
Computational Materials Science 87 (2014) 34–42
Contents lists available at ScienceDirect

Computational Materials Science

journal homepage: www.elsevier .com/locate /commatsci
Modeling of pseudoelasticity via reversible slip in Fe3Ga
http://dx.doi.org/10.1016/j.commatsci.2014.02.001
0927-0256/� 2014 Elsevier B.V. All rights reserved.

⇑ Corresponding author. Tel.: +1 217 333 4112; fax: +1 217 244 6534.
E-mail address: huseyin@illinois.edu (H. Sehitoglu).
J. Wang, H. Sehitoglu ⇑
Department of Mechanical Science and Engineering, University of Illinois at Urbana–Champaign, 1206 W. Green St., Urbana, IL 61801, USA

a r t i c l e i n f o a b s t r a c t
Article history:
Received 18 November 2013
Received in revised form 31 January 2014
Accepted 2 February 2014
Available online 25 February 2014

Keywords:
Pseudoelasticity
Critical stress
Density Functional Theory
APB
Reversible slip
The Fe3Ga alloy with the cubic D03 lattice possesses considerable recoverable strain due to the slip
reversibility. Pseudoelasticity via reversible slip in Fe3Ga is studied with atomistic simulations. An
extended Peierls–Nabarro model incorporating the Generalized Stacking Fault Energy (GSFE) is estab-
lished to determine Peierls stress in D03 and L12 Fe3Ga. The back stress and frictional stress are predicted
during loading and unloading process. These stress magnitudes govern the reversible slip in Fe3Ga. The
results show that the reversible slip observed experimentally in D03 Fe3Ga is induced by its larger back
stress compared to its frictional stress. In contrast, the reversible slip cannot appear in L12 since its back
stress is not large enough to pull back superpartials, and thus the existence of L12 will suppress the
pseudoelasticity of D03 Fe3Ga and results in decreasing the strain recovery. The present study has
explored the theoretical foundations of this phenomenon arising from high back stresses responsible
for cyclic reversible dislocation motion.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction antiphase boundaries (APB) [14,16–22] (Fig. 1). The APB in ordered
Pseudoelasticity remains an intriguing topic in materials sci-
ence [1–6] and mechanics of materials [7–11]. It refers to the
deformation of the material in the nonlinear regime and recovery
of the deformation upon removal of the load. It involves strains
well beyond the classical elastic strains, and can occur where the
martensite phase reverts back to austenite, or when twin or slip
boundaries move back to their original configuration upon removal
of the load. In the present study, the term ‘slip boundaries’ is used
interchangeably with ‘antiphase boundaries (APBs)’ pulling back
the superpartials, which results in pseudoelasticity. The reversible
phase transformation is characteristic of shape memory alloys
(SMAs) [12] and has attracted considerable attention. The twinning
and detwinning processes [13] can also occur in shape memory
alloys where the domain boundaries translate, and this adds to
the shape memory strains. It is known but not well understood.
The phenomenon for pseudoelasticity under to- and fro-motion
of dislocations is not well known and not well understood. It has
been demonstrated experimentally in Fe–Ga and Fe–Al alloys
[14–16]. The requirement of single slip system activation and suf-
ficient back stresses are two factors that facilitate the reversible
slip motion in these ordered alloys. If cross slip occurs or interac-
tions with conjugate systems develops this can curtail recoverabil-
ity. Experimental observations show that reversible slip can occur
in Fe3Al and Fe3Ga alloys due to the dislocation motion within the
alloys is a planar defect of a crystal where atoms are configured in
an opposite order compared to the perfect crystal. The energy bar-
riers for dislocation motion within the APB (the APB energy) can be
determined from atomistic simulations. Then, the motion of a
group of dislocations are influenced by the neighboring disloca-
tions on the same plane. This requires a mesoscale formulation
of the forces and overall energy. The purpose of this paper is to pro-
pose a mesoscale model incorporating back stresses responsible for
cyclic reversible dislocation motion.

There are two types of APBs in the D03 superlattice: the nearest-
neighbor APB (NNAPB) and the next-nearest-neighbor APB
(NNNAPB). The NNAPB is formed by the dislocation slip 1

4 h111i
f110g and has wrong first nearest-neighbor bonds of Ga–Ga.
While, the NNNAPB is formed by a dislocation slip 1

2 h111if110g
and has wrong next-nearest-neighbor bonds of Ga–Ga.

It has been reported that single crystals of Fe3Ga with the cubic
D03 structure exhibit pseudoelasticity of several percent strain and
these recoverable strains are comparable to NiTi alloys [21]. The
reversible slip in Fe3Ga and Fe3Al can occur over a broader range
of temperature [21–24]. This is in contrast to the pseudoelasticity
based on phase transformation, which appears above the austenite
finish temperature Af [25,26] over a narrow temperature regime of
the order of 15 �C. Therefore, it is very important to understand the
mechanism of APB pseudoelasticity in metallic alloys and lay the
foundation to potentially exploit this phenomenon.

The APB pseudoelasticity in the single crystal of D03 Fe3Ga is
shown in Fig. 1. The slip on the {110}h111i system and the crystal
structure are shown in Fig. 2 [14,15,20]. Fig. 2a shows the {110}
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Fig. 1. The APB pseudoelasticity in Fe3Ga (from Ref. [21]). Dislocation slip
reversibility upon loading and unloading results in reversible behavior. The
material remains in the D03 phase and there is no martensitic phase transformation.
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slip plane and the h111i slip direction in the unit cell of the austen-
ite D03 Fe3Ga. We note that the lattice parameter a0 represents
repeating atom positions in h100i directions, and the D03 unit cell
contains eight B2 type subcells. In each subcell the Fe atoms occupy
corners and since there are eight subcells, the corner atoms provide
eight Fe atoms in the D03 unit cell. Additionally, four Fe atoms oc-
cupy the centers of four subcells, and four Ga atoms occupy the
centers of other four subcells. Thus, the total number of atoms in
the D03 unit cell is sixteen and the atom ratio of Fe to Ga is 3:1.
Upon shearing in the h111i direction, the dissociation of the
h111i superlattice dislocation into four 1

4 h111i superpartials asso-
ciated with the NNAPB and the NNNAPB is noted. Upon unloading,
the NNAPB and NNNAPB pull back uncoupled 1

4 h111i superpartials
(mode 1) and paired 1

4 h111i superpartials (mode 2) shown in
Fig. 2b, which results in APB pseudoelasticity. Even though the
APB pseudoelasticity is very important in D03 Fe3Ga, a quantitative
formulation for this mechanism is still lacking, especially the deter-
mination of stacking fault energies NNAPB and NNNAPB. In the
present work, we address the atomistic mechanism of slip revers-
ibility by establishing the Generalized Stacking Fault Energy (GSFE)
curve in slip system {110}h111i. We calculate shear stresses asso-
ciated to the APB pseudoelasticity under loading and unloading and
compare with available experimental measurements.

From the Fe–Ga alloy phase equilibrium diagram we note that
the D03 single phase region forms around 600 �C while L12 can
develop below 600 �C. The formation of L12 may affect the APB
pseudoelasticity of D03 Fe3Ga [27]. Thus, it is important to theoret-
ically study the slip behavior of L12 Fe3Ga by determining its GSFE
Fig. 2. (a) Schematic illustration of the {110} slip plane (violet) and the h111i slip direc
paired 1

4 h11 1i superpartials are pulled back by NNAPB (mode 1) and NNNAPB (mode 2),
reader is referred to the web version of this article.)
curve and comparing with D03 structure, and then understand the
effect of formation of L12 on APB pseudoelasticity in Fe–Ga alloys.
Since with D03 structure of Fe3Ga, APB pseudoelasticity will extend
the shape memory capabilities and defy the classical notions of
SMAs [14]. We focus on establishing the atomic movements and
the energy landscapes to develop a general methodology for
understanding the SMAs with reversible dislocation slip, and final-
ly calculate shear stresses associated with slip and compare the
results with experiments.

2. Simulations

The first-principles calculations based on the Density Func-
tional Theory (DFT) were carried out to calculate the systems to-
tal-energy [28]. In this study, we utilized the Vienna ab initio
Simulations Package (VASP) with the projector augmented wave
(PAW) method and the generalized gradient approximation
(GGA) as implementations of DFT [29,30]. In our calculations, we
used a 9 � 9 � 9 Monkhorst Pack k-point meshes for the Brillou-
ion-zone integration to ensure the convergence of results. Ionic
relaxation was performed by a conjugate gradient algorithm and
stopped when absolute values of internal forces were smaller
than 5 � 10�3 eV/Å. 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. For GSFE calculations a full internal atom
relaxation, including perpendicular and parallel directions to the
fault plane, was allowed for minimizing the short-range
interaction between misfitted layers near to the fault plane. This
relaxation process caused a small additional atomic displacement

r jrj ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2

x þ r2
y þ r2

z

q� �
. Thus, the total fault displacement is not ex-

actly equal to the applied shear displacement, u, but involves addi-
tional r. The total energy of the deformed (faulted) crystal was
minimized during this relaxation process through which atoms
can avoid coming too close to each other during shear [31–34].

2.1. Lattice parameters and energies of D03 and L12 Fe3Ga

We calculated the crystal structural energy variation with lat-
tice parameters of D03 (Fig. 3a) and L12 (Fig. 3b) Fe3Ga. The lattice
parameters correspond to the lowest structural energy levels. The
results are given in Table 1 and in an excellent agreement with
experiments. These precisely obtained lattice parameters form
the foundation of first-principles calculations in this study. In Table 1
the slip system and calculated Burgers vector are also given.

2.2. Dislocation slip (GSFE) in D03 Fe3Ga

The energy barrier during dislocation motion in a glide system
is measured in terms of the Generalized Stacking Fault Energy
(GSFE) [38]. Also referred to as the fault energy curve, GSFE is
tion (green arrow) in the austenite D03 unit lattice of Fe3Ga and (b) uncoupled and
respectively. (For interpretation of the references to colour in this figure legend, the



Fig. 3. Determination of lattice parameters for the D03 and L12 crystal structures of Fe3Ga. (a) Structural energy variation with lattice parameter of D03 Fe3Ga and (b)
structural energy variation with lattice parameter of L12 Fe3Ga.

Table 1
Calculated lattice parameter and Burgers vector in D03 and L12 Fe3Ga. The lattice
parameter is compared to experiments.

Fe3Ga
structures

Lattice parameter (Å) Slip system Burgers vector
(Å)

This
study

Experiments

D03 5.83 5.84 [35,36] 1
4 ½11 1�ð101Þ 2.52

L12 3.66 3.67 [37] 1
6 ½11 2�ð111Þ 1.49
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defined as the energy associated with a rigid shift of one elastic half
crystal with respect to another half on a certain slip plane in a
given slip direction [39]. During GSFE calculations, a complete
landscape of fault energy is investigated which requires a displace-
ment of a repeating unit lattice in the respective shear direction.
We investigate the dislocation slip in the ð101Þ slip plane along
[111] slip direction consistent with experimental observations
[20,21]. Fig. 4a shows a perfect lattice before shear viewed from
the normal to the plane ð121Þ, where the slip plane is shown as
green dashed line. Fig. 4b is the lattice after shear by one-third Bur-
gers victor 1

3 b (red arrow). The Burgers vector b ¼
ffiffi
3
p

4 a0 is calculated
as 2.52 Å, where a0 = 5.83 Å is the D03 lattice parameter [35,40,41].
The different atom size represent the six successive ð121Þ layers
from the top view. The largest atom represents in-plane and the
atom size becomes smaller as the out-of-plane is displayed.

The calculated GSFE curve of the slip system ð101Þ½111� in D03

Fe3Ga is shown in Fig. 5. We note that the unstable stacking
fault energy (energy barrier for dislocation movement) is near
210 mJ/m2, and the nearest-neighbor APB (NNAPB) and the next-
nearest-neighbor APB (NNNAPB) energies are cNN = 34 mJ/m2 and
cNNN = 71 mJ/m2, respectively.

The superdislocation [111] can dissociate into four superpar-
tials 1

4 ½111� connected by the NNAPB (cNN) and NNNAPB (cNNN)
energies as:

½111� ¼ 1
4
½111� þ NNAPBþ 1

4
½111� þ NNNAPBþ 1

4
½111�

þ NNAPBþ 1
4
½111� ð1Þ

The separations, d1 and d2, of these four superpartials can be
calculated using the force balance between attraction due to fault
energies and elastic repulsion of partial dislocations [42,43]. The
calculation detail is shown in Appendix A.

When APB pseudoelasticity occurs in D03 Fe3Ga, the superpar-
tials are pulled back by the APB tension, and the following equa-
tions should be satisfied during loading and unloading [16,21]:
sp ¼ sb þ s0

sb ¼ sr þ s0
ð2Þ

where sp is the Peierls stress (critical resolved shear stress) to move
four superpartials; sb is the unidirectional back stress acting on the
superpartial due to the APB surface tension; s0 is the bidirectional
lattice frictional stress of a 1

4 ½111� superpartial, which can be consid-
ered as the Peierls stress to move a single superpartial; sr is the
recovery-start shear stress, which is the critical stress for the back-
ward motion [16,21,27]. The sb is calculated from the first of Eq.
(2) and then sr is computed from the second of Eq. (2). Fig. 6 shows
a schematic illustration of a APB pseudoelasticity stress–strain curve
and the stresses (sp, sb, s0 and sr) acting on superpartials during load-
ing and unloading processes and resulting in the APB pseudoelastic-
ity. The recovery stress will occur in tension if assisted by large back
stresses, otherwise the reversed stress of dislocation motion will
occur in compression similar to cyclic plasticity of metals [44].

The Peierls stress sp is calculated as 320 MPa using a modified
Peierls–Nabarro model accounting for the multiple dislocations,
which is the maximum slope of the misfit energy derived from
GSFE to the position of dislocation line. The calculation details
for sp are given in Appendix B.

To calculate the lattice frictional stress, s0, we consider the total
energy associated with the 1

4 ½111� superpartial dislocation. This
total energy, Etotal, is composed of (1) elastic strain energy of dislo-
cation itself (self-energy), Es, (2) elastic strain energy due to the
dislocations interaction (interaction energy), EI, (3) the misfit
energy associated with GSFE, Ec, defined in Eq. (B1). Thus, the total
energy associated with the 1

4 ½111� superpartial dislocation can be
expressed as:

Etotal ¼ Es þ Ec � EI ð3Þ

Following the classical dislocation theory and treating the
superpartials as a single dislocation pile-up, the elastic energies,
Es and EI, can be written as [45,46]:

Es ¼
lb2

4pð1� mÞ ð1� m cos2 hÞ ln L
r0

ð4Þ

EI ¼
lb2

4pð1� mÞ

ð1� m cos2 hÞ ln
L

u� d1
þ ln

L
u� ðd1 þ d2Þ

þ ln
L

u� ð2d1 þ d2Þ

� �

ð5Þ

where l is the shear modulus in the slip system, b is the Burgers
vector of the superpartial dislocations, m is the Poisson’s ratio, h is



Fig. 4. Dislocation slip in the ð101Þ plane along [111] slip direction. (a) The perfect D03 lattice observed from the ½121� direction. The slip plane ð101Þ is marked with a green
dashed line. (b) The lattice after a rigid shear with displacement, u = 1

3 b (b = 2.51 Å), shown in a red arrow. The different atom sizes represent the six successive ð12 1Þ layers
from the top view. The largest atom represents in-plane and the atom sizes become smaller as the out-of-plane is displayed. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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the angle between the Burgers vector and the dislocation line, L and
r0 are dimensions of the crystal containing the dislocations and in-
ner cut-off radii, and u is the position of the dislocation line.

Having determined all energy terms in the total energy expres-
sion, the total energy of the 1

4 ½111� superpartial can be written as
follows:

Etotal¼
lb2

4pð1�mÞð1�mcos2 hÞ ln L
r0
þ
Xþ1

m¼�1
c f ðma0 �uÞð Þa0 � lb2

4pð1�mÞ

�ð1�mcos2 hÞ ln
L

u�d1
þ ln

L
u�ðd1þd2Þ

þ ln
L

u�ð2d1þd2Þ

� �

ð6Þ

It can be seen that the total energy fluctuates as the position u
changes, and this energy fluctuation is equivalent to an applied
stress on the superpartial. Thus, the lattice frictional stress, s0,
can be obtained from the maximum derivative of the total energy
Etotal with respect to u, i.e.

s0 ¼
1
b

max
@Etotal

@u

� �
ð7Þ
The calculated s0 is 78 MPa, and from Eq. (2) the back stress sb

and recovery-start stress sr are computed as 242 MPa and
164 MPa, respectively. We note that sr has the same sign with sp

(both of them are tensile or compressive stresses) and s0 is smaller
than sb, which satisfies the condition of APB pseudoelasticity
[16,25].

2.3. Dislocation slip (GSFE) in L12 Fe3Ga

It is experimentally observed that the L12 phase (fcc ordered
alloy) can form below 600 �C in Fe–Ga alloys [27,47]. Here we
investigate the slip system {111}h110i for L12 Fe3Ga, which is of-
ten observed experimentally in L12 structures [48–51]. The h110i
superdislocation in the {111} slip plane can dissociate into two
1
2 h110i superpartials with formation of an APB energy. The two
superpartials can further dissociate into two Shockely partials
1
6 h112i connected by CSF (complex stacking fault) energy [48–
50,52–54]. This process results in a fourfold dissociation in Eq. (8):

½110� ¼1
6
½211�þCSFþ1

6
½121�þAPBþ1

6
½211�þCSFþ1

6
½121� ð8Þ



Fig. 5. GSFE curve corresponding to the slip system ð1 01Þ½111� in D03 Fe3Ga. Upon
shearing in the [111] direction, the superdislocation [111] dissociates into four
superpartials 1

4 ½111� associated with NNAPB and NNNAPB energies. The unstable
stacking fault energy is near 210 mJ/m2; the NNAPB and the NNNAPB energies are
34 mJ/m2 and 71 mJ/m2, respectively.

Fig. 7. Dislocations and atomic configurations of L12 Fe3Ga in the (111) plane.
Three different sizes of atoms represent three successive (111) layers from the top
view. Dislocation ½110� can dissociate into four superpartials 1

6 h21 1i corresponding
to Eq. (8). Two types of planar defects CSF (a ? b and c ? d) and APB (a ? c and
c ? e) are formed. The points a, b, c, d and e correspond to the stable (metastable)
positions of GSFE curve described later. The {110} planes composed of only Fe
atoms (shown in brown dashed line) are not planes of mirror-symmetry in the L12

lattice. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The planar defects CSF and APB in Eq. (8) are defined by pure
movement of one half of a crystal over the other half in the
(111) plane. This movement forms metastable positions possess-
ing local minimum energies, which govern the dislocation slip
behavior of L12 Fe3Ga. Fig. 7 shows a top view from the direction
perpendicular to the (111) slip plane with three-layer of atoms
stacking in L12 Fe3Ga. Three different sizes of atoms indicate three
successive (111) layers from the top view and represent the atoms
stacking sequence . . .ABCABC. . ., which is similar to fcc metals.
However, certain symmetries existing in fcc lattice are not found
in L12 lattice. We note that {110} planes composed of only Fe
atoms (shown in brown dashed line in Fig. 7) are not planes of mir-
ror-symmetry in the L12 lattice, which is different with the case of
fcc lattice where every {110} plane has this symmetry [55]. There-
fore, the superdislocation ½110� (brown arrow) in L12 lattice must
dissociate into four superpartials 1

6 h211i (green arrow) corre-
sponding to Eq. (8). While in fcc lattice, the full dislocation
1
2 ½110� dissociates into two partials 1

6 h211i [56]. Two types of pla-
nar defects CSF and APB are formed with the dissociation of super-
dislocation ½110� in L12, which does not exhibit in fcc metals. A CSF
is produced when the in-plane atoms and all atoms above are
shifted along the Burgers vector 1

6 ½211� (a ? b and c ? d in
Fig. 7). An APB is formed when the in-plane atoms and all atoms
Fig. 6. (a) Schematic illustration of a stress–strain curve shows sp (Peierls stress) and sr

same sign (both of them are tensile or compressive stresses). (b) Stresses (sp, sb, s0 and sr)
the 1

4 ½111� superpartial due to the APB surface tension; the s0 (lattice frictional stress) p
above are shifted along the Burgers vector 1
2 ½110� (a ? c and

c ? e in Fig. 7). The points a, b, c, d and e correspond to the stable
(metastable) positions of GSFE curve described later.

Fig. 8 shows the unit cell of austenite L12 Fe3Ga with the slip
plane (111) (shaded violet) and slip direction ½112� (red arrow).
The lattice parameter a is calculated as 3.66 Å shown in Table 1,
which is in a good agreement with experiments [37]. We note that
in the L12 unit cell, Fe atoms remain at six face centers and Ga
atoms occupy corners, and thus the atom ratio is still 3:1.

The slip energy barriers (unstable stacking fault energies) and
planar defect energies (CSF and APB) are all characterized by the
GSFE curve, which is calculated when one half crystal is shifted rel-
ative to the other in the slip plane along the slip direction [39]. The
1
6 ½112�ð111Þ case of L12 Fe3Ga is illustrated in Fig. 9 showing the
configuration of slip in the plane (111) with dislocation 1

6 ½112�.
Fig. 9a is the perfect L12 lattice before shear, while Fig. 9b is the
(recovery-start stress) resulting in the APB pseudoelasticity. The sp and sr have the
acting on superpartials during loading and unloading. The sb (back stress) pulls back
rohibits the movement of the 1

4 ½1 11� superpartial.



Fig. 8. Slip plane (111) (shaded violet) and slip direction ½112� (red arrow) in L12

Fe3Ga. In the unit cell, Fe atoms remain at six face centers and Ga atoms occupy
corners. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.) Fig. 10. The GSFE curve of the slip system 1

6 h112ið1 11Þ in L12 Fe3Ga. Upon shearing
in the h112i direction, the dislocation ½110� can dissociate into four superpartials
1
6 h11 2i connected by stacking fault energies CSF (183 mJ/m2) and APB (358 mJ/m2).
The calculated unstable stacking fault energies cus1 and cus2 are 512 mJ/m2 and
941 mJ/m2, respectively. The points a, b, c, d and e correspond to the stable
(metastable) positions in the GSFE curve (see atomic configuration in Fig. 7).

Table 2
Calculated stress values (sp, sb, s0 and sr) and shear modulus of dislocation slip in D03

and L12 Fe3Ga. The stresses of D03 result in APB pseudoelasticity and are compared
with available experimental data [21].

Structures Shear stress (MPa) Shear modulus (GPa)

sp sr sb s0

D03 (Present theory) 320 164 242 78 16
D03 (Experiments) 281 169 225 56
L12 (Present theory) 3580 �900 1340 2240 100
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lattice after shear by one Burgers vector, u ¼ 1
6 ½112� (1.49 Å), in the

slip plane. All fault energies can be computed as a function of shear
displacement u and are determined relative to the energy of the
undeformed L12.

The calculated GSFE curve in the slip system 1
6 h112ið111Þ is

shown in Fig. 10. The points a, b, c, d and e correspond to the stable
(metastable) positions in the GSFE curve (see atomic configuration
in Fig. 7). The calculated CSF and APB energies are 183 mJ/m2 and
358 mJ/m2, and the calculated unstable stacking fault energies cus1

and cus2 are 512 mJ/m2 and 941 mJ/m2, respectively. We note that
these unstable stacking fault energies are significantly high, which
will require high applied stress to move these superpartials, and
hence the dislocation slip of L12 Fe3Ga would require very high
stress magnitudes to be activated.

Similar to the dislocation slip in D03, after establishing GSFE
curve we also calculated the stresses (sp, sb, s0 and sr) acting on
superpartials of L12 during loading and unloading process. The
results are shown in Table 2 in the next section.

3. Discussion of the results

We established GSFE curves for dislocation slip in D03 and L12

Fe3Ga, and calculated slip stresses during loading and unloading
processes. The unstable energy barriers for slip in L12 is much
higher than the corresponding levels in D03. Thus, the dislocation
Fig. 9. Dislocation slip in the (111) plane with dislocation 1
6 ½1 12� of L12 Fe3Ga. (a) The p

with a brown dashed line. (b) The lattice after a rigid shear with dislocation 1
6 ½112�, u, show

the reader is referred to the web version of this article.)
slip in L12 would require very high applied stress magnitudes to
be activated in Fe3Ga. This statement is also confirmed from the
calculated Peierls stresses, sp, for these two structures shown in
Table 2. We note that sp is 3580 MPa for slip in L12, which is much
larger than sp of 320 MPa in D03. Additionally, we note that the
recovery-start shear stress, sr, has the same sense with sp (both
are tensile or compressive) in D03, which results in APB pseudo-
elasticity and giant recoverable strain. In contrast, these two stres-
ses have different sense (one is tensile and another is compressive)
erfect L12 lattice observed from the ½110� direction. The slip plane (111) is marked
n in a red arrow. (For interpretation of the references to colour in this figure legend,
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in L12 due to the fact that the back stress, sb, is smaller than the
lattice frictional stress, s0. In this case, sb is not large enough to
produce dislocation slip reversion and the sense of the applied
stress needs to be reversed during unloading to recover the strain.
Therefore, APB pseudoelasticity is not possible in the L12 structure,
and the existence of L12 will suppress the slip reversibility of D03

Fe3Ga. In Table 2, we also note that the calculated shear modulus
of D03 is 16 GPa, which is much smaller than 100 GPa of L12

structure.
The predicted stresses of APB pseudoelasticity in D03 lattice

shown in Table 2 are in a good agreement with available experi-
mental data. We note that the back stress sb and lattice frictional
stress s0 during the APB pseudoelasticity vary with the annealing
time in Fe–Ga alloys, which is associated with the variation in
degree of D03 order [27]. Furthermore, various experimental treat-
ments can also cause the difference between the predicted values
and experimental data. Considering that there could also be other
sources of internal stresses due to defects in these alloys the agree-
ment between experiment and theory in Table 2 is considered to
be very good.

The distinguishing features of the reversed slip mechanism
observed in the iron–gallium alloys compared to slip in other met-
als are the following: There are limited number of slip systems in
the Fe3Ga case. For the (111)h110i case there are number of inde-
pendent slip systems. The lack of slip systems produces shuttling
of dislocations without interference from dislocations on other
planes. Interestingly, the shear stresses are not small in magnitude
and the internal back stresses produced are also rather high. The
reversibility in metals can be facilitated when dislocation shuttling
occurs between precipitates, but the reversible strains are small,
often less than 1%. In the case of Fe3Ga, the reversible strains are
Fig. A1. Separations of partial dislocations for the superdislocation [111].

Fig. B1. Schematic of the extended Peierls–Nabarro mode
large of the order of 4% which could be exploited further. It should
be noted that the same class of iron–gallium alloys exhibit revers-
ible deformations under pseudotwinning conditions – a form of
martensitic transformation. Sometimes detwinning of martensite
can produce reversibility in shape memory alloys as well. This level
of reversibility in iron–gallium is very unique and could produce
superior fatigue resistance compared to other metals because fati-
gue crack initiation and crack advance are direct consequence of
irreversible plastic strains. If irreversibility is decreased the plastic
strain accumulation leading to fatigue would be reduced.

In summary, we have made advances towards a quantitative
understanding of the APB pseudoelasticity in D03 Fe3Ga by pre-
cisely establishing the GSFE curves to predict the stresses during
loading and unloading. We also calculated the stresses for L12 Fe3-

Ga, and found that the APB pseudoelasticity cannot appear in L12

lattice since its back stress is not large enough to pull back super-
partials. The existence of L12 will suppress the pseudoelasticity of
D03 Fe3Ga, which results in decreasing the strain recovery.
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Appendix A. Determination of superpartials separation distance

The separations, d1 and d2, of partial dislocations can be calcu-
lated using the force balance between attraction due to fault ener-
gies and elastic repulsion of partial dislocations [42,43]:X

F ¼ FattractionðcÞ � FrepulsionðK;dÞ ¼ 0 ðA1Þ

This leads to the following equations:

cNNN ¼ K
1
d1
þ 1

d1 þ d2
þ 1

2d1 þ d2

� �
ðA2Þ

cNNN � cNN ¼ K
1
d2
þ 1

d1 þ d2
� 1

d1

� �
ðA3Þ
l involving four superpartials separated by d1 and d2.



Fig. B2. The disregistry function f(x) for the superdislocation [111] dissociated into
four partials 1

4 ½11 1�. The separation distances of the partial dislocations are
indicated by d1 and d2.

Fig. B3. Misfit energy Ec(u) for the superdislocation [111] of D03 Fe3Ga.
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with c and K representing the attraction and elastic repulsion force,
respectively. These equations can be solved for the separation dis-
tances giving the energy levels and the other material constants
as input. As noted earlier, cNN = 34 mJ/m2 and cNNN = 71 mJ/m2.

The factor K is given as K ¼ lb2

2p , where l = 11 GPa (obtained from
our simulations), b = 2.52 Å. This results in d1 = 5.8 nm and
d2 = 2.2 nm shown in Fig. A1.
Appendix B. Extended Peierls–Nabarro model

To calculate the Peierls stress sp, a potential energy of displace-
ment associated with the dislocation movement, misfit energy Ec,
was determined [57,58]. This energy depends on the position of
the dislocation line within a lattice cell and reflects the lattice peri-
odicity, thus it is periodic [59–61]. The Ec is defined as the sum of
misfit energies between pairs of atomic planes and is calculated
from the GSFE at the local disregistry [33]:

Ec ¼
Xþ1

m¼�1
c f ðma0 � uÞ½ �a0 ðB1Þ

where c[f(x)] is determined from GSFE curve, a0 is the periodicity of
Ec and defined as the shortest distance between two equivalent
atomic rows in the direction of the dislocation displacement, f(x)
is the disregistry function representing the relative displacement
of the two half crystals in the slip plane along the x direction [62–
64] and u is the position of dislocation line. Fig. B1 is a schematic
showing the extended Peierls–Nabarro model involving four super-
partials separated by d1 and d2.

The disregistry function f(x) can be described in Eq. (B2) by
considering the multiple partials. Fig. B2 shows the normalized
f ðxÞ

b variation with x
f, where f is the half width of the dislocation core.

f ðxÞ ¼ b
p

arctan
x
f

� �
þ arctan

x� d1

f

� �
þ arctan

x� ðd1 þ d2Þ
f

� �	

þ arctan
x� ð2d1 þ d2Þ

f

� �

þ 2b ðB2Þ

After determining the f(x) and approximating the GSFE curve in
Fig. 5 by a sinusoidal series function, we can calculate the misfit
energy in Eq. (B1). Fig. B3 shows the misfit energy Ec(u) variation
with the lattice period a0. Two quantities (Ec)a0/2 and (Ec)p in the
plot are denoted. The (Ec)a0/2 represents the minimum of Ec(u) func-
tion and provides an estimate of the core energy of dislocations.
The (Ec)p is defined as the Peierls energy, which is the amplitude of
the variation of Ec(u) and the barrier required to move dislocations
[60,65].
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