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Abstract With the presence of internal interfaces such as
the austenite–martensite interface and the internal twin

boundaries in the martensite, shape memory alloys (SMAs)

can be employed in passive/active damping applications.
Due to the latent heat of transformation, a temperature

rise/drop during a load/unload cycle is expected to

dynamically couple with the mechanical response of the
SMA and influence the stress levels of forward/reverse

transformation and thus the hysteretic area (i.e. the dissi-

pated energy). Additionally, the temperature change per
cycle is a function of loading frequency due to momentary

heat transfer effects. To this end, for the first time, we

demonstrate a rate insensitive shape memory alloy system,
Fe43.5Mn34Al15Ni7.5 which also exhibits near-zero tem-

perature dependent stress–strain response. Contrastingly,

we show that Ni50.8Ti, which is widely used commercially,
is highly rate sensitive. With straightforward in situ

experiments, complemented with thermomechanical mod-

elling, we pinpoint the key material parameter which

dictates frequency sensitivity. The corresponding results
are then discussed in the light of different mechanisms

contributing to the damping capacity of SMAs.

Keywords Superelasticity ! Damping capacity !
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Introduction

Since their advent in 1938 [1], shape memory alloys

(SMAs) have become one of the most successful functional

materials of today. To name a few applications, they are
commercially used as smart structures, seismic dampers,

biomedical implants and solid-state actuators across

biomedical, automotive, civil and aerospace domains
[2–11]. Within a suitable temperature window of operation,

an external load applied to an SMA triggers a martensitic

phase transformation allowing the material to accommo-
date large deformation. Upon unloading, the transforma-

tion reverses to allow near-perfect recovery of the applied

strain, key to the functional success of this class of mate-
rials. This phenomenon, termed as ‘‘superelasticity’’, is

accompanied by a dissipation of energy (hysteresis) during
the load-unload cycle. This loss is interpreted as energy

dissipated due to ‘‘Internal Friction’’ (IF) in the material,

caused by several material mechanisms [12–15] which
ultimately dictate the damping capacity of SMAs [16]. It is

worth noting that the damping capacity of SMAs is typi-

cally an order of magnitude higher than conventional steels
[15, 17]. This study analyzes the dependence of the hys-

teresis on the frequency of applied load on two starkly

contrasting SMA systems, establishing the key
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transformation trait that can diminish or exacerbate the

frequency-sensitivity of hysteresis.
The sensitivity of hysteresis to load–frequency has been

a subject of interest in SMAs since the last two decades.

This sensitivity has been studied primarily by two
approaches. One approach is via dynamic testing, using

experiments such as Dynamic Mechanical Analysis (DMA)

to characterize the IF based on the phase-lag between the
oscillatory load-input and output strain-response

[13–15, 18–22]. In the second approach, the effect of load–
frequency was studied in the form of strain-rate depen-

dence of superelastic mechanical response, characterized

by uniaxial tension/compression tests [23–37]. The total IF
in this mode is quantified as the ratio between the dissi-

pated energy (area under the stress strain loop) and the total

stored elastic strain energy [38]. In both modalities, strong
frequency-dependence of the IF was pointed out, observing

significant variation of the hysteresis with change of fre-

quency. This variation of IF per load-cycle has drastic
implications on the fatigue life of the SMA [39–41]. It is

hence imperative to find candidate SMAs insensitive to

load–frequency.
In order to reach this goal, the underlying material

mechanisms contributing to the IF (hysteresis) need to be

better understood. While such an understanding has been
established in the aforementioned dynamic approach

[14, 15, 18], an equivalent description in superelastic

response is lacking. We introduce the partitioning of
superelastic hysteresis into three contributions analogous to

propositions in [14, 15, 18]: (i) transitory part, (ii) phase

transformation part and (iii) intrinsic part. Figure 1
schematically shows the effect of each contribution on the

stress hysteresis in a superelastic deformation.

Contribution (i): The transitory term depends on the
transformation kinetics and accounts for the friction of the

A/M interface. It is a function of the rate of evolution of

martensite which successively depends on the stress rate
(Fig. 1a). Consequently, the latent heat trapped within the

sample during forward transformation and the associated

temperature change should depend on loading frequency.
Prior studies have presumed that the transitory contribution

is insignificant under ambient isothermal conditions

[14, 15, 42], such as in a superelastic deformation. How-
ever, a superelastic deformation is always accompanied by

self-heating/cooling of the sample. Even when the loading/

unloading rate is symmetric, the temperature evolution rate
can be asymmetric and is expected to affect the stress

levels of the forward/reverse transformation and hence the

damping capacity. Due to the heat transfer into the ambient
environment, the temperature change during superelastic

deformation is negligible (isothermal conditions) at very

low loading frequencies (\ 0.0001 Hz) [29, 32] and
reaches a steady state (symmetric temperature change)

when adiabatic conditions are approached at higher fre-

quencies ([ 20 Hz), hence the transient nature of the
internal friction in a superelastic deformation.

Contribution (ii): The next dominant contribution to the

internal friction is by the phase transformation part
[14, 18, 43]. Melton and Mercier showed that this term

arises due to dislocation dissipation processes occurring

during the A/M transformation [44]. Their model accounts
for the change in elastic modulus during phase transfor-

mation which affects the elastic strain energy of disloca-
tions and thus the dislocation damping behavior. In a

broader sense, this term is a consequence of the mechanism

of phase transformation which influences the various
plastic dissipation processes (Fig. 1b). The respective

crystal structures of austenite and martensite, the lattice

correspondences, loading orientation, twin thickness of
internally twinned martensite and the resultant coherency

strains at the A/M interface [45–52] are few of the main

factors influencing the phase transformation mechanism.
Under functional cycling the repeated dislocation emission

[51, 53, 54] and the resulting internal stress generated by

dislocation accumulation will influence the specific
damping capacity. As the magnitudes of inelastic strains

stabilize, the specific damping capacity determined by

contribution (ii) should stabilize as well.
Contribution (iii): The final contribution to the internal

friction is attributed to the intrinsic damping capacity of

either of the austenite and martensite phases. In the case of
internally twinned martensite, it is highly dependent on the

density of twin interface, and twin migration energy [15].

The specific damping capacity of the twin interface is
essentially influenced by the frictional resistance to the twin

partials, partial density, amplitude of motion and burgers

vector [55]. Assuming that the partial motion is completely
reversible, this term does not account for plastic dissipation

within martensite (Fig. 1c) [14, 15, 55]. In austenite, it

depends on vacancy concentration and matrix dislocation
density, however the specific damping capacity is negligible

compared to that of martensite [14, 15, 43].

Of the three contributionsmentioned above, the transitory
component exhibits highest sensitivity to the applied strain-

rate or equivalently the load frequency. This sensitivity

pertains to the latent heat of transformation and consequently
least-sensitivity can be obtained from a SMA exhibiting low

latent heat or more precisely, a low enthalpy-change (DH)
during phase-transformation. The ideal candidate as of today
is the newly developed Fe-based SMAFeMnAlNi [56–59]. It

exhibits possibly the lowest Clausius-Clapeyron slope (dr/
dT), which takes into account the change in transformation
stress with respect to temperature, of all SMAs [58, 59]

owing to its low enthalpy-change (DH) and entropy-change

(DS) during transformation. The entropy-changeDS is of the
order of-0.4 J/mol/K starkly contrasting that of NiTi which

236 Shap. Mem. Superelasticity (2021) 7:235–249

123



exhibits an entropy-change of the order -4 J/mol/K [59].
Consequently, FeMnAlNi offers the widest temperature-

window for superelasticity or ‘‘functionality’’ ([ 400 "C)
[57], again contrasting with NiTi exhibiting a temperature
window of functionality\ 100 "C. Additionally, FeM-

nAlNi is inexpensive, has good weldability [60] and exhibits

local transformation strains exceeding 10% [57, 61]. Thus it
offers a promising alternative to NiTi which despite limita-

tions of high cost, poor workability and narrow window of
functionality, is one of the most commercially successful

SMAs [62, 63].

In this study, we examine the frequency dependence of
hysteresis in Fe43.5Mn34Al15Ni7.5 for the first time and con-

trast it with that of Ni50.8Ti, highlighting one of the key

intrinsic material parameters responsible for rate-sensitivity
in superelasticity. The frequency range is chosen as

0.01–10 Hz, covering low-frequency quasi-static test

regimes to higher frequencies expected in practical appli-
cations such as in space structures and seismic structures

[64, 65]. Furthermore, all aforementioned studies focused on

studying polycrystalline samples. The stress hysteresis is
expected to be affected by grain boundary interactions [66]

and to study the intrinsic response of the SMA, single crystals

are employed in this study. High-speed non-contact IR
thermographywill be used tomonitor the spatial temperature

change on the sample surface and will be correlated with the

change in stress hysteresis with respect to the loading fre-
quency. High-speed optical camera will be utilized to obtain

in situ optical images for Digital Image Correlation (DIC) to

reproduce the stress strain curves. Both non-contact methods
serve as an essential tool to accurately map the spatial evo-

lution of temperature and strain fields and are used as an input

for a simple analytical thermomechanical model. Several
thermomechanical models have simulated frequency-de-

pendent behavior of SMAs [67–71]. We employ the ana-
lytical thermomechanical model motivated from the studies

in [72–74]. The focus of the model is to contrast the behavior

of two SMA systems considered to narrow down the key
material parameter dictating frequency-sensitivity. In that

regard, the model is not meant to be predictive but rather

instructive of underlying behavior causing the observed
frequency dependence.

Materials and Methods

In this study Ni50.8Ti and Fe43.5Mn34Al15Ni7.5 (at %) single
crystals were used. The single crystals were grown using

Bridgeman technique in an inert environment. The inverse

pole figure (IPF) of different NiTi and FeMnAlNi single
crystals are shown in Fig. 2. Ni50.8Ti single crystal ingots

were solutionized at 920 "C for 24 h in inert atmosphere

Fig. 1 A schematic to elucidate the change in stress–strain response
and the hysteresis loop area as influenced by different contributions to
the total internal friction such as the a transitory part, b phase

transformation part, and c intrinsic part. The sub-figure in a is a
schematic depicting low and high loading rates (Color figure online)
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and water quenched. Then miniature compression samples

of 4 9 4 9 8mm dimension were EDM cut out of the
ingot and aged at 550 "C for 1.5 h and water quenched to

produce coherent, homogenous Ni4Ti3 precipitates in the

matrix [74]. FeMnAlNi single crystal ingots were also
EDM cut into 4 9 4 9 8mm samples and encapsulated in

quartz tubes with residual argon pressure\ 50mTorr. The

samples were then solutionized at 1300 "C for 1 h and
quenched in 80 "C water [56]. Subsequently, the samples

were aged at 225 "C for 4 h to introduce coherent B2 NiAl
precipitates which partially order the BCC austenite matrix

and promote thermoelastic martensitic transformation [75].

Prior to loading, all samples (about 20–25 for each
material) 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 polished surface to obtain the DIC pattern

for full-field strain measurements. On the back side, the

surface was coarse ground with P400 abrasive paper and
airbrushed with black paint for IR thermography. The

uniaxial compression experiments were performed on an

Instron servo hydraulic load frame under displacement
control at different loading rates ranging from 0.01 Hz to

10 Hz. At this point it should be noted that different

samples were used for all the loading frequencies and the
data reported is for a single-cycle test devoid of any fati-

gue-related effects. 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 500fps for the

high frequency 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

commercial software VIC-2D. For thermography, FLIR

A6753 IR camera was used at frame rates of 25fps to

394fps for low frequency and high frequency tests,

respectively. The IR camera was calibrated for a temper-
ature range of 10–90 "C. All the experiments were per-

formed at room temperature. Dual camera setup (Fig. 2a)

was employed to obtain images for DIC and IR thermog-
raphy simultaneously.

Experimental Results

Frequency Effects on the Stress–strain Response

Representative stress–strain response of NiTi is shown in
Fig. 3. The local strains and the global strains extracted

from DIC was plotted against the nominal applied stress. It

elucidates that the sample undergoes a rather inhomoge-
neous deformation with different volumes of the sample

exhibiting different levels of strains. Consequently, the

temperature evolution from the stress induced phase
transformation is also concentrated locally. As shown in

Fig. 3, the local strains reach up to 5% and the sample

heats up locally to 3.1 "C during loading and cools down
by 5.4 "C during unloading. The magnitude of self-heat-

ing/cooling is indeed affected by the rate of loading due to

heat transfer effects. Figure 4a shows the frequency effect
on stress hysteresis for NiTi and FeMnAlNi. The hysteresis

was calculated as the maximum difference between the

stresses during forward transformation and reverse trans-
formation (Dr). The hysteresis was normalized with 0.1%

transformation stress to account for sample-to-sample

variabilities in the microstructure. The maximum applied
strains were comparable (i.e., 1.8 to 2%) in all samples to

minimize amplitude effects on hysteresis. It is clear that the

stress hysteresis, and thus the damping capacity (Fig. 9), is

Fig. 2 Dual camera setup to facilitate simultaneous real-time DIC
and IR measurements and the Inverse pole figure (IPF) representing
all the loading orientations investigated. Note that the local AOI is not
drawn to scale and the location of local AOI differs from sample to
sample (Color figure online)

Fig. 3 Stress–Strain curve of NiTi\ 011[ at 0.01 Hz loading
frequency elucidating the local and global response
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decreasing with increasing loading frequency for NiTi. On

the other hand, FeMnAlNi differs and exhibits a fairly

constant hysteresis but with higher variability which can be
linked to the quenched microstructure (see appendix).

Another thing to note is the increase in the forward and

reverse transformation stress for NiTi with increasing
loading frequency. The increased change is significantly

pronounced when the frequency is increased from 0.01 Hz

to 1 Hz and not as pronounced in the 1 Hz to 10 Hz fre-
quency range. However, for FeMnAlNi, the transformation

stresses remain constant. Additionally, upon transforma-

tion, the sample exhibits considerable hardening which is
apparent in Fig. 4b and c for NiTi at higher frequencies.

The hardening is not significant for FeMnAlNi. The hard-

ening rate increases notably from 0.01 Hz to 1 Hz for NiTi
and remains constant thereafter. To rationalize the

observed trends in the stress–strain behavior, the temper-

ature evolution of the sample was extracted from IR ther-
mography measurements. These results are presented in the

next section.

Frequency Effects on the Temperature Evolution

The temperature evolution on the sample surface was

monitored using IR thermography. Dual camera setup was

employed to record optical images (for DIC strain mea-
surements) and IR images (for temperature measurements)

simultaneously in real time. Figure 5 depicts the tempera-

ture evolution with loading frequency. It is evident that the
temperature change (DT) measured on the sample’s surface

increases with the loading frequency as the heat transfer

into the ambient atmosphere is minimized. The tempera-
ture measurements were extracted from the sample’s local

area of interest (AOI) like that in Figs. 2 and 3. The DT
was calculated as the difference between the sample’s
temperature prior to loading (i.e., RT) and the temperature

at maximum applied displacement (strain) as shown in
Fig. 6. Furthermore, the local DT increases with increasing

local reversible strains as it is proportional to transforma-

tion strains and hence the transformed volume. Note that
the transforming domain nucleates from a local region

within the sample and sweeps the sample as the applied

Fig. 4 a Stress hysteresis vs loading frequency. Global Stress–Strain curve for b NiTi\ 011[ , c NiTi\ 001[ , d all the orientations of
FeMnAlNi. 0.1% transformation stress was used for normalizing
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strains are increased. Thus, initially the latent heat evolu-
tion is also concentrated in a local transforming domain.

The volume swept by the transforming domain depends on

the mobility of the A/M interface. Observing the temper-
ature vs time plots in Fig. 6, one can see that the temper-

ature evolution during loading and unloading is not

symmetric. For example, for NiTi (Fig. 6a) the under-
cooling, due to the endothermic nature of the reverse

transformation, below RT becomes progressively lower as

the loading frequency is increased. As the loading fre-
quency reaches 10 Hz and higher, the temperature evolu-

tion becomes more and more symmetric. This is reflected

in the hysteresis vs frequency curves (Fig. 4a) as the
loading frequency increases the hysteresis approaches a

stabilized value. On the other hand, examining the tem-
perature vs time curves for FeMnAlNi (Fig. 6b) one can

see that the sample never undercools below RT. The

magnitude of cooling achieved during the reverse trans-
formation is lower than the heating. The possible origins of

this is discussed in Frequency dependence of the stress–

strain response.

Modeling Methodology and Results

An analytical thermomechanical model is employed fol-

lowing [72–74]. Only key elements of the model are
described here, and the reader is referred to the

aforementioned works for a more detailed exposition. In

this framework, we consider the complimentary free
energy Wðrij; T; f Þ as a function of the three-dimensional

applied stress state rij, the temperature of the sample T and

the volume fraction of martensite f . For convenience, the
model accounts for the nucleation and growth of only one

martensitic variant in the austenite matrix. The total com-
plimentary free energy at a given point can be expressed as,

Wðrij; T ; f Þ ¼ DGchemðT; f Þ þWelasticðrij; f Þ þ rijeij ð1Þ

where DGchem is the chemical energy difference between
the martensite and austenite phase, Welastic constitutes the

self-energy of a transformed martensitic inclusion inside an

austenite matrix and the interaction energy between the
transformed volume and applied load, and eij is the

macroscopic strain in the sample making the last term the

Fig. 5 Temperature evolution in the local AOI plotted against
loading frequency at various local transformation strain magnitudes
for all the loading orientations of NiTi and FeMnAlNi. Note the
increase in DT with respect to loading frequency and the local
reversible strains. Inset features the DIC and IR images, taken at peak
strain, of NiTi\ 011[ and FeMnAlNi\ 123[ loaded at 10 Hz
frequency. DT was measured as shown in Fig. 6 i.e. the difference
between the temperature before loading (i.e. RT) and the temperature
at peak strain

Fig. 6 Representative temperature vs time plot for
a NiTi\ 011[ and b FeMnAlNi\ 123[ . Note the difference in
the scale of the temperature axis for NiTi and FeMnAlNi. The loading
portion ends at the peak temperature for each loading frequency and
the unloading portion commences. Refer the main text on the
discussion about the asymmetry in the temperature evolution
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externally applied work in the sample. The chemical

energy arises from a difference in bonding energy between

the martensite and austenite phases and can be conve-
niently expressed as DGchem ¼ BðT0 & TÞf where B is

proportional to the Clausius-Clapeyron slope of the SMA

and T0 is the equilibrium temperature of the austenite and
martensite phases, both of which are intrinsic material

parameters for the SMA. The elastic energy term can be

derived as Welastic ¼ rijetrij f þ 1
2 f ð1& f Þetrij ½CijklðSklmnetrmn &

etrmnÞ( where etrij is the transformation strain corresponding to

the nucleated variant of martensite, C is the elastic constant

tensor and S is the Eshelby-tensor for the nucleated
martensitic inclusion.

Starting from the austenite phase ðf ¼ 0Þ, as increasing
strain is applied to the material. The response remains linear-
elastic, until a critical point is reached where

oW
of

!!!
f¼0

¼ Fð0Þ ¼ Fc, with Fc as the critical driving force for

the transformation. This driving force corresponds to barriers

associated with the lattice friction of the transformation front
and is hence an intrinsic material parameter. At this point A

(Fig. 7a), martensitic transformation initiates and the cor-

responding level of stress is the critical transformation stress
rtrij . Hence, this critical transformation stress is derived by

solving for the stress in the following equation:

FC ¼ Fðf ¼ 0Þ

¼ BðT0 & TÞ þ rtrij e
tr
ij þ

1

2
etrij ½CijklðSklmnetrmn & etrmnÞ( ð2Þ

In the transformation regime, the consistency condition
is used to determine the mechanical response. This con-

dition is given by DF ¼ oF
of Df þ

oF
or : Drþ oF

oT DT ¼ 0,

which can be derived as:

Bð&DTÞ þ ðDrijÞetrij & Df etrij ½CijklðSklmnetrmn & etrmnÞ( ¼ 0

ð3Þ

Note that we allow a temperature change during the

transformation phase, given by DT . This temperature
change accounts for the heating of the sample during the

exothermic forward transformation. The measured tem-

perature change from the IR thermography is incorporated.
Equation (3) is employed to determine the final volume

fraction Df ¼ fmax of martensite corresponding to the

maximum applied strain at the end of the transformation
i.e. e ¼ emax at B (Fig. 7a). Then upon unload, the material

unloads elastically until the critical point for reverse

transformation is reached (point C in Fig. 7a), character-

ized by & oW
of

!!!
f¼fmax

¼ &FðfmaxÞ ¼ Fc. At this point, reverse

transformation initiates and the consistency condition (3) is

employed until the volume fraction f reduces to zero till

point D (Fig. 7a). At this point, reverse transformation is

complete, shifting the unloading to an elastic process once

more. In this manner, the entire superelastic mechanical
response can be modeled to predict the energy dissipated

(hysteresis) within the stress–strain curve.

The nucleated martensite inside the austenitic matrix is
modeled as a penny-shaped inclusion with an aspect ratio
a2=a1 ¼ 1:0E& 4. The Eshelby tensor corresponding to this

geometry can be obtained from [76]. The material con-

stants employed for NiTi are taken from [73, 77]. It must
be noted that these constants were obtained from experi-

ments on polycrystalline NiTi but are quite effective for the

spirit in which this model is employed. The model is
applied for 011½ (-compression of NiTi, considering the

martensitic variant with the highest Schmid factor to be

nucleated (out of all variants listed in [73] for NiTi). The
temperature change during the transformation, i.e. DT is

obtained from experiment (Fig. 6). For the purposes of the

model it is assumed that the temperature change in the
forward and reverse transformation are equal and opposite.

The prediction of the normalized hysteresis at different

frequencies captures the trend in experimental data well, as
seen in Fig. 7b. For FeMnAlNi, it must be realized that

material constants suitable for the thermomechanical

model are still unavailable as this SMA is relatively new.
We approach its behavior by making the fewest parametric

changes from the baseline values chosen thereby identify-
ing the key material parameter influencing frequency-sen-

sitivity. We only change the parameter B, which is

proportional to the Clausius-Clapeyron slope of the SMA.
Once B is reduced by half, the experimental trend is

explained very well (Fig. 7b). See appendix for the

experimental Clausius-Clapeyron plots of FeMnAlNi and
NiTi reported in the literature.

Discussion

Damping Capacity of Shape Memory Alloys

Elegant and minimal solutions to various problems in

modern day engineering can be sought using SMAs.
Damping of resonant frequencies in an earthquake resistant

structure, during re-entry/take-off of space crafts, self-sta-

bilizing robotics, and micro electro mechanical system
(MEMS) devices are some of the problems that warrant the

use of SMAs [1, 78, 79]. It is well known that the

martensitic phase in SMAs has a higher specific damping
capacity compared to austenite phase due to the internally

twinned structure. However, in the temperatures where

martensite and austenite can co-exist, the specific damping
capacity is the highest due to the presence of an additional

interface, the austenite–martensite interface. The standard
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internal friction tests conducted during heating/cooling

using a torsion pendulum setup have elucidated the dif-
ferent contributions to the internal friction as the transitory

part, the phase transformation part, and the intrinsic part

[14, 19, 43]. However, the contribution of the different
mechanisms for a superelastic deformation is of interest in

this study and is discussed further.

Frequency Dependence of the Stress–strain
Response

As presented in Fig. 4, the stress hysteresis is loading fre-

quency dependent for NiTi. The latent heat release during
the forward transformation heats the sample. As depicted in

Fig. 5, the corresponding DT is higher at increasing fre-

quencies as heat transfer is minimized into the ambient
atmosphere during the time period of the test. It is known

that the Ms, Mf, As and Af temperatures increase with the

application of external stress [80, 81]. Thermodynamic
models which take into account the elastic and chemical

contributions to the overall free energy of the system show

that the externally applied stress field assists the forward
transformation as the Gibbs free energy difference between

the martensitic and the austenitic states gets maximized

[73, 82]. The temperature rise during the forward transfor-
mation decreases the chemical free energy difference

between the austenite and martensite phase and thus the

stress needs to be increased to sustain the forward

transformation which gives rise to hardening. However, the

temperature rise during loading provides a driving force for
reverse transformation during unloading and the martensite

to austenite transformation occurs at a higher stress. Effec-

tively the area under the hysteresis loop decreases. This can
be interpreted as a decrease in the transitory contribution to

the total internal friction. The heating during the forward

transformation assists the mobility of the A/M interface
during the reverse transformation (Fig. 8a). For NiTi, one

can see from Fig. 6a, that the magnitude of heating during
loading is lesser than the magnitude of cooling during

unloading at lower frequencies. In other words, the rate of

change of temperature is asymmetric with respect to load-
ing/unloading rate. As the loading rate is increased, the

temperature rate approaches a symmetric behavior (com-

pare 0.01 Hz and 10 Hz in Fig. 6a). The corresponding DT
approaches a steady state (Fig. 5). Hence the change in

stress hysteresis and the transitory contribution to the total

IF also approach a steady state above 10 Hz. This is also
elucidated by the modeling results presented in Modeling

methodology and results (Fig. 7). Additionally, in the

superelastic deformation, the mobility of the internally
twinned martensite needs to be accounted for as well. The

difference between the mobilities of the A/M interface and

the twin interface is expected to affect the damping capacity
[42]. This can be interpreted in terms of the mechanism of

the phase transformation which would influence the phase

transformation part of the internal friction.

Fig. 7 a Thermomechanical modeling of the superelastic response
(Modeling methodology and results); the critical points of the
transformation (A, B, C, D) are marked along with the critical
transformation stress rtr and the maximum applied strain emax; The
curve in red depicts the curve when there is a temperature change of
the sample during the forward/reverse transformations, while the blue
curve represents the response when there is no temperature change in
the sample; for the model, the temperature change during

transformation is obtained from experiment b comparison of
estimates of normalized hysteresis from the thermomechanical model
and experiment; the parameters chosen for the model are for NiTi
((B = 0.607 MPa/K, Fc = 5.4 MPa, To ¼ &9:2 oC G = 28 GPa,
v = 0.4 [73, 77]) showing good agreement with experiments; the
behavior of FeMnAlNi is well-reproduced by one parametric change
i.e. reduction of the parameter B (in this case, by a factor of 2)
representative of the Clausius-Clapeyron slope (Color figure online)
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The mobility of the internal twin boundary (TB) is

achieved by the motion of partial dislocations residing on
the TB [83, 84]. The mobility of the partials would in turn

depend on the elastic modulus of the martensite phase, the

magnitude of the resolved shear stress on the TB, twin
migration energy, the frictional resistance to the partial

motion, partial density, burgers vector, and amplitude of

motion. All of which depend on the martensite variant that
gets activated based on the local stress state. Further, the

twin partial density is impacted by the elastic strains sus-
tained by the activated martensite variant in response to the

stress state [85]. This local stress state is in turn affected by

the precipitate structure, defect density and loading orien-
tation. The mobility of the A/M interface depends on the

interface energy, the elastic distortion at the boundary and

the resulting coherency strains. Lower the coherency
strains, higher the mobility of the A/M interface. The

coherency strains in turn depend on the crystal structures of

the austenite, martensite and the respective twin thickness
of the internally twinned martensite [48, 52, 86, 87].

Consequently, based on the relative mobilities of the A/M

interface and the internal TB, a dislocation reaction may
occur when the twin partials encounter a barrier such as the

A/M interface resulting in dislocation emission into the
austenite matrix [51, 53] and thus contributing towards

energy dissipation. Additionally, depending on the mag-

nitude of the coherency strains at the A/M interface and the
loading orientation, relaxation of coherency strains may

Fig. 8 A schematic elucidating the different mechanisms behind the
damping capacity of SMAs. a Transitory part of the internal friction.
It depends on the kinetics of phase transformation such as the rate of
evolution of martensite, self-heating/cooling rate, and the magnitude
of change in temperature all of which affects the frictional resistance
of the A/M interface. b Phase transformation part of the internal
friction which mainly accounts for the plastic dissipation at the A/M
interface. It is governed by the mechanism of phase transformation
which dictates the twin thickness (t) of the internally twinned

martensite, coherency strains at the A/M interface and consequently
the slip emission. c Intrinsic part of the internal friction which
accounts for the intrinsic damping capacity of the internally twinned
martensite and the austenite. Damping capacity of martensite is
governed by the twin interface density, hence the twin thickness (t),
the twin migration energy and the consequent frictional resistance to
the motion of twinning partials. For the austenite, damping capacity
stems from the motion of vacancies, matrix dislocations and is
negligible compared to that of martensite (Color figure online)
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occur when the interface traverses precipitates or in-grown

dislocations resulting in plastic dissipation [46–48, 54].
The effect of loading orientation is reflected in the differ-

ence in the hysteresis of NiTi\ 011[ and\ 001[ ori-

entations. The lower hysteresis for\ 001[ is due to the
absence of plastic dissipation as the resolved shear stress

on the most energetically favorable slip system

(011)\ 001[ [82, 88] is zero. Thus the phase transfor-
mation part of the internal friction which is thought to arise

from dislocation relaxation processes [44], is absent in
NiTi\ 001[ . However, the transitory contribution seems

to be present for NiTi\ 001[ and the decrease in the

hysteresis with frequency reflects that.
On the other hand, FeMnAlNi exhibits rate insensitive

behavior. The hysteresis remains fairly constant with

increasing frequency and can be attributed to the temper-
ature independent superelastic response of FeMnAlNi.

FeMnAlNi exhibits a Clausius-Clapeyron slope of 0.2 to

0.6 MPa/"C [57, 89, 90] (Fig. 12) owing to the extremely
low magnitudes of DS (&-0.4 J/mol/K) of phase trans-

formation [59]. The maximum DT measured is almost 5

times lower than that of NiTi. Looking at Fig. 6b, it can be
noted DT measured at 0.01 Hz is negligible (&0.3 "C) for
FeMnAlNi, whereas for NiTi DT at 0.01 Hz is around 3 "C
(ten times more). At increasing frequencies maximum DT
measured is around 4 "C at 10 Hz, however, contrasting to

NiTi, the latent heat absorption during reverse transfor-

mation is not enough to cool the sample back to RT. This
suggests that the magnitude of latent heat release during

forward transformation is higher than that absorbed during

reverse transformation. However, one should note that the
heat transfer into the ambient atmosphere could play a part

in the dissimilarity of DT during forward and reverse

transformation, but prior studies [91] have indeed observed
different magnitudes of latent heat during forward and

reverse transformation in a DSC test. Another explanation

could be that most of the heating during loading stems from
plastic dissipation and is irreversible. The latter explana-

tion seems more feasible as the latent heat of transforma-

tion is negligible for FeMnAlNi as inferred from the
extremely low DS reported [59]. The propensity for slip in

FeMnAlNi is further discussed in the next paragraph.

Furthermore, the results from the thermomechanical model
in Modeling methodology and results show that, in addition

to the lower temperature change, the material parameter

which ultimately dictates frequency-sensitivity is the
Clausius-Clapeyron slope. This slope not only depends on

the latent heat of transformation (or entropy change) but

also on the transformation strain [91, 92]. Hence, design of
SMAs for damping applications must focus on minimizing

this parameter and not only the latent heat.

It is also worth noting that, despite frequency-insensitiv-
ity, the magnitude of stress hysteresis (and specific damping

capacity) is higher compared to that of NiTi. This can be

attributed to the mechanism of phase transformation. FeM-
nAlNi has 3 lattice correspondences [93] compared to 12 for

NiTi. NiTi undergoes a B2 to B19’ phase transformation and

FeMnAlNi undergoes a BCC to FCC transformation.
Absence of a group-subgroup relationship for a BCC to FCC

transformation [50] along with fewer lattice correspon-

dences results in relaxation of the coherency strains in the
A/M interface and plastic dissipation occurs. Thus, the

contribution from the phase transformation part of the
internal friction is higher for FeMnAlNi compared to NiTi.

Additionally, to sustain larger coherency strains at the A/M

interface, the internal twin thickness of FeMnAlNi is much
lower compared to that of NiTi [90, 94] giving rise to high

density of twin interfaces. This suggests that the intrinsic

contribution of FeMnAlNi is also higher compared to NiTi.
Higher specific damping capacity, rate insensitivity and

temperature independent stress–strain response can be ben-

eficial for various engineering applications. Nevertheless,
the response under fatigue loading needs to be considered

given the higher propensity for plastic dissipation in FeM-

nAlNi. Recent studies have shown that the degradation of
functionality due to residual strain accumulation can be

closely linked to structural failure via crack initiation and

crack growth along the A/M interface [61, 95]. These issues
need to be well understood especially for load bearing

applications such as in earthquake resistant structures.

In summary, the transitory part of the internal friction is
linked to the mobility of the A/M interface alone and the

various factors that influence it (Fig. 8a). The phase

transformation part of the internal friction is linked to the
structure of the A/M interface, the internal TB of the

martensite, their relative mobilities and the associated

plastic dissipation mechanism (Fig. 8b). The intrinsic part
of the internal friction depends on the mobility of the

internal TB alone and does not account for plastic dissi-

pation (Fig. 8c). These contributions need not be inde-
pendent as the mobility of the A/M interface, the structure

of the A/M interface, the structure of the internal twins and

their mobility are related [48, 52, 87]. A change in one of
the contributions could have a cascading effect and influ-

ence the other contributions as well.

Variability in FeMnAlNi

The specific damping capacity, which is the ratio of area
under the hysteresis loop and the total applied strain energy,

of FeMnAlNi and NiTi is shown in Fig. 9. Its variation with

respect to the loading rate is same as that of normalized stress
hysteresis presented in Fig. 4. The Clausius-Clapeyron plots

for FeMnAlNi [57, 59, 89] and NiTi [96] shown in Fig. 12

portray the large variability in the transformation stress for
FeMnAlNi as reported in the literature. Additionally, the
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specific damping capacity of FeMnAlNi reported in this

study shows large variability as well. This can be attributed
to the initial microstructure. FeMnAlNi has high quench

sensitivity, exhibits a dual FCC?BCC phase at room tem-

perature and pure BCC (austenite) phase at the quenching
temperature of 1300 "C. Any delay in quenching, even by a
few seconds, can render the as-quenchedmicrostructurewith

some martensite. Additionally, upon quenching from a
temperature of 1300 "C the high thermal stresses could also

render the microstructure with an initial volume fraction of
martensite. As one can see in Fig. 9, for the same orientation,

the initial microstructure (see optical and SEM images) is

completely different even though the heat treatment proce-
dure is the same. It is known that this alloy system is extre-

mely sensitive to the characteristics of the precipitates [89]

which influence the stress levels of the forward/reverse
transformation. Additionally it was recently shown that the

growth of precipitates is impeded in FCC martensite com-

pared to that in BCC austenite [97]. Thus, the initial
microstructure prior to ageing is expected to affect the pre-

cipitate volume fraction and size in the local regions of the

sample. The complex internal stress field generated by the
different habit plane variants of the quenching-induced

martensite and the inhomogeneity in the precipitate volume

fraction/size in the local regions of the sample will influence
the stress levels of the transformation and hence the hys-

teresis. On the other hand, comparing the stress–strain curves

of two different samples of NiTi with the same loading ori-
entation (Fig. 11), it is evident that the variability in specific

damping capacity is minimal.

Conclusions

In the present study, rate sensitivity of two starkly con-

trasting SMA systems namely Ni50.8Ti and Fe43.5Mn34-
Al15Ni7.5 single crystals were tested in the superelastic
regime. In the wake of the experimental results and the

modeling efforts, the following conclusions can be drawn,

1. NiTi is highly rate sensitive owing to its relatively large

DT during loading. The large DT can be attributed to the

correspondingly large DS during the austenite to
martensite transformation. On the other hand, FeM-

nAlNi exhibited rate insensitive stress–strain response

due to its relatively low DT during loading.
2. Along with the experiments, the thermodynamic model

revealed that the key material parameter that dictates

rate sensitivity in superelastic SMA is the Clausius-
Clapeyron slope.

3. The decrease in the stress hysteresis and the specific

damping capacity with loading frequency could be
attributed to the decrease in the transitory part of the IF

which accounts for the mobility and the frictional

resistance of the A/M interface.

4. The magnitude of normalized stress hysteresis and the
specific damping capacity is lower for NiTi\ 001

[ loading orientation compared to that of NiTi\ 011

[ . This could be ascribed to negligible contribution
from the phase transformation part of the IF which

accounts for plastic dissipation. In NiTi\ 001[ , the

resolved shear stress factor on the most favorable slip
system (011)\ 001[ is zero and hence no transfor-

mation induced plasticity at the A/M interface.

5. Comparing between NiTi and FeMnAlNi, FeMnAlNi
exhibits a highermagnitude of normalized stress hysteresis

and specific damping capacity. This could be attributed to a

relatively larger contribution from the phase transforma-
tion part and the intrinsic part of the IF. Thus, it can be said

that FeMnAlNi SMA has a higher propensity for inelastic

strain accumulation during a load/unload cycle and will
have implications in fatigue loading.

6. High variability noted in FeMnAlNi could be attributed

to the variability in the initial quenched microstructure.
Following the exact same heat treatment procedure for

all the samples, high thermal stresses due to quenching

from 1300 "C renders the microstructure with an initial
volume fraction of martensite. This affects the ageing

mechanism in the subsequent step and eventually

influences the stress levels during forward/reverse
transformation thereby giving rise to variability.

Thus, it can be concluded that FeMnAlNi SMA could be
an impressive candidate for damping applications due to its

rate insensitive behavior, near-zero temperature depen-

dence of the superelastic response and a higher specific
damping capacity.
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Appendix

Specific Damping Capacity, Sample Variability
and Clausius-Clapeyron Slope

The specific damping capacity, which is the ratio of area
under the hysteresis loop and the total applied strain

energy, of FeMnAlNi and NiTi is shown in Fig. 9 below.
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Figure 10 depicts the stress strain curves of two different

FeMnAlNi samples with near\ 123[ orientation and
different initial microstructure, note the variability in the

stress–strain behavior and the specific damping capacity.

Figure 11 depicts the stress strain curves of two different
NiTi samples with\ 011[ loading orientation and same

initial microstructure having nearly the same specific

damping capacity.
Variation of transformation stress with loading temper-

ature for FeMnAlNi and NiTi are shown in Fig. 12. The
data were collected from prior studies. Note the wide range

of superelastic functionality for FeMnAlNi, all the way

from -196 "C to at least 240 "C. The Clausius-Clapeyron

Fig. 9 a Specific damping
capacity vs loading frequency
for NiTi and FeMnAlNi single
crystals. b Schematic depicting
stored elastic strain energy
(W) and dissipated energy (DW)

Fig. 10 Stress–Strain behavior of two FeMnAlNi samples with
near\ 123[ orientation and different initial microstructure. Note
the values of specific damping capacity. DIC insets depict only one
dominant variant is active for both the samples. Just by visual
inspection, AA’ seems to have higher initial martensite volume
fraction

Fig. 11 Stress–Strain behavior of two NiTi samples
with\ 011[ loading orientation and similar initial microstructure

Fig. 12 Compressive transformation stress vs temperature for
FeMnAlNi [57, 59, 89] and NiTi [96] single crystals
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slope ranges from 0.2 to 0.6 MPa/"C. The wide range of

variability in the transformation stresses can be attributed
to different ageing times resulting in different precipitate

sizes. The FeMnAlNi shown in Fig. 12 were aged at

200 "C for 3 h [57], 24 h [59] and 10 h [89]. Whereas, for
Ni50.8Ti with an ageing time of 1.5 h at 550 "C, the

superelastic functionality is limited to a temperature range

of about 0–90 "C [97]. The Clausius-Clapeyron slope
ranges from 7 to 10 MPa/"C.
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