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Abstract This paper presents an overview of slip defor-

mation in shape memory alloys. The performance of shape

memory alloys depends on their slip resistance often

quantified through the Critical Resolved Shear Stress

(CRSS) or the flow stress. We highlight previous studies

that identify the active slip systems and then proceed to

show how non-Schmid effects can be dominant in shape

memory slip behavior. The work is mostly derived from

our recent studies while we highlight key earlier works on

slip deformation. We finally discuss the implications of

understanding the role of slip on curtailing the transfor-

mation strains and also the temperature range over which

superelasticity prevails.

Keywords Dislocations � Slip � Shear stress � Fatigue �
Anisotropy � Shape memory � Critical resolved shear stress

Introduction

Slip deformation occurs in shape memory alloys (SMAs)

across multiple length scales [1]. For example, the misfit at

transforming boundaries, near nano-precipitates, and at

grain boundaries is accommodated by the formation of

dislocation networks at local scales. Irrespective of their

origin, all of these dislocations in turn produce internal

stresses, and alter the well-known SMA metrics such as

transformation strains, transformation reversibility, thermal

and stress hysteresis. In addition, plastic flow can extend to

macroscales and may result in localization and failure

initiation in SMAs. Therefore, the assessment of slip

resistance is crucial to future developments of SMAs and to

set forth advanced constitutive modeling approaches.

Recently, plasticity in SMAs is receiving considerable

attention as a focal theme rather than as a secondary issue

to phase transformation [2]. We will overview the literature

on the topic in capsule form, then discuss the determination

of critical flow stress for slip as a central point of emphasis,

and construct a theory of plasticity at the crystal level.

In previous work, the studies of plastic deformation in

materials science have been mostly confined to fcc and bcc

metallic alloys where the slip systems are known a priori.

On the other hand, most shape memory alloys are typically

ordered cubic structures. The crystallographic ordering

refers to the occupation of specific crystal lattice sites by

the constituent atoms. The slip systems operative in SMAs

are not known a priori and need to be determined ideally

with both experimental and theoretical approaches. It is an

onerous task to precisely establish the slip systems with

thin-film preparation and high-resolution transmission

electron microscopy [3]. We review a method for estab-

lishing the slip systems based on local strain tensor mea-

surements arising from local shear due to slip later in the

paper [4]. As discussed above, slip can develop concomi-

tantly at interfaces during martensite transformation;

however, it is difficult to extract critical resolved shear

stress (CRSS) from such experiments because of the

complex local stress states. On the other hand, slip defor-

mation develops without phase change at temperatures

above the Md temperature and slip-mediated flow then

proceeds in a homogeneous field.
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To set a yield criterion, one must know the stress state

acting on the slip system. Using single crystals, the pre-

vailing stress state (all the six independent components of

the stress tensor) on the slip system (micro-level) is related

to the external stress state (macro-level) via an appropriate

coordinate transformation. Depending on the crystal ori-

entation, these stress components play varying roles on the

determination of CRSS levels acting on the active slip

systems. Similar to bcc metals, the dislocation cores in

ordered SMAs spread to multiple planes with local dis-

placements adjusting to minimize energy. Hence, it is

particularly noteworthy to remark that CRSS will depend

on the shear stresses and normal stress components which

introduce substantial deviations from the CRSS = constant

rule, namely Schmid law. By introducing non-glide stress

effects on CRSS for slip, we are concerned with normal

stress and shear stresses perpendicular to the glide direc-

tion. The contribution of these stress components are

reflected by the tension–compression asymmetries and

crystal orientation-dependent variations in the CRSS

levels. Consequently, we illustrate the importance of the-

orizing the CRSS formulation for several SMAs in the

paper.

To summarize, for a formal understanding of the fun-

damentals of slip in SMAs, one must at the foremost

understand the departure from Schmid law. This topic has

not been well studied for SMAs, yet it deserves attention as

slip has an important role in degradation of functional

properties. Therefore, we emphasize the basics of slip

phenomenon in SMAs first, and then discuss the recent

developments in modeling of CRSS for slip.

Early Studies on Observation of Slip in Shape
Memory Alloys

The occurrence of slip in thermal cycling and superelas-

ticity experiments has important consequences as reported

in previous works [5–12]. It is well known that the pres-

ence of slip can limit the reversible transformation strain as

well as escalate thermal and stress hysteresis levels. The

side effects of slip-mediated plasticity on the functional

performance of SMAs are exemplified in Fig. 1 for Ti-50.1

at.% Ni SMA under (a) thermal cycling and (b) stress

cycling.

Under thermal cycling, the transformation strains often

do not reach the theoretical transformation strains [13] and

the onset of slip which accommodates the misfit strain at

transforming interfaces increases the hysteresis [7, 14].

Under stress cycling, there is a gradual degradation of

superelastic behavior, linked with the interaction of slip

systems and increase in dislocation density that could cause

extreme strain hardening magnitudes approaching elastic

shakedown [15], thereby limiting the transformation

strains. The slip processes are responsible for the irre-

versibilities in strains and displacements that increase the

crack opening and sliding which in turn elevate fatigue

crack growth rates. Along with these observations at

macroscale, there is considerable evidence of plastic flow

at transformation interfaces and in bulk austenite domains.

Figure 2 demonstrates the presence of slip-mediated plas-

ticity at the austenite–martensite interfaces for a number of

SMAs. In Fig. 2a, the nucleation of slip is visualized by

Transmission Electron Microscopy (TEM) imaging at the

austenite to martensite interfaces in NiTi. In Fig. 2b, the

dislocation nucleation from the misfit strain difference at

the austenite–martensite interface in FeNiCoTi alloy is

shown. The lattice invariant shears are deemed necessary

for the nucleation of the martensite embryo in Fe-based

alloys. Lastly, the high density of dislocations is imaged by

TEM in polycrystalline NiTi SMA under thermal cycling

[16]. The density of the dislocations is determined to

increase with the number of cycles. Furthermore, these

dislocations play a key role in hindering the reversible

cyclic motion by pinning of the martensite interfaces and

this in turn promotes residual martensite formation.

Considering the prominent contribution of dislocation

glide in the degradation of functional properties of SMAs,

we summarize the pertinent works on dislocation-mediated

slip in SMAs below as well as the recent review articles.

This list is not exclusive and our point is to highlight the

previous groups who undertook notable research in this

field. Most of the original observations were made on early

SMAs such as NiTi, CuZnAl, and more recently on Ni2-

FeGa and others.

Identification of the Slip Systems in Shape Memory
Alloys

Traditionally, determination of the slip systems in ordered

SMAs is a formidable task as nearest and next nearest

neighbor atom sites govern on the slip energetics and

introduce deviations from the pure metal behavior. To this

end, traditionally, the determination of slip systems has

been established with TEM imaging employing the visi-

bility criterion [3]. On the other hand, this technique has

also been shown to involve difficulties as pinpointing an

individual dislocation line is a difficult task especially

within the presence of high plastic deformation at the

interface proximity, which is the main mechanism of

transformation irreversibility. Recent developments in

experimental mechanics techniques facilitated the estab-

lishment of the slip systems in shape memory alloys via

interrogation on Digital Image Correlation (DIC) generated

strain fields [4, 17, 18]. On theoretical grounds, the slip
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system can be inferred from atomistic simulations (either

Molecular Statics–Dynamics for well-behaving potentials

or ab initio calculations such as Density Functional The-

ory—DFT) by selecting the system that provides the lowest

energy barrier on the Generalized Stacking Fault Energy

(GSFE) profile [12, 19] or the system with the lowest

CRSS [19, 20]. This last point was made in recent review

articles [1, 2].

The determination of the active slip on experimental

grounds by DIC generated strain fields are exemplified in

Fig. 3 for a single-crystalline sample 50.8 at.% Ni-NiTi

alloy oriented along �924½ � under uniaxial tension and

compression. In this particular case, the evolution of the

slip traces is discerned by the localization of strain fields

generated by DIC. Meanwhile, the resulting trace analyses

allows us to pinpoint the potential {110} h001i or

{110} h111i slip systems, and no distinction can be made

for the glide direction that can be either h001i or h111i. As

a remedy, the components of the strain tensor comes into

play and employing the corresponding transformation

rules, comparison of the ratios between these components

from the theoretical strain tensor and the experimentally

measured values entails the slip direction uniquely [4]. A

summary of the predominant slip systems determined by

this novel method is provided displaying the slip plane and

direction. As noted in Table 1 in bold face, the ratios of the

respective strains conform to the ð�110Þ [001] system. The

other important slip systems in bcc, B2, DO3, and other

austenitic structures observed in SMAs are summarized in

Table 2 as mentioned above.

Fig. 1 Slip accumulation in shape memory alloys, a thermal cycling under constant stress, b superelasticity showing non-closure of the

hysteresis loop [12]

Fig. 2 Examples of dislocation-mediated plasticity and at local and macroscales, a in near proximity to precipitates in NiTi, b at martensite

interfaces in Fe-NiCo-Ti [16], c in bulk austenite domains
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Overview of Schmid Law and Introduction to Non-
Schmid Effects in Shape Memory Alloys

We provide a brief description of the Schmid Law and then

provide examples where deviation from the Schmid law is

observed in SMAs. Schmid law states that the onset of slip

is governed solely by the greatest magnitude resolved shear

stress on the glide plane acting along the Burgers vector

based on the early treatments of the pure fcc and hcp (basal

slip) metals such as Cu, Ni, Mg, and Zn [21]. Meanwhile,

the experimental measurements in these close packed lat-

tices verify the validity of a constant CRSS level, soon

after the early evidence of departure from Schmid law was

recognized by Taylor et al. in bcc Fe and brass [22, 23].

The following literature evolving around the bcc metals

recognized that in metals and alloys with bcc-derivative

structure (bcc, B2, DO3, L21) the yield stress deviates from

Schmid law exhibiting tension–compression asymmetry

and loading orientation dependence as noted in earlier

textbooks such as of Barrett [24]. Considering the signifi-

cance of bcc structured metals and alloys for the structural

and functional applications, we note that understanding the

Schmid law and departure from it is central to explaining

some of the results in the literature for SMAs (Table 2).

The earlier explanations for the deviations from Schmid

law mainly focus on the breakdown of intrinsic crystal

symmetry along the h111i {112} slip system denoted as

twin–antitwin asymmetry (TA effect) which refers to the

fact that h111i {112} is also a unidirectional twin system

[25, 26]. On theoretical grounds, the absence of symmetry

in the case of slip direction reversal along h111i {112} is

closely linked with the asymmetry of the GSFE curves as

exemplified for the case of Fe3Al alloy in Fig. 4a via

ab-initio calculations. This behavior causes a higher glide

resistance along the anti-twinning slip direction compared

to the twinning sense as illustrated in Fig. 4b for Fe3Al. At

Fig. 3 Utilization of DIC to

pinpoint the slip systems that

are operative in NiTi [3]. The

orientation of the slip plane is

also viewed from other sample

surfaces
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this stage, it is to be emphasized that although the

nomenclature employs the twinning phrase, there is no

physical twinning activity involved but only slip. Mean-

while, twin–antitwin asymmetry strongly contributes to the

tension–compression asymmetry, it is not sufficient to

explain the discrepancy in CRSS values for the same slip

sense in different sample orientations.

Although a rich experimental dataset has been accu-

mulated supplementing the breakdown of Schmid law in

bcc metallic materials in the subsequent decades, a solid

theoretical explanation has waited until 1960. P. Hirsch in

Fifth International Congress of Crystallography proposed

that the core of the screw dislocations spread along three

conjugate planes (threefold symmetry planes), which in

turn promotes deviations from Schmid law [26]. In order to

discern the effect of applied stress components on the non-

planar screw dislocation core structure, the v angle con-

vention, illustrated in Fig. 4c, is employed based on two

planes: maximum resolved shear stress plane (MRSSP) and

the reference plane. The MRSSP is the plane which bears

the maximum resolved shear stress along the slip direction.

It can either belong to the set of potential glide planes or

not, and therefore it is solely determined by the applied

loading direction. The reference plane is a member of the

{110} glide plane family which bears the maximum

resolved shear stress along the slip direction. The charac-

teristic angle v is defined as the angle between the refer-

ence plane and the MRSSP.

The sign convention and the definition range of the v
angle is subjected to the symmetry arguments of the par-

ticular glide direction. For bcc-derivative lattices in

which h111i {112} or h111i {110} systems are activated,

the angle v varies between - 30� and ? 30�. The sign

convention is established such that the nearest {112} plane

to MRSSP in the active h111i zone corresponds to the

? 30o (- 30o) bound if it is sheared along the anti-twin-

ning (twinning) direction [27, 28]. On the other hand, for

the bcc-derivative lattices in which the active glide system

is a member of h100i {110} family, the angle v varies

within the range of 0–45o, i.e., from the {110} reference

plane to the conjugate {011} plane in the h100i pole zone

[29].

The non-planar spreading of the screw dislocations on

either {110} or {112} planes in bcc materials inevitably

Table 1 The ratio of the strain tensor components measured in experiments for �924½ � samples corresponding to �110ð Þ 001½ � and �110ð Þ 111½ �
shear. The results show that �110ð Þ 001½ � system indicated in bold face agrees with experiments

Loading axis Compression Tension

�924½ � eXX=eYY
eXX=eXY

eXY=eYY
eXX=eYY

eXX=eXY
eXY=eYY

Experiment - 0.78 - 0.11 0.065 0.04 - 0.18 - 0.26

Model �110
� �

001½ � - 0.84 - 0.1 0.062 0.03 - 0.2 - 0.28

Model �110ð Þ 111½ � - 0.18 - 0.43 0.43 0.42 - 0.59 - 0.36

Table 2 Summary of research on dislocation-mediated plasticity with consideration of CRSS for slip determination

Investigator Material Dominant slip system(s) Key observations on CRSS for slip

Experiments

Umakoshi et al.

1976 [84]

CuZn, CuZnNi {110} h111i, {112} h111i Orientations near [011]–[111] boundary have higher

CRSS

Romero et al. 1988

[85]

CuZnAl (- 1–12) h111i twinning

sense, as well as (- 213)

slip plane

Strong tension–compression asymmetry and

orientation dependence

Sehitoglu et al.

2014-

Fe3Al [31], NiTi [19, 20],

CuZnAl [86]

{011} h111i {011} h100i
{112} h111i and

{011} h111i

Tension–compression asymmetry of CRSS, crystal

orientation dependence of slip resistance, higher

CuZnAl slip resistance in compression compared to

tension.

Sehitoglu,

Chumlyakov,

2009-

Ni2FeGa [42, 45, 46, 87],

CoNiAl [43, 82]

{110} h111i, {011} h100i Superelastic window wider with higher slip resistance

in compression; slip resistance in [001] compression

exceeds tension

Modeling

Sehitoglu et al.

2015-

Fe3Al [31], NiTi [19], CuZnAl

[86, 88] and NiTiCu (to be

published)

See above Prediction of complex variation of CRSS with stress

state, solution for CRSS utilizes energy minimization
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leads to the interaction of the non-glide stress components

with the fractional dislocations extending on these planes

and therefore presents a physical rationale for the under-

lying reasons of the discrepancies from Schmid law which

is denoted as non-glide stress effect (NGS) as illustrated in

Fig. 4d. In fact, the development of the atomistic scale

simulation techniques with the advent of computers in the

following years confirmed the Hirsch’s proposal for the

non-planar core structure of the screw dislocations in bcc

metals and alloys [27, 30].

Experimental Evidence of Non-Schmid Effects
in Shape Memory Alloys

NiTi

Uniaxial tension and compression experiments were con-

ducted to reveal the onset of slip in solutionized 50.8 at.%

Ni-NiTi single crystals [20]. The results are summarized

for three loading orientations of [111], [011], and [249]

under tension and compression in Fig. 5a, b. In all of the

samples, the h100i {110} glide system with the greatest

Schmid factor is determined to be active. On the other

hand, CRSS for slip measurements demonstrate substantial

deviations from Schmid law as a function of sample ori-

entation. Meanwhile [011] compression sample exhibits

the highest glide resistance, and [249] compression sample

exhibits the lowest. It is noted that in tension [249] CRSS is

85 MPa higher than it is for compression [249] sample. In

contrast, for [011] orientation, an opposite trend is

observed wherein the glide resistance under compression is

120 MPa greater than the tension sample. Lastly, in [111]

orientation, compression sample is stronger compared to

the tension sample by only 40 MPa.

The intricate nature of the experimental trends serves as

a motivation to establish a theoretical understanding on the

dislocation core effects in B2 ordered NiTi alloy. In order

to accomplish this task, we employed molecular statics

simulations of the h100i {110} screw dislocation in stress-

free and under applied stress states which correspond to the

uniaxial loading for a set of single-crystal samples under

tension and compression including [111], [011], and [249]

as shown in Fig. 5c [19]. The resulting CRSS levels based

Fig. 4 A brief description of the non-Schmid effects incorporating

twin–antitwin asymmetry, namely TA effect, and the role of non-

glide stresses (NGS) are illustrated. (Fe3Al is used as an example)

a shows the GSFE profile reflecting the asymmetry on h111i {112}

glide system. b The effect of twin–antitwin asymmetry on the stress–

strain curves is demonstrated. c The v angle convention is illustrated

for the h111i glide zone with the reference {110} plane. The angle v

varies between - 30� and 30� and characterizes the effect of single

orientation via distinguishing the NGS acting on the active glide

plane, i.e., either {112} or {110}. d The NGS effect on the CRSS

levels for different orientations, distinguished by v angle, is demon-

strated. Depending on the deviation of the MRSSP from the reference

{011} plane, the CRSS can vary substantially and in some cases by as

much as 75% (from [31])
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on the modified Peierls–Nabarro framework concerted with

the Eshelby–Stroh formalism [19, 31–33] are also plotted

in Fig. 5c. As can be seen, the theoretical predictions

exhibit close agreement with the experimental measure-

ments. Extending the modeling efforts for other crystal

orientations suggests that the glide resistance under tension

peaks for h259i orientation which is in close proximity of

h249i orientation (by only a 3.4� angle difference). This

result is significant not only for slip-mediated plasticity but

also for explaining the experimental anisotropic variation

of irreversibilities in transforming NiTi alloys [15, 19]. The

experimental and theoretical CRSS are shown in Fig. 5d

for DO3 ordered Fe3Al [31]. This alloy undergoes rever-

sible slip [34] and exhibits superelastic-like features. As

can be seen, the CRSS levels vary within a range of

100 MPa (from 200 to 300 MPa) which corresponds to a

50% relative difference that is to be accounted for design

purposes.

Further Discussion of the Role of Slip and Future
Directions

CuZnAl

This is one of the earliest SMAs studied [35–41] exhibiting

high transformation strains but manifesting several limita-

tions because of diffusion effects, high elastic anisotropy,

and limited temperature window in tension partly because

of its low slip resistance. Improvements in shape memory

performance rely on raising CRSS for slip while main-

taining the CRSS for transformation at a much lower level.

This is achieved with some degree of success by ordering

treatments. On the other hand, as a result of anisotropic

variation of CRSS values for slip and transformation, the

transformation window is susceptible to the crystal orien-

tation and the applied stress tensor. The results shown in

Fig. 6 for compression and tension based on our work

exemplify this effect for [001] sample orientation under

Fig. 5 Experiments conducted in a tension and b compression for

different orientations to study the slip response in NiTi [20], c the

variation of CRSS as a function of orientation and tension–

compression in NiTi [19]; both theoretical and experimental results

are shown for NiTi (solutionized case), d the variation of CRSS with

characteristic angle v in Fe3Al [31]
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tension and compression [42]. For example, linked with its

high slip resistance, the transformation window is shown to

be rather wide by almost 135 oC as shown in Fig. 6a for

[001] compression sample. In contrast, the superelastic

window in tension is narrower, which is nearly 70 �C,

compared to compression as a consequence of the lower

dislocation glide stress level. Furthermore, the superelastic

window in CuZnAl is rather wide which is partly explained

by the rather high slip resistance (CRSS) of 200 MPa (for

[001] sample) comparison to transformation stress of

25 MPa (for [001] sample).

NiTi

Many observations have been made in the literature for

thermal cycling under constant stress. An important factor

is the maximum transformation strain reached under

thermal cycling conditions. A close examination of thermal

cycling in tension NiTi (Ni-50.8% at. solutionized) reveals

that the transformation strains in [123] direction are sig-

nificantly higher (near 9%) compared to the [111] case

(7%) [7]; meanwhile, the theoretical transformation strains

are very close for these two cases (10.51 and 10.27% for

[123] and [111] orientations respectively). A possible

explanation is that the CRSS for slip in [123] tension

sample exceeds the [111] tension case. Ideally, the orien-

tations that give high slip resistance are capable of per-

mitting larger transformation strains near the theoretically

predicted values as shown in Fig. 7.

CoNiAl

The CoNiAl is one of the newer ternary SMAs with

transformation strains exceeding 6% [43, 44]. This alloy

Fig. 6 Superelasticity in CuZnAl. The CRSS for slip in compression exceeds that of tension, and hence the superelastic window in compression

is exceptionally wide compared to tension (from [42]). Note that the y-axis scales in (a) and (b) differ
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has favorable properties especially at elevated temperatures

with its relatively high transformation temperatures (with

Af exceeding 80 �C) and narrow thermal hysteresis

(* 25 �C) [43]. As noted below in Fig. 8, there is almost a

factor of 2 in the slip resistance between compression and

tension for Co40Ni33Al27 (at.%) samples. There are two

factors that dictate the temperature range of the superelastic

window: (i) the slip resistance, and (ii) the slope of the

Clausius–Clapeyron (CC) curve. Higher slip resistance for

parent phase and lower CC slope would promote a larger

superelastic window. Considering the CC slope depends on

the entropy change and the transformation strain, the

transformation strain being lower in compression is the

major factor for the higher CC slope, as shown in Fig. 8. So

in this case, the SE window in tension can exceed the value

in compression. However, the higher slip resistance case

will always provide superior functionality linked with the

suppression of plastic dissipation.

Ni2FeGa

This class of alloys exhibit considerable promise as a new

class of ferromagnetic SMAs in which multistep ther-

moelastic transformation from ordered B2 (or L21) to L10

as well as to 10 M and 14 M structures depending on the

heat treatment with the second-phase particles (i.e., c par-

ticles) observed [17, 45, 46]. Distinguishingly, Ni2FeGa

(Ni54Fe19Ga27 at.%) exhibits low resolved transformation

stresses at room temperature (on the order of 10 MPa) and

very narrow thermal hysteresis (10–15 �C). The slip stress

in compression is much higher than in tension for these

class of alloys in [001] orientation (Fig. 9). This difference

is more than a factor of 2 for [001] oriented samples which

suggests that tension–compression asymmetry for slip is

more dramatic than in NiTi. This anisotropic variation of

CRSS for slip serves as a motivation for the prospective

studies to establish a comprehensive understanding on the

functional performance of this alloy as a function of

applied stress state.

NiTiCu

The NiTiCu alloys are one of the first ternary NiTiX alloys

studied [16, 47–53]. Strong deviation from Schmid law has

been observed for transformation (CRSS for transformation

was in the range of 30–58 MPa for compression [52]). This

class of alloys also exhibits strong non-Schmid behavior

based on our recent work (CRSS for slip from experiment

and theory was in the range of 105–205 MPa). However,

there has not been systematic investigation to date except a

forthcoming paper by our group. These recent experiments

show that depending on the crystal orientation, and the

loading sense (tension or compression), the flow stress

would differ considerably. Orientations such as [012] in

compression give the most favorable transformation

response among all cases and this orientation in fact cor-

responds to the highest slip stress, CRSS(slip) = 205 MPa,

with a much lower transformation stress, CRSS for trans-

formation = 34 MPa. This allows for suppression of the

accompanying slip-mediated plasticity and high strain

recovery, exceeding 4%, as demonstrated in Fig. 10. All

other orientations examined in compression such as [111],

[123], [011] do not exhibit such a favorable response [52]

(all less than 3% strain). For example, the theoretical

Fig. 7 Temperature cycling under constant stress in NiTi, 50.1% Ni-solutionized case (from [7])
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Fig. 8 The flow stress as a function of temperature in CoNiAl a tension, b compression [82, 83]. We note that the slip stress (at Md) in

compression exceeds the levels in tension

Fig. 9 Flow stress versus

temperature plot for Ni2FeGa.

The results show that for [001]

orientation the compressive slip

resistance in (a) far exceeds the

tension levels in (b)
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transformation strain for [011] is 5.2%, while the experi-

mental one is only 2.9%. The CRSS for [111] is better than

[011], and consequently, the experimental strain is 2.8%

even though the theoretical value is only 3.7%.

NiTiHf Shape Memory Alloys

The NiTiHf alloys are a new class of high-temperature

alloys that exhibit shape memory and superelasticity tem-

peratures reaching 450 �C. The transformation tempera-

tures represent a competition between Ni content and Hf

content as follows: Higher Hf contents exceeding 15%

result in increase in transformation temperatures, while

increase in Ni content results in decrease in transformation

temperatures [54, 55]. Unlike other ternary additions, the

increase in Hf considerably raises the CRSS [56] and the

work output [57].

An example of the elevation of the slip stress is shown

for Ni-51.0 at.%Ti-12.5 at.% Hf in Fig. 11. In the inset,

there is a comparison with representative NiTi and NiTiCu

results. Similar to NiTi, these alloys are expected to depict

strong orientation dependence of slip resistance. However,

detailed studies on slip resistance of these alloys are a topic

of future research as these alloys find high-temperature

applications.

Fe-based Shape Memory Alloys

There has been significant interest in the Fe-based alloys

[16, 58–64] mainly for structural applications. The trans-

formation in FeNiCoTi and its derivatives such as FeNi-

CoAl is from cubic to tetragonal crystal lattices

[62, 65, 66], while the new FeMnNiAl alloys undergo from

bcc to fcc crystal transformation [63, 66]. Some of the

alloys such as FeNiCoTi and FeMnSi could also be well

suited for moderate strength applications for pre-stressing

and confinement. In all cases, a substantial deviation from

Schmid law is expected but this has yet to be established.

For example, there is evidence of superior recoverability in

[123] crystals in comparison to [001] crystals that deviates

from transformation strain calculations. The difference in

slip resistance can explain the experimental trends.

As stated earlier in the FeMnNiAl class of alloys, the

embryos for martensite nucleation form via slip shears on

alternate and intersecting planes, the so-called double shear

mechanism [67]. The recoverability is improved upon

introduction of nanosize, coherent, non-transforming par-

ticles in the matrix which improve slip resistance and

generate substantial back stresses for reverse transforma-

tion [68]. Meanwhile, there are shortcomings with func-

tionality of these alloys under cycling as the dislocation

density accumulates [64].

Ti-based Shape Memory Alloys

These alloys undergo bcc to orthorhombic transformation

and incorporate additions of Nb, Ta, and Zr to achieve

elevated temperature shape memory behavior [69–75].

Apart from potential use in biological applications,

depending on the composition, they can be adapted to high-

temperature shape memory applications. Considering the

role of a/2 [111] dislocations in transformation mechanism

of Ti-based alloys [75] and the non-planar core extension

of these defects in bcc ordered lattices, it is expected that

Fig. 10 The superelastic response on NiTiCu. The orientation which

exhibits one of the highest transformation strains in compression is

[012] which also exhibits one of the highest CRSS for slip

Fig. 11 Comparison of the Clausius–Clapeyron curves for three

shape memory polycrystalline alloys. The results show that the slip

resistance (upper plateau) increases with introduction of Hf to NiTi

[56]
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these alloys also exhibit non-Schmid slip deformation

which can introduce strong anisotropy in the hysteresis and

recovery behavior in superelastic regime. On the other

hand, a comprehensive research is yet to be focused on the

breakdown of Schmid law in this class of alloys.

Final Comments

Returning to the concept of CRSS, we note that in design

of new alloys, the precipitation can play an important role

in triggering transformation at lower stresses and engen-

dering higher slip resistance [76]. The presence of pre-

cipitates can also reduce both the anisotropy of the

transformation and also the anisotropy of slip resistance as

precipitate-induced anisotropy can offset the crystal ani-

sotropy as shown in early work [77, 78]. This is also evi-

dent in recent work on aged [148] NiTi crystals [42] as

shown in Figs. 12a, b and earlier works on NiTi [79, 80].

Further work is needed to sort out the precise role of pre-

cipitates on internal stresses that modify the resolved shear

stress determination.

A natural question arises as to how to raise the slip

resistance while lowering the transformation stress mag-

nitudes. In general, it is difficult to achieve such idealized

conditions because chemistry changes that raise the CRSS

for slip also raise the CRSS for transformation. Another

possible venue to raise the slip stress is to increase the

degree of ordering as noted in CoNiGa alloys recently [81].

On the other hand, there are not sufficient experiments to

detail the slip resistance in these alloys as a function of

orientation or tension–compression character of the applied

loading.

In previous work, the CRSS for slip in SMAs has been

treated as a material constant solely dependent on the

resolved shear stress. However, it is now becoming evident

that almost for all SMAs such a description is not suffi-

cient. This discrepancy from the Schmid law fostered by

the high anisotropy of the ordered lattice structures as a

consequence of orbital hybridization in the constituent

transition elements of SMAs promotes the extent of crys-

tallographic orientation-dependent character of CRSS

levels for both slip and transformation. The non-planar

spreading of the dislocations leads to interactions of the

core displacements with both glide and non-glide stresses

and this effect together with the twin–antitwin asymmetry

results in anisotropic CRSS levels as well as tension–

compression asymmetry. In fact yielding is known to

depend on the stress state with two mutually perpendicular

shear directions and three normal stresses (the possible role

of applied pressure), and this effect is a natural outcome of

the non-Schmid theory presented in this work.

Ultimately, the understanding of SMAs requires a

solution for the occurrence of slip at transforming inter-

faces. This is a formidably difficult problem where dislo-

cation networks evolve at interfaces depending on the

misfit strain tensors. The stress fields generated by such

internal fields inevitably affect the progression of trans-

formation. The misfit dislocations accommodating the

sharp strain differentials on the transformation interfaces

between austenite and martensite phases are also affected

strongly by the non-planar core interaction mechanisms.

The anisotropic variation of hysteresis and reversible strain

levels act as evidence for the pronounced non-Schmid

effects in micromechanics of martensitic transformation.

The concerted effects of non-Schmid slip and

Fig. 12 The variation of flow stress with temperature a tension,

b compression, and the slip stress of austenite is reached near 100 �C.

The results are shown for the aged NiTi and show that the dependence

of slip resistance on the crystal orientation is greatly diminished.

Also, the slip stresses for aged cases are higher compared to the

solutionized case (Fig. 12 vs. Fig. 5 for comparison)
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transformation characteristics as a consequence of defect–

stress state interactions necessitate establishing robust and

predictive theories for functional characterization of

SMAs. This paper is geared towards developing the tools to

address such class of problems in the future by developing

a framework for CRSS determination.
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