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Abstract | NiTi-based shape memory alloys are considered as poten-
tial candidates for various structural, functional and biomedical applica-
tions. This is particularly related to their unique characteristics such as
pseudoelastic and shape memory effects. Considering the increasing
demand of NiTi alloys in miniaturized devices, the small-scale deforma-
tion micro-mechanisms of such a material system is being thoroughly
reviewed in this article. At the first hand, the fundamental characteris-
tics of NiTi system is discussed briefly. The influence of different factors
such as chemical composition, crystallographic phases and precipi-
tates on the phase transformation and mechanical behavior of the
material are emphasized next. Subsequently, an extensive overview is
provided regarding the assessment of small-scale deformation behav-
ior of NiTi alloys using two prime techniques: micro-pillar compression
and instrumented nanoindentation. Pros and cons for both the charac-
terization techniques are analyzed as well. Interestingly, uniaxial com-
pression of the micro-pillar reveals the pseudoelastic behavior in the
alloy with remarkable enhancement in martensitic transformation stress
and plateau strain with respect to those observed from macro-scale
testing. It is also evident from the studies that mechanical behavior of
the material strongly depends on different crystallographic orientation.
Contrary to the uniaxial compression, nanoindentation generates triax-
ial state of stress beneath the tip of indenter, which is likely to influence
the deformation micro-mechanism for the NiTi system, as well. Varia-
tion in hardness, elastic modulus and recoverability of NiTi system are
primarily assessed through nanoindentation-based studies. In addition,
recent studies highlight the importance of optimizing the nanoindenta-
tion parameters such as tip configuration, tip radius and load level for
precise estimation of pseudoelastic activity in the alloy. Moreover, a
simplified approach is generated for estimating the indentation stress—
indentation strain curve. Overall, this paper generates a thorough and
comprehensive insight about the micro-mechanical testing of NiTi-based

shape memory alloys.

1 Introduction

The last few decades have witnessed a widespread
usage of miniaturized devices in various engineer-
ing applications. With significant modification

in the lifestyle and societal need, there develops a
growing demand for reducing the size scale of the
common and essential devices, appliances, machin-
eries, etc. for different kind of structural, functional
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and biomedical applications. It is noteworthy that
most of the miniaturized devices rely on employ-
ing materials with special properties resulting in
outstanding performances. For instance, signifi-
cant elastic recovery is crucial for the function-
ing of the cardiovascular stent inside the arteries'.
Similarly, an alloy system that shows distinct and
reversible variation of shape with temperature can
be ideally used as micro-sensors in certain applica-
tions'. In fact, many such requirements utilize the
exceptional characteristics of smart materials such
as shape memory alloys (SMA). NiTi-based system,
popularly known as NiTiNOL is the most widely
used SMA, which exhibits exceptional elastic recov-
ery, reasonably high strength as well as high damp-
ing capacity along with fairly good biocompatibility
and corrosion resistance”. These superior structural
and functional properties of NiTi-based SMAs have
made them potential candidates for various niche
components like Micro-Electro-Mechanical Sys-
tems (MEMS), microactuator, guide wires, ortho-
dontic braces, orthopaedic staples, etc.” . However,
for successful utilization and for the smooth func-
tioning of these miniaturized components, it is
important to ensure this exceptional combination
of properties at such small scale.

In general, the localized mechanical perfor-
mance of most of the materials is extrapolated
from the corresponding global characteristics.
Interestingly, the measured properties at the micro-
and nano-scales differ distinctly from their macro-
scale counterparts7_9. As a consequence, it is always
challenging to design a component in a sub-micron
scale based on the understanding of the deforma-
tion behavior of the material from the bulk scale.
This essentially highlights the necessity for devel-
oping thorough insight and employ specific char-
acterization tools which are explicitly suitable to
assess the small-scale deformation behavior of
the material. Taking account of the relevance of
the NiTi system for practical applications as well
as for generating a scientific perspective, the pre-
sent article aims to review the major studies on
the deformation behavior of the NiTi system. The
micro-mechanisms of deformation for the NiTi
system at the small scale is particularly taken into
consideration. To develop a comprehensive under-
standing, the metallurgical concepts related to
NiTi-based SMA are discussed at the first hand.

2 Metallurgical and Mechanical
Characteristics of NiTi-Based SMA

From the generic point of view, it is well known

that variation in the state of stress/tempera-

ture causes the system to undergo different
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deformation modes to achieve minimum energy
criterion. Traditional alloy systems attain the
equilibrium criteria via two physical phenomena:
(i) atomic bond stretching and relaxation, leading
to elastic deformation, and (ii) bond rearrange-
ment resulting in dislocation-mediated plasticity.
The degree of these two atomic rearrangements
primarily defines the overall mechanical response
of the conventional alloy system, at a specific
temperature’ %, Interestingly, apart from these
conventional mechanisms, SMAs largely rely on
thermoelastic martensitic phase transformation.
Consequent to this, the mechanical properties
of SMAs exhibit unique trends in stress—strain
behavior compared to traditional metallic sys-
tems. In addition, the thermal characteristics of
SMAs do reveal the signature of reversible phase
transformation as well.

Various alloy categories, including NiTi, Ni—
Ti—Cu, Fe-Mn—-Si—-Co—Ni, Fe-Mn-Si, Cu—Zn-Al,
Cu—Al-Ni, Cu-Sn, etc. were reported to show the
shape memory properties™’. Among all these
SMA systems, NiTi-based alloys are noted to
exhibit superior structural and functional prop-
erties. The exceptional characteristics of NiTi
system is primarily related to the martensitic
transformation between the high symmetric par-
ent austenite phase (B2 cubic structure) and the
low symmetric product martensitic phase (B19’
martensitic structure). It is noteworthy that the
entire transformation between these two phases
is governed by the activities of the corresponding
variant pair (CVP)', In fact, CVP refers to the
number of possible ways in which the B2 austen-
ite phase transforms to B19’ martensite. Gener-
ally, any of 24 different CVP can activate in the
NiTi system. Owing to this variation in the degree
of symmetry to a large extent, the NiTi alloy
depicts superior shape memory properties than
other SMAs and hence most widely used for prac-
tical applications.

2.1 Shape Memory Properties of NiTi
System

Based on the triggering source for the activation
of martensitic transformation, shape memory
properties are classified into two categories: (i)
pseudoelastic effect (PE) and (ii) shape memory
effect (SME). While PE can be achieved in SMA
with the variation in applied stress at a particu-
lar temperature, SME depends on the variation of
both the stress and temperature. In general, NiTi
system at low temperature (in martensitic phase)
depicts SME and at intermediate temperature
(austenitic state) shows PE. On the other hand,
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Figure 1: Differential scanning calorimetry ther-
mogram showing phase transformation character-

istics of the Ni-rich NiTi system (reproduced with
permission from ).

the material behaves like a conventional elastic—
plastic system at high temperature. To understand
the potential of shape memory characteristics of
SMA at a specific temperature, the transforma-
tion temperatures are analyzed using a differ-
ential scanning calorimetry (DSC) experiment.
Figure 1 shows the temperature-induced phase
transformation characteristics obtained from the
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DSC thermogram of the NiTi system. This first-
order transition defines the functional properties
of the shape memory system'>. The characteris-
tic temperatures for the forward transformation
from the austenite phase to the martensite phase
commences and finishes at M, and M; respec-
tively, upon cooling the NiTi system. On the other
hand, heating the alloy leads to a reverse transfor-
mation to the parent austenite phase that starts
and ends at A  and A, respectively. Distinct peaks
representing the unique phase transformation
characteristics with all these temperatures are
indicated in Fig. 1. More details about the shape
memory properties are elaborated below:

2.1.1 Pseudoelasticity (PE)

Ideally, SMA consisting of austenite phase at the
experimental temperature (ET) is expected to
depict PE. The typical stress (o)—strain (¢) char-
acteristics of the pseudoelastic NiTi alloy during
tensile deformation are presented in Fig. 2a. With
the application of stress, elastic deformation of
the parent austenitic phase (B2 phase) prevails
following Hooke’s relationship (see segment AB
in Fig. 2a). Next, at a critical stress level, stress-
induced martensitic transformation (SIMT)
commences. Micromechanisms controlling the
SIMT in SMAs are completely governed by the
twinning process, rather than the slip activities

(b)
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Figure 2: a Stress-strain—temperature diagram showing pseudoelastic effect in NiTi-based alloys. b Mac-
roscopic changes during the pseudoelastic effect ), € schematic representation of the atomic rearrange-
ment for martensitic transformation in shape memory alloys and ferrous alloys.
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as noted in the traditional metallic systems, say
ferrous alloy'®. Owing to this unique reversible
transformation mode, SMA could regain its orig-
inal shape in macro-scale, unlike the permanent
deformation observed in ferrous alloys during the
SIMT. Figure 2c shows the difference in marten-
sitic transformation between the shape memory
alloys and ferrous alloys. The stress required to
initiate such transformation process is termed as
martensitic start stress, o'/, indicated by point
B. At this point, the austenite phase starts trans-
forming into the twinned martensite phase (B19’
phase). 6™ of NiTi system, as estimated from
bulk-scale uniaxial testing, is reported to be in the
range of (300-500) MPa'’""®, The transformed
martensite phase next de-twins. In the detwin-
ning process, the self-accommodating variants
of martensites transform into the one oriented
along the direction of applied stress®’. Also, this
detwinning process is observed to be much easier
than the activation of austenite slip?’. This leads
to considerable increment in the strain with
nominal influence in the corresponding stress
level. This mechanism is reciprocated in securing
a strain plateau segment, Ae,, in the o—¢ curve,
shown by a dashed double-sided arrow in Fig. 2a.
This detwinning process completes at a stress
level of 6™, (martensitic finish stress, indicated by
Cin Fig. 2a).

Overall, the atomic-level changes in the lat-
tice in terms of transformation and detwinning
contribute towards a macroscopic shape altera-
tion in the material. This is reflected as segments
A-B-C in Fig. 2a and schematically illustrated
in Fig. 2b as stage I and II. Subsequent loading
deforms the detwinned martensite elastically, and
it follows the segment CD in the o—¢ curve. The
unloading from point D will lead to elastic recov-
ery of the martensite phase at the first instance.
Furthermore, reverse transformation to austen-
ite phase initiates at o'y (austenite start stress),
indicated by an arrow at E and completes at o5
(austenite finish stress) indicated by F in Fig. 2a.
Upon further unloading, elastic recovery of the
austenite phase materializes and the specimen
gets back to the position A in Fig. 2a. The over-
all recoverable deformation activity generates the
hysteresis loop in the stress—strain curve, as a sig-
nature trend for pseudoelastic material. The com-
plete shape recovery is apparent from stage-III in
Fig. 2b. Owing to the recoverable and reversible
SIMT in association with the conventional elastic
mechanism, the NiTi system shows strain recov-
ery (8-10%) that is almost an order of magnitude
higher than that realized for any elastic—plastic
alloy systems (maximum 1%)?. This extensive
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strain recoverability in NiTi alloy; which is typi-
cally related to elastic deformation in standard
elastic—plastic materials; is coined as ‘pseudoe-
lasticity’ (or superelasticity) in SMAs. From the
application point of view, the PE for the NiTi sys-
tem is exploited for the design of cardiovascular
stents, superelastic tires for lunar rover, optomet-
ric glass frames, orthodontic braces, etc.”>**.

2.1.2 Shape Memory Effect (SME)

SME is essentially realized through sequential
thermal and stress-induced phase transforma-
tions. Figure 3a illustrates the shape memory
effect of NiTi alloy through the stress—strain—
temperature (c—e-T) diagram®. The three steps
associated with the process are:

i. Forward transformation of austenite into
twinned martensite by cooling, represented
by segment AB in Fig. 3a. Owing to the self-
accommodated variant formations in the
twinned martensite, this stress-free process
is devoid of macroscopic deformation into
the material (see ‘Stage-I and Stage-II' in
Fig. 3b).

ii. Next, elastic deformation of the twinned

martensite (indicated by segment BC)

results through the application of stress.

Subsequently, upon achieving the critical

stress, o™, detwinning (reorientation) of

the twinned martensite commences through
the activation of particular martensitic
CVP. The detwinning process completes at
o‘ME and leads to a strain plateau, Ae,; rep-
resented by segment CD in Fig. 3a. Further
application of stress results to recoverable
elastic deformation of the detwinned mar-
tensite phase, indicated by segment DE in

Fig. 3a. The overall alteration in shape is rep-

resented by ‘Stage-IIT" in Fig. 3b.

.Upon unloading, the deformation of the
martensite phase recovers as evident from
segment EF in Fig. 3a. Finally, upon heating
the detwinned martensite phase to a tem-
perature above A, the backward thermoe-
lastic transformation to the austenite phase
results, as per the segment FA in Fig. 3 (a).
Consequently, the initial shape of the speci-
men is regained, as shown by ‘Stage-IV’ in
Fig. 3b*. This overall phenomenon in SMA
is known as one way shape memory effect
(OW-SME).

=
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Figure 3: a Stress-strain—temperature diagram showing shape memory effect in NiTi-based alloys. b

Macroscopic changes in the material associated with reversible phase transformation , ¢ schematic rep-
resentation of macroscopic changes associated with two-way shape memory effect.

Apart from OW-SME, SMAs can exhibit
two-way shape memory effect (TW-SME) also.
TW-SME refers to the ability of the material to
remember two different shapes both at austenite
phase at higher temperature and at martensite
phase at lower temperature. Figure 3¢ schemati-
cally demonstrates the shape changes associated
with TW-SME in NiTi system. In fact, as per
TW-SME, NiTi alloys can acquire shape change
to the predefined ones even without application
of stress. It is basically achieved by perform-
ing a certain cyclic thermomechanical treatment
known as “training”. Upon repetitive training for
large number of cycles, the microstructure of
NiTi alloys alters significantly. It generates spe-
cific microstructures associated with the stress
field. This stress field directs variants of CVPs to
activate in the temperature-induced martensitic
transformation. It is believed that either residual
martensite or dislocations generated from cyclic
training is the main reason for TW-SME?’.

2.2 Factors Influencing the Deformation
Behavior of the NiTi System

For the practical usage of the NiTi-based SMAs, it

is important to comprehend the factors that criti-

cally control the micro-mechanisms of deforma-

tion. It is observed that any variation in the alloy
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composition, phase constituents, transformation
temperatures, etc. strongly alters the mechanical
performance of the material®*~°, The role played
by each of these factors affecting the deformation
characteristics of the NiTi system are described
briefly:

2.2.1 Composition

It is noteworthy that slight alteration in the com-
position with respect to the equiatomic NiTi alloy
leads to substantial variations in both the PE and
SME characteristics. Figure 4 shows the partial
phase diagram of NiTi system. In NiTi system, the
Ni-rich composition (50.1-52 at% Ni) is known
to depict pseudoelastic properties at room tem-
perature (RT). Excess nickel is noted to strongly
depress the forward (martensitic) transformation
temperatures leading to occurrence of austenite
phase at RT"'. For instance, in case of solution-
ized NiTi alloy, an increase in the Ni content by
1 at% (from 50.6 to 51.6 at%) results to a reduc-
tion in the My temperature from 280 K to below
100 K, thereby making the alloy favorable to
exhibit PE at RT°>**, On the other hand, in case
of the aged alloy, owing to the resistance offered
by precipitate against the dislocation movement,
occurrence of precipitates appears beneficial in
improving the mechanical performance of the
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Figure 4: Partial equilibrium phase diagram of

NiTi system (reproduced with permission from ).

alloy. The Ti-rich NiTi system, however, shows
increased transformation temperature as com-
pared to that for the Ni-rich system, leading to
the stability of martensite phase at RT. Therefore,
Ti-rich systems are preferred for applications that
utilize the SME of the NiTi system®*.

2.2.2 Crystallographic Phases
Unique functional characteristics of NiTi alloy
are controlled by the existence of different crys-
tallographic phases in the alloy as well as their
transformation behavior. In fact, the different
phases of the NiTi system yield distinctly vary-
ing mechanical properties. The range of yield
strength and elastic modulus of the austen-
ite, martensite and R-phases of NiTi alloys, as
determined through uniaxial tensile tests are
mentioned in Table 1. Primarily, three different
phases in the NiTi system play key roles in con-
trolling the functional characteristics and thereby
mechanical behavior of the alloy. Amongst these,
the role of cubic B2 austenite and monoclinic
B19” martensite phases are already mentioned in
the previous sections. In addition, the occasional
occurrence of an intermediate metastable rhom-
bohedral R-phase is also noted in the NiTi system.
Crystal structures of these mentioned phases
in NiTi alloy are shown in Fig. 5a. The parent
austenite phase, stable at a comparatively higher
temperature has the ordered intermetallic struc-
ture of CsCl (space group: Pm3m)*’. R-phase is
the rhombohedral distortion and the martensite
phase is the monoclinic (space group: P2,/m)
distortion of this parent austenite phase®®. The

Q
1ISc
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Table 1: Characteristic properties of phases

present in NiTi system

Elastic
Yield strength modulus
Phase (MPa) (GPa)
Austenite 195-690 41-75
Martensite 70-250 28-41

R-phase 5-25 -

nature and characteristics of transformation
between these phases play a significant role in
defining the overall mechanical behavior of the
NiTi system. Therefore, it is explained in detail
below.

The forward transformation (B2-B19’ or
B2-R) is associated with the reduction in Young’s
modulus and leads to lattice softening of the sys-
tem. Formation of either B19” or R-phase during
forward transformation is solemnly governed
by the thermodynamic and kinematic factors.
Martensite is formed when the thermodynamic
factors control the atomic rearrangement. How-
ever, in some cases, kinematic factors take over
the thermodynamics and form the R-phase. The
presence of the local stress field in the matrix
accounts for this formation. Some instances for
the generation of local stress field includes the
presence of Ni-based precipitates (in aged Ni-rich
NiTi system, as discussed in the next section);
addition of alloying elements such as Fe, Al, Co;
generation of dislocations after cold working, etc.
All these can enable the formation of R-phase®.
In these cases, further cooling/stress is neces-
sary to convert the metastable R-phase into B19’
phase. However, in most cases, the reverse trans-
formation is associated with the direct trans-
formation of martensite back to the austenite
phase. This is termed as a single-stage backward
transformation from B19’— B2. Few exceptions
have been reported where the reverse transfor-
mation is noted to occur via the R-phase. This,
therefore, leads to multiple stage transformation
(B199—R—B2). In general, quenched sam-
ples depict single-step transformation and aged
samples show multiple-step transformations™.
Overall, occurrence of all these phases and their
relative contents at a temperature of interest play
important roles in modifying the mechanical per-
formance of the alloy system.

From a crystallographic point of view, mar-
tensitic transformation in NiTi system is gov-
erned by activation of CVP. In NiTi system, the

J. Indian Inst. Sci.l VOL 102:11211-235 January 2022ljournal.iisc.ernet.in
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Figure 5: a Schematic representation of different phases of NiTi alloy. b Schematic representation of the
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Table 2: Precipitate phases of NiTi system with corresponding crystallographic shape and lattice param-
eters

Precipitate Shape Lattice parameter

Ni,Tis Rhombohedral a=0.67 nm,a=113.9"

NisTi Hexagonal close packed a=2.5505°A,
c=8.3067A°

NiTi, Face-centered cubic a=11.278 X

transformation of the higher symmetric par-
ent cubic phase to the lower symmetric prod-
uct monoclinic phase can occur along any of
24 possible CVPs*. Figure 5b represents the
CVP activation associated with the martensitic
transformation from single-crystal austenite.
Crystallographic parameters of B2 crystal struc-
ture with habit plane normal, n={—0.8889,
0.2152, 0.4044} and transformation direction,
m= <0.4144, 0.7633, 0.4981 >represents one
CVP". On the other hand, the permutation and
combination of these crystallographic param-
eters provide other 23 CVPs that can lead to
a similar transformation of B2 to B19’ phase.
Figure 5b shows the crystal structure changes
associated with the activation of one variant.
In Fig. 5b, n denotes the unit vector normal to
the habit plane, and m denotes the direction
of transformation. The m, and m, denote the
resolved components of transformation strain
along the x and y directions, respectively. Shear
strain component m, leads to shear, whereas m,
denotes expansion of the crystal at a direction
perpendicular to the habit plane®®. The sym-
metric variations and associated transformation
between the parent and product crystal struc-
tures of a particular SMA govern structural and
functional characteristics of NiTi system.

J. Indian Inst. Sci.lVOL 102:11211-235 January 2022 ljournal.iisc.ernet.in

2.2.3 Influence of Precipitates

Changes in the overall composition as well as
the thermomechanical heat treatments adopted
to the NiTi alloy system result to precipitate
formations. Precipitates such as Ni,Ti;, Ni;Ti,
and Ni;,Ti;; are normally noticed to evolve in
the Ni-rich NiTi alloy system. On the contrary,
NiTi, is noted to form in the Ti-rich alloy*' ™.
A heat treatment below 680 °C is generally
adopted to evolve precipitates in the matrix*.
In fact, detailed understanding about the role
of aging parameters in evolving the different
precipitates in NiTi system can be obtained
from the systematic investigations pursued by
Duerig et al.”°. The crystal structure and the lat-
tice parameters of the most commonly observed
precipitate phases for NiTi system are tabu-
lated in Table 2. The presence of these micro- to
nano-sized precipitates generate strain incom-
patibilities with other constituent phases in the
material. Consequently, internal stress develops
in the matrix. The coherency of the precipi-
tate—matrix interfaces along with the distribu-
tion of precipitates within the matrix primarily
govern the amount of stress fields that generate.
Among the different precipitate morphologies,
coherent precipitates are expected to gener-
ate a higher stress field than the semi-coherent
and incoherent ones*. This phenomenon can

@ Springer nnésg

217



218

S. S. Kumar et al.

be better appreciated from Fig. 6. The dot-
ted lines (region A) in the vicinity of the pre-
cipitate in the schematic reveals the existence
of localized stress fields, o, while the matrix
(region B) is devoid of such field. It is notewor-
thy that SIMT proceeds across the zone where
the applied shear stress reaches a critical value
(O'MS) required for the activation of a particular
CVP. Hence, region A surrounding the precipi-
tate is more susceptible to initiate martensitic
transformation in the NiTi matrix, at the first
hand. In other words, precipitates help to
reduce the external shear stress needed for the
transformation'®. Further, stress field around
the precipitate leads to formation of R-phase
by rhombohedral distortion of the cubic phase
austenitic phase®®.

This ease of phase transformation in pres-
ence of precipitates is also reflected in enhanc-
ing/diminishing the corresponding martensitic
transformation temperature as well. Such influ-
ence on the martensite transformation is gov-
erned by the nature of stress state around the
precipitate in the matrix. Mg of the NiTi sys-
tem is expected to increase with the occurrence
of Ni-rich precipitates in the matrix. Further,
localized compositional variation also signifi-
cantly influences the overall characteristics of
the NiTi system. This can also lead to alteration
in the Mg temperature of a particular alloy’.
In fact, precipitates being a different phase in
comparison to the NiTi matrix is not capable to
undergo the unique reversible transformation
features. Practically, an increase in the volume
fraction of the precipitates reduces the capa-
bility of the alloy system to undergo reversible
transformation. Essentially local stress field and
compositional variations modify the functional
properties of the NiTi system'*.

All these unique mechanical and thermal
characteristics of the NiTi system are evident
from its global behavior?'. However, to deploy
SMA in various applications on a sub-micron-
scale, documenting the material behavior on
such a small scale is highly imperative. In this
regard, a significant number of studies have
already addressed the influence of size effect
on the overall performance of traditional alloys
systems*®!. It is observed that, with the reduc-
tion in the size scale, the elastic—plastic system
shows improved strength®*™*. Nevertheless,
apart from the conventional mechanisms, the
reversible martensitic transformation plays a
significant role in controlling the mechanical
response of the NiTi system, as well. Various
attempts in this regard are mentioned below.
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Figure 6: Schematic demonstration of the precip-

itate acting as the local (internal) stress field add-
ing up with the applied (external) stress

3 Assessment of Small-Scale
Deformation Behavior of NiTi System
Considering the increasing usage of NiTi-based
SMAs for miniaturized devices and appliances,
this particular section focuses on review-
ing the state-of-the-art research on the (sub)
micro-scale shape memory characteristics and
mechanical performance of the material. It
is, however, noteworthy that precise charac-
terization of the properties at such small scale
are limited to a fewer techniques, owing to the
complications in the experimentation method-
ologies*®. Amongst these, (i) Micro-pillar com-
pression and (ii) Nanoindentation are the most
widely adopted characterization methods for
the same. While the former applies an uniaxial
mode and maintains a constant area throughout
the experiments, the latter accounts for triaxial
state of stress beneath the indenter tip with a
varying contact area. These two techniques in
general are designed to extract the nature of
elastic and plastic activities in any materials.
However, implementing these characterization
tools for the NiTi system need special attention.
This is particularly because the occurrence of
SIMT in the alloy complicates the elementary
deformation modes. Furthermore, it is impor-
tant to develop a thorough understanding on
the effect of decreasing size scale on the SIMT
and PE behavior of NiTi-based SMAs. Several
scientific investigations have been pursued on
the NiTi system in the last two decades. Selected
studies that have impacted the field largely and
succeeded in generating important insights are

discussed here.

ssssss J. Indian Inst. Sci.l VOL 102:11211-235 January 2022ljournal.iisc.ernet.in



3.1 Micro-pillar Compression Test
of NiTi-Based SMAs

Recent advancements in the fabrication process
with precise control on critical dimensions have
made experimental execution at sub-micron
length scales practically feasible. Uchic et al. were
the first to demonstrate a novel technique for
estimating the small-volume mechanical behav-
ior of materials by virtue of uniaxial compres-
sion of micro-pillars®. Focused ion beam (FIB)
is the prime technique to fabricate micro-pillars
of required dimensions from the bulk materi-
als. This technique uses a high-energy ion beams
(Ga™, Xe', He") which are bombarded on the
sample of interest to sputter on the uppermost
layer of a material. This experimental method is
based on milling of micron-sized pillars of diam-
eters varying in the range of 140 nm-5 pm with
an aspect ratio (height to diameter) of 2-3*~
315538 1y general, Ga™ ion is used to machine
the micro-pillar with diameter of nanometer
ranges. Subsequently, compression of the pillars
in a nanoindenter with a flat diamond punch is
executed and the corresponding deformation
responses are recorded. Accordingly, the mechan-
ical properties of the material of interest are esti-
mated. This whole method of the experiment is
in similitude with the traditional uniaxial test in
terms of the absence of strain gradient during the
deformation.

Various scientific groups have reported on
micro-pillar compression tests, often combined
with subsequent theoretical analysis, to evalu-
ate the martensitic transformation behavior of
SMAs*"*>¥-61 " These previous investigations
mostly considered the pseudoelastic strain range
and the corresponding size and orientation
effects therein. In pseudoelastic NiTi systems,
a study based on the size scale was initiated by
Frick et al.”>. Compression tests on aged NiTi
alloy were executed by them typically on micro-
pillars of diameters varying over a wide range,
from a few tens of microns down to less than
200 nm. This study had shown the influence of
Ga' ion in modifying the micro-pillar surface
and thereby influencing the property assess-
ment. Most importantly, the investigation by
Frick et al. is pioneer in revealing many unique
features in stress—strain curves as an indica-
tion of functional activity in the NiTi system
at the sub-micron scale™. For example, signifi-
cant strain recovery along with hysteresis in the
stress—strain curve confirmed the pseudoelas-
tic activity in the material, even at such a small
scale. Nevertheless, the stress—strain character-
istics of the NiTi system in (sub) micron scale
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was observed to be drastically different from the
corresponding macro-scale behavior. In case of
the former, the martensitic transformation was
observed to initiate at significantly higher stress
(>1000 MPa) as compared to the reported
value for the macro-scale (300-500 MPa)'’~%°.
In addition, substantial plasticity generated in
micro-pillar with a diameter less than 200 nm,
upon deforming up to the same extent. On the
basis of this systematic study, it was concluded
that diameter of 200 nm as the critical limit for
the activity of SIMT mechanism in the NiTi
system. Figure 7 highlights the stress—strain
behavior of NiTi alloy, using micro-pillar com-
pression test depicted by Frick et al.””.
Contradictory to this study, occurrence of
SIMT during compression of pillars with diame-
ters even <200 nm was confirmed with the aid of
in situ transmission electron microscopy (TEM)
and diffraction pattern analyses®. Figure 8a, b
highlight the TEM image of micro-pillar com-
pression and associated phase changes during
the deformation of NiTi system. Accordingly, Ye
et al. investigated the small-scale deformation
behavior of the NiTi system through micro-pillar
compression test™. They varied the diameter of
the pillars in the range of 140-200 nm. The pre-
cipitate-free NiTi system in the fully austenitic
phase was used for this particular study. Such an
alloy is most adequate to reveal pseudoelasticity.
Additionally, Ye et al. implemented in situ TEM
along with micro-pillar compression to record
the microstructural changes associated with the
phase transformation and its reversibility in a
more reliable manner”®. This complimentary
technique provided reliable evidence for the evo-
lution of SIMT in the NiTi system even for a size
scale below 200 nm and revoked the observation,
reported by Frick et al.”. It is noteworthy that
the misinterpretation of deformation behavior of
NiTi alloy by Frick et al. was mainly due to the
inability in differentiating the signature of SIMT
and the noise present in data while using the ex
situ micro-pillar test”>. On the other hand, Ye
et al. had overcome it by continuously evaluating
the diffraction patterns during the compression
of micro-pillar in in situ TEM mode”. Further,
multi-step transformation was observed during
the loading of the micro-pillar. Nevertheless, it is
noted that, while ex situ tests can be misleading,
in situ tests, by virtue of direct observation, are
advantageous in characterizing the stress-induced
deformation mechanisms in SMA. In situ micro-
pillar bending studies have also been performed
by different groups on NiTi alloy both with and
without precipitates. The primary aim was to
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Figure 7: Stress—strain behavior of NiTi system obtained upon compressing micro-pillars of varying diam-

eters and aging conditions (reproduced with permission ).

study the effect of different initial microstructures
on small-scale pseudoelasticity of the alloy*”¢>%,

Overall, SIMT was noted to instigate at a
much higher stress during micro-pillar com-
pression in comparison to that observed from
bulk-scale testing. The fully recoverable strain
limit was estimated to be as high as 15% at the
nano-scale™. It is noteworthy that almost double
the strain recovery with a reduction in size scale
is strongly influenced by the deformation of the
substrate below rather than from micro-pillar
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itself. Hence, the experimental artifacts in modi-
fying the true characteristics of the material
should be well considered as well.

In addition to this experimental evaluation,
Paul et al. investigated the crystallography—micro-
structure correlation of NiTi system in small
scale®®. This simulation-based study analyzed the
influence of grain size as well as crystallographic
orientations on the deformation response of NiTi
micro-pillar. A steep strain gradient is observed in
case of the large grain sized (421 nm) micro-pillar
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Figure 8: TEM bright field image of FIB milled NiTi micro-pillar a before and b after compression up to
engineering strain of 20%. Insets in the figures reveal the diffraction spots corresponding to a B2 aus-
tenite phase and b B19’ martensitic phase (reproduced with permission from ), ¢ stereographic triangle

representing the transformation stain produced in differently oriented grains with respect to loading axis,
(d) micro-pillar with cold-rolled, and e random texture. In both the specimen, the white region shows the
deformation (reproduced with permission from ).

as compared to that noted for smaller grain sized
(86 nm) pillar. It was demonstrated that such
variation in the degree of strain within the micro-
pillar is related to the variation in the deforma-
tion levels adjacent to the grain boundary as well
as at the interior. Since grain boundaries act as
potential sites for the initiation and propagation
of deformation mechanism, the overall extent
of deformation is noted to be significantly influ-
enced by the grain size of the NiTi system. More-
over, variation in transformation strain (&,,,,)
along the different crystallographic orientations
of the micro-pillar is studied next. Figure 8c high-
lights the color-coded stereographic triangle rep-
resenting &,,,,, for each grain. This study clearly
points out that randomly textured micro-pillar
deforms to a higher extent in comparison to that
noted for a cold-rolled texture. This is apparent
from Fig. 84, e.

In another attempt, the influence of crys-
tallographic orientation on the stress—strain
characteristics of the NiTi system was sys-
tematically examined by Pfetzing et al.’®. This
study primarily focused on compressing the
principal orientations of NiTi system. The idea

J. Indian Inst. Sci.lVOL 102:11211-235 January 2022 ljournal.iisc.ernet.in

was to assess the role of orientation of the aus-
tenitic phase on the deformation response
of the alloy. Micro-pillars machined from
the<111>,<101>and<001 > orientations of
Ni-rich NiTi alloy, were compressed to reveal
unique observations as highlighted in Fig. 9. A
significant anisotropy in stress—strain behavior
resulted with variation in the crystallographic
orientation. It is noted from this study that
hysteresis in stress—strain curve, onset of mar-
tensitic transformation as well as estimated
elastic moduli, etc. alter with variation in the
crystallographic orientations. For instance,
micro-pillars with<001>and <101 > orien-
tations deform with a distinct indication for
SIMT in the corresponding stress—strain curves.
In contrary, occurrence of SIMT is not so dras-
tic and apparent for<111> orientation. Also,
complete strain recovery is never attained in
micro-pillar  orientated along<111> direc-
tion. These observations suggested that
while <001 >and < 101 > crystallographic  ori-
entations are suitable for the occurrence of
SIMT, < 111> orientation is mostly in favor to
activate dislocation-mediated plasticity during
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Figure 9: Stress—strain behavior of NiTi system obtained upon compressing micro-pillars, fabricated on

principle orientations (reproduced with permission from ).

the deformation. In this regard, the investiga-
tion pursued by Pfetzing et al. highlighted the
influence of crystallographic orientation on the
deformation behavior of NiTi system in sub-
micron scale®®. This orientation related dispar-
ity in the stress—strain behavior of NiTi system
is expected to be controlled by the inherent
phase transformation mechanism. In fact, vari-
ation in strains for CVP formation and CVP
detwinning between different crystallographic
orientation is primarily reported from tradi-
tional uniaxial test for NiTi system®”.

Apart from these major studies, several other
research groups have also investigated the small-
scale deformation response of pseudoelastic NiTi
system through micro-pillar compression®%%,
Most of the studies in general agree with the
aforementioned observations.

3.1.1 Challenges Associated with Micro-pillar
Compression Test

The role of niche testing facility such as micro-

pillar compression in evaluating the small-scale

deformation behavior of NiTi-based SMAs is
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illustrated in the previous section. However, it
is equally important to comprehend the chal-
lenges associated with this process: in terms of
sample preparation and testing. At the first hand,
the necessity of high-end facilities such as FIB
for sample preparation and difficulties to obtain
a precise micro-pillar has restricted the usage of
such testing techniques, in general. Pillar taper-
ing, surface damage, implantation and gallium
damage are the most commonly reported issues
during the preparation of micro-pillar. In addi-
tion to this, buckling/bending of pillars and
errors in the alignment of the flat indenter punch
are reported to influence the final stress—strain
curve generated from the micro-pillar test*®. Few
reported issues in micro-pillar test are briefed
here.

3.1.1.1 Pillar Tapering In general, it is
extremely challenging to machine a micro-pillar
with a uniform diameter throughout the length.
A tapering of the pillar configuration results upon
fabrication. This leads to a gradual increment in
the diameter of the pillar from the top to the base.
Hence, a non-uniformity in the applied stress level
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prevails at the different sections of the pillar, which
violates the uniaxial condition*®, In practice, stress
is usually estimated considering the diameter of
the top section of the micro-pillar, resulting to an
overestimation for the characteristic strengths*.
In fact, considering the size scale of the pillar, even
slight tapering of the sample results in a signifi-
cant misinterpretation of the material behavior.
This certainly influences estimating the true pseu-
doelastic characteristics of the material™.

3.1.1.2 Formation of Ga*-Implanted Sur-
face Ga' ion is used for machining the micro-
pillar from the material of interest. However, in
the process, Ga* ion is prone to get implanted on
the micro-pillar surface. This may in turn, modify
the surface characteristics of the sample®®. It is
noteworthy that even with the application of a
minimal beam current (~50 pA), absorption of
Ga* on the sample surface is observed. A fractog-
raphy study by Frick et al. reported occurrence of
a thin layer (~ 17 nm) of Ga™ on the surface of the
NiTi micro-pillar®. This additional layer imparts
some amount of strain upon deforming the pillar.
Consequently, the precise pseudoelastic character-
istics of the NiTi system is hampered.

3.1.1.3 Misalignment of Micro-pillar and Flat
Punch To obtain a gradual activation of dif-
ferent deformation modes in the material, strain
gradient should be avoided. This can be realized
through the uniaxial deformation of pillars by
maintaining the proper alignment between the
pillar surface and flat punch. Any error in align-
ment during the experimentation can alter the
uniaxial stress state into multi-axial, thereby lead-
ing to misinterpretation of the mechanical prop-

erties™.

3.2 Nanoindentation (NI)

Considering the experimental simplicity, NI tech-
nique has been widely utilized for characterizing
the localized deformation behavior of the mate-
rial. The high-resolution depth-sensor attached
to the nanoindenter controls the deformation
zone in sub-micron scale. Correspondingly, con-
tinuous variation in the indentation load (P) vs
indentation depth (h) responses of the material
are recorded when the specimen surface is pen-
etrated by the rigid indenter. These responses are
utilized to estimate the mechanical properties
of the studied material. In general, mechanical
properties like hardness (H) and elastic moduli
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(E) are calculated using NI*°. However, studies in
later stages explored the potential of NI in evalu-
ating the residual stress, dislocation density, phase
transformation characteristics, shear band forma-
tion etc. from the P—h curve’’”% Several studies
are also performed in a different line to evalu-
ate the functional behavior of NiTi-based shape
memory alloys using NI77°. A few such pioneer-
ing studies are highlighted here:

3.2.1 Characterization of SME Behavior Using NI
NI has been employed as an important tool to
characterize SME for NiTi thin films. Shaw et al.
investigated the properties of NiTi thin films by
nanoindenting at different load levels ranging
from 0.5 to 8 mN’*. The indent impressions were
captured using atomic force microscope (AFM),
shown in Fig. 10a. Subsequently, the specimens
were heated to 200 °C, i.e., above its A; tempera-
ture (70 °C) for 30 s. Consequently, the indenta-
tion stress-induced martensite phase reverted
back to the austenite phase. Eventually, the indent
impressions also disappeared, as evident from the
corresponding image, presented in Fig. 10b.

Furthermore, stress-assisted deformation and
temperature-induced shape recovery character-
istics for martensitic NiTi thin films, subjected
to not only nanoindentation but also nano-wear
and nano-scratch tests were reported by Crone
et al.”’. Figure 10c, d shows the AFM topographi-
cal maps of nano-scratch before and after heat-
ing, respectively. It is apparent from the figure
that scratch marks recovered to a large extent
post-heating. In another study, Li et al. tried to
estimate the A; temperature of NiTiHf alloy by
performing NI tests over a temperature range
varying between 30 and 340 °C’®. It was noted
that hardness increased significantly from 2.8
GPa at 205 °C to 3.47 GPa at 230 °C. This signi-
fied that the low-temperature martensite phase
transformed to austenite phase. They also pro-
posed a technique to detect the transformation
temperature using spherical indentation tech-
niques. According to this technique, the particu-
lar temperature over a range that corresponds to
the highest indentation depth during heating and
cooling are considered as A; and M; respectively.
On the other hand, all the transformation tem-
peratures were further determined by calculating
the corresponding work recoverability ratio dur-
ing heating and cooling, as well’®.

Apart from these studies, Zhang et al. inves-
tigated the TW-SME in NiTi alloy by imple-
menting indentation with the ball and clamp
method”. They clamped a tungsten carbide ball
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Figure 10: AFM topographical maps of nanoindentation a before and b after heating a NiTi-based alloy
specimen (reproduced with permission from ). AFM images of nano-scratch ¢ before and d after heat-

gle}

into the NiTi specimen up to an indentation
depth of 170 pm. Next, the whole fixture was
kept in an oven for 2 min to reach a tempera-
ture of 4234+10 K. Further, it was quenched
in ice water for 2 min to complete the train-
ing cycle. The 3D indent profile during heating
and cooling were observed using optical sur-
face profilometer and shown in Fig. 11a. The
cross-sectional profiles of the heated and cooled
indent impressions are shown in Fig. 11b. It is
noticeable from the figure that heating to a tem-
perature of ~400 K results to austenite phase,
thereby leading to a significant depth recovery.
Similar observations were also made by Fei et al.
upon indentation and planarization of NiTi
alloys?’. They reported that martensitic NiTi
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alloys exhibited TW-SME when representative
strain, i.e., ratio of the indent impression radius
to the indenter radius (a/r) exceeded 0.25. The
spherical indent impression appears to be shal-
low when the NiTi alloy is heated. On the other
hand, the impression deepens upon cooling.
Along with these studies, various literatures are
available on characterizing SME in NiTi alloys
and are in good agreement with these observa-
tions and theory®*®!,

3.2.2 Characterization of PE Behavior Using NI

For developing a deeper understanding about the
small-scale deformation characteristics of NiTi
alloys, Gall et al. employed instrumented micro-
indentation on precipitated alloy system®. They
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have also complemented the investigation with
thorough microstructural observations through
TEM. The influence of different size scales (10—
500 nm) of precipitates on the overall indentation
response of the pseudoelastic NiTi system were
systematically studied by them. The properties
estimated using the P-h curve, such as Vickers
hardness (Hy) and recoverable energy (E,), were
used as the prime parameters to assess the degree
of structural and functional behavior in the NiTi
system. In fact, these properties indicate about
the role played by dislocation-mediated plasticity
and reversible stress-induced martensitic trans-
formation in the deformation characteristics of
NiTi system. Overall, higher values of Hy and
E, account for the superior structural and func-
tional properties, respectively. Among the vari-
ous precipitated NiTi system investigated in this
study, a combination of highest Hy and E, values
were noted for NiTi alloy having smaller pre-
cipitates of size~ 10 nm. The superior structural
property for the alloy was attributed to the resist-
ance exerted by the precipitate phases against the
dislocation movement. On the other hand, the
stress field around the precipitates reduced the
critical applied stress required for SIMT. Pres-
ence of optimum sized precipitates thereby led to
improved pseudoelasticity.

Nevertheless, a reduction in E, was noted for
the same NiTi alloy with intermediate precipi-
tate sizes varying over 50-300 nm. It was noted
that the presence of precipitates influenced the
thermal characteristics of the alloy system, as
well®2. This in turn is related to the reduction in
functional mechanism in the NiTi system with
an increase in the precipitate size. In fact, the
thermal characteristics revealed a higher trans-
formation temperature for the NiTi alloy with
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intermediate-sized precipitates in comparison to
that for the small-sized one. Hence, the degree of
reversible austenite to martensite transformation
diminished and reduced the functional activities
in the NiTi system, in case of the former.

Furthermore, Gall et al. analyzed the inden-
tation response of the NiTi system consisting of
significantly coarser precipitates of size ~500 nm
as well®”. Interestingly, such large-sized precipi-
tates were noted to improve the structural and
functional properties in the NiTi system. In fact,
NiTi alloy with coarse precipitates underwent
phase transformation at a lower temperature than
that for the alloy consisting of intermediate-sized
precipitates. It was realized that the large precipi-
tates actually restricted the dislocation motion
considerably and favored reversible SIMT activity
within the indentation volume leading to simul-
taneous improvement in structural and func-
tional properties at the same time. This disparity
in the overall mechanical response of aged NiTi
alloy consisting of different precipitate sizes origi-
nated from the variation in the size and shape of
the precipitate morphology. This influenced the
associated stress fields in the matrix. Overall, such
a systematic study revealed the complex relation-
ship between the mechanical behavior, micro-
structural features, and thermal characteristics of
the NiTi system at the small scale. Certainly, such
precise assessment benefitted in developing the
thorough insight about the deformation micro-
mechanism for NiTi alloy.

In another approach, Pfetzing et al
investigated the influence of crystallo-
graphic anisotropy on the indentation
response of the NiTi system®’. Accordingly,
Berkovich indenter-based NI were per-
formed on individual grains with respective
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Figure 12: |oad-displacement curves obtained upon nanoindenting grains oriented along three principal

directions<001>,<101>and < 111> for a austenitic NiTi (B2 crystal lattice) and b NiAl (B2 crystal lattice)
alloys (reproduced with permission from ).

surface normal parallel to the principal orien-
tations:<111>,<110>and<100>. Further-
more, they attempted to compare the unique
pseudoelastic behavior of NiTi alloy with the
typical elastic—plastic deformation trend for
NiAl system. Figure 12 highlights the P-h
responses for both the alloys. It is apparent from
the Fig. 12a that the NiTi system depicted a
strong orientation dependence in NI response.
In fact, the applied load required to attain the
desired indentation depth of 200 nm was noted
to vary distinctly for the three different prin-
cipal grain orientations. It is noteworthy that
the <100 > orientation required higher indenta-
tion load than that for<110>and<111> ori-
entation. Significant depth recovery was also
observed from the P-h curve of the NiTi sys-
tem in comparison to that for the NiAl system.
In fact, strong dependence of SIMT activity on
the anisotropy of crystallographic orientation
was evident from this investigation. Further-
more, the role played by stress triaxiality asso-
ciated with NI was also highlighted by them in
comparison to that for uniaxial micro-pillar
compression®. In contrary, no prominent influ-
ence of crystallographic orientation on the
indentation response was evident for the NiAl
system. The alloy also showed significantly low
depth recovery, as a characteristic for conven-
tional elastic—plastic system (Fig. 12b). All these
experimental observations and the predicted
micro-mechanisms were validated by molecu-
lar dynamic simulations and TEM-based post-
indentation analysis as well.

Furthermore, Laplanche et al. investigated the
orientation dependency of SIMT in NiTi alloy
using nanoindenter with axisymmetric spherical
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indenter (R=5 pm)®!. Similar to the previous
study, principal orientations were considered for
this investigation as well. In addition, a post-
indentation analysis was performed by implement-
ing AFM on the residual impression. This revealed
the microstructural changes owing to indenta-
tion. Interestingly, it was noted that the residual
imprints obtained upon indenting along the ori-
entations [001], [101], and [111] showed variation
in the symmetries. Figure 13 highlights different
residual imprints captured from the principal ori-
entation. These microstructural features, however,
diminished upon heating the indented specimens
above A It was also observed that SIMT forma-
tion played an important role in sink-in formation
in the NiTi system upon indentation, rather than
inducing dislocation activities. The role of crystal
orientation and SIMT in controlling the deforma-
tion mechanism and functional characteristics for
the NiTi alloy are thereby further confirmed by
these systematic investigations.

Apart from these highlighted studies, numer-
ous research groups have explored the mechanical
and functional behavior of NiTi-based SMAs at
micron scale by implementing NI. These studies
attempted to develop fundamental understanding
about the micro-mechanisms associated with the
deformation characteristics in the NiTi system
by interpreting the P-h response with associated
microstructural changes. However, quantitative
assessment along with direct and prominent evi-
dence of the SIMT characteristics from the P-h
curves seemed challenging from these studies.
This is primarily because deformation behav-
ior of any material is conventionally assessed
from the corresponding stress—strain behavior.
In this regard, the recent efforts by Sujith et al.
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Figure 13: Optical micrographs of remnant indents from a [001], b [101] and ¢ [111] oriented grains.
Corresponding AFM images are shown in d, e and f, respectively. Optical micrograph showing g sink-in

after nanoindentation tests and h disappearance of sink-in after heating above A;. i Corresponding AFM
depth profiles are also shown (reproduced with permission from ).

is mention worthy to bridge the gap and gener-
ate the stress—strain curves from NI of NiTi alloy

system'®.

3.2.3 Evidence for SIMT from Nanoindentation
P-h Curve
In the first attempt, the NI-based deformation
response of not only NiTi system but also tradi-
tional and widely used ferrous and non-ferrous
metallic systems such as ferritic stainless steel and
aluminum were thoroughly explored and com-
pared®. Interestingly, unique P-h characteristics
with distinctly different slope, particularly during
unloading was noted specifically for the NiTi sys-
tem. Variation in the normalized indentation load
vs. depth of penetration for all the studied alloys,
nanoindented up to the same load level, using

J. Indian Inst. Sci.lVOL 102:11211-235 January 2022 ljournal.iisc.ernet.in

spherical tips are presented in Fig. 14a. Such nor-
malization of unloading indentation load and
indentation depth with corresponding maximum
limit is widely employed to understand the role of
different deformation mode on the indentation
response of different materials®. The anomalous
trend observed in case of NiTi alloy was attrib-
uted to the indentation-induced reversible aus-
tenite to martensitic phase transformation. A
distinct evidence for the functional activity in the
NiTi system in comparison to that for other fer-
rous and non-ferrous metallic systems was appar-
ent from this investigation.

Furthermore, the research group intended to
develop a NI-based protocol suitable for thor-
oughly characterizing the pseudoelasticity in
NiTi system at small scale. This systematic study
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Figure 14: a Normalized instantaneous indentation load vs. normalized instantaneous remnant depth
of indentation for NiTi alloy while nanoindented using spherical indenter (reproduced with permission

from ). b Variation in depth recoverability ratio with

Prax using Berkovich and spherical indenter tips. ¢

Schematic representation of P-h curve showing primary and secondary recoverable depths and d sche-
matic representation of indentation volume generated using spherical indenter (reproduced with permis-
sion from ).

involved different geometry and sizes of indenter
tip for nanoindenting NiTi alloy using varying
load levels. Geometrically self-similar sharp Berk-
ovich indenter as well as blunt spherical indenter
with three different tip radii were used. To com-
prehend the overall indentation response of NiTi
alloy with different indenter configurations,
depth recoverability was measured from the P-h
curve. Estimation of this parameter accounted
for a quantitative assessment for the degree of
reversible mechanism. In case, the NiTi specimen
was indented using a Berkovich tip, significantly
lower depth recoverability (~45%) was noted.
In fact, usage of sharp indenter led to dominant

@ Springer a

dislocation activity. Consequently, the reversible
phase transformation based recoverable mecha-
nism subsided. On the contrary, depth recov-
erability as high as~94% was achieved upon
indenting the same alloy up to the same P, but
with a blunt spherical indenter having tip radius
almost three orders of magnitude higher (see
Fig. 14b). This observation indicated that con-
ventionally used Berkovich indenter was not suit-
able for analyzing the deformation, particularly
shape memory characteristics of the NiTi system.
On the other hand, spherical indenter was apt to
minimize the role of dislocation in the indenta-
tion volume and thereby to effectively assess the
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recoverable pseudoelastic mechanism for NiTi
alloy. In other words, the study rightly highlighted
that the dominance of the SIMT-induced pseu-
doelasticity or the dislocation-mediated plastic-
ity within the deformation volume was primarily
controlled by the indentation parameters.

Based on this understanding, the authors
focused to identify the optimum indentation
parameters for assessing pseudoelasticity in NiTi-
based SMA. NI was performed on the homog-
enized alloy using spherical indenter tip of radius,
R ~10, 20, and 50 pm as well as varying maximum
indentation load, P,,, of 1-7 mN. Critical analy-
sis of the P-h response for the alloy indicated
that the dominant deformation mechanism can
be differentiated into three categories: (i) elas-
tic, (ii) pseudoelastic and (iii) plastic. In fact, the
theoretical prediction of the P-h response based
on the Hertzian relation was used to quantify the
transition between the elastic to the pseudoelas-
tic mechanism in the alloy, as illustrated through
Fig. 14c. In the Figure, P_; indicates the onset
of SIMT in the indentation volume, and hy y;pg
signifies the depth of indentation purely influ-
enced by SIMT. The authors performed a similar
analysis on the P-h curve generated from varying
indenter parameters and quantified the extent of
different deformation modes present in the vicin-
ity of the indenter. The deformation zones within
the indentation volume are schematically shown
in Fig. 14d. Also, strain-induced into the material
in each case was estimated. Based on this quanti-
tative analysis, the optimized indentation param-
eters, suitable for inducing prominent SIMT
mechanism, resulting to significant depth recov-
ery (>90%) were identified. Indentation using
spherical indenter tip of R=20 pm and P, of
5 mN was confirmed as the best combination
of parameters to assess the pseudoelasticity in
the NiTi system. The study was first of a kind to
report that pseudoelastic characteristics of NiTi-
based system can be best appreciated only upon
utilizing the optimized indentation conditions.

3.2.4 Converting P-h Curve to Indentation Stress—
Indentation Strain Response
Subsequently, utilizing the optimized indentation
parameters, a tailored protocol was formulated to
convert the recorded P-h data into an indentation
stress—strain (oj,4—€;,q) curve, particularly suit-
able for pseudoelastic NiTi system'®. This novel
protocol has been developed based on the pioneer
study by Pathak et al. on generating the 6;,4—¢;,4
curve of traditional elastic—plastic system® =,
In the analytical part, prior to conversion of P-h
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curve into o,,4—¢€;,q4 curves, any effect of experi-
mental artifact on the nanoindentation response
was eliminated by pursuing ’zero-point correc-
tion’ Subsequently, P-h data were converted into
indentation stress (o;,4)—indentation strain (&, )
using the following relation,

P hy
O; = —F & =
ind = g2’ T T o ag

(1

a = ~/Rh. (2)

This relationship was originated from the clas-
sical Hertzian elastic contact mechanics theory'.
It is noteworthy that in traditional metallic system,
the Hertzian relationship is valid up to the elastic
limit, which can be judiciously used to predict the
offset for the onset of SIMT in case of NiTi-based
SMAs. This insight was utilized to generate inden-
tation stress—strain curve for the alloy revealing all
unique deformation features of pseudoelastic NiTi
system including transformation strength, Ae,
strain recovery, etc. as shown in Fig. 15a.

Further, this novel protocol was successfully
utilized to trace the pseudoelastic characteristics
of Laser Engineered Net Shaping-based additively
manufactured (AM) NiTi system90. In this par-
ticular study, three different NiTi coupons pro-
duced using varying combination of processing
parameters were investigated. Accordingly, along
with the assessment of conventional mechani-
cal properties such as H and E, using traditional
micro- and nanoindentation with sharp indenter,
indentation stress—strain curves were also gener-
ated from the spherical nanoindentation. Inter-
estingly, it is observed that the measured H using
sharp indenter did not show any noticeable vari-
ation with different processing condition for NiTi
alloy. This is particularly noted upon employing
indentation loads in macro-level. However, dis-
tinctly different trend was noted upon employing
spherical nanoindentation-based investigation.
This becomes particularly evident from the o,
€, curves. Schematic representation of oy, 4—¢€;.4
curve illustrating the critical forward (o) and
backward transformation (oy,q) stresses as well
as the range of maximum (e,,,,), permanent (&p)
and recoverable (&) strains are shown in Fig. 15a.
Variation in the o;,4—¢;,4 curves for the three dif-
ferent NiTi coupons produced with increasing
laser energy densities are presented in Fig. 15b—d,
respectively. Interestingly, evidence of pseudoelas-
tic properties were noted only for the NiTi cou-
pon manufactured with a specific combination of
AM parameters. The study further validates the
importance and applicability of characterizing
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stress—strain behavior of NiTi alloy at small
scale, through NI for assessing the deformation
micro-mechanisms.

All these studies have essentially paved the way
to characterize the NiTi system at sub-micron
scale. Particularly, the latest development of NI
using spherical indenter and its post-indentation
analysis specifically for the PE-NiTi system is
considered as a breakthrough for broader investi-
gations at such a small scale.

3.3 Challenges in Micro-mechanical
Testing of NiTi-Based SMA

The previous sections have highlighted the
remarkable studies in the field of small-scale test-
ing on NiTi-based shape memory alloys. These
research attempts have certainly provided a scien-
tific basis to comprehend the micro-mechanism
behind the shape memory properties of NiTi-
based system. However, it is important to under-
stand that implementing a characterizing tool
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like micro-pillar compression and nanoindenta-
tion is associated with a number of challenges.
As elaborated earlier, fabricating and deforming
the micro-pillar requires sophisticated equip-
ment and utmost care. This practical difficulty
has restricted the handy usage of micro-pillar
tests in most of the research studies in the field of
shape memory alloys as well as on the other alloy
systems. On the other hand, recent development
in nanoindentation with a tailored protocol for
generating the o;,4—¢€;,q4 curves is observed to be
a substitute to micro-pillar compression test. In
this nanoindentation-based approach, all major
signature characteristics of pseudoelasticity, as
evident from the conventional uniaxial test are
replicated in the o;,4—¢;,4 curve. Even though, the
existence of the multi-axial state of stress along
with constraint nature of the nanoindentation
leads to overestimation of transformation prop-
erties in comparison to conventional uniaxial test.
Such anomaly and restrictions in the assessment
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techniques lead to uncertainty in the evalua-
tion process at small scale. Future studies should
be directed to address these disparities for the
complex system of NiTi. The variation between
the properties, assessed upon applying uniaxial
stress through conventional tensile/compression
tests and multi-axial state of stress, generated by
nanoindentation will be informative from a sci-
entific point of view.

Requirement of optimized indenter tip is con-
sidered as the practical limitation in implement-
ing a novel nanoindentation-based protocol for
future studies on pseudoelastic NiTi systems.
Furthermore, it is crucial to understand that
micro-pillar compression and nanoindentation
are compressive in nature. Therefore, a charac-
terization tool that can provide the tensile char-
acteristics on a small scale has the potential to
provide a more scientific basis to this shape mem-
ory system. It is imperative because asymmetry
in tension—compression behavior is reported in
a number of studies on NiTi system”'. Neverthe-
less, the development of an experimental method
with the capability to assess fatigue behavior has
huge importance for the wider deployment of
alloy in miniaturized applications.

4 Summary

The article presents an extensive review for
the deformation behavior of NiTi-based shape
memory alloys, assessed through micro-mechan-
ical testing. Flementary mechanisms behind the
shape memory properties of the NiTi system are
elaborated in detail to develop an insight about
this unique material system. Evaluation of the
structural and functional characteristics of NiTi
alloy at the sub-micron scale, pursued through
micro-pillar compression and nanoindentation-
based investigations and the associated micro-
mechanism of deformation are reported in this
article. It is noted that the stress—strain curves,
obtained from micro-pillar compression reveal
significant strain recovery for NiTi alloys, thereby
confirming the pseudoelastic characteristics even
at micron- and sub-micron scale. The state-of-
the-art research investigating the influence of
crystallographic orientation, presence of precipi-
tate phases and even specimen size on this pseu-
doelastic behavior at the micro/nano-scale are
highlighted. Nevertheless, micro-pillar compres-
sion test is associated with challenging specimen
preparation technique that affects the character-
ized properties as well. On the other hand, user-
friendly nanoindentation technique has gained
a wide applicability to assess the mechanical
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behavior of NiTi-based shape memory alloys
at the micro- or even sub-micro-scale. Several
groups have attempted to explore the differ-
ent properties of the NiTi system by varying the
experimental parameters including indenter tip
configurations as well as indentation load, depth
of penetration etc. Interestingly, such flexibility
in nanoindentation technique has been evolved
to a stage to generate stress—strain characteris-
tics for the NiTi system along with conventional
hardness and elastic moduli measurement. This
development in the nanoindentation technique
is a breakthrough for the characterization of
the pseudoelastic NiTi system at a small scale. A
detailed overview about the micro-mechanisms
of the deformation behavior of NiTi-based shape
memory alloys can be obtained from this review.
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