modulus decreases
total energies with respect kgpoints and basis set up to 0.05 and its pressure derivative increases with increasing Al con-
mRy. Note that the present full-potential approach is knowrcentration. Similar trends are also seen in the theoretical re-
to give an accuracy of the total energy withie V ranget®  sults. Note that the values 34, for all three alloys are
To illustrate the reliability of the combined experimental significantly higher than the value reported by Satwal®
and theoretical approach to the problem, the determined unifl06.15.8) GPa, Table .
cell parameters and molar volumes are shown in Table I. For The central question of the present study is to investigate
a comparison, parameters available in the literature are algaossible pressure induced structural phase transitiongil Ti
listed1®~8 Both thea and c unit cell parameters decrease at pressures up to 25 GPa. The experiment with the 33.3
with increasing Al content, which is in correspondence withat. % Al sample was conducted under the same conditions as
smaller radius of Al than that of Ti. The good agreementdescribed in the paper by Sabtial® A pure silver powder
between the theory and the experiment is typical for moderwas used as pressure calibration standard and MEW was
ab initio calculations. used as pressure-transmitting mediGmiffraction patterns
The dependence between the unit cell volume and thwere registered upon compressiap to 21 GPaand de-
pressure, both from experiments and theory, is shown in Figcompression, and the results are shown in Figc@rves
1(a) for all three samples. Again, the agreement betweenlenoted(a), (c), and(e)]. The only change in the diffraction
theory and experiment is found to be quite satisfactory. Theatterns, except shifts of reflections to loveespacings, was
P-V experimental data was fitted to the Birch-Murnaghandisappearances of th@01), (110, and (211) superlattice
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to “clean” the area where the new reflections were observed

600 | § by Sahu and co-autho?sMoreover, the curve denoted &3
g 3 g ) in Fig. 2 shows the x-ray diffraction pattern of,gAl,, col-
& R Ti,Al+Cu, 1 bar, L s A
z 3 atter decompression, lected at the European Synchrotron Rad|at|(_)n F_aC|I|t|es
f e rotation scan (ESRB. Here NaCl was used as a pressure calibration stan-
500 Tighl (201) dard. At pressure 18.63 GPa the difraction pattern contains
v g Ti,Ak+Ag, 1 bar, all six reflections of the D) structure of T4Al. Figure 2
‘:E, R 4 after decompression shows that no extra reflections appear up to 25 GPa, but the
5 400 superlattice reflectiongl01), (110, and(211), as well as the
= g o (002 and (202 reflections disappear at pressures above 20
‘; z d/ Ti,Al+Cu, 22.1(5) GPa GPa. According to earlier study by Saktal?® a complete
& 300 | g phase transition of FAl with the NizSn-type (DQg) struc-
5 Tighl 200 : ture to the NjTi-type (DO,,) structure should occur between
< g % Ti,Al+Ag, 20.5(3) GPa 10-15 GPa. The estimated positions of the reflections from
- c -4 the NiTi-type structure are marked with arrows in Fig. 2.
200 | y . I -
izl (201) Ti,Al+NaCl, 18.6(3) GPa Thus, no evidence of a structural phase transition gAlITi
NaCl (200) § g was found in the present experiments, and the absence of the
g g DO,, phase was clearly established by the absence of the
100 - Ao g /\TiaAI+Ag,1 bar most intensive characteristic reflections of this phase in the
£ g %(\1'&3;);; 5 g pressure range up to 25 GPa.
3, S F % 1 To investigate this finding further, we have carried out
0| N I A total energy electronic structure calculations for the ;PO
: : : and DQ, structures of TJAl using the FP-LMTO method.
1.5 2.0 25 3.0 3.5 To see what structure is more stable one needs to compare
d (A) the free energies of the two systems
FIG. 2. The diffraction patterns of the various;Al alloys at Gi(x,p,V,T)=Hi(x,p,V)—TS(X)+FIU(X,V,T), (1)

different pressurega) Ti;Al with 33.3 at. % Al(Ag was used as an
internal standard for pressure calibrajioR= 1 bar;(b) Ti;Al with
24 at. % Al (NaCl was used as a pressure calibration stand&rd

=18.6(3) GPa. This diffracti tt llected at ESRF. . - "
(3) s diffraction pattern was collected at ESRF i with a compositionx at volumeV and pressur@. The last

TizAl with 33.3 at. % Al atP=20.5(3) GPajd) TisAl alloy with h ; he f f the latti
24 at. % Al(Cu was used as an internal standard for pressure c:ali'EWO terms, the entrop$ and the free energy of the lattice

bration, P=22.1(5) GPaje) TiAl with 33.3 at. % Al after de-  VibrationsF,,, can be neglected ar=0. Calculated en-
compression(f) TiAl alloy with 24 at. % Al (Cu was used as an thalpy difference between the QPand DQg structures is
internal standard for pressure calibratioafter decompression- Shown in Fig. 1b) by the solid line. The positive value in the
rotation scan. The estimated positions of the most intense refle€omplete pressure interval confirms our experimental obser-
tions from the NjTi type structure (D@)) are marked with arrows. vation that there is no pressure induced structural transition
from DOyg to DO,, in TizAl up to 25 GPa, in contrast with
reflections, as well as th@02) and(202) reflections of T4Al what has been reported in Refs. 3,4. Notice that the energy
at elevated pressuréabove 20 GPa difference between these two structures is very small indeed

For Ti;Al with 28.4 at. % Al we conducted two experi- (~0.01 eV} in the whole pressure interval. Therefore, clearly
ments, with and without pressure-transmitting medium, usthere is a necessity for using the most accurate first-
ing a piece of pure Pt wir€l0 xm in diametey as a pressure principles techniques, such as the FP method, in order to
calibrant. We reached 25 GPa and registereditu x-ray  resolve it.
diffractograms both on compression and decompression. No Several reasons for the disagreement between our present
additional changes in the diffraction patterns compared to thetudy and the one of Safet al? can be identified. Different
33.3 at. % Al alloy were found in the experiments both undemature of the samples may be a possible reason for the dis-
nonhydrostatic and hydrostatic conditions. Note that expericrepancy. The samples in both investigations were synthe-
ments conducted under nonhydrostatic conditions, may insized by arc melting. This technique itself cannot guarantee
duce a phase transition at a different pressure compared tuality of a specimen, because of possible lose of material,
hydrostatic experiments. As a matter of fact non-hydrostatioxidation, etc. Our samples were well characterized and the
pressures may even result in phase transitions to metastahlait cell parameters were found to be in agreement with ear-
phases. lier studies and with theorfsee Table)l The authors of Ref.

For the specimen with the lowest Al contef@4 at. %), 3 neither explained, why the unit cell parameters of their
three experiments were performed. One with Pt povgdar-  sample had discrepancies with those previously reported, nor
ticle size 2um), one with a copper wire and one with NaCl analyzed probable reasons for internal inconsistency in their
as the pressure calibration standards. The diffraction pattervalues ofa and c. According to Ref. 20, there is a well-
shown in Fig. 2[curve denotedd)] was recorded at a pres- established correlation between the unit cell dimensions and
sure of 22.15) GPa. Cu was chosen as a standard especiallthe Al content in T{Al. The alloy studied in Ref. 3 had to

whereH'=E'+pV is the enthalpy at temperatuife=0 cal-
culated from the energy per ato in a particular structure

024106-3



N. A. DUBROVINSKAIA et al. PHYSICAL REVIEW B 63 024106
contain 19-22 at. % Al, according to the length of thaxis,  oped on compression. At the same time, th@l) and(211)
but could not contain more than 15 at. % Al as judged fromsuperlattice reflections were not found in any diffractogram.
the c axis. The latter case corresponds to the two phase arefhis means that their disappearance was not likely related to
(with «-Ti) in the Al-Ti phase diagram. There are two more a preferred orientation. One plausible way to interpret this
problems associated with presentation and interpretation gésult would be to view it as a pressure-induced order-
experimental data in Ref. 3. First, the diffraction patternsgisorder phase transition on compression. However, our total
published in this paper do not contain any silver reflectionsenergy calculations show that the enthalpy differefeteT
although Ag was used as a standard for pressure calibration. 0) between the ordered Qgand the random hcp TAl s
Secqnd, the observed and calculated intensities of the d'Bhase{dashed line in Fig. ()] in fact increases as a function
fraction peaks of the DQ structure at 16 GPa do not agree. of pressure up to 25 GPa. Thus, the nature of this experimen-
Of course, the intensity mismatch in high-pressure x-ray difya effect needs to be studied by the use of more powerful
fraction experiments is a well known problem attributed tox-ray sources.
preferred orientation of particles in a diamond anvil cell. |4 summary, we have investigated the behavior GfATi
However, in such cases there should be a regularity in d&g;ith various Al content at pressures up to 25 GPa by means
crease or increase of intensities in certain directions. Suc f in situ x-ray diffraction experiments and first-principles
regularity is absent in data provided in Ref. 3. total energy calculations. The isothermal bulk moduli were
The (10D, (110, and (211) superlattice reflections and ,piained for three Al alloys from direct measurements of
the (002 reflection of TgAI.d|sappear at elevated pressures. 5 it cell volume as function of pressure, as well as from
The (101) and (110 reflections,d~3.88 and 2.88 A at am- first_principles calculations. It was found, that the alloys with
bient conditions, correspondingly, represent superlattice resigher Al content are characterized by lower bulk moduli.
flections with respect to the pure hep structureneTi. The  £or g three compositions of the Al alloys studied, no
(110 reflection is difficult to observe using in-house x-ray sign of the phase transition from the R0 DO,, structure
facilities even in the initial diffraction pattern because of its\yas found. Thus the recent observafiof this phase transi-
low intensity (2 % in relative intensities In all experiments,  {jon was not confirmed. The only changes in the diffraction
the (101) and (211) superlattice, as well a002) and(202)  patterns on compression are the disappearance of some su-

reflections disappeared. To investigate whether it was a reser|attice reflections in JAl at pressures above 20 GPa.
sult of a preferred orientation or structural changes, the

samples were extracted out of the gasket after the high- This research was possible due to an equipment grant

pressure experiments, and x-ray rotation scans were run &bm the Wallenberg Foundation. This work has been partly
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