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ABSTRACT  
Design of shape memory alloy sensors and actuators requires taking into account the martensite stabilization 
effect, which consists in a shift upward of the reverse martensitic transformation temperatures after preliminary 
deformation. In this work it is assumed that this effect is due to damage in martensite domain boundaries during 
pre-straining. This idea is accounted for in a microstructural model by introducing a variable for boundaries 
damage and formulating evolution equations. The reverse transformation temperature shift is described with 
one set of constants for three pre-straining modes: deformation of a specimen in the martensitic state, cooling 
under a constant stress, and deformation in the austenitic state inducing martensite by stress. For Ti50Ni50 and 
Ti49Ni51 (at. %), the model matches experimental data well for the first two modes and qualitatively for the 
third. 
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Introduction 

Shape memory alloys (SMA) are widely used in industry and medicine due to their ability 

to recover the initial shape during the reverse martensitic transformation (MT) at heating 

after deformation in the low-temperature phase (martensite). For such applications as 

thermomechanical actuators or thermal sensors it is in many cases important to know at 

what temperatures will the shape recovery occur.  

The characteristic temperatures As and Af, at which the reverse MT in the 

undeformed material begins and ends, are material constants. However, experiments 

show that if the material acquired a deformation in the martensitic phase it can retain 

structure of martensite when heated to temperatures above As in the undeformed 

material. This phenomenon is known as the martensite stabilization effect (MSE). It can 

be either beneficial or undesirable depending on the application of the SMA. The 

magnitude of the shift of 𝐴𝑠 depends on the degree of prior deformation.  
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The effect of martensite stabilization in titanium nickelide has been studied since 

1991 [1]. It was observed after various pre-deformation treatment (cold rolling, 

stretching, and shear in the martensitic state, stress-induced MT, cooling under stress 

from austenite) for mono- and polycrystals of SMA [2–16]. Different hypotheses about 

the causes of MSE were proposed in [2–16]. S.A. Kustov et al. [11,12] proposed two 

mechanisms of MSE: one – mechanical stabilization due to pinning martensite 

boundaries and the second – chemical stabilization due to atomic reordering. In these 

works mechanical stabilization is related to aging. Thus, time independent MSE is due 

only to the chemical stabilization. S.P. Belyaev et al. [16] put forward a hypothesis that 

the main cause of MSE is the damage to intermartensitic boundaries, which hinders the 

reverse transition and therefore shifts its temperatures upward. This hypothesis was used 

in [17] for modeling MSE after pre-deformation by stretching in the martensitic state. A 

new variable ζ, responsible for the degree of intermartensitic boundary damage, was 

introduced. It was assumed that ζ increases with the degree of martensite orientation. 

The evolution equations proposed in that work for ζ were used to model MSE caused by 

pre-deformation of Ti50Ni50 alloy specimens in the martensitic state up to various values 

of strain. The obtained dependences for the shift in the onset temperatures of the reverse 

MT were in good agreement with the experiment. In the present work, the formulae for 

calculating the evolution of boundaries damage parameter ζ were adjusted and 

supplemented to model the MSE caused by other methods of pre-straining. 

 

Microstructural model of SMA 

Modeling the functional-mechanical properties is an essential and convenient tool for 

studying phase transformations, phase stability, and thermomechanical behavior of SMAs. 

The microstructural model described in [17–20] accounts for reversible phase 

deformation, microplastic deformation (plastic accommodation of martensite), and the 

evolution of deformation defects. The internal variables of this model are (1) volume 

fractions of martensite orientation variants obtained by equivalent but differently 

oriented Bain’s deformations; (2) microplastic deformations associated with these 

variants; (3) densities of oriented and scattered deformation defects. For describing the 

material structure, a hierarchy of regions is established: a representative volume consists 

of grains differing in the orientation of crystallographic axes, and each grain contains 

austenite and martensite variants. Reuss' hypothesis is accepted: the macroscopic strain 

described by the small strain tensor ε is calculated as the average value of the grain 

strains 𝜀𝑔𝑟. For crystals, this strain can be divided into the sum of elastic 𝜀e, thermal 𝜀T, 

phase 𝜀Ph, microplastic 𝜀mp, and plastic 𝜀𝑝 components: 

𝜀 = ∑ 𝑓𝑖𝜀gr(𝜔𝑖)
𝑖

, 𝜀gr = 𝜀e + 𝜀T + 𝜀Ph + 𝜀mp + 𝜀𝑝,                                                           (1) 

where i are the crystallographic orientation axes, fi are the volume fractions of grains 

with orientation i, and the sum is taken over all grain orientations (argument i is further 

omitted). According to the Reuss' hypothesis, the mixture rule is also applied to the phase 

deformations within each grain: 

𝜀gr = (1 − ФM)𝜀A +
1

𝑁
∑ Ф𝑛𝜀M𝑛

𝑁

𝑛=1

, ФM =
1

𝑁
∑ Ф𝑛

𝑁

𝑛=1

,                                                         (2) 
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where 𝜀A and 𝜀M𝑛 are the strains of the austenite and the n-th martensite variant, 𝑁 is 

the number of Bain deformation orientation variants, ФM is the total volume fraction of 

martensite in the grain, and Ф𝑛is the normalized fraction of the n-th martensite variant 

(so that its volume fraction relative to the grain volume is n/N). The phase strain of an 

individual martensite variant is the Bain’s deformation Dn that implements the lattice 

transformation. Since the fraction of the n-th variant is n/N, 

𝜀Ph =
1

𝑁
∑ Ф𝑛𝐷𝑛

𝑁

𝑛=1

.                                                                                                                                (3) 

Microplastic deformations are plastic deformations caused by phase deformation 

incompatibility. They accommodate martensite and reduce the elastic energy of 

interphase stresses. A simplified calculation of microplastic deformations is based on the 

idea that the growth of each Bain martensite variant initiates a combination of shears 

creating a deformation proportional to the deviator of phase deformation. Thus, we can 

apply an equation similar to Eq. (3): 

𝜀mp =
1

𝑁
∑ 𝜅𝜀𝑛

p
𝑑𝑒𝑣𝐷𝑛

𝑁

𝑛=1

,                                                                                                                       (4) 

where internal variables 𝜀𝑛
p
 serve as "measures" of microplastic deformations, 𝑑𝑒𝑣𝐷𝑛  

is the deviator of the tensor Dn, and 𝜅 is a material constant. The equations for Ф𝑛 and 𝜀𝑛
p
 

are formulated in terms of generalized thermodynamic forces – derivatives of the Gibbs 

potential 𝐺 with respect to these variables. For a grain, 

𝐺 = (1 − ФM)𝐺A +
1

𝑁
∑ Ф𝑛

𝑁

𝑛=1
𝐺M𝑛 + 𝐺mix,                                                                                (5) 

where 𝐺A and 𝐺M𝑛 are eigen potentials of austenite and the n-th martensite variant, 

without accounting for their interaction, and 𝐺mix is the "mixing potential", equal to the 

elastic energy of interphase stresses. In Eq. (5), the eigen potentials are: 

𝐺𝑎 = 𝐺0
𝑎 − 𝑆0

𝑎(𝑇 − 𝑇0) −
𝑐𝜎

𝑎(𝑇 − 𝑇0)2

2𝑇0
− 𝜀𝑖𝑗

0𝑇𝑎(𝑇)𝜎𝑖𝑗 −
1

2
𝐷𝑖𝑗𝑘𝑙

𝑎 𝜎𝑖𝑗𝜎𝑘𝑙  (𝑎 = 𝐴, 𝑀𝑛),              (6) 

where the upper index 𝑎 = 𝐴 denotes austenite and 𝑎 = M𝑛 – n-th martensite variant; 

𝐺0
𝑎 and 𝑆0

𝑎 are Gibbs potential and entropy at the reference stress  = 0 and temperature 

T=T0 (at which 𝐺0
A = 𝐺0

M𝑛); 𝜀𝑖𝑗
0𝑇𝑎(𝑇) are strains of the phases at =0 ; 𝑐𝜎

𝑎 are specific heat 

capacities at  = 0 and 𝐷𝑖𝑗𝑘𝑙
𝑎  are elastic compliances. For 𝑇0, the estimate from [21] is 

accepted: 𝑇0  =
𝑀𝑠+𝐴𝑓

2
 (hereinafter 𝑀𝑠, 𝑀𝑓, 𝐴𝑠, 𝐴𝑓 are the characteristic transformation 

temperatures). Calculation of the 𝐺mix potential is a very difficult task. As a simplest 

estimate, a quadratic form is used similar to that in the model developed by E. Patoor 

et al. [22,23]. It takes into account that this energy increases with an increase in the 

volume fractions of martensite Ф𝑛 and decreases due to oriented deformation defects 𝑏𝑛, 

the appearance and movement of which provides plastic accommodation of martensite 

– plastic deformations 𝜀𝑛
𝑝: 

𝐺𝑛
𝑚𝑖𝑥 =

𝜇

2
∑ 𝐴𝑚𝑛(Ф𝑚 − 𝑏𝑚)(Ф𝑛 − 𝑏𝑛)

𝑁

𝑚,𝑛=1
,                                                                               (7) 

where the matrix (𝐴𝑚𝑛) describes the self-action and interaction of martensite variants. 

In the TiNi alloy, the primary self-accommodation of martensite is achieved by grouping 

variants into correspondent variants pairs (CVP) [24–26]. A decrease of Gmix energy due to 
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the formation of CVP is accounted by the proper negative components in the matrix (𝐴𝑚𝑛). 

The form of this matrix is taken from [17]. From Eqs. (6) and (7) we find the force causing 

the growth of the n-th variant of martensite: 

𝐹𝑛(𝑇, 𝜎, 𝛷) = −𝑁
𝜕𝐺

𝜕Φ𝑛
≈

𝑞0

𝑇0

(𝑇 − 𝑇0) + 𝜎𝑖𝑗: 𝐷𝑖𝑗
𝑛 − 𝜇 ∑ 𝐴𝑚𝑛

𝑁

𝑚=1

(Φ𝑚 − 𝑏𝑚).                           (8) 

The existence of the hysteresis of the martensite volume fraction dependences on 

temperature is accounted by introducing a dissipative force Ffr, which counteracts the 

movement of the interface, so that the transformation condition has the form: 

𝐹𝑛 = ±𝐹fr ,                (9) 

where the force Fn is determined by Eq. (8), the plus sign corresponds to the direct 

transformation, and the minus sign – to the reverse. The value of 𝐹fr is expressed in terms 

of the transformation characteristics: 𝐹fr = 𝑞0(𝑀𝑠– 𝑇0)/𝑇0. The variations laws for the 

variables bn and ε𝑛
p
 are derived from the condition of microplastic flow: 

|𝐹𝑛
𝑝 − 𝐹𝑛

𝜌
| = 𝐹𝑦, (𝐹𝑛

𝑝 − 𝐹𝑛
𝜌

)𝑑𝐹𝑛 > 0,                                                                                      (10) 

where 𝐹𝑛
𝑝 is the generalized force conjugate to the variables bn: 

𝐹𝑛
𝑝 = −𝑁

𝜕𝐺

𝜕𝑏𝑛
= 𝜇 ∑ 𝐴𝑚𝑛(Ф𝑚 − 𝑏𝑚)

𝑁

𝑚=1

,                                                                                       (11)  

𝐹𝑦 and 𝐹𝑛
𝜌
 are forces describing isotropic and kinematic hardening. The microplastic flow 

condition (10) is similar to the classical plastic flow condition for a uniaxial stress state: 

generalized forces 𝐹𝑛
𝑝, 𝐹𝑦 and 𝐹𝑛

𝜌
 play the role of stress, flow stress and internal (eigen) 

stress (or back stress), respectively. Microplastic flow generates deformation defects, 

which in this model are divided into two groups: scattered defects 𝑓 and oriented defects 

𝑏𝑛. The evolution equations for them are proposed in the form: 

 𝑏𝑛̇ = 𝑘𝑏 (𝜀𝑛̇
mp

−
|𝑏𝑛|

𝛽∗
𝜀𝑛̇

mp
𝐻(𝑏𝑛𝜀𝑛̇

mp
)),   𝑓̇ = ∑ |ε̇𝑚

mp
|

𝑁

𝑚=1

,                                                           (12) 

where 𝑘𝑏, 𝛽∗ are material constants, H is the Heaviside function. Further we assume that 

scattered defects create isotropic hardening, and reversible ones – kinematic hardening. 

This is accounted for by the so-called closing equations – relations between the defect 

density 𝑓 and force 𝐹𝑦, as well as between 𝑏𝑛 and force 𝐹𝑛
𝜌
. In this model, they are 

selected in the simplest form: 

𝐹𝑦 = 𝑎𝑦𝑓, 𝐹𝑛
𝜌

= 𝑎𝜌𝑏𝑛,                                                                                                               (13)  

where 𝑎𝑦 and  𝑎𝜌 are material constants. From conditions (9) and (10) and Eqs. (8) and 

(11)–(13) the evolutionary equations follow, allowing to calculate the increments of the 

internal variables n, ε𝑛
mp

, bn, fn for given increments of stress and temperature and then 

using Eqs. (1)–(4) to find the reversible and irreversible macroscopic strains. 

 

Calculation of damage to intermartensitic boundaries 

In this paper, the description of the MSE, as well as in [17], is based on the idea of 

calculating the damage of the intermartensitic boundaries and its effect on the dissipative 

force Ffr. Observations of the structure of the boundaries [16] show that they are damaged 

during growth of martensitic plates on the late stages of MT, as well as by the growth of 

some plates at the expense of others during the reorientation of martensite occurring at 
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the deformation of samples in the martensitic state. Accordingly, in this model, the 

equations for the evolution of the damaged boundaries are proposed: 

𝑑𝜁 = 𝑘1

(Ф𝑀 − Ф𝑐𝑟𝑖𝑡)𝐻(Ф𝑀 − Ф𝑐𝑟𝑖𝑡)

(1 − Ф𝑐𝑟𝑖𝑡)(1 + 𝑘3𝜁2)
𝑑𝑟̃𝐻(𝑑𝑟̃),                                                                         (14) 

𝑑𝜁 =
𝜁1 − 𝜁

Ф𝑀(1 + 𝑘3𝜁2)
𝑑Ф𝑀𝐻(𝑑Ф𝑀),                                                                                                (15) 

𝑑𝜁 = 0,                                                                                                                                                    (16) 

𝜁1 = 𝑘2

(Ф𝑀 − Ф𝑐𝑟𝑖𝑡)𝐻(Ф𝑀 − Ф𝑐𝑟𝑖𝑡)

(1 − Ф𝑐𝑟𝑖𝑡)
𝑟̃.                                                                                         (17) 

Equation (14) is responsible for the change in damage during reorientation of 

martensite, (15) and (17) – during forward MT, (16) – during reverse MT; 𝑘1, 𝑘2, 𝑘3, Ф𝑐𝑟𝑖𝑡 

are the constants of the material, of which 𝑘1 is responsible for the rate of damage growth 

during reorientation, 𝑘2 – during forward MT, 𝑘3 is responsible for the rate of saturation 

of the damage; Ф𝑐𝑟𝑖𝑡 is the martensite volume fraction, at which damage growth begins 

during the direct MT.  

The variable  r̃ = r /M, where 𝑟 =
1

2(𝑁−1)
∑ |Ф𝑛 − Ф𝑀|𝑁

𝑛=1 , characterizes the degree 

of orientation of martensite: r̃ = 0 for completely chaotic martensite and r̃ = 1 for 

completely monodomenized martensite. The main hypothesis is that the dissipative force 

of resistance to the movement of damaged boundaries increases with the increase in their 

damage. Thus, the dissipative force Ffr in the MT condition (9) must be replaced by 𝐹𝑀𝑆𝐸
𝑓𝑟

, 

which depends on the boundaries damage. In this work, the equation for the force 𝐹𝑀𝑆𝐸
𝑓𝑟

 

is proposed in the form: 𝐹MSE
fr = 𝐹fr(1 + ζ𝑘), where Ffr is the force of resistance to the 

movement of undamaged boundaries, 𝑘 is the constant of the material, taking into 

account the nonlinearity of the effect of damage on the friction force and, accordingly, 

on the shift of the characteristic temperatures of the reverse MT. 

 

Simulation of experiments studying the martensite stabilization effect 

For comparison with experimental data, the following calculations were carried out, in 

which the preliminary strain is produced in three different ways: (1) deformation in the 

martensitic state due to the reorientation of martensite; (2) cooling under constant stress 

with accumulation of the strain due to direct MT; (3) deformation in the austenitic state 

at a temperature, at which martensite is induced by stresses. 

The calculated dependences of strain on temperature are shown in Fig. 1. 

Comparison with the observed shift of the reverse MT start temperature As was carried 

out for Ti50Ni50 and Ti49Ni51 alloys experimentally studied in [16]. The following values of 

constants were used. For Ti50Ni50 alloy: characteristic temperatures are 𝑀𝑠 = 57  ℃, 

𝑀𝑓 = 64 ℃, 𝐴𝑠 = 82 ℃, 𝐴𝑓 = 89 ℃, the latent heat of transformation is 𝑞0 = −110 𝑀𝐽/

𝑚3, constants for MSE are 𝑘1 = 5.6, 𝑘2 = 6.0, 𝑘3 = 0.75, Ф𝑐𝑟𝑖𝑡 = 0.5, 𝑘 =  1.8. For Ti49Ni51 

alloy: characteristic temperatures are 𝑀𝑠 = −20 ℃, , 𝑀𝑓 = −33  ℃, 𝐴𝑠 = −7 ℃,  

𝐴𝑓 = 3 ℃, the latent heat of transformation is 𝑞0 = −150 𝑀𝐽/𝑚3, constants for MSE are 

𝑘1 = 6.0, 𝑘2 = 14.5, 𝑘3 = 12.0, Ф𝑐𝑟𝑖𝑡 = 0.5, 𝑘 =  10. 

The temperatures of phase transformations were taken from the study [16], and the 

other constants were determined on the basis of the data presented in the same work. 
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(a) (b) (c) 

Fig. 1. Dependences of strain on temperature at: preliminary deformation, heating to a completely 

austenitic state and a subsequent thermal cycle (cooling – heating) showing the effect of the reversible 

(two-way) shape memory. The preliminary strain is produced by: (a) deformation in the martensitic state; 

(b) cooling under stress; (c) deformation in the austenitic state producing stress-induced martensite 
 

  
(a) (d) 

  
(b) (e) 

  

(c) (f) 

Fig. 2. Dependences of the shift of the reverse MT start temperature 𝛥𝐴𝑠 = 𝐴𝑠
1 − 𝐴𝑠

0  

on the magnitude of the pre-strain for alloys Ti50Ni50 ((a) I method, (b) II method, (c) III method)  

and Ti49Ni51 ((d) I method, (e) II method, (f) III method)  
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Figure 2(a–c) shows the dependences of the shift of the reverse MT start 

temperature As for Ti50Ni50 alloy on the residual deformation u, produced respectively by 

the first, second and third methods. The experimental values are taken from [16]. From 

Fig. 2(a,b) one can see that for the first and second methods of pre-straining, for which 

the constants were calibrated, the simulation gives results that are in good agreement 

with the experiment. For the third method of pre-straining (Fig. 2(c)) the calculation also 

shows good agreement with the experiment, except for large degrees of pre-strain (above 

8 %). The results of similar calculations for Ti49Ni51 alloy are shown in Fig. 2(d–f). It should 

be noted that the simulation satisfactorily describes the increase in As for all three 

methods of pre-straining, despite the significant difference between the As(u) 

dependences for Ti49Ni51 and Ti50Ni50 alloys. In particular, in the first method of pre-

straining for both alloys As increases monotonously with u tending to saturation, 

however, for Ti50Ni50 alloy the As(u) dependence is convex (Fig. 2(a)), and for Ti49Ni51 alloy 

it has a point of inflexion (Fig. 2(d)). The selection of constant values makes it possible to 

describe the MSE in both of these alloys. A significant discrepancy between the calculated 

and experimental values of As is observed only for Ti49Ni51 alloy with the third method of 

pre-straining for low values of u, less than 3 % (Fig. 2(f)). 

 

Conclusion 

A hypothesis that the damage of the intermartensitic boundaries during preliminary 

deformation influences the dissipative force opposing the reverse martensitic 

transformation can explain the martensite stabilization effect – shift upward of the 

reverse transformation start temperature As. Equations proposed in this paper for 

calculating the evolution of the boundaries damage make it possible to achieve a 

satisfactory, and are good description of the martensite stabilization effect appearing 

after three different methods of pre-straining. Microstructural modeling of the functional 

and mechanical properties of shape memory alloys Ti50Ni50 and Ti49Ni51, performed with 

an account of the martensite stabilization effect, allow obtaining dependences of the As 

temperature on the magnitude of the preliminary strain. These dependences are in a good 

quantitative agreement with experimental data in the cases if the pre-strain is produced 

by deformation of a specimen in the martensitic state or cooling it under a load, and in a 

good qualitative correspondence in the case of inducing martensite by stress.  
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