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Implications of a Pressure Induced Phase Transition in the Search for Cubic BAl

P.Ch. Sahu, N.V. Chandra Shekar, Mohammad Yousuf, and K. Govinda Rajan

Materials Science Division, Indira Gandhi Centre for Atomic Research, , Kalpakkam 603102, Tamil Nadu, India
(Received 31 July 1996

High-pressure x-ray diffraction studies of the high temperature structural intermetajid, (12O
structure at NTP), were carried out with the motivation of finding clues for identifying the alloying
elements for stabilizing the cubicl, structure, which is expected to have better ductility. The present
investigation revealed a structural transition fran® 9 to DO,4 structure in the pressure range 10—
15 GPa. The geometrical relationship between these two structures and the possible mechanism of the
transition have been elucidated. From this investigation follow two important results that may have
significant bearing in the search for the cubigAli [S0031-9007(97)02317-X]

PACS numbers: 61.66.Fn, 62.50.+p, 64.70.Kb, 81.40.Vw

The high temperature structural intermetalligAlihas  selecting the alloying elements to modify the crystal and
attractive properties which make it a favorable candidatghysical properties is well known [14]. But surprisingly,
for applications in the aerospace industry. The primarnno such efforts have been reported to date. The present
advantages of Al are its high specific strength at ele- high pressure investigation onzFAil was taken up to study
vated temperatures, high melting temperature, and exceits structural stability behavior which may provide valu-
lent environmental and creep resistance properties [1,2&ble clues in this direction.

However, it has a serious drawback of poor ductility re- The TiAl samples were prepared by arc melting the
sulting in low fracture toughness and fast fatigue crackstoichiometric quantities of Ti (99.9% pure) and Al
growth [2]. The ductility of a material depends on sev-(99.999% pure) in an inert environment. The melted
eral factors, but in BAl, it has been mainly attributed to ingots were vacuum sealed in silica tubes and were
the hexagonaD 09 (NizSn type) crystal structure with annealed at a temperature &f1200 K for six weeks.

a limited number of active slip systems [3,4] and di- The annealed ingots were powdered and characterized by
rectional (covalent) bonding between the constituent iong-ray diffraction (XRD) using a Guinier diffractometer
with anisotropic charge distributions [5,6]. MO, struc-  described elsewhere [15]. The sample was found to be
ture, five independent slip systems are possible [7], whicln single phase and the lattice parameters obtained were
would satisfy the Von Mises criterion for uniform defor- a = 5.818(2) A, ¢ = 4.689(2) A, andc/a = 0.806 (with
mation [8]. But in T;Al, the yield stresses for different the number of molecules in the unit celf, = 2) which

slip systems are widely different [9], and thus not all theare very close to the standard JCPDS values.

five slip systems are activated during deformation, lead- Finely powdered TjAl sample mixed with a small
ing to cleavage fracture [10]. Single crystals of;MNli  quantity of Ag was loaded into the stainless steel gas-
and ZgAl, with high symmetry cubid.1, structure, hav- ket hole of diameteR50 um (the diamond anvil culet

ing enough number of active slip systems satisfying theliameter was00 wm). A mixture of methanol, ethanol,
Von Mises criterion, are quite ductile [4,6]. and water in the ratio 16:3:1 was used as the pressure

Itis always possible to improve the ductility and strengthtransmitting fluid which ensures hydrostatic pressure up
of a binary alloy by stabilizing the high symmetry cubic to ~20 GPa. The equation of state (EOS) of Ag was
phase with the desired electronic structure by a suitablased as the internal pressure standard. High-pressure
ternary addition [7,10]. But the problem lies in choos-x-ray diffraction (HPXRD) was carried out in the angle
ing the appropriate alloying elements. Tremendous effortglispersive mode by using a Mao-Bell-type DAC and a
have been made to improve the ductility and strength ohovel Guinier diffractometer described in Ref. [15]. The
TizAl through the various possible routes, but it has notincident Mo x ray, obtained from a Rigaku 18 kW ro-
become successful so far [11]. Guided by Pettifor's phetating anode x-ray generator, was monochromatized by a
nomenologicalAB; structural map, the attempts made in curved quartz crystal monochromator and an almost pure
this direction by alloying with some rare-earth elementsK., beam was impinged on the sample. A flat position
also have failed [3]. Some electronic structure and comsensitive detector (PSD) was used for detecting the dif-
parative structural stability calculations betweenfh@,o  fracted x rays. A PSD scan time of 2 h was required for
and theL 1, structure have been made [12,13], but the maacquiring each HPXRD spectrum. The experiments were
jor drawback in all these calculations lies in the assumpperformed up to a maximum pressure-e41 GPa.
tion that there are no other structural transitions in between The high-pressure x-ray diffraction spectra were ana-
these two structures! Based on these types of calculdyzed by the standard techniques andPh& data of T;Al
tions [13], a phase transition to tlid, structure has been upto~41 GPaare shownin Fig. 1. After aninitial normal
predicted at about 25 GPa. The role of high pressure icompression up te-10 GPa, it showed a structural phase
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FIG. 1. P-V data for TiAl up to ~41 GPa. TheP-V data

are not shown in the transition zone, 10-15 GPa.
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FIG. 2. High-pressure x-ray diffraction patterns of ;Ali
btained with the PSD and the Guinier diffractometer at 5 GPa,

transition in the pressure range 10—-15 GPa with a S_maﬁz GPa, and 16 GPa. The appearance of a new peak to the
volume change of-1%. This transition was reversible in right of the parent (201) peak (middle spectrum) and the

nature with a hysteresis of6 GPa. TheP-V data up to

gradual increase in the intensity at the expense of the parent

10 GPa were fitted to both the Birch-Murnaghan and Vinef201) peak can be noticed (top spectrum). Small changes in the

EOS [16,17] to obtain the bulk modul®g and its pressure
derivativeBj. The B, and theBj, values obtained in this
study arel06.7 = 5.8 GPa and.7 = 1.5 with the Birch-
Murnaghan EOS, and06.7 = 5.9 GPa and3.7 = 1.6
with the Vinet EOS, respectively. The-V data for the
high-pressure phase were also fitted to the above EOS in
their modified forms [18]. P = P, + f(V/V,). HereV
andV, are the volumes at pressusindP,., respectively.
P, was fixed at 15 GPa, the pressure above which the se
ond phase existed. The bulk modulus at presgyre=

15 GPa and its pressure derivative,(and B.) obtained
by this method for the high-pressure phase He.0 =

7.0 GPa andl1.7 = 1.6 with the Birch-Murnaghan EOS, TABLE I
and139.0 = 6.2 GPa andl0.4 *= 1.0 with the Vinet EOS,

respectively.

Indications of the structural phase transition were seen
at pressures abovel0 GPa with the appearance of a new
peak to the right of the 100% (201) peak of the parent
DO,y structure [Fig. 2]. With further increase of pres-
sure, the intensity of the new peak increased and that of
the parent (201) peak decreased. Other minor changes in
the peak positions and their intensities also can be noticed
in Fig. 2. The structural transition was found to be com-
pleted at about 15 GPa, above which the relative intensi-
ties of the peaks remained almost constant. The transition
was not sharp and it had a width 86 GPa. It may be
noted that the hydrostatic limit of pressure in our experi-
ment is up to~20 GPa and the large width of this tran-
sition cannot be attributed to the nonhydrostatic pressure
medium. We believe this to be due to the inherent slug-
gish nature of the transition.

The structure of the high-pressure phase was identified
to be DO,y (NigTi type) with the lattice parameters

positions and intensities of the other peaks also can be noticed.
The shoulder to the left of the (004) peak is due the projection

of the Zr shim (placed between the cylinder diamond and the

tungsten carbide rocker) into the x-ray path. The high pressure
phase is indexed to thBO,, structure.

a = 5312(10) A, ¢ =9.604(10) A, ¢/a = 1.808, and
Z = 4 corresponding to a pressure efl6 GPa. The
gbserved and calculated spacings and intensities are
shown in Table I. The observed spacings of all the

The observed and calculated spacings and
intensities(/) for the diffraction peaks of thé&0,, structure
atP = 16 GPa.

d (obs.) d(Cal.) [ (obs.) I (Cal)
Peak No. (&) R (%) (%) hkl
1 3.337 3.3221 5 53 102
2 2.664 2.6563 5 2.7 110
3 2.413 2.4010 35 455 004
4 2.295 2.3004 5 75 200
5 2.228 2.2371 50 417 201
6 2.126 2.1286 35 0.2 104
7 2.077 2.0746 100 100 202
8 1.870 1.8681 4 241 203
9 1.655 1.6611 5 55 204
10 1.471 1.4744 4 11.0 205
11 1.327 1.3281 15 20.2 220,
1.3139 22.0 206
12 1.199 1.2005 7 46 008
13 1.179 1.1783 5 51 207
14 1.163 1.1622 15 244 224
15 1.119 1.1186 7 11.8 402
16 1.084 1.0824 5 3.5 403
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reflections match reasonably well with the calculatedDO,3;, DO»s, etc. In theDO;q structure, the cubic envi-
values. However, the same is not true for the intensitiesonment of the atoms is zero, whereas that in Bh@,,4
But in HPXRD experiments, the intensity matching is structure is 50%. It appears that it may eventually trans-
an inherent and well known problem and is attributedform to the L1, structure with 100% cubic environment
mainly to preferred orientation of the sample particles inof atoms at higher pressures. Such a structural sequence
the DAC. The space group of this new structure is the DO9-D0»4-L1,) with increasing cubic environment of
same as that of the parent phase (space gifypmmc),  atoms has been seen in the rare-earth trialuminiklAs;
but with an almost twice /a ratio. (R = La-Yb), as a function of increasing atomic num-
The unit cells of these two structures with the atomber or decreasing atomic radii of the rare-earth elements
positions are shown in Fig. 3. Both the structures arg19]. The actual structural sequence observed @9
made up of identicalk3B, (A = Ti, B = Al) layers of (0%)-BaPh type (33%)D 0,4 (50%)-HoAl; (60%)4.1,
atoms, in which each Al atom is surrounded by 6 Ti(100%) with two more intermediate structures. The num-
atoms. TheDO;y structure is obtained by B stacking bers in the brackets indicate the percentage of the cu-
of these layers, whereas tli®0,, structure withABAC bic environment of atoms. The same structural sequence
stacking. By the application of pressure, tli#0,;  has been observed in these rare-earth trialuminides as a
structure can evolve from th®0,9 structure with the function of pressure [20]. The present investigation thus
movement of the successive atomic layers by a distanceeems to indicate that JAl is also following the similar
a/2 with respect to the basal plane (0001) either in thestructural sequence as the rare-earth trialuminides under
(1010) or the(1120) directions. This mechanism appears pressure.
to be convincing fromt he fact that the yield stresses for From the above discussion, two important results fol-
these basal slips are minimum compared to the other slifpw which will have significant bearing in the search for
systems [9]. In this process the= 5 atomic layers in the pseudobinary cubic JAl. The first one is regarding
the successive unit cells of thBO9 structure become the possible intermediate phases the system may adopt
nonequivalent (Fig. 3), leading to doubling of the unit cellbefore transforming to the cubicl, phase from the ini-
in the ¢ direction and resulting in thB 0,4 structure. tial DOy phase. In the earlier structural stability cal-
The DO, structure observed in this investigation hasculations [12,13], no intermediate structures between the
never been encountered earlier in the realm of Ti-AlDO9 and theL1, structures have been taken into con-
intermetallics. The structures mostly observed or dissideration. Hence it is not surprising that the prediction
cussed in literature are thely, L1,, DO, DO9, DO»>, of a phase transition based on such calculations was not
observed. But the present investigation clearly suggests
the possible intermediate structurt@aPh-DO,,-HoAl3)
z DOz, to be considered for structural stability calculations. This
e, may evoke a renewed interest in electronic structure and
) - structural stability calculations in JAl with the objective
ot of solving this long standing problem.
= The second important result follows from the fact
A\ e \ that under pressure, jAl also seems to be following
DO, g P c the similar structural sequend®09-D0y4-L1,) as in
y4 the rare-earth trialuminides as a function of decreasing
- o, atomic radii of the rare-earth elements or increasing
). k)m‘( pressure. This implies that for stabilizingsM in the
& ) = o L1, structure, one should choose an alloying element
whose atomic radius is smaller than that of Ti. This may
o\ 4 O\ O be contrasted with the earlier unsuccessful attempts [3]
2\ - A guided by Pettifor’'s two dimensional structural maps. In
- these studies the alloying elements chosen were the rare-
- X - X earths like Y, Er, and Sc whose atomic radii are higher
___}3}_'__‘ a el ¢ than that of Ti. This shows the inadequacy of the use
7=0 S’ S of the structural maps in their predictive mode. Strong
Y support from electronic structure calculations is essential
OTi for making these types of attempts successful. In the
e Al present investigation, although it is suggested that the
FIG. 3. The unit cells of thd0,9y and DO,, structures with aI_onlng elements ?‘hOUId be of Smalle_r SIzes compar_ed to
the atom positions indicated. The relation between these twd b further electronic structure calculations are essential to

structures and the possible mechanism of the transition has be@five at the exact alloying element which will not only
explained in the text. stabilize TtAl in the cubic L1, phase, but also ensure a

\
z=1,2 O
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