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Abstract. This work proposes a thermodynamic-based constitutive model for shape memory alloy, which

captures the gradual variation in stress–strain response from the shape memory effect to the pseudoelastic effect.

The present model also provides a framework for modeling various other responses, such as strain temperature

hysteresis and thermally induced strain recovery effect. The model classifies the different phases of the material,

such as twinned martensite, detwinned martensite, and austenite, and the mix of these phases using only two

internal variables, namely austenite volume fraction and inelastic martensite strain. The proposed model shows

that introducing two independent yield conditions corresponding to each internal variable is sufficient to

describe all the phase transformations. After presenting the theoretical framework of the model, the procedure

for numerical implementation has been discussed. The simulation shows the gradual variation in the stress–strain

curve at different temperatures in the phase transformation range and is observed to have an adequate quanti-

tative agreement with the experimental data. The model is further implemented for different shape memory

alloys to show the possibility of the generalized framework for this class of materials. In addition, the capability

of simulating other phenomena of SMA, such as strain response for thermal loading at constant stress and the

complete response of strain recovery in shape memory behavior, is also presented.

Keywords. Shape memory alloys; constitutive model; martensitic phase transformation.

1. Introduction

Among various functional materials, shape memory alloys

(SMAs) can recover significant strain of up to 7% [1]. The

recovery is either due to the temperature rise or just due to

the unloading of the stress. These phenomena are known as

the shape memory effect and the pseudoelastic effect,

respectively. Due to this unique behavior, it is used in many

engineering applications. The shape memory effect of the

material is utilized in temperature controls such as air

conditioners, thermostatic mixing valves, etc. [2]. The

material has also been used as an actuator in automotive

and aerospace applications [3]. In biomedical applications,

shape memory alloys are used, such as implantation in

orthodontics, minimally invasive surgery, etc. [4]. Because

of the material’s ability to perform as both sensor and

actuator, SMAs are used as the intelligent controller. A

novel sun-tracking mechanism using SMA wire and mod-

ular stiffness control structures are examples of such a

smart controller [5, 6]. Recently, the material has been used

in the applications of soft robotics [7–9].

The underlying mechanism behind these phenomena is

the phase transition behavior of the material. In the shape

memory effect, when the material is loaded at low tem-

peratures, it transforms from twinned to detwinned

martensite providing the deformation. When this is fol-

lowed by the rise in temperature, it leads to austenite

formation with simultaneous strain recovery. Apart from

this, the material exhibits pseudoelastic behavior due to the

phase transformation between austenite and martensite

under the applied stress. To effectively utilize the potential

of SMAs, a mathematical model describing the behavior is

essential. Such models can be done at different length

scales, from lattice or crystal level to macroscopic level of

the alloy. Micromechanical models account for

microstructural effects such as crystal structure change,

residual stress during transformation, and interface motion

which influence macroscopic behavior. For a detailed

review of micromechanical models, see [10]. Although

accurate, this approach is associated with high computing

costs for modeling the bulk material.

The martensite transformation in bulk materials is

described by macroscopic phenomenological models,

which can be classified into phenomenological models and

models with thermodynamic considerations [11, 12]. The*For correspondence
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earlier constitutive models employed mathematical func-

tions to describe the material’s response using a phase

diagram. For instance, a one-dimensional model proposed

by Tanaka and Liang utilized exponential and cosine

functions to describe the phase transformation kinetics

[13, 14]. Brinson proposed a modified phase diagram by

splitting the martensite volume fraction into temperature-

induced and stress-induced martensite to describe the

twinning behavior [15]. Based on a similar kinetics

approach a model was proposed for arbitrary thermal and

mechanical loading conditions [16]. To model the differ-

ence in elastic properties between martensite and austenite,

thermodynamically consistent non-constant material

functions are defined based on first principles [17]. These

models have the advantage of simplicity without an itera-

tive procedure in a stress-based approach. In a similar

model, this advantage has been extended in the strain-based

model by using polynomial kinetic equations [18].

Another modeling approach uses a generalized plasticity

framework. In this regard, a simple one-dimensional model

was proposed by Aurruchio [19] with three internal vari-

ables. Using different evolution equations for forming

austenite, single and multiple variant martensite, the model

can describe the pseudoelasticity and shape memory effect

along with multiple cycle loading. A similar model has

been proposed to accommodate multiple as well as partial

loading and unloading conditions [20]. A thermodynamic-

based strain-driven model was proposed by Souza et al [21]

with a deviatoric strain tensor as an internal variable.

Auricchio et al [22] extended this work to a boundary value

problem. With this framework, the model was tested for

uni-axial and multi-axial non-proportional loading to mimic

the loading condition of some SMA applications, such as a

spring actuator, a self-expanding stent, and a coupling

device for vacuum tightness. Based on a stress-based

thermodynamic framework, a 3-D model has been proposed

by Boyd and Lagoudas [23]. This work presents an explicit

form of Gibbs free energy with martensite volume fraction

and total irreversible strain as internal variables. Qidwai

and Lagoudas [24] extended this to include the principle of

maximum dissipation and various transformation functions

are analyzed for a generalized phase transformation func-

tion which can accommodate for volumetric change and

asymmetric behavior. The above models do not explicitly

differentiate between twinned and detwinned martensite.

To account for the martensite reorientation, a model

introducing three internal variables has been proposed [25].

This work accounts for three distinct phases with twinned

and detwinned martensite separately. To reduce the com-

putational complexity of the Souza model, a model was

proposed by avoiding predictor–corrector type approach

[26].

Similar models were proposed using additional internal

variants to include transformation-induced plasticity and

reorientation under non-proportional loading [27, 28]. It is

observed that the material has an additional intermediate

R-phase during the forward transformation [29]. Some

models were proposed incorporating this independent phase

transformation [30, 31]. As many applications of SMA

undergo repetitive loading, it is essential to account for

functional degeneration and fatigue behavior [32]. Some

models were proposed to describe functional fatigue by

accounting for transformation-induced plasticity, change in

transformation stress, and structural fatigue with critical

value for internal damage variables [33, 34]. In one of the

recent works by Alsawalhi et al [35], multiple transfor-

mation functions are reduced to a single function to rep-

resent all the phase transformation behavior. In addition to

irreversible strain, the framework uses transformation

entropy as an internal variable.

Some works focused on rate dependent effect of SMA. It

is observed that the behavior of alloy is dependent on strain

rate, which is mainly due to the production of latent heat

during phase transformation [36]. In Ref. [37, 38], the

authors have considered this effect by incorporating phase

transformation and heat transfer equations. This effect is

accounted for from this approach by introducing an addi-

tional internal variable [39]. For the SMA spring actuator

application, a model [40] has been proposed to derive the

relation between the twist and torque. In this thermody-

namic-based approach, torque is considered a state variable

instead of stress. However, this approach has limitations

during the analysis of SMA springs with large spring index

[41]

Experimental validation of models present in commercial

FEA packages reveals a requirement for a simple and

comprehensive constitutive model [42]. Many models

proposed in the literature usually have a complex formu-

lation for individual phase transformation and evolution

laws depending on the loading direction. They also have

multiple model parameters requiring calibrations with the

experimental data. Some models were proposed in a

framework that doesn’t require the prescription of the type

of transformation in advance along with a minimal set of

variables [43], and the results were limited only to a

qualitative comparison with the experimental data. Most of

the proposed models capture the behavior of complete

phase transformation. However, in certain applications, the

material undergoes a partial transformation [44]. Therefore,

there is still a requirement for a model that can closely

capture the material behavior under complex thermome-

chanical loading, particularly in the phase transformation

regime. In addition to that, the model has to be easily

implementable from the application engineers’ perspective.

With this motivation, in this study, we propose a ther-

modynamic based new constitutive model to describe all

three-phase transformations. The proposed model has cap-

tured the gradual variation in stress–strain behavior under

different temperatures, which fall under the range of phase

transition temperatures. Unlike many other models, the

proposed model doesn’t require an apriori knowledge of

phase transformations. With this framework, the proposed
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model can account for complex thermomechanical loading,

which is very helpful for actuator applications. The pro-

posed work has described phases such as austenite, twinned,

and detwinned martensite using two internal variables.

The phase transformation processes, such as forward,

reverse phase transformation, stress-induced transforma-

tions, and reorientation of twinned to detwinned martensite

can be described in terms of the variation of the internal

variables. This description also helps in modeling the par-

tial transformation behavior of the alloy. Such a partial

transformation is expected in the application of actuators.

Though the work focuses on a rate-independent model, it

can be easily extended to include the rate-dependent

effects. The thermodynamic approach of the model helps in

calculating the energy dissipation. Thus the model can be

utilized to calculate the structural and functional fatigue of

the material by equating the dissipation to the degradation

in the material. The organization of this work is as follows

the constitutive model is described in section 2 along with

the proposed Gibbs free energy. The evolution equations

required for phase transformation are discussed in sec-

tion 3. The numerical implementation of the model is

discussed in section 4. Finally, the results for different loading

conditions and discussion are explained in section 5.

2. Constitutive model

This section describes the proposed 1D constitutive model

for Shape Memory Alloy. In this stress-based model, the state

variable of the alloy is taken to be stress r and temperature T.

Strain e, which is a conjugate variable to stress, is additively

decomposed into elastic and inelastic parts as follows

e ¼ ee þ ein; ð1Þ

where, ee represents the elastic part of the strain and ein

represents the inelastic part of the strain. The inelastic part

is written as a function of two internal variables, which are

the volume fraction of austenite ma and the inelastic

martensite strain emt. The meaning of ma is straightforward;

however, the meaning of emt can be understood as the

inelastic strain exerted in the martensite fraction such that

the total inelastic strain can be written as ein ¼ emtð1 � maÞ.
Therefore, the total strain can be written as

e ¼ ee þ emtð1 � maÞ: ð2Þ

The constitutive model is proposed based on continuum

thermodynamic considerations by satisfying the satisfying

the Clausius–Duhem inequality given by

qT _s� q _uþ r _e� qrT

T
� 0 ð3Þ

where T, q, u; s are temperature, density, specific internal

energy, specific entropy and r; e; q are stress, strain, and

heat flux respectively. With the assumption of uniform

temperature distribution the last term of the above equation

can be neglected, the dissipation(D) inequality can be

rewritten in terms of Gibbs free energy(G), a thermody-

namic potential defined as G ¼ u� r e
q � T s, as

D ¼ �q _G� _r e� qs _T � 0 ð4Þ

By considering Gibbs free energy as a function of external

and internal state variables, i.e., G ¼ Gðr; T ; emt; maÞ the

time derivative of G is given as

_Gðr; emt; ma; TÞ ¼ oG

or
_rþ oG

oemt
_emt þ oG

oma
_ma þ oG

oT
_T ð5Þ

Substituting (5) into (4), gives

D ¼ �q
oG

or
� e

� �
_rþ �q

oG

oT
� qs

� �
_T

� q
oG

oemt
_emt � q

oG

oma
_ma � 0

ð6Þ

Since the rate of external variables _r and _T can be arbitrary,

the coefficient of these terms has to be vanished [45]. This

condition leads to the following state equations.

e ¼ �q
oG

or
ð7Þ

s ¼ � oG

oT
ð8Þ

D ¼ �q
oG

oemt
_emt � q

oG

oma
_ma � 0 ð9Þ

To establish the state equation for the behavior of SMA, the

following form of Gibbs free energy is proposed. The free

energy potential is additively decomposed into the rever-

sible part, which comprises the first three terms and the

irreversible part with the remaining three terms as follows

Gðr; emt; ma; TÞ

¼ Grðr; emt; ma; TÞ þ Girðemt; ma; TÞ ¼ �1

2q
r2SðmaÞ

� 1

q
r aðmaÞðT � T0Þ þ emtð1 � maÞ½ �

þ cðmaÞ ðT � T0Þ � ln
T

T0

� �� �

þ a

q
emt

emts
:tanh�1 emt

emts

� �
þ 1

2
ln 1 � emt

emts

� �2
�����

�����
" #

þ b

2q
ð2ma � 1Þtanh�1ð2ma � 1Þ
�

þ 1

2
ln 1 � ð2ma � 1Þ2
�� ���þ c1 lnðc2 � maÞ

q
ðT � T�Þ

ð10Þ

where T0 represents the entropy value, temperature, and
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internal energy, respectively. The parameters

emts ; a; b; c1; c2; T
� represents the model parameters. emts can

be interpreted as the maximum inelastic strain the material

could undergo in the martensite phase. The variables S; c; a
represent compliance, heat capacity, and thermal expansion

coefficient of the material, respectively. Motivated by the

work on ferroelectrics [46, 47], the free energy is chosen

such that internal variables are bounded in the range given

by 0\ma\1 and jemtj\emts . The effective material prop-

erties in terms of pure phases are given as

SðmaÞ ¼ SM þ maðSA � SMÞ ¼ SM þ maDS

cðmaÞ ¼ cM þ maðcA � cMÞ ¼ cM þ maDc

aðmaÞ ¼ aM þ maðaA � aMÞ ¼ aM þ maDa

where ð�ÞM and ð�ÞA represent a particular material property

in the martensite and austenite phase, respectively.

By using (7) the strain can be defined in terms of state

variables as

e ¼ �q
oG

or
¼ rSðmaÞ þ aðmaÞðT � T0Þ þ emtð1 � maÞ

� rSðmaÞ þ emtð1 � maÞ
ð11Þ

The above approximation is obtained by ignoring the effect

of thermal expansion compared to the last term, which is

the inelastic term. By comparing with (1), we can identify

the first term in (11) represents the elastic part of the strain.

By substituting the proposed Gibbs potential in the dissi-

pation inequality condition (9) and noting that Dc ¼ 0, we

obtain

D ¼ rð1 � maÞ � q
oGir

oemt

� �
_emt

þ r2

2
DS� remt � q

oGir

oma

� �
_ma � 0

ð12Þ

The coefficient of the rate of internal variables represents

the respective conjugate thermodynamic forces. To calcu-

late the strain for the given stress and the temperature using

(11), the internal variables such as emt and ma have to be

calculated. In the following section, the evolution equation

for the internal variables will be presented. These equations

are derived such that the above dissipation inequality is

satisfied.

3. Evolution of internal variables

For the evolution of emt, a condition has been introduced in

terms of a yield function /e. In order to satisfy the dissi-

pation inequality, the yield function is chosen such that the

conjugate thermodynamic force of emt per martensite frac-

tion exceeds a critical value, and the evolution will happen.

Therefore, the yield function can be written as

/e ¼ r� be

1 � ma

����
����� rc � 0 ð13Þ

where, rc represents the critical stress value and

be ¼ q oGir=oemt. From the above equation, we can see that

once the conjugate thermodynamic force exceeds a

threshold limit, emt will change. This represents the reori-

entation from twinned to detwinned martensite. It can also

be observed that when the material is completely austenite,

such transformation is not possible. The relation between be

and emt can be obtained from the proposed Gibb’s potential

as

emt ¼ emts tanh
be

a

� �
ð14Þ

Since there is a one-to-one relation between emt and be, the

updated internal variable can be obtained by updating be.
Therefore, be is being treated as a stored value in the

simulation procedure.

Similarly, for the evolution of ma, another yield function

/m has been introduced as

/m ¼ r2 DS
2

� r emt � q
oGir

oma

����
����� Tc � 0

/m ¼ T � T� þ r2 DS
2C

� r emt

C
� bT

C

����
����� Tc � 0

ð15Þ

where, Tc represents the critical temperature value and

bT ¼ q oGir=oma þ C ðT � T�Þ and C ¼ c1

ðc2�maÞ. From this

definition of bT , using Gibb’s free energy, we can write a

one-to-one relation between bT and ma as

ma ¼ 0:5 1 þ tanh
bT

b

� �
ð16Þ

Therefore, bT will be stored for computational purpose, and the

austenite volume fraction will be calculated using the above

equation. The yield criteria given in equation (15) represents

that the combination of stress and temperature exceeds a

threshold limit, and a transformation happens between the

austenite and martensite phases. T� can be interpreted such that

under stress-free condition, T� is the average value of austenite

start/finish temperature and martensite start/finish temperature.

The term r2 DS=2C influences the transformation temperature

under the application of stress. The term r emt=C gets activated

upon applying stress only when there is a presence of martensite

transformation strain. Due to the presence of this term, pseudo-

elastic stress–strain curves show different hardening behavior

between loading and unloading conditions. This behavior is also

observed in the experimental data, which is discussed in the

result section.
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4. Time integration

For a numerical simulation, the applied stress and temper-

ature are discretized into many load steps. The variables

corresponding to the current load step are denoted with the

subscript ðnþ 1Þ. At the current load step, for a given rnþ1

and Tnþ1, benþ1, bmnþ1 and enþ1 has to be calculated provided

ben and bTn are known. In order to do this, equation (15) can

be written as

/m ¼ Tnþ1 � T� þ
r2
nþ1 DS

2Cnþ1

�
rnþ1 emtnþ1ðbenþ1Þ

Cnþ1

�
bTnþ1

Cnþ1

�����
�����

� Tc � 0

ð17Þ

Similarly, the equation (13) can be written as

/e ¼ rnþ1 �
benþ1

1 � manþ1ðbTnþ1Þ

�����
������ rcnþ1

� 0 ð18Þ

To update the internal variables, the above two inequality

constraints have to be satisfied simultaneously. The mate-

rial parameters Cnþ1 and rcnþ1
are updated simultaneously

with the internal variable ma. To perform this update, a trial

value of yield functions /m
tr and /e

tr are introduced as

/m
tr ¼ Tnþ1 � T� þ

r2
nþ1 DS

2Cnþ1

�
rnþ1 emtnþ1ðbenþ1Þ

Cnþ1

� bTn
Cnþ1

����
����� Tc

ð19Þ

/e
tr ¼ rnþ1 �

ben
1 � manþ1ðb

T
nþ1Þ

�����
������ rcnþ1

ð20Þ

By calculating these two variables, the updating proce-

dure can be performed by solving the following two

equations.

benþ1 ¼ben þ hð1 � maðbTnþ1ÞÞ/trðbTnþ1Þi

sgn rnþ1 �
brn

1 � maðbTnþ1Þ

 !
ð21Þ

bTnþ1 ¼bTn þ Cnþ1h/m
tri

sgn Tnþ1 � T� � 1

2Cnþ1

r2
nþ1DS

�

� rnþ1 emtðbenþ1Þ
Cnþ1

� bTn
Cnþ1

� ð22Þ

where h�i Macaulay’s bracket which is defined as

h�i ¼ ð� þ j�jÞ=2. The above two equations are nonlinear

and need to be solved using an iterative procedure. The

pseudocode for the algorithm is given in table 1.

5. Results

In this section, the proposed model is simulated under three

types of thermomechanical loading conditions. The simu-

lations are chosen such that they describe different prop-

erties of the alloy. These phenomena are discussed with the

variation of internal variables along the loading conditions.

The model parameters are judiciously chosen such that the

simulation results are in good agreement with the experi-

mental data. To show the robustness of the model in cap-

turing the behavior of various SMA materials, validation

with experimental data has been performed just by varying

the model parameters for four different materials without

modifying the framework of the model.

5.1 Stress strain behaviour

Initially, the stress–strain behavior at different operating

temperatures is analyzed. Also, the simulation results are

compared with experimental data available in the literature.

For this, the isothermal tests done on NiTi Alloy (50.1%

Ni) by Shaw and Kyriakides [48] are simulated. The model

parameters chosen for the analysis are given in table 2.

Some critical material parameters like elastic modulus (EA

& EM) and maximum available transformation strain (emts )

are taken from the experimental uniaxial test data. The

initial state of the alloy is different for different operating

temperatures, given in terms of internal variables. The

initial state can be incorporated into the model by sub-

jecting the alloy to an initial hypothetical loading condition

from a reference state. This is done by raising the tem-

perature from a small value to the operating temperature at

zero stress. The reference state is given by a zero volume

fraction of austenite and zero martensite inelastic strain emt.
The loading curve of this phase is given from t0 to t1 in

figure 1. Once the operating temperature Topt value is

reached, it is maintained while the stress ramps up to rmax
at t ¼ t2. Then, the stress ramps to zero without changing

the temperature value. This part of loading is given in the

interval between t2 and t3 as shown in figure 1.

During the interval between t ¼ t0 to t ¼ t1, only the

temperature is raised, and the stress remains zero. This

results in the increase of the volume fraction of austenite ma

while maintaining emt to be zero. The change of these

internal variables is shown in figure 2. The value of ma

begins to change from zero once it reaches a certain tem-

perature value. This represents the beginning of the phase

change from martensite to austenite. The continuation of

the rise in temperature increases the ma until the temperature

reaches Topt. The simulation results show that the value of

ma at t ¼ t1 depends on the operating temperature. This

represents the phase of the material for which the stress–

strain behavior is simulated. Between t1 and t2, once the

stress value reaches a critical limit, emt begins to increase.

At that moment, we could also note the decrease in ma. This
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behavior represents stress-induced martensite transforma-

tion. During the stress unloading between t2 and t3, the

austenite volume fraction increases again while the emt

decreases. The significance of this change during the

unloading depends on the operating temperature. At low

Topt, the change is insignificant and shows a behavior

similar to plastic material. At high Topt, the change in the

internal variable is significant, resulting in the material’s

pseudoelastic response.

The stress–strain behavior of the simulation results,

along with the comparison of experimental data, is given in

figure 3. The experimental data shows the variation in the

stress–strain behavior from the shape memory effect to the

pseudoelastic effect for varying operating temperatures.

The simulation result captures this behavior very well. The

results of the evolution of internal variables show that the

material is in a partial phase-transformed state before it is

Table 1. Algorithmic sketch for shape memory alloy model.

Table 2. Model parameters used in numerical simulations For

NiTi Alloy(50.1% Ni).

Parameter Value Unit

SA ¼ 1=EA 1/62.701 GPa�1

SM ¼ 1=EM 1/30.591 GPa�1

Tc 6 K

rc ð1 � mÞ 	 135 þ m	 435 MPa

T0 299.5 K

c1 0.7 MPa K�1

c2 3.4 –

emts 0.05 –

a 80 MPa

b 6 K

t
0

t
1

t
2

t
3

time

0

0.2

0.4

0.6

0.8

1

Figure 1. Stress and Temperature loading for Shape memory

alloy.
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tested for stress–strain behavior. This gives a significant

difference in the stress–strain response. Quantitatively

capturing such a variation in the response is essential in

complex thermomechanical loading conditions in actuator

applications. Also, the model captures the difference in

constitutive behavior during loading and unloading

Figure 2. The evolution of internal variables ma and normalised transformation strain (emt=emts ) during uniaxial tensile loading at

constant temperatures ranging from �17:6�C to 90�C.
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reasonably well. This is achieved due to the presence of the

inelastic martensite strain term in the yield function(/m) of

the austenite volume fraction. In addition, the model also

captures the stress plateau behavior identical to ideal plastic

material when it reaches the critical stress value. From the

choice of rc as a function of ma, the variation in the critical

stress value at which the phase transformation happens is

also captured with good approximation. The simulated

Figure 3. Uniaxial tensile stress–strain responses at temperatures ranging between �17:6�C and 90�C depicting two distinct behaviors

of shape memory alloy. The solid line represents the analytical results, and the dotted line represents the experimental results [48].
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Figure 6. The evolution of internal variables ma and (emt=emts )

during thermal cyclic loading for r ¼ 200 MPa.
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Figure 7. The evolution of internal variables ma and (emt=emts )

during thermal cyclic loading for r ¼ 400 MPa.
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Figure 4. The thermal cyclic loading applied at constant stress

form T1 to T3 for simulation the strain recovery during heating.
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Figure 8. Thermomechanical loading applied to simulate the

one-way shape memory effect.
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Figure 9. The evolution of internal variables ma and (emt=emts ) at

10�C describing the the one-way shape memory effect.
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strain value at rmax also agrees reasonably with the exper-

imental results.

5.2 Strain temperature hysteresis

This subsection discusses the simulation results of strain

response for an increase and decrease in temperature under

constant stress. Experimental studies of various SMA

materials for such loading condition is vastly explored in

the literature [49, 50]. These studies mainly characterize the

material’s ability to use as a thermally induced mechanical

actuator. From the experimental results in the literature, it

has been generally observed that the change in strain

between the higher and lower temperatures increases as the

stress increases within a certain range of stress values.

To simulate this behavior, the following thermome-

chanical loading condition is considered, see figure 4. At

t ¼ t0, the material is assumed to be twinned martensite i.e.

ma ¼ 0 and emt ¼ 0. At this low temperature, it is loaded

until the desired stress is reached from t0 to t1. This is

followed by the thermal cycling between t1 and t3, where

the temperature increases to Topt while maintaining the

stress value unchanged as shown in figure 4. The effect of

detwinning can be observed through the evolution of

inelastic martensite strain (emt). For the applied load of 200

MPa, we can observe only the partial evolution of inelastic

martensite strain as shown in figure 6. By increasing the

load, the complete detwinning of martensite variants is

achieved, which can be observed in figure 7. Similarly, the

evolution of another internal variable, austenite volume

fraction, increases up to t2 along with temperature and

decreases simultaneously. The detwinned martensite strain

at the end loading(at t1) is the available recoverable strain

for actuation. As observed in figure 6 & 7 with the increase

in the applied stress, the strain available is also increased.

The total strain during the thermal cycling for various stress

levels is given in figure 5.

5.3 Shape memory effect

The ability of the model to capture the entire behavior of

the shape memory effect is discussed in this subsec-

tion. This complete behavior can be sequentially decom-

posed into the following behaviors. At first, the material

undergoes an inelastic deformation providing the required

transformation strain upon applied stress. Following that,

the inelastic strain is recovered upon heating under stress-

free conditions. During this process, the material trans-

formed from martensite to austenite. Finally, upon cooling,

the material remains undeformed and returns to the initial

state completing the cycle.

To simulate this entire behavior, the loading condition

given in figure 8 is considered. From t0 to t1, the temper-

ature is raised from a lower value to an operating value

such that the material remains in the martensite phase. The

austenite volume fraction can be noticed to have a near zero

value, as seen in figure 9. This is followed by stress loading

from t1 to t2 while keeping the temperature constant.

During this loading condition, the material remains in the

martensite phase. However, the inelastic martensite strain

emt increases near to emts . This represents that the material

Figure 10. Shape memory effect at 10�C operating temperature.

Table 3. Model parameters used in numerical simulations.

Parameter NiTi Alloy [53] NiTi Alloy [34] (54.8%Ni) Cu-Zn-Sn Alloy [54] (63.5%Cu–33.3%Zn) Unit

SA 1/53600 1/32030 1/13898 MPa�1

SM 1/21100 1/18012 1/6831 MPa�1

Tc 3 10 1.5 K

rc ð1 � mÞ 	 250 þ m	 450 ð1 � mÞ 	 120 þ m	 650 ð1 � mÞ 	 12 þ m	 68 MPa

T0 250 350 350 K

c1 0.7 0.7 0.8 MPa K�1

c2 4.1 4.1 11.2 –

emts 0.05 0.04 0.01 –

a 35 35 9 MPa

b 5 4 0.5 K
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mostly converted from twinned to detwinned martensite.

Upon unloading from t2 to t3, the inelastic martensite strain

remains the same in the material as observed in figure 9.

The shape memory effect represents the recovery of this

inelastic strain upon heating. In the interval between t3 to t4,

the loading curve shows the increase in temperature with

zero stress. During this interval, the volume fraction of

austenite increases representing the reverse phase trans-

formation. At the same time, emt decreases simultaneously,

causing the inelastic strain to recover. The complete strain

recovery does not occur, leaving behind a permanent strain.

This can be observed as the difference between inelastic

martensite strain at t1 & t5 in figure 9. The cyclic behavior

of SMA reveals that the evolution of permanent strain for

virgin material stabilizes after certain cycles [51, 52]. The

entire thermomechanical path can be observed in the tem-

perature-stress–strain curve as shown in figure 10.

Further, upon cooling (t4 to t5), the material undergoes

forward transformation changing its phase from austenite to

twinned martensite. This phase change causes the decrease

in the austenite volume fraction ma while the emt remains

unchanged. The inelastic strain, which was recovered dur-

ing the heating process, remains unchanged during the

cooling process. This unchanged strain can also be seen in

figure 9. Thus, it can be seen that the proposed model can

completely capture the shape memory effect of the

material.

5.4 Stress strain response for other SMA alloys

The behavior of shape memory alloy is understood to be

dependent on the composition of the alloy and the ther-

momechanical processing it has undergone [55]. They

dictate the transformation temperatures, pseudoelasticity,

and shape memory effect of the alloy. The model must be

able to capture the variations of different classes effec-

tively. To show the robustness of the model within the same

framework, the model parameters are identified for differ-

ent classes of SMA materials to capture its stress–strain

behavior. In order to do this, the experimental data from the

following literature are considered [34, 53, 54]. The ther-

momechanical loading similar to the one discussed in

section (5.1) is used. The material parameter for each shape

memory alloy is tabulated and given in table 3. Figure 11,

12, 13 shows the comparison between the experimental

data and the simulation results at various temperatures. By

observing these experimental data, it is evident that the

stress–strain curves are distinguishable between each

material concerning the shape. The simulation results show

that this difference can be easily captured with the proposed

model.

6. Conclusion

A new stress-based phenomenological constitutive model is

proposed for modeling the complex behavior of shape

memory alloy. This model provides a novel framework to

describe the forward, reverse transformation, and detwin-

ning of martensite without the need to know the load

apriori. To perform the numerical implementation of the

Figure 11. Comparison of simulation results with experiments

performed on NiTi alloy by Sittner et al [53] for temperatures

between �20�C to 60�C.
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proposed model, the algorithmic procedure has been given.

The efficacy of the model is discussed by subjecting it to

different thermomechanical loading conditions. By com-

paring it with the experimental data from the literature, it is

shown that the model can effectively capture the gradual

variation between pseudoelasticity and shape memory

effect of the NiTi alloy. The model also captures the partial

recovery of the inelastic strain during the initial loading

cycles. Further, it is shown that the framework work can be

adopted for modeling the behavior of different classes of

alloys by changing the model parameters. These features

make the proposed model an important tool for modeling

the mechanisms utilizing SMA wire. This framework,

along with a minimal set of variables, helps in the effective

integration of the model in applications. Based on this

work, it can be extended to simulate the three-dimensional

loading conditions for complex applications.
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