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a  b  s  t  r  a  c  t

The  magnetism-induced  ductility  in  Ni-rich  NiAl  intermetallic  alloys  with  Fe  additions  has  been  inves-
tigated  theoretically  and  experimentally.  The  compressive  tests  showed  that  Fe addition  decreases  the
yield strength,  but  increases  the  ductility  and fracture  strength  of Ni(Al,Fe)  alloys  markedly.  TEM  observa-
tions revealed  that  〈0 0 1〉{1  1 0}  is  the active  slip  in Ni(Al,Fe).  Theoretical  calculations  further  exhibited
that  Fe  addition  mildly  reduces  the  〈0  0 1〉{1  1 0}  �GSF of  magnetic  Ni(Al,Fe)  in comparison  to Ni-rich
NiAl  alloys.  The  estimated  critical  stress  for moving  〈0 0  1〉 dislocations  decreases  obviously  with  increas-
eywords:
ntermetallics
islocations
echanical properties

omputer simulations

ing Fe  additions  for  magnetic  Ni(Al,Fe)  alloys.  These  can be  considered  as  the  reasons  to interpret  the
magnetism-induced  ductility  in Ni(Al,Fe)  alloys.

© 2012 Elsevier B.V. All rights reserved.
ransmission electron microscopy

. Introduction

The NiAl intermetallic compound with B2 structure is of great
nterest for applications in aerospace industry due to its high
trength, low density and good oxidation resistance at high tem-
eratures [1,2]. The plastic deformation in NiAl intermetallic
ompound occurs principally by the motion of 〈0 0 1〉 {0 1 1} dislo-
ations in polycrystals and single crystals loaded along non-〈1 0 0〉
xe [3]. Therefore, polycrystalline NiAl is brittle at lower tempera-
ures because it lacks sufficient slip systems and cannot meet the
equirement of Von Mises principles. The lack of ductility at lower
emperatures limits the practical use of NiAl alloys. Many attempts
f alloying have been performed to improve the mechanical prop-
rties of NiAl alloys [4–10]. For example, Darolia et al. revealed
hat the ternary addition of Fe significantly improves the tensile
uctility of NiAl single crystals loaded at the non-〈0 0 1〉 directions
4]. Recently, Liu et al. and Fu et al. observed the solid solution
oftening effects of ternary additions of Fe and Mn  in Ni-rich Ni-
0% Al alloys by hardness measurements [11,12]. The theoretical
alculations and experimental measurements indicated that the
ite preferences of Fe and Mn  solute atoms on the Al sublattices

re magnetically driven. The unusual solid solution softening were
nterpreted from lattice expansion induced by the magnetic cou-
ling between solute and host atoms and reduction of the shear

∗ Corresponding author. Tel.: +86 21 54745593; fax: +86 21 54745593.
E-mail address: jsun@sjtu.edu.cn (J. Sun).

925-8388/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2011.12.101
modulus of the alloys, and therefore, called the magnetism-induced
solid solution softening [11,12].

Basically, the brittle/ductile behavior of a solid material can
be described by two  competing issues at atomistic scale: i.e. the
cleavage and emission of dislocations at the crack tip [13,14].  The
emission of dislocations at the crack tip blunts the crack and leads to
ductile behavior, which is characterized theoretically by the unsta-
ble stacking fault energy �us. The �us is defined as the maximum
of the generalized stacking fault energy �GSF, which is associated
with the shear displacement of the crystal along the slip plane
[14,15]. Moreover, the �us is related to the Peierls stress of disloca-
tions and governs the mobility of dislocations. Thus, it is critical to
deeply understand the influence of alloying elements on the unsta-
ble stacking fault energy of the B2 NiAl alloys. Hong and Freeman
calculated the anti-phase boundary (APB) energies, the local mini-
mum energies from the 〈1 1 1〉{1 1 0} �GSF profiles at displacement
of a/2 〈1 1 1〉 in pure NiAl and its alloys with ternary additions of
V, Cr and Mn  [16]. They found that the APB energy of pure NiAl
is extremely high and the ternary additions significantly reduce
the APB energies of the NiAl alloys. Lazar et al. also investigated
the influence of ternary additions, such as Cr, Mo,  Ti and Ga on the
unstable stacking fault energy and cleavage energy of NiAl by ab ini-
tio approach [17]. Based on the calculated results, they estimated
a possible ductility improvement of the ternary NiAl alloys accord-

ing to the Rice’s criterion. Very recently, Lazar et al. calculated the
generalized stacking fault energies and magnetisms of NiAl alloys
with additions of Fe and Mn  [18]. All those calculations were per-
formed for the pure NiAl and its alloys with ternary additions. For

dx.doi.org/10.1016/j.jallcom.2011.12.101
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:jsun@sjtu.edu.cn
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he solid solution softening effects were observed in Ni-rich NiAl
lloys with ternary additions, it is necessary to calculate the gen-
ralized stacking fault energy of Ni-rich NiAl alloy to understand
omprehensively the mechanism of magnetism-induced ductility
n NiAl alloys with Fe additions.

In this paper, the magnetism-induced ductility in Ni-rich NiAl
ntermetallic alloys with Fe additions has been verified by com-
ressive tests. The deformed microstructures of the alloys were
bserved by electron transmission microscopy (TEM) to reveal the
ctive slip of dislocations. As expected theoretically, application of
he generalized stacking model should be able to probe the physi-
al nature of the effect of Fe additions on the mechanical properties
f the NiAl alloys. The generalized stacking fault energies along
1 0 0〉{0 1 1} and 〈1 1 1〉{0 1 1} and elastic properties, such as elastic
onstants and moduli of Ni-rich and Ni(Al,Fe) alloys were calculated
y ab initio approach. The effect of magnetism on the generalized
tacking fault energy of Ni(Al,Fe) was also calculated in this paper.
ased on these calculated results, the mechanism of magnetism-

nduced ductility in NiAl intermetallic alloys with Fe additions is
nally discussed.

. Experimental and computational details

The NiAl intermetallic alloys with different contents of Fe
dditions were prepared by arc-melting in vacuum. The nom-
nal chemical compositions (at.%) of the alloys are Ni60Al40,
i54Al40Fe6, Ni52Al40Fe8, Ni50Al40Fe10, respectively. The ingots
nderwent homogenizing heat treatment at 1100 ◦C for 96 h and
hen cooled down in the furnace. The specimens with a size of

 mm × 4 mm × 8 mm were wire-cut from the ingots for compres-
ive tests. The compressive tests were conducted on Shimadzu
echanical machine at room temperature and at strain rate of

0−4 s−1. TEM samples were prepared by twin jet electro-polishing
n a perchloric acid and ethanol solution chilled to −30 ◦C at 30 V.
he microstructures of the deformed alloys were observed by JEM-
100F microscope operating at 200 kV.

Ab initio calculations based on the density functional theory
DFT) implemented in the Vienna ab initio Simulation Package
VASP) were performed in this work [19]. The projector augmented
ave (PAW) method was used for the construction of potentials

20]. Perdew-Wang generalized gradient approximation (GGA) was
dopted to treat the exchange-correlation density function [21].
he convergence accuracy of total energy calculations was cho-
en as 10−6 eV and the plane-wave energy cutoff 400 eV. Atomic
elaxations were allowed whenever the structural relaxations were
equired.

To calculate the elastic properties, a 16-atom supercell for Ni-
ich NiAl and Ni(Al,Fe) alloys was employed, in which the extra Ni
r Fe atoms occupy the Al sublattice. The nominal chemical compo-
ition of Ni-rich NiAl and Ni(Al,Fe) is Ni62.5Al37.5, Ni56.25Al37.5Fe6.25
nd Ni50Al37.5Fe12.5, respectively. A 9 × 9 × 9 k-mesh was used for k
oints sampling for the supercell according to the Monkhorst–Pack
cheme [22]. The elastic constants were evaluated by means of the
otal energies calculated as a function of applied strains using the
olume conserving tetragonal or monoclinic deformation [23]. The
lastic moduli were estimated by the method described elsewhere
24,25].

To calculate the generalized stacking fault (GSF) energy, a 48-
tom supercell of e1 × e2 × 9e3 with e1 = [0 0 2̄], e2 = [1 1 1̄] and
3 = [1 1̄ 0], respectively was used to establish a slab with thick-
ess of 6e3 (12-atomic layers) and vacuum of 3e3 along the 〈1 1̄ 0〉

irection. A 7 × 7 × 1 k-mesh was used for k points sampling for
he supercell. The stacking faults of 〈0 0 1〉{1 1 0} or 〈1 1 1〉{1 1 0}
ere generated by shifting the upper half of the slab relative to

he lower half with different displacement vectors along the 〈0 0 1〉
Fig. 1. Compressive stress–strain curves of Ni-rich NiAl and Ni(Al,Fe) intermetallic
alloys.

or 〈1 1 1〉 direction on the (1 1̄ 0) plane, respectively. Atomic relax-
ation of the supercell was done in the direction vertical to the slip
plane. The generalized stacking fault energies were obtained from
the energy difference per unit area between the supercells with
and without displacement. For Ni-rich NiAl, one Ni atom substi-
tutes for Al, causing 25 at.% extra Ni in the slip plane and 2.1 at.%
in the supercell, respectively. Similarly, one Fe atom substitutes for
Al, causing 25 at.% Fe in the slip plane and 2.1 at.% in the supercell,
respectively for Ni(Al,Fe). It is noteworthy that the spin polariza-
tion was activated in the calculations of Ni(Al,Fe) to elucidate the
role of magnetism in the mechanical properties of the alloys.

3. Results and discussion

3.1. Compressive deformation and substructure

Fig. 1 shows the compressive stress–strain curves of the Ni-rich
NiAl and Ni(Al,Fe) intermetallic alloys. The yield strength deceases
obviously from 873 MPa  in Ni60Al40 to 473 MPa in Ni50Al40Fe10. The
compressive ductility increases markedly from 0.75% in Ni60Al40 to
19.5% in Ni50Al40Fe10, and the fracture strength also increases from
900 MPa  in Ni60Al40 to 1180 MPa  in Ni50Al40Fe10. The compressive
tests clearly showed that the solid solution softening and ductil-
ity enhancement occur in the Ni-rich NiAl alloys with Fe additions,
which is in agreement with the results achieved by Darolia et al.
and Liu et al., respectively [4,11,12]. A typical dislocation structure
of the deformed Ni(Al,Fe) alloys is shown in Fig. 2. Dislocations are
relatively uniformly distributed in the microstructure and evidence
of slip band does not appear. These structures with zig-zag shaped
and bowed segments are produced by the kinking phenomenon.
The diffraction contrast analyses performed with different reflec-
tions revealed that 〈0 0 1〉{1 1 0} is the active slip system in Ni(Al,Fe)
alloys. Darolia et al. had already revealed that the ternary addition
of Fe improves significantly the tensile ductility of NiAl single crys-
tals loaded at the 〈1 1 0〉 and 〈1 1 1〉 directions, rather than the 〈0 0 1〉
direction [4].  This also implies that 〈0 0 1〉{1 1 0} is the active slip
and Fe addition cannot activate the 〈1 1 1〉 slip system in Ni(Al,Fe)
single crystals.

3.2. Theoretical elastic modulus

Table 1 shows the calculated lattice parameters, magnetic

moments and elastic constants of the Ni-rich NiAl and Ni(Al,Fe)
alloys. The theoretical lattice parameter of Ni62.5Al37.5 is larger
compared with the experimental one, but the elastic constants
of Ni62.5Al37.5 are well consistent with the experimental results
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Fig. 2. Dislocation structure of the deformed Ni(Al,Fe) alloys.

Table 1
Lattice parameter (Å), magnetic moment (�B) and elastic constant (GPa) of Ni-rich
NiAl and magnetic Ni(Al,Fe) alloys.

a0 M C11 C12 C44

Ni62.5Al37.5 2.860 0 170.7 161.0 127.7
2.836 [26] 169.7 [26] 159.3 [20] 120.0 [26]

Ni56.25Al37.5Fe6.25 (mag.) 2.869 3.149 172.1 147.6 120.4

Ni50Al37.5Fe12.5 (mag.) 2.877 5.881 180.7 144.3 109.1

Table 2
Elastic moduli (GPa) of Ni-rich NiAl and magnetic Ni(Al,Fe) alloys.

(C11 − C12)/2 E GV GR GH GH/B �

Ni62.5Al37.5 4.9 123.7 78.6 11.5 45.0 0.274 0.374
6.0 [12] 84 [12]

Ni56.25Al37.5Fe6.25 12.3 140.0 77.1 26.6 51.9 0.333 0.350

[
F
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(mag.) 13.5 [12] 80 [12]
Ni50Al37.5Fe12.5

(mag.)
18.2 146.7 72.7 36.4 54.6 0.349 0.344
19.0 [12] 77 [12]

26]. The calculated lattice parameters increase with increasing
e additions in the alloys, which is again in agreement with the
xperimental observations [11,12].  Unlike Ni-rich NiAl, Ni(Al,Fe)
lloys show large magnetic moments, and the magnetic moments
ncrease with increasing Fe additions in the alloys. The reason that
he substitution of Fe for Al leads to an increase of the lattice
arameter has been considered to arise from the magnetic coupling
etween solute and host atoms in Ni(Al,Fe) alloys [11,12,27].  There-
ore, the ductility enhancement occurring in the Ni-rich NiAl alloys
ith Fe additions can be considered to be related to the magnetism

f the alloys.
The calculated moduli of the Ni-rich NiAl and magnetic Ni(Al,Fe)

lloys are presented in Table 2. Generally, Voigt, Reuss and Hill
pproximations can be used to estimate the shear modulus from
he elastic constants of the alloys [24,25]. Among them, the Hill
pproximation is employed most widely and reasonably to cal-

ulate the shear modulus in polycrystalline materials for it is the
rithmetic average of Voigt and Reuss approximations, correspond-
ng to the upper and lower limits of the shear modulus, respectively.
n the present calculations, the Hill approximation used to estimate
Fig. 3. Generalized stacking fault energies of {1 1 0} 〈0 0 1〉 for Ni-rich NiAl and
Ni(Al,Fe) alloys, where f is the shear displacement along slip plane and b is a 〈0 0 1〉.

the shear modulus of the alloys. Table 2 shows that in Ni62.5Al37.5,
the substitution of Ni for Al significantly reduces the tetragonal
shear modulus (C11 − C12)/2, Young’s modulus E and shear modu-
lus G compared with those in the stoichiometric NiAl [28,29],  which
suggests the cubic materials trend to be mechanically unstable
due to the shape memory effect. In comparison to Ni62.5Al37.5, the
tetragonal shear modulus, Young’s modulus increase with increas-
ing Fe additions for magnetic Ni(Al,Fe) alloys. The shear modulus
calculated by Hill approximation shows the same trend as the
tetragonal shear modulus and Young’s modulus, but that calculated
by Voigt approximation decreases with increasing Fe additions for
magnetic Ni(Al,Fe) alloys, as shown in Table 2. Fu et al. calcu-
lated the elastic constants and estimated the shear modulus by
Voigt approximation, and they also found that the shear modu-
lus decreases linearly with increasing Fe additions for Ni(Al,Fe)
alloys (see Table 2), which was  considered as one of the reasons to
explain the solid solution softening effects in Ni(Al,Fe) alloys [12].
However, the present calculated results showed that the tetrago-
nal shear modulus, Young’s modulus and shear modulus estimated
by Hill approximation increase with increasing Fe additions, which
could not interpret the magnetism-induced softening in magnetic
Ni(Al,Fe) alloys.

On the other hand, the ductile/brittle behavior of materials is
empirically related to the ratio G/B or Poisson’s ratio � according
to Pugh [30]. The lower the value of G/B or the higher the value of
�, the more ductile the materials would be. Based on the ratio G/B
and Poison’s ratio �, the Ni-rich NiAl is more ductile than Ni(Al,Fe)
alloys. This is again in disagreement with the experimental results
described above. The magnetism-induced ductility occurring in
magnetic Ni(Al,Fe) alloys could be hardly related to the difference of
the elastic properties between Ni-rich NiAl alloys with and without
Fe additions.

3.3. Theoretical slip property

In B2 NiAl, there are two possible operative slips in the {1 1 0}
plane. 〈0 0 1〉{1 1 0} is the perfect dislocation, whereas 〈1 1 1〉{1 1 0}
dissociates into a pair of superpartial dislocations bounding an anti-
phase boundary (APB). The calculated GSF energies �GSF of the
〈0 0 1〉{1 1 0} and 〈1 1 1〉{1 1 0} slip systems of the Ni-rich NiAl and
Ni(Al,Fe) alloys are shown in Figs. 3 and 4, respectively. The APB
energies �APB, the local minimum energies can be achieved from
the 〈1 1 1〉{1 1 0} �GSF profiles at f/b = 0.5. The unstable stacking fault

energies �us, the maximum energies from the 〈1 1 1〉{1 1 0} �GSF
profiles are located at f/b = ∼0.3, which are not dictated by symme-
try. The unstable stacking fault energies for each slip system and
the APB energies are summarized in Table 3. In Ni-rich NiAl, the
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Fig. 4. Generalized stacking fault energies of {1 1 0}〈1 1 1〉 for Ni-rich NiAl and
Ni(Al,Fe) alloys, where f is the shear displacement along slip plane and b is a/2 〈1 1 1〉.

Table 3
Calculated unstable stacking fault energy (J/m2) and APB energy (J/m2) for
〈0  0 1〉{1 1 0} and 〈1 1 1〉{1 1 0} of Ni-rich NiAl and Ni (Al,Fe).

�us 〈0 0 1〉 �us 〈1 1 1〉 �APB

Ni-rich NiAl 1.21 0.55 0.44
Ni(Al,Fe) (mag.) 1.10 0.66 0.50
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parameter, associated with large magnetic moment increases with
1.16 [18] 0.64 [18] 0.45 [18]
Ni(Al,Fe) (non-mag.) 1.21 0.59 0.38

0 0 1〉{1 1 0} �us is much higher than 〈1 1 1〉{1 1 0}, which implies
ore difficult for the nucleation of 〈0 0 1〉{1 1 0} than 〈1 1 1〉{1 1 0}.
owever, the experimental results had already indicated that the
ominant slip system is 〈0 0 1〉{1 1 0} rather than 〈1 1 1〉{1 1 0} in Ni-
ich NiAl [31]. It has been suggested that the active 〈0 0 1〉{1 1 0} slip
n NiAl is a consequence of the relatively high APB energy and weak
epulsive elastic force between partial dislocation that make disso-
iation of 〈1 1 1〉 superdislocations into partial dislocations unlikely
32]. Although the APB energy of 0.44 J/m2 in Ni-rich NiAl is much
ower than that of 0.76 J/m2 in the stoichiometric NiAl [17], the
eduction of APB energy is probably not large enough to activate
he 〈1 1 1〉{1 1 0} slip in Ni-rich NiAl alloys.

Table 3 shows that the substitution of Fe for Al decreases slightly
he 〈0 0 1〉{1 1 0} �GSF of the magnetic Ni(Al,Fe) in comparison to
i-rich NiAl. And the 〈1 1 1〉{1 1 0} �GSF of the magnetic Ni(Al,Fe)

s mildly higher than that of Ni-rich NiAl. The present results are
omparable to those calculated by Lazar et al. [18]. It is noted that

 24-atom supercell was used in their calculation and the con-
ent of Fe additions in the slip plane is 50 at.% for Ni(Al,Fe) [18],
hich is different from the computational conditions described

bove in this work. The 〈0 0 1〉{1 1 0} and 〈1 1 1〉{1 1 0} �GSF of the
on-magnetic Ni(Al,Fe) are close to those of Ni-rich NiAl, rather
han those of the magnetic Ni(Al,Fe), which implies that magnetism
lays an important role on the planar defect property in Ni(Al,Fe)
lloys. Fig. 5 shows variations of the total magnetic moments
s a function of the slip displacement in both 〈0 0 1〉{1 1 0} and
1 1 1〉{1 1 0} slip systems in the magnetic Ni(Al,Fe) alloys. The total

agnetic moments simultaneously decrease with the slip displace-
ent along the 〈0 0 1〉{1 1 0} and 〈1 1 1〉{1 1 0} slip path. The initial
agnetic moment of 3.21 �B is reduced by 0.22 �B at the 1/2 〈0 0 1〉

lip displacement, whereas by 0.45 �B at the 1/2 〈1 1 1〉 slip dis-
lacement in Ni(Al,Fe). These variations derive from a change of

ocal circumstance of the Fe atom in Ni(Al,Fe).

The theoretical results indicated that the 〈0 0 1〉{1 1 0} �us is

uch higher than 〈1 1 1〉{1 1 0} in magnetic Ni(Al,Fe) alloys, which
s the same as that in Ni-rich NiAl. However, the experimental
Fig. 5. Total magnetic moment for the 〈0 0 1〉{1 1 0} and 〈1 1 1〉{1 1 0} slip path for
magnetic Ni(Al,Fe) alloy.

results mentioned above and those obtained by Darolia et al. [4]
confirmed that 〈0 0 1〉{1 1 0} is still the active slip system in the duc-
tilized Ni(Al,Fe) alloys. It was reported that in B2 FeAl, the active slip
system is 〈1 1 1〉{1 1 0} rather than 〈0 0 1〉{1 1 0} and the APB energy
of the {1 1 0} plane had been determined to be 0.11 J/m2 [33]. If one
takes the APB energy of FeAl as a reference for APB to occur, the APB
energy of Ni(Al,Fe) alloys is still probably too high to activate the
〈1 1 1〉{1 1 0} slip. As the �us is related to the Peierls stress of disloca-
tions and governs the mobility of dislocations, only small reduction
of the 〈0 0 1〉{1 1 0} �us of the magnetic Ni(Al,Fe) compared with
Ni-rich NiAl can be related to the magnetism-induced ductility in
Ni(Al,Fe) from the viewpoint of �GSF. Moreover, early atomistic
simulations performed by Yamaguchi et al. indicated that the core
structure of the 〈0 0 1〉 screw dislocations in B2 NiAl spreads into the
{1 1 0} plane and the critical stress for the dislocation movement is
7 × 10−3 C44 [34]. Using the elastic constants listed in Table 1, the
critical stress for moving 〈0 0 1〉 dislocations can be evaluated to be
894 MPa  for Ni62.5Al37.5, 843 MPa  for Ni50Al37.5Fe6.25 and 764 MPa
for Ni50Al37.5Fe12.5 alloys, respectively. This is consistent with the
decreasing trend of the yield strength with increasing Fe addi-
tions in magnetic Ni(Al,Fe) alloys as shown in Fig. 1, although the
estimated critical stresses are much higher than the compressive
yield strengths in Ni(Al,Fe) alloys. Therefore, the mechanism of the
magnetism-induced ductility in Ni(Al,Fe) alloys can be attributed
to the decrease of the critical stress for moving 〈0 0 1〉 disloca-
tions with increasing Fe additions in magnetic Ni(Al,Fe) alloys. It is
worthwhile to mention that in addition to the line and planar defect
properties discussed above, the properties of the point defects, such
as antisite defects and vacancies and the interactions between point
defects and dislocations certainly affect the mechanical properties
of the strongly ordered NiAl alloys. The influence of the ternary
addition on the point defect properties in NiAl alloys needs to be
further investigated and correlated with the mechanical properties
of the ternary NiAl alloys.

4. Conclusions

The compressive tests showed that Fe addition markedly
decreases the yield strength but increases the ductility and frac-
ture strength of Ni(Al,Fe) compared with Ni-rich NiAl alloys. TEM
observations revealed that 〈0 0 1〉{1 1 0} is the active slip system in
Ni(Al,Fe). Theoretical calculations further exhibited that the lattice
increasing Fe additions for Ni(Al,Fe). The elastic moduli of mag-
netic Ni(Al,Fe) are higher than those of Ni-rich NiAl alloys. For the
slip properties, Fe addition mildly reduces the 〈0 0 1〉{1 1 0} �GSF of
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agnetic Ni(Al,Fe) in comparison to Ni-rich NiAl alloys. Fur-
hermore, the estimated critical stress for moving 〈0 0 1〉{1 1 0}
islocations obviously decreases with increasing Fe additions for
he magnetic Ni(Al,Fe) alloys. It can be concluded that addition of

agnetic Fe elements significantly enhances the ductility of Ni-
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