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Abstract Due to latent heat release and the consequent

thermomechanical coupling, NiTi SMAs are highly rate

sensitive. In this study, the effect of loading frequency on

the functional characteristics of superelastic NiTi is

explored under fatigue loading. The variation and interplay

between the elastocaloric temperature change, forward/re-

verse transformation stresses, residual strain accumulation

and hysteresis were studied for single crystals compressed

along the h011i and h001i loading orientation. It is shown

that the functionality of NiTi is better at higher loading

frequency due to reduced hysteresis and the functional

degradation is linked to transformation induced plasticity

in the austenitic domains. TEM investigation reveals

transformation induced parallel dislocations not only on the

widely reported h100if011gB2 slip system but also on the

h111if011gB2 slip system. The source of these dislocations

is traced to the type II and type I internal twins of the

martensite correspondent variant pair (CVP) via lattice

correspondence, respectively. Moreover, it was observed

that these dislocations pile-up at the precipitate-B2 inter-

face and activate slip and/or shear into the precipitates.

This is yet another functional degradation and dissipative

mechanism that has not been reported before.

Keywords Functional fatigue � Superelasticity � Internal

twins � Dislocations � Martensite

Introduction

NiTi is one of the most successful shape memory alloys

(SMA) of today. Its unique functional properties enable

them to be employed in wide range of engineering appli-

cations such as biomedical stents, active/passive damping

of vibrations, solid state actuators and elastocaloric cool-

ing, to name a few [1–6]. Under the right temperature

condition, an austenitic to martensitic phase transforma-

tion, resulting in large strain accommodation, can be

achieved by the application of an external load. Reversal of

this phase transformation by unloading (superelastic effect)

or unloading followed by heating (shape memory effect)

recovers almost all the strain. The unrecoverable strain

accumulates with cycling. This transformation induced

plasticity is one of the mechanisms of energy dissipation in

a superelastic deformation and contributes to the total

hysteresis.

The superelastic hysteresis is highly sensitive to the

loading rate. Effect of loading frequency on the mechanical

response of NiTi was clearly established in our previous

work [7]. By comparing NiTi with a starkly contrasting

SMA FeMnAlNi, which exhibits a large superelastic win-

dow of operation ([ 400 �C) [8], it was shown that the

frequency sensitivity of SMAs is related to the Clausius-

Clapeyron slope. At the atomic scale, the frictional resis-

tance to the motion of the A-M interface dictates frequency

dependence of superelastic hysteresis. The self-heating

brought about by the latent heat release during the austenite

to martensite transformation maximizes the difference in

the chemical contribution to the Gibbs free energy [9, 10],
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increases the resistance of the A-M interface and causes

hardening during the forward transformation. Whereas the

associated temperature rise stabilizes austenite, provides an

additional driving force, and increases the mobility of the

interface during reverse transformation upon unloading,

effectively reducing the total hysteretic area. On the other

hand, the frictional resistance of the martensite twin

interface of the internally twinned martensite is less sen-

sitive to temperature as this interface is not associated with

two different phases. Its mobility depends more on the

burgers vector of the twin partials, elastic modulus of

martensite and the peierls stress in the martensite [6, 11].

Figure 1 schematically shows the different contributions to

the superelastic hysteresis. As shown, the contribution for

the total hysteresis comes from (i) the transitory part,

which is takes into account the energy dissipated due to the

motion of the A-M interface and it changes with loading

frequency (Fig. 1a), (ii) the phase transformation part,

which takes into consideration the energy dissipated due to

the transformation induced defects/dislocations (Fig. 1b)

and (iii) the intrinsic part, which considers the energy

dissipated via the motion of the internal twin interfaces of

the martensite (Fig. 1c).

Frequency sensitivity of SMAs has been extensively

studied for a single load/unload cycle [12–23]. Plastic

dissipation, which constitutes the phase transformation part

of the hysteresis, during a superelastic load/unload cycle

dictates functional fatigue performance. On the other hand,

the structural fatigue lifetime of SMAs correlates with the

total hysteretic area of the stress–strain curve [24] which is

affected by both loading frequency and plastic dissipa-

tion (Fig. 1a, b). It was observed that the fatigue lifetime

decreases with increasing loading frequency [25, 26] even

though the total normalized hysteresis (specific damping

Fig. 1 Contributions to the total hysteresis of a superelastic

deformation. a The transitory part considers the energy dissipation

due to frictional resistance of the A-M interface. Hysteresis increases

with increased frictional resistance. b The phase transformation part

considers energy dissipation due to the stress-induced martensitic

phase transformation and the associated transformation induced

plasticity at the A-M interface. Hysteresis increases with increased

plastic dissipation and martensite variant interaction. c The intrinsic

part considers the energy dissipation intrinsic to the austenite and

martensite phases, respectively. Intrinsic part is dominated by the

energy dissipation due to twin boundary motion of the internally

twinned martensite and the hysteresis increases with increased twin

migration energy

Shap. Mem. Superelasticity (2022) 8:394–412 395

123



capacity) decreases (Fig. 1a, b). It was argued that the

increase in the stress levels at higher loading frequency

accelerates crack nucleation. However, it is known that

crack initiation is governed by evolution of strain energy,

which not only depends on the local stress field but also on

the residual strain accumulated within localized regions

[27–29]. Moreover, in our previous work, we established

the relationship between the mechanisms behind functional

fatigue and structural fatigue in SMAs by demonstrating

that structural failure by crack initiation and growth occurs

along A-M interface [30, 31] and makes it the weakest link

in the microstructure. Experiments [32–42] and modeling

efforts [37, 39, 43–45] have explicitly shown the role

played by the A-M interface and the internal twin inter-

faces of the martensite in transformation induced plastic

dissipation in diverse SMAs. Dislocation creation in aus-

tenitic domains in the vicinity of a moving A-M interface

gives rise to residual strain accumulation, pin the A-M

interface and stabilize martensite at zero stress thereby

influencing functional degradation (i.e. functional fatigue)

[36, 46–49]. Ultimately crack initiation and growth (i.e.

structural fatigue) occurs along the A-M interface [30, 31].

Thereby, understanding the interplay between loading

frequency, residual strain accumulation and plastic dissi-

pation is crucial for predictive modeling of functional and

structural fatigue of SMAs.

To this end, the current study focuses on the functional

fatigue of NiTi single crystals subjected to compressive

cyclic loading for various loading frequencies. The fre-

quency range is chosen as 0.01–10 Hz, covering low fre-

quency quasi-static test regimes to higher frequencies

expected in practical applications such as vibration

damping in space structures and earthquake resistant

buildings [50–52]. Single crystals with h011i
and h001i loading orientation are employed to eliminate

grain boundary effects and provide clear insight into the

active mechanisms. High-speed optical and infrared cam-

eras are used to capture in situ images during deformation

for digital image correlation and temperature measurement,

respectively. Both non-contact methods serve as essential

tools to accurately map the spatial evolution of strain and

temperature. Post-mortem TEM analysis is carried out to

accurately pinpoint the source of residual strain

accumulation.

Materials and Methods

In this study Ni50.8Ti (at.%) h011i and h001i single crys-

tals were used. The single crystals were grown using

Bridgeman technique in an inert environment. Ni50.8Ti

single crystal ingots were solutionized at 920 �C for 24 h

in an inert atmosphere and water quenched. Then miniature

compression samples of 4 mm 9 4 mm 9 8 mm dimension

were EDM cut out of the ingot, aged at 550 �C for 1.5 h

and water quenched to produced coherent, homogenous

lenticular Ni4Ti3 precipitates in the matrix [35].

Prior to loading, all samples were mechanically polished

with abrasive papers up to P4000 and finished with 1 lm

suspended alumina to achieve mirror surface finish. 600

grit SiC powder was air blasted on the mirror surface to

obtain speckle pattern for full-field strain measurements

using DIC. On the back side, the surface was coarse ground

with P400 abrasive paper and airbrushed with black paint

to achieve high emissivity for IR thermography. Functional

fatigue experiments in compression were performed on an

Instron servo hydraulic load frame under displacement

control at different loading rates ranging from 0.01 to

10 Hz. The images for DIC were taken by an FLIR-ORX-

10G-51S5M high speed camera operating in the range of

1fps for low frequency test to 500 fps for the high fre-

quency test. The corresponding spatial resolution of the

images was of the order of 3 lm/pixel. The DIC strain field

within this area of interest was determined using a com-

mercial software VIC-2D by correlated solutions. For IR

thermography, FLIR A6753 IR camera was used at frame

rates of 25 fps to 394 fps for low frequency and high fre-

quency tests, respectively. The IR camera was calibrated

for a temperature range of 10 �C to 90 �C. All the exper-

iments were performed at room temperature. Dual camera

setup shown in the prior study [7] was employed to obtain

images for DIC and IR thermography simultaneously.

For the TEM analysis, lamella was prepared via focused

ion beam milling on the Thermo Scios2 dual beam SEM/

FIB. The crystallographic orientation of the bulk sample

was confirmed via electron backscattered diffraction

(EBSD) and the sample was rotated appropriately to mill a

lamella with the preferred zone axis for a thorough dislo-

cation analysis. TEM analysis was carried out in JOEL

2100 Cryo TEM operated under 200 kV accelerating

voltage. Double tilt holder was utilized to achieve on-zone

and two-beam conditions for accurately pinpointing the

activated slip systems.

Results

NiTi h011i

Cycle 1 stress strain loops are presented in Fig. 2 for all the

loading frequencies. The maximum applied strains were

maintained between 1.8 and 2.1% to minimize amplitude

effects. The hysteresis decreases with increasing loading

frequency, whereas the 0.1% strain-offset transformation

stress increases. Sample exhibits considerable hardening

during transformation, which can be attributed to the self-
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heating during loading. Functional fatigue results for

NiTi h011i single crystals are shown in Fig. 3. For the sake

of brevity only the 0.01 Hz and 10 Hz results are shown.

The maximum applied strain was kept at 1.8 to 2.1%. Note

that the hysteresis decreases with increasing loading fre-

quency. Upon continued cycling, residual strain accumu-

lates, and the stress–strain behavior approaches a

stable state after cycle 10. This is also reflected in the

temperature variation of the entire sample shown in Fig. 3.

The maximum temperature, which signifies the end of

loading and the end of forward transformation, and the

minimum temperature, which signifies the end of reverse

transformation, approach a stable state after cycle 10. The

DIC contours presented in Fig. 3 show that the residual

strain domains at the end of cycle 10 coincides, spatially,

with the location of maximum strain at the peak load. This

suggests that residual strain accumulation is linked to the

martensitic transformation.

Figure 4 depicts the variation of local temperature with

time for 1 Hz loading frequency. A representative local

area of interest (AOI) is shown in the insets of Figs. 5 and

9. One can note that the magnitude of temperature rise in

the forward transformation is smaller than the temperature

decrease during the reverse transformation. This asymme-

try in the temperature variation with respect to forward/

reverse transformation is more pronounced in the lower

loading frequencies and approaches a symmetric behavior

as the frequency is increased. This aspect was addressed in

our previous work and was attributed to the dissimilarity in

the latent heat released/absorbed during forward/reverse

transformations, respectively [7]. As shown in Fig. 4,

various temperature quantities were extracted for further

analysis. One of them is the variation of the total reversible

temperature change (DTrev) with cycling. DTrev was cal-

culated as the difference between the measured maximum

temperature and minimum temperature per cycle and pre-

sented in Fig. 5 for all loading frequencies. The tempera-

ture is maximum at the end of loading and minimum at the

end of reverse transformation during unloading [7]. It is

evident that DTrev decreases drastically and stabilizes after

cycle 10 for all the loading frequencies. One should note

that DTrev scales with the total volume of transformation.

Total volume of transformation decreases every cycle and

stabilizes after cycle 10. So does DTrev. One can also note

that DTrev increases with frequency due to reduced heat

transfer into the ambient environment within the time

frame of the test.

The stress-temperature response is depicted in Fig. 6.

The 0.1% strain-offset transformation stress extracted for

each loading frequency is presented in Fig. 6c for cycle 1

and 10. It is evident that transformation stress increases

with loading frequency and decreases with cycling. To

rationalize the increase in transformation stress with load-

ing frequency, DTtr at 0.1% strain-offset transformation

stress was extracted for cycles 1 and 10. DTtr increases with

loading frequency and decreases with cycling. These

results suggest that transformation begins, at the micro-

scale, in the elastic regime of the stress–strain curve and

produces a measurable temperature change to influence the

0.1% strain-offset transformation stress due to the Clau-

sius-Clapeyron effect. However, looking at the transfor-

mation stress after 10 loading cycles, there is a

considerable decrease which can be attributed to two

contributions: (i) the decrease in DTtr and (ii) the internal

stress field generated by residual dislocations assisting

transformation. See the discussion ‘‘Effect of Loading

Frequency on Transformation Stress’’ and ‘‘Effect of

Cycling on Transformation Stress and Hysteresis’’ sections

for more details.

NiTi h001i

Cycle 1 stress strain loops for the h001i loading orientation

are presented in Fig. 7 for all the loading frequencies. The

maximum applied strains were maintained between 2 and

2.3% to minimize amplitude effects. It is evident that the

hysteresis decreases with increasing loading frequency,

whereas the 0.1% transformation stress increases. Sample

exhibits considerable hardening during transformation,

which can be attributed to the self-heating during loading.

Functional fatigue results presented in Fig. 8 demonstrate

that there is no residual strain accumulation for this ori-

entation. As a result, the stress–strain loops and the cor-

responding temperature variation shown in Fig. 8 remain

stable for all the applied 20 cycles. DIC contour plots

Fig. 2 NiTi h011i stress strain loops for different loading frequen-

cies. Note the increase in 0.1% strain offset transformation stress and

decrease in hysteresis with frequency
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validate that the unloaded microstructure is devoid of

residual strain.

For the low frequency loading of 0.01 Hz, the mean

temperature of the entire sample goes down by 0.8 �C at

the end of 20 cycles whereas for the maximum frequency

of 10 Hz the mean temperature goes up by 0.9 �C, which is

attributed to the asymmetry in DT during loading and

unloading for the lower frequencies [7]. However, if

cycling were continued for longer duration, heat transfer

with the ambient environment would influence the

Fig. 3 Functional fatigue of NiTi h011i in compression for a 0.01 Hz

and b 10 Hz loading frequency. Compared to 0.01 Hz, note the

decrease in hysteresis and accumulated residual strain for 10 Hz

loading frequency. Point ‘A’ depicts the maximum strain contour for

cycle 1 whereas points ‘B’ and ‘C’ depict the residual strain contours

for cycle 1 and 10, respectively. Note the variation in temperature

averaged over the entire sample
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minimum, maximum and mean sample temperature to

stabilize. Just as shown in Fig. 4, various temperature

quantities were extracted for NiTi h001i as well. DTrev for

all the loading frequencies are shown in Fig. 9. It displays a

stable behavior with cycling since the transformation vol-

ume and the corresponding reversible strains remain

unchanged.

The stress-temperature response is shown in Fig. 10.

The 0.1% transformation stress marked in Fig. 7 was used

to determine temperature change at transformation. Just

like the transformation stress (Fig. 10), DTtr follows an

increasing trend as well (Fig. 10b). As discussed in the

previous section, this temperature change is brought about

by the latent heat release as the martensitic transformation

nucleates in a microscopic domain during the elastic por-

tion of the stress–strain curve. However, both the trans-

formation stress and DTtr remain unchanged with cycling

due to a stable mechanical response reinforcing the role

played by residual strain in modulating the transformation

stress.

Residual Strains and Hysteresis with Cycling

Hysteresis, in terms of normalized dissipated energy

(specific damping capacity), was extracted for NiTi

001i and h011i. As seen in Fig. 11a, hysteresis decreases

with loading frequency for both h001i and h011i .One

reason for this is the decrease in the frictional resistance of

the A-M interface (transitory contribution). The tempera-

ture rise during forward transformation provides an addi-

tional driving force and increases the mobility of the A-M

interface during reverse transformation. This was demon-

strated using a thermomechanical model adapted from

[9, 10, 35] and modified to take the experimentally mea-

sured temperature change as an input. On the other hand, as

the h011i samples are functionally fatigued for 20 cycles,

the residual strain accumulation is lower for higher fre-

quencies (Fig. 11b, c). This suggests that, for the h011i
loading orientation, the hysteretic contribution from

transformation induced plasticity is reducing as the loading

frequency is increased. The normalized dissipated energy

for h011i at cycle 10 overlaps with that of h001i. At this

point, it is worth noting that the lower specific damping

capacity for h001i pertains to the absence of plastic dissi-

pation as depicted in Figs. 8, 11a and b. The reduction in

hysteresis due to enhanced mobility of the A-M interface

(Transitory part) influences the energy dissipation due to

the transformation induced plasticity (phase transformation

part). This can be validated by tracking the residual strain

accumulation in NiTi h011i upon cycling. As shown in

Fig. 11b and c, the residual strain accumulation is sys-

tematically lower as the frequency is increased. As the

residual strains saturate after cycle 10, the specific damping

capacity of NiTi h011i overlaps with that of NiTi h001i
suggesting that contribution to the hysteresis from trans-

formation induced plasticity is approaching zero.

Fig. 4 Variation in the local temperature of a representative sample

with respect to time for 1 Hz loading frequency. A local AOI similar

to the ones shown in inset of Figs. 5 and 9 was used to extract the

temperature measurement. Various temperature quantities like max-

imum temperature (Tmax), minimum temperature (Tmin), temperature

at start of the loading cycle (Tstart) and temperature at the start of

transformation (Ttr) were extracted from these curves for all the

loading frequency

Fig. 5 Variation in the local reversible temperature change with

respect to cycle number for NiTi h011i. It is calculated as the

difference between the measured maximum temperature, which

marks the end of loading, and the minimum temperature, which

marks the end of reverse transformation. This directly correlates with

the volume of transformed material. Inset features the IR micrograph.

Note the spatial inhomogeneity in the temperature of the sample

which is due to the spatial inhomogeniety in the transformation (seen

DIC plots shown in Fig. 3). Temperature was extracted from a

400 lm 9 400 lm local AOI as shown
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Discussion

This study has clearly demonstrated the coupling between

loading frequency and functional fatigue of NiTi SMA.

Just by comparing the two different orientations h011i
and h001i, conclusive evidence can be drawn towards

common underlying mechanisms that influence the func-

tional response such as the hysteresis, temperature evolu-

tion, transformation stress and residual strain

accumulation. The results demonstrate the following:

(i) normalized hysteresis decreases with loading frequency

for both the orientations, (ii) transformation stress increases

with loading frequency for both the orientations, (iii)

transformation stress decreases with cycling for h011i
whereas it stays the same for h001i, (iv) normalized hys-

teresis is lower for h001i compared to that of h011i,
(v) upon cycling the normalized hysteresis for h011i
decreases and stabilizes at the value of h001i after cycle 10

and (vi) synchronously the residual strain accumulation

stabilizes for h011i after cycle 10 whereas there is no

residual strain accumulation for h001i. The pertinent

mechanisms behind these experimental findings are further

discussed below.

Effect of Loading Frequency on Transformation

Stress

The effect of loading frequency on the hysteresis was

thoroughly discussed in our previous work [7]. The

amplified self-heating of the sample with increased loading

frequency rises the stress levels of forward and reverse

Fig. 6 a Stress (vs) Local temperature change (DT) for cycle 1 and 10

for NiTi h011i. Local DT for each cycle was calculated as the

difference between temperature at any point during loading/unloading

and Tstart. The 0.1% strain-offset transformation stress extracted from

the stress–strain curve is marked in red. b The variation in

temperature change at transformation (DTtr) with respect to loading

frequency for cycle 1 and 10. DTtr was calculated as the difference

between the temperature at the start of loading (Tstart) and the

temperature at 0.1% transformation (Ttr). c The variation in 0.1%

transformation stress with respect to loading frequency for cycle 1

and 10 (Color figure online)

Fig. 7 NiTi h001i stress strain loops for different loading frequen-

cies. Note the increase in 0.1% strain offset transformation stress and

decrease in hysteresis with frequency
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transformation effectively reducing the net hysteretic area

in the 0.01–10 Hz frequency range. At this point it should

be noted that, below 0.01 Hz loading frequency, hysteresis

exhibits a non-monotonic variation [17–19]. Additionally,

the self-heating also increases the 0.1% strain-offset

transformation stress which marks the deviation from

linearity of the stress–strain curve. Nucleation of stress-

induced martensite always begins from a microscopic

region within the sample well before the stress–strain curve

exhibits non-linearity. This can be verified by looking at

the stress vs local DT curves in Figs. 6 and 10. In the purely

elastic regime there is little to no increase in temperature.

Fig. 8 Functional fatigue of NiTi h001i in compression for a 0.01 Hz

and b 10 Hz loading frequency. Compared to 0.01 Hz, note the

decrease in hysteresis for 10 Hz loading frequency. However, there is

no residual strain accumulation for both the loading frequencies. Point

‘A’ depicts the maximum strain contour for cycle 1 whereas points

‘B’ and ‘C’ depict the residual strain contours for cycle 1 and 10,

respectively. Note the variation in temperature averaged over the

entire sample
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However, the local temperature begins to rise at a stress

well below the 0.1% strain-offset transformation stress. As

the nucleation of martensite commences from a highly

localized region, the associated latent heat release rises the

temperature of the surrounding material. Thereby, accord-

ing to the Clausius-Clapeyron relationship, the transfor-

mation stress of this surrounding region gets amplified

warranting an increase in the externally applied stress to

sustain transformation through the surrounding volume of

material. Once the volume fraction of martensite reaches a

critical value, the stress–strain curve deviates from linear-

ity that generally coincides with the 0.1% strain-offset

transformation stress. The temperature change at 0.1%

strain-offset transformation stress (DTtr) was measured at

various loading frequencies for both the loading orienta-

tions (Figs. 6b, 10b) and the increase in DTtr with fre-

quency is evident.

Effect of Cycling on Transformation Stress

and Hysteresis

Upon functional fatigue, the transformation stress and

hysteresis decrease for h011i whereas it stays the same

for h001i loading orientation. On the other hand, residual

Fig. 9 Variation in the local reversible temperature change with

respect to cycle number. It is calculated as the difference between the

measured maximum temperature, which marks the end of loading,

and the minimum temperature, which marks the end of reverse

transformation. This directly correlates with the volume of trans-

formed material. Inset features the IR micrograph. Note the spatial

inhomogeneity in the temperature of the sample which is due to the

spatial inhomogeniety in the transformation (seen DIC plots shown in

Fig. 8). Temperature was extracted from a 400 lm 9 400 lm local

AOI of as shown

Fig. 10 a Stress (vs) Local temperature change (DT) for cycle 1 and

10 for NiTi h001i. Local DT for each cycle was calculated as the

difference between temperature at any point during loading/unloading

and Tstart. The 0.1% transformation stress extracted from the stress–

strain curve is marked in red. The stress vs temperature response

displays a stable behavior for all the applied loading cycles. b The

variation in temperature change at transformation (DTtr) with respect

to loading frequency for cycle 1 and 10. DTtr was calculated as the

difference between the temperature at the start of loading (Tstart) and

the temperature at 0.1% transformation (Ttr). c The variation in 0.1%

transformation stress with respect to loading frequency for cycle 1

and 10 (Color figure online)
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strain accumulates for h011i but not for h001i due to the

generation of transformation induced defects in the

microstructure. This conclusively suggests a common

underlying mechanism behind residual strain accumula-

tion, transformation stress (both forward and reverse), the

overall shape of the hysteresis loop and consequently the

dissipated energy. During functional fatigue of h011i, the

accumulation of transformation induced defects modulate

the stress–strain curve in two ways (i) it generates an

internal stress field which assists transformation leading to

a decrease in the externally applied stress and (ii) the

consequent decrease in the total transformed volume leads

to diminishing DTtr and DT during loading/unloading

meaning a decrease in the stress levels during forward/

reverse transformation. For 0.01 Hz loading frequency the

magnitude of change in DTtr and DT during loading/un-

loading is minimal with cycling, therefore the change in rtr

and r during forward/reverse transformation is primarily

due to transformation induced defects. As the loading

frequency increases DTtr and DT during loading/unloading

starts affecting the stress levels. Consequently, the shape

and the area of the hysteresis loops alter as well. Upon

cycling, the hysteretic area reduces gradually indicating a

decline in energy dissipated in the form of permanent

strains. Ultimately, after 10 cycles, normalized hysteresis

for h011i overlaps with that of h001i due to a saturation in

residual strain accumulation (Fig. 11). The crucial role

played by transformation induced defects which gives rise

to residual strains and modulates other functional fatigue

Fig. 11 a Change in normalized hysteresis (specific damping

capacity) with respect to loading frequency for NiTi h011i and h001i
for cycles 1 and 10. b Residual strain accumulation with fatigue

cycles. c Variation in normalized residual strain with loading

frequency. Residual strain is normalized with maximum applied

strain (emax) and elastic strains (rtr/E). Note the decrease in

normalized residual strain with respect to loading frequency
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characteristics warrants further analysis and the following

section is dedicated to that.

Source of Residual Strain During Functional fatigue

TEM Analysis

To uncover the nature of transformation induced defects,

TEM analysis was conducted on the h011i sample cycled

20 times at 0.01 Hz. TEM micrographs (Fig. 12) with zone

axis parallel to ½311� clearly shows parallel dislocations

pertaining to two slip systems. Residual strain accumulates

in the form of dislocations that are left behind in the

austenite matrix upon unloading. It is known that, in B2

systems, slip can be accommodated on

f011g; f211g; f001g slip planes along the

h100i;h111i;h011i slip directions, out of which h100if011g
is the most energetically favorable [53]. To establish the

slip plane and the burgers vector of these dislocations,

another TEM lamella was extracted along the ½111� zone

axis. Imaging this TEM lamella under different diffraction

conditions of g = h110i by appropriately tilting the sample,

the corresponding slip plane f110g vanishes. Using the g.b

extinction condition, the burgers vector was determined to

belong to the f011g slip plane and either h100i or h111i
slip direction (see Fig. 13). To confirm the slip direction

yet another TEM lamella was extracted along the [010]

zone axis. Imaging this lamella under g = ½101� reveals the

clear dislocation contrast (Fig. 14a) and a vanishing con-

dition is reached when imaged under g = [101] (Fig. 14b).

This suggests a burgers vector of type h111i. However,

moving to a different location on the TEM lamella,

imaging under the same diffraction conditions of g = ½101�
(Fig. 15a) and g = [101] dislocations are clearly visible but

imaging under the g = [001] diffraction condition, a van-

ishing condition is reached suggesting burgers vector of

type h100i. The primary difference between these two

regions of the TEM lamella is the type of Ni4Ti3 variant

present in the neighborhood of these dislocations. To

understand further, the possible mechanism behind the

creation of these dislocations is discussed in the next

section.

Mechanism of Dislocation Accumulation During

Functional Fatigue

Various studies have attempted to clarify the mechanism

behind the source of these elongated parallel dislocations.

Such dislocations have been previously observed in the

austenitic domains of SMAs which had undergone a

martensitic transformation [32, 33, 35, 37–40, 45, 46]. The

trace of these dislocations appears to be parallel to the trace

of the martensitic twins and therefore suggested to have

originated from partial dislocations gliding on the twinning

plane. The distortion along the A-M interface should be

zero when averaged over large distances but at the scale of

the martensitic twins, there exists coherency strains.

Additionally, growth/shrinkage of the martensite plate

requires coordinated motion of the A-M interface and the

internal twin interface. Therefore, Kajiwara [32, 54] pro-

posed that the coherency strains at the A-M interface be

accommodated by glide dislocations lying on the twin

plane of the martensite to facilitate both compatibility and

mobility of the interface. Based on lattice correspondence

between B19’ martensite and B2 austenite, the martensite

twinning shear direction ½011�M is parallel to the B2 slip

direction [001]A, the type II martensitic twinning plane

ð0.7205 1 1)M is nearly parallel to the B2 slip plane ð101ÞA

[55–57]. On the other hand, type I martensitic twinning

Fig. 12 TEM micrographs of NiTi h011i sample loaded for 20 cycles

at 0.01 Hz imaged along the ½311� zone axis. Parallel dislocations

belonging to two slip systems are clearly discernable in the bright

field images shown in a and b. The corresponding diffraction pattern

is shown in c. Refer to Figs. 13, 14 and 15 for the burgers vector

analysis of these dislocations
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plane ð111ÞM is parallel to the B2 slip plane ð110ÞA and the

twinning shear direction ð0.5404 0:45961ÞM is nearly par-

allel to the B2 slip direction ð111ÞA. Hence, depending on

which martensite correspondent variant pair (CVP) is

activated, during the reverse motion of the A-M interface,

the twinning dislocations gliding on the internal twin plane

could be transformed into planar dislocations on the closest

h001if110g or h111if110g B2 slip system. At this point it

should be noted that the h001if 110g is the most ener-

getically favorable B2 slip system followed by h111if110g
[53]. This could explain the absence of residual strain in

the h001 i loading orientation as the resolved shear stress

on the most energetically favorable system is zero.

Another plausible mechanism proposed by Kajiwara-

Kikuchi [33, 34] which was elucidated by molecular

dynamics simulations [43] was that the stress concentration

due to the pile up of twinning dislocations at the A-M

interface during its reverse motion can trigger a dislocation

reaction emitting dislocations into the austenite matrix. The

twin thickness of martensite dictates the corresponding

twinning dislocation density which help accommodate the

coherency strains at the A-M interface [54]. Therefore, as

the A-M interface moves with the application of load, the

local coherency strain at the A-M1 or A-M2 interface (M1

and M2 are the twin related martensite) can increase as

either M1 or M2 grows at the expense of the other. At some

point this local coherency strain can be large enough to

trigger plastic relaxation at the interface even during the

forward motion of the A-M interface. This could be pos-

sible as the stresses are higher during the forward loading

as pointed out in a phase field crystal plasticity study [45]

which also elucidated the plastic relaxation mechanism.

However, this needs experimental confirmation and there

seems to be no consensus on whether the transformation

induced dislocations in the austenite form during forward

transformation or reverse transformation or both. In any

case, the source of dislocations seems to be linked to the

internal twins of the martensite. This claim could be further

substantiated by yet another TEM observation shown in

Fig. 16a which depicts ladder-like dislocation arrangement.

These could be signatures of martensite twins as elucidated

in the schematic shown in Fig. 16b. The coherency stress

field at the precipitate-B2 interface aids in martensite

nucleation [58–60] which consequently spreads into the B2

matrix. Based on the interaction between the precipitate

stress field, the externally applied stress field and the

consequent resolved shear stress, the most favorable habit

plane variant with type I or type II internal twins is

nucleated [61]. The precipitate stress field would vary

depending on the precipitate variant and ultimately, upon

unloading, transformation induced dislocations are left

behind on the h111if110g or h001if110g B2 slip system as

observed in this study.

Fig. 13 TEM micrographs of NiTi h011i sample loaded for 20 cycles

at 0.01 Hz imaged along ½111� zone axis. a Bright field image

captured on zone condition, b image captured with g = ½110�, c image

captured with g = ½011� and d image captured with g = ½101�. Solid

red lines indicate visible dislocation contrast, and the dashed red line

indicates dislocation invisibility. The g.b analysis revealed that the

slip plane belongs to f 110g and the slip direction is either

h001i or h111i (Color figure online)
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Additionally, in the current TEM analysis, dislocations

have been observed to interact with the Ni4Ti3 precipitates.

In the Ni50.8Ti single crystals used in this study, different

variants of Ni4Ti3 precipitates arranged on the parallel

f111gB2 planes were observed. Interaction between a

mobile A-M interface and the stress field of a precipitate

may result in relaxation of coherency strains in the form of

dislocations [35, 62]. These dislocations could pile up and

transmit into the precipitate matrix (see Fig. 17) as the

martensite shrinks during unloading. Under fatigue load-

ing, the recurrent motion of the A-M interface past a pre-

cipitate could result in dislocation pile-up at the

precipitate-B2 interface and could ultimately activate slip

or shear into the rhombohedral precipitate as evidenced in

the TEM micrographs presented in Fig. 17. A mechanism

like that of slip transmission across grain boundaries may

be active in this case as well. Dislocation incorporation

inside the precipitate is yet another dissipative mechanism

which results in residual strain accumulation and has not

been observed before. The exact mechanism of dislocation

accommodation in the precipitate is still unclear and needs

further work.

Effect of Loading Frequency on Residual Strain

Accumulation

Now that it is established that the residual dislocations

observed in the reversed austenite matrix stems from the

martensite twin boundaries, it is safe to say that the amount

of residual strain upon unloading must depend on the

transformation volume. As seen in Fig. 11, the residual

strain accumulation is lower for higher loading frequencies.

Additionally, it was observed that the transformation stress

increases with loading frequency and it was tied to the

latent heat release during the onset of transformation as

discussed in ‘‘NiTi h011i’’ section. Given that the elastic

modulus does not depend on the loading frequency, the

elastic strain at the onset of transformation must be larger

for higher loading frequency. The heat released by the

microscopic nuclei of martensite would heat up the sur-

rounding volume of the B2 matrix, elevating its transfor-

mation stress and thereby sustaining larger elastic strains.

Consequently, for the same applied maximum strain, the

amount of superelastic strains, the corresponding trans-

formed volume and the resultant residual strains must be

Fig. 14 TEM micrographs of

NiTi h011i sample loaded for

20 cycles at 0.01 Hz imaged

along the ½010� zone axis.

a Clear dislocation contrast is

visible under the g = ½101�
diffraction condition,

b dislocations vanish when

imaged under the g = [101].

This confirms that the slip

direction is h111i
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smaller for larger loading frequencies. This conjecture can

be confirmed by looking at isothermal quasi static tests

performed on diverse SMAs which exhibit larger elastic

strains and smaller hysteresis as the test temperature is

increased up to a point [63]. However, the hysteresis

widens as Md temperature is approached but heat release

during high frequency loading would never reach Md

temperatures as NiTi exhibits a superelastic window of

operation of around 90 �C [64].

Thermomechanical Concepts

At present, continuum formulations are inherently limited

to transformations that occur in a fully reversible manner,

and irreversibility is only modeled in a phenomenological

manner with a dissipative potential, and in conjunction

with the second law of thermodynamics, transformation

criterion are developed. At the present, the understanding

of the nature of irreversibilities is insufficient to accurately

capture them in thermo-mechanical models. These models

cannot accurately predict the stress–strain response, the

transformation indicators’ (i.e. characteristic stresses, etc.)

evolution with cycling in cases where unrecoverable strains

develop. In our prior work [7], we formulated a continuum

model to explain stress–strain response with loading fre-

quency. Based on a complementary free energy formula-

tion the driving force on a variant n is written as [9, 10],

Fn ¼ �B T � T0ð Þ þ Rije
n
ij þ 1=2

X

n

rmij e
n
ij þ

X

n

rpije
n
ij ð1Þ

Transformation proceeds when Fn reaches a critical

value Fc. The first term -B T � T0ð Þ takes into account the

chemical free energy difference between austenite and

martensite where T is the sample temperature, T0 is the

equilibrium temperature and B is the entropy change dur-

ing the transformation. The other three terms are non-

chemical contributions. The second term represent the

external stress and transformation strain interaction on the

nth variant. The third term incorporates the martensite

stress on the nth variant which can be determined from

Eshelby’s inclusion principle [10]. The last term takes into

account the stresses due to precipitate [61, 65]. When the

material is in the parent state, the first and third terms

oppose the transformation while the second and fourth term

favor the transformation.

As schematically shown in Fig. 1, hysteresis is affected

by (i) the temperature transients of the A-M interface, (ii)

transformation induced dislocations that are not reversible

during the load/unload cycle, and (iii) energy dissipated

Fig. 15 TEM micrographs of NiTi h011i sample loaded for 20 cycles

at 0.01 Hz imaged along the ½010� zone axis. Clear dislocation

contrast is visible under the a g = ½101� and b g = [101] diffraction

condition, c dislocations vanish when imaged under the g = [001]

diffraction. This confirms that the slip direction is h100i. Note that a

different region of the same TEM lamella shown in Fig. 14 is

depicted in this figure
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due to the motion of the internal twin interfaces of the

martensite. To address (i), our previous modeling efforts

[7] captured the reduction in hysteresis with increasing

loading frequency in the 0.01 Hz to 10 Hz range due to the

transitory effects. Addressing (ii) and (iii) is far more

complicated, and beyond the scope of the present study.

Suffice it to state that transformation induced plasticity

alters the transformation strain term and the martensite

stress term (2nd, 3rd and 4th terms) in Eq. (1). In addition,

during reverse loading the magnitude of these terms also

differ, directly affecting the stress response. Additionally,

the TEM analysis reveals that the transformation induced

dislocations interact with the precipitates, pile-up along the

precipitate-B2 interface and shear into the precipitate

(Fig. 17). The precipitates will assist the forward trans-

formation [61, 65] while resisting the reverse transforma-

tion. Finally, in reversible continuum formulations, the

value of Fc (or the CRSS for transformation) is the same

for forward and reverse transformations. However, the

driving forces are substantially altered upon reverse

transformation due to the slip contributions. The magnitude

of Fc needs to be determined from atomistic consideration

incorporating the twin migration energy, GPFE [66] and

the phase boundary energy barrier (B2 to B190) [67, 68].

Previous work on the core-spreading of transformation

dislocations showed Non-Schmid behavior which suggest a

Fig. 16 a TEM observations of the ladder-like dislocation arrange-

ment indicating signatures of martensitic twins. b Schematic eluci-

dating the mechanism. During loading martensite nucleates at the

precipitate matrix interface [58–60] spreads into the austenitic

domains in the channels between the precipitates. During unloading,

as the martensite shrinks, the twinning dislocations transform into slip

dislocations on the closest B2 slip systems dictated by the lattice

correspondence

408 Shap. Mem. Superelasticity (2022) 8:394–412

123



different value of Fc upon forward versus reverse trans-

formation [68]. Furthermore, the slip resistance of parent

phase differs in forward versus reverse directions as well

[69], therefore the underlying factors contributing to stress

hysteresis are rather complex.

Conclusions

The current study supports the following conclusions:

1. Normalized hysteresis i.e. the specific damping capac-

ity of NiTi h011i and h001i single crystals decrease

with increasing loading frequency. Under fatigue

loading, this leads to smaller residual strain

Fig. 17 Interaction between

parallel dislocations and Ni4Ti3
precipitate. Dislocation pile-up

at the precipitate-B2 interface

and dislocations shearing into

the precipitate can be clearly

evidenced in a–f. All the TEM

images were taken from

0.01 Hz sample cycled 20 times
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accumulation and better functionality at higher loading

frequencies especially for h011i.
2. Upon cycling, the normalized hysteresis, the elas-

tocaloric temperature change (DTrev) stays constant

for h001i whereas, for h011i, it decreases and stabi-

lizes after cycle 10. Concomitantly the residual strain

accumulation increases and stabilizes after cycle 10

for h011i whereas there is no residual strain accumu-

lation for h001i.
3. The forward/reverse transformation stress levels

increase with loading frequency for h001i and h011i.
This can be attributed to the self-heating due to the

latent heat release/absorption. The DTtr measured at

0.1% strain-offset transformation stress is around 0.4

to 1 �C for 0.01 Hz and reaches as high as 10 �C for

10 Hz loading frequency explaining the amplification

of the 0.1% strain-offset transformation stress.

4. On the other hand, the forward/reverse transformation

stress levels remain unchanged for h001i and reduces

for h011i upon fatiguing. This is attributable to the

transformation induced dislocations which, in the

subsequent cycles, lead to the reduction in the total

volume of transformation, reduction in DT during

loading/unloading and generate an internal stress field,

all of which reduce the forward/reverse transformation

stresses.

5. TEM analysis uncovered parallel dislocations on the

h100if 011g B2 and h111if 110g B2 austenite slip

systems. Based on the lattice correspondences between

the austenite and martensite, the source of these

dislocations is traced to the type II or type I internal

twins, respectively. The CVP with these internal twins

is influenced by the local stress fields created by the

precipitate variant. This has important implications in

understanding martensite deformation.

6. Dislocation pile-up and shearing across the precipitate-

B2 interface was observed and seems to influence the

residual strain accumulation in NiTi SMAs.
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