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Negative yield stress temperature anomaly and structural instability of P{Al
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First-principles electronic structure and total energy calculations of the phase stability and dislocation prop-
erties of PfAl are employed to reveal the origins of its yield stress low temperature anoiiBdy). An
analysis of the dislocation structure and mobility, based on generalized stacking fault calculations, demon-
strates that the LTA is connected with thé,— DO, structural transformation rather than, as traditionally
believed, with features of the dislocation structure in ltig phase. We also explain why the yield stress and
slip geometry have a strong orientation dependence and why small deviations from stoichiometry lead to
dramatic changes in its mechanical behavior.
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Understanding the relation between dislocation structure%<112>), and this should explain both the lack of the
and mechanical properties is one of the key problems irySA and the presence of the LTA. Paidetr al1° proposed
materials science. In most solids, the increase of temperatuggat PtX alloys belong to the latter categorisee also
leads to a decrease of the yield stresg, this can be Refs. 8 and @ The PPV concept is now widely accepted as
naturally explained by the growth of the dislocation mobility jt gives a plausible explanation of they(T) behavior in
due to thermal fluctuation'sThe opposite behavior, known L1, alloys with YSA as well as in somel, alloys without a
as the yield stress anomal)YSA), when oy(T) increases yga such as FgSell However, for PJAl, the results of
with temperature, was first discovered ingAli more than s experimental investigations of the dislocation struéture
30 years agé,and is still a subject of intense research due to,4 ap initio calculations of the stacking fault enerdie&
its technological importance for high-temperature ro i contradiction with the mechanism proposed by
appllcr:]ﬁtlor;]sg. SA tak | . . li Paidar et al!® Namely, the SISF energy is not low but

While the YSA takes place in modtl, intermetallics, rather larger than the APB enertyyand no experimental

there are a few systems, most notablyPtX=Al,Ga,Ge, : g :
where the YSA has not been observed; instead, they demoﬁ_bservatmns of the SISF-bouridl11} sqperdlslgcat|ons_ ex-
ist. Thus, the true nature of the LTA in Al still remains

strate a very sharp decreaseafT) with increase of tem- |
perature aff <400 K While a rapid decrease of the yield unciear. :
In this paper, we present a solution to the problem

stress is normal for materials with a high Peierls stress, e.g(.jf the unusual mechanical behavior ofton the basis of

in bee transition metals, it is so highly unusual fd, inter- b initio electronic structure and total energy calculations of
metallics that a new term—the low temperature anomal)isl 9y

(LTA )—was introduced by Oya-Seimiygt al® to character- its phase stability and dislocation properties. We employ a
ize such a behavior ' theoretical approach which allows us to analyze features of

The most widely accepted mechanism of the YSAthe dislocation structure, energetics, and mobility without the

involves thermally activated cross-slip of tHa10{111} ambiguity caused by the use of semiempirical interatomic

. . . potentials in a previous analysi$.First, we examine a
.superdllslocatlons into th¢D0} plane, whgre the_y bec_ome suggestioh that the anomalous mechanical properties of
immobile as a result of a noncoplanaessilg configuration

; ; . PtAl are connected with the instability of tHel, structure
(for a reV'e‘gV’ see Refs. 6}9 The Paidar-Pope-Vitek with respect to its transformation tDO.-type phases. We
(PPV) lgheogﬂ‘ devised la COﬂdIgIOI’I for the OCCrl]J”e”Cs of tdhe show that theDO], rather than the_1, structure is a ground
YSA based on a relation between antiphase boundar h ; " - P
B . in a narrow composition region near stoichiom-
(APB) and superlattice intrinsic stacking faybISH ener- State phase In a narrow composition region near stoichio

. etry. For the first time, we determine the dislocation structure
ies on the{111} shear plane, and the APB energy on the; / ; o :
?00]} plan:.{ In]%ypicalle intermetallics(such as le or M L1, and DO; PAl on the basis ofab initio generalized

. ) : . . stacking fault calculations. The LTA is demonstrated
NisGe), (110{111} superdislocations split into superpartials 1, pe connected with the structural instability rather than

separated by APH(110— 3(110+APB+5(110), which  ith features of the dislocation structure of the, phase, as
will lead to the YSA provided theg001} APB energy is traditionally believed. Based on our calculated results, we
sufficiently low. In alloys with high APB and/or low explain why the vyield stress strongly depends on the
SISF energies, the superdislocations are dissociated into sgrientation of the deformation axis with respect to the orien-
perpartials separated by SISF(<110)—>§<112>+SISF tation of the PJAl single crystal** and why small deviations

0163-1829/2004/70)/0141025)/$22.50 70014102-1 ©2004 The American Physical Society



YU. N. GORNOSTYREVet al. PHYSICAL REVIEW B 70, 014102(2004)

. O—e—0 |
ﬂb ?__? 0.3
*——O—o €02
S5 :

O o O 0.1

Pt(1) Al

(a)

0.3

o
(V)

Arb. units

©
o
P
o
-

(2]
o
1 1

(5)  E-Eg(eV)

N
o
1 1

FIG. 2. Orbital contributions to P2) d-DOS for PtAl in the (a)
L1, and(b) DO, structures.
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000 001 002 003 004 005 006 007 value ofu (Fig. 1). The calculated lattice parameters were
(b) u/a found to be in a good agreement with available experimental
o datal”'8 According to Ref. 18 the magnitude of the crystal
FIG. 1. (3 {00% projections ofl1,, DO, andDQ; structures; |atiice distortions decreases gradually with increasing tem-
(b) energy dlffe,rencE—E(le) as a function of the displacemeamnt perature, and disappears abdve350 K. Thus, within the
for DO; and DO, structures. temperature region where the LTA is observedAPhas the

from stoichiometry lead to dramatic changes of the mechaniPO¢ structure. _ -
cal behavior of BAl and to the disappearance  Our computational results clearly show that the instability

of the LTAS of the L1, structure has an electronic origin. The electronic

First-principles electronic structure and total energy cal-structure of this phase is characterized by the presence of a
culations for PAl in its L1, DO, and DO,, phases were peak in the density of state®OS) exactly at the Fermi
performed by the all-electron full-potential linearized aug-level, E¢ [cf. Fig. 2a)], which is an indication of a structural
mented plane wavéFLAPW) method® without any shape instability that can lead to an essential softening of the lattice
approximation for the potential and charge density. The gentboth phonons and elastic modyitior a review see Ref. 19.
eralized gradient approximatiaiGGA) within the Perdew- Normally, the instability is relieved by either the onset of
Burke-Ernzerhof functional was used for the exchangeimagnetism or by a transformation into a different structure.
correlation potentiat® In the case of RAI, the DOSEg) is too small to satisfy the

In the L1, structure, Pt atoms form octahedra, and theStoner criterion of magnetism. Instead, a martensitic struc-
DO, andDO;, structures can be obtained by monotonic trans+ural transformation is sufficient to stabilize the structure by
formations of thelL1, in such a way that Pt octahedra be- means of the rotation of Pt octahedra. The DOS ped a
come either distortedDO,), or rotated(DO,), with the dis-  formed mostly by the Pd states witht,; symmetry, namely
tortion parameteu [cf. Fig. 1(@)]. These transformations are d,, orbitals and twofold-degeneratg, and d,, orbitals. Un-
also accompanied by a tetragonal distortion of the latticeder the transition to thé®0, phase, the DOS value &
From total energy calculations for stoichiometrigAt we decreasefcf., Fig. 2b)], andEg falls at the local minimum
found that theDO structure is energetically preferable in in the DOS. Now, because of the unequal population of the
comparison with the.1, phase[Fig. 1(b)], with values ofu  three orbitals forming the DOS peak, the charge distribution
equal to 0.054 (wherea is theL1, lattice constant In con-  in the DO, phase becomes more anisotrofficovalent”), as
trast, theDO, structure was found to be unstable for any shown in Fig. 3. One can see that additional electron density
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TABLE I. Dependence of the energy difference betweerlLthe
and DO, structures and the displacement paramaten the com-
position of P§_Al{,y.

Composition E(L1,)-E(DO))(meV/at) u/a

PteAl s 115 0.054
Pt,Al 43 0.035
PtyoAl s ~0.4 0.014

&The DO, structure is metastable.

effect of doping on the phase stability was considered for the
case of NiTi?®

The displacements transforming thel, into the DO/
structure move part of the Pt atoms out of {I:lé_]},_l2 plane
and destroy the close packing of the atoms in these layers. As
a result, the111} deformation mode which usually operates
in L1, alloys, may become unfavorable in ti¥0, phase.
Now, for the analysis of the dislocation structure and mobil-
ity we employ a combined approach basedadninitio cal-
culations of the generalized stacking fa@BSH, or y sur-
face, energetics and the two-dimension@D) Peierls-
Nabarro (PN) model!'22-24This approach was previously
successfully applied by us to analyze the dislocation struc-
ture and mechanical behavior of various metals and interme-
tallics in different structures, including féé,B223 L1,,2*
andL1,.™ In order to determine the GSF energies, which are
associated with a rigid shift of one part of the crystal with
respect to another on an arbitrary fault vector in the slip
plane?> we carried out first-principles total energy FLAPW
calculations within the GGA using a supercell geometry with
six atomic layers and homogeneous periodic boundary
conditions!?

First, we consider BAl in the (hypothetical L1, struc-
ture. Total energy calculations show that theurface on a
{111} slip plane[Fig. 4(@)] and, in particular, the stacking
fault energies(cf. Table I) are very similar to those for
“bridges” are formed between neighboring Pt and Al atomsyj,Ge!! which is an intermetallic with a well-pronounced
which enhances their chemical bonding. The appearance §fSa. However, in contrast to NGe, the APB energy in the
these bonds makes ti¥); structure stable and energetically {001} plane is very high an&(APB;go3) ~ E(APByy3y). This
favorable. _ _ o result is in agreement with previous calculatibhand dis-

A close consideration of the LDOS in Fig(& reveals  (nq ishes Ryl from most otherL1, alloys, where the con-
that in the framework of a r|g|d_ bgnd approximation one o, E(APBygoy) < E(APBy14)/1\3 is satisfied? the latter
could expect that a small deviation fr_om st0|ch|ometryi considered as a necessary requirement for $S&ince
zzgué%g:t?\?e%e ttikgurgsg Ogrgrlrfcz}\rcl)g;;nnigiir\éilrinctﬁubsaqae high value oE(APBg;) prevents cross-slip of the dis-

y b F y X location into the{001} (“cube™ plane,L1, PtAl would not

stabilizing thelL1, structure. To investigate the effects of i
nonstoichiometry on the electronic structure, we modeled th&XNiPit the YSA. And because the APB-bou#10{111)

Pt,_ Al alloys with a 32-atom supercell, where the substi-Superdislocations have a significantly lower Peierls stPess
tution of one or two Pt atoms by Al corresponds to the com-than the(110{001} superdislocations, one could expect that
positionsx=3.125 orx=6.25 at. %, respectively. We found ©only the(110{111 slip mode would operate. These results
that an excess of Al leads to a monotonic decrease of thelearly demonstrate that the LTA, which is a result of the
energy differenceAE, between thd0., and theL 1, phases. dislocation glide on a cube pla@10{001,?" is not a prop-
Simultaneously, the displacement parametdecreases, and erty of theL1, PiAl

the Pt octahedra rotate back to the original positions which The situation changes dramatically when we consider
they had in the_1, structure. TheL1, phase becomes ener- PtAl in the DO, structure. In this case, the surface is
getically preferable at 6 at. % excess @&hble |). Thus, the substantially different from that for thd.1, structure
addition of Al stabilizes thé.1, phase—as a consequence of [Fig. 4(b)]. First, all stacking fault energies are significantly
moving the DOS peak ofEg; a similar mechanism of the higher (Table l1l). In addition, due to the lowering of the

FIG. 3. Charge density difference distribution on {&80}; plane
for PAl in (a) L1, and(b) DO, phases.
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TABLE Il. Energies of unrelaxed geometrical stacking faults:
antiphase boundaryAPB), complex stacking faultCSP, and
superlattice intrinsic stacking faulsISP, in mJ/n?.

Stacking
fault P&AI(DO,) PtAI(L1,) NizGe(L1,)
APBy1q () 1160
Iy 1160 480 66QRef. 11
(my 550
CSF (h 1500
(n 780 560 62QRef. 11
(my 640
SISF 780 490 42QRef. 11
APBgo3 840 460 30QRef. 26

In DO, PAl, the picture will be similar if the Burgers
vector lies along the easy directigRig. 4(b)]. For hard di-
rections, however, the superdislocations have compact cores
because of the very high APB ener§yAPBy;,y). As a re-
sult, superdislocations in th®01} cube plane, with lower
APB energyE(APBqy), will be energetically more prefer-
able. Although the conditiorE(APByogy) <E(APBy11y) is
fulfilled for hard directions, it does not lead to the YSA be-
cause the cube plane is the primary slip system in this case.
Thus, the cube glidé110{001}, which is usually observed
in PBAI, naturally appears as a main slip system in D@
structure. Therefore, the LTA, which results from cube dis-

% location glide%1%is a property of RfAl in the DO phase and
(b)\ not in theL1, phase.

Because of the large anisotropy of the shear resistance

FIG. 4. Contour plots of the generalized stacking fault energiesn DO_ PLAl, both slip planes—111} for the easy ang001}
for P&Al with (a) L1, and(b) DO/ structures. Structures of super- for the hard direction of the Burgers vector—can operate in
dislocations are shown as “splitting path@ef. 24 (bold lineg.  this alloy depending on the orientation of the deformation
Three superdislocations with the APB ribbon can operat¢ldn} axis. This is in agreement with experiméfitwvhere slip on
slip planes in the-1, structure and only ongor the easy direction  only one{111} system was observed in4At single crystals
for DO;. and only when the deformation axis was oriented near the

(002 direction, while the{001} slip prevailed at most other
lattice symmetry, the displacements in the thr¢#10  orientations. Since the relative stability of th®0,
directions [and corresponding APB and complex stackingand thelL1, structures is very sensitive to deviations from
fault (CSPH energie$ which are equivalent in thel, struc-  stoichiometry, and since different deformation modes
ture, become different. As a result, there are two “halgd” operate in these two phases, one predicts that the deforma-
II) shear directions where the APB energies are twice aton behavior can change drastically with increasing Al
large as in an “easy” directiodll) (cf. Table Il). Therefore  concentration. This was actually observed in experiments.
the properties of the dislocations should differ significantlyWe also predict that at elevated temperatufgs- 400 K),
for (110 Burgers vectors parallel to the hard and easy direcwhere the L1, structure becomes more favorabfe,
tions. the switch from{001}{110 to {111(110 slip modes should

The structure of the superdislocations obtained in thebccur.
framework of ourab initio PN approach, is shown in Fig. 4  To conclude, our results show that the relatively small
as a “splitting path,” which gives the dependence of the edgatomic displacements that accompany kg — DO, transi-
component along the¢l12 direction on the screw compo- tion lead to drastic changes jasurface energetics and in the
nent along thé€110) direction of the displacement. We found mechanical behavior of E&l. The instability of thelLl,
that for (hypothetical L1, PtAl, the splitting of the super- structure has an electronic origin, and similar behavior is
dislocation through the SISF is highly unfavorable; this con-expected for other platinum-based intermetallics. Thus, a
firms the results of the above analysis based on stacking fauproper consideration of the structural stability is a key ele-
energies alone. Only superdislocations split through the APBnent in explaining the absence of the YSA inl,
can operate i1, PtAIl [Fig. 4@)]. intermetallics—namely, the1,— DO (in PX), or thelL1,

<110>

<112>
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