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Abstract

Dislocation slip in B2 NiTi is studied with atomistic simulations in conjunction with transmission electron microscopy (TEM). The
atomistic simulations examine the generalized stacking fault energy (GSFE) curves for the {011}, {211} and {001} planes. The slip
directions considered are (100), (111) and (011). The results show the smallest energy barriers for the (011)[100] case, which is con-
sistent with the experimental observations of dislocation slip reported in this study. To our knowledge, slip on the (011)[111] system is
illustrated for the first time in our TEM findings, and atomistic simulations confirm that this system has the second lowest energy barrier.
Specimens that underwent thermal cycling and pseudoelasticity show dislocation slip primarily in the austenite domains while the bulk of
martensite domains does not display dislocations. The results are discussed via calculation of the ideal slip nucleation stress levels for the

five potential slip systems in austenite.

© 2012 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The shape memory alloy NiTi has considerable techno-
logical relevance and has also been scientifically perplexing.
For some time, the plastic deformation of austenite via dis-
location slip has not been fully understood, although it is
very important as it limits the shape memory performance
[1-6]. The role of slip in austenite has drawn significant
attention recently [7-10].

The understanding of NiTi has been empowered with
recent atomistic simulations. The simulations provide the
energy levels for the different phases [11-13], the lattice
parameters [14], the elastic constants [15] and the energy
barriers for martensite twinning [16,17]. Beyond these
advances, a detailed consideration of the dislocation slip
behavior via simulations is urgently needed to compare
with the experimental findings of active slip systems. Upon
establishing the GSFE (generalized stacking fault energy)
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curves in the austenitic (B2) phase, we study the propensity
of five potential slip systems, and note the formation of
anti-phase boundaries (APBs) in certain cases. Conse-
quently, we assess the magnitude of ideal stresses needed
to activate slip in these different systems. We find the
(011)[100] system to be the most likely one consistent with
experiments. The occurrence of (011)[111] slip is reported
in our experimental findings in Section 2.1, which has not
been reported earlier to our knowledge. This is the second
most likely slip system after [100] slip.

To gain a better appreciation of the role of slip on shape
memory behavior we show two results in Fig. 1 for NiTi. In
the first case, the temperature is cycled at a constant stress
(Fig. la). The range of temperature is 100 to —100 °C,
which is typical for application of NiTi. It is evident that
as the stress magnitudes exceed 150 MPa, the strain upon
heating is not fully recoverable. A small plastic strain
remains and this is primarily due to residual dislocations
in the B2 matrix. In Fig. 1b the experiment is conducted
at a constant temperature. The sample is deformed and
austenite-to-martensite  transformation occurs, with
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Fig. 1. Shape memory and pseudoelasticity experiments on solutionized 50.1% Ni-Ti: (a) The development of macroscopic plastic (residual) strain upon
temperature cycling (100 °C to —100 °C) under constant stress [18], (b) the plastic (residual) strain under pseudoelasticity at constant temperature

(T'=28°C).

austenite domains primarily undergoing dislocation slip to
accommodate the transformation strains (see Section 2.2
for further details). Upon unloading, a small but finite
amount of plastic strain remains. The plastic strains
become noticeable at the macroscale at stress levels exceed-
ing 600 MPa for the solutionized 50.1% Ni NiTi. The small
plastic strains can accumulate over many cycles and deteri-
orate the shape memory effect. Apart from the residual
strain that is produced, the presence of plasticity reduces
the maximum transformation strain and increases the
stress hysteresis, two other measures of shape memory per-
formance. This will be discussed further in Section 2.3.

Under fatigue loading, the NiTi alloys exhibit gradual
degradation of pseudoelasticity with cycles, and this deteri-
oration has been attributed to slip deformation [3,4]. As
stated above, the domains that undergo slip curtail the
reversibility of transformation. Therefore, a higher slip
resistance is desirable to achieve pseudoelasticity over
many cycles in NiTi. Based on this background, it is extre-
mely worthwhile to develop a quantitative understanding
of dislocation slip; specifically, it is crucial to determine
the energy barriers (GSFE curves) for the most important
slip systems. In this study, the simulation results (in Sec-
tions 3 and 4) are aimed towards building a framework
for a better comprehension of shape memory alloys.

The glide planes and directions of possible slip systems
in austenitic NiTi are shown in Fig. 2. We note that there
are multiple planes within the same family of slip systems,
and only one of the planes is shown in Fig. 2 for clarity.
The potential slip planes are {011}, {211} and {001}.
In the studies of Chumlyakov et al. [7] and Tyumentsev
et al. [18], NiTi is deformed at high temperatures
(>473 K) where slip dominates. The slip systems were iden-
tified as {110}(010) and {100}(010). The {110}(010)
system was proposed by Moberly et al. [19]. More recently,
Simon et al. [8], and Norfleet et al. [9] provided details of
“transformation-induced plasticity” and indexed the
{101}(010) slip system. The “transformation-induced
plasticity” refers to the nucleation and build-up of slip in
austenite to accommodate the rather high transformation

strains [20-22] upon traversing martensite interfaces [22].
Recently, Delville et al. [23] argued the source of the irre-
versibility in shape memory alloys as primarily slip defor-
mation; we note that residual martensite can also prevail,
and contribute to the irreversibility.

NiTi alloys exhibit considerable ductility. This high duc-
tility behavior is viewed as unusual since B2 intermetallic
alloys are expected to exhibit limited ductility [24]. As dis-
cussed above, the {011}(100) permits glide only in three
independent slip systems. The presence of only three inde-
pendent systems for the {011}(100) case was discussed in
the textbook by Kelly et al. [25] and more recently in a
paper on NiTi by Pelton et al. [10]. If loading was applied
at any point along the cube axis the cube is not able to
deform because the resolved shear stress is zero for all pos-
sible (100) directions, hence certain orientations produce
no glide if there are less than five independent slip systems.
Given that at least five independent slip systems are
required for dislocations to accommodate arbitrary defor-
mations [26], additional slip systems must be present in
B2 NiTi, contributing to the enhanced plasticity. In B2
alloys, the potentially operative {110}(111) slip provides
an additional nine deformation modes that can contribute
significantly to the superior ductility. The slip system
{110}(111), though observed in a few ordered intermetal-
lic alloys of B2 type such as f-CuZn [27] and FeCo [28],
has, however, not been reported for NiTi to our knowl-
edge. Rachinger and Cottrell [29] classified the B2 type
intermetallic compounds to two categories: (i) those of
ionic binding with slip direction in (100) and (ii) those
dominated by metallic binding with slip direction (111).
In this paper, we report experimental evidence with trans-
mission electron micrographs of {110}(111) slip in B2
NiTi in Section 2, and provide an energetic rationale in
comparison to the other possible B2 slip modes such as
(011) [011], (001)[010] and (211)[111]in Section 4.

The underlying basis of dislocation motion in a certain
glide plane and direction is described by the generalized
stacking fault energy curve (GSFE) [30]. Simulations incor-
porating electronic structure are capable of predicting
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Fig. 2. Glide planes and directions of different possible slip systems in austenitic NiTi. The shaded violet area points to the glide plane and the orange
arrow shows the glide direction in (a) (011)[100], (b) (01 1)[111], (¢) (01 1)[011], (d) (211)[111] and (e) (001)[010] systems respectively. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

which systems are most likely. We also discuss dislocation
dissociation scenarios for the (111) slip system in Section 5,
uncovering the energetic basis (GSFE) of the superpartials
formed via dissociations with lower energy barriers.
Specifically, we focus on the (011)[100], (011)[111],
(001)[010], (011)[011] and (211)[111] dislocation slip
cases. This information is critical for micro-mechanical
models at higher length scales that can be used to predict
the mechanical response during service as well as during
processing. We also report transmission electron micro-
graphs providing evidence of (011)[111] glide in conjunc-
tion with (011)[100] slip from experiments under
numerous experimental conditions. Our quantitative
GSFE calculations provide an underlying rationale for

@

these observations and will be discussed in detail in this
paper.

2. Experimental results

2.1. Experimental evidence of {011}{100) and (011)(111)
slip

To determine the slip planes and slip directions, experi-
ments were conducted under compression at room temper-
ature (28 °C) on solutionized single crystals of 50.1% Ni
NiTi. The solutionized (SL) samples underwent heating
to 940 °C for 24 h and then quenching. In this case, the aus-
tenite finish temperature is 10 °C while the martensite finish

100 nm

Fig. 3. (a) Transmission electron micrographs of dislocations in the specimen deformed at room temperature imaged with different g-vectors. The black
arrow labeled with black letter A points to dislocations of the (100) type and (b) shows dislocations of the (111) type (labeled with black letter B).
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temperature is near —40 °C. In Ref. [31], the DSC curves  to strain levels of 5% and unloaded to zero stress. A very
for other heat treatments are provided. small residual plastic strain is present upon unloading

The mechanical response of the deformed sample is  and does not recover upon heating (Fig. 1b). The overall
shown in Fig. 1b. In the case examined in this work, the behavior is pseudoleastic at the macroscale; however, dislo-
specimen is subjected to compression in the [00 1] direction  cations are observed at the microscale.

4

) © wom  (d) _4om

500 nm

Fig. 4. (a, b) TEM images of a solutionized Ti-50.4 at.% Ni [12 3] single crystal taken at room temperature which was thermomechanically tested under
constant uniaxial tensile load while the temperature was cycled from RT — —100 °C — 100 °C — RT. The load was increased in 25 MPa increments from
0 MPa to 100 MPa in successive tests. (c) TEM image from a 50.1% Ni single crystal of [111] orientation thermally cycled under constant load (1 cycle at
each + 10 MPa increment from +100 MPa to +170 MPa) showing dislocations within austenite. (d) TEM image from thermal cycling of 50.4% Ni NiTi in
[123] orientation 1 cycle at each + 25 MPa increment from +0 MPa to +100 MPa with RT — —100 °C — 100 °C — RT. (¢) TEM image from thermal
cycling of solutionized 50.4% Ni NiTi [00 1] orientation with the following history: 1 cycle @ +125 MPa, +140 MPa, +170 MPa, +185 MPa, +215 MPa,
+230 MPa, +245 MPa, +260 MPa; 2 cycles @ +200 MPa; 3 cycles @ +155 MPa. (f) Dislocation slip at room temperature of a solutionized Ti—50.8 at.%
Ni [001] single crystal. Prior to TEM, the specimen was strained to 10% at room temperature (~25 °C).
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The deformed samples are interrogated with transmis-
sion electron microcopy (TEM) upon conclusion of the
pseudoleastic deformation response. Fig. 3 shows TEM
micrographs of dislocation arrangements observed at the
same spot in the specimen deformed at room temperature.
The Burgers vector of dislocations marked with the letter A
(colored black) in Fig. 3a is identified to be [010] from g.b
analysis. By contrast, the dislocations marked with the let-
ter B (colored black) in Fig. 3b have a Burgers vector [111].
These dislocations tangle with each other, which is a cause
of high strain hardening observed during deformation. To
our knowledge, this is the first evidence of the presence of
the [111] dislocations in NiTi. We note that these disloca-
tions are not inherited from martensite as the correspond-
ing plane in martensite ((00 1)y plane) is not a slip plane
[17].

2.2. Further evidence of dislocation slip in thermal cycling
and pseudoelasticity experiments at the microscale

Strong evidence of slip is noted in NiTi alloys of differ-
ent compositions in early work which is summarized in
Ref. [20]. Typical Ni-rich compositions studied in our work
on single crystals are in the range 50.1 to 50.8% Ni. A series
of strain—temperature responses were given in Ref. [20] and
they conform to the pattern shown in Fig. 1a. TEM results
from these experiments under temperature cycling (under
stress) are shown in Fig. 4a—f. In all cases, the slip activity
in the austenite phase is noted. When austenite-to-martens-
ite interfaces are shown, it is noted that the dislocations
exist primarily in the austenitic phase. In the case of
50.1% and 50.4% Ni NiTi compositions the temperature
is cycled from RT — —100°C — 100 °C — RT under
stress. In Fig. 4a, the martensite and austenite domains
are marked; in Fig. 4b, the lower half of the image shows
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the transformation-induced dislocations in the austenitic
phase, and the upper half shows the martensite. In
Fig. 4c—e the dislocation configurations in the austenite
away from the austenite-martensite interface are shown.
In the case of solutionized 50.8% Ni and higher Ni compo-
sitions the martensite start and finish temperatures are all
below —100 °C, hence the deformation is conducted in
the pseudoelastic regime above austenite finish temperature
as noted in Fig. 4f.

2.3. Plasticity mediated transformation strains and residual
strains under thermal cycling at the macroscale

The results of differential scanning calorimetry for NiTi
are shown in Fig. 5a and the shape memory strains via tem-
perature cycling under stress are shown in Fig. 5b for
50.1% Ni. The strain for the correspondent variant pair
CVP formation and CVP+ detwinning strain from theory
are marked in Fig. 5b. This experiment is conducted on a
single crystal with the loading axis in the [123] direction.
The detwinning strain in tension is appreciable and
increases the maximum transformation strains depending
on the crystal orientation. The main reason why the theo-
retical strain levels (10.51%) are not reached is the occur-
rence of slip resulting in irreversibility. The plastic strain
is noted at the maximum temperature end of the strain—
temperature curves as the stress level exceeds 125 MPa.

3. Simulation methodology: GSFE calculations

The energy barrier during dislocation motion in a glide
system is established via generalized stacking fault energy
(GSFE) [30]. Also referred to as the fault energy curve,
GSFE is defined as the energy associated with a rigid shift
of the upper elastic half space with respect to the lower half
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Fig. 5. (a) Differential scanning calorimetry results for solutionized 50.1% Ni-Ti and 50.4% Ni-Ti; the dotted curve is for cooling, and the hysteresis levels
are also marked on the figures [32]. (b) Strain—temperature curves under temperature cycling showing the buildup of plastic strain with increase in stress

(adapted from Ref. [18]).
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on a given slip plane in a given slip direction. During a
GSFE calculation, a complete landscape of fault energy
is investigated, which requires a displacement of a repeat-
ing unit lattice in the respective shear direction. Hence,
the total displacement magnitudes in [100]and [111] direc-
tions are « and [l 11] = v/3a respectively. The GSFE for
the slip system [uvw](hkl) is plotted against the displace-
ment in each layer, u,, which is normalized by its respective
displacement, |[[uvw]|.

We used spin-polarized, ab initio calculation to properly
determine the undeformed and deformed energy states of
NiTi austenite during the shearing in a certain slip system.
The ab initio calculations were conducted via the density
functional theory based Vienna Ab initio Simulation Pack-
age (VASP) [32] and the generalized gradient approxima-
tion (GGA) [33] is implemented on a projection-
augmented wave (PAW). Monkhorst-Pack 9 x 9 x 9 k-
point meshes were used for Brillouin zone integration.
The structural parameter of NiTi in the B2 phase was cal-
culated first and found to be 3.004 A with a stable energy of
—6.95 eV per atom. We have used an L-layer (hk/)-based
cell to calculate defect energies and performed shear along
the [uvw] direction to generate the GSFE curve in that sys-
tem. We assessed the convergence of the GSFE energies
with respect to increasing L, which indicates that the fault
energy interaction in adjacent cells due to periodic bound-
ary conditions will be negligible. The convergence is
ensured once the energy calculations for L and L + 1 layers
yield the same GSFE.

The calculation of GSFE was followed up by incorpo-
rating a displacement of known magnitude (as discussed
above) and performing a full internal atom relaxation,
including perpendicular direction to the glide planes, until
the atomic forces were less than 40.020 eV A~'. Further
details of the computational method can be obtained in
earlier literature [34].

4. Simulation results
4.1. The (011)[100], (011)[111] and (011)[011] systems

4.1.1. The (011)[100] case

This is the most observed slip system in austenitic NiTi.
In the B2 NiTi crystal structure, in the [0 1 1] stacking direc-
tion, in plane Ni (Ti) and out-of-plane Ni (Ti) atoms are
periodically arranged (stacking sequence ABAB...) as
shown in Fig. 6a. The atom positions during shearing are
shown in Fig. 6b and c. The maximum energy barrier in
this system is found to be 142 mJ m 2 (shown in Fig. 6d).
The dislocations need to glide a distance a in the [100]
direction to preserve the same stacking sequence. After a
glide of a distance a/2 [100], the in plane Ni and in plane
Ti reach the shortest near neighbor distance, which is
shown in Fig. 6b. This point corresponds to “unstable fault
energy”. After a sliding distance of a/4 (u./a[100]=0.25)
and a distance of 3a/4 (u,/a[100]=0.75) (antiphase of a/
4 (u/a[100] = 0.25)), the atomic positions of the first shear

layer (shown by the green box in Fig. 6¢) are different,
which results in an asymmetrical shape for the GSFE. Spe-
cifically, for the (u./a[100]=0.75) case (Fig. 6¢) the Ni
atoms are positioned over other nickel atoms (near neigh-
bors), which raises the energy levels. On the other hand,
at u,/a[100]=0.25 the Ni atoms are positioned over Ti
atoms in the next layer and the corresponding energy level
is lower.

4.1.2. The (011)[111] case

The energetics of the (011)[111] slip system is calculated
and shown in Fig. 7. We reported the occurrence of slip in
this system in this study in Fig. 5b. The stacking sequence is
ABAB... where the cell repeats every two planes in the
[011] direction. In Fig. 7a, we show all the atoms and des-
ignate the furthest out-of-plane layer as (6) and the layer on
the plane of the paper as in-plane (1). Atoms between lay-
ers 1 and 6 are shown with various diameters to indicate
their position with respect to layers 1 and 6. The atom posi-
tions at +/3a/3(u,/al[111]]=0.33) and +/3a/2(u./a
|[111]] = 0.5) are shown in Fig. 7b and c, respectively.
During sliding of the upper block of atoms relative to the
lower half, the fault energy curve follows the typical
antiphase boundary (APB) energy profile and is symmetric
at the midpoint, u,/a|[111]| = 0.5 (shown in Fig. 7d). The
fault energy reaches a maximum (660 mJ m 2) after a slid-
ing distance v/3a/3(u,/a|[111]| = 0.33) (shown in Fig. 7d)
and 2v/3a/3(u./a|[111]] = 0.67). At this position, near
neighbor distances of two similar atoms (Ni or Ti) become
the shortest. At v/3a/2(u,/a|[111]| = 0.50), a slightly lower
peak of 515 mJm 2 is observed where the near neighbor
distance of two dissimilar atoms becomes the shortest.

4.1.3. The (011)[011] case

The (011)[011] system has been analyzed and the atom
positions and the GSFE curve are shown in Fig. 8. In the
B2 structure, Ni and Ti atoms are periodically arranged
(stacking sequence is ABAB. .. as shown in Fig. 8a). There-
fore, dislocations need to glide a distance v/2a in the [011]
direction to obtain the same stacking sequence. After a
glide of a distance v/2a/2, the Ni or Ti atoms reach the
shortest near neighbor distance shown in Fig. 8b. The max-
imum barrier energy in this system is found to be very high,
at 1545 mJ m 2 (shown in Fig. 8c). Based on these results,
(011)[011] slip can occur at very high stress levels as we
discuss later.

4.2. The 211)[111] and (001)[010] systems

4.2.1. The (211)[111] case

The (211)[111] is a possible slip system in body cen-
tered cubic (bcc) metals. The GSFE curve for the (211)
plane in the [111] direction is calculated by shearing the
(211) top half elastic space relative to the bottom in the
[111] direction, as shown in Fig. 9a. The viewing direction
is [011]. The GSFE in this system is plotted in Fig. 9d. The
plot reveals two distinct features for this system: (i) there is
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reader is referred to the web version of this article.)
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Fig. 8. (a) Crystal structure of B2 NiTi observed from the [100] direction.
(b) After a rigid displacement of v/2a/2(u,/a|[011]| =0.5), the near
neighbor distance of two in-plane Ni or Ti atoms becomes shortest (shown
by red parenthesis). (c) GSFE curve for system (011)[011]. (For
interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

a metastable position at the midpoint of a displacement of
V3a/2 (u/a[111] = 0.5), (i) the energy barriers for dislo-

cation glide in the [111] and [111] directions are unequal.
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The maximum energy barrier is calculated to be 847 mJ m >
at position u,/a|[111]| = 0.33. At this position the near
neighbor distance between two Ni or Ti atoms becomes the
shortest. A metastable position is observed at u,/a|[111]| =
0.5, which lowers the energy by 155 mJm 2 to 692 mJ m 2.
A second peak is observed at u,/a|[l11]] =0.67 with
795 mJ m .

4.2.2. The (001)[010] case

Another possible slip system for the bcc structure is
(001)[010] and is also investigated for B2 NiTi. In the
B2 structure, Ni and Ti atoms are symmetrically arranged

L4
Q

1000

800

200

1.0

05
ux/a‘[l 1]

Fig. 9. (a) Crystal structure of B2 NiTi observed from the [011] direction. The stacking sequence is ABCDEFA, where the cell repeats every six planes in
the [211] direction and the dashed line denotes the slip plane. (b) After a rigid displacement of v/3a/3(u,/a|[111]| = 0.33), the near neighbor distance of
two in-plane Ni or Ti atoms is shortest (shown by red parenthesis). (c) After a rigid displacement of v/3a/2(u,/a|[111]| = 0.5), near neighbor distance of
in-plane Ni and out-of-plane Ti atoms is largest (shown by red parenthesis). (d) GSFE curve for the (211)[111] system. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

in the [001] and [010] direction, which is shown in
Fig. 10a. During shearing in this system, in plane Ni and
out-of-plane Ti atoms get nearer only at a position a/2
(u,/a][010]| = 0.5) (shown in Fig. 10b). The GSFE curve
shown in Fig. 10c exhibits only one peak pointing out this
position. The maximum energy barrier for atoms to glide in
(001) in [100] direction is calculated to be 863 mJ m>.

5. Analysis and discussion of results

The importance of slip in influencing the shape memory
alloy characteristics is well known and further illustrated
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Fig. 10. (a) Crystal structure of B2 NiTi observed from the [100]
direction. (b) After a rigid displacement of a/2 (u,/a|[010]| = 0.5), the
near neighbor distance of in-plane Ni and out-of-plane Ti atoms
becomes shortest (shown by red parenthesis). (b) GSFE curve for the
(001)[010] system. (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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[0711]
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Fig. 11. Decomposition of [111] slip (b;) along [011] (b3) and [100] (b2)
directions. The slip plane shown is (01 1). Ni atoms are denoted by the dark
shading in this schematic. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)

[100]

based on the TEM images given in Fig. 3 and 4. The obser-
vation of (011)[111] slip in Fig. 3b is particularly notewor-
thy (and the first to our knowledge).

Although some of the shape memory materials have
high theoretical transformation strains such as the Cu-
based alloys [35] and Fe-based alloys [36,37], their perfor-
mance has not been as favorable because of the occurrence
of plastic deformation. The NiTi alloys have been widely
accepted as having superior performance characteristics
because of their inherent resistance to slip. The present
work explains the origins of the high resistance to slip in
NiTi alloys.

In B2 NiTi, slip systems such as (211)[111] or (001)
[010] have significantly higher fault barrier energy as
compared to the (011)[100]and (011)[111] systems. Thus,
in B2 NiTi, dislocation glide is more likely in the
(011)[100] and (011)[111] systems.

The [111] dislocation can dissociate into partial disloca-

tions with smaller Burgers vectors. According to Frank’s
energy criteria, an a[l11] dislocation can dissociate into
two a/2[111] partial dislocations:
a . -
=108 (1)
This kind of dissociation has been reported for FeAl or
CuZn [38]. In the ordered NiTi, an energy well is present
in the (011)[111] GSFE curve at u/a|llll|=0.5
(Fig. 7d), confirming the presence of an APB. Hence, dislo-
cations present in the (01 1)[111] system can dissociate into
partial dislocations with a stable equilibrium distance. We
note that the separation distance would be rather small in
view of the high APB energy and the resolved stress re-
quired would need to be rather high to move these
dislocations.

The [111] dislocations can decompose into perfect dislo-
cations on the (011) plane. Hence, as illustrated in Fig. 11,
a [111] dislocation dissociates according to Eq. (2). In
Fig. 11, b,, b3 represent the dissociated dislocations.

a[l11] — a[100] +a[011]
bl — b2 +b3

a[lil]a%[lil}—k

2)
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Table 1

Maximum fault energy, shear modulus and elastic energy in different
possible slip systems in B2 NiTi. The fault energy (computational)
tolerance is less than 0.17 mJ m 2.

Slip plane Burgers vector b Maximum fault energy (mJ m~?)
(011) [100] 142
(011) [111] 660
011) [011] 1545
(211) [111] 847
(100) [010] 863

The b3 dislocation may further decompose to yield addi-
tional (100) type perfect dislocations:

al011] — a[010] +a[001] (3)

Based on the simple Frank’s rule, there is no change in elastic
energy associated with Egs. (2) and (3) as noted first by Nab-
arro [39]. And a resolved stress that acts favorably on the
a[100] can move this dislocation independently of others.
This is particularly true in view of the lower GSFE magni-
tudes for the a[100] case. Therefore, the [1 11] or even [011]
dislocations could exist in the crystal, but they do not domi-
nate the dislocation slip process because they decompose, un-
der sufficient stress, to yield (100) dislocations.

In the case of austenitic NiTi, (111) or (100) slip are
identified as noted in Fig. 3. Two factors are noteworthy.
The first is that the B2 NiTi maintains a strong directional-
ity in its Ni-Ni, Ti-Ti and Ni-Ti bonds; hence, a covalent
bonding nature is observed in its deformation characteris-
tics [40]. This covalent nature influences the energy levels
observed during the entire simulations. The second factor
is that the interplanar distance between the {112} plane
is measured to be 1.23 A, whereas between {011}, this is
calculated to be 2.13 A. Shearing of covalent bonds with
smaller interplanar distance requires higher stresses and is
manifested by a higher maximum fault energy.

The magnitude of maximum fault energy indicates the
most energetically favorable system for dislocation nucle-
ation [41,42] and the slope of the GSFE curve equivalently
measures the slip nucleation stress as follows: (Ty,ear)idear =
07/0uJmax [43,44]. Hence, in a cubic system, with a single
family of slip systems, the maximum energy barrier and ideal
slip nucleation stress has a one-to-one correlation with each
other and unstable stacking fault energy 7, can be utilized to
point out the active slip systems. In the case of a cubic system
with multiple slip systems, the slip vector needs to be
accounted for the calculation of ideal stress as well. The
results shown in Table 1 utilize both the y,, values and the
corresponding Burgers vector for different slip systems in
the calculation of ideal stress. Also, we note that ideal slip
nucleation stress calculated from the GSFE of a particular
system accounts for the anisotropy of the system and a mea-
sure without any continuum approximation. However, ideal
nucleation stress differs from actual since the energy associ-
ated with the creation of a surface during dislocation emis-
sion and effects related to reconstruction of the dislocation
core are neglected, which contributes to actual Peierls stress.

Table 2
Slip elements in B2 NiTi. The calculated (ideal) critical stress for slip is
given in the last column. The critical stress tolerance is less than 2.25 MPa.

oy
(Tshear)ideal = 57( (MPa)
max

Slip plane Slip direction

(011) [100
011) 11

] 2667
]

(011) [011]
]
]

5561
12,847
7430
9320

(211) 111
(100) 010

These approximations may affect the exact number, but we
expect the qualitative picture to remain the same.

It is important to point out that the unstable stacking
fault energy for the (011)[100]is 142 mJ m 2 which is sig-
nificantly lower than for pure metals and B19’ martensite
[34]. Consequently, slip in the B2 system is favored com-
pared to martensite (B19’) slip as noted in Figs. 3a and b
and Fig. 5. The (011)[100] system will be activated at
2.6 GPa and the (011)[111] system is expected to be acti-
vated at ideal stresses exceeding 5 GPa (Table 2). These lev-
els represent ideal stresses and in experiments, local stresses
in the vicinity of martensites [45], or near precipitates can
be significant in mediating dislocation slip plasticity. In
the analysis of Norfleet, the most stressed slip systems upon
stress-induced transformation exceeded 2500 MPa, trigger-
ing local slip in austenite [9]. Also, experiments on nanopil-
lars confirm that plastic deformation initiated in austenite
at stress levels exceeding 2.5 GPa [46].

Returning to the GSFE of the (211)[111] system, as
noted earlier, the energetic barrier for dislocation glide is
higher than for (011)[111] or (011)[100]. Hence, in B2
NiTi, dislocation glide in this system is possible only when
the Schmid factor associated with internal stresses provides
a large contribution. A metastable position is observed at
u,/a|[111]] =1/2 in this system. However, to nucleate
any a/2[111] superpartial, the atoms have to overcome
an energy barrier of 847 mJ m 2 with a shear of 2.12. How-
ever, the energetic profile of (211)[111]is important since
twinning glide can occur in this system. A perfect [111] dis-
location can dissociate into three a/3[111] superpartials
that glide in three consecutive planes and generate a three
layer twin [7,47]. The energy barrier during (112) twinning
has recently been calculated [48].

The study sheds light on whether to-and-fro APB drag-
ging can be a possible mechanism for shape memory. The
concept is intriguing; under stress or temperature changes,
the (011)[111] dislocation motion could undergo reversible
motion. Such a mechanism could potentially explain cases
where the material undergoes nearly complete recovery
despite the presence of dislocations in the micrographs. We
note the need for further research in this particular area.

6. Summary

Further advances towards a quantitative understanding
of slip in austenitic NiTi have been achieved. The results
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explain, in light of the generalized stacking fault energy
(GSFE) curves, why mainly (011)[100] and (011)[111]
systems are observed in experiments, and we provide a
rationale for slip resistance in NiTi austenite with our
predictions.

As shown in Table 2, the magnitude of ideal stress
required for dislocation slip is determined to exceed
2 GPa. The reversible transformation can occur without
dislocation build-up provided that transformation stress
magnitudes are limited to levels less than required to acti-
vate slip. This is indeed the case for the NiTi alloys; further
improvement of slip resistance is important because the
TEM evidence points to activation of slip in pseudoelastic
and shape memory cases. The present results emphasize the
importance of understanding of the atomic displacements
and metastable positions (APBs) in most important slip
systems. Overall, the study represents a methodology for
consideration of a better understanding of shape memory
alloys.
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