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Using first principles calculations combined with the quasiharmonic approach, we study the effects of temperature
on the elastic constants, generalized stacking fault energies, and generalized planar fault energies of NizAl. The antiphase
boundary energies, complex stacking fault energies, superlattice intrinsic stacking fault energies, and twinning energies
decrease slightly with temperature. Temperature dependent anomalous yield stress of NizAl is predicted by the energy-
based criterion based on elastic anisotropy and antiphase boundary energies. It is found that p increases with temperature
and this can give a more accurate description of the anomalous yield stress in Niz Al. Furthermore, the predicted twinnablity

of NizAl is also decreasing with temperature.
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1. Introduction

The L1, ordered alloy NizAl is widely used as high
temperature structural material because of their superior me-
chanical properties, such as high strength and resistance
to creep.!!™! The temperature dependent anomalous yield
stress, the rise of yield strength with temperature increas-
ing, is observed in Ni3 Al intermetallics.[®”! This phenomenon
has attracted much attention due to the high temperature
applications.[®°! It has been generally accepted that anoma-
lous yield stress is an intrinsic property originated in the struc-
ture and properties of superdislocations, and is due to ther-
mally activated cross slip from the (111) primary slip plane
to the (010) cross slip plane. The difference in antiphase
boundary (APB) energy on (111) and (010) planes is one of
the key factors controlling the activation enthalpy of cross slip
of a (110)(111) dislocation.!!*!!] The anomalies results from
the type-I dissociation of [101] superdislocations in (111) and
(010) planes according to

[101] — %[Tm] +APB+%[TOI], ()

where [101] is the Burgers vector of perfect superdisloca-
tions in (111) and (010) planes, which will be dissociated
into two [101]/2 partial superdislocations in the same planes
with an APB between them. Within the Paidar—Pope—Vitek
(PPV) model, APB anisotropy ratio A = y/{\ialBl} / yi%lé)} >3
is used to predict the cross-slip occurrence in isotropic elas-
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tic L1, alloys.[11 y{I1!

(111) plane and (010) plane, respectively. For an anisotropic

and %{\%1]30} are the APB energies in

medium, Yoo pointed out the fact that the effect of elastic
anisotropy on the temperature dependence of yield stress is

s.12

equally important for L1, alloys.!'?! The following energy

based criterion should be satisfied

{111}

_(3A \Yaps
P= <A+2) /007 >3, )

with A = 2Cy44/(C11 — Cy2) the elastic anisotropy ratio. The
transition from anomalous to normal temperature dependence
of yield strength of (Nij_,Fe,)3Ge has been investigated by
Liu ef al. based on the fact that Ni3Ge exhibits an anomaly
while Fe3Ge does not.['3] The impacts of 5d transition met-
als Re and Pt on yield stress anomaly of Ni3z Al are predicted
by the APB anisotropy ratio.!'*! Tichy e al. suggested that

the anomaly is also controlled by type-II dissociation of [101]

superdislocations in (111) planes according to!!3!

[T01] > L [TT2] + SISF + %[211], 3)

Q| —

where [101] perfect superdislocations may also be divided into
[112]/3 and [211]/3 partial superdislocations with superlattice
intrinsic stacking faults (SISF) between them, respectively.
While type-I dissociation in (111) planes is unstable, type-II
dissociation will be favored and it is hard for cross-slip to oc-

cur. Superdislocations core structures in L1, NizGe, Fe;Ge,
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and Ni3Al are investigated by Mryasov et al. within the mod-
ified Peierls—Nabarro model with generalized stacking fault
(GSF) energy.!1®! Tt is found that type-I dissociation is favored
in NizGe and NizAl, but unstable for Fe;Ge. In the case of
FesGe, type-II dissociation is energetically preferred. These
results are in agreement with the energy condition given by
Paidar e al.''*!7] Due to the importance of anomalous yield
stress, APB energies of NizAl are evaluated from first princi-
ples widely at 0 K.[>3 The APB energies in (010) and (111)
planes in nonstoichiometric NizAl have also been measured
at different temperatures by TEM.!'8-21] Theoretical investi-
gations of the temperature dependence of APB energies are
scarce in literature, especially the whole GSF energies which
can reflect the dissociation of superdislocations.”?>->*l There-
fore, it is necessary to investigate the temperature dependence
of GSF energies of NizAl

Deformation twinning is another deformation mecha-
nism for plastic deformation in Ni3Al. The twinning mech-
anism plays an important role in NizAl with a limited num-
ber of independent slip systems, and deformation twinning
has been reported by many researchers under various creep

s.[125-271 For example, Viswanathan et al. [28]

loading condition:
employed the diffraction contrast and high-resolution TEM
to investigate the deformation mechanisms during interme-
diate temperature creep of Ni-based superalloys, and found
that microtwinning occurs via sequential movement of iden-
tical 1/6(112) Shockley partials on successive (111) planes.
Xie et al.* used the molecular dynamics (MD) simulation
to explore the dislocation formation and twinning from the
crack tip in NizAl. It is well known that the generalized
planar fault (GPF) energy curve can predict the preference
for twinning in fcc metals and alloys. Recently, there have
been many theoretical studies focused on the qualitative de-
pendence of mechanical twinning tendency (twinnability) on
the GPF energy curve in fcc metals and alloys.**#% The en-
tire GPF energy curve along the pseudo-twinning direction of
1/6(112)(111) in L1, structure alloys has been determined us-
ing ab intio calculations.*1#21 However, the entire GPF en-
ergy curves along the pseudo-twinning direction at different
temperatures and, in particular, the temperature dependence
of the twinnability, have not yet been reported for Niz Al alloy.

In this paper, we employ the first principles methods
and quasiharmonic approximation to investigate the GSF en-
ergy and GPF energy curves at different temperatures. The
main focus is the effects of temperature on elastic constants,
anisotropy, APB energies and twinning energies. Based on the
above results, temperature dependent yield strength anomaly

and twinnability of NizAl are also discussed.

2. Computational method

The Helmholtz free energy of Ni3 Al at a constant volume
V and T has three major contributions4344]

F(VvT) :EO(V)+FCI(V;T)+FV1b(V7T)a (4)

where Ey(V) is the 0 K total energy and Fy is the thermal elec-
tronic contribution to free energy from finite temperature via
integration over the electronic density of state (DOS) follow-
ing the Fermi-Dirac distribution. 434! Both the Eq(V') and Fy
can be obtained from first principles calculations. Fyjp is the
phonon free energy arising from the lattice vibrations. The
phonon free energy within the framework of a quasiharmonic
approach can be expressed as

Fap(V,T) =Y %hqu +kpTlIn(1 — e "@an/ksT) | (5)
ql

where @, represents the frequency of the A-th phonon mode
at wave vector g, and the sum is over all wave vectors q and

over all three phonon branches A in the first Brillouin zone.
The isothermal elastic constants are defined as the second
derivatives of the Helmholtz free energy with respect to strain

2
ik = %aaiF : ©)
ni Jankl Tn'
where 1 indicates that all other strains are held fixed and
V =V(T) is the equilibrium volume at temperature 7. There
are three independent elastic constants C1;, C7,, and Cl, in
NizAl. The bulk modulus Br yield the combinations of the
elastic moduli

Br = (C{, +2C1,)/3, )

and determined from the Vinet equation of state!*’! corre-
sponding to a pure volume deformation of the lattice. We ap-
ply a volume-conserving orthorhombic strain to calculate the
difference between C7; and CT,

5§ 0 0
e)=| 0 & 0 , (8)
0 0 (1+8)2-1

and the corresponding free energy change is
F(V.8)=F(V,0)+3(C[, ~C,)V8*+0(8%), (9

with F(V,0) as the free energy of the unstrained structure.
We use a volume-conserving tetragonal strain to deter-
mine CJ,

0 o 0
)= 6 O 0 , (10)
0 0 &%/(1-68?%
which leads to the energy change
F(V,8) = F(V,0)+2CI1,V8* +0(8%). 11)

In this paper, we use the quasistatic approach proposed
by Wang et al.[*3*%1 to calculate the temperature dependence
of elastic constants of Ni3Al. It is based on the assumption
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that the temperature dependence of elastic constants is solely
caused by thermal expansion. There are abundant experimen-
tal evidences!®*2] which support the approximation. The
quasistatic approach has the following three steps./*8! The first
step is calculating the equilibrium volume V (T') at given T us-
ing the first-principles quasiharmonic approximation. In the
second step, based on the energy-strain relations Egs. (8)—(11),
we predict that the static elastic constants at 0 K as a function
of volume Cg(V(T)) In the third step, the calculated elastic
constants Cg-(V(T)) from the second step are approximated as
those at finite temperature. In order to compare with experi-
mental data, the isothermal elastic constants and bulk modulus
must be converted to the isentropic elastic constants and bulk
modulus by

Ciy = Cla, (12)
s T S AT TV >,
C11—C11:C12—C12=BS—BT=?06 Br=, (13)

14
where Cy is the isochoric heat capacity and « is the thermal
expansion coefficient.

The calculations reported in this work are performed with
the Vienna ab initio Simulations Package (VASP) code.[>’!
The electron—ion interactions are described by the projec-
tor augmented wave (PAW) method®¥ and the exchange-
correlation functionals are treated by the generalized gra-
dient approximation (GGA) of Perdew—Burke—Ernzerhof
(PBE).[3] Convergency of the total energies with respect to
the number of k-point meshes and the energy cut-off has been
checked. Here, the wave functions are sampled on 21 x21x21
k-point mesh for elastic constants calculations and 21x21x1
for GSF energies and GPF energies calculations based on the
Monkhorst—Pack scheme>®! together with the linear tetrahe-

s.57] The energy

dron method incorporating Blochl correction
cut-off of plane wave is set to 500 eV for all calculations. The
total energy is converged numerically to less than 107® eV per
atom with respect to electronic self-consistency. We adopt a
48-atom supercell consisting of 10 (111) atomic planes to cal-
culate fault energies to generate GSF energy and GPF energy
curves at different temperatures. Between the periodically re-
peated supercell a vacuum layer with a thickness of 7 (111)
atomic planes is added to avoid the fault energy interaction in
adjacent cells due to periodic boundary conditions. Due to the
ferromagnetic nature of Ni-containing materials, all the calcu-
lations are performed within the spin polarization approxima-
tion.

Phonon calculations are carried out by the supercell ap-
proach as implemented in the PHONOPY package,[>8-60]
The cho-

sen supercell size strongly influences on the thermal prop-

with VASP again the computational engine.
erties. Therefore, the adequate supercell size consisting
of 3x3x3 unit cells with 108 atoms is chosen to calcu-

late the phonon frequency in NizAl. The forces resulting

from displacements of certain atoms in the supercell are
calculated by the VASP code with 7x7x7 k-point mesh
The other settings of VASP calcula-
tions are the same as those described above. The phonon
modes are obtained by using the PHONOPY, which can
support the VASP interface to calculate force constants di-

for BZ integrations.

rectly in the framework of density-functional perturbation
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Fig. 1. (color online) Phonon spectrum of the intermetallic compound
NizAl. The calculated values are plotted as solid lines and those from
the inelastic neutron scattering measurement!%*! are plotted as red solid
circles.

—21.0

| | |

) N o
N N =
ot =} wt

Free energy/eV

—23.01 900 K]

—23.5L ' ' ' ' ' '
38 41 44 47 50 53 56
Volume /A2
47.6

(b)
47.1

46.6

Volume/A3

46.1

45.6 - - - - -

0 300 600 900
Temperature/K

Fig. 2. (color online) (a) The free energy as a function of unit cell vol-

ume of Ni3 Al between 0 and 900 K with a step of 100 K and the values

depicted by the red triangles are the equilibrium volumes. (b) The equi-
librium volumes of Ni3 Al as a function of temperature.
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theory (DFPT).[®!l Additional details of phonon methodology
can be found in Refs. [62] and [63]. Figure 1 represents the
calculated phonon dispersion curves for Ni3Al along several
high-symmetry directions in the Brillouin zone together with
the room temperature measurements by neutron diffractions of
Ni3AL %! A good agreement is observed between calculations
and measurements. The method to calculate the temperature
dependent lattice constants for Ni3Al is the same as our cal-
culations for Al, Ni, and Cu.[6262] Figure 2(a) represents the
free energy as a function of unit cell volume of Ni3zAl at every
100 K between 0 and 900 K and the values depicted by the
red triangle-up is the equilibrium volume at the corresponding
temperature. Obviously, the thermal expansion is obvious as
the equilibrium volume is increasing (see Fig. 2(b)).

3. Results and discussion
3.1. Elastic constants and anisotropy

The temperature dependence of elastic constants is im-
portant for predicting and understanding the mechanical
strength, stability, and phase transitions of a material.[®%]
In this work, we employ the first-principles quasistatic
approach! #8491 to determine the temperature dependent elastic
constants of NizAl. The calculated equilibrium lattice constant
and elastic constants at 7 = 0 K in comparison with previ-

75,76]

ous theoretical results/°~7#! and experimental values! are

tabulated in Table 1. In general, our results are in good agree-

ment with experiments and previous theoretical calculations.
Figure 3(a) shows the calculated adiabatic elastic constants
in comparison with experimental data from rectangular par-
allelepiped resonance measurements by Tanaka and Koiwal””)
and Prikhodko.”8) The calculated Cfl s sz, and C;f4 have been
plotted as solid, dash-dot, and dash lines, respectively, and the
measured values are plotted as discrete points. The calculated
elastic constants are in excellent agreement with experimental
data within 5%. The difference may be resulted from neglect-
ing the second-order strain derivative of the Helmholtz free
energy. All the calculated values of the elastic constants de-
crease with temperature increasing and approach linearity at
higher temperature and zero slope around zero temperature.
The elastic constant CIS1 represents elasticity in length. A lon-
gitudinal strain causes a change in CISI. However, the elas-
tic constants Cls2 and Cf4 are related to the elasticity in shape,
which is a shear constant. We find the values of C ]S , decrease to
the largest extent in the whole temperature range of 0-900 K,
and those of CY, decrease least. The values of C},, CY,, and
Cf4 decrease by 28.4, 18.8, and 24.2 GPa, respectively. This
character indicates that Ni3 Al can keep their mechanical prop-
erties in the whole temperature range of 0-900 K and has good
high temperature stability. Furthermore, it is noticeable that
the requirement of mechanical stability for Ni3 Al in the whole
temperature, namely C;; —Cjp > 0, Cy; > 0, and Cyq4 > 0, is
satisfied.

Table 1. Calculated equilibrium lattice constant a (A) and elastic constants C; j (GPa) for NizAl at 0 K compared with previous
computed results and experimental data. Note that Cisj = C,-G =Cjjat0K.

Refs. Method(s) a Ch1 Cia Cuy
Present VASP PAW GGA 3.577 228.21 150.85 119.54
[66] VASP GGA 3.568 229.7 147.5 116.6
[67] VASP PAW GGA 242.2 151.8 125.4
[68] LAPW LDA 3.493 226.7 148.1 120.0
[69] CASTEP GGA 3.574 225.3 157.6 121.1
[70] CASTEP GGA 3.579 243.8 148.7 123.4
[71] CASTEP PWPP 3.558 228.4 160.41 123.75
[72] CASTEP GGA 3.588 230 123 139
[73] EAM 3.568 216 155 124
[74] EAM 3.5657 218.3 119.7 102.9
[75] expt. 3.572 230 150 131
[76] expt. rectangular parallelepiped resonance 3.56 221.0 146.0 124.0

method at room temperature

As is well known, cubic crystals have elastic anisotropy
as a result of the fourth rank tensor property of elasticity.
The present results for C,, C},, and C3, also give the high-
temperature elastic anisotropy described by A = 2C5, /(C5, —
Clsz) of NizAl. Figure 3(b) shows the elastic anisotropy factor,
A, plotted as a function of temperature. It is found that the
values are between 2.81 and 3.09 in the whole temperature,
which are far from unity 1. It indicates that the Ni3Al alloy

in the temperature range of 0-900 K is elastically anisotropic
since the anisotropy factor of either smaller or greater than
unity represents elastic anisotropy of the crystal. It is known
that large values of A can give rise to the driving force act-
ing on screw dislocation to promote cross slip from the (111)
plane to the (010) plane. Thus, the relatively high anisotropy
factor (A > 2.5) in the whole temperature tends to elastically
enhance the cross-slip.
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Fig. 3. (a) The calculated adiabatic elastic constants (Cfl: solid line, CISZ: dash-dot line, and Cf4: dash line) of Ni3Al in comparison with
experimental data of Tanaka and Koiwal”! (CISI: o, C]SZ: <, and Cf4: ) and Prikhodko et al. (78] (Cf]: o, C1523 «, and Cf4: H). (b) The elastic
anisotropic factor A as a function of temperature.

3.2. GSF energy and anomalous yield stress phenomenon bound by APB either on the (111) or (010) plane, type-I dis-
sociation in Eq. (1). Also, the 1/2(110)(111) superpartial may
The plastic behavior of Ni3Al is determined by the dislo-  fyrther dissociate into two 1/6(112)(111) Schockley partials

cation motion and deformation twinning. It is widely accepted separated by complex stacking fault (CSF) called a metastable
that three different types of dislocation dissociations exist in  dislocation dissociation, namely

L1, Ni3Al A stable dislocation dissociation is that a (110)

1 — 1= 1 — 1 -
superdislocation dissociates into two 1/2(110) superpartials 6 [112] + YesF + 6 [211] + yapB + 6 [112] + Yesk + 5 [211].
0.8 T T T T T T T 2.5
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Fig. 4. (color online) The calculated generalized stacking fault energy for NizAl for the temperature range 0-900 K. The discrete points
denote the values of first principles calculations and the curves indicate the results from polynomial fitting. (a) Displacement along

(112){111}(a/6'/?), (b) displacement along (112){111}(6'/2a/3), (c) displacement along (110){111}(2'/2/a), and (d) displacement along
(110){010}(21/%a).
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Another stable dislocation dissociation is that the (110)(111)
dislocation will also dissociate into two 1/3(112)(111) dislo-
cations bound by superlattice intrinsic stacking fault (SISF),
type-1II dissociation in Eq. (2). In this paper, based on the lat-
tice constant versus temperature relations a(7'), all these GSF
energy curves in the temperature range of 0-900 K are calcu-
lated and plotted in Fig. 4. The change of GSF energies at el-
evated temperature are mainly caused by volume change due
to thermal expansion. The quasiharmonic approach lets one
take into account the anharmonicity of the potential at the first
order: vibrational properties can be understood in terms of the
excitation of the noninteracting phonon. Therefore, the quasi-
harmonic approximation is usually appropriate if the tempera-
ture is lower than the melting point. Therefore, we only calcu-
late the GSF energy curves up to 900 K that is lower than the
melting point.

The calculated APB energies, CSF energies, and SISF en-
ergies are illustrated in Table 2. Based on these results, we
predicted the anomalous yield stress phenomenon by Eq. (2),
the energy-based condition. Obviously, all the calculated p at
different temperatures satisfy p > /3 for NizAl, which indi-
cates that Ni3Al exhibits the yield strength anomaly. Further,
the p changes from 4.888 at 0 K to 5.219 at 900 K. This can
give a more accurate description of the anomalous yield stress

in Ni3z Al when p increases with temperature.

3.3. GPF energy and twinnability

There are two types of deformation twining in NizAl.
One deformation twinning called pseudo-twinning is formed
via the sequential motions of identical 1/6(112) Shockley par-
tials and the other deformation twinning called anti-twinning
is generated by sequential shear of 1/3(112) dislocations on
successive (111) planes. The GPF energies along the shear di-
rection are evaluated on the two (111) planes. Figure 5 shows
the temperature dependent GPF energies curves of NizAl. The
first half of each GPF energy curve is evaluated by sliding the
upper 6-10 atomic layers relative to atomic layers 1-5 over a
distance a/+/6. The second half is then constructed by dis-
placing the layers numbered 7—10 in the same direction on
an adjacent {111} plane and a two-layer-thick twinned region
is created (see Fig. 6). The first and the second maxima of
each curve are the unstable stacking fault (%,1) and unstable
twinning energy (%), respectively. The first and the second
minima are stacking fault (ycsp) and twin stacking fault en-
ergy (2%st), respectively. Numerical values extracted from the
curves’ extrema are assembled in Table 2. Obviously, all these

values decrease with temperature increasing.

0.7
I ' 1L
0.6 |
0.5 o-°300K s
»—+ 600 K | g | NEE
L 04 =-2900 K | / |
E | Yut 9
g 4 Yist
= 03
0.2 / |
0.1 Yusl YOSF :
0 i
0 0.4 0.8 1.2 1.6 2.0

Displacement along (112){111} (a/6/2)

Fig. 5. (color online) The calculated generalized planar fault energy
curves for Niz Al for the temperature range 0-900 K. The discrete points
denote the values of first principles calculations and the curves indicate
the results from polynomial fitting.
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3 [ ] o C [ ] O C [ ] o cC
2 O O B (@) (o) B (@) o] B
1 @ O e A e O oA ® O oA

Fig. 6. (color online) A schematic representation of the geometry em-
ployed to explain the operations leading to the formation of the com-
plex stacking fault and deformation twinning: (a) perfect structure, (b)
complex stacking fault structure imposed by the first displacement op-
eration: layers numbered 6—10 in the upper part, (c) two-layer pseudo
twinning structure imposed by the second displacement operation: lay-
ers 1-5 in similar fashion. All configurations are separated from the rest
by a vacuum.

Previous study has shown that the relative sizes of Y, and
Yt can describe the ease with which an fcc material deforms
by twinning relative to deforming by dislocation-mediated
slip.[% According to this analysis, once a leading partial dis-
location has been nucleated, whether a subsequent nucleation
event will consist of a trailing partial dislocation (i.e., a per-
fect dislocation) or of a second leading partial on an adjacent
slip plane (micro-twin) will be determined by the difference
Yat — Yus = Oir. From Table 2, it shows that the barrier for nu-
cleation of the trailing partial is less than for formation of a
microtwin for the temperature range of 0-900 K, 65’8‘ > 0, in-
ferring that temperature will not switch the dominant deforma-
tion mechanism from dislocation-mediated slip to twinning.
Further, 3&‘; decreases with temperature increasing, this indi-
cates that temperature will make deformation twinning more
likely. However, since 7y is greater than 7, for NizAl at dif-
ferent temperatures, the relative difference criterion can only
be used to roughly estimate the twinnability of a material.
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Table 2. Stacking fault energies (J/m?), relative barrier difference 53
(J/m?), twinnability 7 of Ni3Al at different temperatures.

0K 300 K 600 K 900 K

AP 0,048 0.243 0.234 0.224
(B2 0653 0.641 0.622 0.602
LMW 038 1.016 0.977 0.936
R 0008 0.204 0.197 0.191
A 0,061 0.059 0.056 0.054
AU 535 0.525 0.509 0.492
212U 0 485 0.478 0.465 0.452
$HORO10F 5 008 1.956 1.869 1.776
Y 0.263 0.259 0.252 0.244
7o 0.098 0.095 0.089 0.083
p 4888 4939 5.082 5219

s 0.286 0.282 0.276 0.268

T 0.688 0.686 0.683 0.679

A more thorough treatment of the balance between
dislocation-mediated slip and deformation twinning has been
proposed by Tadmor and Bernstein!*! in the following form:

T, = [1.136—0.151E],/@, (14)
,}/us ’yut

where 7 and ¥, are replaced by s and 7,51 for the pseudo-
twinning in Ni3Al, respectively. 7, is a relative measure of the
tendency of an fcc metal to undergo deformation twinning: a
larger 7, indicates a greater propensity for twinning. So far, the
temperature dependence of the twinnability of Ni3Al along the
pseudo-twinning direction has not been calculated. The com-
puted values of 7, based on Eq. (14) for NizAl are listed in Ta-
ble 2. It can be seen that the twinnability parameter of NizAl
at 0 K is smaller than those of the fcc pure metals, such as
Al (1, = 0.930), Cu (7, = 1.001), and Ag (1, = 1.042).31]
Further, the twinnability of Ni3zAl at different temperatures
is much smaller than those of fcc metals.[°?! However, the
twinnability is similar to that of TiAl (7, = 0.776) along its
pseudo-twinning direction.®”] From Table 2, it is easy to see
that the twinnability of NizAl decreases with the increase
of temperature, which has the same change trend with fcc
metals.[©%%3] However, the twinnability of Ni3Al with temper-
ature predicted by 7, and 83 are different. It is well-known
that deformation twinning becomes more favorable over slip
at low temperature and/or high strain rates.*! In other words,
T, can more accurately describe the twinnability of a material
in comparison with &\X.

3.4. Electronic properties

It is generally admitted that the change of charge density
intrinsically determines the change of stacking fault energy.
Here, the charge density differences on the fifth (010) and
(111) planes of faulted and perfect structures are calculated in
order to reveal the effect of temperature on the stacking fault
energy of Ni3Al. As shown in Figs. 7(a)-7(d), the significant

charge density redistributions can be caused by shifting of the
(010) plane at different temperatures. One can easily see that
the charge density of 0 K is always larger than that of 900 K
for perfect and APB structures. It demonstrates that Ni—Ni
and Ni—Al interactions at 0 K are stronger than those at 900 K,
all the total energies at 0 K are lower than those at 900 K. A
similar charge density redistribution can occur by shifting of
the (111) plane at different temperatures. Further, the relative
charge density differences between the faulted structure and
the perfect structure on the fifth (010) and (111) planes at dif-
ferent temperatures are plotted in Figs. 8(a)-8(d), respectively.
One can see that the relative charge density differences at 0 K
on the (010) and (111) planes are slightly larger than 900 K,
indicating that the fault energies of the (010) and (111) planes
at 0 K are slightly higher than 900 K. In other words, the stack-
ing fault energies decrease with temperature increasing.

0K 900 K

[010]

Fig. 7. (color online) The charge distribution difference of perfect and APB
structures of (010) plane at different temperatures: (a) 0 K, perfect structure, (b)
0 K, APB structure, (c) 900 K perfect structure, and (d) 900 K, APB structure.

0K 900 K

[110]

Fig. 8. (color online) Panels (a) and (b) and panels (c) and (d) show the rel-
ative charge density differences between the faulted structure and the perfect
structure on the fifth (010) and (111) planes at 0 K and 900 K, respectively.
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4. Conclusions

In this paper, we employ first principles calculations com-
bined with a quasiharmonic approach to study the effects of
temperature on the elastic constants, GSF energies, and GPF
energies of NizAl at different temperatures. The APB en-
ergies, CSF energies, SISF energies, and twinning energy
decrease slightly with temperature. Temperature dependent
anomalous yield stress of Ni3Al is predicted by the energy-
based criterion based on elastic anisotropy and APB energies.
It is found that p increases from 4.888 to 5.219 (> v/3) in
the range of 0 K to 900 K. This can give a more accurate de-
scription of the anomalous yield stress in NizAl. Furthermore,
twinnablity of Ni3Al is also descreasing with temperature.
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