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STRAIN HYSTERESIS DURING THERMOELASTIC 

MARTENSITIC TRANSFORMATIONS IN TITANIUM NICKELIDE 

UPON MECHANICAL LOADING 

V. A. Plotnikov and M. V. Moreva UDC 669.71:539.382:620.179.17 

The strain hysteresis is a consequence of energy dissipation during martensitic transformations in titanium 
nickelide upon mechanical loading. The main reasons for the hysteresis are the processes of entropy 
production in the transformation cycle during heat liberation and absorption. On an example of TN-1V and 
Ti50Ni40Cu10 alloys, the influence of accumulation of crystallographic defects on the evolution of the hysteresis 
loop is demonstrated during multiple martensitic transformation cycling. 

Keywords: martensitic transformations, strain hysteresis, titanium nickelide, energy dissipation, shape memory 
effect. 

INTRODUCTION 

It is well known that the trajectories of the direct В2 → В19' and inverse В19' → В2 transformations of the 
cycle of thermoelastic martensitic transformations in titanium nickelide in the space of thermodynamic parameters 
number of martensitic phases – temperature do not coincide [1]. In the temperature dependences of the concentration of 
martensitic phases, a hysteresis loop is observed characterized by deviation of the temperature As (of the onset of the 
inverse transformation) from the temperature Mf (of the termination of the direct martensitic transformations) and of the 
temperature Af (of the termination of the inverse martensitic transformations) from the temperature Ms (of the onset of 
the direct martensitic transformations). According to Tong and Wayman [2], the thermoelastic martensitic 
transformations can be referred to as transformations of the first or second type by the criterion of critical temperatures.  

The transformations of the first or second types according to Tong and Wayman are characterized by a smaller 
or larger degree of elongation and width of the hysteresis loop due to structural inhomogeneities, for example, 
precipitations of the second phase whose overcoming needs additional thermodynamic stimulus. For example, in the 
TN-1V alloy the formation of martensitic crystals during В2 → В19' transformation occurs via several stepwise 
displacements of the martensitic boundary. Thereupon, the motion of the martensitic boundary represents a series of 
spontaneous displacements separated by long-term stops at an obstacle. Another situation is observed in the alloy with 
10 at.% copper, in which the martensitic boundary during the В2 → В19 transformation reaches a limiting value for one 
spontaneous displacement [3]. 

According to a nonlocal nonequilibrium thermodynamic description of martensitic states [4] and acoustic 
emission during martensitic transformations [5], the hysteresis in the cycle of transformations has a complex nature and 
is caused by several contributions.  

First, the hysteresis loop area depends on the entropy production under the effect of sources-sinks of heat 
localized on the interphase (martensitic) boundaries moving with the velocity close to that of shear waves. 
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A temperature front with high temperature gradient arises due to high velocity of boundary motion; this requires 
additional local overcooling during the direct В2 → В19' transformation or local overheating during the inverse 
В19' → В2 transformation.  

Second, as a result of plastic relaxation of microstresses generated at the interphase boundary during 
martensitic transformations, structural defects are accumulated. The phenomenon is called phase work hardening, 
because it leads to alloy hardening. Plastic relaxation, representing the production of full dislocations as the stress at the 
interphase boundary reaches the yield point of the alloy, is accompanied by energy dissipation leading to additional 
hysteresis loop broadening [5]. In fact, the energy is dissipated during interaction of the interphase boundary with local 
structural defects (friction of the interface boundary with local obstacles) to which we can refer dislocations, their 
pileups, and precipitations of particles of the second phase. 

Third, the hysteresis loop area depends on the acoustic energy dissipation – acoustic emission caused by the 
specificity of motion of the martensitic boundary that is largely determined by the velocity of its motion and interaction 
with other boundaries, that is, by plurality of appearance (disappearance) of the martensitic crystals where the character 
of interaction of martensitic crystals is determined by the degree of correlation of their appearance (disappearance) in 
the volume and by the time of the process (in a wide sense, by the degree of coherence in the martensitic crystal 
system) [5].  

Martensitic transformation cycling under cyclic temperature changes leads to the evolution of energy 
accumulation and dispersion, that is, to the evolution of the hysteresis loop [4, 5]. Of greatest interest, both theoretical 
and practical, is investigation of the hysteresis during martensitic transformation cycling upon loading. It is exactly the 
strain hysteresis that is the characteristic for the energy dissipation of the loaded sample. It allows changes in the strain 
characteristics of the alloy to be estimated, for example, the residual strain after a series of martensitic transformation 
cycles and the reversible and irreversible strains that represent the full strain of the sample. In this regard, the purpose of 
the present work is investigation of the hysteresis effects and their comparison for two nickel-based alloys during 
thermoelastic martensitic transformation cycling upon mechanical stresses.  

MATERIAL AND EXPERIMENTAL PROCEDURE 

In our experiments we used TN-1V and Ti50Ni40Cu10 alloys the main mechanical characteristics and 
temperatures of martensitic transformations for which are given in Table 1. The choice of the alloys was caused by their 
different dispositions to phase work hardening, peculiarities of the microkinetics of martensitic transformations, and 
crystallography of the martensitic crystals. The TN-1V alloy is prone to phase work hardening, and the В2 → В19 and 
В19→ В2 martensitic transformations are characterized by the microkinetics of slow expansion–contraction of the 
martensitic crystals. On the contrary, the Ti50Ni40Cu10 alloy is not prone to phase work hardening, and the martensitic 
transformations are characterized by microexplosive kinetics of appearance–disappearance of martensitic crystals 
during the В2 → В19 and В19 → В2 transformations. The alloys were produced at the Scientific-Research Institute of 
Medical Materials and Implants with Shape Memory of the Siberian Physical-Technical Institute at Tomsk State 
University. Conditions of melting of alloys and their thermomechanical behavior were described in [6]. The initial 
structural state of the alloy was formed by annealing at a temperature of 850°С and cooling down to the maximum 
cycling temperature equal to 200°С. 

Experiments involved thermal cycling of samples with cyclic temperature changes in the interval from 20 and 
to 200°С comprising martensitic transformations upon mechanical sample loading. The load applied to the sample was 

TABLE 1. Properties of the Titanium Nickelide Based Alloys 

Alloy 
Temperature of martensitic 

transformations, °С Martensitic shear stress, MPa Yield point, MPa 

Ms Mf As Af 
TN–1V 85 35 105 180 180 400 

Ti50Ni40Cu10 38 30 66 104 35 250 
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during thermoelastic martensitic transformations upon loading is caused by the stabilization of the martensitic phases 
[9, 10]. The stabilization of the martensitic phases during martensitic transformations in titanium nickelide under the 
action of mechanical stresses was indicated in all schemes of mechanical loading [11, 12]. Accumulation of the 
irreversible strain in the cycle is due to phase work hardening caused by plastic strain relaxation and accumulation of 
crystallographic defects, primarily full dislocations, in the vicinity of the martensitic crystal [13] as well as by 
accumulation of defects of the martensitic phases in the titanium nickelide structure during the В19 → В2 inverse 
martensitic transformation according to the alternative crystallographic system upon mechanical loading [14].  

ENTROPY PRODUCTION IN THE CYCLE OF THERMOELASTIC MARTENSITIC 
TRANSFORMATIONS 

The entropy production during martensitic transformations is primarily caused by the action of sinks-sources of 
heat that cause dispersion of heat fluxes at the interfaces. The specificity of the martensitic structures is that the 
martensitic crystal contains internal twins, and the area of the twin boundaries is by an order of magnitude greater than 
the area of the external boundary [4]. For this reason, the contribution of the external boundary to the heat dispersion 
process can be neglected, because the main contribution comes from the twin boundaries, that is, this contribution to the 
entropy production depends on the volume of the martensitic phases. Because the thermal effect of the martensitic 
transformations in the alloys differs significantly (370 kcal/mole for the TN-1V alloy and 75 kcal/mole for the 
Ti50Ni40Cu10 alloy [15]), the hysteresis area for the TN-1V alloy exceeds that for the alloy with copper under identical 
loads. This contribution will be constant in cycles if the number of martensitic crystals remains unchanged during the 
martensitic transformations. In the TN-1V and Ti50Ni40Cu10 alloys, the number of martensitic crystals participating in 
direct-inverse transformations decreases during multiple martensitic transformation cycling due to the accumulation of 
the residual strain caused by the stabilization of the martensitic phase. Thus, the decrease of the hysteresis loop area is 
caused by the decrease of the heat dispersion on the boundary due to the decrease in the thermal effect during 
transformations. 

The second factor that affects the entropy production is generation and accumulation of crystallographic 
defects. The accumulation of crystallographic defects in the TN-1V alloy during transformation causes the 
accumulation of the irreversible strain. This strain tends to saturation during multiple martensitic transformation 
cycling, and the effect of defect generation is degenerated [16]. At the same time, for the Ti50Ni40Cu10 alloy the phase 
work hardening was not fixed instrumentally, for this alloy another mechanism of producing structural defects is 
realized. The accumulation of crystallographic defects during inverse transformations by the alternative crystallographic 
scheme acting always upon loading irrespective of the alloy propensity toward phase work hardening can be considered 
as such mechanism [14]. 

Energy dispersion in the process of the acoustic emission yields small contribution to the power losses during 
thermoelastic martensitic transformations and can be disregarded. As demonstrated in [5, 16], during multiple 
martensitic transformation cycling the energy of acoustic emission decreases exponentially by orders of magnitude 
down to a certain saturation level near zero, and the rate of energy decrease upon mechanical loading is much higher 
than without loading [17]. 

Thus, the action of factors of entropy production during martensitic transformations represents their following 
combination. The basic process of entropy production is the action of sinks-sources of heat during the martensitic 
transformations. The acoustic emission gives small contribution to the power losses. Under small stresses, production of 
crystallographic defects due to direct and inverse transformations by the alternative crystallographic scheme prevails. 
A decrease in the entropy production under high stresses is most likely due to the decrease of the total number of sinks-
sources of heat caused by the stabilization of the martensitic phases and non-participation of a part of martensitic 
crystals in the direct and inverse transformations. This factor prevails for the TN-1V alloy in comparison with the 
production of crystallographic defects starting from a certain critical stress; in our case, this stress is in the range 170–
180 MPa. In the Ti50Ni40Cu10 alloy, this situation is realized for all loads in the cycle of transformations because of the 
absence of phase work hardening. 
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CONCLUSIONS 

The hysteresis during thermoelastic martensitic transformations upon mechanical loading is caused by the 
entropy production under the action of sinks-sources of heat and generation of crystallographic defects. The 
characteristic feature of the strain hysteresis in the cycles of martensitic transformations is its increase with mechanical 
stress in the cycle caused by the energy dispersion during generation of crystallographic defects. At the same time, the 
decrease in the saturation hysteresis area after achievement of the critical stress is most likely due to the decreased 
fraction of the martensitic crystals participating in the direct-inverse transformations due to the stabilization of the 
martensitic phases. As a consequence, a decrease in the number of sources-sinks of heat localized on the interphase 
boundaries and a decrease of heat dispersion are observed. These effects must be taken into account in practical 
application of the titanium nickelide based alloys. 
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