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a b s t r a c t

Ni2FeGa is a relatively new shape memory alloy (SMA) and exhibits superior characteristics
compared to other SMAs. Its favorable properties include low transformation stress, high
reversible strains and small hysteresis. The first stage of stress-induced martensitic trans-
formation is from a cubic to a modulated monoclinic phase. The energy barriers associated
with the transformation from L21 (cubic) to modulated martensite (10M-martensite)
incorporating shear and shuffle are established via atomistic simulations. In addition, the
slip resistance in the [111] direction and the dissociation of full dislocations into partials
as well as slip in the [001] direction are studied. The unstable stacking fault energy barriers
for slip by far exceeded the transformation transition state barrier permitting transforma-
tion to occur with little irreversibility. Experiments at the meso-scale on single crystals and
transmission electron microscopy were conducted to provide further proof of the pseudo-
elastic (reversible) behavior and the presence of anti-phase boundaries. The results have
implications for design of new shape memory alloys that possess low energy barriers for
transformation coupled with high barriers for dislocation slip.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Challenges in Designing Shape Memory Alloys

Designing new shape memory materials that exhibit superior transformation characteristics remains a challenge. There
needs to be a better fundamental basis for describing how reversible transformation (shape memory) works in the first place.
Specifically, two aspects remain uncertain. The first is that the phase changes involve complex transformation paths with
shear and shuffle (Ahlers, 2002) and the energy barrier levels corresponding to the transition are not well established.
The second issue is that the determination of dislocation slip resistance (Olson and Cohen, 1975), which decides the revers-
ibility of transformation of shape memory alloys, is very important and requires further study. Thus, this paper is geared
towards establishing both the energy barriers in the phase changing of Ni2FeGa and the fault energies associated with dis-
location slip for the same material.

Thermo-elastic phase transformation refers to a change in lattice structure upon exposure to stress or temperature and
return of the lattice to the original state upon removal of stress or temperature (Delaey et al., 1974). Modern understanding
of shape memory transforming materials has relied on the phenomenological theory of the martensitic transformation
(Wechsler et al., 1953), which does not deal with the presence of dislocation slip. The presence of slip has been observed
in experimental work at micro- and meso-scales (Otsuka and Wayman, 1998; Duerig et al., 1990), and incorporated in some
of the continuum modeling approaches (Boyd and Lagoudas, 1996). A low transformation stress (Sehitoglu et al., 2000) and
. All rights reserved.
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high slip resistance (Hamilton et al., 2004) are precursors to reversible martensitic transformation. Recently, theoretical
developments at atomic length scales have been utilized (Hatcher et al., 2009; Kibey et al., 2009; Wagner and Windl,
2008) bringing into light the magnitude of energies of different phases and defect fault energies in NiTi.

NiTi is the most well known shape memory alloy that meets the requirement of excellent slip resistance in both martens-
ite (Ezaz et al., 2011) and in austenite (Manchiraju and Anderson, 2010; Moberly et al., 1991; Norfleet et al., 2009; Pelton
et al., 2012; Simon et al., 2010). The recent interest in the austenite slip behavior of NiTi is well founded because it is a
key factor that influences the shape memory response.

We note that some of the other shape memory alloys of the Cu-variety (Damiani et al., 2002b; Malarria et al., 2009;
Roqueta et al., 1997; Sade et al., 1988; Sittner et al., 1998) and the Fe-based (Maki, 1998a,b; Morito et al., 2000; Jost,
1999; Tsuzaki et al., 1992) alloys possess large transformation strains but are susceptible to plastic deformation by slip. Plas-
tic deformation has been incorporated into continuum energy formulations where the interaction of plastic strains and the
transformation improves the prediction of overall mechanical response (Bartel et al., 2011; Idesman et al., 2000; Levitas,
2002). All these previous works point to the importance of dislocation slip resistance in shape memory alloys.

The Ni2FeGa alloys have large recoverable strains (Chumlyakov et al., 2008; Hamilton et al., 2007a,b) and can potentially
find some important applications like NiTi. In the case of Ni2FeGa alloys, stress-induced transformation to modulated mar-
tensite (Masdeu et al., 2005; Omori et al., 2004; Santamarta et al., 2006a,b; Sutou et al., 2004) and the slip deformation of
austenite (Hamilton et al., 2007a,b) are two factors that dictate shape memory performance. The phase change in Ni2FeGa
occurs primarily upon shape strains (Bain strain) in combination with shuffles to create a ‘modulated’ martensitic structure.
The ‘modulated’ monoclinic structure has a lower energy than the ‘non-modulated’ lattice, and hence is preferred. We focus
on atomic movements and the energy landscapes for transformation of L21 austenite to a 10M modulated martensite struc-
ture and establish the barrier for this change. We then investigate the dislocation slip barriers in [111] and [001] directions.

It is important to assess the transformation paths and energies associated with the austenite to martensite transformation
simultaneously with dislocation slip behavior because the external shear stress that can trigger transformation can also re-
sult in dislocation slip. What we show is that the order strengthened Ni2FeGa alloy requires elevated stress levels for dislo-
cation slip while undergoing transformation nucleation at much lower stress magnitudes (with lower energy barriers).
1.2. Energetics of Phase Transformation and Dislocation Slip

A schematic of pseudoelastic stress-strain response at constant temperature is given in Fig. 1. We note that the initial
crystal structure at zero strain is that of austenite. Upon deformation, the crystal undergoes a phase transformation to a
modulated martensitic structure. In the case of Ni2FeGa, the structures of austenite and martensite are cubic and monoclinic,
respectively. Over the plateau stress region, austenite and martensite phases can coexist. In the vicinity of austenite to mar-
tensite interfaces, high internal stresses are generated to satisfy compatibility. Hence, slip deformation can occur in the aus-
tenite domains as illustrated in the schematic. Once the transformation is complete, the deformation of the martensitic
phase occurs with an upward curvature. Upon unloading, the martensite reverts back to austenite as shown in the schematic.
The strain recovers at the macroscale, but at the micro-scale residual slip deformation could remain as shown with TEM
studies.
Fig. 1. Schematic of stress–strain curve displaying the modulated martensite and dislocation slip in austenite over the plateau region during
pseudoelasticity.
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We capture the energetics of the transformation through ab initio density functional theory (DFT) calculations. In Fig. 2(a),
the initial lattice constant is ao and the monoclinic lattice constants are a, b and c with a monoclinic angle. We incorporate
shears and shuffles for the case of transformation from L21 to 10M. A typical transformation path is described in Fig. 2(a). The
martensite has lower energy than the austenite. To reach the martensitic state, there exists an energy barrier (corresponding
to cA!M

u in Fig. 2(a)) that needs to be overcome. This barrier is dictated by the energy at the transition state (TS) as shown in
Fig. 2(a). A smaller barrier is desirable to allow transformation at stress levels well below dislocation mediated plasticity.
Along the transformation path, we find a rather small energy barrier (8.5 mJ/m2 for the L21 to 10M transformation in
Ni2FeGa).
Fig. 2. (a) Schematic of transformation path showing the energy in the initial state, the final state and the transition state, (b) atomic arrangements of
Ni2FeGa with long range order (first configuration). The viewing direction is [110]. The (001) planes are made of all Ni atoms, and alternating Fe and Ga
atoms. The dashed line represents the slip plane. The displacement <111>/4 creates nearest neighbor APBs (middle configuration) and the displacement
<111>/2 results in next nearest neighbor APBs (third configuration). (c) Generalized fault energy of austenite associated with full dislocation dissociation
into partials in an ordered alloy.

Please cite this article in press as: Sehitoglu, H., et al. Transformation and slip behavior of Ni2FeGa. Int. J. Plasticity (2012), http://
dx.doi.org/10.1016/j.ijplas.2012.05.011

http://dx.doi.org/10.1016/j.ijplas.2012.05.011
http://dx.doi.org/10.1016/j.ijplas.2012.05.011


4 H. Sehitoglu et al. / International Journal of Plasticity xxx (2012) xxx–xxx
Dislocation slip resistance in the L21 austenite can be understood by consideration of energetics of slip displacements in
the [111] direction associated with the motion of the dissociated dislocations. Ribbons of anti-phase boundaries (APBs) form
by dissociation of superdislocations in the L21 parent lattice. We compute the separation distance of the superpartials via
equilibrium considerations and show the presence of these APBs from TEM observations. The energy barriers are manifested
via generalized stacking fault energy curves (GSFE) and decide the slip resistance of the material. We check the GSFE curves
in two possible dislocation slip systems and calculate theoretical resolved shear stress.

The fundamental descriptions of the APB formation in ordered cubic materials point to decomposition of full dislocations
(Koehler and Seitz, 1947; Marcinkowski and Brown, 1961). For the Ni2FeGa, as atoms are sheared over other atoms in neigh-
boring planes the energy landscape indicates the decomposition of the full dislocation to four partials resulting in APBs. The
partial dislocations are not zig zag type as in face centered cubic systems but are in the same direction as the full dislocation.
This is illustrated in Fig. 2(b). It is easiest to see the APB formation with a [110] projection (Fig. 2(b)). The x-axis is [001] and
the y-axis is ½1�10� in this case. In this view atoms on only two planes (in-plane and out-of-plane) are noted (a different view
will be illustrated later). Because we have twice as many Ni atoms then Fe and Ga, in the ½1�10� direction every second column
has all Ni atoms. When slip occurs with vector 1/4 ½1�11� the original ordering of the lattice no longer holds. The passage of the
first partial 1/4 ½1�11� results in disordering of the atomic order at near neighbors. The passage of the second partial restores
the original stacking of next to near neighbor atoms. Upon a slip displacement of 1/2 ½1�11� the columns with all Ni atoms are
restored but other columns do not have the original ordering (Fig. 2(b)). Upon displacement of ½1�11� the original lattice struc-
ture with long range order of the matrix is recovered. The fault energy barriers corresponding to Fig. 2(b) have several min-
ima (metastable equilibrium points) corresponding to the passages of the partial dislocations (Fig. 2(c)). More details will be
given later in the text. In Fig. 2(b) cUS refers to the unstable fault energy and cNN and cNNN describe the nearest-neighbor (NN)
and next-nearest neighbor (NNN) APB energies respectively. The fault energy barriers are moderately high (>400 mJ/m2 in
Ni2FeGa) and point to the considerable slip resistance in Ni2FeGa. We provide TEM evidence of the presence of APBs in the
austenitic phase for samples that have undergone pseudoelastic cyclic deformation.

2. Fundamentals of Cubic to Modulated (10M) Transformation in Ni2FeGa

The martensitic structure is critical to the properties of ferro-magnetic shape memory alloys. Their tetragonality c/a,
twinning stress and magnetocrystalline anisotropy constant determine the magnetic-field-induced strain (MFIS) (Luo
et al., 2011b; Morito et al., 2005). However, large MFIS originates mainly from the contribution of the modulated martensites
(Han et al., 2007). Experiments have shown that the cubic structure (L21) undergoes the phase transformation to martensitic
phases, designated modulated structure (10M/14M) and tetragonal structure (L10). The transformation from a cubic struc-
ture (L21) to a modulated 10M structure is an important one in shape memory alloys of the ferro-magnetic variety (Ef-
stathiou et al., 2008; Hamilton et al., 2006, 2007a; Martynov, 1995; Segui et al., 2005). The Ni2FeGa alloys undergo such a
transformation via a combination of shear (distortion) and shuffle. This is the first stage of multiple transformation steps
resulting in the L10 structure. It is a very important step because it decides the transformation stress and the plateau stress
for the shape memory alloy.

In Fig. 3(a), the L21 lattice of Ni-Fe-Ga is shown. We note that the distance ao represents repeating atom positions in the
<001> directions. We refer to coordinates in the L21 structure with the larger cell noting that the small cell represents a B2
structure. The L21 unit cell contains eight cells of the B2 type. Upon transformation to martensite, the lattice structure be-
comes monoclinic (Fig. 3(b)) characterized by three constants a, b, c and a monoclinic angle of 91.49�. In Fig. 3(b), the sub-
lattice of L21 is displayed. The distortion plane can be viewed with atom layers A and B superimposed. The change in
dimension is from length a0

ffiffiffi
2
p

=2 to length c for the modulation direction [110], and from a0

ffiffiffi
2
p

=2 to length a in the ½1�10�
direction. The lattice dimension in [001] is changed from ao to b. The lattice constants are summarized in Table 1. The second
column gives the experimental results, while the third and fourth columns provide the simulations. The agreement between
experimental and theoretical lattice constants including the monoclinic angle is remarkable. The ab-initio VASP code with
GGA (Kresse and Furthmuller, 1996; Kresse and Hafner, 1993a,b; Kresse and Joubert, 1999) is used in the simulations
(see Appendix).

Because the transformation occurs first via L21?10M, we investigated the energy landscape associated with this impor-
tant step. We note that the lattice parameters of the 10M are designated as ai; bi; ci, while the L21 lattice is defined by a0.
Relative to the parent body the 10M phase involves a volumetric distortion and local shuffle. The deformation gradient
can be written in the following form to represent the volumetric distortion, where e represents the extent of the Bain-type
deformation with e ¼ 0 corresponding to the L21 and e ¼ 1 to the 10M end states. The Cauchy-Born rule was used in estab-
lishing the deformation gradient expression given below.
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To account for the internal displacements associated with the shuffles, the strain energy density is minimized with re-
spect to the shuffle displacements while FðeÞ is held fixed. This is achieved with internal relaxations of the atoms to the local
energy minimum. The normalized shuffle parameter is defined as g ¼ s=a where s is the absolute shuffle. The energy
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Fig. 3. (a) Schematic of the L21 austenitic structure of Ni2FeGa, (b) the sublattice displaying the modulated and basal planes, (c) the 10M monoclinic
modulated structure of Ni–Fe–Ga.
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landscape is completed for the multiple pathways that could achieve L21?10M by exploring all combinations of distortion
and shuffle for Ni2FeGa. The transformation path to the 10M structure is rather complex as shown in Fig. 4(a) and (b) and
involves both shear (Bain strain) and shuffle. The energy contours shown in Fig. 4(b) show that the non-modulated martens-
ite (10NM) has a higher energy than the modulated 10M structure. The 10NM structure has the same lattice constants as
Please cite this article in press as: Sehitoglu, H., et al. Transformation and slip behavior of Ni2FeGa. Int. J. Plasticity (2012), http://
dx.doi.org/10.1016/j.ijplas.2012.05.011
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Table 1
The L21 structure lattice constants for austenitic Ni–Fe–Ga (ao) and the lattice constants of the modulated monoclinic (10M) structure.

Experiment Theory (this study)

Austenite (L21) cubic structure Lattice parameter, ao (Å), 5.76 (Sutou et al., 2004),
5.7405 (Liu et al., 2003)

Lattice parameter, ao (Å),
5.755

Energy (eV/atom)
�5.7185

Martensite (10M) monoclinic
structure

Lattice parameter (Å), a = 4.24, b = 5.38, c = 4.176,
(Sutou et al., 2004)
Monoclinic angle = 91.49�

Lattice parameter (Å), a = 4.203,
b = 5.434, c = 4.1736
Monoclinic angle = 91.456�

�5.7206
Energy Barrier (TS)
8.5 mJ/m2

Fig. 4. (a) The energy landscape associated with the L21 to 10M transformation. The transformation is comprised of a distortion and shuffle and the path is
rather complex. (b) 3D view of the transformation surface showing that the energy of 10NM (non-modulated martensite) structure is higher than 10M
(modulated). See Fig. 3(b) for the lattices.
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10M. The difference between the two is that 10M involves considerable shuffle that results in the modulation. The minimum
energy path is indicated in Fig. 4(a). We note that there is a rather small barrier (8.5 mJ/m2) at the early stages of combined
shear and shuffle. This is the principal reason why the transformation stress is rather low (<50 MPa) in this alloy.
Please cite this article in press as: Sehitoglu, H., et al. Transformation and slip behavior of Ni2FeGa. Int. J. Plasticity (2012), http://
dx.doi.org/10.1016/j.ijplas.2012.05.011
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To obtain the Potential Energy Surface (PES) within reasonable computational time, we divided the shear and shuffle
based computational domain primarily into 7 � 7 nodes. Additional nodes are added near the energetically significant posi-
tions such as the local minima and the saddle point. A symmetry-adapted ‘‘free energy’’ polynomial was fitted to our DEðg; eÞ
data. For this fault energy functional DEðg; eÞ, we chose a fourth order cosine-sine polynomial (Liu and Johnson, 2009), which
can appropriately represent the shear shuffle coupling, i.e.
Please
dx.doi
DEðg; eÞ ¼
Xmþn64

m;n¼0

amn½XðgÞ�m½XðeÞ�n½1� dm0dn0� þ
Xmþn64

m;n¼0

bmn½XðgÞ�m½XðeÞ�n ð2Þ
where ½XðxÞ� ¼ ½1� CosðpxÞ�; ½YðxÞ� ¼ ½SinðpxÞ�; and dij represents Kronecker’s delta (dij is 1(0) if i is (not) equal to j). An addi-
tional constraint of jdDEðg; eÞ=dxjx¼0;1 ¼ 0 was imposed to ensure local minima at (0,0) and (1,1) positions in the PES.
3. Dislocation slip (GSFE) in Ni2FeGa

3.1. The (011)<111> case

The generalized stacking fault energy (GSFE), first introduced by Vitek (1968), is a comprehensive definition of the fault
energy associated with dislocation motion. In fcc alloys, a single layer intrinsic stacking fault is formed by the passage of
partial dislocations in the < 11�2 > direction on the {111} plane. The fault energy of different sheared lattice configurations
can be computed as a function of displacement ux. The generalized stacking fault energy (GSFE) is represented by a surface
(c-surface) or a curve (c-curve). The peak in fault energy was termed as the unstable SFE by Rice (1992). In the case of Ni2-

FeGa, all fault energies are determined relative to the energy of the L21 structure.
We investigated slip in the <111> direction consistent with experiments (Chumlyakov et al., 2008). In this case the slip

plane is {110}. Fig. 5(a) shows the L21 lattice with the slip plane (shaded) and the <111> direction, and Fig. 5(b) the stacking
in the [111] direction as ABCDEFAB’CD’EF’..... This stacking is similar to the <111> direction in bcc metals, but the difference
arises because of the presence of three elements in Ni2FeGa. Because the normal plane is {112}, a total of 6 layers must be
shown in this projection. The largest atom represents in-plane and the atom size becomes smaller as the out-of-plane is de-
picted. The smallest atom is in the fifth layer (out-of-plane) and the largest atom is in the zeroth layer (in-plane). Consider-
able attention should be placed on establishing the correct atom positions when multiple planes and binary or ternary alloys
are considered. We utilize visualization softwares (particularly VMD) to check for accuracy of the coordinates.

We note that in the case of dislocation moving through an ordered lattice (such as DO3 or L21) an antiphase boundary
forms on the glide plane. The GSFE associated with the APB formation is given in Fig. 5(c). We note that the stable fault struc-
ture formed due to a shear displacement ux =|b| (see Fig. 5(c) corresponding to a local minimum, on the curve with fault
energy of intrinsic stacking fault (isf) (or APB)) where b=a0/4[111] (the intrinsic stacking fault energy has been also referred
as the APB energy and both terms have been used interchangeably). The equilibrium fault structure corresponds to the
intrinsic stacking fault on the {110} plane. Further shear beyond the first minima on the c-curve along <111> direction re-
sults in another stable structure at ux =2|b| (Fig. 5(c)).

As stated earlier, the nearest neighbor (NN) and next nearest neighbor (NNN) bonds are altered in the glide plane via
the passage of first partial. When the second dislocation travels in succession, it reorders the NN sites but there is a further
change in the next nearest neighbor (NNN) sites. The passage of the third dislocation disorders the NN sites and results in
another change of the NNN sites. The fourth dislocation reorders both the NN and NNN sites across the slip plane. If four
dislocations travel in succession (as in the present case), the dislocations are bound by two types of anti-phase boundaries.
Then, the distances between dislocations 1 and 2 and 2 and 3 are dictated by the APB energies (cNN and cNNN). We note
that mechanical relaxation was allowed for deviation from the perfect crystallographic displacements and these displace-
ments were found to be less than 1% of the Burgers vector (Paidar, 1973; Yamagiuchi et al., 1981). Although these dis-
placements are small, the relaxation in all three directions permits higher accuracy in terms of the APB energy values
(Fig. 5(c)).

The position of the atoms corresponding to b=a0/4[111] is shown in Fig. 6(a). The ordering is incorrect across AD,BE,DC,
DA ....... planes. We note that in Fig. 6(b) the correct ordering has been restored connecting the atoms across AA,CC, and EE.
Thus, the NNNAPB plane is subdivided periodically with all Ni atoms arranged in the original ordered positions along ½1�10�
direction, with the adjacent layers of Fe and Ga not conforming to the original order.

The superdislocation splitting into four superpartials with two NN APBs and one NNN APB can be described as,
½111� ¼ 1=4½111� þ NNAPBþ 1=4½111� þ NNNAPBþ 1=4½111� þ NNAPBþ 1=4½111�
where the lattice constant is omitted in the expression. The APBs pull the partials together while their elastic interaction
results in repulsion. There is equilibrium spacing for the APB boundaries. Ribbons of APB formed by dislocation glide are vis-
ible as bands in transmission electron microscopy of deformed samples which we discuss below.

The separations of the partial dislocations d1 and d2 can be calculated using force balance (Crawford et al., 1973; Stroh,
1958) for each partial leading to the following equations:
cite this article in press as: Sehitoglu, H., et al. Transformation and slip behavior of Ni2FeGa. Int. J. Plasticity (2012), http://
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Fig. 5. (a) The austenite (L21) lattice showing the slip plane and slip direction, (b) the {112} projection illustrating the atom positions on the {110} plane and
<111> direction, note the stacking sequence in the [111] direction, (c) upon shearing in the <111> direction the dissociation of the superlattice dislocation
ao[111] to four partials, and the associated NNAPB and NNNAPB energies are noted.
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These equations can be solved for the separation distances giving the energy levels and the other material constants as

input. The factor K is given as K ¼ lb2
p

2p where l = 19 Gpa (obtained from our simulations), bp ¼
ffiffi
3
p

a0
4 and a0 = 5.755 Å as noted

earlier. This results in d1 ¼ 1:73 nm, d2 ¼ 2:41 nm, hence the width of the entire fault is of the order of 10 a0: We note that if
the shear modulus is not known from simulations one can determine the value of K above from the cubic constants using a
formula provided by Head (1964).
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Fig. 6. (a) Atomic displacements for Ni2FeGa along the [111] direction. The atoms across the slip plane with a basic displacement of 1/4[111] are no longer
in the correct position, (b) upon a displacement of 1/2[111] atoms AA, CC, EE across the slip plane (APB) are partially ordered.
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3.2. The (011) <001> case

We conducted simulations to determine the energy barriers (GSFE) for the (011) <111> dislocation slip. The (011) <111>
dislocation slip system has been observed experimentally for CuZnAl alloys as mentioned earlier. As the ionic character of
the bonding changes there is a transition to <100> slip as noted for NiTi (Rachinger, 1956). Therefore, it is important to check
the GSFE behavior and compare the results to the <111> case.

The atomic configuration for our simulations is shown in Fig. 7(a). The GSFE results are given in Fig. 7(b). We note the
stacking fault energy is near 250 mJ/m2. Most importantly, the unstable energy barrier is very high near 1400 mJ/m2. The
full dislocation dissociated to ½[001] in this case. The stress level required to overcome the unstable barrier is rather high
in this case, hence this slip system would require very high stress magnitudes to be activated in Ni2FeGa.
4. Experimental results

Single crystal Ni54Fe19Ga27 with [0 01] orientation was utilized in this work. After single crystal growth, the samples were
heat treated at 900 �C for 3 h and subsequently water quenched. The details of the processing and heat treatment are de-
scribed in our previous work (Hamilton et al., 2006). The Ni2FeGa is characterized by the forward and reverse transformation
temperatures obtained via differential scanning calorimetry. The reverse transformation temperature (martensite to austen-
ite) for the Ni-Fe–Ga alloy is 16 �C. Our experiments were conducted at room temperature (25 �C). The material is in the
austenitic state at the beginning of the experiment and undergoes a stress-induced transformation. In the first step the trans-
formation is from L21 to 10M with a transformation strain of 4%, then transformation to 14M results in additional 2% strain.
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Fig. 7. (a) Atomic configuration for the (011) <100> slip, (b) the GSFE curve for the (011) <100> case.
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Finally, the transformation to L10 (tetragonal) results in a transformation strain as high as 12%. Single crystals (of [001] direc-
tion) were used in the experiments to facilitate the interpretation of results and maximize the transformation strains. The
samples were deformed to a strain of 12% and then unloaded to zero strain. This process was repeated and pseudoelastic
behavior was established cycle after cycle. The stress-strain response is shown in Fig. 8(a).

Digital image correlation results (DIC) providing for the strain fields are given in Fig. 8(a). The initial transformation stress
represents the L21 to 10M transformation. The details of the DIC technique for measuring the displacement fields by tracking
features on the specimen surface can be found in Efstathiou et al. (2010). The DIC local strain measurement images are
shown at selected points along the curve for the Ni2FeGa alloy. Each image in the figure corresponds to a marker point indi-
cated on the stress-strain curve. Note that the loading axis for all images is vertical, and the color contours represent mag-
nitudes of axial strain based on the inset common scale. With proper choice of magnification, nuances of martensite
nucleation and strain gradients at austenite/martensite interfaces can be resolved.

As the loading reaches a critical transformation stress, one can establish the instant of martensite nucleation and the cor-
responding stress precisely. In the third image of the sequence (left to right), the 10M phase appears as the blue region and
this 10M band propagates along the specimen length. This shows that it is possible to identify intermediate transformations
not evident in the macroscale stress-strain response. With further deformation, a critical transformation stress for the L10

phase is achieved at approximately 80 MPa and followed by a second plateau.
Under suitable composition and annealing conditions, second-phase (c-phase) particles with a FCC structure can be pre-

cipitated in the L21 austenite of Ni2FeGa. Based on the Fe content determined by Energy-dispersive X-ray spectroscopy
(EDX), this phase does not undergo a martensitic transformation, but plastic accommodation (Hamilton et al., 2007b; Omori
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Fig. 8. (a) Pseudoelasticity experiments (at room temperature) (Efstathiou et al., 2008) and (b) TEM results displaying APBs in the austenite domains.
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et al., 2004). In Fig. 8(b), the TEM results are shown clearly displaying the presence of APBs in this alloy. The TEM samples
were extracted from samples that have undergone pseudoelastic cycling as described above. The dislocations were retained
after the cycling sequence. The APBs appear as series of lines and are extended across the specimen width. Considering some
deviations because of magnetic rotation between diffraction patterns and the actual image, the trace of the image was found
to be close to the {110} type plane.

5. Implication of Results

Based on the GSFE results the ideal stress levels for dislocation slip were calculated for <111> and <001> directions and the
magnitudes are shown in Table 2. We note that the stress magnitudes for slip nucleation, ðsshearÞnuc ¼

dc
dux

���, are rather high pre-
cluding significant slip within austenite. However, the stresses at the austenite -martensite interfaces can be sufficiently high
to generate dislocation slip in the austenite domains. Furthermore, Fisher (1954) made a first order estimate of the additional
stress associated with the dislocation motion creating a change in order within the crystal. The increase in energy of the inter-
face needs to be balanced by the extra applied shear stress to move the dislocations. Upon utilizing 200 mJ/m2 (corresponding
to the lower value of cNN) we calculate the Fisher strengthening to be near 1 GPa for both cases as shown in Table 2.

We finally note that the calculated separation distances for partials within the APBs are consistent with the experiments
reported in this study. The precise width of the APBs can be further resolved by experiment utilizing high resolution meth-
ods, which are outside the scope of the present work. Even though the experimental measurement of separation distances is
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Table 2
Calculated fault energies, Burgers vector, (ideal) critical stress for slip nucleation and Fisher stress for movement of APBs.

Slip plane Slip direction Theory (this study)

b (Å) c, Fault energy (mJ/m2) ðsshearÞnuc ¼
dc
dux

(GPa) ðsshearÞF ¼
c
b (GPa)

(1 �1 0) [111] 2.5 200 3.7 0.8

(1 �1 0) [001] 2.88 263 9.5 0.9
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not available because they are only several nanometers, the experiments clearly show the presence of APBs. An example of
high density of APB formation in Ni–Fe–Ga has also been reported by Chumlyakov et al. (2008) and the images are in agree-
ment to those presented in this study.

We make a comparison between the current results and the work on CuZnAl alloys where the fault energies were of the
order of 45 mJ/m2, which resulted in prediction of Fisher strengthening near 330 MPa (Romero et al., 1988). Similarly, if we
are to consider dislocation glide in Ni2FeGa and use Fisher’s formula (ðsshearÞF ) we find the magnitude of extra shear stress to
drag the APBs to be near 0.8–0.9 GPa. This magnitude is still significantly higher than the transformation stresses (less than
0.2 GPa) observed experimentally for Ni2FeGa. Taking into account the temperature dependence in the phase transformation
and plasticity behavior, we note that the critical stresses for the initial martensitic transformation and slip nucleation in Ni2-

FeGa will be modified with increasing temperatures. However, the present results are insightful because they represent the
energies associated with displacements to render the transformation or plasticity at a reference temperature (0K).
Consequently, there is mounting evidence of the potential for Ni2FeGa as a shape memory alloy with favorable characteris-
tics. To our knowledge, this is the first time the transformation path for L21 to 10M for Ni2FeGa has been determined and the
GSFE in <111> and <001> directions are computed for the same alloy. Also, we present experimental evidence of APBs for
samples that have undergone pseudoelastic cycling.

There are a number of reasons why a transformation is reversible versus irreversible. Reversibility is favored when the
energy barriers for forward and reverse transformations are small compared to the energy barriers for dislocation slip.
The absence of long range ordering results in rather large hysteresis levels in martensite transformations. For example,
the Fe–C or Fe–Ni steels exhibit very large thermal hysteresis of the order of 400 �C, and the FeNiCoTi and FeMnSi fcc shape
memory alloys (which do not have long-range ordering) also exhibit high hysteresis levels (200 �C). On the other hand, the
Fe–Pt shape memory alloys, which can be ordered (Foos et al., 1977), exhibit hysteresis levels as low as 10 �C. In Ni based
alloys (also of the shape memory variety) such as NiTi, NiTiX (X = Cu, Fe), where long-range ordered B2 to monoclinic mar-
tensite transformation has been observed, the hysteresis levels are typically of the order of 10 �C to 20 �C. In Ni2FeGa, where
the austenite phase is long-range ordered cubic L21 and the martensite is monoclinic 10M, the thermal hysteresis can be as
low as 1 �C (Hamilton et al., 2007a) generating new possibilities for applications (Pons et al., 2008). It is shown that the trans-
formation barrier is rather low in Ni2FeGa (8.5 mJ/m2), hence the critical stress levels for forward and reverse transformation
are much lower than for dislocation slip.

There has been previous discussion of the slip systems in L21 shape memory alloys of the CuZnAl type. The <111> glide
planes have been observed with APB formation for the L21 CuZnAl alloys as well (Damiani et al., 2002a; Romero et al., 1988).
It is known that when the APB energies are low, <111> slip dominates. As APB energies become higher with increasing ionic
character, <100> slip is favored as noted by Rachinger and Cottrell (Rachinger, 1956). The present results show that the
unstable energies for the <001> case are exceedingly high precluding its occurrence unless the stress magnitudes exceed
a few GPa.

Finally, we summarize what primarily influences the transformation reversibility of Ni2FeGa alloys. The increase in elastic
accommodation of the transformation with an increase in plastic slip resistance leads to the reversible transformations. We
show that the slip resistance in long-ranged ordered Ni2FeGa is high with total dislocations decomposing to partials con-
nected with anti-phase boundaries.
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Appendix A

The first-principles total-energy calculations were carried out using the Vienna ab initio Simulations Package (VASP) with
the projector augmented wave (PAW) method and the generalized gradient approximation (GGA). In our calculation, we
used a 9 � 9 � 9 Monkhorst Pack k-point meshes for the Brillouin-zone integration to ensure the convergence of results.
The energy cut-off of 500 eV was used for the plane-wave basis set. The total energy was converged to less than 10-5 eV
per atom. Considering the effect of the number of layers on stacking fault energies (Hatcher et al., 2009), the present DFT
calculation of GSFE for slip system (011)<111> is conducted using a 8 layer supercell having 12-atom per layer; while for
slip system (011)<001>, a 8 layer supercell having 4-atom per layer is used. For every shear displacement, the relaxation
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perpendicular to the fault plane was allowed for minimizing the short-range repulsive energy between misfitted adjacent
layers (Fu and Yoo, 1992; Paidar, 1976). We construct a supercell consisting of 40 atoms to model the 10M structure in order
to incorporate the full period of modulation in the supercell (Luo et al., 2011a; Zayak et al., 2005). The relaxation by changing
the supercell shape, volume and atomic positions were carried out. The periodic boundary conditions are maintained across
the supercell to represent bulk Ni2FeGa material (no free surface). All supercells used in the study ensure the convergence of
the calculation after careful testing.

The lattice parameters of L21 and L10 structures using DFT were calculated and compared with experimental measure-
ments. They are in a good agreement. In order to obtain the 10M structure, the initial calculation parameters a = 4.272 Å,
b = 5.245 Å, c = 4.25 Å and the monoclinic angle b = 91.49� (Sutou et al., 2004) are estimated by assuming the lattice corre-
spondence with the L10 structure (Kainuma et al., 1996; Ryosuke et al., 2000). The relaxation by changing the supercell
shape, volume and atomic positions were carried out. By using this optimization method, the atoms in the supercell move
from their initial positions after each relaxation step by local forces, and after numerous such iteration processes, the con-
figuration will be finally converged where the forces are zero in the stable 10M structure.
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