- s

£ Sl Science
ELSEVIER Press

Available online at www.sciencedirect.com

“e.° ScienceDirect

Trans. Nonferrous Met. Soc. China 22(2012) 661-664

Transactions of
Nonferrous Metals
Society of China

www.tnmsc.cn

First—principles study of stacking fault energies in Ni;Al intermetallic alloys
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Abstract: The first-principles method based on the projector augmented wave method within the generalized gradient approximation
was employed to calculate the superlattice intrinsic stacking fault (SISF) and complex stacking fault (CSF) energies of the binary
NizAl alloys with different Al contents and the ternary Ni;Al intermetallic alloys with addition of alloying elements, such as Pd, Pt,
Ti, Mo, Ta, W and Re. The results show that the energies of SISF and CSF increase significantly with increase of Al contents in
Ni;Al. Addition of Pd and Pt occupying the Ni sublattices does not change the SISF and CSF energies of Ni;Al markedly in
comparison with the Ni-23.75A1 alloy. While addition of alloying elements, such as Ti, Mo, Ta, W and Re, occupying the Al
sublattices dramatically increases the SISF and CSF energies of Ni;Al. The results suggest that the energies of SISF and CSF are
dependent both on the Al contents and on the site occupancy of the ternary alloying element in NizAl intermetallic alloys.
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1 Introduction

L1, NizAl intermetallic alloys have attracted
considerable attention for their excellent physical and
mechanical properties, such as high melting point, low
density and good resistance to oxidation at high
temperatures [1,2]. It is well known that there are three
different types of dislocation dissociations in the L1,
NizAl intermetallic compounds. A stable dissociation of
dislocation is that the (110) superdislocation dissociates
into two 1/2(110) superpartials bounding with an
antiphase boundary (APB) on the (111) and (010) planes,
respectively. Another stable dissociation of dislocation is
that the (110) superdislocation dissociates into two
1/3(112) Shockley superpartial dislocations bounding
with a superlattice intrinsic stacking fault (SISF). A
metastable dissociation of dislocation is that the (110)
superdislocation  dissociates into one  1/2(110)
superpartial and two 1/6(112) Shockley partials bounding
with a complex stacking fault (CSF). The dissociated
core geometry of these planar defects, in particular, the
width of APB and CSF plays an important role in the
dislocation mobility, which drastically affects the
mechanical properties of the L1, Ni;Al intermetallic
alloys at high temperatures. The width of APB and CSF

is governed by the energies of APB and CSF defects.
Addition of alloying elements usually affects the
energies of APB and CSF, and is often used to improve
mechanical properties of the L1, Ni;Al intermetallic
alloys [3—7]. Therefore, it is critical to reveal the effect
of alloying elements on the energies of APB and CSF for
designing advanced Ni;Al intermetallic alloys.

The crystal structure of the L1, NizAl intermetallic
compounds consists of two sublattices, i.e., the Ni
sublattice at the face centers and Al sublattice at the
cubic corner in the unit cell. The added ternary alloying
elements may occupy the Ni sublattices or the Al
sublattices exclusively or the both sites in NizAl. Several
studies on site preference of alloying elements in Ni;Al
were performed and the results showed that Pd and Pt
elements have a predominant preference for the Ni
sublattices, while Ti, Mo, Ta, W and Re have a
predominant preference for the Al sublattices in NizAl
[8-10]. The effects of some ternary alloying elements on
the planar fault energies of Ni;Al intermetallic alloys
were also studied theoretically and experimentally. For
example, KRUML et al [6] investigated the effect of Al
content on the planar fault energies experimentally. SUN
et al [5S] measured the planar fault energies of the Ni;Al
and (Ni,Pd);Al intermetallic alloys by transmission
electron microscopy. KARNTHALER et al [7] also
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measured the planar fault energies of the Ni;Al and
Niz(ALTa) intermetallic alloys. However, since the
component and content of those Ni;Al intermetallic
alloys scattered in the literature, the effect of the ternary
alloying elements additions on the energies of the planar
defects of Ni;Al alloys has not been understood
comprehensively. In this work, the energies of SISF and
CSF of the binary Ni;Al alloys with different Al contents
and the ternary Ni;Al alloys with addition of alloying
elements, such as Pd, Pt, Ti, Mo, Ta, W and Re, were
calculated by the first-principles, based on the projector
augmented wave (PAW) method within the generalized
gradient approximation (GGA). The main focus will be
placed on the effect of alloying elements on the SISF and
CSF energies in the Ni;Al intermetallic alloys. Based on
the above results, the effects of ternary alloying elements
on the mechanical properties of Ni;Al alloys were also
discussed.

2 Computational methods

The first-principles calculation based on the density
functional theory (DFT) with pseudo-potentials
generated by the projector augmented plane wave (PAW)
method implemented in the Vienna ab initio simulation
package (VASP) [11-13] was employed in this study.
The GGA of Perdew, Burke and Ernzerhof was used for
the exchange correlation energy function [14]. The
convergence accuracy of total energy calculation was
chosen as 10 eV and plane-wave cutoff energy was set
as 390 eV. The spin polarizations were activated for all
calculations. A 8%x8x2 k-mesh was used for k-point
sampling according to the Monkhorst-Pack scheme [15].
The SISF and CSF energies of the L1, Ni;Al
intermetallic alloys were calculated using 80-atom
supercell with three basic vectors [110], [112] and
[111]. In this supercell, ten layers of (111) plane of NizAl
(with 6 Ni atoms and 2 Al atoms per plane) are stacked
and a vacuum layer of about 12 A is added along the
[111] direction in order to avoid an interaction between
periodic structures. The supercell is divided into two
half-crystals with the same atomic layers. The CSF and
SISF were formed by the displacement of Shockley
partials along the (112) direction. A CSF is produced
when the upper half-crystal is shifted by 1/6[11 2 ]
relatively to the lower half-crystal, whereas a SISF
formed by shifting the upper half-crystal with the lower
half-crystal by 1/3[112]. The supercells with CSF and
SISF in the L1, NizAl intermetallic alloys are shown in
Fig. 1. The Ni-rich Ni;Al (or Al-rich NizAl) alloy is
created by substituting Al (or Ni) atom with Ni (or Al)
atom on the glide plane. Alloying elements occupying
the Ni sublattice replace the Ni atoms on the glide plane
in  Ni-rich NizAl, meanwhile alloying elements

occupying the Al sublattice replace directly the Al atoms
on the glide plane in the stoichiometric Ni;Al. Thus, the
concentration of alloying elements in the ternary Ni;Al
alloys is 1.25% (mole fraction). Ionic relaxations were
allowed for all calculations and the optimized atomic
positions were generated through minimization of the
Hellman-Feynman forces using a quasi-Newton
algorithm. The Hellman-Feynman forces were relaxed to
less than 0.05 eV/A.

The energy variation of the
introducing stacking fault is

AEsr=Esr—E, (D

supercell after

where E| is the total energy of the perfect crystal, and Esp
is the total energy of the crystal with stacking fault
structure. The stacking fault energy is defined as

ysr=AEsp/AS 2)

where AS is the area of stacking fault in the supercell.

Vacuum

[112]  Perfect
Fig. 1 Supercells of perfect crystal and crystals with CSF and
SISF (Small balls stand for Ni atoms and big balls stand for Al

atoms.)

3 Results and discussion

The SISF and CSF energies of the binary Ni;Al
with different Al contents were firstly calculated, which
are listed in Table 1. It can be seen from Table 1 that the
SISF energy of the stoichiometric Ni;Al is 66.81 mJ/m?,
which falls into a range from 40 mJ/m® theoretically
achieved by FU et al [16] to 80 mJ/m* by MRYASOV et
al [17]. These theoretical results are higher than those
obtained from experimental measurements [18,19]. The
CSF energy of the stoichiometric NisAl is 253.44 mJ/m?,
which agrees well with the result of (236£29) mJ/m*
measured experimentally by KRUML et al [6], using
weak-beam dark field transmission electron microscopy
technique. MRYASOV et al [17] reported a theoretical
CSF energy of 290 mJ/m’. One can also see from Table 1
that both the SISF and the CSF energies significantly
increase with the increase of Al contents in Ni;Al alloys,
which is consistent with the experimental result reported
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Table 1 Calculated CSF and SISF energies of binary NizAl
alloys with different Al contents

Alloy ysise/(mJ-m 2) yese/(mI'm 2)
Ni—23.75A1 34.92 141.05
Ni—25Al 66.81 253.44
Ni—26.25A1 119.90 321.15
by KRUML et al [6].

The effects of the ternary alloying elements on the
SISF and CSF energies of the Ni3Al intermetallic alloys
were further studied. The SISF and CSF energies of the
NizAl intermetallic alloys with the ternary alloying
elements of Pd and Pt occupying the Ni sublattices are
listed in Table 2. It can be seen from Table 2 that the
calculated SISF and CSF energies of the Ni;sPd; p5Aly; 75
and Ni;sPt;55Aly375 intermetallic alloys are lower than
those of the stoichiometric Ni;Al. They are comparable
with those of the Ni-rich Ni-23.75Al alloy. This means
that the role of the ternary alloying elements of Pd and Pt
occupying the Ni sublattice is somewhat similar to that
of Ni anti-site defects (Ni atoms occupy the Al
sublattices) in Ni-rich NizAl alloys.

Table 2 Calculated CSF and SISF energies of NizAl alloys with
ternary alloying elements occupying Ni sublattices

Alloy Psise/(mJ-m ) Yese/(mJ-m )
Ni;sPd; 55Al3 75 37.44 136.09
Ni;sPd; 55Al3 75 4491 156.45

Table 3 shows the calculated SISF and CSF energies
of Ni;Al intermetallic alloys with the ternary alloying
element of Ti, Mo, Ta, W and Re, which occupy the Al
sublattice in NizAl. The SISF energy of Ni;sAlys 75Tl p5 1S
comparable with 133 mJ/m? of Niy(ALTi) reported
experimentally by KAWABATA et al [20]. BALUC et al
[21,22] performed an experimental study of the CSF
energy of the Niyy3Aly7Ta; alloy by weak-beam dark
field transmission electron microscopy technique. The
theoretical result from the first principles is also
comparable with the experimental one of (352+50)
mJ/m? of the Nizg ;AL 7Ta; o alloy. In comparison with

Table 3 Calculated CSF and SISF energies of NizAl alloys with
ternary alloying elements occupying Al sublattices

Alloy

Psise/(m]J 'mfz) yese/(m] 'mfz)

NisAlys 75T s 176.84 337.22
NissAly 2sMo 5 136.06 353.70
NissAlys 25Ta; o5 188.65 406.25
NizsAly 75 Reyas 147.34 41491
NisAly;75Wias 186.07 426.43

the CSF and SISF energies of stoichiometric NizAl in
Table 1, it can be found that the ternary alloying
elements of Ti, Mo, Ta, W and Re occupying the Al
sublattices significantly increase the CSF and SISF
energies of NizAl. These results suggest that the energies
of SISF and CSF are dependent both on the Al contents
and on the site occupancy of the ternary alloying element
in Ni3Al intermetallic alloys.

Addition of alloying elements usually affects the
energies of APB and CSF and thus dominates the
mechanical properties of the L1, Ni;Al intermetallic
alloys. KRUML et al [6] investigated the mechanical
properties of three binary NizAl alloys with different Al
contents and the fault energies in the dislocation core
experimentally. The results show that increasing the CSF
energy increases the strength in the anomalous
temperature domain, thus lowering the peak stress
temperature in NizAl alloys. KARNTHALER et al [7]
also studied the critical resolved shear stress (CRSS)
against the deformation temperature in the Nig3Aly;,
and Niy3Al44Ta; o alloys experimentally. It is found that
the anomalous region starts at a lower temperature in the
ternary alloy than in the Ni-rich binary NizAl alloy. And
the CRSS of Niyy3Al44Ta; o is higher than that of the in
Nizs3Al6 alloys in the anomalous temperature domain,
but lower than that of Nijs3Aly;6 alloys at peak
temperature. It is suggested that the higher critical
resolved shear stress (CRSS) and the shift of the CRSS
to the lower temperature are strongly related to the
higher CSF energy of Niss3Al4,Ta; ¢ as compared with
Nize3Al; 6 alloys, because the CSF energy dominates the
dissociation width and therefore the constriction energy
of the Shockley partials of the screw dislocations in
Ni;Al alloys. The present results calculated from
first-principles show that the energies of SISF and CSF
significantly increase with the increase of Al content in
Ni;Al. Addition of Pd and Pt occupying the Ni
sublattices does not change the SISF and CSF energies of
Ni;Al markedly in comparison with the Ni—23.75Al
alloy, while addition of Ti, Mo, Ta, W and Re occupying
the Al sublattices increases dramatically the SISF and
CSF energies of Ni;Al. Thus, it can be deduced that
addition of Pd and Pt occupying the Ni sublattices
decreases the strength in the anomalous temperature
domain, thus raising the peak stress temperature.
Meanwhile, addition of Ti, Mo, Ta, W and Re occupying
the Al sublattices increases the strength in the anomalous
temperature domain, thus lowering the peak stress
temperature in Ni3;Al alloys. Because the energies of
SISF and CSF are dependent both on the Al contents and
on the site occupancy of the ternary alloying element, the
mechanical properties are also dominated by these two
issues in the L1, NizAl intermetallic alloys.
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4 Conclusions

1) The energies of SISF and CSF significantly
increase with the increase of Al content in NizAl

2) Addition of Pd and Pt occupying the Ni
sublattices does not change the SISF and CSF energies of
Ni;Al markedly in comparison with the Ni—23.75Al
alloy, while addition of Ti, Mo, Ta, W and Re occupying
the Al sublattices increases dramatically the SISF and
CSF energies of NizAl.

3) The energies of SISF and CSF are dependent
both on the Al contents and on the site occupancy of the
ternary alloying element in NizAl intermetallic alloys.
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