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Abstract 

This thesis reports on a study of the shape memory behaviour in a Ti-50.2%Ni alloy. 

The study consists of mainly three parts, (i) transformation behaviour, (ii) mechanical 

behaviour and (iii) two-way memory training. 

The transformation behaviour was studied with respect to the effect of heat treatment 

after cold work. Experiments were carried out using D S C and T E M methods. It is 

found that a NiTi alloy may exhibit two different transformation sequences, P <-> M or 

P —» R —> M -» P, according to the annealing temperature being above or below a 

critical temperature. The critical temperature is closely related to recrystallisation. In-

situ observation of the transformations was carried out on a Philips 430 T E M . 

Structures such as polygonal grains of parent phase with twin-like parallel streaks, 

martensite with stripe patterns and plate martensite, and order-disorder domains were 

examined. The 1/3(110) and 1/3(111) diffraction spots, the characteristic reflections 

of the R phase, were found in specimens annealed even at temperatures above the 

critical annealing temperature, indicating the thin film effect on transformation 

behaviour. The 1/3 spots were observed to intensify with decreasing temperature. 

The mechanical behaviour was studied in tensile tests. Experiments included the effect 

of annealing temperature and testing temperature on yield behaviour in tension, strain 

rate sensitivity, pseudoelastic and ferroelastic cycling. It was found that the yield of a 

specimen depended not only on testing temperature but also on the initial structure. 

For the stress-induced martensitic transformation, the dependence of transformation 

stress on testing temperature obeyed the Clausius-Clapeyron equation with the 

temperature dependence of stress being dependent on annealing temperature. Thermal 

effects associated with high strain rate deformation were found to have a strong 

influence on thermoelastic transformations. Stress cycling in the pseudoelasticity 

regime was found to change the characteristics of transformation behaviour 



significantly. Together with the effects of decreasing transformation stress, 

decreasing hysteresis and increasing permanent strain, pseudoelastic cycling was also 

found to change the deformation mode from a Luder's like localised manner into 

homogeneous manner. In addition, the experimental curves of pseudoelasticity and 

ferroelasticity were successfully modelled using an empirical expression. 

Two-way memory was developed by constant stress thermal cycling. By optimising 

training conditions, which included annealing temperature, training method, training 

stress and training cycles, a two-way memory strain of > 4 % and a two-way 

memory/one way memory ratio of 9 5 % were achieved. The stability of the two-way 

memory in thermal cycling and the degradation at elevated temperatures was also 

investigated. It was found that the degradation of two-way memory occurred in two 

steps with respect to the heating temperature. The first step at lower temperatures was 

an instantaneous process and was ascribed to the reversion of retained martensite. The 

second one at higher temperatures was time dependent and was ascribed to be due to 

the recovery effects associated with the reduction or rearrangement of the dislocations. 

Together with the two-way memory training, experiments on the reversion behaviour 

under the restriction of an external stress and the effect of various types of cycling on 

transformation characteristics were also carried out. 

In summary, this study provides a broad spectrum of information towards the 

systematic understanding of the transformation behaviour, mechanical behaviour and 

shape memory behaviour of NiTi alloys. The inherent interrelations among the above 

behaviours are clarified over a wide range of annealing temperatures, testing 

conditions and treatment history. Of practical importance is the optimisation of 

training conditions for two-way memory development. The analysis and discussion 

of the experiments contribute to the fundamental knowledge of shape memory effect. 



Acknowledgements 

On the completion of this thesis, the author would sincerely like to take this chance to 

express his heartfelt gratitude to the follows. 

Grateful acknowledgement is made to Associate Professor P. G. McCormick for his 

invaluable supervision, guidance and encouragement in this work. The author is 

especially grateful to his great patience and precious comments in reading the drafts of 

this thesis, both scientifically and linguistically. Sincere appreciation should also be 

extended to him for all of his friendly consideration and supports through the years. 

Those supports doubtlessly contribute to the fulfil of the course and the thesis. 

The Department of Mechanical Engineering headed by Professor B. J. Stone should 

be thanked for its excellent administration and various help from the secretaries, staff 

and postgraduates. 

Sincere thanks and gratitude are extended to the Mechanical Engineering Workshop 

supervised by Mr. A. Bunn, for construction of equipments, preparation of specimens 

and help during the experimental programme. Special thanks should be made to Mr. 

R. D e Pannone, D. Manton and T. Glover. 

The precious professional suggestions, comments and discussions given by 

Dr. S. Miyazaki ofthe University of Tsukuba, Japan, 

Dr. A. W . S. Johnson and Mr. M . Stevens of the Electron Microscopy Centre, 

Dr. G. Schaffer and Dr. M . M . Reyhani of the Department of Mechanical 

Engineering 

are truly appreciated. 

The author wishes to express his deep gratitude to his parents. Though they are far 

away in China, their immeasurable love and support are always felt here. 



Heartfelt thanks are expressed to Miss Hong Yang, for her constant and immeasurable 

love and support at all stages and in all situations through these years. 

August 15, 1990 

Yinong Liu 

with love 



Contents 

page 

Abstract 

Acknowledgements 

Contents 

Figure Captions 

List of Tables 

Chapter 1 Introduction 1 

1.1 Martensitic Transformation 3 

1.1.1 Nature of martensitic transformations 3 

1.1.2 Crystallography of martensitic transformations 5 

1.1.2.1 Bain lattice distortion 5 

1.1.2.2 Lattice invariant shear 6 

1.1.2.3 Rigid body rotation 8 

1.1.3 Idealized structures of martensite plates 8 

1.2. Thermoelasticity of Martensitic Transformations 10 

1.2.1 Thermoelastic and non-thermoelastic transformations 10 

1.2.2 Thermodynamics of thermoelastic transformations 13 

1.3 Mechanical Aspects of Thermoelastic Martensitic Transformations 18 

1.3.1 Effect of stress on transformation temperatures 18 

1.3.2 Stress-induced transformations 19 

1.3.3 Effect of stress on the microstructure of martensite 21 

1.3.4 Transformation strains 21 

1.3.5 Other effects 22 

Chapter 2 Shape M e m o r y Effect 24 



2.1 Mechanism of Shape Memory Effect 24 

2.1.1 Self-accommodation 

- the potential of the recoverable shape change 25 

2.1.2 Formation of the preferential orientation 

- the realization of the recoverable shape change 27 

2.1.3 Recovery 

- memory of the shape 28 

2.2 Shape Memory Effect and Related Phenomena 29 

2.2.1 Clausius-Clapeyron Law in thermoelastic transformations 29 

2.2.2 Pseudoelasticity 34 

2.2.3 Shape memory effect 37 

2.2.4 Ferroelasticity 40 

2.2.5 Two-way shape memory effect 40 

2.3. NiTi Shape Memory Alloys 44 

2.3.1 Transformations in near stoichiometric NiTi alloys 44 

2.3.2 Heat treatment 48 

2.3.3 Mechanical behaviour 49 

2.3.4 Two-way memory training 51 

2.3.5 Stability and cycling 52 

2.4. Objectives of the Research 56 

Chapter 3 Experimental Procedure 57 

3.1 Experiment Design 57 

3.1.1 Transformation characteristics 57 

3.1.2 Mechanical behaviour 57 

3.1.2.1 Effect of annealing on thermoelastic deformation 57 

3.1.2.2 Pseudoelastic and ferroelastic behaviour 58 

3.1.2.3 Strain rate sensitivity 58 



3.1.3 Two-way memory training 59 

3.1.4 Stability of shape memory behaviour 59 

3.1.5 Microscopy 59 

3.2 Experimental Techniques 60 

3.2.1 Materials 60 

3.2.2 Heat treatment 60 

3.2.3 Measurement of transformation characteristics 61 

3.2.4 Studies of mechanical behaviour 62 

3.2.5 Training and cycling 65 

3.2.6 Electron microscopy 68 

Chapter 4 Transformation Behaviour 69 

4.1 Results 70 

4.1.1 Thermal features 70 

4.1.1.1 Transformation behaviour 70 

4.1.1.2 Transformation temperatures 71 

4.1.1.3 Transformation heat 74 

4.1.2 Metallographic features 7 8 

4.1.2.1 Grain size of parent phase 78 

4.1.2.2 Lattice of parent phase 78 

4.1.2.3 Microstructure of parent phase 81 

4.1.2.4 Order-disorder domains in parent phase 81 

4.1.2.5 Microstructures of martensite 82 

4.1.2.6 In-situ observation of transformations 86 

4.2 Discussion 88 

4.2.1 Transformation behaviour and annealing 88 

4.2.1.1 Recrystallization 88 

4.2.1.2 High temperature annealing 89 

4.2.1.3 L o w temperature annealing and R phase 90 



4.2.1.4 The R transition 92 

4.2.2 Transformation heat 94 

4.2.2.1 Energy loss in a transformation cycle 94 

4.2.2.2 Transformation enthalpies of R phase and martensite 96 

4.2.2.3 Decrease in transformation enthalpies at low annealing 

temperatures 97 

4.2.3 Temperature characteristics 99 

4.2.3.1 Equilibrium conditions 99 

4.2.3.2 The equilibrium temperature and transformation entropy 101 

4.2.3.3 Transformation hysteresis 102 

4.2.3.4 Transformation temperature intervals 103 

4.2.4 Transmission electron microscopy 106 

4.2.4.1 Streaks in parent phase 106 

4.2.4.2 The 1/3 extra spots and R transition 107 

4.2.4.3 Anti-phase domains 109 

4.2.4.4 Morphology of martensite 110 

Chapter 5 Mechanical Behaviour 112 

5.1 Results 113 

5.1.1 Types of yielding 113 

5.1.2 Luder's-like deformation 116 

5.1.3 Effect of temperature on yielding 119 

5.1.4 Effect of annealing temperature 125 

5.1.5 The stabilization of pseudoelastic and ferroelastic behaviour 128 

5.1.5.1 Pseudoelasticity 128 

5.1.5.2 Ferroelasticity 128 

5.1.6 Factors effecting pseudoelasticity 131 

5.1.6.1 Temperature 131 

5.1.6.2 Strain rate 131 



5.1.6.3 Partial loop cycling 133 

5.1.6.4 Progressive deformation 134 

5.1.7 Factors effecting ferroelasticity 137 

5.1.7.1 Temperature 137 

5.1.7.2 Strain rate 137 

5.1.7.3 Partial loop cycling 139 

5.2 Discussion 142 

5.2.1 Luder's-type deformation 142 

5.2.2 Effect of annealing on the three characteristic stresses 145 

5.2.3 Clausius-Clapeyron relation of stress-induced transformations 147 

5.2.3.1 Position change - applied stress and effective stress 147 

5.2.3.2 Slope change - transformation enthalpy and strain 151 

5.2.3.3 The R transition 153 

5.2.4 Pseudoelastic cycling 155 

5.2.4.1 Development of internal stress field 155 

5.2.4.2 Transformation enthalpy and strain 157 

5.2.4.3 Stress hysteresis 159 

5.2.5 Ferroelastic cycling 160 

5.2.6 Strain rate sensitivity 161 

5.3 Constitutive Modelling 163 

5.3.1 Existing constitutive models 163 

5.3.1.1 A thermodynamic model 164 

5.3.1.2 A thermomechanical model 165 

5.3.2 Constitutive modelling 167 

5.3.2.1 A discussion on the strain dependence of stress for 

stress-induced martensitic transformation 167 

5.3.2.2 A n empirical model for the constitutive behaviour of 

pseudoelasticity and ferroelasticity 169 

5.3.3 Non-constitutive behaviour 170 



Chapter 6 Two-way Memory Training 173 

6.1 Results 173 

6.1.1 Thermal-mechanical training 173 

6.1.1.1 Effect of training cycles 176 

6.1.1.2 Effect of training stress 177 

6.1.1.3 Effect of annealing temperature 182 

6.1.1.4 Effect of transformation behaviour 184 

6.1.1.5 Effect of training method 190 

6.1.2 Reversion behaviour and permanent strain 191 

6.1.2.1 Effect of stress 193 

6.1.2.2 Effect of annealing 195 

6.1.2.3 Distribution of permanent strain 195 

6.1.2.4 Relation between permanent strain and two-way 

memory 197 

6.1.3 Cycling and stability of two-way memory 199 

6.1.3.1 Thermal cycling 199 

6.1.3.2 Thermal-mechanical cycling 203 

6.1.3.3 Mechanical cycling 206 

6.1.3.4 Stability of two-way memory in thermal cycling 207 

6.1.3.5 Degradation of two-way memory at elevated temperatures 207 

6.2 Discussion 211 

6.2.1 The thermal-mechanical training of two-way memory 211 

6.2.1.1 Training stress 213 

6.2.1.2 Training cycles 214 

6.2.1.3 Optimum training conditions 215 

6.2.1.4 Other methods of training 216 

6.2.2 Heat treatment 217 

6.2.2.1 Effects of annealing and stress on transformations 217 

6.2.2.2 Effect of annealing on two-way memory 218 



6.2.3 Dislocations 220 

6.2.3.1 Dislocations and two-way memory 220 

6.2.3.2 Dislocations and transformations 222 

6.2.4 The transformation dependence of two-way memory 223 

6.2.5 Reversion behaviour and permanent strain 225 

6.2.6 Cycling 226 

6.2.6.1 Thermal cycling 226 

6.2.6.2 Thermal-mechanical cycling 227 

6.2.6.3 Thermal cycling after training 228 

6.2.7 Thermal degradation of two-way memory 229 

Chapter 7 Conclusions and Prospects 232 

7.1 Conclusions 232 

7.1.1 Transformation behaviour 232 

7.1.2 Mechanical behaviour 235 

7.1.3 Two-way memory behaviour 238 

7.2 Suggestions for future research 240 

7.2.1 Supplementary work to the present research 240 

7.2.2 Prospect to the future's research in shape memory effect 241 

References 243 

Publications 252 



Figure Captions 

Page 

Chapter 1 

Figure 1.1 Shape memory effect and related behaviour 2 

(a) pseudoelasticity, (b) ferroelasticity, (c) shape memory, 

(d) two-way memory 

Figure 1.2 Schematic diagram of scratch effect of martensitic transformations 4 

Figure 1.3 Schematic diagram of Bain distortion from fee to bec structure 6 

Figure 1.4 Schematic diagram of the invariant plane after Bain distortion 7 

Figure 1.5 Schematic diagram of martensitic transformations 9 

(a) undeformed lattice, (b) lattice distortion, (c) lattice distortion & 

lattice invariant slip, (d) lattice distortion & lattice invariant twinning 

Figure 1.6 Schematic diagram of the two typical types of martensite plates 9 

(a) internally twinned, (b) internally slipped 

Figure 1.7 Schematic diagram of transformation hysteresis 16 

Figure 1.8 Schematic diagram of thermoelastic martensitic transformations 16 

Figure 1.9 Typical temperature-transformation hysteresis loop 17 

Chapter 2 

Figure 2.1 Schematic diagram of three typical self-accommodation structures 26 

(a) martensite in CuZnAl, (b) martensite in NiTi, (c) R phase in NiTi 

Figure 2.2 Shift of transformation equilibrium temperature due to application of 

stress 32 



Figure 2.3 Typical stress-strain curve of pseudoelasticity 35 

Chapter 3 

Figure 3.1 Measurement of transformation temperatures 62 

Figure 3.2 Gripping conditions for mechanical behaviour tests 64 

(a) yielding in tension, (b) pseudoelastic cycling and strain rate 

sensitivity, (c) ferroelastic cycling 

Figure 3.3 Schematic diagram of two-way memory training device 66 

Figure 3.4 Assembly of the two-way memory training machine 67 

Chapter 4 

Figure 4.1 

Figure 4.2 

Figure 4.3 

Figure 4.4 

Figure 4.5 

Figure 4.6 

Figure 4.7 

Figure 4.8 

Figure 4.9 

Figure 4.10 

Figure 4.11 

Figure 4.12 

Figure 4.13 

Figure 4.14 

Typical heat flow-temperature curves of D S C measurement 

Effect of annealing on transformation temperatures 

Effect of annealing on transformation temperature intervals 

Effect of annealing on hysteresis of martensitic transformation 

Effect of annealing on R phase transition temperatures 

Effect of annealing on hysteresis of R phase transition 

Effect of annealing on latent heat of transformations on cooling 

Effect of annealing on transformation latent heats 

Effect of annealing on transformation heat loss 

Microstructures of NiTi after annealing 

Effect of annealing on grain size 

Electron diffraction patterns of parent phase 

Streaks in parent phase 

Anti-phase domains 

70 

72 

73 

73 

75 

75 

76 

76 

77 

79 

80 

80 

81 

82 



Figure 4.15 Analysis of order-disorder structures 83 

Figure 4.16 Twinned grains of martensite 84 

Figure 4.17 Plate martensite 84 

Figure 4.18 Martensite with "sailor's shirt" pattern 85 

Figure 4.19 In-situ observation of transformations on cooling 87 

Figure 4.20 Crystallographic geometry of the streaks in figure 4.13 107 

Chapter 5 

Figure 5.1 Types of deformation behaviour in tension 114 

Figure 5.2 Effect of test temperature on yield behaviour in tension 117 

Figure 5.3 Effect of annealing temperature on yield behaviour in tension 118 

Figure 5.4 Effect of initial structure on yield behaviour 120 

Figure 5.5 Effect of temperature on characteristic yield stresses 121 

Figure 5.6 Effect of temperature on the critical stress for inducing martensite 123 

Figure 5.7 Effect of temperature on the critical stress for inducing R phase 124 

Figure 5.8 Effect of annealing on the critical stresses for martensite 

reorientation and parent phase slip 126 

Figure 5.9 Effect of annealing on the critical stress for stress-induced 

martensitic transformation 126 

Figure 5.10 Effect of annealing on the temperature limits for stress-induced 

martensitic transformation 127 

Figure 5.11 Effect of annealing on transformation strain 127 

Figure 5.12 Effect of initial cycles on pseudoelasticity 129 

Figure 5.13 Effect of cycling on the critical stresses for the stress-induced 

martensitic transformation and the reversion 129 



Figure 5.14 Effect of initial cycles on ferroelasticity 130 

Figure 5.15 Effect of temperature on pseudoelasticity 132 

Figure 5.16 Effect of temperature on the critical stresses for the 

stress-induced martensitic transformation and the reversion 132 

Figure 5.17 Effect of strain rate on pseudoelasticity 133 

Figure 5.18 Partial loop cycling of pseudoelasticity 135 

(a) forward partial loop cycling, (b) reverse partial loop cycling 

Figure 5.19 Progressive deformation of NiTi 136 

Figure 5.20 Effect of temperature on ferroelasticity 138 

Figure 5.21 Effect of temperature on the forward and reverse stresses 

of ferroelasticity 138 

Figure 5.22 Effect of strain rate on ferroelasticity 139 

Figure 5.23 Incomplete deformation of ferroelasticity 140 

(a) Incomplete forward deformation of ferroelasticity, 

(b) Incomplete reverse deformation of ferroelasticity 

Figure 5.24 Partial loop cycling of ferroelasticity 141 

Figure 5.25 Small loop cycling of ferroelasticity 141 

Figure 5.26 Comparison between Ms calculated from tensile test and 

measured from DSC 149 

Figure 5.27 Explanation of the effect of internal stress on 

stress-induced martensitic transformation 149 

Figure 5.28 Effect of annealing on temperature dependence of stress-induced 

martensitic transformation 154 

Figure 5.29 Comparison between values of da/dT and AH 154 

Figure 5.30 Effect of cycling on stress hysteresis of pseudoelasticity 159 



Figure 5.31 Effect of cycling on stress hysteresis of ferroelasticity 161 

Figure 5.32 Schematic diagram of Falk's model of pseudoelasticity and 

ferroelasticity 165 

(a) pseudoelasticity, (b) ferroelasticity 

Figure 5.33 Sato's model of pseudoelasticity 166 

Figure 5.34 Schematic diagram of the stress-strain curve predicted by 

equations (5.27) and (5.28) 169 

Figure 5.35 Modelling of pseudoelasticity 171 

Figure 5.36 Modelling of ferroelasticity 171 

Chapter 6 

Figure 6.1 Training procedures 174 

Figure 6.2 Strain and temperature measurements of training test 175 

Figure 6.3 Strain-temperature curves of training 175 

Figure 6.4 Development of transformation strain, two-way memory strain 

and permanent strain during training 176 

Figure 6.5 Two-way memory training under different stresses 178 

(a) transformation strain, (b) permanent strain, 

(c) two-way memory strain, (d) training efficiency 

Figure 6.6 Effect of training stress on the maximum transformation strain 

and two-way memory strain 180 

Figure 6.7 Effect of training stress on permanent strain 181 

Figure 6.8 Effect of training stress on training efficiency 181 

Figure 6.9 Effect of annealing on two-way memory training 183 

Figure 6.10 Effect of annealing on two-way memory training under 



optimum conditions 183 

Figure 6.11 Effect of annealing on two-way memory behaviour 184 

Figure 6.12 Training through martensitic and/or R transformation—SH alloy 185 

Figure 6.13 Training through martensitic and/or R transformation—SU alloy 187 

Figure 6.14 Transformation dependence of two-way memory in alloys 

SH and SU 188 

Figure 6.15 Two-way memory training through R transition 189 

Figure 6.16 Two-way memory by training through R transition 189 

Figure 6.17 Effect of training procedure on two-way memory strain 192 

Figure 6.18 Effect of training procedure on permanent strain 192 

Figure 6.19 Effect of stress on reversion efficiency 194 

Figure 6.20 Effect of stress on reversion permanent strain 194 

Figure 6.21 Effect of annealing and stress on forward permanent strain 196 

Figure 6.22 Distribution of permanent strain over transformation cycle 196 

Figure 6.23 Two-way memory strain as a function of permanent strain 

for different training stresses 198 

Figure 6.24 Two-way memory strain as a function of permanent strain 

for different training procedures 198 

Figure 6.25 Effect of thermal cycling on transformation behaviour 200 

Figure 6.26 Effect of thermal cycling on transformation temperatures 201 

Figure 6.27 Effect of thermal cycling on the three transformations: M, R and P 202 

Figure 6.28 Effect of thermal cycling on transformation hysteresis 202 

Figure 6.29 Effect of thermal cycling on transformation enthalpy change 203 

Figure 6.30 Effect of training on transformation temperatures 204 

Figure 6.31 Effect of training on transformation hysteresis 205 



Figure 6.32 Effect of thermal cycling after training on transformation 

temperatures 208 

Figure 6.33 Effect of thermal cycling after training on two-way memory strain 208 

Figure 6.34 Degradation of two-way memory at elevated temperatures 209 

Figure 6.35 Degradation of two-way memory as a function of logarithmic time 210 

Figure 6.36 Degradation of two-way memory as a function of temperature 210 

Figure 6.37 Effect of healing after training on transformation behaviour 212 

Figure 6.38 Effect of heating after training on transformation enthalpies 213 

Figure 6.39 Relation between two-way memory strain and transformation strain 221 

Figure 6.40 Training of a NiTiFe alloy 224 



List of Tables 

Table 1.1 

Table 1.2 

Table 6.1 

Table 6.2 

Table 6.3 

Table 7.1 

Shape memory alloys 

Thermoelastic and non-thermoelastic shape memory alloys 

Alloy characteristics 

Values of reversion and permanent strains 

Effect of training on transformation enthalpy change 

Transformation behaviour and annealing 

Page 

2 

13 

186 

197 

206 

233 



Chapter 1 

Introduction 

(Martensitic Transformation) 

The shape memory effect is a phenomenon in which a metal piece changes its shape 

spontaneously in the accordance with the change of thermal and/or mechanical 

conditions of the environment. It was first recognised from the observation that a 

previously deformed piece of metal by loading changed back to its original 

undeformed shape upon heating.[l] This is specifically termed shape memory effect 

(SME). Later it was found that as a result of certain prior thermal-mechanical 

treatments a metal may exhibit spontaneous shape changes when its temperature varies 

within a certain range, without being affected by any external mechanical 

disturbance.[2,3,4] This behaviour, as distinct from the conventional shape memory 

effect, is called two-way memory effect ( T W M E ) . Furthermore, a shape memory 

material may not only change shapes when the temperature changes, but may also 

change its shape according to the mechanical conditions at a constant temperature, so 

that the pseudoelasticity (PE) [5,6] and ferroelasticity (FE) [7,8,9] are obtained. 

Pseudoelasticity is a behaviour in which a metal piece deforms inelastically upon 

loading beyond a critical level of stress and this inelastic deformation is completely 

recovered during unloading to another critical level. This behaviour is called 

pseudoelasticity because it is different from the conventional linear elasticity of 

Hooke's L a w both in phenomenon and mechanism. Ferroelasticity is a process of 

inelastic deformation / recovery by loading and reverse loading. The name is given in 

recognition of its similarity with the ferromagnetic phenomenon. All four shape 

memory related phenomena are schematically illustrated in figure 1.1. 

The shape memory phenomenon was first observed in a Au-Cd alloy in 1951,[10] 

although shape memory-related rubber-like behaviour [1] was reported in the same 



<fc (b) 
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Fig. 1.1 Shape memory effect and related behaviour 

(a) pseudoelasticity, (b) ferroelasticity, (c) shape memory, (d) two-way memory 

material as early as in 1932. [11] Not long after, the shape memory behaviour was 

also demonstrated in an In-Tl alloy in 1953.[12,13] Since then the enormous effort of 

exploring in the field of shape memory effect has discovered many other alloys 

exhibiting the shape memory or shape memory related behaviour. These alloys mainly 

fall into three main families, Ni-Ti type alloys, Cu-based alloys and Fe-based alloys. 

Some common shape memory alloys are summarised in table 1.1. 

Table 1.1 Shape Memory Alloys 

Ni-Ti Type 

Ni-Ti 

Ni-Ti-X (Fe,Cu) 

~ ~ ~ 

Ni-Al [29] 

Au-Cd [10] 

In-Tl [12,13] 

Ref. 

[14] 

**•* 

~ 

r^ 

~ 

Cu-based 

Cu-Zn 

Cu-Sn 

Cu-Al-Fe 

Cu-Al-Ni 

Cu-Zn-X (Al,Si) 

Cu-Mn-Si 

Ref. 

[15] 

[16] 

[17] 

[18,19] 

[19,31) 

Fe-based 

Fe-Pt 

Fe-Pd 

Fe-Ni 

Fe-Ni-C 

Fe-Mn-Si 

Fe-Cr-Ni 

Ref. 

[20,21] 

[22,23] 

[24] 

[25] 

[26,27] 

[28] 
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A displacive-diffusionless phase transformation was first recognised to be responsible 

for the phenomenon. However, it was not until 1964 when shape memory effect was 

revealed in a Cu-Al-Ni alloy [18] that the close relation between the shape memory 

effect and martensitic phase transformation was confirmed. [30] Since then, the basic 

understandings of the origin of shape memory effect,[30] the shape memory 

mechanism,[31,32] the crystallography of stress-induced martensitic transformation 

[33,34] and martensite reorientation [35-37] have been established. 

1.1 Martensitic Transformation 

Martensite was found initially as a hard structure component in quenched steels.[38] 

It was then believed to be a phase in steels formed at elevated temperatures and 

retained on rapid cooling down to room temperature. The concept of the martensitic 

phase transformation was not developed until 1903 when H o w e [39] distinguished 

austenite at high temperatures upon heating from the martensite at room temperature 

after quenching. 

1.1.1 Nature of martensitic transformations 

The martensitic transformation involves a change of crystal structure in a displacive 

manner, which maintains a specific lattice correspondence between the parent and the 

product phases for each particular case. The transformation is phenomenologically 

characterised by the following features [40]: 

a) special morphology of microstractures,[41,42] 

b) surface relief,[43] 

c) scratch displacement. [44] 

The observation at optical microscope scale of martensite as a product of a displacive 

phase transformation reveals a morphology of lenticular plates with planar interfaces 
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between the product and parent phase. The interfaces are well defined in certain 

directions relative to parent phase, suggesting a "habit" ofthe martensite transforming 

from the parent phase. The habit of martensitic transformations is realised by 

maintaining certain crystallographic planes neither distorted nor rotated (habit planes) 

during the lattice distortion and forming the new phase in the defined orientations 

determined by those planes. The orientation relationships between the parent and 

martensite have been well known as K-S and Nishiyama [45] relations respectively. It 

is also noted that there are certain substructures such as slip, twinning or stacking 

faults existing within martensite plates. [103,104] 

The surface relief clearly suggests a shape change at a macroscopic scale associated 

with the transformation from parent phase to martensite. 

Scratch displacement was observed in a test [46] in which reference scratches were 

laid on a previously polished surface of a specimen in its fully austenitic state. Upon 

quenching to form martensite, the scratches were observed to be bent at the boundaries 

between the formed martensite and the remaining parent phase while remaining 

straight and continuous. The continuity of the scratch lines were maintained both 

within the martensites and at the boundaries with the parent phase. This effect is 

schematically illustrated in figure 1.2. [43] 

Fig. 1.2 Schematic diagram of scratch effect of martensitic transformations 
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The analysis of the scratch displacement measurements shows that the martensitic 

transformation is associated with a homogeneous distortion,[43] which transforms 

straight lines into other straight lines and planes into other planes. The distortion 

leaves the habit plane, in which the interface lies, neither distorted, nor rotated. [40,47] 

The interface is not only invariant but also coherent owing to the continuity of the 

scratches at phase boundaries. [44] Furthermore, this distortion is shear-like in 

manner, [40,43] resulting in a shape change at a macroscopic scale. 

In summary, a martensitic transformation can be described crystallographically as a 

shear-like homogeneous lattice distortion with an invariant habit plane, causing a 

shape change and defining certain orientation relations between the parent and the 

product. (It is this shape change and the orientation relations that gives rise to the 

shape memory effect.) These features have governed the development of the theory of 

the crystallography of martensitic transformations.[40,43,47-49] 

1.1.2 Crystallography of martensitic transformations [40,43,47-49] 

1.1.2.1 Bain lattice distortion 

Martensite was first recognised as a body centred tetragonal structure transformed 

from the face centred cubic parent phase in iron based alloys. [49] To model this lattice 

distortion Bain proposed a simple mechanism in 1924J50] This theory is 

demonstrated in figure 1.3 [50] in which a body centred tetragonal lattice is generated 

from a face centred cubic lattice by means of a compression along one axis and 

uniform expansion along two others. In fact, a face centred cubic lattice can be 

viewed as a perfect body centred tetragonal lattice with a c/a ratio of V2. The Bain 

distortion simply modifies the c/a ratio to tit the cases for iron alloys. There are, 

actually, many other possible ways to convert an f.c.c. lattice to a b.c.t. (b.c.c.) 

lattice. The Bain distortion is in advantage over others by the fact that it involves the 

smallest principal strains. [51] 
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Fig. 1.3 Schematic diagram of Bain distortion from fee to bec structure 

Obviously the Bain distortion is a homogeneous strain. It can, therefore, be 

represented in matrix algebra as 

B x = y 

n B 1 = m 

(1.1) 

(1.2) 

where a vector x is converted to vector y by the Bain strain tensor B, and a plane 

(with a normal vector) n is converted to plane (with normal vector) m by the inverse 

matrix of Bain strain tensor B-1. 

1.1.2.2 Lattice invariant shear 

However, the Bain distortion does not produce an invariant plane, which is essential 

to martensitic transformations. The Bain deformation can be demonstrated 

geometrically by a unit strain sphere (unit circle) as shown in figure 1.4. [43] Upon 

the application of Bain deformation the unit sphere is converted to a revolutionary 

ellipsoid (strain ellipsoid). It can be seen that the only lines which are neither extended 

nor shortened are those on the surface of cone O A B , defined as the vectors from the 
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origin O to the intersection locus of the unit sphere and strain ellipsoid. However, 

those vectors do not construct a plane. The initial positions of these unextended lines 

can be determined by applying the inverse strain of Bain distortion to the unit sphere, 

since 

x = yB-l (1.3) 

The inverse tensor produces the reciprocal ellipsoid (reciprocal strain ellipsoid). The 

original positions of the unextended lines are thus defined by the cone OA'B'. 

Fig. 1.4 Schematic diagram of the invariant plane after Bain distortion 

Extending line OA' into a plane perpendicular to the paper, it can be seen that this 

plane is rotated from O A ' to O A in position while deformed from ellipsoid to circular 

in shape by the Bain distortion. Therefore, an additional strain is required to "restore" 

the ellipsoid plane back to its original round shape. This strain must be a lattice 

invariant deformation because the Bain distortion alone has completed the necessary 

structural change. Owing to the observation of the microstructures of martensite, a 

shear strain in terms of slip, twinning or faulting was suggested [43,52] for this 

additional deformation. This shear strain is lattice invariant and inhomogeneous. As a 

complement to the Bain distortion it ensures an undistorted plane which is essential for 

a habit plane transformation. 



1.1.2.3 Rigid body rotation 
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One problem still remains. Even though the required structural change has been 

completed by Bain distortion and an undistorted plane has been provided for by the 

lattice invariant shear, the habit plane is still rotated as can be seen from figure 1.4. 

Thus a rigid body rotation is additionally incorporated along with the Bain distortion 

and lattice invariant shear, so that an invariant plane strain is finally constructed 

This theory is mathematically expressed by [49,52] 

Pi = R B P (1.4) 

where Pj is the matrix representation of the equivalent strain for martensitic 

transformation while R, B and P are those of rigid body rotation tensor, Bain 

distortion tensor and lattice invariant shear tensor, respectively. 

It is important to note that the invariant plane strain theory is a phenomenological 

description of martensitic transformations. It only produces a final result equivalent to 

the observation. It is not a mechanism, nor does it imply any "true" path of the 

transformation. 

1.1.3 Idealised structures of martensite plates 

The phenomenological theory is geometrically illustrated in figure 1.5.[53] Upon the 

transformation, the initial lattice (a) is deformed into the required lattice (b) by the Bain 

lattice distortion, leaving a net shape change. However, such a net shape change is 

not allowed in a polycrystal structure in practice due to the restriction from the 

surrounding matrix. The original shape of the crystal can be restored at a macroscopic 

scale by a shear strain in terms of either slip (c) or twinning (d), so that the continuity 

of the material between the transformed region and the surrounding matrix can be 

maintained. Corresponding to the two mechanisms, two types of idealised structures 
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of martensite plates with either internal slip or twining are constructed (figure 

1.6).[46,54] 

(a) (b) 

Fig. 1.5 Schematic diagram of martensitic deformations: (a) undeformed lattice, 

(b) lattice distortion, (c) lattice distortion & lattice invariant slip, 

(d) lattice distortion & lattice invariant twinning 

t i 

I 
i Q l 
1 

to 
' (b) / 

1 7 

Fig. 1.6 Schematic diagram of the two typical types of martensite plates 

(a) internally twinned, (b) internally slipped 
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The internal self-arrangement of martensite variants, especially the internally twinned 

martensite, is referred to as self-accommodation. [42,55] This self-accommodating 

effect combines the conditions of the unique, inherent nature of shape change of 

martensitic transformations and the metallurgical restriction of continuity of the matrix, 

providing the possibility for shape memory and its related phenomena, providing that 

the mobility of twin boundaries is maintained. 

1.2 Thermoelasticity of Martensitic transformations 

1.2.1 Thermoelastic and non-thermoelastic transformations 

The conventional concept of a solid state phase transformation is as follows. As the 

temperature changes, the relative free energies of the parent and product phases 

change, resulting in the nucleation and the subsequent growth of the product phase 

from the parent phase at a certain temperature. The growth of the product phase nuclei 

is time dependent in diffusion transformations, or "burst-like " in some displacive 

transformations. The growth stops by impingement with parent phase grain 

boundaries or neighbouring product phase grains. The reverse transformation occurs 

in a similar way with the forward transformation when the temperature changes 

reversely: at a certain temperature the nucleation and growth of nuclei of the parent 

phase from the product phase takes place. 

However, a temperature dependent transformation behaviour is observed in some 

martensitic transformations.[56-58] In these transformations, martensite forms and 

grows continuously as the temperature is lowered, and shrinks and vanishes as the 

temperature is raised. [59] The interruption of cooling ceases the process of 

transformation. W h e n cooling is resumed the transformation continues. Similarly, 

the reverse transformation takes place by the shrinkage of martensite plates, i.e. the 

reverse movement of the interface between the product and parent phase, instead of the 
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nucleation of the parent phase. This behaviour is called thermoelasticity due to its 

reversibility with respect to temperature change. 

In contrast is the non-thermoelastic martensitic transformation. In a non-thermoelastic 

martensitic transformation, a martensite plate does not grow continuously as 

temperature decreases. Rather, it grows in an athermal manner in a very short time 

period. The reverse transformation, when heated, does not occur by the backwards 

movement of the interface, but rather by nucleation of the parent phase within the 

martensite plates. 

The fundamental factor distinguishing thermoelastic and non-thermoelastic martensitic 

transformations is the driving force for the reverse transformation. If the driving force 

(free energy change) required for nucleation of the parent phase within a martensite 

plate is smaller than that required to move the transformation interface, the reverse 

transformation occurs by nucleation, i.e. non-thermoelastically. O n the other hand 

when the driving force required for interface movement is smaller, the transformation 

proceeds in a thermoelastic manner. Therefore, the high mobility of the 

transformation interface, which indicates a small driving force, is essential to a 

thermoelastic transformation. 

Thermoelasticity is realised by a local balance between the transformation driving force 

and the resistive force. In a thermoelastic transformation the driving force is the free 

energy difference between the two phases. The resistive force mainly arises from the 

elastic energy stored in the product phase, which increases rapidly with the size of the 

plate. The local character of thermodynamic balance results in the growth and 

shrinkage of the martensite plates taking place in a well defined sequential order: the 

first martensite plate formed on cooling is the last one to disappear on heating.[41,60] 

Thermoelastic and non-thermoelastic martensitic transformations are generally 

observed to be contrasted by thermal hysteresis, [57] magnitude of transformation 
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enthalpy,[61,62] volume change,[57,63] interface coherence and degree of 

ordering. [64,65] Compared with thermoelastic transformations, a non-thermoelastic 

transformation is characterised by a large thermal hysteresis, being easily as large as 

200 ~ 400 K.[26] In the case of thermoelastic transformations, the hysteresis is often 

smaller than 50 K.[62] Thermal hysteresis is believed to be related to the internal 

resistance to the transformation. [66] Thermoelastic martensitic transformations are 

also typified by a small transformation volume change, usually smaller than 

1%.[57,63] To the contrary, non-thermoelastic transformations are more likely to 

show large volume changes (e.g. 3-4% in steels [67]). A transformation having a 

large volume change has a high tendency to break the coherence of the interface 

between the two phases and to cause irreversible micro-deformation by dislocation 

movement. Thermoelastic martensitic transformations often have coherent interfaces 

while non-thermoelastic transformations are found to have semi-coherent or incoherent 

interfaces. The coherence of the interface maintains the crystallographic continuity 

between the two lattices so that a coherent interface is more mobile than an incoherent 

interface. It is also suggested,[64] since most alloys exhibiting thermoelastic 

behaviour are ordered, that ordering raises the elastic limit of the parent phase and 

inhibits the generation of dislocations as the transformation occurs. T o make a general 

comparison, the above characteristics of some typical alloys from the two categories 

are listed in table 1.2. 

An important consequence of the thermoelasticity of a martensitic transformation, with 

respect to shape memory behaviour, is the crystallographic reversibility of the 

transformation. A s the interface is essentially coherent and the reverse transformation 

simply proceeds by the backwards movement of the interface in a thermoelastic 

transformation, the recovered parent phase has exactly the same orientation as before 

cooling. With a non-thermoelastic transformation, on the other hand, the martensite 

plates as a whole do not necessarily return to the original structure (orientation) ofthe 

parent phase. Although the orientation of a parent phase nucleus is restricted by the 

lattice correspondence of the transformation, there often exists more than one option 
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Table 1.2 Thermoelastic and non-thermoelastic shape memory alloys T60.651 

Alloy thermoelasticity A T (K)# 

Au-Cd 

Ni-Ti 

Cu-Zn-Al 

Fe-Mn-Si 

Fe-Ni-C 

Fe-Ni 

T.E. 

T.E. 

T.E. 

N.T.[26] 

N.T.[25] 

N.T.[57] 

16[57] 

30 

20[69] 

>200[70] 

large 

420[57] 

ordering 

ordered 

ordered 

ordered 

disordered 

disordered 

disordered 

SME 

C[68] 

C[68] 

C 

P 

P 

P 

T.E. : thermoelastic martensite, N.T. : non-thermoelastic martensite 

C : complete shape memory, P : partial shape memory 

# : A T in some materials is sensitive to composition and heat treatment. 

The values here are for reference 

for the actual orientation of a nucleus. It has been observed in an Fe-Ni non-

thermoelastic alloy that an austenitic single crystal specimen became polycrystalline 

after a cycle of forward and reverse transformation. [71] This explains why the 

complete shape memory effect is obtained mainly in thermoelastic materials while the 

non-thermoelastic materials are more likely to exhibit a partial shape memory effect. 

(The mechanism of shape memory effect is discussed in detail in the next chapter.) 

For the same reason the majority of various types of shape memory alloys are 

thermoelastic whilst Fe-Ni [24], Fe-Ni-C [25] and Fe-Mn-Si [26,27] exhibit non-

thermoelastic martensitic transformations. 

1.2.2 Thermodynamics of thermoelastic transformations 

The driving force for a transformation is the difference in free energy between the 

parent and product phases. The free energy difference of the transformation consists 

of two contributions, chemical and non-chemical components. The chemical free 
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energy contribution of the driving force promotes the forward transformation from 

parent phase to martensite with decreasing temperature, or the reversal of the 

transformation with increasing temperature. W h e n the difference becomes zero at a 

particular temperature, the thermodynamic equilibrium of the transformation is 

reached. A s the chemical contribution to free energy originates from the structural 

difference of the two phases, in the ideal case of defect-free and strain-free structure 

the driving force increases with the increasing of temperature difference from the 

equilibrium point. 

The non-chemical resistive contributions mainly arise from the need to accommodate 

the transformation shape and volume change as well as the need to form a new 

surface. Since the phase interface is essentially coherent in a thermoelastic 

transformation, the surface energy component is very small and the elastic energy 

associated with the shape and volume change becomes dominant, increasing rapidly 

with the size of the martensite plate. During the forward transformation the elastic 

energy associated with the shape and volume change is accumulated and stored in the 

matrix, opposing the further growth of the plate, while during the reverse 

transformation the energy is reversibly released, promoting the recovery of the parent 

phase. [72,73] This elastic force results in two consequences, the downwards shift of 

the equilibrium temperature and the appearance of a temperature interval over which 

the transformation occurs. It is this non-chemical resistive force that makes the 

thermoelasticity of the transformation possible. 

It is also observed that the growth and shrinkage of martensite on the balance does not 

occur reversibly with a temperature change. Instead, it occurs in a hysteretic 

manner,[74-76] suggesting an irreversible energy consumption during the 

transformation. The energy consumption is from three possible sources: friction and 

barriers to interfacial motion,[66] irreversible plastic accommodation of the 

transformation strain [66,72] and generation of permanent defects in the lattice. These 
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non-chemical energy consumptions oppose both the forward and reverse 

transformations, resulting in the existence of transformation hysteresis. 

In summary, the equilibrium conditions for a thermoelastic martensitic transformation 

are written as [66] 

P->M: AGp-M = AGch
p-M + AGel

p-M + AGre
p-M=0 (T<TQ) (1.5) 

and 

M - > P : A G M - p = A G c h
M - p + A G e l

M - p + A G r e
M - p = 0 ( T > T 0 ) (1.6) 

where the superscript "P-M" refers to the forward transformation from parent phase to 

martensite while "M-P" refers to the reverse transformation; subscript "ch" denotes the 

chemical nature (i.e. Gibbs free energy), "el" is for the elastic part of energy stored in 

self-accommodation, and "re" stands for resistance. A G represents the free energy 

change of the transformation and T 0 is defined as the equilibrium temperature of the 

transformation under neutral mechanical condition (AGej = 0, A G r e = 0), i.e. 

T = T0 when AGch
p-M = 0 (1.7) 

The three types of irreversible energy consumption are often lumped together for 

convenience since they always appear with the same sign in transformation free energy 

equations. For the same reason they are grouped together in the term A G r e in the 

above equations. 

The Gibbs free energies of the martensite and parent phase, Gch
M and Gcj1

p, are 

assumed to vary linearly with temperature in a diffusionless transformation (figure 

1.7). [62] Therefore, the chemical term of the free energy change of the transformation 

can be illustrated as line A G c h
p - M in figure 1.8, where f m stands for the fraction of 

martensitic phase. Assuming there is no elastic strain associated with the 

transformation, i.e. A G e j
p - M = A G e j

M - p = 0, the forward transformation will start at 

temperature Tj instead of T 0 because of the need of extra energy to overcome the 
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resistance term A G r e
p " M . For the reverse transformation, the resistance term A G r e

M " p 

is also positive; therefore, the reverse transformation will proceed at T2. Thus a 

transformation loop of A B C D A is produced (with an assumption that the resistances 

are constant during transformations). The temperature difference between the forward 

and reverse traces, AT, is the transformation hysteresis. 

G A 

Fig. 1.7 Schematic diagram of transformation hysteresis 

AG 

AGch 

Fig. 1.8 Schematic diagram of thermoelastic martensitic transformations 

W h e n an elastic strain accompanies the transformation, a further driving force from the 

source of Gibbs free energy is required. Differing from friction, the elastic energy 
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increases with an increasing amount of martensite during the transformation. Thus a 

continuous decrease in temperature is required to provide a continuously increasing 

free energy difference so that the equilibrium can be maintained. Under this condition 

the transformation will take the trace A E on cooling and F D on heating, leaving 

temperature intervals of A T M and A T A for the forward and reverse transformations, 

respectively. 

Therefore, it can be seen that the first term in equations (1.5) and (1.6), which is a 

function of temperature, supplies the fundamental driving force for the 

transformations. The second one, depending on the elastic limit of the martensite and 

the lattice distortion of the transformation, is responsible for the transformation 

temperature intervals and the thermoelasticity. The third term of transformation 

resistance is structure and defect sensitive. It governs the size of the hysteresis. 

The above discussion is based on a defect-free structure. In practice the higher energy 

state around defects may ease the nucleation of martensite, modifying trace A E to A'E 

and D F to D'F. Thus a typical thermoelastic temperature-transformation loop is 

obtained (figure 1.9). 

I 
PM 

T 

Fig 1.9 Typical temperature-transformation hysteresis loop 
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1.3 Mechanical Aspects of Thermoelastic Martensitic Transformations 

Martensitic transformations differ from other transformations by their characteristic 

displacive manner of structural change. As a result of the atomic displacement, a 

shape and volume change of the unit cell always accompanies the transformation. 

Though the self-accommodation of martensite variants produces a zero net shape 

change at a macroscopic scale and minimises the elastic energy generated by the 

formation of martensite, an internal elastic strain energy at a microscopic scale is 

inevitable. Thus the martensitic transformation as a deformation process is always 

affected by the mechanical conditions of the matrix due to either externally applied 

stresses or internal stress fields associated with structural defects like dislocations. 

It has been pointed out that the process of a thermoelastic martensitic transformation is 

governed by the delicate balance among the chemical, elastic and resistant forces as 

shown in the thermoelastic transformation free energy equation (equation (1.5) and 

(1.6)). The balance can be disturbed by an externally applied stress, resulting in 

characteristic changes to the transformation. 

1.3.1 Effect of stress on transformation temperatures 

It has been widely observed that the martensitic transformation temperatures are 

increased by the application of an external stress during cooling while the specimen 

undergoes a shape change under the guidance of the stress during the 

transformation. [77] Thermodynamic analysis shows that an applied stress alters the 

transformation enthalpy change by providing mechanical work during the 

transformation.[78] This enhances the negative change of transformation enthalpy. 

Thus, the external stress assists the transformation. 

A similar effect is also observed during the reverse transformation. [77] The critical 

temperatures for the reverse transformation are increased under the influence of an 
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external stress. A s mentioned above, a specimen will undergo a net deformation in 

association with the martensitic transformation during cooling if a proper stress is 

applied. U p o n heating the reverse transformation occurs, and together with the 

reversion of the transformation is the reverse change of the deformation due to the 

crystallographic nature of the transformation. If the stress which produced the 

deformation during previous cooling is still present, one will find that a higher 

temperature is required to start the reverse transformation. Obviously, the stress is in 

opposite sense with the shape change during the reverse transformation. In this 

situation, the stress acts as a resistance to the reverse transformation. 

By measuring the change in transformation temperatures and the magnitude of the 

external stress, it is found that there exists a linear relation between the two.[79] A n 

increase in the external stress leads to a proportional increase in the transformation 

temperatures. The relation has been well analysed in terms of thermodynamics and it 

is concluded that the relation obeys a Clausius-Clapeyron type function.[78-81] This 

rule applies to both the forward and reverse processes of a thermoelastic martensitic 

transformation. 

1.3.2 Stress-induced transformations 

A consequence of the effect of stress on transformation temperatures is the stress-

induced transformation. A stress may be applied to a specimen at a constant 

temperature above its M s , defined as the starting temperature of martensitic 

transformation under no stress. W h e n the stress is increased to a critical value at 

which the transformation temperature exceeds the test temperature, the formation of 

martensite from the parent phase takes place. Thus a stress-induced martensitic 

transformation is caused to occur.[80,82] Since the critical stress required to induce 

the martensitic transformation increases linearly with increasing temperature, there 

exists a critical temperature, denoted as M$, at which the critical stress for inducing the 

transformation equals the yield stress of the parent phase, which is relatively 
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independent of temperature. Stressing at temperatures above M& causes deformation 

by slip in the parent phase instead of the martensitic transformation. [6,8,83] In some 

materials which exhibit thermoelastic martensitic transformations, the M& temperature 

can be well above their Af temperatures, defined as the finish temperature for the 

reverse transformation from martensite to parent phase under no stress. 

In addition to the stress-induced single stage martensitic transformation, multi-stage 

transformations m a y also be induced by an applied stress. These multi-stage 

transformations have been observed in NiTi and CuAINi alloys. In NiTi alloys an 

independent phase with a rhombohedral structure (R phase) may appear between the 

parent phase and martensite. Upon loading the stress-strain curves show two separate 

stages of deformation, indicating the two stages of transformations from the B 2 parent 

phase to R phase and then from R phase to martensite. [84] In Cu-Al-Ni alloys it is 

found that an applied stress induces new kinds martensite. [34,85] Upon loading the 

transformation m a y take the sequence from D 0 3 parent phase to one type of 

martensite (18R for example) and then to another type of martensite (6R for example). 

In another case, a stress may be applied at a full martensitic stage at a temperature 

below Mf, defined as the finish temperature of martensitic transformation during 

cooling under no stress. W h e n the stress increases and reaches a critical value which 

equals the resistance to twin boundary movement, martensite variants start to coalesce 

by the movement of twin boundaries, resulting in a different arrangement of the 

martensite variants. Thus a stress assisted martensite reorientation occurs.[41,55,86] 

Furthermore, the application of an external stress m a y cause the martensite to 

transform from one stacking order to another. [87-89] In general, these processes can 

also be viewed as stress-induced martensite to martensitic transformations. 

Differing from the above two, stress oriented martensite can also be obtained by 

maintaining a constant stress while the temperature is decreased. The process can be 

started from a high temperature with a stress lower than the critical value to induce the 
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martensitic transformation at the particular temperature. During cooling the martensitic 

transformation initiates at a temperature higher than M s due to the presence of the 

stress and proceeds with further cooling. Thus a thermal-stress-induced martensitic 

transformation occurs. [70,90] The reverse transformation occurs on heating in a 

similar way but starts at a temperature higher than A s due to the presence of the stress. 

1.3.3 Effect of stress on the microstructure of martensite 

An externally applied stress does not only influence the thermodynamics of 

thermoelastic martensitic transformations, but the microstructure of martensite as well. 

Despite of the different paths of the formation of martensite, stress-induced 

transformations or stress directed reorientation, the morphology of martensite as the 

final product is rather the same, favourable variants forming a preferential orientation 

with respect to the external stress.[33,41,55,86,91] At its extreme, a single martensite 

variant is formed and no more self-accommodation exists. [32] 

Furthermore, the configuration of martensite structure formed during thermal 

transformation can also been affected by a previously introduced strain, which is 

apparently accompanied by internal stress fields. [92] 

1.3.4 Transformation strains 

The formation of preferential orientation of martensite variants results in a net shape 

change. This implies that it is possible to produce a deformation apparently larger than 

elastic deformation without damaging the matrix by the application of a stress through 

a thermoelastic martensitic transformation. Furthermore, this deformation is 

theoretically possible to be recovered through the reverse transformation because there 

is no permanent damage to the matrix. 
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Since this deformation, termed as the transformation strain, originates from the 

crystallography of the martensitic transformation, the measurable magnitude of the 

strain for a individual crystal is dependent on its orientation. This effect has been well 

studied in several materials using single crystal specimens. [32,33] The effective force 

for causing a transformation strain is the shear stress on the shear system of the 

particular variant. Thus, in the case of a single crystal specimen, the critical external 

stress for inducing the transformation is also orientation dependent. It has actually 

been reported that the product of the transformation strain and the critical stress, ae, is 

independent to the crystal orientation but depends only on the difference between the 

test temperature and Ms.[93] 

1.3.5 Other effects 

In addition to the effects discussed above, the presence of a stress during martensitic 

transformation causes other changes. Of particular interest is the introduction of 

dislocations during the transformation. Such dislocations affect the characteristics 

including morphology of martensite and transformation temperatures in subsequent 

transformations. [94,95] It has been widely observed that permanent strains are 

introduced during the stress induced martensitic transformation processes such as 

stress cycling through pseudoelasticity [96,97] and constant load thermal 

cycling.[77,98] Together with the development of permanent strain it is observed that 

the critical stress required for the parent-to-martensite transformation is decreased, [96] 

and that critical temperature for the transformation is increased (more precisely the M s 

temperature is decreased during thermal cycling under no load or very low load [99-

101] while increased during high load cycling [102]). In the sense that the residual 

strain promotes martensitic transformations by lowering the critical stress or increasing 

the critical temperature, these transformations are sometimes called strain-induced 

transformations. [57] 
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It is proposed that the strain-induced transformation is essentially a stress-induced 

transformation caused by the internal stress field associated with the dislocations [94] 

although there is an argument taking the view that it is actually the strain which 

geometrically favours the nucleation of martensite. [95] 



Chapter 2 

Shape Memory Effect 

2.1 Mechanism of the Shape Memory Effect 

As introduced in Chapter 1, martensitic transformations are characterized by a peculiar 

inherent feature, a shape change associated with a crystal structure change. This shape 

change, in a natural process of martensitic transformation, is masked at the 

macroscopic scale by self-accommodation of the variants so that the transformation 

resistive energy is minimized. The self-accommodation takes place in the forms of 

twinning between different martensite variants. These twin boundaries are mobile in 

thermoelastic transformations. 

Thus, a consideration is suggested. If the transformation thermodynamics are 

influenced by changes in thermal and / or mechanical conditions, it is possible to break 

the zero-strain self-accommodation and realize the transformation shape change at a 

macroscopic scale. It is also possible for this overall shape change to be recovered 

under certain thermal and mechanical conditions owing to the mobility of twin 

boundaries between martensite variants and the reversibility of the crystalline 

structures between the two phases. Corresponding to different combinations of 

thermal and mechanical conditions, shape memory effect and its related phenomena are 

attained. 

In order to understand the shape memory mechanism, the following aspects should be 

discussed: 

a) self-accommodation —» potential of shape change 

b) formation of preferential orientation -» realisation of shape change 

c) recovery of the original parent matrix —> memory of the shape 
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2.1.1 Self-accommodation 

- the potential of the recoverable shape change 

The self-accommodating behaviour of martensitic transformations have been well 

studied in shape memory alloys. Three types of self-accommodating morphologies 

have been observed: the diamond-shaped morphology of martensite in |3 phase alloys 

with long period stacking order structure martensites, the triangle morphology of 

martensite in NiTi alloys and the cross marked morphology of R phase in NiTi alloys. 

The morphology of martensites in 2H, 3R, 9R and 18R period stacking order 

structures have been extensively investigated using both optical and electron 

microscopy.[41,55,104] The formation of martensite occurs by the localized 

formation of four self-accommodating variants clustering symmetrically about a 

<011> pole of the parent phase. There are six equivalent <011> poles in B 2 or D O 3 

structures; therefore 24 martensite variants are possible. Each of the four habit plane 

variants group in a diamond-shaped morphology with internal twins or faults between 

each other. A n example of the four diamond-shaped self-accommodating variants in 

18R martensite is shown in figure 2.1.a. [55] 

Near-equiatomic NiTi alloys have a CsCl-type B2 parent phase and a monoclinic 

martensite structure.[65] Using the phenomenological theory of martensitic 

transformations, 24 martensite variants are also deduced from considerations of habit 

planes and shape strain directions in NiTi alloys.[105,106] Different types of 

combinations of the variants self-accommodating about <001>, <011> and <111> 

axes of the parent phase are possible in theoretical considerations. However, the 

surface relief analysis reveals only a triangular morphology consisting of three variants 

clustering about one of the <001>B2 poles. [42,105-107] Figure 2.1.b schematically 

shows the triangular self-accommodation of martensite in NiTi alloys.[105] A similar 

triangular self-accommodation structure has also been observed in a Ti-Ni-Cu 
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alloy.[108] The morphology consists of three variants around each one of the <111> 

axes of the parent phase. 

(a) (b) (c) 

Fig. 2.1 Schematic diagram of three typical self-accommodation structures 

(a) martensite in CuZnAl, (b) martensite in NiTi, (c) R phase in NiTi 

The R phase transition in NiTi alloys is essentially a martensitic transformation. The 

transition strain associated with the structural change from B 2 parent phase to 

rhombohedral R phase also requires self-accommodation to be compensated. The self-

accommodation in the R phase was observed to be in a cross-marked square 

morphology.[105,107,109] This morphology is well explained in theory by 

combining 12 R phase variants of four types. The construction of the self-

accommodation is shown in figure 2.I.e. In the combination each variant is twin 

related to another. 

One point which should be noted, due to its great importance in shape memory 

behaviour is that all of the three self-accommodation morphologies are formed in 

isotropic matrices, i.e. either a perfect crystalline structure, or randomly and uniformly 

distributed and orientated dislocations or precipitates. This condition neither requires 

nor allows macroscopic shape change in any direction and as a consequence the self-

accommodation occurs. O n the other hand, however, any directional change in 
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microstructure such as directionally orientated dislocations or precipitates will very 

possibly alter the configuration of variant accommodation, resulting in a shape change 

in accord with the directionalized circumstance. 

2.1.2 Formation of the preferential orientation 

- the realisation of the recoverable shape change 

As previously discussed, the formation of the thermal martensite or R phase occurs in 

forms of self-accommodation in which three or four twin related variants group 

together to produce a near zero net strain. The twin planes in shape memory alloys are 

usually mobile. W h e n an external stress is applied on these self-accommodating 

variants, one may grow by means of the movement of twin interfaces at the expense of 

other variants [41,55,86,109] to form a favourable morphology relative to the external 

stress. This preferentially orientated morphology accumulates the transformation 

strains of each variant instead of compensating one another, resulting in a macroscopic 

net shape change. 

This shape change can not only be acquired by the stress directed reorientation of 

thermal-induced, self-accommodating variants, but also in the process of stress-

induced transformations.[103,l 10] The morphology of the product martensite formed 

during the stress-induced transformation has been observed as preferentially oriented 

variants,[33,80] although it has not been clarified as yet whether the preferential 

morphology is formed directly from the parent phase or by the successive detwinning 

of the self-accommodating variants formed during the stress-induced transformation. 

"Detwinning" is defined as the process of combining twin variants by reorientation via 

twin boundary movement. 

Another way to obtain a preferentially oriented morphology and resulting shape 

change is to maintain a sufficient stress during cooling.[77,98,l 11] The stress can be 

either an applied external stress or a residual stress. In this process the 
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thermodynamic driving force for the transformation is provided by the continuous 

cooling and the morphology of the martensite is governed by the applied stress. 

In any of the above cases the degree of preferential orientation is dependent on a 

number of factors, including the nature and magnitude of the stress, the number of 

stress cycles, and testing temperature (or temperature limits reached in the case of 

thermal cycling). The net shape change obtained is maximum when a single crystal of 

the favourable variant to the stress is formed. The magnitude of the maximum strain is 

determined by the orientation relationship between the martensite single crystal and its 

parent phase as well as the crystal structures of the two phases in each particular 

case. [32] This strain also limits the maximum crystallographically recoverable net 

strain. Beyond this limit any extra deformation results in permanent damage to the 

matrix. 

2.1.3 Recovery 

-memory of the shape 

Even after reorientation the lattice correspondence is still maintained between the 

remaining variants and parent phase. Thus when the thermodynamic state favours the 

parent phase rather than the reorientated martensite or R phase, the reverse 

transformation occurs. Accompanying the reversal of the crystalline structure during 

the transformation, the previously produced strain arising from variant reorientation is 

recovered. 

The change in thermodynamic state can be realized either by increasing the temperature 

or changing the mechanical conditions in opposite sense to the formation of martensite 

or R phase. For example, unloading stress-induced martensite decreases the driving 

force for the forward transformation and eventually brings the thermodynamic balance 

to a state in which the parent phase becomes more favoured than the martensite. Thus 

the reversal of the transformation occurs. If a specimen of a preferentially orientated 
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martensitic structure, in another case, is heated with or without an opposing stress, the 

free energy difference of parent phase from martensite increases in the negative sense 

until the driving force becomes greater than the overall resistance for the reverse 

transformation and the parent phase starts forming. 

Through the above three processes a shape deformation is generated first and 

recovered later. Thus the well known shape memory effect and its related phenomena 

come to existence. All of these phenomena are due to the peculiar displacive 

transformation of martensite and R phase, or any other transformations with the same 

feature, such as the bainitic transformation. [112-114] 

2.2 Shape Memory Effect and Related Phenomena 

Based on the same mechanism as described above, the behaviour of a shape memory 

specimen may vary according to testing conditions or its own thermal-mechanical 

treatment history. 

2.2.1 Clausius-Clapeyron Law in thermoelastic transformations 

It is mentioned in Chapter 1 that the critical temperatures of a thermoelastic 

transformation may be affected by an external stress and the effect of the stress can be 

expressed mathematically by a Clausius-Clapeyron type function. The thermodynamic 

analysis ofthe effect is as follows:[78,115] 

When an external stress is applied, the thermodynamic equilibrium of the 

transformation is disturbed. In the free energy equation of the transformation 

(equations (1.5) and (1.6)), both the resistance term, AG r e , and the elastic term, AG ej, 

remain constant. [57,63,66] However, the chemical free energy change is altered by 

an external stress,[115] because 
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A G c h = A H - T A S (2.1) 

and the transformation enthalpy change AH is a function of temperature as well as 

stress. The transformation enthalpy can be expressed, according to the first law of 

thermodynamics, as 

AH = AU + W (2.2) 

In the case where there is no external stress, only pressure-volume work exists and 

thus 

W = PAV (2.3) 

However, in the case of a thermoelastic transformation under the influence of an 

externally applied uniaxial stress, the work involves a force-displacement component 

in addition to the pressure-volume work, so that [78] 

W = P AV - F AL (2.4) 

The two terms are signed according to the definition of work in thermodynamics, 

which defines the work done by the system to the environment as positive and the 

contrary as negative. A positive volume change, AV, is always in the opposite sense 

with the pressure P and therefore the first term represents a work done by the system 

to the environment. The second term takes the negative sign because the work is done 

to the system (specimen) when A L follows the direction of the force, or the work is 

done by the system when A L and F are opposite in sense. Substituting equation (2.4) 

into (2.2), one may easily find that, for a thermoelastic martensitic transformation 

under the influence of an uniaxial tensile stress, 

A H ^ - M = AHo p - M - F ALp-M (2.5) 

so that 

A G c h = A H a - TAS = A H Q -TAS - FAL = AG c h 0 - FAL (2.6) 
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By substituting equation (2.6) into equation (1.5) or (1.6), the following equation is 

obtained, 

A H o - T * A S - F A L + AG ei + A G r e = 0 (2.7) 

where T is the new equilibrium temperature for the transformation under the presence 

of the uniaxial force F. 

Both the pure thermal transformation enthalpy change, AHQ, and the resistance term 

A G r e are constant during the transformation. The elastic energy AG e j is a function of 

the fraction of martensite, fm, only. Therefore, under the above conditions equation 

(2.7) can be rewritten as 

F AL = K - T* AS (2.8) 

where 

K = A H Q + A G d ( f m ) + A G r e (2.9) 

The physical explanation of the equation is interpreted as follows: For a 

transformation with AS < 0 (parent to martensitic transformation for instance), the 

critical transformation temperature increases linearly with increasing external force 

when the deformation A L is in the same direction as the force, or decreases linearly 

with increasing external force when the deformation and force are opposite to each 

other in direction. Conversely, for a transformation whose AS increases, e.g. the 

martensite to parent phase transformation, the critical temperature decreases with 

increasing force when F A L > 0, or increases when F A L < 0. However, the decreases 

of the M s and A s temperatures are less likely to be observed in experiments because a 

stress is always applied to a specimen which otherwise exhibits no transformation 

strain. Thus the stress-induced transformation strain always follows the direction of 

the stress. The stress is usually maintained during the reversion when the 

transformation strain reverses; thus the decrease of A s is not observed. 
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In practice when a sample is cooled and then heated, undergoing both forward and 

reverse martensitic transformations under a tensile stress, the transformation 

temperatures M s and A s are both observed to increase with increasing stress. 

However, the physical meanings of the two increases are different The stress assists 

the martensitic transformation while resisting the reverse transformation. The reason 

for the difference is due to the relative sense between the external stress and the 

transformation strain. Given in figure 2.2 is an example of the shift of equilibrium 

temperature due to an applied stress for a martensitic transformation (refer to equation 

(2.6)). [62] 

AGP" 

+ 

0 

Fig. 2.2 Shift of transformation equilibrium temperature due to application of stress 

Differentiating equation (2.8) with respect to temperature gives 

dF/dT = -AS/AL (2.10) 

It is known from equations (1.7) and (2.1) that AHQ = TQAS. Also F can be 

expressed as F = GA, while A L = eL, when A L is small. Here A is the cross-sectional 

area of the specimen, L is the length, a is the stress and e is the transformation strain. 
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It needs to be pointed out that in the mathematical expression of the first law of 

thermodynamics (equation (2.2)), A H and W are the measurements of transformation 

enthalpy and work on the same amount of material. It is noted that when the cross-

sectional area A and the length L of a specimen are used in an equation, A H is 

automatically the total transformation enthalpy ofthe specimen. 

After the above conversions a Clausius-Clapeyron type equation for the thermoelastic 

transformation is obtained: 

d o / d T = - p A H o / e T 0 (2.11) 

where p = m / V is the density of the material. This Clausius-Clapeyron type relation 

between the applied stress and transformation temperature has been both theoretically 

analyzed [78,115-117] and experimentally proven.[82,118-120] 

One analysis points out that though both transformation temperature and enthalpy 

change depend on stress, the ratio A H ^ / T* is stress independent.[78,l 15] The ratio 

is equal to the transformation entropy change and the entropy change is stress 

independent under the conditions where the difference in heat capacity between the 

two phases and the temperature dependence ofthe transformation strain at a constant 

stress are both negligible. For this reason equation (2.11) is sometimes written in a 

more general form 

d o / d T = - p A H G / e T * (2.12) 

The significance of equation (2.12) is that it rationalizes the direct measurement or 

calculation of the values of do/dT, A H a or T* from experimental data acquired from a 

specimen which is not in an ideal state. For instance, low temperature annealing 

following cold work leaves a high density of dislocations in the matrix of a specimen. 

The internal stress fields associated with the dislocations affects the equilibrium 

transformation temperatures. Even when the value of da/dT is measured from the 
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experiment, the transformation enthalpy A H Q can not be determined using only 

equation (2.11). 

It is necessary to mention here that the effect of an applied stress on the driving force 

of a martensitic transformation is dependent on the stress state rather than simply the 

magnitude of a stress. At an extreme, a hydrostatic stress does not either contribute to 

or consume the driving force because of the negligible volume change of the 

transformation. In practice the simplest stress in affecting transformation temperatures 

is the uniaxial tensile stress, for which most analyses have been made. 

2.2.2 Pseudoelasticity 

Pseudoelasticity can only occur in a shape memory specimen at temperatures higher 

than the Af temperature. The stress-induced martensite or R phase formed by loading 

is only maintained under stress. Once the external stress is removed the reverse 

transformation occurs, providing the driving force is greater than the transformation 

resistance. Since the martensitic or R phase transformation in ordered thermoelastic 

alloys is crystallographically reversible, the strain associated with the stress-induced 

transformation is recovered during the reverse transformation. 

Experimentally pseudoelasticity is evidenced as a hysteresis loop on a stress-strain 

curve. Figure 2.3 shows a typical stress-strain hysteresis loop associated with the 

pseudoelastic behaviour in a NiTi alloy.[84] The upper plateau represents the 

minimum stress required to induce the forward martensitic transformation while the 

lower plateau is the m a x i m u m stress at which the reverse transformation occurs. The 

difference between the two stresses determines the stress hysteresis, which is closely 

related to the thermal hysteresis of the transformation. 
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M a n y studies have been devoted to investigating the effect of testing conditions on the 

pseudoelastic behaviour of shape memory alloys. These investigations have covered a 

wide range of tests involving factors such as test temperature, nature of stress, 

A 

•f 

h 
Strain 

Fig. 2.3 Typical stress-strain curve of pseudoelasticity 
transformation hysteresis, deformation mode, strain rate and repeated cycling. Both 
the upper and lower critical stresses of a pseudoelastic loop increase with increasing 

testing temperature.[83] This behaviour is explained by the thermodynamic effect of 

stress on thermoelastic transformations as discussed in section 2.2.1. The shape of 

pseudoelastic loops has been observed to depend on the stress state,[8,85,121] with 

lower critical stresses and larger hysteresis under compression stress as compared 

with a tensile stress. The difference m a y be due to both the effect of the stress state 

and the relative senses between the external stress and the crystalline orientation of the 

single crystal specimen. The stress hysteresis of pseudoelasticity has been observed 

to be dependent on strain rate [33] and test temperature.[119] For the p <-» Y 

transformation in a Cu-Al-Ni alloy, a linear relation was found between the reciprocal 

of hysteresis and the logarithm of strain rate. [33] In NiTi alloys, the stress hysteresis 

of pseudoelasticity decreases as testing temperature increases.fi 19] The stress 

hysteresis has also been reported to decrease with pseudoelastic cycling.[97,122] The 

decrease in hysteresis is due to a decrease in the upper critical stress with cycling. 

http://increases.fi
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Stress cycling is observed to have another effect. In the initial cycles, particularly with 

NiTi alloys, the stress-induced forward transformation often occurs by a localised 

Luder's-type deformation process. The localised deformation character weakens and 

finally diminishes after a sufficient number of cycles.[122] Regarding the deformation 

mechanism, another interesting phenomenon is observed. The reverse transformation 

starts at a lower stress and proceeds at a slightly higher stress during unloading (figure 

2.3), i.e. a "super-unloading effect".[84] Analysis shows that this "super-unloading" 

is consistent with a measurement of super-heating of shape memory hysteresis loops 

so far as thermodynamics is concerned. This behaviour is ascribed to the nucleation 

of the reverse transformation. 

Pseudoelastic behaviour has also been found to vary remarkably between different 

types of alloys. Unlike the single hysteresis pseudoelastic loop in most shape memory 

alloys, the reverse transformation in Cu-Al-Ni alloys occurs in steps in accord with 

the multi-stage stress-induced forward transformation as discussed in section 1.3.2, 

resulting in a multi-hysteresis pseudoelastic loop. [33,34] In binary NiTi alloys, 

pseudoelastic behaviour is found to vary with Ni composition, cold-working 

conditions and annealing temperature.[91,110,119] Pseudoelasticity is obtained in 

specimens annealed at low temperatures but not at high temperatures;[110,119] with a 

high percent of cold work but not with a low percent of cold work;[l 10] in high Ni 

content specimens but not in low Ni content ones. [119] The R phase transition in 

NiTi alloys is also found to exhibit pseudoelasticity with a negligible stress 

hysteresis. [110,123] 

Some work has also been done in developing models to simulate the pseudoelastic 

behaviour. Different models based on thermomechanics,[124] thermodynamics, 

[125] solid mechanics,[126-128] transformation kinetics [129] and/or 

phenomenological theory [130,131] have been developed for both simple and complex 

stress states.[128,132] Some of the models give qualitative descriptions in terms of 
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thermodynamics [133] and numerical solutions for some particular cases,[132] while 

some others are aimed at simulating experimental curves.[124,128-130] 

Although the basic concepts, mechanisms and phenomena concerning stress-induced 

transformations and pseudoelasticity have been established and understood, there are 

still certain aspects which remain uncertain, unsatisfactory, or even untouched. The 

effect of heat treatment, in particular annealing over a wide temperature range, has not 

been established in some alloys. The fact that the cyclic stressing introduces 

dislocations into the matrix, modifying the subsequent behaviour, is understood; 

however, the factors controlling the approach to saturation remain uncertain. The 

effect of strain rate has been investigated, but only for tensile strains of less than 1%. 

Strain rate effects require further study. Several mathematical models have been 

developed and they are capable of explaining various types of stress-strain behaviour; 

however, none is satisfactory in simulating experimental curves. 

2.2.3 Shape memory effect 

The shape memory effect specifically refers to the restoration of a shape from its 

deformed state during heating, without any external mechanical influence. This shape 

recovery can be obtained by heating stress-induced or stress reorientated martensite. 

At temperatures below Mf, the self-accommodated martensite is stable. When a stress 

is applied and exceeds the resistance for twinning, reorientation of the self-

accommodated variants takes place. The work done by the applied stress during 

reorientation is mostly converted into heat by twin boundary movement and dissipated 

into the environment. The chemical free energy is not altered by the reorientation since 

there is no structural change involved. The elastic free energy is determined by the 

stress required to reorient martensite variants and lattice distortion. W h e n the lattice 

distortion exceeds the m a x i m u m amount allowed by elastic accommodation, further 

straining can only occur by slip, resulting in no increase to the elastic accommodation 
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energy. The elastic free energy may be changed due to the new accommodation 

configuration of the variants. However, the change can hardly be significant due to 

the low elastic limit of the self accommodated martensite. The resistive free energy 

may be increased by the reorientation since the self-accommodation configuration of 

martensite should in principle have the smallest atomic displacement from the parent 

phase. Therefore, concluding from the above discussion, the reoriented martensite is 

stable after the removal of stress and the reverse transformation can only occur by 

healing up to A s temperature. 

In the case where the temperature is between Ms and As, the resistive free energy and 

the hysteresis effect become dominant. W h e n martensite is present in this temperature 

range, the application of a sufficient stress causes martensite reorientation as discussed 

above and the reversal can only occur by heating up to As. O n the other hand, when 

the parent phase is present, the stress induces martensite variants of similar 

configuration with that after reorientation. These variants are stable upon removal of 

the stress according to the definition of As. Thus the reversal of the transformation 

can only occur by heating to above As. 

The shape memory effect, as the most basic phenomenon among the various types of 

shape memory related behaviour, has attracted most of the research interest in the area. 

Experiments have been conducted over a wide spectrum, including new alloy 

development, mechanism studies, property control and applications. 

Since the discovery of the effect in the early 1950's,[10] many alloys exhibiting shape 

memory have been found (Table 1.1). [59] The shape memory effect in those alloys is 

found to be associated with various types of martensitic transformations, bainitic 

transformation [134,136] or R phase transition.[137,138] The transformations appear 

to fall into two categories: thermoelastic or non-thermoelastic. Shape memory alloys 

undergoing thermoelastic transformations show almost perfect shape memory effect 

while partial shape memory effect is more common in the other group of alloys. 
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Based on the phenomena observed in those alloys and the knowledge of martensitic 

transformations, the theory of the shape memory mechanism has been well 

established. The theory consists of two parts: phenomenological crystallographic 

theory [43,48,49,139] and thermodynamics of thermoelastic transformations. 

[66,78,81,115,116,140] 

Experimental confirmation of the theory have been observed in a wide range of tests. 

The self-accommodation has been observed as predicted by the crystallographic theory 

(section 2.1.1). Shrinkage of martensite plates during heating has been observed 

[41,59,107] as predicted by the theory of thermoelastic transformations.[57] 

Observation of the preferentially oriented morphologies confirms the discussion of the 

theory on the effect of stress (section 2.1.2). The measurements of transformation 

temperatures as a function of stress follows the Clausius-Clapeyron relation (section 

2.2.1). The limit of recoverable strain from theoretical calculation is in reasonable 

agreement with values measured in experiments.[141,142] 

From an engineering point of view, a wide spectrum of research activities have been 

concerned with controlling and improving shape memory properties. The effect of 

cold working,[l 10,143-145] effect of heat treatment including annealing,[146,147] 

quenching [148,149] and ageing,[150,151] effect of alloying [152-154] and the effect 

of grain size [155,156] have been investigated in various shape memory alloys. 

Reflecting the effect of stress on transformations, phase diagrams in stress-

temperature space have been determined in some alloys. [77] Fatigue behaviour under 

various conditions has also attracted some research interest. [157-159] 

In summary, although considerable work needs to be done in individual alloys to 

optimise properties for successful application, the fundamental knowledge of the 

shape memory effect has been achieved. 
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2.2.4 Ferroelasticity 

Ferroelasticity arises when the shape recovery is conducted by reverse loading instead 

of heating. The reverse loading simply converts the previously reoriented martensite 

variants into another orientation. Although there are two possibilities to produce a 

recoverable strain - stress-induced transformation or stress guided reorientation - the 

subsequent ferroelastic hysteresis loop (positive and negative loading) is always 

associated with martensite reorientation.[7,8,160,161] The reorientation of martensite 

variants is well known to proceed by twin boundary movement. The stress hysteresis 

has been observed to depend on testing temperature. [128] The simple mechanism of 

ferroelastic phenomenon has been explained in thermodynamics and crystallography, 

while the behaviour has been simulated using mathematical models as well.[128,130] 

2.2.5 Two-way shape memory effect 

The two-way shape memory effect is a spontaneous shape change associated with 

forward and reverse martensitic transformations in response to temperature 

changes. [162-165] Differing from all other shape memory related phenomena, the 

two-way memory process occurs without being assisted by any external mechanical 

influences. This behaviour is not a natural property of a shape memory alloy but 

needs to be developed through special treatments, which are known as two-way 

memory training. [71,165,166] 

Two-way memory training is usually a thermal-mechanical cycling process. There are 

basically three types of training routines: shape memory training, pseudoelastic 

training and thermal-mechanical training, which is the combination of the former 

two. [71,165] Shape memory training is performed by deforming thermally formed 

martensite to produce a shape change, then heating the specimen up to above its Af 

temperature upon the removal of the load to recover the shape change and cooling to 

below Mf. This process is repeated a number of times and corresponds to the repeated 
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stress-assisted martensite reorientation. Pseudoelastic training, on the other hand, is 

conducted by the stress-induced martensitic transformation and its stress-restrained 

reversal. This process is simply performed by repeating pseudoelasticity hysteresis 

loops, i.e. loading and unloading a specimen at a constant temperature higher than its 

Af temperature. The third training process combines the above two by maintaining a 

constant load, which is not high enough to cause stress-induced transformation at high 

temperatures, and thermally cycling a specimen through its Af and M f temperature 

range. Thus martensite is formed with the assistance of stress during cooling and 

reversed to the parent phase under the same stress during heating. In addition to the 

above three processes, there are other variations of routines for two-way memory 

training. For example there is a training method called pseudoelastic-shape memory 

training. [166,167] In this process a load is applied at the parent phase state to cause 

stress-induced transformation. The deformation associated with the transformation is 

maintained while the specimen is cooled to lower than the M f temperature and the load 

is removed. The specimen is then heated and the strain recovered during the reverse 

transformation. This method is believed to be the better one in terms of developing 

high two-way memory strains as compared with either shape memory training or 

pseudoelastic training.[71,168,169] 

The consequence of the repeated training is the presence of a two-way memory in 

subsequent thermal cycles. The two-way memory behaviour thus developed has been 

shown to be associated with the formation and growth of preferred variants of 

martensite,[165,166,170] i.e. the change of habit from forming zero-strain, self-

accommodation morphology to a strain-associated special morphology of preferred 

variants. The internal stress fields associated with dislocations or residual strains 

[162,165,171-175] and retained martensite [163,168,176,177] resulting from prior 

training cycles are the two main factors believed to be responsible for the effect. 

However, the mechanism of how either dislocations or retained martensite lead to the 

formation of the preferential orientation of martensite variants for two-way memory is 

still to be fully explained. 
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Two-way memory behaviour has been found in most shape memory alloys including 

Ni-Ti,[3] Cu-Zn and Ni-Al,[162] Cu-Zn-Ga,[23], Fe-Mn and Fe-Ni,[164] Cu-Zn-Al 

[168] and Cu-Al-Ni.[169] The development of the two-way memory effect has been 

extensively studied in Cu-Zn-Al alloys.[71,165,168,169,172] O n the other hand, few 

studies of two-way m e m o r y behaviour have been reported for NiTi 

alloys.[102,162,178] 

Another method used to develop two-way memory involves ageing a specimen at 

elevated temperatures under a constraint force. [179] The two-way memory developed 

in this treatment, however, is somehow different from the two-way memory 

behaviour obtained by training. In training processes the external stress actually forms 

a shape for the low temperature state so that the metal can remember it and change 

shapes between the original high temperature shape and the taught low temperature 

shape. It is also natural to imagine that the amount of shape change towards the low 

temperature state can not exceed that introduced in training. In the constrained ageing 

treatment, a strip specimen, for instance, is constrained in a circular shape and aged at 

an elevated temperature. After the treatment the specimen may change its shape 

between Af and M f from the positive curvature of the constraint at Af to a negative 

curvature at Mf. The low temperature shape is not indicated in the ageing treatment. 

This behaviour is called the all-round shape memory effect (ARSME).[180] 

This unique phenomenon and treatment technique is only found in NiTi alloys. The 

investigation on the effect of Ni content [180] showed that this behaviour can only be 

acquired in Ni rich alloys. The effect of ageing temperature was also investigated 

[181] with a suggestion of an effective ageing temperature range from 673 to 773 K 

for the all-round shape memory effect. Electron microscopy [179,182] revealed that 

the lenticularly shaped precipitates TijjNi^ (also determined in some investigations to 

be Ti3Ni4 [183-185]) were formed during ageing in specimens exhibiting the all-round 

shape memory effect. These precipitates were found to appear in parallel with tensile 
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stress axis and in perpendicular with compression stress axis. The surface containing 

parallel precipitates undergoes contraction while the surface containing perpendicular 

precipitates undergoes expansion during cooling when the parent phase transforms to 

R phase and martensite.[179] 

The mechanism of the all-round shape memory effect has been explained as 

follows:[186] The precipitates have a habit of [11 l]TinNil4 // U11]B2- W h e n the R 

phase and martensite are formed in a specimen which contains the precipitates, their 

[111]R// [ T 0 1 ] M directions respectively are in parallel with this habit. The [ 1 1 1 ] R 

direction and [T01]M direction are expanding directions in the R phase and martensite 

lattice distortions, respectively. The [Hl]TillNil4 direction is perpendicular to the 

length of the lenticular precipitates. Thus when the R phase and martensite form, the 

matrix expands in the directing perpendicular to the precipitates length, causing a 

contraction on the parallel precipitates' surface and an expansion on the perpendicular 

precipitates' surface. Though this mechanism has not been directly proved in 

experiment, the difference between the morphologies of martensite formed in matrices 

with and without the precipitates has been identified. [185] The martensite shows a 

triangular morphology in a solution treated specimen which contains no precipitates 

(section 2.1.1). In the case of an aged specimen, a morphology of plate-like 

martensite variants along certain preferential directions is observed. [182] 

Similar to the constrained ageing treatment, another treatment is reported to produce 

two-way memory as well. [187] In this treatment the deformed shape of a Cu-Al-Zn 

single crystal specimen having undergone the stress-induced martensitic 

transformation, is maintained while the specimen is immersed into boiling water for 15 

minutes (the M s temperature is reported to be between 250 ~ 354 K ) . A two-way 

memory effect is obtained after the treatment and the cause is ascribed to the 

stabilisation ofthe stress-induced single martensite variant. 
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The main questions remaining to be answered in the field of two-way memory effect 

concern the uncertainty about the roles of dislocations and residual martensite in the 

formation of the preferentially oriented martensite variants. In addition little 

experimental work on NiTi alloys has been reported. Further work to be done, from 

an engineering point of view, includes investigations into factors controlling the 

development of two-way memory, the effectiveness of training methods and stability 

of two-way memory. 

2.3 NiTi Shape Memory Alloys 

NiTi shape memory alloys are currently the most important alloys for practical 

applications owing to their outstanding mechanical properties in addition to their 

excellent shape memory behaviour. However, much of the research work and 

fundamental understanding on shape memory have involved Cu based alloys such as 

Cu-Zn-Al and Cu-Al-Ni. The difficulties in NiTi alloys stem from the complexity in 

microstructures and transformation behaviour. The fundamental work on 

crystallography and mechanism of shape memory in NiTi could not be carried out at 

an extensive scale and advanced level until very recently when single crystals of the 

alloy were successfully prepared.[188,189] In addition to the effort in understanding 

shape memory mechanisms (mostly carried out using NiTi single crystals in the past 

two years [42,86,105,109,123,190]), many basic aspects of properties and behaviour 

in NiTi alloys have also been investigated. 

2.3.1 Transformations in near stoichiometric NiTi alloys 

The transformation behaviour of NiTi type shape memory alloys has been clarified 

considerably in recent years. A typical transformation sequence during cooling is: B 2 

parent (P) -> incommensurate (I) -> commensurate (C) -> martensite (M).[191,192] 
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The parent phase of near stoichiometric NiTi alloys has a body centred cubic structure 

with B 2 stacking order (also called P2 phase). The parent phase is found in diffraction 

analysis to undergo a transition just prior to the martensitic transformation.[193,194] 

The product of the transition produces superlattice reflections occupying (1/3 1/3 1/3) 

and (1/3 1/3 0) incommensurate positions in the B 2 superlattice diffraction 

pattern.[193,195] The fundamental reflections retain cubic symmetry and are at the 

same positions as in the parent state, indicating there is no lattice distortion associated 

with the transition. This normal-to-incommensurate phase transition has been 

identified as a second order transformation. [195] This transformation is of little 

importance so far as shape memory is concerned because there is no substantial lattice 

distortion or shape strain. 

On further cooling the incommensurate reflections shift back to commensurate 

positions while the cubic superlattice experiences a rhombohedral distortion, indicating 

an incommensurate to commensurate phase transformation with a rhombohedral lattice 

distortion.! 196,197] The new commensurate rhombohedral phase is known as the R 

phase.[193-195] The R phase has been extensively studied in conjunction with its 

shape memory behaviour.[79,109,137,198] 

The R transition occurs in a displacive manner and initially forms a rhombohedral 

angle of 89.8 degrees.[194] The transition is also detected in differential scanning 

calorimetry measurements as a separate heat peak, indicating the transition is of first 

order. [199] However, the rhombohedral angle is found to decrease in a second order 

fashion with a progressively decreasing temperature, until the onset of martensitic 

transformation at a lower temperature.[137,194,200] The displacive manner leaves a 

surface relief after the transition,[138,201] indicating a shape change. This shape 

change requires self-accommodation of the variants (section 2.1.1). The square 

shaped self-accommodation in R transition is essentially perfect, yielding a zero over

all strain. 
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The transition is also found to have a negligible thermal hysteresis. [79,200] The 

thermoelastic nature [130,193] allows the transition to be stress-induced. [120,200] 

The temperature dependence of the critical stress for the stress induced R phase 

transition obeys a Clausius-Clapeyron relation but with a remarkably higher coefficient 

than for the martensitic transformation.[79,84] The net shape change can be realized 

by variant coalescence during either stress-induced transition [200] or stressing the 

existing R phase.[109] However, a partial recovery of the transformation shape 

change thus produced is found to occur during heating within a temperature range 

before the reverse lattice transformation. The recovery is identified due to the second 

order change of rhombohedral angle during heating. [109,202] The R phase transition 

is found to exhibit shape memory effect,[79,123,200] pseudoelasticity [123,198] and 

all-round shape memory effect.[138,180] 

Following the R phase transition on cooling is the martensitic transformation. The 

martensite in near equiatomic NiTi alloys has a monoclinic structure with a distorted 

B 1 9 stacking order.[192,203,204] The transformation occurs with the habit plane 

{942}B2-[141, 190,205] The three unequal Miller indices of the habit causes the self-

accommodation of martensite variants to be non-symmetric, as in the case of C u based 

alloys or the R phase, but in a triangular morphology (section 2.1.1). A n analysis on 

the surface has revealed that the surface relief associated with the R phase transition is 

inherited by the martensite,[201] indicating that the R phase is the true parent of 

martensite, though it does not necessarily mean that the martensite can only form via R 

phase from the parent. 

The actual transformation sequence in a particular case depends on the relative values 

of the critical transformation temperatures T R and M s for R phase and martensite, 

respectively. The R transition occurs only in the case when T R > Ms,[65] though the 

R phase may coexist with martensite at temperatures below Ms.[199,206] There are a 

few factors affecting the transformation temperatures. The factors effectively 
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depressing M s temperature and thus revealing the R phase transition in NiTi alloys are 

as follows: 

a) excess Ni content [180,207,208] or substitution of a third element, 

[152,154,207] 

b) high density of crystalline defects, as in the cases of thermal cycling 

[100,101,208,209] or annealing at temperatures below the 

recrystallization temperature after cold work,[l 19,198,200] 

c) presence of certain precipitates, as in the case of ageing following 

solution-treatment.[65,l 19,210] 

There has not yet been a full explanation of the mechanisms of the above three effects 

so far. It is easy to ascribe the first one to the changes in free energy balance between 

the martensite and parent phase due to the presence of a third element or the change of 

Ni content. A high density of dislocations impedes martensitic transformation. 

Considering the nature of a martensitic transformation, it would not be surprising to 

imagine that the stress fields associated with the randomly distributed dislocations 

impede the formation of internally twinned, self-accommodated martensite variants. 

However, there is more conflict on the effect of ageing in Ni rich NiTi alloys on their 

transformation behaviour and critical temperatures. While the M s temperature has 

been reported to decrease after ageing,[65,119] an increase of the temperature has also 

been observed.[180,181,210] The increase in M s was explained by the enrichment of 

Ti in the matrix as a result of Ni rich precipitation [210] whereas no explanation has 

been made on the decrease. The explanation based on the composition change alone is 

debatable since the stress fields accompanying precipitates m a y also influence the 

transformation. A possible reason causing the conflict is that the M s temperature does 

not change monotonically with ageing temperature. In a Ti-50.6%Ni alloy, for 

example, the temperature increased from the as-solution-treated value after ageing in a 

high temperature range and decreased as the ageing temperature was lowered after 

reaching its m a x i m u m at 773 K.[l 19] However, all of the results are consistent so far 

as revealing the R phase transition. The R phase transition becomes more obvious on 
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electrical resistivity curves after ageing though the temperature interval between M s 

and T R becomes smaller.[180,181] 

Electron diffraction often reveals extra spots appearing at 1/2,1/3 and 1/4 positions of 

the B 2 parent phase. [211] The 1/3 spots can be satisfactorily explained by the 

incommensurate and commensurate phase transitions while the 1/2 and 1/4 reflections 

can not be explained by any of the above transitions. For this reason another 

transition has been most recently suggested. [212] The product of the transition is 

named R' phase and has a triclinic unit cell. The unit cell dimensions and the 

orientation relationship between the B 2 structure and the R' phase are also determined. 

2.3.2 Heat treatment 

Heat treatment procedures adopted in NiTi type shape memory alloys are mainly the 

following three kinds: annealing, ageing and constrained ageing. 

Annealing is usually performed after cold work and followed by either rapid 

quenching or air cooling. Annealing temperatures vary from 500 K up to 1273 K. 

The high temperature annealing (usually above 1000 K ) is specially called solution 

treatment. The effect of the annealing temperature on the transformation behaviour as 

well as transformation temperatures of near equiatomic NiTi shape memory alloys 

have been clarified. [146,147] It has been found that a minimum annealing 

temperature is required to suppress the R phase transition so that a single stage P <-» M 

transformation can be obtained. This minimum temperature is dependent on the 

chemical composition of the alloys and increases with an increasing amount of Ni 

content. The annealing temperature is also found to affect mechanical properties, and 

hence the pseudoelastic behaviour and shape m e m o r y effect.[110,119] 

Pseudoelasticity is usually observed in specimens annealed at low temperatures, or 

having a composition which gives a low M s temperature. The effect of annealing 

temperature on the shear modulus has also been reported in some investigations.[213] 
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However, a systematic understanding ofthe effect of annealing continuously in a wide 

range of temperatures after cold work on mechanical properties is yet to be 

established. These properties in particular are the deformation behaviour and critical 

stresses for yielding by stress-induced martensitic transformation, stress-directed 

martensite reorientation and slip in parent or martensitic states. These fundamental 

parameters of an alloy play vital roles in its pseudoelastic behaviour, shape memory 

effect, development of two-way memory and stability of the properties in various 

kinds of performance. 

Ageing treatments are usually carried out at temperatures between 473 K and 773 K 

after solution treatment.[l 19,210] Ageing treatment is more effective in Ni rich NiTi 

alloys by producing fine precipitates such as rhombohedral Ti3Ni4,[184,185] Ti2Ni3, 

TiNi3 [179] or others.[214,215] The formation of the precipitates in general increases 

the yield stress (by slip) of the matrix and improves the pseudoelasticity. It is also 

found that ageing favours the R transition prior to the onset of martensitic 

transformation (sections 2.3.1 and 2.3.2). 

Constrained ageing is usually conducted for the purpose of developing the all-round 

shape memory effect (sections 2.2.5 and 2.3.2).[180,181] The all-round shape 

memory effect is ascribed to the internal stress field associated with the coherent 

TinNii4 precipitates [182] (these precipitates are believed to be the same as Ti3Ni4 

[179]). The precipitates form during constrained ageing at temperatures below 900 K 

in Ni rich NiTi alloys. 

2.3.3 Mechanical behaviour 

The mechanical properties of NiTi shape memory alloys and the dependent 

deformation behaviour have attracted extensive research interest. Investigations have 

covered a wide spectrum of interests including yield behaviour associated with the 

stress-induced R phase transition,[120,200] stress-induced martensitic transformation 
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and stress-directed martensite reorientation,[79,84,122,198] limit of recoverable 

strain,[ 141,142,200] development of permanent strain,[79] pseudoelastic and 

ferroelastic behaviour (section 2.2), and fatigue properties. [159,216-218] The factors 

influencing the above properties have also been investigated with respect to Ni 

content,([119] heat treatment [198,210] and testing temperature. 

The yielding of NiTi shape memory alloys may occur by either stress-induced 

transformations or stress-directed reorientations of both martensite and R phase, 

providing the critical stresses required by the processes are lower than that for slip. 

The transformations or reorientations result in strains which are recoverable either by 

heating or unloading. The recoverable strain associated with the R phase transition is 

much smaller than that of martensitic transformation, being 0.5-1% [79,84,198] 

compared with 5-7% for martensite [83,210] in polycrystal specimens. The critical 

stresses for stress-induced martensite and R phase are both dependent on testing 

temperatures.[83,119] The temperature dependencies of the critical stresses for 

inducing the R phase and martensite have been determined both in isothermal stress-

strain tests [84] and constant load thermal tests.[77,79] Both obey the Clausius-

Clapeyron relation, but with different temperature coefficients: 15.6 MPa/K for the R 

phase and 6.4 M P a / K for martensite. [79] The critical stress for martensite 

reorientation is also dependent on testing temperature with a small negative 

temperature coefficient. The value of the coefficient is estimated to vary between -1 

and-2.5 MPa/K.[l 18,210] 

The critical stresses also depend on composition [119] and heat 

treatment.[l 10,119,210] The effect of heat treatment seems to be more effective with 

specimens having certain compositions. Increasing the Ni content decreases M s 

temperature,[146,147] improves pseudoelasticity [119,210] and causes the alloy to be 

more sensitive to ageing treatment. Ageing Ni rich alloys forms precipitates which in 

turn causes precipitation hardening and improves pseudoelasticity. Annealing at 

intermediate temperatures lower than the recrystallization temperature thermally 
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rearranges the high density dislocations introduced by the preceding work, resulting in 

the hardening of the matrix relative to its recrystallized strength and an improvement in 

pseudoelasticity. 

Differing from other shape memory alloys, NiTi alloys often show Luder's-type 

deformation in both stress-induced martensitic transformation and reorientation. [8 3] 

This behaviour is ascribed to the small grain size in NiTi alloys. 

The yield behaviour for a given alloy is strongly dependent on its thermal-mechanical 

history. However, as the key point leading to all of the shape memory associated 

properties, the yield behaviour has not so far received appreciable consideration with 

respect to the effect of heat treatment after cold work over a wide range of annealing 

temperatures. Most of the work to date has been concerned with the effect of ageing 

in Ni rich alloys. 

2.3.4 Two-Way Memory Training 

It has been reported in a few cases that a two-way memory is observed in NiTi shape 

memory alloys as a consequence of either thermal-mechanical cycling,[102,178,219] 

shape memory cycling [220] or pseudoelastic cycling. [97] However, the reported 

investigations have been focused on the associated deformation behaviour of the 

stress-induced martensitic transformation, [97] the temperature sequence of phase 

transformations under bias loads [178] or the stability of shape memory behaviour and 

transformation characteristics during thermal-mechanical cycling.[102] In such 

investigations, two-way memory is only an associated phenomenon observed in 

experiment or even regarded as an undesired property of the material. There appears 

to have been no systematic study purposely carried out to investigate two-way 

memory or the effect of training in NiTi shape memory alloys. Therefore, very little 

knowledge on this subject has been achieved. Current knowledge on two-way 

memory in NiTi alloys can be summarized as follows. Two-way memory is 
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producible in NiTi alloys either by thermal-mechanical training or pseudoelastic 

training. The alloys exhibiting two-way memory have been found to contain Ni 

concentrations from 49.8% to 50.85%. The annealing temperature following cold 

work is between 823 K and 933 K in the case of thermal-mechanical training. In the 

case of pseudoelastic training the heat treatment after cold work is a combination of 

1123 K solution treatment and 598 K ageing. Small martensite nuclei persisting above 

Af are considered to be responsible for the two-way memory in pseudoelastic training 

while the presence of R phase transition during cooling has been shown to be 

unfavorable for the development of two-way memory by thermal-mechanical training. 

The role of dislocations in initiating two-way memory has also been acknowledged 

and a severe deformation beyond the recoverable limit has been proposed to be 

essential for obtaining two-way memory. [162,164,171] 

2.3.5 Stability and cycling 

It has been widely observed that thermal or mechanical cycling changes the 

transformation characteristics and shape memory properties of a shape memory alloy. 

Thus the stability of the properties as well as the possibility of developing new 

properties in a shape memory alloy through these processes is important with respect 

to practical applications. For this reason studies on thermal cycling, mechanical 

cycling (pseudoelastic cycling and ferroelastic cycling), and thermal-mechanical 

cycling (two-way memory training) have been carried out. The studies have been 

concerned with transformation temperatures,[101] transformation sequence,[157] 

transformation hysteresis and latent heat,[223] critical stresses,[96] crystalline 

defects,[101,168,172] shape memory characteristics [157] and two-way memory 

effect.[71,102] 

Early investigations were concerned with the effect of thermal cycling.[208,209,221] 

Although there were arguments on whether incomplete or complete cycling influenced 

the behaviour and whether changes in electric resistivity were related to the shape 
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memory effect, some agreement has been reached. The martensitic transformation 

temperatures, Ms^and Mf, decrease during thermal cycling, and dislocations are 

observed to be introduced into the matrix. [100,101,222,223] Thus the decrease of the 

temperatures is ascribed to the high density of dislocations. The effect of thermal 

cycling in decreasing M s and M f temperatures can be inhibited by the presence of 

precipitates resulting from heat treatment or a high density of dislocations after cold 

working.[101] The change of T R for R phase transition seems to be rather 

controversial. T R was observed to increase with cycling in one investigation [100] 

while more often it has been observed to be relatively constant.[101] This conflict 

may be due to the different testing conditions since it is noted that the increasing T R 

was observed in a high temperature aged specimen which contained rather large 

precipitates. The increase may be rationalized by stress field relaxation around the 

precipitates. However, whether T R increases or remains constant does not make a 

substantial difference to the fact that the R phase transition may appear after a number 

of cycles due to the decrease of M s temperature in a specimen which initially shows 

only a single stage parent «-» martensite transformation^ 101,224] 

However, thermal cycling under a sufficient stress (thermal-mechanical cycling) is 

reported to increase the martensitic transformation temperatures.[79,99] A s a 

consequence, when M s exceeds T R , the R transition may be masked by a single stage 

martensitic transformation in a specimen which initially shows a two stage 

transformation of the R phase and martensite. In either case (with or without load), 

thermal cycling is found to introduce dislocations and other defects into the 

matrix,[222,225,226] and it is believed that the introduction of dislocations is 

responsible for the changes in transformation sequence and critical temperatures. 

Thus it is natural to propose that the dislocation structure differs at a microscopic scale 

in the two cases of load-free thermal cycling and loaded cycling. The stress field 

around the "random" dislocations generated during load-free cycling impedes the 

formation of martensite on cooling while that around the "directional" dislocations 

promotes the martensitic transformation. 
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Isothermal stress cycling has also been studied extensively. In most cases it is carried 

out in the pseudoelastic mode [96,97] and occasionally in the ferroelastic mode. [8] 

The main features observed in pseudoelastic cycling are summarized as follows: 

Residual strain is inevitably generated and accumulated at a decreasing rate throughout 

the cycling. The critical stress for the start of the stress-induced martensitic 

transformation decreases, implying an increase in M s temperature, while that of the 

stress-restrained reverse transformation increases. A s a consequence, the stress 

intervals for both the forward and reverse transformations are widened. The strain or 

stress hysteresis becomes smaller. The deformation mode changes from Luder's-like 

in the very first cycles to homogeneous deformation in the subsequent cycles. All of 

the above changes become insensitive to cycling with an increasing number of 

cycles. [96] 

The cause for the residual strain is the occurrence of slip deformation during the 

cycling. It is certain that pseudoelastic behaviour can only be obtained under external 

stresses lower than the critical stress for slip in a specimen. The generation of the 

residual stress indicates that the local internal stresses can be much higher than the 

applied external stress during transformation. The decrease of the critical stress for the 

forward transformation implies that the development of the dislocation structures 

favours the formation of martensite from parent phase, echoing the increase of M s 

temperature during thermal cycling under load. The increase in the stress interval for 

both the forward and reverse transformations m a y be ascribed to the inhomogeneity of 

the internal stress field. The decrease in stress hysteresis is simply a result of the same 

reason as for the decrease of the forward transformation stress. The strain hysteresis 

is also decreased after cycling. This is an indication of the reduction in recoverable 

strain, which is possibly due to either remaining martensites, constraint from 

permanent deformation to transformation strain, or both. The saturation of the 

changes can be explained by the work hardening due to the introduction of 

dislocations during cycling. 
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Shape memory effect and fatigue properties are found to be much more stable in the 

cycling with either R phase transition alone or R phase and martensitic transformation 

together than the cycling through only martensitic transformation. [100,102,157] This 

also implies that the two-way memory is more likely to be produced in cycling through 

only martensitic transformation. [102,220] The recoverable shape memory strain is 

observed to degrade in loaded thermal cycling [220,227] and this is associated with 

the accumulation of permanent deformation during cycling. The change in 

transformation enthalpy has also been investigated. It is found that the transformation 

enthalpies of both the forward and reverse reactions, A H P _ > M and A H M _ > P , are 

decreased by thermal cycling while the transformation temperatures M s and A s also 

decrease.[223,228] A linear dependence of the transformation enthalpy on the mean 

transformation temperature T 0 = (As + M s ) / 2 has been proposed.[223] However, 

the relation does not automatically suggest that the transformation heat would increase 

in loaded thermal cycling since the transformation temperatures are observed to 

increase. 

In summary, the investigations on thermal cycling are mostly concentrated on 

transformation temperatures. Although there are a few cases in which the degradation 

of the shape memory effect and the development of two-way memory are mentioned, 

the results are insufficient to yield a full understanding of the relevant properties. 

Also, the stability of the produced properties like two-way memory is not only the 

problem of cycling but of the working temperature as well. This subject remains 

untouched so far. Mechanical cycling is mostly carried out through pseudoelasticity. 

Though pseudoelastic cycling is also believed to develop two-way memory,[166] the 

investigations are mainly concerned with the mechanical properties because the 

excessive permanent strain associated with the process is not desirable for developing 

two-way memory.[71] At this point the main features of the effect of the cycling have 

been clarified except more experimental data are required for the saturation of the 

behaviour so that a satisfactory constitutive model can be expected. 
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2.4 Objectives of the Research 

While a basic understanding of the shape memory mechanism, crystallography of 

thermoelastic transformations in shape memory alloys, shape memory and mechanical 

properties has been achieved to various levels, there still remains some work to be 

done. From the practical viewpoint, better knowledge is needed regarding the yield 

behaviour of a given material over a wide range of annealing temperatures, cyclic 

behaviour, optimisation of two-way memory training, stability of two-way memory, 

relation between mechanical properties and two-way memory ability. O n the 

fundamental side, an understanding of the correlation of crystallographic and 

microstructural changes with shape memory behaviour is needed. This includes the 

effects of training, cycling, the role of dislocations on the two-way memory effect, 

the difference between the dislocation structures developed by different processes, 

grain size and precipitates. A full explanation of certain pre-martensitic phenomena, 

including the R phase transition, is still lacking. Also, a better model for the 

deformation behaviour is yet to be achieved. 

This study takes the transformation behaviour, mechanical behaviour and two-way 

memory behaviour in a NiTi shape memory alloy as the main targets. The research of 

transformation and mechanical behaviour is concentrated on the effect of annealing 

after cold work, the effect of thermal and deformation cycling and strain rate 

sensitivity. The main interests in two-way memory are the development of two-way 

memory by training, the factors influencing the development, such as annealing 

temperature, training method and training stress, and the stability of the developed 

two-way memory. 



Chapter 3 

Experimental Procedure 

3.1 Experiment Design 

3.1.1 Transformation characteristics 

It is known that a given NiTi shape memory alloy may exhibit different transformation 

behaviour depending on its previous mechanical and thermal history. There has been 

substantial evidence showing that transformation behaviour directly affects mechanical 

properties and shape memory behaviour. Therefore, it is necessary to determine the 

transformation characteristics before any mechanical testing and two-way memory 

training. This can be carried out using differential scanning calorimetry from which 

the critical temperatures, temperature intervals, temperature hysteresis and latent heat 

of the transformations can be determined. 

The DSC measurement can also be adopted in training tests, thermal cycling tests and 

mechanical cycling tests. It is known that the transformation characteristics of shape 

memory alloys are closely related to internal structures, particularly dislocation 

structures. The D S C measurement may provide another approach to study the 

influence of the processes in changing the properties and behaviour of an alloy. 

3.1.2 Mechanical behaviour 

3.1.2.1 Effect of annealing on thermoelastic deformation 

Since the mechanical properties of an alloy are vitally important for developing two-

way memory effect, the various modes of deformation behaviour, i.e. stress-induced 
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martensitic transformation, martensite reorientation and slip in martensite and parent 

phase, should be investigated. For the purpose of deformation by different modes, 

the fact that the yield stress in a thermoelastic shape memory alloy is affected strongly 

by temperature requires that the test temperature be accurately controlled. In this 

experiment the effect of annealing temperature on the critical stresses for various 

modes of deformation, the dependence of the stress on testing temperature, the 

m a x i m u m temperature at which the thermoelastic martensitic transformation can be 

stress induced, and the magnitude of thermoelastic strain can be investigated. 

3.1.2.2 Pseudoelastic and ferroelastic behaviour 

Pseudoelasticity and ferroelasticity offer good opportunities to study the mechanical 

cyclic behaviour of a shape memory alloy. The performance of an alloy in cycling is 

of importance for the development and application of the two-way memory effect. 

Pseudoelasticity can be realized by repeatedly loading and unloading a tensile stress 

while ferroelasticity requires both tension and compression cycling. The change of 

behaviour, in particular the stabilisation of characteristics, such as critical stresses for 

the upper and lower limits, stress hysteresis and their temperature dependence, are to 

be studied. The stabilized pseudoelastic and ferroelastic curves m a y be used for 

developing mathematical models. Also, they provide a convenient method for 

studying the effect of strain rate sensitivity. 

3.1.2.3 Strain rate sensitivity 

Strain rate sensitivity of the thermoelastic deformation requires investigation as well so 

that the strain rate sensitive behaviour can be explained more accurately. The tests on 

strain rate sensitivity can simply be part of the pseudoelastic cycling since a stabilized 

pseudoelastic curve gives the means to repeat the deformation process under different 

conditions on the same specimen for many times. Taking into account the nature of 

the first order transformation and the effect of temperature on the critical stress for the 
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stress-induced transformation, the true temperature of the specimen during testing 

needs to be monitored. To exclude the effect of temperature due to the latent heat, the 

heat transfer conditions around the specimen need to be controlled. 

3.1.3 Two-way memory training 

Two-way memory training is one of the main objectives of this study. Thermal-

mechanical training, in which a specimen is thermally cycled through its Af and M f 

temperature range under the influence of an external stress, is of particular interest. 

The particular training routine may vary by applying the load at different stages of a 

thermal cycle. Through training procedures, information such as transformation strain, 

recovered strain, permanent strain, two-way memory strain, as well as the 

transformation temperatures, can be obtained. Factors influencing the training results, 

such as annealing temperature, training method, training stress and number of training 

cycles, are to be investigated. 

3.1.4 Stability of shape memory behaviour 

The application of shape memory alloys as functional elements undergoing cyclic 

changes requires that the stability of shape memory properties, particularly the two-

way memory effect, be investigated with respect to both thermal cycling and elevated 

temperature exposure. Knowledge of the further development or degradation and the 

reproducibility of two-way memory needs to be obtained 

3.1.5 Microscopy 

As supplementary information, microstructures at both electron and optical 

microscopic scales need also to be examined. Clarification of the structures after 

annealing at different temperatures contributes to the understanding of transformation 

behaviour. It should be possible to identify the difference in the formation of 
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martensite and dislocation structures between trained and untrained materials. The 

microscopy study should allow for variation of the specimen temperature so that both 

the martensitic and parent phase of the material can be observed. 

3.2 Experimental Techniques 

3.2.1 Materials 

The shape memory alloys used in this study are commercial NiTi alloys from Timet 

(TM), Special Metals (SM) of U.S., Shanghai Iron and Steel Research Institute (SH) 

of China, and Sumitomo Kanto Special Steel (SU) and Furukawa Electric Co., LTD. 

(FK) of Japan. Most of the experiments were carried out using an S H alloy, which 

has a composition of Ti - 50.2at% Ni. Unless otherwise indicated, the results 

reported will be for this alloy. The as-received materials were wires of diameters of 

1.0 ~ 1.5 mm. 

3.2.2 Heat treatment 

All of the specimens were subjected to cold working prior to heat treatment. Wires of 

1.2 m m diameter were cold rolled at room temperature by ~ 5 0 % reduction in cross-

section area to the shape of 0.87 x 0.87 m m square. There were variations of cold 

work with a few specimens for certain requirements of electron microscopy 

examination. In these cases wires of 1.5 m m in diameter were worked by multi-step 

rolling/annealing (723 K ) into ribbons of 0.5 m m in thickness and 3 m m in width, 

assuring 3 0 % of final plastic deformation after the last annealing (in other words, prior 

to the final heat treatment). 

Following the cold work, specimens were annealed in air at different temperatures 

between 600-1200 ± 1 K for 1.8 ks. Following annealing, specimens were either air 
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cooled or water quenched to room temperature. In a few cases specimens were 

annealed in a vacuum of 10-6 Ton* in quartz tubes. 

3.2.3 Measurement of transformation characteristics 

Transformation characteristics of the materials after annealing at various temperatures 

were analyzed using a Perkin-Elmer DSC-4 differential scanning calorimeter. In this 

instrument the specimen is placed in a platinum alloy cup adjacent to a reference cup. 

The base of each cup contains a Pt resistance heater and thermometer. The 

temperature and energy flow were calibrated using an indium reference standard. 

The operation of the differential scanning calorimeter was controlled by a 

microprocessor controller which enabled an accuracy of temperature control of ± 0.1 

K under normal working conditions. The time differential of the heat required to 

maintain the sample cup at the same temperature with the reference during heating or 

cooling was recorded as a function of temperature using an X-Y potentiometric 

recorder. 

Wire samples having previously been annealed, cycled or trained were cut into short 

sections weighting 5 - 1 0 mg, using a diamond cutoff wheel to avoid plastic 

deformation. After cutting, the specimens were cleaned before being sealed in 

aluminium sample pans. The heating and cooling rate for both calibration and 

standard measurements was 10 K / min. A n empty aluminium sample pan was used 

as reference. Samples were tested over a temperature range from 220 to 390 K. In 

order to achieve low temperatures, methanol cooled either by liquid nitrogen or dry ice 

was used as the coolant. All of the measurements were carried out in a nitrogen 

atmosphere. 

Transformation temperatures for martensite and/or R phase on cooling and parent 

phase on heating were determined from D S C curves as illustrated in figure 3.1. 



62 

W h e n the transformation heat flow peaks were extremely broad, as in the cases for the 

specimens annealed at very low temperatures, an accurate measurement of 

transformation temperatures became very difficult using the extension-line method In 

these cases, the transformation temperatures were determined from the curves by 

estimation. 

o 

E 
o 
X 

Temperature 

Fig. 3.1 Measurement of transformation temperatures 

3.2.4 Studies of mechanical behaviour 

Investigations on mechanical behaviour were carried out on an Instron 8035 universal 

testing machine. The machine was equipped with a thermostatically controlled stirred 

liquid bath so that the testing temperature could be varied between 260 K and 370 K 

and controlled with an accuracy of ±1 K. All measurements of stress, strain and 

temperature were recorded and stored using a data acquisition system which consisted 

of a Metrabyte System analog to digital converter, I B M compatible P C and X-Y chart 

recorder. 
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Four types of tests were carried out to investigate the mechanical behaviour: 

conventional tensile tests, pseudoelastic cycling, ferroelastic cycling and strain rate 

sensitivity. For the tests different kinds of specimens were prepared and also different 

grips were designed accordingly. The individual tests are described as follows: 

a) Tensile tests: After annealing at different temperatures from 600 to 1200 K, 

specimens were cut from the 0.87 x 0.87 m m 2 wires with a gauge length of 27 m m . 

For these specimens press-type grips were adopted. A specimen and grips are 

schematically shown in figure 3.2(a). The specimens were tested at different 

temperatures from below M f to above Af, so that the yield of martensite by 

reorientation and the yield of parent phase by stress-induced thermoelastic 

transformation or plastic slip could be investigated. At temperatures within the 

hysteresis range the specimens were either cooled down to below M f using liquid 

nitrogen or heated up to above Af using boiling water prior to the tests. Thus the 

presence of a single phase at the start of testing was ensured. All of the tests were 

conducted using water as the heat transfer medium. 

b) Pseudoelasticity: Having been annealed at 678 K after cold work, wires of 0.87 x 

0.87 m m 2 were cut into sections of 35 m m in length. Specimens were made by 

swaging ends to the wires, leaving a gauge length of 27 m m . A pair of "hook-like" 

grips were used to avoid compression to the specimen during the return of the cross 

head of the machine. A specimen and the grips are illustrated in figure 3.2(b). The 

cycling was performed at 355 K in water, which was 27 K above the Af temperature 

of the specimens. 

c) Strain rate sensitivity: Strain rate sensitivity tests were carried out using the same 

kinds of specimens and grips as those for pseudoelastic cycling in either a water or air 

medium. T w o or three pairs of K type thermocouples were spot welded to the 

specimens to enable monitoring the temperature of the specimens during tests (figure 

3.2(b)). 
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Fig. 3.2 Gripping conditions for mechanical behaviour tests 

(a) yielding in tension, (b) pseudoelastic cycling and strain rate sensitivity, 

(c) ferroelastic cycling 
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d) Ferroelasticity: Due to the requirement of compression forces, specimens of bulk 

shape were used. The material was hot rolled to near final size with a finishing 

temperature lower than 773 K. Following the hot working the material was annealed 

at 873 K for 3.6 ks. Specimens were then fabricated to final shape by spark cutting 

and surface grinding to give a cross-section of 4 x 5 m m 2 and a gauge length of 27 

m m . According to the requirement of the tests and the shape of the specimen, a pair of 

well aligned press-type grips were designed. Shown in figure 3.2(c) is the scheme of 

the testing conditions for ferroelastic cycling. The tests were also performed in water. 

The specimens for the ferroelasticity tests were made of the SM alloy (section 3.2.1). 

They were warm rolled to near final size and annealed at 873 K for 3.6 ks. After the 

annealing, the transformation temperatures of the alloy were measured by the D S C 

method to be M f = 286 K, M s = 305 K, A s = 328 K and Af = 349 K. The specimens 

were then fabricated by spark cutting and surface grinding to the final shape of 4 x 5 

m m in cross section and 27 m m in gauge length. 

3.2.5 Training and cycling 

The training of specimens for the two-way memory studies were carried out on a 

specially designed apparatus. This apparatus is illustrated schematically in figure 3.3. 

The specimen (1) was held in grips (2) connected to two arms of which one was free 

(3) to rotate about an axis (A) and the other was stationary (4). A reference sample (5) 

having the same thermal expansion coefficient as the specimen under test was held in 

two other arms (6). Both the specimen and reference were held at the same level. A n 

L V D T (7) was attached to the moving arm (3) for displacement measurements. 

Specimens were stressed using different loads (w) during training. The temperature 

was varied and controlled by circulating hot and cold liquid from a heating circulator 

and a cooling circulator, respectively. The liquid was well mixed by a mixing screen 

(8) before entering the inner bath (9) so that a gradual temperature change could be 
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achieved. The temperature was monitored by a pair of thermocouple (10) placed very 

close to the specimen in the bath. 
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Fig. 3.3 Schematic diagram of two-way training device 

The cycling was automatically performed using two D C stepping motors, one for 

switching the hot/cold liquid inlet and the other for loading/unloading the weight. The 

temperature and load control and measurements of temperature and displacement were 

carried out using a control and acquisition system consisting of a J J M A C - 5 0 0 0 data 

logger and an Apple Macintosh computer. Figure 3.4 shows the training machine 

with all of the accessories connected to it for measurement and control. 
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Fig. 3.4 Assembly of the two-way memory training machine 

Specimens were cut from 0.87 x 0.87 m m 2 wires with a gauge length of 22 m m . 

They were trained using four different procedures as follows: 

a) A load was applied to the specimen at T > Af before the start of thermal cycling. 

The load was maintained during cooling so that thermal-mechanically induced 

martensite was formed, yielding a tensile strain. The specimen was then heated under 

no load back to the starting temperature to let the recovery occur. 

b) A load was applied to the specimen at T > Af and maintained during the whole 

thermal cycle down to below M f and up back to above Af, letting the reverse 

transformation of the thermal-mechanically induced martensite take place under an 

opposing force. 

c) The specimen was cooled down to below Mf so that the thermal-induced martensite 

was formed. A load was then applied to the specimen to cause martensite 
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reorientation. Prior to heating the load was removed so that the reorientated martensite 

could revert back to parent phase during heating under no load. 

d) As an alternative to procedure c), the load was kept on or reduced during heating to 

let the reverse transformation proceed under a load. 

Thermal cycling of the annealed specimens, trained specimens and microscopic 

specimens was performed manually between two containers containing hot water and 

methanol cooled by liquid nitrogen, respectively. After a certain number of thermal 

cycles, the shape memory properties were measured on the training machine, while the 

transformation characteristics were measured using the D S C 

3.2.6 Electron microscopy 

Disc specimens of 3 mm diameter were prepared for transmission electron microscopy 

studies. For the study of the effect of annealing, the discs were mechanically punched 

from the cold rolled ribbons and then annealed at various temperatures. For the study 

of the effect of training, the ribbon specimens were annealed after cold work and then 

trained. The discs were cut from the trained ribbons using a spark cutting method to 

avoid mechanical deformation. Some of the specimens were thermally cycled between 

a hot water bath of 360 K and a cold alcohol bath of 220 K. The discs were then 

mechanically abraded using silicon carbide paper of grade P1200 to reduce the 

thickness from 0.5 m m to 0.1 m m . Electropolishing was carried out using a Struers 

twin jet polisher, under conditions of 25 V and 0.48 A at 268 K. The electrolyte used 

was 1 0 % perchloric acid in methanol. 

Electron microscopy observations were carried out in a Philips 430 transmission 

electron microscope under 250 and 300 Kv. A hot-cold stage double tilt specimen 

holder was adopted. 



Chapter 4 

Transformation Behaviour 

The transformation behaviour of NiTi shape memory alloys is well known to be 

influenced by thermal-mechanical treatment. To guide the studies on the mechanical 

behaviour and two-way memory training in the alloy, the effect of annealing after cold 

working on the transformation behaviour was initially investigated. The 

transformation characteristics of the alloy were studied by differential scanning 

calorimetry and metallography. The cold working and annealing conditions have been 

given in Chapter 3. 

4.1 Results 

4.1.1 Thermal features 

4.1.1.1 Transformation behaviour 

The thermal features of transformation behaviour of the alloy was investigated by 

differential scanning calorimetry (DSC). It was observed that the transformation 

behaviour of a specimen depends strongly on the annealing temperature. Figure 4.1 

shows three typical heat flow-temperature curves for specimens annealed in different 

temperature ranges. 

For annealing temperatures above 840 K, specimens showed one exothermic peak on 

cooling and one endothermic peak on heating as illustrated by curve (c) in figure 4.1. 
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Fig. 4.1 Typical heat flow-temperature curves of D S C measurement 

The peaks on cooling and heating were identified to be the P<-»M transformation by 

the recognition of the large enthalpy change (>20 J/g). For specimens annealed in the 

intermediate temperature range, between 700-840 K, two exothermic peaks on 

cooling and one endothermic peak on heating were recorded (curve (b) in figure 4.1). 

The first peak on cooling was recognized as being due to the parent to R phase 

transition and the second one resulted from the martensitic transformation. The 

martensitic transformation corresponding to the second heat peak is assumed to be 

R-»M although the possibility of a superimposed P->M for some annealing 
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conditions cannot be discounted. The single peak on heating was considered to be the 

martensite to parent phase transformation when martensite was formed, or the R to 

parent phase transition when only R was formed on cooling to an intermediate 

temperature. Decreasing the annealing temperature to below 700 K resulted in another 

change in transformation behaviour. A s shown in curve (a) of figure 4.1, the 

specimens showed one exothermic reaction on cooling and one endothermic reaction 

on heating. For the small enthalpy change (< 10 J/g) and the characteristically small 

hysteresis, the reactions were recognized as P4-»R. 

The heat flow peaks were observed to be broadened and the maximum heat flow 

intensity decreased as the annealing temperature was lowered. This effect is most 

apparent before the disappearance of martensitic transformation at annealing 

temperatures below about 700 K and the R transition at around 620 K. 

4.1.1.2 Transformation temperatures 

The critical temperatures for the R transition, martensitic and parent phase 

transformations measured from D S C curves are plotted in figure 4.2. It is seen from 

the figure that the transformation temperatures for both martensite and parent phase 

were insensitive to annealing temperature in the range above the critical annealing 

temperature for single stage transformation behaviour. Below this temperature, the 

transformation temperatures varied with M s and M f decreasing and R s and Rf 

increasing as annealing temperature was lowered. N o definite trend was observed for 

the reverse transformation temperatures. At very low temperatures the martensitic 

transformation disappeared. The reverse transformation was merely an R->P 

transformation and the transformation temperatures merged together between the 

cooling and heating, due to the very small hysteresis of the R transition. 
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Fig. 4.2 Effect of annealing on transformation temperatures 

Transformation temperature intervals were measured as the difference between the 

start and finish temperature for each transformation. The results of the measurements 

are shown in figure 4.3. It is seen that in the high annealing temperature region where 

there was no R transition, A M and A A remained nearly constant with increasing 

annealing temperature, with A A being about 3 K greater than A M . In the low 

annealing temperature range, all the three transformation intervals increased rapidly 

with decreasing annealing temperature. The values of A A and A R were similar in this 

region, where there was no martensitic transformation. 

The temperature hysteresis between the P - » M and M - » P transformations was 

measured as the difference between the peak energy flow temperatures of the forward 

and reverse transformations on D S C curves. In figure 4.4, values of the temperature 

hysteresis, AT, are shown as a function of annealing temperature. Shown together 

are measurements of the values of (As - Mf) and (Af - M s ) . The transformation 

hysteresis followed a similar pattern with transformation intervals, being constant 

with 
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respect to annealing temperature in the range above the critical annealing temperature 

and increasing rapidly at lower annealing temperatures. 

The peak energy flow temperatures for the forward and reverse R transitions were 

also measured and are shown in figure 4.5. Values of the temperature of the reverse 

transformation followed a similar pattern to those of the forward transformation at low 

annealing temperatures until ~ 740 K, where martensitic transformation started to 

appear. The presence of martensite pushed the reverse transformation on heating to 

higher temperatures while the R transition temperature continued decreasing with 

increasing annealing temperature. The temperature hysteresis of the R transition was 

measured as the difference between the peak energy flow temperatures of the reverse 

transformation on heating and the R transition on cooling. The measurements are 

shown in figure 4.6. A m a x i m u m hysteresis of 5 K was measured in the region 

where there was no martensite. The hysteresis decreased to negligible values at very 

low annealing temperatures. 

4.1.1.3 Transformation heat 

The heats absorbed or released during the transformations were evaluated from the 

area under the peaks in the D S C curves. In figure 4.7 the measurements of latent 

heats corresponding to different transformations on cooling are plotted against 

annealing temperature. In the intermediate temperature region two values were 

measured from the separate thermal peaks corresponding to the R phase and 

martensitic transformations. Taking the sum of the two values, the total latent heat of 

cooling transformations was obtained, and is shown in figure 4.8. Also shown in 

figure 4.8 is the latent heat of the reverse transformation on heating. The two curves 

in the figure are divided into three temperature regions according to their 

transformation characteristics. In the low temperature region only R phase 

transition 
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was observed. The intermediate temperature region represents the specimens in 

which two separate transformations of R phase and martensite existed. Whereas, the 

high temperature region is for a single stage martensitic transformation from the parent 

phase. It is seen that the curves follow the same trend. The transformation heats 

increased from zero at about 500 K to a maximum of 20 J/g at 830 K as annealing 

temperature increased and remained relatively constant at higher temperatures. 

A difference is also seen between the latent heats of the forward and reverse 

transformations. The values of heat absorbed during heating transformation is greater 

than those released during cooling transformation, indicating a heat loss through a 

thermal cycle of transformation. This heat loss is plotted in figure 4.9 as a function of 

annealing temperature. The same division of temperature regions as that in figure 4.8 

is also shown in figure 4.9. It is seen that the heat loss remained zero at low 

temperatures and was constant at a low level at high temperatures but showed a 

maximum in the intermediate temperature range. 
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1200 

Fig. 4.9 Effect of annealing on transformation heat loss 



78 

4.1.2 Metallographic features 

4.1.2.1 Grain size of parent phase 

Microstructures of specimens were studied using a Philips 430 transmission electron 

microscope. Figure 4.10 shows a selection of micrographs of bright field images 

(BFI) of specimens annealed at temperatures from 670 K to 1260 K. The 

micrographs were taken in the parent phase state after heating to above 370 K. It is 

seen that the grain size in specimens annealed at temperatures lower than 800 K was 

extremely small while that in specimens annealed at above 900 K was substantially 

larger, indicating that recrystallization and grain growth had occurred in those 

specimens. Representatively a selected area diffraction pattern (S A D P ) taken at room 

temperature from the specimen annealed at 793 K is shown in the right-lower comer 

of figure 4.10(b). The broad diffraction spots are indicative of the non-recrystallized 

structure of the specimen. The grain sizes were measured and the results are plotted 

vs annealing temperature in figure 4.11. The grain size increased significantly with 

increasing annealing temperature after recrystallization. 

4.1.2.2 Lattice of parent phase 

The crystalline structure ofthe parent phase was determined using electron diffraction. 

Figure 4.12 shows three low-zone-axis diffraction patterns of the parent phase. They 

reveal a body centred cubic symmetry with the characteristic superlattice spots in [110] 

pattern, indicating an ordered CsCl B 2 structure. The lattice parameter is determined 

to be 3.017 A (the lattice parameter of B 2 phase in a Ti - 51%Ni alloy has been 

reported to be 3.02 A [184]). 
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(a) 725 K annealed (b) 793 K annealed 

(c) 919 K annealed (d) 1029 K annealed 

(e) 1163 K annealed (f) 1253 K annealed 

Fig. 4.10 Microstructures of NiTi after annealing 
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Fig. 4.12 Electron diffraction patterns of parent phase 

sample annealed at 1163 K 
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4.1.2.3 Microstructure of parent phase 

It was observed that the parent phase grains in recrystallized specimens exhibited 

textures of streaks, as can be seen in figure 4.10. A n example of the streaks is shown 

in figure 4.13 with (a) showing a three-pack streak texture, (b) showing the 

corresponding selected area diffraction pattern (SADP), and (c) the details of the 

streaks. The average width of the streaks in the specimen annealed at 919 K was 

measured to be 18 n m while that in the specimen annealed at 1253 K was 26 nm. 

(a) (b) (c) 

Fig. 4.13 Streaks in parent phase 

sample annealed at 1253 K 

4.1.2.4 Order-disorder domains in parent phase 

A unique structure, anti-phase like domains, was also observed, but only in the 

specimen annealed at 919 K. The structure is shown in figure 4.14. A n analysis of 

the structure is shown in figure 4.15. Figure 4.15(a) shows a S A D P of the [110] 

zone, with the characteristic {001} superlattice spots of the ordered CsCl structure. 

The corresponding bright field image of the pattern is shown in (b). In (c) a dark field 
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image is given, which was taken using the superspot (001) from the pattern shown 

in (a). Convergent beam diffraction patterns were also taken. Figure 4.15(d) shows 

the convergent beam diffraction pattern taken from the lightened areas in (c). The 

(001) superlattice spots are strongly enlightened, indicating an ordered structure. 

Figure 4.15(e) shows a pattern taken in the dark areas in (c). This pattern contains 

only fundamental reflections of B 2 structure. It is evident that these anti-phase 

domains are an order-disorder structure. 

Fig. 4.14 Anti-phase domains 

sample annealed at 919 K 

4.1.2.5 Microstructures of martensite 

Martensite was observed in the whole temperature range from 86 K to 378 K. The 

martensite showed basically three types of structures: twinned grains (figure 4.16), 

plates (figure 4.17) and sailor's shirt pattern of stripes (figure 4.18). The twinned 

grain structure was typical in unrecrystallized specimens. This martensite persisted at 

temperatures apparently higher than the Af temperatures determined by D S C in these 

specimens (figure 4.2). 
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(a) S A D P of [110] zone 

(d) C B D P from the 
lightened area in (c) 

(e) C B D P from the dim 
area in (c) 

(b) bright field image 

(c) dark field image using (001) superspot 

Fig. 4.15 Analysis of order-disorder structures 

sample annealed at 918 K 

The plate martensites (figure 4.17(a)) were observed only in recrystallized specimens. 

This type of martensite also existed at high temperatures and was observed even at 

373 K. Tilting of specimens showed that the martensite plates were basically in two 

orientations: those in alternative positions were in one, while those between in 

another. The martensite did not show any internal twin sub - structure. At low 
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(a) 793 K annealed, photo taken at 298 K (b) details of (a) 

Fig. 4.16 Twinned grains of martensite 
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(a) 919 K annealed, photo taken at 322 K (b) details of (a) 

(c) S A D P showing twin structure (d) C V B D taken within a dark plate 

Fig. 4.17 Plate martensite 
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(a) 919 K annealed, photo taken at 88 K (b) details of (a) 

Fig. 4.18 Martensite with 

"sailor's shirt" pattern 

(c) S A D P showing twin structure 

magnification a "mottled" feature was observed at proper orientations (figure 4.17(a)). 

At high magnification some dislocations could be recognized (figure 4.17(b)). A 

selected area diffraction pattern covering both groups of martensites in (a) is shown in 

figure 4.17(c). It clearly reveals a twin structure. Using convergent beam, electron 

diffraction was also performed on single plates of the martensite. A pattern taken 

from a single plate at the same orientation as (c) is shown in figure 4.17(d). N o twin 

reflection was observed in this pattern. 
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The wavy stripe structure (figure 4.18(a)) with a pattern similar to sailor's shirt was 

only observed in recrystallized specimens. It formed from parent phase grains upon 

cooling to very low temperatures. At high magnifications a clear lamella substructure 

within the stripes could be recognized (figure 4.18(b)). A selected area diffraction 

pattern covering both dark and bright stripes is shown in figure 4.18(c). The pattern 

shows twin reflections. B y tilting the stripe image to change the contrast, it was 

observed that the lamellae went through a number of stripes without changing their 

direction. 

4.1.2.6 In-situ observation of transformations 

In-situ observation of the transformations during cooling was also carried out. A 

specimen annealed at 1163 K was heated to 388 K in the microscope and then cooled 

down to liquid nitrogen temperature. Bright field images and diffraction patterns of 

[110], [111] and [133] zones taken at various stages of cooling are shown in figure 

4.19. At temperatures above 329 K no change in either bright field image or 

diffraction patterns was observed. As representative, the photos taken at 388 K are 

shown in figure 4.19(a). At 303 K, extra spots at 1/3 positions in all the three patterns 

were observed to start emerging, as shown in (b). Those 1/3 spots intensified as the 

temperature lowered, as can be seen in (c) and (d). W h e n the specimen was cooled to 

231 K, martensite was noticed to form at the thicker side of the specimen from the 

grain under observation ((d)-1). A s temperature decreased, the martensitic 

transformation occurred in a burst-like manner sequentially from the thicker part to the 

thinner part of the specimen. At 88 K, the grain under observation, which was at the 

edge of a hole, was noticed to have changed its texture ((e)-1). Electron diffraction 

formed a different pattern in the outer area of the grain ((e)-2) while the centre 

remained the same ((e-)3,4). 
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(Fig. 4.19 In-situ observation of transformations on cooling 

sample annealed at 1163 K) 
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Fig. 4.19 In-situ observation of transformations on cooling 

sample annealed at 1163 K 

4.2 Discussion 

4.2.1 Transformation behaviour and annealing 

4.2.1.1 Recrystallization 

The critical temperature separating the two regions of differing transformation 

behaviour, ~ 840 K, corresponds with the recrystallization temperature in near 
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equiatomic NiTi alloys,[147,229] as confirmed by the electron microscopy 

observations (figure 4.10). The R phase transition, therefore, is found to occur 

provided recrystallization has not occurred in the alloy. 

It is known that the true condition for the R phase transition to occur prior to 

martensitic transformation is that T R > M s . (Or more precisely it should be stated that 

the condition for the R phase transition to be observed in D S C measurements is that 

T R > M s , since it has been observed under the electron microscope that the R phase 

transition occurs after a partial martensitic transformation in a specimen whose M s is 

not significantly greater than TR.[199]) In this alloy M s is greater than T R under the 

condition of a recrystallized structure and therefore only the martensitic transformation 

was observed in the specimens annealed at high temperatures. 

The explanation also indicates that the R transition will occur prior to martensitic 

transformation if M s is depressed to below T R by any reason. It has been discussed 

in section 2.3.1 that the M s temperature can be effectively depressed by factors such 

as high density of dislocations, addition of third elements, excess Ni content and 

precipitation. The occurrence of the R transition in the specimens annealed at low 

temperatures is due to the high dislocation density caused by cold work. 

4.2.1.2 High temperature annealing 

Specimens annealed at temperatures higher than the recrystallization temperature Tre 

exhibited a single stage transformation between the parent phase and martensite. The 

transformation characteristics such as critical temperatures, temperature intervals, 

magnitudes of thermal hysteresis and latent heats are relatively constant in this 

temperature range. The constancy of the transformation temperatures indicates that 

there is no crystalline structural change or chemical compositional change, due to off-
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equiatomic phase precipitation for instance. Neither did the electron microscopy study 

reveal any significant changes in crystalline structure or phases. However, some 

slight changes were still noticeable in this temperature range. The latent heats of 

transformations decreased and grain size increased as the annealing temperature 

increased. Also a structure of order-disorder domains was observed in the parent 

phase in the 919 K annealed specimens but not in those annealed at higher 

temperatures. 

4.2.1.3 Low temperature annealing and R phase 

Specimens after cold working contain a high density of dislocations. The dislocation 

density decreases with increasing annealing temperature due to recovery. It has been 

reported that the high density of dislocations depresses martensitic transformation 

temperatures and as a consequence the R phase transition comes to exist between the 

parent and martensite phases.[65,119,226] This is also observed in the present study 

as can be seen from figure 4.2. The wider temperature separation of the two 

transformations at lower annealing temperatures is clearly due to the further decrease 

of martensitic transformation temperatures and the small increase of the R phase 

transition temperatures. The decrease in martensitic transformation temperatures can 

be explained by the increasing number of dislocations as a result of smaller recovery. 

The influence of dislocations in crystalline structures is mostly due to the stress fields 

associated with them. The effect of stress on critical temperatures of a thermoelastic 

transformation is well interpreted by the Clausius-Clapeyron equation. Therefore, the 

mechanism of the effect of dislocations can be discussed in the light of the equation 

d o / d T = - p A H o / e T 0 (2.11) 
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In the equation, since the transformation enthalpy A H P _ M is negative, the value of 

do/dT is positive, meaning that the transformation temperature increases with 

increasing stress. However, this conclusion is drawn only under the assumption that 

the stress is used in doing work by inducing the transformation shape change, as it is 

assumed in the derivation of the equation (section 2.2.1). In practice the work is done 

by the stress to a specimen only when the stress and strain are in a proper relative 

relation. That means the equation is actually a tensor equation 

daij/dT = -pAH0/eijT0 (4.1) 

Taking an extreme condition, for instance when an uniaxial stress is in the opposite 

direction to the transformation shape change, a work is done by the specimen to the 

environment by overcoming the stress to realize the transformation strain. In this case 

the strain e in the equation should be negative and so that the value of do/dT is 

negative. Therefore, an increase in stress leads to a decrease in temperature for a 

cooling transformation. 

In the case of high dislocation density remaining after low temperature annealing, the 

non-directional internal stress tensor does not favour a net transformation strain in any 

direction: instead it resists any shape change at a macroscopic scale. Those 

dislocations act as obstacles and hence the driving force to cause the transformation is 

increased. Therefore, the critical temperatures for martensitic transformation are 

decreased as annealing temperature is lowered. B y this argument the critical 

temperatures for the reverse transformation, A s and Af, should also be equally 

affected by the stress field. However, a corresponding change in reverse 

transformation temperatures was not observed in the D S C measurements. This may 

be due to the occurrence of the R transition. The above discussion is based on a 

single stage transformation between martensite and the parent phase. The appearance 

of R transition complicates the reverse behaviour. It may be partially a M - > P and 

partially an R-»P transformation. From a mechanical point of view, the R phase is 
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nearer to the parent phase than to martensite, since of the total transformation strain 

only ~ 1 0 % is due to the R transition while ~ 9 0 % is from martensitic transformation. 

This explains the reason why the occurrence of R phase does not affect the discussion 

on cooling transformation but spoils the conditions for the reverse transformation. 

This observation is consistent with the results of the thermal cycling tests (section 

6.1.3). Thermal cycling through the transformation temperature range introduces 

dislocations into the matrix. In thermal cycling the martensitic transformation 

proceeds in a manner of self-accommodation, i.e. martensite variants form in multi-

directions. The dislocations generated through this process can be expected to have 

no directional alignment. Consequently, M s and A s are decreased while the 

transformation hysteresis is increased. 

4.2.1.4 The R transition 

The R phase transition seems to be affected differently by the increase in dislocation 

density at low annealing temperatures. Unlike martensitic transformation, the critical 

temperatures of the R phase transition increase as the annealing temperature decreases 

except for the lowest temperature (figure 4.2). It has been observed that the R phase 

transition temperatures increase in association with a high density of dislocations 

resulting either from low temperature annealing [147] or thermal cycling.[226] This 

is in agreement with the present measurements. Also observed is the increase of the 

temperatures under the influence of an external stress,[84] although the effect is rather 

weak. 

The effect of dislocations on transformation temperatures for martensite may be 

explained on the basis of the interaction between the stress field associated with the 

dislocations and the transformation strain. The high dislocation density resulting from 
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low annealing temperature can be characterized by a statistically isotropic stress field, 

which opposes the transformation shape change in any direction. Thus the M s 

temperature is decreased. Apparently, it is not the case for the R phase transition, 

because of the much smaller transformation strain. The very small stress dependence 

of the transformation temperature of the R phase has proven this. The effect of low 

temperature annealing on the R transition may be due to the change in the equilibrium 

temperature for the transformation, i.e. it is a thermodynamic rather than a kinetic 

effect. The equilibrium condition of the transition, for example, may be affected by 

changes in the rhombohedral angle of the R phase, which has been observed during 

continuous cooling.[194] However, this effect is not clarified in this study. 

Another feature of the R phase transition which differs from the martensitic 

transformation is the small temperature hysteresis. The temperature hysteresis of 

martensitic transformation is insensitive to annealing temperature after recrystallization 

and constant at ~30 K( figure 4.4). With the R phase transition, on the other hand, a 

temperature hysteresis of less than 5 K was recorded (figure 4.6). The small 

hysteresis of the R transition has also been observed in other investigations.[79,198] 

The cause of hysteresis is the existence of internal resistance to shear deformation by 

which the transformation strain is accommodated. This resistance requires extra 

supercooling or superheating as driving forces for the forward and reverse 

transformations respectively, and thus a hysteresis comes to exist. The small 

temperature hysteresis of the R phase transition may be due to two reasons: the low 

resistance to interfacial movement and the smaller transformation strain. The smaller 

the transformation strain is, the smaller the plastic accommodation. The lower internal 

resistance requires that the critical stress for R phase reorientation is low. A much 

lower critical stress for R phase reorientation than that for martensite has been 

reported.[84,120] 
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The hysteresis of R transition is practically negligible in the two specimens annealed at 

573 K and 623 K. The higher readings of hysteresis in the specimens annealed at 673 

K, 691 K and 738 K are not considered to be the true value of R transition, for there 

is no reason to believe that the internal resistance increases with increasing annealing 

temperature. The increase of hysteresis is possibly due to the presence of a certain 

extent of martensitic transformation, whose D S C peak overlaps with the R-»P 

transition during reversion. 

The martensitic transformation appears to vanish in specimens annealed at below 738 

K (figure 4.2). This conclusion is drawn by the fact that no peak associated with 

martensitic transformation was detected in D S C measurements. It was noticed that the 

peak associated with the martensitic transformation was very broad in the specimen 

annealed at 738 K, as indicated by the large transformation interval (figure 4.3) and 

low latent heat (figure 4.7). Therefore, it is reasonable to state that for lower 

annealing temperatures the martensitic transformation spreads into such a wide 

temperature range that the "peak" is not able to be detected by the D S C method. As 

the amount of martensite becomes less and less with the lowering of the annealing 

temperature, the true R transition hysteresis is restored. B y this argument a 

temperature T = 640 K is estimated to be the annealing temperature below which the 

martensitic transformation finally vanishes. 

4.2.2 Transformation heat 

4.2.2.1 Energy loss in a transformation cycle 

The internal resistance also effects the thermal characteristics of a transformation. The 

accommodation of the transformation strain stores an elastic part of energy while 

dissipating a plastic part. During the reverse transformation, the elastic part of energy 
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is released as a contribution to the driving force, so that it does not lead to any energy 

loss, but returns an energy gain. O n the other hand, further plastic energy is 

consumed again in order to restore the original matrix during the reversal. This is 

seen in figure 4.8 as the difference between the latent heats of cooling and heating 

respectively. Less heat is obtained by the environment during cooling and more heat 

is supplied from the environment during heating. The loss of the heat equals the work 

dissipated by the system during a complete transformation cycle. 

The heat loss, A(AH), is dependent on the annealing temperature, as shown in figure 

4.9, The difference A(AH) is constant in specimens having a recrystallized structure. 

The maximum difference exists in the intermediate annealing temperature range where 

specimens exhibit a two stage transformation of the R phase and martensite on 

cooling. In the low temperature range a zero difference is practically measured within 

the experimental error limit The constant value of A(AH) at high temperatures is due 

to the relative constancy of structure after recrystallization. It characterizes the internal 

resistance to the martensitic twinning process in the structure. The value of A(AH) is 

increased once the annealing temperature is lowered to below the recrystallization 

temperature. Apparently this is due to the fact that the presence of a high dislocation 

density enhances the difficulty in accommodating the transformation strains and 

propagating the phase interface. However, further lowering the annealing temperature 

results in a decrease in the amount of martensite, and consequently the value of A(AH) 

decreases to the level of R phase when martensitic transformation is completely 

prohibited. The temperature, T , at which the martensitic transformation vanishes, as 

determined by the measurement of heat loss A(AH) (figure 4.9), agrees well with that 

determined by the measurement of hysteresis A T (figure 4.6). The R phase, as 

discussed in the previous section, experiences a low resistance during the transition 

due to its small shape change. This agrees well with the zero net heat loss measured 

in the low annealing temperature range (figure 4.9). 
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The resistance has been pointed out in section 1.2.2 as being from three sources. The 

resistance to the interfacial movement is obviously a function of internal stress. The 

energy consumption of the plastic strain is determined by the production of the 

resistance stress and plastic strain. The generation of new crystalline defects is 

promoted by a larger transformation strain. Therefore, considering the similarity in 

dislocation structure at low temperatures, the difference in energy loss between the R 

transition and martensitic transformation is apparently due to the difference in the 

magnitude of their transformation strains. The transformation strain of the R phase is 

substantially smaller than that of martensitic transformation. Therefore, a smaller 

temperature hysteresis and nil heat loss are observed in the R phase transition. 

4.2.2.2 Transformation enthalpies of R phase and martensite 

The transformation enthalpies of the R phase and martensite are also different, as 

shown in Figure 4.7. The enthalpy of martensitic transformation is substantially 

higher than that of the R phase transition. [79] It was pointed out previously that the 

martensitic transformation does not actually vanish until the annealing temperature is 

reduced to below 640 K. Moreover, it is easier to imagine that the martensitic 

transformation diminishes gradually, as shown in figure 4.7 as the broken line, than 

that it vanishes suddenly with a transformation latent heat of 6 J/g. The absence of 

points in the lower section of the latent heat curve for martensitic transformation 

stems from the difficulty in detecting the transformation on D S C curves due to the 

extremely broad transformation interval. Both transformation enthalpies increase 

from very small values with increasing annealing temperature. Excluding the 

changing sections of the curves in figure 4.7, the value of the martensitic 

transformation enthalpy is seen to be approximately three times higher than that of the 

R phase transition. 
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4.2.2.3 Decrease in transformation enthalpies at low annealing temperatures 

In spite of the contrast there are some points in common between the martensitic and 

R phase transformations. The heat peaks of both transformations broaden out in 

temperature intervals, decrease in heat flow intensity and diminish finally as the 

annealing temperature is lowered. The broadening effect can be explained by the 

inhomogeneity of the internal stress fields caused by dislocations. The low intensity 

of heat flow is due to two reasons: the broadening of transformation temperature 

intervals and the decrease in transformation latent heats. The decrease in the 

transformation latent heats may in turn be due to two possible reasons: the decrease in 

transformation enthalpies and the decrease in the actual amount of material 

participating the transformations. 

The thermodynamic condition for a transformation is 

AG = AH-TAS = 0 (4.2) 

It is known that the transformation enthalpy, AH, is dependent on stress and as a 

consequence the critical temperature for the transformation is changed in the presence 

of a stress. For the specimens annealed at low temperatures, the transformation 

temperatures have been measured to decrease, which is due to the effect of the internal 

stresses associated with the high density of dislocations. Since the transformation 

entropy change, AS, is independent of both stress and temperature,[115] a lower 

absolute value of A H is expected for the transformation in those specimens according 

to equation (4.2). 

Moreover, it is also found that the transformation enthalpy decreases with thermal 

cycling. [223] Thermal cycling through the martensitic transformation, as discussed in 

section 2.3.5, is well known to introduce dislocations into the matrix and to decrease 
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M s and M f temperatures.[100,101,222,223] Those observations are in agreement 

with the above argument. 

However, a close analysis of the experimental data brings up another argument. 

Taking two specimens annealed at 823 K and 738 K for example, the enthalpies of the 

R — > M transformation are 13 J/g and 6 J/g (figure 4.7), and M s temperatures are 292 

K and 269 K (figure 4.2), respectively. Assuming AS is constant, equation 4.2 gives 

the relation 

A H738 / A H823 = T738 / Tg23 (4.3) 

Thus A H73g is calculated to be 

A H738 = 13 x 269 / 292 = 12 (J/g) 

It is seen that of the 7 J/g decrease in transformation enthalpy only a small portion, 1 

J/g, is due to the change of transformation temperature, or in other words, due to the 

internal stress caused by low temperature annealing. Therefore, the rest of the 

enthalpy change must be due to other reasons, which is ascribed in this study to the 

smaller amount of material participating in the transformation. The reduction in the 

portion of material undergoing transformation is due to the same reason: high density 

of dislocations resulting from the low temperature annealing treatment. The severe 

damage in the matrix, or the high internal stress field, opposes the formation of the 

martensite or R phase. 

Through the above discussion, it is concluded that the decrease in transformation 

heats shown in figure 4.8 is due to the presence of a high density of dislocations 

resulting from low temperature annealing. The effect of annealing, or dislocations, 

or internal stress fields, not only depresses or enhances transformation temperatures 
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and modifies transformation enthalpies, but also allows or prohibits the 

transformation. From this point of view there is no reason to assume that the parent 

phase transforms completely to R phase through the first peak on cooling, with the 

second peak corresponding to the R phase to martensite transformation, as is usually 

assumed. Furthermore, the measured transformation heat in this method may not be 

able to be directly used in calculating transformation enthalpy precisely without other 

considerations. To estimate the transformation enthalpy, one should be aware of the 

errors caused by structure defects in addition to equipmental reasons and it is 

recommended that recrystallized specimens be used. 

4.2.3 Temperature characteristics 

It has been pointed out in section 1.2.2 that the transformation temperature 

characteristics, such as the critical temperatures, temperature intervals and hysteresis, 

are determined by different contributions in the transformation free energy equation 

(equations (1.5) and (1.6)). Further analysis may help to understand the final reason 

for the transformation hysteresis and temperature intervals. 

4.2.3.1 Equilibrium conditions 

Equation (2.7) expresses the equilibrium condition of a transformation under the 

influence of a uniaxial stress. For the thermoelastic martensitic transformation, it takes 

the particular forms of 

P->M: AHoP-M-T*p.MASp-M-FALP-M + AGei
p-M + AGreP-M = 0 (4.4) 

and 

M ^ P : A H € M - P - T * M . p A S
M - p - F A L M - P + AGelM-P + AGreM-P = 0 (4.5) 
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It is known that the transformation enthalpies, entropies and strains for the forward 

and reverse transformations have the relations 

AHop-M = -AHoM-P = AHo , 

ASP-M = . AS M - p = AS , 

and AL p " M = - AL M " P = AL (4.6) 

The elastic energy AGei is a function of the fraction of martensite fm, 

AGei = G (fm) (4.7) 

when 

f m = 0 : AGel = 0 

f m = l : AGei = AG0el (4.8) 

For a given value of fm, 

AGd
p-M = - AGei

M-p = AGd (4.9) 

Equations (4.4) and (4.5) can be rewritten as 

P -> M: F AL = K x - T*P_M AS (4.10) 

and 

M - > P : F A L = K2-T* M.pAS (4.11) 

where 

K x = AHo + AGei + AG r e
p- M (4.12) 

and 

K 2 = A H Q + AGei - AG r e
M - p (4.13) 
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and T is a characteristic temperature of the transformation corresponding to the given 

value of f m under the influence of the uniaxial force. In a given system and under a 

given force, T is a function of fm. 

Equations (4.10) - (4.13) express the equilibrium conditions for a thermoelastic 

martensitic transformation and its reverse transformation under the influence of an 

applied uniaxial force. 

4.2.3.2 The equilibrium temperature and transformation entropy 

The true chemical equilibrium temperature for a thermoelastic martensitic 

transformation, T0, has been discussed in detail.[140] Owing to the influences of the 

transformation shape change and the internal resistance to it, it is almost impossible to 

experimentally measure TQ. Fortunately, it has been shown that the ratio A H /To is 

independent of mechanical conditions and equal to the transformation 

entropy,[78,115] where A H is the actual transformation enthalpy and T Q is the 

actual equilibrium temperature measured under a practical condition. The value of T Q 

is estimated by averaging the peak-heat-flow temperatures for the forward and reverse 

transformations. In specimens with a recrystallized structure, the temperature is 

calculated to be 315 K. Under the same condition, the transformation enthalpy change 

is -20 J/g. Thus the transformation entropy is estimated to be 

ASP"M = AH* / T0* = - 20 / 315 = - 0.0635 J/gK (4.14) 

For the R transition, the values of AH* and T0*are taken from the specimen annealed 

at 823 K, in which the effect of dislocations is minimized. Thus A S P _ R is estimated to 

be 

ASp-R = AH* / T0* = - 7 / 300 = - 0.023 J/g (4.15) 
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4.2.3.3 Transformation hysteresis 

Subtracting equation (4.11) from equation (4.10) gives 

so that 

0 = ( K 1 - K 2 ) + AS(T* M . P -T*p. M ) (4.16) 

A T = T* M. P - T*P.M = - (K x - K 2 ) / AS (4.17) 

A T = - (AGre
p-M + A G r e

M - p ) / AS (4>18) 

In the above equations AT is the transformation hysteresis defined as the difference 

between the heating transformation temperature and the cooling transformation 

temperature. T M.p and T P.M are respectively the characteristic temperatures (for a 

given amount of martensite) for the forward and reverse transformations under the 

influence of a uniaxial force. It is known from equations (4.6) and (4.14) that 

AS = ASp"M<0 (4.19) 

AGre
p_M and AGre

M"p, from equations (4.4) and (4.5), are the resistances to the 

forward and reverse transformations, respectively. They are both positive, as 

discussed in section 1.2.2. At the first approximation the two values are assumed to 

be equal, 

AGre
p-M = AGre

M-p = AGre (4.20) 

Thus 

A T = -2AG r e /AS (4.21) 

It is seen from equation (4.21) that the transformation hysteresis is positive. It is 

independent of the fraction of transformation, i.e. A T = (As - Mf) = (Af - M s ) . This 
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independence is well maintained in figure 4.4. For the recrystallized specimens, 

taking A T = 30 K (figure 4.4) and A S = -0.0635 (equation (4.14)), the internal 

resistance A G r e is estimated to be 

AGre = -AT AS / 2 = 30 x 0.0635 / 2 - 1 J/g (4.22) 

It needs to be pointed out here that the resistance energy 2AGre should equal the latent 

heat loss through a transformation cycle in an ideal testing situation. In this test only 

half of the value, U/g, was detected in the transformation enthalpy measurement. 

This is due to experimental error since 1 J/g takes only 5 % of the total enthalpy 

change. 

From equation (4.21) it is evident that the magnitude of a uniaxial stress should not 

effect the hysteresis. Since the transformation entropy is constant, the hysteresis is 

only a function of the internal resistance to the transformation. The resistance, in turn, 

is determined by the lattice distortion of the transformation and internal substructure. 

This is the reason that the hysteresis increases when the annealing temperature is 

lowered to below the recrystallization temperature (figure 4.4). 

4.2.3.4 Transformation temperature intervals 

Substituting conditions (4.8) into equation (4.10) and defining 

T*P.M = MS when fm = 0 (4.23) 

and 

T* p . M = M f when f m = l (4.24) 

one obtains 

F A L = A H + A G r e - M s A S (4.25) 
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and 

F A L = A H + AG°ei + A G r e - M f AS (4.26) 

Subtracting equation (4.25) from equation (4.26) gives 

0 = AG°el + AS (Mg - Mf) (4.27) 

So that 

A M = (Mg - M f ) = - AG°ei / AS (4.28) 

Equivalently for the reverse transformation 

AA = (Af - Ag) = - AG0el / AS (4.29) 

where Af and As are defined as 

T*M-P = AS
 when fm=1 (4-30) 

and 

T*M.P = Af when f m = 0 (4.31) 

Comparing equations (4.28) and (4.29) gives 

AM = AA (4.32) 

It is seen from equations (4.28) and (4.29) that the transformation temperature 

intervals are determined by the elastic energy of accommodating the full martensitic 

transformation strain. In figure 4.3 it can be seen that the values of A M and A A 

reasonably match each other, if the small constant difference in the high temperature 

range is neglected. The two curves significantly differ at 738 K, where the amount of 
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martensite is greatly reduced and the reverse transformation switches from M — > P to 

R->P. 

The temperature interval of the R transition is lower than that of the martensitic 

transformation (figure 4.3). This is apparently due to the smaller elastic energy 

AG°ei which results from the smaller lattice distortion associated with the R phase 

transition. After the diminishing of the martensitic transformation at very low 

annealing temperatures, the curve of A R is joined with A A because the reverse 

transformation is simply an R-»P transition. 

In the range before recrystallization, both AR and AM increase rapidly with decreasing 

annealing temperature, indicating that the elastic energy AG°el is dependent on the 

internal substructure. The elastic energy is actually proportional to the product of 

stress and the elastically accommodated transformation strain. For a given elastic 

strain, the energy increases with increasing elastic stress. The low annealing 

temperature results in an increased elastic limit due to the high dislocation density. 

The temperature interval for martensitic transformation, ATM, is calculated by 

averaging the measured values of A M and A A in the specimens annealed at above the 

recrystallization temperature. To minimize the effect of dislocations, the temperature 

interval for the R transition, A T R , is calculated by using only the data measured in 

specimens annealed at 768,783 and 823 K. Since the reverse transformation in these 

specimens is not purely R-»P (at least partially M - > P ) , the calculation of A T R is only 

made on values of AR. Thus the transformation intervals are calculated to be 

ATM=8.0K, ATR = 3.3K (4.33) 

The elastic energies for the two transformations are estimated to be 
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AG°el,M = A T M AS = 8.0 x 0.0635 = 0.508 J/g 

(4.34) 

and 

AG°el,R = A T R AS = 3.3 x 0.023 = 0.08 J/g (4.35) 

4.2.4 Transmission electron microscopy 

4.2.4.1 Streaks in parent phase 

The streaks in parent phase have been observed in other investigations.[208,226] It is 

sometimes also called "ghost martensite" [211] owing to the similarity of its bright 

field image with twinned martensite. It is believed that the streaks are associated with 

aligned dislocations formed or rearranged by previous martensitic 

transformations.[208,226] The martensitic transformations in NiTi shape memory 

alloys are known to proceed via lattice distortion along certain crystallographic planes 

(habit planes).[42] This feature determines that the dislocations are more likely to be 

aligned along certain crystallographic directions. In this study, the best contrast of the 

streak textures of parent phase were all obtained under conditions of low zone beam 

directions such as <111>, <110> and <133>. Using electron diffraction patterns, the 

three packs of streaks shown in figure 4.13 are determined to be perpendicular to the 

directions of [001], [111] and [221] respectively, as shown in figure 4.20. The 

angles between the planes calculated from crystallography are aj = 54.7°, a 2 = 70.5° 

and a 3 = 54.7°, while those measured from the micrograph are ax = 52°, a 2 = 74° 

and a 3 = 54°, respectively. 
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Fig. 4.20 Crystallographic geometry of the streaks shown in figure 4.13 

measured values: al = 52°, a 2 = 74°, a3 = 54° 

calculated values: al = 54.7°, a 2 = 70.6°, a3 = 54.7° 

4.2.4.2 The 1/3 extra spots and R transition 

It is seen that some extra spots emerge at 1/3 positions in diffraction patterns 

duringcooling. The 1/3 positions in the [111] zone diffraction pattern can be 

interpreted as either 1/3 {110} spots or 1/3 {123} spots. However, there were no extra 

spots observed at 1/3 {110} positions in the [110] and [133] patterns. Instead, the 1/3 

spots in the [133] pattern can only be interpreted as l/3{ 123}. In the [110] pattern, 

the extra spots can be indexed as either 1/3(111} or 1/3(112}. W h e n indexed as 

1/3{111}, all of the extra spots are in the equivalent positions since they all appear 

between one strong spot and one weak spot. Therefore, they should have the same 

intensity. If the extra spots are indexed as 1/3 (112}, one will find that they appear at 

two different types of positions-one between two strong fundamental spots and the 

other between two weak superlattice spots. Close examination of the 1/3 spots reveals 

that they have basically two different levels of intensity. Those appearing on the lines 

between the superlattice spots are weaker while those between fundamental spots are 
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stronger (figure 4.19 (d)-3 and (e)-3). Furthermore, when the 1/3 spots just start 

emerging in the [110] pattern, the first appearing spots are more aligned along <112>* 

directions in reciprocal space than along <111>* direction (figure 4.19 (b)-3). For the 

above reason the 1/3 extra spots observed in this experiment are identified to be 

1/3(123} and 1/3(112}, although the conclusion does not exclude other possibilities 

for the 1/3 spots. 

It has been reported that extra spots emerge and intensify during cooling at positions 

of 1/3(110}, 1/3(111} and 1/3(112} in [001], [011] and [111] diffraction 

patterns.[l 19,138,195,208,230] The 1/3 spots are observed in the pre-martensitic 

state and are often associated with the formation of the R phase.[193,199] There have 

been proposed three suggestions to the origin of the 1/3 spots. Sandrock et. al [208] 

suggested that the 1/3 spots were caused by the formation of a lattice displacement 

wave ( L D W ) , which served to bring atoms from their B 2 positions closer to 

monoclinic positions. This suggestion is supported by the facts of lattice vibration and 

softening prior to martensitic transformation.[231] Hwang et. al [193,195] proposed 

that a charge density wave ( C D W ) formed prior to martensite was responsible for the 

1/3 spots. The formation of C D W was also recognized to be associated with the R 

transition. Another explanation by G o o and Sinclair [199] suggested that the 1/3 spots 

were caused by the atomic displacement in the lattice distortion from cubic B 2 to 

rhombohedral R phase. 

In addition to the 1/3 spots, extra spots at 1/2 positions in the [111] pattern have also 

been observed and they are reported to appear at temperatures just above that for 

martensitic transformation.[138,208,197] 

This study does not clarify the argument on the origin of the 1/3 spots, but provides 

more information on the phenomenon. The arguments, nevertheless, are consistent 

with the fact that the appearance of 1/3 spots is always associated with the R phase 
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transition. For this reason the appearance of the 1/3 spots becomes an indication of 

the R transition. In the sample shown in figure 4.19, which was annealed at 1163 K, 

the R transition was observed over a wide temperature range well above martensitic 

transformation. 

However, it is known from the DSC measurements that the TR temperature in the 

specimens annealed at above 850 K is lower than their M s temperatures, resulting in 

no R transition prior to the martensitic transformation. The disagreement of the 

transformation sequence and the formation of martensite at extremely low temperatures 

in the specimen from the D S C measurement is due to the thin film effect as has been 

well observed. [211,232] It has been reported that in thin foils the M s temperature is 

dramatically depressed This effect can also been seen by noticing that martensite was 

formed earlier in thicker parts of the specimen. 

4.2.4.3 Anti-phase domains 

Anti-phase domains have been observed in other investigations as well, both in the R 

phase and martensite. The R phase shows micro-domains of ~ 0.15 n m in size in its 

characteristic 1/3 superspot dark field images.[193,195,184] The anti-phase domains 

in the R phase are believed to be due to the formation of C D W . The anti-phase 

domains in martensite are observed without the 1/3 spots which characterize the 

formation of C D W . The domains are concluded to be due to the variation in atomic 

ordering. [192] The bright field image of the domains observed in this study is 

different from that observed in martensite or the R phase. The domains were observed 

at high temperatures while the electron diffraction patterns still show the parent phase 

structure. The domains appear to be due to the order-disorder structure of the parent 

phase. 
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4.2.4.4 Morphology of martensite 

Martensites with various morphologies have been observed under the electron 

microscope. Martensite plates with internal twin fine structures are the most common 

morphology observed.[185,226] However, micrographs showing austenite grains 

fully contained with martensite twins as in figure 4.16 were rarely seen. This is 

probably due to the fact that most electron microscopy observations are made in 

recrystallized specimens. Examining the twin martensite in figure 4.16(a) closely, one 

can see that one parent phase grain contains only one twin orientation. Twins from 

different grains are aligned in almost the same direction, suggesting a stress-induced 

morphology of martensite. This is indicative that the recrystallization had not occurred 

in these specimens. 

A type of martensite with an "open-ended" morphology, having exactly the same 

image as that in figure 4.17(a), has been reported.[226] This type of martensite was 

observed in this study in recrystallized specimens only. It persists to temperatures 

well above the A s without exhibiting the parent phase diffraction patterns. Electron 

diffraction showed twin reflections in the selected area covering more than one plate 

while only one set of spots were observed when a convergent beam was concentrated 

on only one plate. This observation suggests that the twin reflections in (c) were not 

generated from inside the plates, but from the boundaries of the plates, i.e. the 

martensite plates are twin related. This agrees well with the bright field image shown 

in figure 4.17(b) and the observation of the contrast change during tilting. 

The distinct morphology with a wavy character and fine internal lamellae (figure 4.18) 

was only observed at extremely low temperatures. A similar observation has been 

reported as "wavy martensite".[230] Though it was claimed that the wavy structure 

was martensite, its electron diffractions revealed some 1/3 superspots, suggesting the 

possibility of R phase for the structure. This study provides no electron diffraction 
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evidence of martensite either. It is taken as martensite for the recognition of the 

internal lamella substructure and the fact that it forms at extremely low temperatures. 

A twin structure was recognized in electron diffraction patterns as shown in figure 

18(c). The observation that the lamellae went through a number of dark and bright 

stripes without changing their direction indicates that stripes are actually a "one-grain" 

structure. Thus the twin reflections in figure 4.18(c) are ascribed to be from the 

lamella substructure, i.e. the lamellae are twins. The image of dark and bright stripes 

are suggested to be due to the order-disorder domains, although no evidence is 

provided by this study. 



Chapter 5 

Mechanical Behaviour 

The mechanical behaviour of a shape memory alloy has strong influences on its shape 

memory, particularly two-way memory properties. Unlike in other materials, the 

mechanical deformation process in a shape memory alloy exhibiting thermoelastic 

transformations is not a pure mechanical behaviour but reflects also thermodynamic 

characteristics. A systematic study of the mechanical behaviour is thus a fundamental 

contribution to the understanding of its shape memory behaviour. For this purpose 

tests were conducted to investigate the effects of annealing, strain rate and stress 

cycling on the mechanical behaviour of the alloy. 

The effect of annealing after cold work on the yield behaviour of the alloy during 

tension was investigated using an Instron testing machine. The same annealing 

procedure as that for the specimens for transformation behaviour tests was used but 

the specimens were chemically cleaned after heat treatment. The wire specimens had a 

0.87 x 0.87 m m square cross-section with a gauge length of 21 m m . The tests were 

performed with a cross head speed of 0.3 mm/sec, which gave a strain rate of 0.011 

sec"1. All of the tests were carried out in a heat transfer fluid medium, which was 

stirred through out the tests. The employment of the liquid bath enabled the testing 

temperature to be controlled within 0.5 K and adjusted between 273 K and 420 K. 

The mechanical cycling through pseudoelastic and ferroelastic procedures were also 

performed on the same testing machine. The pseudoelasticity was realized by tension 

using the same geometry of specimens as those for tensile tests, but only annealed at 

678 K for 1.8 ks after cold work. The ferroelasticity tests utilized both tension and 

compression at room temperature. The preparation of the specimens was discussed in 

section 3.2.4. Both of the two cycling loops were mathematically modelled with 



empirical equations. 

113 

5.1 Results 

Deformation Behaviour in Tension 

5.1.1 Types of yielding 

The yield behaviour of the alloy was found to depend on the value of the test 

temperature relative to the transformation temperatures. The transformation 

temperatures are dependent on the annealing temperature after cold work as discussed 

in Chapter 4. Figure 5.1 shows the six typical types of stress-strain curves obtained 

in this study in tests carried out over the temperature range from below M f to above 

Af. Specimens were deformed in the martensitic state as shown in figure 5.1.(a), if 

the tests were conducted at temperatures below Mf. The deformation occurred 

initially by reorientation of the martensitic plates and, at the end of the reorientation, 

by elastic/plastic deformation of the reoriented martensite variants. The deformation 

process in the reorientation stage was characterized by a plateau on the stress-strain 

curve, which was followed by an abrupt change of slope on completion of the 

reorientation process. 

Specimens heat treated at temperatures below 840 K exhibited the R phase transition 

(i.e.,TR > M s ) . These specimens tested in the temperature range T R > T > M s 

exhibited two stage yielding as shown in figure 5.1.(b). The initial yielding stage is 

associated with the stress directed reorientation of the R phase via the movement of 

twin boundaries. The second one is due to the stress-induced martensitic 

transformation. W h e n the same specimens were tested in a limited temperature range 

above their T R temperature, stress-strain curves of two stage yielding similar to figure 

5.1.(b) were obtained. The two stages in this case were associated with the stress-

induced R phase transition and the stress-induced martensitic transformation, 
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respectively. The critical stress required for the stress-induced R phase transition 

increased rapidly with increasing temperature. In both cases the transformation or 

reorientation strain associated with the R phase was much smaller than that associated 

with martensite. 

When the test temperature exceeded the limited temperature range above which the 

stress required to induce the R phase transition became higher than that required by 

the stress-induced martensitic transformation, only a single plateau was observed on 

the stress-strain curves, as shown in figure 5.1.(c). Similar stress-strain curves were 

also obtained in specimens heat treated such that their M s was higher than T R when 

tested in parent phase. This yield behaviour was due to the stress-induced martensitic 

transformation. Like in the cases of martensite reorientation (figure 5.1.(a)) and the 

stress-induced martensitic transformation after the R phase transition (figure 5.1.(b)), 

this deformation occurred in a plateau manner on stress-strain curves. 

However, when a specimen which originally did not exhibit the R phase transition 

(i.e., M s > T R ) was tested at temperatures near its M s temperature, a plateau was no 

longer observed on the stress-strain curve. Rather, the formation of stress-induced 

martensite required an increasing stress as shown in figure 5.1.(d). Nor could a 

distinct stop point for the stress-induced martensite process be recognized on stress-

strain curves. 

For all heat treatments, testing above a critical temperature, T^, which depended on 

annealing temperature, resulted in plastic deformation of the parent phase (figure 

5.1.(e)). N o recoverable strain associated with transformation process was obtained. 

As a reference, a specimen which was only cold worked but not heat treated was 

tested as well. Figure 5.1.(f) shows the stress-strain curve of the specimen tested at 

room temperature. The specimen failed at a stress of 1350 M P a . It is seen from the 

stress-strain curve that no apparent stress-induced transformation occurred up to a 



strain of 4.3%. 
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5.1.2 Luder's-like deformation 

The horizontal yield plateaus in figures 5.1.(a), (b), and (c) are indicative of 

localization of the deformation into a narrow Luder's-type band which propagates 

from one end of a specimen to the other. The Luder's-type yielding was observed for 

both the stress assisted martensite reorientation and the stress-induced martensitic 

transformation processes. Figure 5.2 shows the stress-strain curves obtained in the 

specimens previously annealed at 881 K. The curves in group I were obtained by 

deforming the martensite phase. To achieve this the specimens were cooled to below 

M s temperature by immersing into liquid nitrogen and then heated to the testing 

temperature. The curves in group II represented yielding in parent phase. The 

specimens were first immersed into boiling water prior to the tests. It is seen that the 

Luder's-type yielding existed over the whole testing temperature range, except for the 

stress-induced martensitic transformation at the vicinity of M s temperature or parent 

phase yielding by slip at an elevated temperature. 

This was a common feature of all specimens annealed at different temperatures, 

particularly in those having a recrystallized structure. Figure 5.3 shows the three 

types of stress-strain curves of the specimens annealed at various temperatures. The 

curves in group I represent the stress assisted martensite reorientation while group III 

represent the yielding associated with stress-induced martensitic transformation. The 

group II of curves were obtained through stress-induced martensitic transformation at 

a temperature slightly above M s temperature. The thermoelastic strains accompanying 

the formations of the R phase and martensite determined from figure 5.3-1 are 0.8% 

and 5.8%, respectively. T o read the curves in figures 5.2 and 5.3, one m a y need to 

refer to section 4.1.2 for the critical temperatures of the transformations. 



117 

OJ 

o • 1—1 
Vi 
S3 
03 
+-> 

.s 
h 
o •l-H 

£ 
"£ 03 

2 
13 •rH 
!>• 

C 
o 
43 
>H 

3 cd 
H 43 
& 
s 
4-J 

C/3 

-4—J 

^4—f 

o +-t 

o 
it! 
ffl 
<N 
u-i 
W) 

•i-H 

tu 

43 
oo 
cd 
1̂ 
CX 
4—1 

£ 
a 
<+H 

o 
2 
13 •l-H 

H-5 
i—i 

„ 
03 
+2 
• rH 
Vi 
C5 
43 

E 
C4H 

o 
2 13 
Y-M 

(MIAt) SS3-0S 0?<flA[) SSSJIS 



118 

annealed at 

683 K 729 K 783 K 

_̂ c 

831 K 881 K 

S 

975 K 1025 K 1074 K 1161 K 

r 
*s 

l 
^/ 

I 
tested at 
278 K 

annealed at i i i 

881K j 975 K ! 1025 K i 1074 K 
II 

tested at 
309 K 

1 1 i 

r 1 A A J 

/ Y\r~"\ > 
/ annealed at j/ j; L/ 

/ 683 K \J 729 K \j 783 K [/ 881K 

' \ ^ \ A
 / | / ^ " 

f 975 K !/ 1025 K !/ 1074 K 1/ 1161K 

^ — — - ^ 

/ 928 K 

III 
tested at 
329 K 

Fig. 5.3 Effect of annealing temperature on yield behaviour in tension 

I: yield of martensite, II: yield of parent phase at near Ms, HI: yield of parent phase 



119 

It should be mentioned here that the Luder's-type deformation did not persist forever. 

In specimens undergoing cyclic deformation, the Luder's plateau diminished, and 

eventually the deformation m o d e changed completely from a Luder's-like 

inhomogeneous manner to a homogeneous one (refer to figure 5.12). 

5.1.3 Effect of temperature on yielding 

It can be seen from figure 5.2 that the yield stress is a function of testing temperature 

and critically dependent on the initial structure. Owing to the hysteretic nature of the 

martensitic transformation in the alloy, the structure of a specimen is not unique 

within its thermal hysteresis temperature range, possibly being either martensite or 

parent phase depending on its thermal history. This non-uniqueness in structure 

results in a non-unique yield stress. To ensure a certain starting structure for tests in 

the hysteresis temperature range, the specimens were either cooled down first to 

below M f temperature and then heated up for tests at temperatures below A s to give 

the martensite structure, or heated to above Af and then cooled down and tested at 

temperatures above M s in the parent phase. Figure 5.4 shows examples of two 

stress-strain curves tested at the same temperature. The two specimens were both 

annealed at 1025 K but the tests were carried out with different initial structures. 

Specimen I was heated to 363 K, which was 31 degrees above its Af temperature, and 

then cooled down to the testing temperature of 309 K, which was 6 degrees above its 

M s temperature, so that the structure present prior to testing was 1 0 0 % parent phase. 

This specimen yielded at 51 M P a by the formation of stress-induced martensite. 

Specimen II, on the other hand, was initially cooled to 223 K, which was 73 K lower 

than its M f temperature, and then heated to the testing temperature, which was 13 K 

below its A s temperature. This specimen was tested at its fully martensitic state and 

yielded by martensite reorientation at a stress of 128 MPa. It is also of interest to note 

that even though the critical stresses and modes of yielding of the two structures were 

different, the resulting strains associated with the stress-induced martensitic 

transformation and martensite reorientation were virtually the same. 
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I: specimen cooled from 363 K, II: specimen heated from 223 K 

Measurements of the yield stresses as functions of testing temperature are shown in 

figure 5.5 for specimens annealed at 729, 783 and 881 K, respectively. In the 

specimens annealed at temperatures above 840 K, as represented by figure 5.5(c), the 

yielding occurred in three distinct modes corresponding to the stress-strain curves in 

figures 5.1(a), (c) and (e). Stage I at low temperatures was associated with the stress 

directed martensite reorientation. The yield stress had a small negative slope in this 

region. Stage II in the intermediate temperature range corresponds to the stress-

induced martensitic transformation. The stress increased rapidly in a linear 

relationship with increasing temperature. In stage HI the parent phase yielded by slip 

and a negative temperature coefficient of the stress was observed. 

When the annealing temperature was well below the recrystallization temperature (840 

K), specimens yielded by two distinct modes over the temperature range as shown in 

figure 5.5(b). The yielding occurred by martensite reorientation in the low 

temperature range and by stress-induced phase transformation in the high temperature 

range. The phase transformation occurred by either stress-induced R phase and then 

martensite or martensite only, according to the particular annealing and testing 

temperatures. However, the yielding of parent phase by slip was not observed up to a 

temperature 75 K higher than its Af temperature. 
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In the specimens annealed at extremely low temperatures no martensite could be 

formed by cooling (section 4.1.1.1). Thus only a single m o d e of yielding was 

observed in the tested temperature range as shown in figure 5.5(a), which 

corresponded to the stress-induced transformation of the parent phase. The phase 

transformation, again like in the case shown in figure 5.5(b), proceeded via stress-

induced R phase and then martensite, or martensite alone, depending on the annealing 

and testing temperatures. 

Taking only stage II in figure 5.5, the experimental data for the stress-induced 

martensitic transformation are replotted in figure 5.6(a) for the specimens annealed at 

temperatures below the recrystallization temperature and in figure 5.6(b) for those 

annealed at higher temperatures. The data in the figure are fitted with straight lines. It 

is seen that relations between stress and temperature in the recrystallized specimens are 

linear and parallel. The average value of the slopes is determined to be 8.01 MPa/K. 
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T o the contrary, a relatively poor linearity was observed in unrecrystallized 

specimens. The slope determined using the data shown in the linear section in figure 

5.6(a) is found to decrease from 7.69 to 6.45 MPa/K when the annealing temperature 

was decreased from 831 to 683 K. Apart from the above, an increase in the critical 

stress for the transformation at given temperatures with both increasing and decreasing 

annealing temperature was also observed. 

The stress-induced R phase transition was also found to exhibit a linear relation 

between the critical stress for the transition and testing temperature. Figure 5.7 shows 

the experimental data obtained in two specimens. The average of the slopes equals 

11.3 M P a / K, which is ~ 4 0 % greater than that for the stress-induced martensitic 

transformation. 
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5.1.4 Effect of annealing temperature 

As shown in figure 5.5 the critical stresses for martensite reorientation and parent 

phase slip in regions I and III exhibited weak dependences on the test temperature. 

Average values of the stresses for specimens annealed at the same temperatures were 

calculated over the respective temperature ranges and taken as the characteristic 

stresses for the two processes. The characteristic stresses were found to be dependent 

on annealing temperature. In figure 5.8 the stresses are plotted as functions of 

annealing temperature. The stresses for region II, the stress-induced martensitic 

transformation, were sensitive to testing temperature. These stresses are plotted 

separately for each testing temperature against annealing temperature in figure 5.9. A 

broad minimum in the values of all three characteristic stresses was observed for heat 

treatment in the temperature range between 870 and 1000 K. 

The M(j temperature, the maximum temperature at which the martensitic 

transformation can be induced by an external stress, was also found to be dependent 

on annealing temperature. Because of the coarse temperature steps adopted in the 

experiment a precise determination of the M<j temperatures could not be made. A n 

estimation of the M& temperature as a function of annealing temperature is shown in 

figure 5.10, where the M&+ curve represents the lowest temperatures at which the 

parent phase yielded by slip during tension and the M ^ . curve shows the highest 

temperatures at which the stress-induced martensitic transformation was observed. 

The strains associated with the stress-induced martensitic transformation and stress 

assisted martensite reorientation were also measured. The average values of 

thermoelastic strain of the specimens tested at various temperatures are plotted against 

annealing temperature in figure 5.11. The values shown in the figure include the 

strains associated with either the stress-induced R phase transition or reorientation, 

which was measured to be less than 0.8%. 
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Pseudoelastic and Ferroelastic Cycling 

5.1.5 The stabilization of pseudoelastic and ferroelastic behaviour 

5.1.5.1 Pseudoelasticity 

The specimens for the study of pseudoelasticity were annealed at 678 K for 1.8 ks 

after cold working. The tests were carried out at 355 K, which was 27 K above the 

A f temperature of the specimens. A set of stress-strain hysteresis loops of 

pseudoelasticity in the initial stage of cycling are shown in figure 5.12. During 

tension a stress of 671 M P a was recorded to form stress-induced martensite on the 

first cycle and the transformation was completed after a total strain of 10%. O n 

unloading, the reverse transformation started at 258 M P a , and at the end of the first 

cycle a permanent strain of 2.4% remained. Subsequent cycling resulted in a 

progressive decrease in the stress required for the forward transformation while the 

stress associated with the reverse transformation remained approximately unchanged. 

The effect of cycling on the critical stresses for the stress-induced martensitic 

transformation and its reversion is shown in figure 5.13. The permanent strain 

accumulated at a decreasing rate with an increasing number of cycles, resulting in a 

decrease in the transformation strain. Luder's-type deformation bands were observed 

in the first few cycles and diminished as the cycling was processed. After 

approximately 50 cycles the loops became fairly repeatable. 

5.1.5.2 Ferroelasticity 

Ferroelasticity tests were carried out at 294 K, 34 K below the As temperature of the 

specimens. The tests were started at a fully martensitic state, which was ensured by 

cooling the specimens down to 243 K prior to cycling. The effect of initial stress 

cycling on the stress-strain curves of ferroelasticity is shown in figure 5.14. The test 

started with the tensile half cycle. Unlike the case of pseudoelasticity, where a 
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thermoelastic phase transformation occurs, ferroelasticity is associated with a stress-

directed reorientation of martensite variants. This difference in mechanism alters the 

effect of cycling on the ferroelastic stress-strain curve. Instead of decreasing 

progressively in pseudoelasticity, the stresses required for martensite reorientation 

changed from a horizontal curve in the initial cycles into increased slope positions 

after cycling. This change resulted from the decrease in the start stress and the 

increase in the finish stress and was indicative of a broadening of the transition stress 

range. 

Luder's-type deformation was not observed in this ferroelastic cycling. T o stabilize 

the behaviour a number of cycles were performed prior to any measurement. After 50 

cycles within a strain range of ± 5 % , the loop became reasonably repetitive with a 

stress hysteresis of 102 M P a . 
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5.1.6 Factors effecting pseudoelasticity 

5.1.6.1 Temperature 

The effect of temperature on pseudoelastic behaviour was studied by varying the 

testing temperature between 340 and 370 K. T w o examples of stress-strain curves of 

the same specimen tested at different temperatures are shown in figure 5.15. The 

specimen was first cycled for 370 cycles at 355 K. The tests were carried out under a 

strain rate of 0.0066 sec-1. The total tensile strain amplitude of the curves was fixed 

at 6.6%. The total strain consists of two components, mechanical elastic strain and 

inelastic strain due to the phase transformation. Assuming the initial slope to be 

elastic, the inelastic strain was determined to be 4.6%. To evaluate the critical stresses 

for the transformations, a line parallel to the elastic curve is drawn at the half strain of 

2.3%. The values of stresses at intersections of the Une and the curves are taken to be 

the upper ( o M ) and lower (o^) characteristic stresses for the stress-induced 

martensitic transformation and reverse transformation. The temperature dependencies 

of G M and CTA are shown in figure 5.16. Both o M and o ^ increased linearly with 

temperature, with the slopes of both curves being equal to 7.7 MPa/K. The stress 

hysteresis between the forward and reverse transformation is thus independent of 

temperature and equal to 113 MPa. The temperature hysteresis at constant stress was 

equal to 15 K. 

5.1.6.2 Strain rate 

For the tests carried out in a water bath at a constant temperature of 358 K, 30 K 

above the Af temperature, the strain rate was varied between 1.8xl0~4 sec-1 to 0.37 

sec-1. It was found that the strain rate had little effect on the pseudoelastic curves 

when it was lower than 1.2xl0~3 sec1. W h e n the strain rate was greater than 

1.2xl0"3 sec-1, significant change on the stress-strain curves could be observed. 

T w o pseudoelastic stress - strain curves obtained under strain rates of 0.37 sec"1 and 
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0.037sec-1 respectively are shown in figure 5.17, which were tested after 400 cycles. 

The effect of strain rate may be summarized in the following three aspects. First of 

all, the stress to form martensite increases while the stress associated with the reverse 

transformation decreases with increasing strain rate. This results in an increase of 

stress hysteresis with increasing strain rate. Secondly, the stress required for 

martensitic transformation increases during the transformation at a high strain rate 

while it is relatively horizontal when the strain rate is low. Finally, the strain rate 

dependence of the stress in the elastic regions prior to the start of the forward and 

reverse transformations is opposite to that of the transformation. A s a consequence 

the curves cross near the beginning of each transformation. 
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5.1.6.3 Partial loop cycling 

Partial loop cycling tests were carried out by either terminating loading and starting 

unloading at the middle of the stress-induced martensitic transformation or terminating 
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unloading and starting loading at the middle of the reverse transformation. T w o 

examples of partial loop cycling tests are shown in figure 5.18, with (a) for the 

forward partial loop cycling and (b) for the reverse. The tests were conducted after 

160 initial cycles of full pseudoelastic cycling. After a full loop cycling as reference 

(curves 1), the loading or unloading process was terminated and returned (curves 2). 

B y repeating the partial cycling, taking the forward partial cycling as an example, it 

was found that the stress at point A of the new cycle increased. After 10 cycles of the 

partial cycling (curves 3), that stress increased by 13 M P a from the previous full loop. 

The subsequent full loop cycle was thus disturbed, as curve 4 in figure 5.18 (a). This 

disturbance virtually disappeared in the next cycle (curve 5 in figure 5.18 (a)). The 

reverse partial cycling exhibited the same behaviour. 

5.1.6.4 Progressive deformation 

A specimen without initial cycling was subjected to a progressive pseudoelastic 

cycling test. The test was carried out at 388 K. A series of stress-strain curves from 

the test are shown in figure 5.19. Curve 1 was limited in the elastic range prior to the 

stress-induced martensitic transformation. However, a small permanent strain was 

obtained after unloading, indicating that a plastic deformation process occurred 

simultaneously with the elastic deformation even at such a low stress stage. In curve 

2 the specimen was stretched into the initial stage of stress-induced martensitic 

transformation. The transformation and its reversion are denoted as number 1 and 1'. 

The specimen was then loaded again to approximately the same strain. The plateau of 

the same transformation decreased in stress as shown in curve 3. Further tension 

induced more martensite as shown in curve 4 as step 2. Instead of appearing as an 

extension of step 1, the previous transformation, step 2 occurred at a higher stress. 

As the deformation was repeated within the same strain range, the stress level of stage 

1 and 2 both decreased (curve 5 and 6). Further deformation simply repeated the 

behaviour which occurred before (curves 7,8,9,10). Thus by this progressive 

deformation a multi - step deformation curve associated with the stress - induced 
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martensitic transformation was obtained, as typically shown in curve 11. However, 

this multi-step pseudoelastic curve was not stable and the steps eventually merged into 

a smooth curve over the whole transformation strain range similar to the curves 

shown in figures 5.15 or 5.18. 

5.1.7 Factors effecting ferroelasticity 

5.1.7.1 Temperature 

In contrast to the pseudoelastic measurements, the ferroelastic loop showed only a 

small dependence on the testing temperature. Figure 5.20 shows two hysteresis loops 

tested at 275 K and 318 K, respectively. The curves were measured after 70 initial 

cycles. Taking the value at zero strain, the upper and lower characteristic stresses, 

o M + and o M _ respectively, for ferroelasticity were determined. The stress hysteresis 

for the forward and backward martensite reorientation processes were thus defined as 

A o = o M + - a M . It was found that the stress for the forward reorientation process 

decreased slightly with an increasing testing temperature while the change of the stress 

for the backward reorientation was negligible. A s a result, the stress hysteresis 

decreased slightly following the stress for the forward reorientation. The temperature 

dependences of the forward and reverse reorientation stresses are given in figure 5.21. 

5.1.7.2 Strain rate 

The effect of strain rate was also studied in the ferroelasticity tests. The strain rate was 

found to have a negligible effect on the stress-strain curves for strain rates varying 

from 0.025 sec"1 to 0.0017 sec"1. Shown in figure 5.22 are two ferroelastic curves 

with the strain rates of 0.025 sec"1 and 0.0025 sec"1, respectively. The curves are 

inseparable. 
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5.1.7.3 Partial loop cycling 

The effect of terminating the cycle at various stages during tension or compression and 

returning to repeat the rest of the cycle was also studied. It was found that no matter 

where the partial cycle started, the rest of the cycle was always well repeated (figure 

5.23). However, by repeating the partial cycling at one particular point, the same 

behaviour as in the case of pseudoelasticity was observed. An example of the partial 

loop cycling of ferroelasticity is shown in figure 5.24, where the numbers on the 

curves denote the same as those in figure 5.18. The stress at the end point of the 

partial loop kept increasing during the cycling, resulting in a difference of 12 M P a 

relative to the original full loop. The small loop cycling, by terminating at the middle 

of both forward and backward reorientation, was also performed. Though the curve 

did not overlap with the full loop cycling curve, a similar shape was observed (figure 

5.25). 
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Yielding in Tension 

5.2.1 Luder's-type deformation 

Luder's-type localized deformation occurs by the propagation of a deformation band 

along the length of a specimen. This phenomenon results because the stress to initiate 

deformation is significantly higher than the stress to propagate the deformation. 

Luder's-type deformation has also been observed in other investigations in NiTi shape 

memory alloys. [83,119,210] It does not only appear during the stress-induced 

forward transformation but also the stress restrained reverse transformation in 

pseudoelasticity.[84,122,233] Similar to the result shown in figure 5.12, the 

Luder's deformation effect has been found to diminish during pseudoelastic 

cycling. [96,97] As a consequence of the mode change of deformation from Luder's 

localized manner to homogeneous manner, the transformation stress tilts from a 

plateau position into a positive sloping position with respect to transformation strain. 

Luder's deformation is typical in iron based alloys and the behaviour is ascribed to the 

pinning effect of alloying elements on dislocations. However, in the case of NiTi 

shape memory alloys, the deformation during the stress assisted transformations does 

not occur by dislocation movement, but through lattice distortion or twinning 

processes. In addition, there is no evidence of pinning effects having any influence 

on the transformation process. Obviously a new mechanism exists and its explanation 

is expected. 

It is first suggested, based on the observation that the Luder's deformation vanishes 

after repeated stress cycling and that dislocations are always produced during stress-

induced transformations, that the dislocations developed during the preceding cycles 

assist the nucleation of martensite in subsequent cycles. Thus the critical stress for 
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the transformation is reduced. [84,96] This explanation is directly supported by 

constant stress thermal cycling tests in which the M s temperature is found to increase 

with number of cycles (section 2.3.4). The suggestion assumes that the critical stress 

required for nucleation is higher than that required for growth of martensite plates 

during the forward transformation or lower for the parent phase during the reverse 

transformation. However, there has been no explanation reported so far, although the 

difference between the two critical stresses has been experimentally measured [84] 

By taking into consideration the fact that the Luder's-type deformation is rarely 

observed in polycrystalline C u based shape memory alloys, another mechanism is 

proposed. [97] In this theory the small grain size in NiTi alloys is believed to be 

responsible for the behaviour. In a small grain structure, more grains are affected by 

the stress field surrounding the first formed martensite plates; thus the deformed 

region grows preferentially and the initiation of deformation in undeformed regions is 

suppressed. However, there are at least two points remaining arguable. First, 

Luder's type yielding has been observed in large crystal structures, namely in single 

crystal or bicrystal specimens.[80,234] A n investigation of the stress-strain 

behaviour of successive stress-induced parent to martensite and martensite to 

martensite transformations in a C u -14.0 w t % Al - 4.2 w t % Ni single crystal presents 

typical Luder's deformation on its multi-stage pseudoelastic loops.[34,85] Secondly, 

it is the volume or distance that should be counted as the stress concentration affected 

zone in front of a martensite plate, instead of the number of grains. Also the 

nucleation of another martensite plate does not have to take place in a different grain. 

In spite of the arguments, this mechanism still remains strongly supported by the fact 

that the stress concentration caused by the first formed martensite plates favours new 

plates forming in front of them. 

It is understood that the stress field around the first formed martensite (or parent phase 

during reversion) promotes further transformation in front of the interface. This effect 

is in the sense that a stress changes the free energy balance rather than overcoming a 
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mechanical resistance to the process. From this point of view, the deformation 

behaviour associated with the stress-induced martensitic transformation at the vicinity 

of M s can be discussed The yield exhibits a homogeneous deformation process with 

an increasing stress, as illustrated in figure 5.4. At the vicinity of M s , the stress 

required to induce martensite from the parent phase approaches zero because of the 

close balance of free energy between the two phases. A n external stress in this 

situation only governs the crystallographic formation of the product but does not 

significantly influence the thermodynamics of the transformation. A small mechanical 

disturbance is sufficient to promote the transformation. The extra stress field due to 

stress concentration in front of an already formed martensite plate does not favour the 

further transformation in its affected zone any more than the uniform external stress 

does anywhere else. Therefore, the transformation starts and proceeds 

homogeneously throughout the specimen instead of being localized. 

It is also necessary to explain the Luder's deformation character during the martensite 

reorientation process. The martensite reorientation is a mechanical process rather than 

a thermodynamic one. Under the influence of a bias stress the martensite variants 

align themselves to form a single crystal by twinning. However, the alignment does 

not occur simultaneously among the variants in one self-accommodation group, but 

rather one after another in order. The detwinning of the first variant generates a stress 

field which promotes the detwinning of the adjacent variants, resulting in a 

localization of the reorientation process. 

The pseudoelastic cycling has an effect on the Luder's behaviour of deformation. The 

decrease in the critical stress indicates that the cycling assists the nucleation of 

martensite. This effect m a y be due to two reasons. The residual stress fields 

developed by the formation of a particular morphology of martensite during the 

preceding cycling assists the formation of the same set of martensite plates in the 

subsequent cycles; or the retained martensite plates [97] after unloading at 

temperatures above A f act as the ready nuclei for the subsequent transformation. 
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The retained martensite is actually a result of the residual stress fields which change 

the local free energy balance so that the martensite is retained. The development of the 

residual stress is determined by the stress concentration during the stress-induced 

martensitic transformation. The stress concentration is only related to the 

configuration of martensite. It receives no influence from the transformation sequence 

in the previous Luder's deformation. A s a consequence, a quasi-uniform distribution 

of the residual stress over the specimen is expected A s a consequence the nucleation 

of martensite will occur simultaneously everywhere throughout the specimen and the 

macroscopic Luder's behaviour of deformation is changed into a homogeneous 

process. 

It is worth mentioning here that the geometric size and shape of a specimen affect 

Luder's type deformation. In the bulk specimens of 4x5 m m 2 in cross-section for the 

ferroelasticity test there was no Luder's type deformation observed during stress-

induced martensitic transformation or martensite reorientation by tension and 

compression. It appears that the thicker and wider a specimen is, the lower the 

probability for the formation of a local zone of transformation which extends through 

the entire cross-sectional area of the specimen. Therefore, in a bulk specimen the 

localized transformation can not penetrate locally through the entire cross-section and 

thus the Luder's deformation behaviour is absent. 

5.2.2 Effect of annealing on the three characteristic stresses. 

The three characteristic stresses for stress-induced martensitic transformation, 

martensite reorientation and slip yielding of parent phase are all found to exhibit 

minima in a temperature range corresponding to the recrystallization temperature of the 

alloy. At lower annealing temperatures the dislocations introduced by cold working 

are only rearranged or slightly reduced in density by the heat treatment, resulting in 

higher values of internal stress, which must be overcome by the applied stress before 



146 

any of the three processes takes place. The degree of recovery decreases with 

decreasing annealing temperature and therefore the stresses required for slip in the 

parent phase, reorientation of martensite variants and stress-induced martensitic 

transformation all increase. 

The increases of the three stresses with increasing annealing temperatures to ~ 1000 K 

is unusual. Apart from the measurements of Saburi et al.,[210] which show increases 

in stresses for martensite reorientation and the stress-induced transformation on 

increasing the annealing temperature from 973 K to 1300 K and 873 K to 1273 K 

respectively, there appear to be no systematic studies of the effect of annealing 

temperature in the range of 900 to 1300 K on mechanical properties. Most annealing 

studies have been concentrated on the ageing behaviour of alloys containing excess Ni 

(>50.7 at%). These studies have shown that ageing of these alloys at below 773 K 

leads to the precipitation of Ni-rich phases, resulting in an increase in M s temperature 

due to increased Ti content in the matrix. The alloy used in this study contains 50.2 

at% Ni. After annealing at different temperatures between 873 K to 1200 K, no 

precipitates were observed under the transmission electron microscope, nor was the 

M s temperature found to be changed in D S C measurements. However, there do exist 

some differences in structure between the specimens annealed at high temperatures 

and low temperatures in this range. A s discussed in Chapter 4, the grain size 

increases significantly with increasing annealing temperature in the range from 900 to 

1200 K. The period of the twin-like stripes in the parent phase increased from 18 n m 

to 26 n m when the annealing temperature of the specimen was increased from 919 K 

to 1253 K. Preferential orientation was also observed in T E M examinations. Anti

phase domains were observed only at low annealing temperatures. Whether or how 

the mechanical behaviour is related to those observations is not clarified by this study. 

M(j is the maximum temperature at which a martensitic transformation can be stress-

induced, or in other words, the critical stress for the transformation equals that slip. It 

is meaningful only when discussed with respect to M s , the temperature at which the 
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martensitic transformation occurs under zero stress. Considering the Clausius-

Clapeyron relation between the temperature and stress for the martensitic 

transformation, the difference between M& and M s is actually a measure of the critical 

stress for slip. The rapid increase in M<j with decreasing annealing temperature, as 

shown in figure 5.8, is apparently due to the increase of the critical stress for slip in 

the parent phase. Though the stress for inducing martensitic transformation is also 

increased (figure 5.7), the gap between the two is greatly enlarged due to the higher 

increasing rate of the former. T o the contrary, the M^ temperature is noticeably 

decreased at high annealing temperatures. This indicates that the increase in slip stress 

is smaller than that of the transformation stress so that the gap between the two is 

reduced. A s a consequence, the transformation stress easily exceeds the slip stress by 

a small increment of temperature from M s . 

5.2.3 Clausius-Clapeyron relation of stress-induced transformations 

The characteristic stress for stress-induced martensitic transformation, oSIM, is found 

to increase linearly with testing temperature. This behaviour has been well analyzed 

to obey the Clausius-Clapeyron type relation as reviewed in section 2.2.1. In this 

relation the stress and temperature are linearly related with a positive slope depending 

on the actual values of the latent heat, strain and critical temperature of the 

transformation. Although the linearity of the relation is excellent with recrystallized 

specimens, a position change of the stress-temperature curves for all specimens and a 

change of slope for unrecrystallized specimens occurred (figure 5.6). 

5.2.3.1 Position change - applied stress and effective stress 

By extrapolating the lines in figure 5.6 to zero stress, Ms temperatures of the 

specimens are obtained. The comparison between the calculated values and the D S C 

measurements of M s is shown in figure 5.26. There is a good agreement between the 

two methods except at the highest annealing temperatures. The disagreement between 
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the values of M s temperature obtained from tensile tests and those from D S C 

measurements at high annealing temperatures stems from the upwards shift in position 

of the lines in figure 5.6. A similar result is also obtained in another investigation in a 

single crystal specimen annealed at 1273 K.[80] The result clearly shows a 17 K 

decrease of the temperature obtained by extrapolating the line down to zero stress 

from the true M s . 

This disagreement can be eliminated by figure 5.27, which is plotted for ideal testing 

conditions. The plot suggests that a minimum stress is required to induce martensite 

even at a temperature right above M s in the tensile test and that the minimum stress 

increases with increasing annealing temperature after recrystallization. A similar 

behaviour has been observed in another investigation^ 118] in which minimum 

stresses were measured at the M s temperatures for stress-induced martensitic 

transformations in different materials. 

The Ms temperature, by its definition, is the temperature at which the free energies of 

the two phases balance. In a thermal martensitic transformation, a self-

accommodation morphology of martensite is expected, which has the smallest internal 

strain at a macroscopic scale. Thus the equilibrium condition of the transformation 

(M s ) is measured in D S C . The stress-induced martensitic transformation, on the 

other hand, forms a single variant structure (a single variant in each grain), which 

results in a significant internal strain as well as a net external shape change. 

The internal strain associated with the formation of the single variant structure is 

thermoelastically accommodated in the matrix. The elastic energy of accommodating 

the strain acts as a resistance to the transformation as expressed in equation (4.4); thus 

an extra driving force for the transformation is required. In a stress-induced 

martensitic transformation this extra driving force is provided by the minimum stress 

for inducing the martensitic transformation at the M s temperature. 
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It was observed that the grain size of the parent phase increased with increasing 

annealing temperature after recrystallization (figure 4.11). The larger the grain size is, 

the larger is the internal strain of the single variants and the higher the elastic energy. 

Thus the minimum stress for inducing martensite increases with increasing annealing 

temperature. 

This minimum stress is actually an "internal stress" resisting the stress-induced 

martensitic transformation. In a general case, the internal stress consists of other 

contributions, like the high dislocation density resulting from low temperature 

annealing. This internal stress withholds a part of the external stress during the 

deformation process, i.e. the external stress must overcome the internal stress before 

it becomes effective to perform the force-displacement work for the transformation. 

Thus the stress in equation (1.16) is actually the effective stress acting on shear 

system of the transformation and the Clausius-Clapeyron equation may be modified as 

daeff/dT = - p A H / e T 0 (5.1) 

and 

<*eff=aapp"ai (5.2) 

where Geff, o app and G[ are the effective stress, applied stress and internal stress, 

respectively. The sign of the internal stress is defined positive when it is in opposite 

sense to the external stress. The equation is true when the applied stress is smaller 

than the plastic yield limit of the parent phase. 

Combining equations (4.1) and (5.1), the Clausius-Clapeyron equation for stress-

induced martensitic transformation is modified as 

d[(Sapp)ij " W i j ] / dT = - p AHP-M / gy T 0 (5.3) 

The effect of G{ is illustrated in figure 5.27. The internal stress shifts the position of 

the line without changing the slope. The internal stress may vary its effect by varying 

either its magnitude or the relative orientation with the external stress owing to its 
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The stress-temperature curves for the stress-induced martensitic transformation are 

also shifted upwards with lowering annealing temperature before recrystallization 

(figure 5.6(a)). This is also due to an increase in the internal stress according to the 

above proposal. However, the increase in the internal stress is accompanied by a 

decrease in M s temperature, unlike in the case of the high temperature annealing. This 

suggests that the increase of the internal stress is due to a different reason. The 

increase of internal stress is ascribed to be caused by the high dislocation density 

resulting from the low temperature annealing. The stress fields resist interface 

movement of the transformation. This effect is equivalently effective in both the 

stress-induced and thermal martensitic transformations. Thus a decrease in M s 

temperature was observed accompanying an increase in the stress for inducing 

martensitic transformation. 

5.2.3.2 Slope change - transformation enthalpy and strain 

The linearity between the stress and temperature in the specimens annealed at low 

temperatures is rather poor. The experimental data deviates from linearity at both high 

and low temperatures, as shown in figure 5.6(a). The deviation at high temperatures 

indicates that the stress-induced martensitic transformation and the slip in parent phase 

occur simultaneously. This behaviour is different from that in specimens having a 

recrystallized structure in which the yield in the parent phase suppresses the formation 

of stress-induced martensitic transformation. The simultaneity of the two processes is 

due to the inhomogeneity of the internal stress field associated with the 

unrecrystallized structure. Actually plastic deformation has been observed at the initial 

stage of tension as shown in figure 5.19. The specimen was annealed at 677 K, 163 

K below the recrystallization temperature, and tested at 388 K, 60 K above the Af 

temperature. The plastic deformation occurred even under a stress lower than the 

critical stress for inducing martensite. 
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The deviation at low temperatures is due to the presence of the R phase transition, 

which splits a part of the total transformation enthalpy. The reduction in the enthalpy 

of the stress-induced martensitic transformation from the R phase lowers the do/dT 

value according to the Clausius-Clapeyron equation. A decrease in the da/dT value 

from 7.5 MPa/K for P->M transformation to 5.6 MPa/K for the R - M transformation 

in the same alloy has been reported previously. [84] 

The slopes of the lines are calculated and illustrated in figure 5.28. It is seen that the 

value of do/dT increases with an increasing annealing temperature until the 

recrystallization temperature and saturates afterwards (ignoring the slight decrease at 

high temperatures). The value of 5.6-5.8 MPa/K at low temperatures agrees well 

with the measurements made in the same alloy under the same annealing 

condition.[79,84] The value at high temperatures, -7.6 MPa/K, is in good agreement 

with the measurement in a 50.6 at%Ni alloy.[83] 

The value of do/dT is determined by the values of the enthalpy, strain and critical 

temperature of the transformation according to the Clausius-Clapeyron relation. The 

do/dT value is measured to decrease at low annealing temperatures, as shown in 

figure 5.28. The transformation strain and the M s temperature were both measured to 

decrease with decreasing annealing temperature (figures 4.2 and 5.11), which have 

negative effects on the change of the do/dT value. The transformation enthalpy was 

measured to decrease at low annealing temperatures (figure 4.8). The decrease of A H 

has a positive contribution to the decrease of da/dT; thus the change of the da/dT 

value at low annealing temperatures are concluded to be due to the change of AH. To 

confirm this point, data from figures 4.8 and 5.28 are replotted together under proper 

scales in figure 5.29. It is worth mentioning that the two scales are only linearly 

adjusted to be da/dT = 4.6 + AH/5.5. It is seen that the two curves coincidentally 

overlap each other quite well. This coincidence suggests, though it is not a direct 

proof, that the decrease in the D S C measurement of transformation heat is at least 
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partially due to the decrease of the transformation enthalpy, since the fact that the 

actual amount of material participating in the transformation does not affect the 

Clausius-Clapeyron relation ofthe transformation. 

5.2.3.3 The R transition 

The temperature dependence of the critical stress for inducing the R phase transition 

from the parent phase is also estimated as shown in figure 5.7, although the data are 

rather few. A s has been observed before,[79,84,198] the dependence also falls into a 

Clausius-Clapeyron type relation, but with a higher constant as compared with that of 

the stress-induced martensitic transformation. The value of da/dT for the stress-

induced R phase, 11.1 MPa/K, is twice that for stress-induced martensitic 

transformation in the specimens annealed at the same temperature of 729 K (figure 

5.28). The high temperature dependence of the transformation stress, or the low 

stress dependence of the transformation temperature as interpreted in some other 

cases, of the stress-induced R phase transition is due to the small magnitude of the 

transition strain. The ratio of the transition strain of the R phase to that of martensite 

is somewhat between 0.1-0.2. However, the value of da/dT does not increase by a 

factor of 5-10. This indicates that there is also a decrease in transition enthalpy A H 

for the R phase as compared with that for martensitic transformation. Actually, the 

lower transition enthalpy of the R phase in comparison with the higher value of 

martensitic transformation has been recorded and shown in figure 4.7. Taking the 

parameters 0.9% strain for the R phase transition and 5.8% for martensite (refer to 

figures 5.1 and 5.3) and the transformation enthalpies of 7 J/g for the R phase and 20 

J/g for martensite (figure 4.7), the da/dT value of the stress-induced R transition is 

estimated to be 2.2 times of that of the stress-induced martensitic transformation, in 

excellent agreement with the measured value. 
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Pseudoelasticity and Ferroelasticity 

5.2.4 Pseudoelastic cycling 

5.2.4.1 Development of internal stress field 

The first effect of stress cycling on the pseudoelastic behaviour is the decrease in 

critical stresses for the forward and reverse deformation processes. Comparing with 

the first cycles at the same testing temperature of 355 K, it is found that the 

characteristic stress for the forward deformation is decreased by 302 M P a while that 

for the reverse deformation is decreased by 32 M P a after 370 cycles. The decrease in 

stress m a y be explained as follows: the equilibrium condition for a thermoelastic 

martensitic transformation under the influence of an external force is expressed as 

(section 4.2.3.1) 

F A L = K i - T * A S . (4.8) 

Replacing the force and displacement with stress and strain respectively, gives 

(ae)/V = Kx-T*AS. (5.4) 

At a given testing temperature, the stress may be expressed as 

a = ( K 1 - T * A S ) V / e = K1'. (5.5) 

Using the same concept discussed in section 5.2.3.1, the stress here is the effective 

stress which is equal to the applied stress minus the internal stress 

CTapp " °in = Kl' (5-6) 

or 

°app = K l ' + ain- (5-7) 

By its definition the internal stress is positive when it is in the opposite direction with 

the external stress. Therefore, the decrease in applied stress is indicative of a decrease 
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in the internal stress. The decrease in internal stress m a y have two explanations: a 

reduction in the internal stress field resisting the transformation or the development of 

a internal stress field which is in the same direction with the external stress. In either 

case the change assists the stress-induced martensitic transformation. 

Another aspect of the same mechanism is the increase in Ms temperature during 

thermal cycling under load, which has been observed by many investigators (section 

2.3.4) as well as the present study (section 6.1.3.2). The two observations are 

consistent with the Clausius-Clapeyron equation. If it is accepted that a randomly 

distributed dislocation structure provides an isotopic stress field which resists the 

martensitic transformation, the results here imply that a preferentially oriented 

dislocation structure is formed under the guidance of an external stress. 

If an internal stress field assists the formation of martensite during loading, it must 

resist the formation of the parent phase on unloading, which experiences an opposite 

straining process. 

Since the critical stresses are decreased, it may be said that pseudoelastic cycling has a 

softening effect on the thermoelastic deformation process. O n the other hand, since 

the permanent strain is accumulated by a decreasing rate, the cycling is viewed also to 

have a hardening effect on the plastic deformation process. Both of the two effects are 

due to the development of the dislocation structure. 

As a consequence of the decrease in stress through pseudoelastic cycling, an 

interesting mechanical behaviour is obtained, the multi-step stress-strain curves as 

shown in figure 5.19. A similar result has been observed in other 

investigations. [97,122] It is seen that a preceding partial tension results in a decrease 

of the stress only in the same local section of the specimen. This indicates that the 

deformation process associated with the stress-induced martensitic transformation in 

the specimen was not homogeneous at a macroscopic scale, but rather, Luder's-like, 
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and that the sequence of sections of the specimen undergoing transformation/ 

deformation is always the same. The propagation of the Luder's band(s) repeats the 

same routine in each successive cycle. B y progressively stretching a specimen in 

steps, a multi-step stress-strain curve for the stress-induced martensitic transformation 

is obtained. However, the effect is almost negligible in the reversion process. This is 

due to the fact that cycling has only a small effect on the critical stress for the reverse 

deformation, as mentioned earlier. 

5.2.4.2 Transformation enthalpy and strain 

The linearity of aM and aA with respect to the temperature is in good agreement with 

the thermoelastic deformation tests (section 5.1.3) and follows the Clausius-

Clapeyron type relation 

d a / d T = - p A H / e T 0 = K (1.16) 

Extrapolating the two lines in figure 5.16 to a M = 0 and a A = 0, the characteristic 

temperatures for martensitic transformation under zero stress (TM) and for reverse 

transformation (TA) are found to be 307 K and 322 K respectively. It should be noted 

that these temperatures are not the M s or A s temperatures since a M and a A are not the 

critical stresses at which the transformations start; instead they are the stresses at the 

middle points of the deformation processes. The transformation temperatures of the 

same alloy before cycling were determined by means of differential scanning 

calorimetry to be M f = 238 K, M s = 270 K, A s = 306 K and Af = 328 K. Compared 

with the average value of M s and Mf, 254 K, T M is 53 K greater after 370 cycles. In 

contrast, T A is only 5 K above the average of the A s and Af, 317 K, while it still 

remains between A s and Af. This difference in the effects of stress cycling on the 

transformation temperatures M f / M s and A s / Af is consistent with the measurement 

of transformation stress and explained by the above section. 

However, using the data of the decreases of the two stresses after 370 cycles, AaM = 
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302 M P a and A a A = 32 MPa, and the slope of the lines in figure 5.16, K = 7.7, the 

transformation temperature change is estimated to be 

ATM = AaM/K = 302/7.7 = 39 K 

and 

A T A = A a A / K = 32/7.7 = 4 K . 

They are both somewhat smaller than the values of ATM = 53 K and ATA = 5 K 

measured prior to cycling. The disagreement indicates that the slope of the a-T curve 

is smaller before cycling than after cycling. This fact can actually be seen by 

comparing figures 5.16 and 5.28. The value of da/dT for the stress-induced 

martensitic transformation increased from 5.6 MPa/K to 7.7 MPa/K after 370 cycles. 

The increase of da/dT value, according to the Clausius-Clapeyron equation, may be 

due to an increase in transformation enthalpy or a decrease in transformation strain. 

The decrease in transformation strain is often seen in pseudoelastic cycling.[96] It 

was also observed in this study as can be clearly seen in figure 5.12. During the first 

20 cycles the recoverable strain decreased from ~ 8 % to 6.2%. The change of the 

transformation enthalpy during the cycling, A(AH), was not measured due to the lack 

of the initial data of the transformation enthalpy before cycling. The specimens for 

pseudoelastic cycling were annealed at 678 K. Specimens annealed at such low 

temperatures did not show martensitic transformation on D S C measurement (figure 

4.2). The only measured heat peak corresponded to the R transition. O n the other 

hand, with the pseudoelastic cycling, the deformation occurred via P«-»M 

transformations. Nevertheless, it is suggested in the literature [223,228] that 

transformation enthalpy change decreases during cycling under stress. This was also 

observed in the present study with two-way memory training tests (Chapter 6). After 

training under a constant load of 121 M P a for 15 cycles, the M - » P transformation 

enthalpy in a specimen previously annealed at 1153 K decreased from 17.1 J/g to 9.7 

J/g (section 6.1.3.2). As discussed earlier (section 4.2.2), the measured 

transformation heat change by D S C may not be the true transformation enthalpy 
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change because the material m a y not completely transform during the measurement 

Therefore, the data mentioned above are only for reference. 

Summarising the above discussion, it is suggested that both transformation strain and 

transformation enthalpy decrease during pseudoelastic cycling. The increase of the 

da/dT value is due to the increase of the AH/e ratio, which requires a smaller portion 

of reduction in A H than in e. 

5.2.4.3 Stress hysteresis 

As a result of the different magnitudes of decrease of the critical stresses for the 

forward and reverse deformations, the stress hysteresis of pseudoelastic loop is 

reduced. The measurement of the hysteresis at the half strain position is shown in 

figure 5.30. The decrease in stress hysteresis is also a measure of a decrease in 

thermal hysteresis owing to the linearity between the stress and temperature. The 

decrease is indicative of a decrease in the internal resistance, which consists of three 

parts, as discussed in section 1.2.2: the plastic transformation strain, production of 
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Fig. 5.30 Effect of cycling on stress hysteresis of pseudoelasticity 
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dislocations and the friction to interphase or twin boundary movement. If new 

dislocations are developed at a decreasing rate, as indicated by the decreasing stress in 

figure 5.13, the cycle energy consumed decreases with increasing number of cycles. 

Thus the hysteresis is reduced, though the effect may be rather weak. Furthermore, it 

is proposed that cycling produces dislocations of preferential orientations with respect 

to the transformation strain.[165,226] It means that the formation of the 

transformation strain fills into the stress field developed previously and relaxes it, 

instead of overcoming it as a resistance. Once again the energy consumption is 

reduced. 

5.2.5 Ferroelastic cycling 

The ferroelasticity has a different deformation mechanism from pseudoelasticity. 

Therefore, it is believed to not have a strain hardening or softening effect.[7,8] 

However, there are still some changes in stress characteristics during the cycling. 

Curves in the section of thermoelastic deformation change from a horizontal to an 

inclined position while a reduction in stress hysteresis is also measurable (figure 

5.31). 

The small negative temperature dependence of the stresses required for martensite 

reorientation has been well investigated and reported. [62] It is due to the thermally 

activated movement of the twin boundaries of martensite. Since the process occurring 

during compression is just a reverse reorientation of martensite, the temperature 

dependence of the compression stress would be expected to be just the same as that in 

tension but in the opposite sense. However, a negligible temperature dependence of 

the compression stress, a M - , was measured. This inconsistency may be explained by 

taking into account the thermal expansion of the specimen. W h e n a specimen is 

heated, from 275 to 318 K for example (figure 5.19), it becomes longer by thermal 

expansion. If the specimen is stretched and compressed between the two fixed 

machine positions, the true strain is less in elongation and more in compression, i.e. 
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the loop of 318 K in figure 5.19 should be shifted to its left to show the real stress-

strain routine. If the two characteristic stresses, G M + and aM-, are measured at zero 

strain on the so adjusted curves, one can see that both a M + and a M - will be increased 

in comparison with the prior measurements. This means that the a M + line in figure 

5.21 will be repositioned with a smaller slope and the a M - line with a greater one. 
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Fig. 5.31 Effect of cycling on stress hysteresis of ferroelasticity 

5.2.6 Strain rate sensitivity 

The strain rate sensitivity of the NiTi alloy during tensile tests should not be discussed 

using a conventional theory, since the pseudoelastic deformation process in shape 

memory alloys involves the unique features of thermoelastic transformation. The 

deformation proceeds through phase transformations which release latent heat during 

tension ( P - > M transformation) and absorb heat during unloading ( M - > P 

transformation). A n immediate result of the transformation heat exchange is the 

temperature change in the specimen. Under adiabatic conditions, the temperature 

change of a specimen after the completion of transformation can be estimated as ATa(j 

= A H / C D . C D is the heat capacity of the alloy. O n the other hand, the critical stress 
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for the deformation of a thermoelastic phase transformation is strongly dependent on 

temperature. Therefore, the measurement of the critical stresses for pseudoelastic 

deformation can unavoidablly be affected by a thermal effect which in turn depends on 

the strain rate (transformation rate) and the ambient thermal conditions. 

In the light of the above thinking, an experiment on the thermal effect on mechanical 

behaviour of a NiTi alloy in pseudoelastic cycling has been carried out in conjunction 

with this study. [239] The measurements show that significant thermal effects can be 

associated with the stress induced martensitic transformation. The rate of temperature 

change at any point in time is a function of the rate of latent heat production 

accompanying the transformation and the rate of heat transfer from the specimen. For 

conditions of low transformation rate, i.e. low strain rate, or high specimen-ambient 

heat transfer coefficient (tested in water), the transformation occurs isothermally. In 

the limit of high strain rates and low heat loss coefficient (tested in still air) adiabatic 

conditions occur. This explains the observation that the pseudoelastic curves were 

influenced by the strain rate only when it exceeded a certain value, being 1.2xl0"3 sec" 

1 for the experimental conditions of this study (section 5.1.6.2). 

In the study on the thermal effect of stress induced martensitic transformation,[239] a 

m a x i m u m increase of 13 K in temperature was measured on the completion of the 

transformation. This temperature increment developed gradually as the latent heat was 

continually released. A s a response, a higher stress is required at every next stage of 

the deformation according to the Clausius-Clapeyron type relation. Thus the stress-

strain curve in the section of the transformation exhibits a positive slope nature to the 

isothermal stress-strain curve. 

For an imperfect adiabatic condition there is always some heat exchange during the 

deformation. Assuming the latent heats for the forward and reverse transformations 

are essentially the same (refer to section 4.1.3), the temperature of a specimen at the 

end of a deformation cycle will not be the same as at the beginning due to the heat 
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exchange. If the deformation cycle starts from the loading (parent phase), as adopted 

in the tests, the heat loss will bring the temperature to below the value before the start 

of the cycle, so that the next deformation cycle will start at a lower temperature as 

compared with the previous one. Consequently, the specimen will yield, in other 

wards the stress-induced martensitic transformation will start, at a lower stress. This 

explains the crossover of the stress-strain curve at the beginning of a cycle of 

pseudoelastic deformation. 

In the study of thermal effects,[239] a comparison was made between the values of 

stress increment measured at the end of the stress-induced martensitic transformation 

and that calculated by the Clausius-Clapeyron equation (equation (2.12)) using the 

data of temperature increase measured from the same test. The measured value of 68 

M P a compared well with the calculated value of 76 M P a . This agreement indicates 

that the thermal effect associated with the transformation enthalpy is the dominant 

component of the strain rate sensitivity of the alloy during stress-induced martensitic 

transformation. 

5.3 Constitutive Modelling 

The shape memory effect and related phenomena have been well investigated at both 

phenomenological and mechanistic levels. A s a group of phenomena, they have 

attracted some research interest in mathematically modelling the behaviour (section 

2.2.2). The behaviour, so far as the mechanical interest is concerned, fall into two 

basic types: pseudoelasticity and ferroelasticity. Both of the two processes exhibit 

hysteresis loops in the stress-strain plane. 

5.3.1 Existing constitutive models 

The two most successful constitutive models developed by Falk [130] and Sato et. al. 

[124] rationalize the various types of shape memory behaviour and a number of 
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characteristic features including transformation strain, stress and temperature 

hysteresis. 

5.3.1.1 A thermodynamic model 

Falk [130] proposed a thermodynamic model for shape memory behaviour based on a 

Landau free energy function previously developed for ferroelectric behaviour. 

Restricting the analysis to single crystals subjected to a pure share stress in <110> 

directions, Falk proposed a phenomenological free energy equation of the form 

F( E,T ) = aE6 - |5E4 + 8( T-Y ) E 2 + F0(T) (5.8) 

where F is the Helmholtz free energy, a, |J, 8 and y are material constants, E is the 

shear strain and T is the absolute temperature. 

From equation (5.8) it is seen that F is an even function of strain, and that at high 

values of temperatures there is only a single minimum at E = 0, reflecting the stability 

of the parent phase under zero stress conditions. Defining the shear stress as 

3F(E,T)/9E gives 

S( E,T) = 3F/9E = 6ocE5 - 4pE
3 + 28 (T-y) E. (5.9) 

Stress-strain curves representing the various shape memory phenomena may be 

constructed from equation (5.9) at different values of T by replacing unstable regions 

of the curves (i.e. negative 3X/9E) with constant stress lines connecting the stable 

portions of the curves. Shown in figure 5.32 are two predicted curves from the model 

representing pseudoelastic and ferroelastic behaviour. [130] It is seen that this model 

of polynomial function does not give a stress-strain relation during the transformation. 

Thus where the transformations occur, the stress-strain curves are assumed to be 

horizontal. However, in practice, the stresses for both forward and reverse 

transformations in pseudoelasticity (figure 5.12) or ferroelasticity (figure 5.14) vary 

during the transformations. Thus further refinements are required for the model to 
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accurately describe experimental data. 

(a) pseudoelasticity (b) ferroelasticity 

Fig. 5.32 Schematic diagram of Falk's model of pseudoelasticity 

and ferroelasticity [130] 

5.3.1.2 A thermomechanical Model 

Sato et.al. [124] have developed a thermomechanical model of the martensite 

transformation which in the case of uniaxial deformation results in a constitutive 

relation for the forward transformation ofthe form: 

e / eo = 1 - exp [ a M ( M s - T ) + p M a f ] (5.10) 

where aM and |3M are material constants associated with the forward transformation 

and M s is the martensite start temperature. In the development of equation (5.10) the 

strain is assumed to be proportional to the fraction of martensite presented (e >0). For 

the reverse transformation the corresponding expression is 

l - e / e o = l - e x p [ a P ( A s - T ) + |3par] (5.11) 

where ccp and Pp are material constants associated with the formation of the parent 

phase. Equations (5.10) and (5.11) may be used to predict stress-strain curves at a 

constant temperature or strain-temperature curves at a constant stress. A linear 
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temperature dependence of the stress to form martensite is also predicted by the model, 

which is in agreement with the thermodynamics of martensitic transformations. 

To produce a stress-strain curves at a constant temperature for pseudoelastic or 

ferroelastic behaviour using the model, equations (5.10) and (5.11) are rewritten as 

and 

CTf=pM_1[AM-ln(eo-e)/eo] 

Gr = pp-i[ln(e/eo)-AP] 

(5.12) 

(5.13) 

where A M = a M ( M s - T ) and A P = a P (As - T ). In figure 5.33, equations (5.12) 

and (5.13) are fitted to experimental data for a typical pseudoelastic cycle. The strain 

in this figure is rescaled by deducting the portion of elastic deformation from the 

original experimental data. The agreement between the experimental and calculated 

curves is reasonable except at the beginnings of the forward and reverse 

transformations. 
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Fig. 5.33 Sato's model of pseudoelasticity 
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5.3.2 Constitutive modelling 

5.3.2.1 A discussion on the strain dependence of stress for stress-induced 

martensitic transformation 

The constitutive relation between the stress and strain of a shape memory alloy in 

tension can be discussed using the thermodynamic equilibrium conditions of a 

thermoelastic transformation under the influence of a stress, as expressed in equations 

(4.10) and (4.11) 

P -» M : F A L = K j - T*P_M AS (4.10) 

M -> P: F AL = K2 - T*M_P AS (4.11) 

Differentiating equation (4.10) (equivalent operation can be applied to equation (4.11) 

for the reverse transformation) with respect to the transformation strain, under 

isothermal conditions, gives 

ALdF/de = dK!/de (5.14) 

Substituting equation (4.12) into (5.14) gives 

ALdF/de = dAGel/de (5.15) 

It is known that 

A L = eoL, F = aA, and A L = V (5.16) 

where EQ is the maximum transformation strain and L, A and V are the length, cross-

section area and volume of the specimen, respectively. The elastic energy term is a 

function of the transformation shape change, as discussed in section 4.2.3.1, 

transformation volume change and also depends on the interference between the stress 

fields of different martensite variants. For the reason of simplicity the elastic energy 

term in this discussion is written for an isolated martensite plate as 
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AG ei = VEe
2/2 (5.17) 

Substituting conditions (5.16) and (5.17) into equation (5.15) gives 

eoda/de = Ee (5.18) 

a = Ee2/2eo + a0 (5.19) 

In the equation a is the stress for inducing martensitic transformation and e is the 

strain associated with the transformation. The transformation strain takes the value 

zero when the transformation starts. The integration constant GQ is the critical stress at 

the start of the transformation, i.e. the elastic limit of the thermal martensite of the 

specimen. This elasitic stress is a function of temperature as well as strucutral 

obstacles ect. 

It is seen that the elastic deformation regions before and after the stress-induced 

martensitic transformation are not included in equation (5.19). In these two regions 

the deformation behaviour obeys the Hooke's Law. Involving the elastic deformation 

regions, the stress-strain curve of the stress-induced martensitic transformation can be 

predicted as 

G = EiE (0<e<e ei) (5.20.a) 

a = E(e - eei)
2/2e0 + aei (eel < e < EQ) (5.20.b) 

a = E2(e - e0)+ a0 (e > e0) (5.20,c) 

where aei and eei are functions of temperature and dependent to each other. 

A schematic diagram of the curve predicted by the above equations is shown in figure 

5.34. It is seen that the curve successfully simulates the shape of the stress-strain 

curve of stress-induced martensitic transformation. However, for a precise modelling 

it remains rather primitive. The equations do not match experimental curves well at the 

beginning of the transformation. Experimental curves show a reasonably flat section 
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in the middle of the transformation while this model predicts a non-negligible positive 

slope. The stress-strain curves of pseudoelasticity can be affected by many factors, 

such as Luder's-type deformation (section 5.2.1), stress cycling (figure 5.12), 

development of internal stress fields and orientation of crystal grains. Those factors 

are neglected in the equations. 

Strain 

Fig. 5.34 Schematic diagram of a-e curve predicted by 

equations (5.27) and (5.28) 

5.3.2.2 An empirical model for the constitutive behaviour of pseudoelasticity and 

ferroelasticity 

In view of the limited ability of existing constitutive models to predict stress-strain 

behaviour associated with pseudoelasticity and ferroelasticity, an empirical expression 

has been developed for modelling the experimental behaviour 

Qf = o M + yM (e - eo) / [ ( BQM - e) (e - <K)M)] (5-21) 

and 

a r = a P + jp (e - EQ) / [ ( EQP - e) (e - EQP)] (5.22) 
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where af and a r are the stresses for the forward and reverse transformations 

respectively, a M , Y M and £ O M are constants associated with the forward half cycles, 

aP, Yp and eop are constants associated with the reverse half cycles, and 6Q is the 

thermoelastic strain. Comparisons of calculated and experimental curves of both 

ferroelasticity and pseudoelasticity are shown in figures 5.35 and 5.36. The strains in 

these figures are rescaled by deducting the portion of elastic deformation from 

the original experimental data, as well. A s shown in the figures, equations (5.21) and 

(5.22) allow both full and partial cycles to be accurately modelled. 

5.3.3 Non-constitutive behaviour 

Significant non-constitutive behaviour associated with plastic deformation was 

observed during the initial cycles in both the pseudoelastic tests. The progressive 

decrease in the stress required to initiate the martensitic transformation and the increase 

in plastic strain and decrease in the transformation strain during pseudoelastic cycling 

were in good agreement with previous measurements.[96] This behaviour is 

associated with the development of dislocation structures and local residual stresses 

which assist the formation of the stress-induced martensite. After a sufficiently large 

number of cycles, the development of the dislocation structure saturates and 

constitutive behaviour is observed, provided the cycle limits are not changed. A s 

shown in figures 5.18 and 5.24, a reduction in the cycling strain limit for more than 

one cycle results in further non-constitutive behaviour until a new steady state 

condition is reached. The multi-step curves of pseudoelasticity shown in figure 5.19 

are indicative of the non-constitutive behaviour when cycling strain limit is enlarged. 

Once again the behaviour is stabilized after a number of cycles at the new cycle limit. 

Due to the testing method a permanent strain is not capable of being directly detected in 

ferroelastic cycling. However, non-constitutive behaviour as indicated by the 

continued decrease ofthe stress hysteresis (figure 5.31) is still observed in the initial 
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cycles. A s a mechanical deformation process it is natural to assume that dislocations 

are generated during the cycling. It is only because of the alternating tension and 

compression procedures that the dislocations thus developed do not yield a strain at a 

macroscopic scale. Similar to pseudoelasticity, constitutive behaviour is obtained after 

a sufficiently large number of cycles and it remains under the restriction that the 

cycling strain limits are not changed. 



Chapter 6 

Two-Way Memory Training 

Shape memory alloys are well known to develop a two-way memory after repeated 

thermal-mechanical cycling, such that a reversible shape change accompanies the 

parent <-> martensite transformation in unstressed specimens. Two-way memory 

behaviour is generally associated with the formation and growth of preferred variants 

of martensite from the parent phase as a consequence of internal stresses, dislocation 

arrangements or retained martensite resulting from prior training cycles. The use of 

transformation cycling to achieve two-way memory is known as training. Owing to 

the lack of knowledge in the development of a significant two-way memory in NiTi 

alloys, a set of experiments were carried out in this study. The experimental methods 

have been discussed in section 3.2.5. This chapter reports the experiments and 

presents discussions on the factors influencing the development of two-way shape 

memory and its stability in cycling or heating. 

6.1 Results 

6.1.1 Thermal-mechanical training 

Cold rolled wire specimens of 0.87 x 0.87 mm2 were annealed for 1.8 ks at various 

temperatures prior to training. The training procedures, as introduced in section 

3.2.5, are schematically illustrated in figure 6.1. The main training procedure adopted 

was Al, in which a constant load was maintained through the whole cycle of cooling 

and heating. For each annealing temperature a few specimens were trained under 

different loads. 
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Fig. 6.1 Training procedures; load on, load off 

Typical strain-temperature curves of a training cycle (with load) and the subsequent 

two-way memory cycle (without load) associated with the Al procedure are shown in 

figure 6.2. During cooling an elongation strain, ê -, accompanied the forward 

martensitic transformation on reaching M s under the tensile load. During subsequent 

heating from below M f a strain, Ej-, was recovered through the reverse transformation 

to above Af, with the load opposing the process. The difference between the forward 

and reverse transformation strains was taken as the permanent strain, £p, which 

accumulated during cycling. After a number of training cycles the load was removed 

and the specimen was thermally cycled through the transformation temperature range 

again. From this load-free cycle, the two-way memory strain, Etw, and the 

transformation temperatures were measured. The training efficiency, •r]^, was 

evaluated as the ratio of the two-way memory strain, Etw, to the recoverable 

transformation strain Ej-. 
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6.1.1.1 Effect of training cycles 

It was found that all of the three strains, the transformation strain, E^-, two-way 

memory strain, E t w, and the cumulative permanent strain, £«, were functions of the 

number of training cycles. A typical set of training curves are shown in figure 6.3. 

The specimen was annealed at 938 K and then trained under a stress of 21 MPa. It is 

seen that both the permanent strain and the transformation strain increased with an 

increasing number of cycles. The measurements of E#, E ^ and £p of a specimen 

trained under a stress of 35 M P a are given in figure 6.4. The measurement of 

permanent strain increased with an increasing number of cycles. The strains £# and 

E ^ both increased with an increasing number of cycles, reached maximum values and 

saturated afterwards with a small negative slope. 

Cycles 

Fig. 6.4 Development of transformation strain, two-way memory strain 

and permanent strain during training 
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Figure 6.5 summarizes the effects of stress on the two-way memory training. The 

specimens were annealed at 938 K and trained under different levels of stress. 

Measurements of transformation strain E^. as a function of the number of training 

cycles are shown in figure 6.5(a), permanent strain £ p in (b), two-way memory strain 

E t w in (c) and training efficiency TIQ. in (d). 

For applied stresses less than ~60 MPa, E^ increased initially with an increasing 

number of cycles, N, reaching a maximum value at large N. The number of cycles 

required to reach the maximum value of % decreased with increasing stress. For 

stresses greater than -60 M P a the maximum value of Ejj occurred in the first one or 

two cycles and E ^ decreased with further cycles. The maximum value of the 

transformation strain, £tr(max)> increased approximately linearly with increasing 

stress as shown in figure 6.6. 

The two-way memory strain Etw increased with the number of cycles in a similar 

manner as E ^ for low training stresses. At higher stress values the maximum value of 

Etw w a s reached after one or two cycles and decreased with further training cycles. 

The effect of training stress on the maximum two-way strain, Etw (max)' *s a*so 

shown in figure 6.6. It is seen that the maximum two-way memory strain was low at 

both low and high training stresses and showed a peak value at an intermediate level 

of stress. The stress for which Etw(max) w a s the greatest was defined as the 

optimum training stress, a0pt. This optimum training stress is determined to be 35 

M P a for the annealing temperature of 938 K. 

The cumulative permanent strain Ep also increased with an increasing number of 

cycles with different rates according to the training stresses. Higher stress lead to a 

quicker accumulation and higher level of permanent strain. The accumulation of 
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permanent strain saturated to a very low rate after 70 cycles. The permanent strains 

measured after 70 cycles of training under various stresses are shown in figure 6.7. 

The training efficiency increased rapidly at the beginning and saturated afterwards 

with an increasing number of cycles in a similar way to the two-way memory strain. 

The characteristic training efficiency defined as the ratio of Etw(max) to ^ 

corresponding % is shown in figure 6.8. M a x i m u m values of J]^ of the order of 

8 5 % were achieved with low training stresses. The value of 1 % decreased with 

increasing training stress. However, for intermediate stresses continuation of training 

to a greater number of cycles than that required for £tw(max) resulted in T ^ reaching 

values as high as 9 7 % . This behaviour was associated with the decrease in % with 

an increasing number of cycles while E t w remained relatively constant. 
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6.1.1.3 Effect of annealing temperature 

Typical curves showing the effect of heat treatment temperature on the development of 

two-way memory are given in figure 6.9. The curves shown correspond to the 

optimum stresses for the particular heat treatment temperatures. The maximum value 

of the two-way strain, Etw(max)' ̂  number of cycles and the optimum stress, a0pt, 

required for £tw(max) w e r e all dependent on the heat treatment temperature. In figure 

6.10 measurements of £tw(max)> ̂ tr a n d a 0 p t are plotted as functions of the 

annealing temperature. M a x i m u m values of £tw(max)
 a n d Tltr of 4 % and 9 0 % 

respectively were obtained after annealing at temperatures between 870 and 950 K. 

As is evident in figure 6.10 the maximum values of Etw(max) are associated with the 

minimum values of a0pt. The increase in a0pt at higher and lower temperatures was 

accompanied by decreases in £tw(max) an^ ^tr 

Relating to the transformation behaviour, the effects of training stress and annealing 

temperature on the development of two-way memory are summarized in figure 6.11. 

In region I the specimens showed no transformation either in D S C measurement 

under zero stress or displacement measurement under a stress as high as 250 MPa, 

since the annealing temperature was too low to allow recovery or recrystallization of 

the deformed structure. In region II only the R transformation occurred and in region 

III both the R and martensitic transformations occurred. Region IV corresponds to 

the conditions of stress and annealing temperature where only the martensitic 

transformation occurred (no R transformation). The intersection of the boundary 

between regions HI and IV with the temperature axis gives the annealing temperature 

for which T R = M s at zero stress. The value of 853 K, determined by extrapolating 

the boundary to zero stress, is in excellent agreement with that determined from D S C 

measurements. Curve A represents the minimum stress required to develop a two-

way memory of greater than 1%, while curve B is the optimum stress to achieve 

maximum values of Etw. 
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6.1.1.4 Effect of transformation behaviour 

The region where a significant two-way memory ( £jw >1%) was developed, i.e. 

above curve A, falls entirely within region IV where only a single stage martensitic 

transformation occurred. The overlapping of curve A with the boundary between 

regions HI and IV suggests that a single stage martensitic transformation is essential 

for developing a substantial two-way memory. Therefore, the poor two-way 

memory in the specimens annealed at a low temperature (figure 6.10) is attributed to 

the R phase transformation which appeared as a separate stage of elongation in strain-

temperature training curves. 

As evidence, training curves of two specimens are shown in figure 6.12. The 

specimen shown in figure 6.12(a) was annealed at 768 K, which was below the 

recrystallization temperature, and then trained under a stress of 64 MPa. The first step 

of deformation in the strain-temperature curve in the figure was associated with the 
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stress-induced R transition and the second one was due to the martensitic 

transformation. After 10 cycles of training the stress was removed and the two-way 

memory cycle was measured. In this specimen a two-way memory strain of only 

0.6% was recorded, of which 0.3 was from the R phase transition. The specimen for 

figure 6.12(b) was annealed at 855 K, which was just above the recrystallization 

temperature, and trained by 45 MPa. The specimen showed only the martensitic 

transformation on the strain-temperature training curve. After 15 cycles of training the 

two-way memory strain in this specimen reached 3.6% . 
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Fig. 6.12 Training through martensitic and/or R transformation—SH alloy 
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To confirm the observation, four other NiTi shape memory alloys were tested as well. 

The training results and characteristics of the four alloys are presented in table 6.1 

Table 6.1 Alloy Characteristics 

Alloy Manufacturer Stress TR Ms Transformation Etw(max) 

(MPa) (K) (K) (%) 

F K Furukawa Electric 141 - 317 M 2.8 

S M Special Metals 125 295 285 R + M 0.8 

S U Sumitomo 100 306 296 R + M 1.2 

T M Timet 129 - 300 M 3.2 

All of the specimens shown in the table were annealed at 823 K for 1.8 ks prior to the 

training. It is seen that only the specimens which exhibited a single stage martensitic 

transformation acquired significant two-way memory after training. For the alloys 

which developed little two-way memory, a few more specimens were tested again 

after being annealed at higher temperatures so that no R transition was present during 

cycling. In this case they also acquired significant two-way memory strains. As 

representatives, training curves of specimens of the material S U annealed at 823 K 

and 923 K respectively, are shown in figure 6.13. Training with the R transition 

resulted in a two-way memory strain of 0.8% while training through only martensitic 

transformation developed a 3.7% strain of two-way memory in the material. 

It is known that the R phase transition in a NiTi alloy can be suppressed not only by 

annealing at high temperatures, but also by applying a sufficient stress (section 

2.3.1). Specimens of S H material (section 3.2.1) and S U material annealed at 768 K 

and 823 K respectively were trained under various levels of stress. The resulting 

two-way memory strains measured after 10 training cycles are plotted as a function of 
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applied stress in figure 6.14. Both alloys exhibited a two stage transformation 

behaviour, P—>R—>M, at low stresses and little two-way memory was developed 

under this condition. As the training stress increased to above a critical value the 

transformation behaviour changed from two stage to single stage P—>M, and 

associated with the change in transformation behaviour was a sharp increase in the 

two-way memory strain. 
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Under certain conditions significant two-way memory is also producible in some two 

stage transformation specimens by a large number of cycles, due to the fact that 

thermal cycling under a stress increases the martensitic transformation temperatures 

(section 2.3.5) and eventually suppresses the R transition. The specimens must be 

annealed at temperatures not much lower than the recrystallization temperature and 

trained under such stresses that the two stages of transformation are close to each 

other, due to the limited effect of cycling in increasing M s and M f temperatures. 

The two-way memory training through only the R phase transition was also tested. 

Figure 6.15 shows an example of the training curve of the test. The material used 

was S U and the specimen shown in the figure was annealed at 823 K. The training 

was performed under a stress of 64 M P a and the thermal cycle was terminated before 

the onset of the stress-induced martensitic transformation at the cold end. For the 

two-way memory cycles after training, the temperature was cooled well below M f to 

detect any possible two-way memory strain. The measurements of the transition 

strain and two-way memory strain are shown in figure 6.16. The two-way memory 

strain developed during R transition training was negligible. 
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6.1.1.5 Effect of training method 

Having clarified the effects of training parameters on the development of two-way 

memory, the effect of the training method was investigated. In addition to the 

constant load training, another three training procedures, as illustrated in figure 6.1, 

were performed. With procedures A l and A 2 the load was applied at T > Af and 

maintained during cooling to below Mf, thus causing stress induced martensite to 

form. With A l the stress was maintained throughout the cycle, while with A 2 the 

load was removed prior to heating and the reverse transformation occurred under zero 

stress. Procedures B l and B 2 correspond to the shape memory training 

procedure. [71,166] The specimens were cooled to below M f under no load and the 

stress was then applied, causing reorientation of the thermal martensite. With Bl the 

load was then removed prior to heating, while with B 2 the load was reduced to the 

same value as that used in procedures Al and A2, and maintained at that value during 

heating to above Af . 

The comparison of the four procedures was made on the basis of the optimum training 

conditions as suggested by figure 6.10. Specimens for the four training tests were 

annealed at the same temperature, 938 K. Minimum stresses were chosen to minimize 

the permanent strain. With procedures A l and A 2 a stress of 35 M P a was applied as 

suggested by figure 6.6. It is known that the stress required for martensite 

reorientation at a temperature below M f is considerably higher than that required for 

the formation of stress-induced martensite at around M s (section 5.1.3). The actual 

stress for martensite reorientation at 273 K is about 110 M P a for the specimen (figure 

5.8). Therefore, a higher stress, 124 M P a , was selected for procedures Bl and B 2 

than that used in procedures Al and A2. With B 2 the stress was reduced to 35 M P a 

prior to heating. 
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The measurements of E t w and Ep for the four training methods investigated are shown 

respectively in figures 6.17 and 6.18 as a function of the number of training cycles . 

Comparing A l and A 2 or Bl and B2, it is seen that the higher values of £ t w were 

obtained in the specimens allowed to transform to the parent phase under no load. 

Comparison between procedures A and B suggests that higher values of E ^ were 

exhibited by the process of thermal-stress induced martensite than the martensite 

reorientation. Another characteristic is the difference in permanent strains developed 

by training. More permanent strain was produced during the deformation process of 

martensite reorientation than during thermal-stress induced martensitic transformation. 

The difference of Ep between A l and A 2 or Bl and B 2 demonstrates the effect of 

stress on the reversion of the transformation. 

6.1.2 Reversion behaviour and permanent strain 

A behaviour of importance to two-way memory training and the application of two-

way memory property is the reversion performance during heating. A number of 

investigations have been carried out to evaluated the reversion characteristics in 

constrained specimens.[235-238] Apart from the knowledge that the reversion stress 

increases with increasing prior strain and temperature, little has been understood about 

the reversion process. A vital point concerning both training and application of two-

way memory is the maximum stress that can be withstood during reversion rather than 

the stress that can be achieved under a particular set of testing conditions. The failure 

of reversion occurs as a result of the development of permanent strain. A certain 

amount of permanent strain is believed to be essential for the two-way memory. 

However, excessive permanent strain may cause a reduction in the two-way memory 

strain as suggested by figures 6.6 and 6.7. Owing to this reason, some experiments 

on the reversion behaviour and the development of permanent strain during training 

were also carried out to investigate the effect of heat treatment and training stress. 
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The tests were performed using the same method as the two-way memory training. 

All of the measurements were made after the first cycle of cooling and heating. 

Typical cycling curves are shown in figure 6.2 and the quantities measured are also 

indicated in the figure. The cycling was started at the high temperature end and the 

load was applied prior to cooling. The forward transformation strain, E#, and the 

reversion strain, Er, were determined directly from the curves. The permanent strain at 

the end of the cycle, Ep, was measured after removing the load. This permanent strain 

can be split into two parts, the permanent strain associated with the forward 

transformation, Epf, and that associated with the reverse transformation, Epr. The 

permanent strain occurring during the forward transformation, Epf, was obtained by 

removing the load at the end of the cooling cycle and heating under zero load. It was 

assumed that no permanent strain accompanied the reversion process under zero 

stress. The Epr equals simply the difference between £p and Epf, £pr = (Ep - Epf). A 

calculated value of Et = (£# - Epf) is considered to be the total recoverable strain. The 

ratio of the reversion strain to the total recoverable strain is taken as a measure of the 

reversibility or reversion efficiency. 

6.1.2.1 Effect of stress 

In figure 6.19 the reversion efficiency £r / £t is plotted as a function of applied stress 

for specimens heat treated at 976 and 1189 K, respectively. It is seen that the 

reversion efficiency decreases almost linearly with increasing stress from a value of 1 

at a = 0. The specimens heat treated at 1189 K showed a slightly higher reversion 

efficiency than those heat treated at 976 K. 

The poor reversion efficiency at high stresses resulted from the high permanent strain. 

Figure 6.20 shows the effect of applied stress on the permanent strain occurring 

during reversion for the specimens annealed at the same temperatures as above. In 

these tests the specimens were cooled under the same stress to provide a constant 
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starting condition for the reversion half cycle, and the stress was changed to the 

different testing value at the start of heating. The two arrows in the figure indicate the 

tensile slip-yield stress of the parent phase for the two annealing temperatures. It is 

seen that the permanent strains increase slowly with increasing stress at very low 

stresses. The increase is steady in the medium stress range but changes to a high rate 

when the stress exceeds the yield limit. In agreement with figure 6.19, specimens heat 

treated at 1189 K showed slightly lower values of Ep than those heat treated at 976 K. 

6.1.2.2 Effect of annealing 

The effect of annealing was investigated over a temperature range from 650 to 1200 

K. In figure 6.21 the permanent strain associated with the forward transformation is 

plotted against annealing temperature for three different levels of applied stress. As 

would be expected, the values of Epf increased with increasing stress. M a x i m u m 

values of Epf occurred for specimens annealed in the medium temperature range, in 

agreement with the mechanical behaviour tests. For annealing temperatures less than 

720 K, no permanent strain was measured under the stresses used. 

6.1.2.3 Distribution of permanent strain 

Comparison of figures 6.20 and 6.21 shows that for the same applied stress and 

annealing temperature the permanent strain occurring during reversion substantially 

exceeds the permanent strain occurring during the forward transformation. Selected 

values of Epf and £pr as well as reversion strain, 6|> are given in table 6.2. 

The distribution of permanent strain during the cycle was determined by applying a 

load through to various stages of the cycle, removing the load and completing the rest 

of the cycle under zero stress. In figure 6.22 the fraction of the total permanent strain 
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is plotted as a function of the fraction of cycle completed. The cycling was carried out 

using a specimen annealed at 1189 K and under a stress of 245 M P a . It is evident 

from the figure that Epf is uniformly spread over the cooling half cycle. However, the 

distribution of Epr appears to be somewhat more concentrated near the beginning of 

the reversion than near the end. 

Table 6.2: Values of reversion and permanent strains 

Ann. Temp. 
(K) 

976 

1076 

1189 

a 
(MPa) 

127 

186 

245 

Er 

(%) 

3.8 

3.5 

2.8 

Epf 
(%) 

0.6 

1.5 

1.3 

epr 
(%) 

1.9 

2.4 

2.8 

6.1.2.4 Relation between permanent strain and two-way memory 

It was also attempted to identify the relation between the permanent strain and two-

way memory strain developed during training. Figures 6.23 and 6.24 illustrate some 

data from the training tests under different stresses or through different procedures. It 

is seen that there is not a uniquely defined relation between the two strains. The 

relation between the two depends rather on the training stress or method used. The 

major portion ofthe two-way memory strain can be obtained with a permanent strain 

less than 1 % (figure 6.23). Exceeding permanent strain does not contribute to the 

two-way memory; instead smaller two-way memory strain was obtained in association 

with high permanent strain (figure 6.24). 
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6.1.3 Cycling and stability of two-way m e m o r y 

As functional elements in applications, shape memory alloys in many cases undergo 

cyclic mechanical deformation, thermal change or combinations of the above two. It is 

known that cycling changes the transformation characteristics of a shape memory alloy 

(section 2.3.5). To supplement the understanding of the effects of various types of 

cycling on the transformation characteristics of NiTi shape memory alloys, 

experiments on thermal cycling, mechanical cycling (pseudoelastic and ferroelastic 

cycling) and thermal-mechanical cycling (two-way memory training) were conducted 

in this study. Besides the interest in the change of transformation characteristics, the 

stability of the two-way memory developed by training was another main concern of 

the tests. The effect of working temperature on the stability of the two-way memory 

was also investigated 

6.1.3.1. Thermal cycling 

Thermal cycling tests were performed between two liquid temperature baths of 220 K 

and 360 K, respectively. Specimens for these tests were previously annealed at 923 

K. The annealing resulted in a single transformation between the parent phase and 

martensite (figure 4.2). Transformation characteristics of the specimens were 

measured using differential scanning calorimetry after a certain number of thermal 

cycles. A set of D S C curves of the specimens after various numbers of thermal cycles 

are shown in figure 6.25. 

It is seen that all of the four critical temperatures, As, Af, Ms and Mf, decreased with 

an increasing number of cycles. The measurements of the four temperatures from the 

D S C curves are shown in figure 6.26. As M s and M f decreased an exothermic heat 

peak associated with the R phase transition on cooling developed after a number of 
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cycles. The temperatures at the maximum heat flow of each transformation peak on 

D S C curves were measured as the positions for the three transformations. The 

measurements are shown in figure 6.27. After a shift to lower temperatures in the 

initial 60 cycles, the reverse transformation temperature became fairly stable with 

cycling while that of the martensitic transformation continuously decreased with a 

slow rate, resulting in a further separation of the two peaks. The R transition 

remained independent of cycling once it appeared. The transformation hysteresis, 

measured as the difference between the temperatures, is given in figure 6.28 as curve 

A. Also illustrated in the figure are the temperature gaps between the reverse 

transformation and the R transition (curve B ) and the R transition and martensitic 

transformation (curve C). It is obvious that A = B + C. 
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Thermal cycling also changed the transformation enthalpy. Since the cooling 

transformation was split into two stages, P-»R and R - » M , only the heating 

transformation from martensite to parent phase was measured. The measurement of 

the latent heat of the reverse transformation is shown in figure 6.29 as a function of 

the number of cycles. It is seen that the latent heat of the transformation decreased 

rapidly at beginning and saturated at a low level after a large number of cycles. 
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Fig. 5.29 Effect of thermal cycling on transformation enthalpy change 

6.1.3.2. Thermal-mechanical cycling 

After annealing at 823, 938, 1076 and 1153 K, respectively, the specimens were 

trained under different stresses. The procedures of the training and the determination 

of the transformation temperatures were as illustrated in figure 6.2. The 

measurements from the tests of different combinations of annealing temperature and 

cycling stress demonstrated a similar effect of the cycling which eventually increased 

the M s and M f temperatures while decreasing the A s and Af temperatures. As an 
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example the measurements of transformation temperatures from the specimen which 

was annealed at 1076 K for 1.8 ks and then trained under a stress of 103 M P a are 

shown in figure 6.30. 
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Fig. 6.30 Effect of training on transformation temperatures 

It can be seen that the reverse transformation temperatures A s and Af decreased 

sharply in the initial cycles and became reasonably stable after 100 cycles. The effect 

of the cycling on the martensitic transformation temperatures M s and M f is different. 

Both M s and M f decreased at the beginning and then increased after the first few 

cycles. It took a larger number of cycles (500 cycles) for the M s and M f to stabilize as 

compared with A s and Af. It can also be seen from the figure that the transformation 

temperature intervals, defined as A M = (M s - Mf) for the forward and A A = (Af - As) 

for the reverse transformations, respectively, were broadened by training. 

Measurements from the figure show that A M increased from 11 K to 18 K after 100 

cycles while A A increased from 8 K to 13 K. The transformation intervals stayed 

nearly unchanged afterwards along with the transformation temperatures. 
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The temperature hysteresis between the two transformations was measured at the half 

strain as AT. Measurements of A T from the same test as above are shown in figure 

6.31. The transformation hysteresis decreased significantly within the first 300 cycles 

and saturated afterwards at a level of 15 K, half of the value of hysteresis before 

training. Examining figure 6.30 closely, it can be seen that there is little net change for 

M s and M f after the cycling. The decrease in transformation hysteresis is thus 

basically due to the shift of the reverse transformation towards low temperatures. 
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Fig. 6.31 Effect of training on transformation hysteresis 

Transformation enthalpy change was also measured using DSC. Measurements from 

the specimens annealed at 803 and 1153 K respectively are given in table 6.3. In the 

table, (AH) 0 is the transformation enthalpy change measured before training while 

(AH)tr is that measured after training. After training the specimens were reheated to 

elevated temperatures and then ( A H ) ^ was measured. The figures given in the 

brackets following the values of (AH)h indicate the reheating temperatures in Kelvin. 

All of the enthalpy measurements shown in the table were made on the M - » P 

transformation during heating. 
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Table 6.3 Effect of training on transformation enthalpy change 

Annealing Stress Cycles (AHM^P)0 (AH
M^p)tr (AHM_*p)h (AH)tr/(AH)0 

(K) (MPa) (J/g) (J/g) (J/g) (%) 

823 121 10 20.5 14.1 21.3(623) 72 

1153 121 15 17.1 9.7 13.3(533) 56 

It is seen that the transformation enthalpy change was significantly decreased by the 

thermal-mechanical cycling. After 15 cycles of cycling under a stress of 121 MPa, for 

example, only 5 6 % of the original value of transformation enthalpy was measured. 

Reheating to elevated temperatures restored the level of transformation enthalpy, with 

the extent depending on the actual temperature reached. For the effect of reheating 

after training, more results will be given in section 6.1.3.5. 

6.1.3.3. Mechanical cycling 

The mechanical cycling tests through pseudoelastic and ferroelastic processes has been 

discussed in Chapter 5. The results from the pseudoelastic cycling test discussed in 

section 5.1.5.1 are summarized as follows: The critical stress for inducing the 

martensitic transformation decreased progressively during cycling with a decreasing 

rate, while the stress associated with the initiation of the reverse transformation 

remained approximately unchanged. The transformation stress hysteresis was found 

to decrease from 413 M P a to 113 M P a after 370 cycles. W h e n the deformation 

process became saturated, the characteristic temperatures for the forward and reverse 

transformations were estimated, using the Clausius-Clapeyron theory, to be 39 K and 

4 K above the original values respectively after 370 cycles of deformation. 

Equivalently, the transformation temperature hysteresis was found to be decreased by 

74 K. 
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6.1.3.4 Stability of two-way memory in thermal cycling 

It is known that thermal cycling changes the configuration of dislocations. As a stress 

affected process, a thermoelastic martensitic transformation will thus be affected as 

well by the cycling. For this reason an understanding of the stability of two-way 

memory developed by the thermal-mechanical training needs to be established. The 

stability of two-way memory during thermal cycling was studied in this program using 

specimens annealed at 938 K. The specimens were first trained under a stress of 35 

M P a for 700 cycles. After the training the specimens exhibited a two-way memory 

strain of 3.4% and a permanent strain of 2 % . The thermal cycling was carried out on 

the training machine under zero stress. The two-way memory strains, as well as the 

transformation temperature characteristics of the specimens, were measured at 

different stages of the cycling up to 5000 cycles. The effect of thermal cycling on the 

transformation temperatures is shown in figure 6.32. It was found that the cycling 

under no load did not affect the A s and Af temperatures. The M s and M f temperatures 

initially decreased and then increased with an increasing number of cycles, eventually 

reaching constant values after a sufficiently large number of cycles. Overall the M s 

increased by ~4 K and M f increased by ~6 K 

Measurements of the effect of cycling on E^ are shown in figure 6.33. It is seen that 

there was not a substantial net change in the two-way memory strain after 5000 cycles 

of thermal cycling, although a small variation occurred during the initial cycles. 

6.1.3.5 Degradation of two-way memory at elevated temperatures 

The rearrangement of dislocations and thus changes to the two-way memory 

behaviour may also occur as a result of exposing a specimen to elevated temperatures. 

Specimens annealed at 823 and 1153 K respectively were first trained under a stress 

of 125 M P a for 10 cycles to obtain a two-way memory before being heated to 
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temperatures between 500 and 780 K. After holding the specimens at the temperatures 

for different periods of time, the two-way memory was re-measured. In figure 6.34 

measurements of two-way memory strain for the specimens annealed at 823 K are 

plotted as a function of heating time for three different temperatures. It is seen that the 

two-way memory decreases with increasing holding time at the elevated temperatures. 

The rate of decrease increases with increasing temperature. 

two-way strain 823 K annealed 
125 M P a trained 
for 10 cycles 

623 K 

0 

723 K 

1 "" 

0 200 400 600 800 1000 1200 

Time (sec) 

Fig. 6.34 Degradation of two-way memory at elevated temperatures 

Data of the two-way memory strain for additional temperatures are plotted against 

logarithmic time in figure 6.35. The curves show linear relations for all temperatures. 

The results indicate that the degradation of E ^ may be separated into high and low 

temperature regions. Specimens held at low temperatures (T < 623 K ) exhibited a 

time independent (instantaneous) decrease in £tw. The decrease was larger with higher 

temperatures. At higher temperatures a time dependent decrease in £ t w was also 

observed in addition to the instantaneous decrease. The two stages are clearly evident 

in figure 6.36, where £ t w is plotted as a function of temperature using data 

interpolated from figure 6.35. 



£ 

tl 
C/3 

3" 

2-

1" 

0 

823 K annealed 
125 M P a trained 
for 10 cycles 

two-way strain 

523 K 

10 

573 K o D 
13-

10 

Fig. 6.35 Degradation of two-way memory as a function of logrithmic time 

3" 

C 9 

U 
oo 

1-

0 

two-way strain 

500 

0 sec. 

10 sec. 

30 sec. 

100 sec. 

300 sec. 

1000 sec 

823 K annealed 
125 M P a trained 
for 10 cycles 

600 700 

Temperature (K) 

800 

Fig. 6.36 Degradation of two-way memory as a function of temperature 



211 

The transformation characteristics of the trained specimens after heating were also 

investigated using D S C . A specimen previously annealed at 888 K was used. After 

being trained under a stress of 45 M P a for 10 cycles, the specimen possessed a two-

way memory strain of 3.5% and a permanent strain of - 1 % . The specimen was 

progressively heated from room temperature to 523 K for 300 s, 598 K for 420 s and 

723 K for 1200 s and the D S C measurements were made at each stage of the heating. 

Figure 6.37 shows the effect of heating on the D S C curves. It is seen that both the 

martensitic transformation and the reverse transformation shifted to high temperatures. 

The transformation enthalpies were also measured. The values of transformation 

enthalpies measured during both heating and cooling are shown in figure 6.38 as 

functions of heating temperature. It is seen that both values increased while the heat 

lost through a thermal cycle, measured as A(AH), was decreased. 

6.2 Discussion 

6.2.1 The thermal-mechanical training of two-way memory 

The present results of training show that the development of significant two-way 

memory behaviour in NiTi is dependent upon both the details of the training procedure 

and the metallurgical characteristics of the specimen, which in turn is dependent upon 

the prior mechanical and thermal treatment for a given composition. Two-way 

memory is generally associated with the development of local internal stress fields and 

dislocation structures during the training procedure, which bias the orientation of 

martensite variants formed during the subsequent thermal cycling. [165] While 

previous investigations have emphasized the role of permanent strain in providing the 

dislocation substructure necessary to favour the formation of a particular martensite 

variant, the present measurements show that optimum values of Etw are obtained for 

training and heat treatment conditions which minimize training stresses and the build

up of permanent strain during training. 



212 

o 
cn 

o 
CS 
cn 

w 

AVOy JB9H 

o 
o cn 

o 
oo <N 

O 

O 

cn 

o 
in 
cn 

O 
cn cn 

o 
< — 1 

cn 

o i-< 
H 
cd 
<D 

1 

& 

o 
M 

1 IH 

1 
1) H 

|H 
13 
O 
• rM 

> cd 
X! 

XI 
c 
o 
•a 
cd 
,o 
<+H 

£ 
c 
o 
bfl 

a 
C 

• i—i 

cd 

fa 
IH 

O 

a 
s 
cd £ 
O 

B 
u 
«« 
cd 

M 
C cd 1) 
X 
<+H 

O 
o 
to 
W 
cn 

ô 
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Fig. 6.38 Effect of heating after training on transformation enthalpies 

6.2.1.1 Training stress 

The increase in the transformation strain with increasing stress is in good agreement 

with previous investigations.[77,98,lll] The m a x i m u m transformation strain is 

limited by crystallographic considerations. The low transformation strains at low 

applied stresses indicate that substantial self-accommodation of the martensite variants 

still exists. There are two possibilities for the partial self-accommodation: 1) only 

some of the self-accommodation groups have decomposed; 2) a partial reorientation of 

the variants in each self-accommodation group has occurred. For the first possibility 

to be correct, there must be an non-uniform stress distribution if the concept that the 

self-accommodation configuration is decomposed at a critical stress is to be accepted. 

This stress is the effective stress acting on the shear system in a twinning plane since 

the decomposition of a self-accommodation occurs through the detwinning process. 
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Thus the inhomogeneity of the stress distribution m a y arise from the different 

orientations of the self-accommodation groups even under a uniformly applied external 

stress. The second possibility suggests that different values of stress are required for 

different variants in one self-accommodation group to reorient to join the most 

favoured variant. Thus at low stresses only some of the variants reorient while others 

wait for higher stresses. At high stresses the produced strain m a y increase beyond the 

crystallographic limit allowed by the transformation due to the introduction of 

dislocations and other defects. The excess part of the strain is irrecoverable. 

6.2.1.2 Training cycles 

The increase in transformation strain with an increasing number of training cycles at 

low stresses indicates that the dislocation structure developed during the preceding 

cycling assists the formation and growth of the stress directed martensite variants in 

subsequent cycles. The decrease in transformation strain on cycling at high stresses or 

for a high number of cycles m a y be due to two reasons. Excess dislocations produced 

under these conditions complicates the internal stress fields so that they do not assist 

the formation of the preferentially oriented martensite. They m a y even become 

obstacles to the preferential formation of martensite since it will be less able to realize a 

macroscopic shape change in a dislocation tangled matrix. This results in the 

formation of multi-variant structures, instead of a single-variant structure which yields 

the m a x i m u m transformation strain. Alternatively, these stress fields m a y cause 

incomplete transformation. The incomplete transformation m a y occur by either more 

parent phase persisting at lower than M f temperature or some martensite remaining 

from transforming back to parent phase at above the A f temperature. Retained 

martensite variants have been observed at temperatures above A f in a Cu-Zn-Al alloy 

after two-way memory training.[168] 
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6.2.1.3 Optimum training conditions 

As a consequence of the decrease in E^ with increasing stress and with an increasing 

number of cycles at high stresses, there is an optimum stress for a given number of 

training cycles (or optimum number of training cycles for a given stress) required to 

produce the m a x i m u m value of E t w. The optimum training cycles/stress corresponds 

closely to the minimum number of cycles/stress required to produce a full one-way 

transformation strain. For lower cycles/stress, £t w is restricted by the magnitude of 

the one-way strain developed. At higher values of training cycles/stress, £ t w 

decreases as the permanent strain increases, indicating that above a critical point 

dislocations and plastic strain introduced by cycling cause a degradation of the two-

way memory. The optimum conditions to achieve maximum two-way strains are not 

critical, due apparently to the low value of stress required to form oriented martensite 

relative to the yield stresses ofthe martensitic and parent phases. 

The optimum stress, taking the annealing temperature of 938 K as an example, is 35 

M P a as shown in figure 6.6. For stresses higher than 35 M P a , the final one-way 

transformation strains are nearly the same (figure 6.5.(a)) but the permanent strains are 

substantially higher (figure 6.5.(b)). For stresses lower than 35 M P a , the permanent 

strain is smaller and the one-way strain is also smaller. The optimum number of 

training cycles decreases with higher training stresses (figure 6.5.(c)). This is due to 

the fact that the full transformation strain is reached earlier (figure 6.5.(a)) and that the 

subsequent cycling merely causes more permanent strain (figure 6.5.(c)). Excess 

permanent strain does not favour the two-way memory, as discussed above. 

Therefore, the optimum training stress/cycles for two-way memory is that which 

results in the least permanent strain while producing a full one-way strain. 

This conclusion is particularly evident from comparison of the curves for training 

procedures A l and A 2 in figure 6.17. With procedure A 2 the stress was removed on 
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reaching the minimum cycle temperature and reversion to the parent phase occurred 

under zero stress. A s shown in figure 6.22 the permanent strain is not uniformly 

distributed over the cycle, but rather approximately 7 5 % of the permanent strain 

occurs during reversion and only 2 5 % during the forward transformation. It is 

apparent, therefore, that the higher values of E ^ exhibited by specimens trained using 

procedure A 2 are associated with the lower values of Ep. 

6.2.1.4 Other methods of training 

Training procedures Bl and B2 involve the process of stress directed reorientation of 

martensite variants rather than the transformation of stress-induced martensite as 

occurred for A l and A2. The higher values of E ^ exhibited by procedures A l and A 2 

relative to B 1 and B 2 phenomenologically agree well with previous studies in copper 

based alloys. [71] A n investigation [166] in CuZn single crystals showed that the 

formation of stress induced martensite associated with pseudoelastic training resulted 

in the formation of single martensite variants during subsequent thermal cycling, while 

multiple variants were found after shape memory training. It is not clarified in this 

study if the conclusion applies to the present case. However, at least one point is 

clear. Substantially higher permanent strain were produced through training 

procedures Bl and B 2 than A l and A2. The discussion that exceeding permanent 

strain prohibits the formation of a single variant structure of martensite is consistent 

with the above observation made in a CuZn single crystal. [166] 

With the present results, a direct comparison of the effectiveness of the two training 

methods is not possible because of the high stress (>110 M P a for specimens annealed 

at 938 K ) required for martensite reorientation. From figure 6.24 it is apparent that 

substantial plastic deformation and a reduced value of Etw wil1 accompany thermal 

cycling under this stress. It was therefore decided to attempt to compare the two 

methods under conditions of optimum stress for procedure A, using the same stress 
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during the reversion stage of procedure B after martensite reorientation at a stress of 

110 M P a . Nonetheless, it is clear that the two-way strains for procedure A l and A 2 

are substantially higher than those for Bl and B2. Whether this is due to the lower 

stress used or to the higher inherent training efficiency associated with the formation 

of stress directed martensite, or both, cannot be unambiguously determined from the 

present results. 

6.2.2 Heat treatment 

6.2.2.1 Effects of annealing and stress on transformations 

The effect of heat treatment on the two-way memory training is summarized in figure 

6.11 in relation to the transformation behaviour. The R phase transition always 

appears earlier than martensitic transformation when the annealing temperature is 

increased (also refer to figure 4.2). This is due to the fact that the rhombohedral R 

phase has a much smaller lattice distortion from the parent phase compared with the 

monoclinic martensite. In the harsh situation of the high dislocation density after cold 

work, it is very difficult to realize the large transformation shape change associated 

with the martensitic transformation. The R phase, on the other hand, is not affected 

too seriously by the internal stress fields because of its very small transformation 

strain. This is consistent with the fact that T R shows only a small stress dependence 

in tensile tests and that it is hardly influenced by cycling. In figure 6.11 the boundary 

between region I and region II is quite steep, indicating that an applied stress does not 

promote the R phase transition significantly. In contrast, the boundary between 

regions II and III lies in an inclined position. This is indicative of the effect of an 

external stress in assisting the martensitic transformation. In a structure of high 

dislocation density where the martensitic transformation does not occur, an external 

stress can apparently force the matrix to accommodate the strain accompanying the 

formation of martensite. Thus, a specimen previously showing only the thermal R 
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transition may exhibit a partial martensitic transformation in the presence of an external 

stress. The boundary between regions III and IV decreases in temperature with 

increasing stress. This behaviour is due to the fact that the temperature difference (TR-

M s ) at zero stress between the R phase and martensitic transformations increases as 

the annealing temperature decreases. It is known that the stress dependence of the 

martensitic transformation temperature is substantially greater than that of the R 

transition so that a sufficiently high stress may bring M s to above T R temperature and 

a single stage martensitic transformation results. The lower the annealing temperature 

in this range, the larger the difference between the two temperatures and the higher the 

stress required to suppress the R transition. 

6.2.2.2 Effect of annealing on two-way memory 

The measurements in figure 6.10 show that maximum values of £tw and r|tr are 

exhibited by specimens heat treated in the temperature range of 850-950 K and 

correspond to the minimum values of the optimum training stress. The minima 

exhibited by curves A and B in figure 6.11 are consistent with the results of the tensile 

tests (figures 5.8 and 5.9). The stresses required for the stress-induced martensitic 

transformation and martensite reorientation show minimum values after annealing in 

this temperature range. The low resistance to twinning allows the application of a 

small stress in training and this makes it possible to realize the full one-way memory 

strain while minimising plastic strain. 

It is seen from figure 6.10 that Etw decreases while aopt increases with decreasing 

annealing temperature. Specimens annealed at low temperatures are distinguished 

from those annealed at high temperatures by two major features: a high density of 

dislocations prior to recrystallization and the presence of the R transition (figure 4.2). 

These two features m a y both affect the two-way memory training. A s discussed 

earlier (section 5.2.3), the stress which causes stress-induced martensitic 
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transformation is an effective stress, obtained by subtracting internal stress from the 

external stress. The existence of a high dislocation density will increase the internal 

stress and hence the minimum applied stress for inducing the transformation during 

training, thus increasing a0pt. 

For two-way memory strain, it is believed (section 2.2.5) that the dislocations 

developed during training guide the formation of preferential variants of martensite so 

that the two-way memory is obtained. It is shown in figure 6.21 that the permanent 

strains developed during training are negligible in specimens annealed at temperatures 

lower than 780 K. The effect from this small number of dislocations on guiding the 

formation of a preferential orientation of martensite can hardly be significant compared 

with the much stronger influence of the stress fields associated with the high 

dislocation density introduced by cold-working. Therefore, a significant two-way 

memory is absent. 

The transformation behaviour, on the other hand, may also affect the two-way 

memory. The poor two-way memory is observed to be associated with the existence 

of the R phase transition. A s discussed earlier (section 2.2.5), the dislocations 

developed during training are believed to have a special structure so that they form a 

particular stress field which promotes the two-way memory.[162,171] The effect of 

the dislocation structure is related to the arrangement of dislocations relative to the 

parent phase matrix. [168] In the case where the R transition proceeds prior to the 

martensitic transformation, the relative arrangement between the dislocations and the 

new matrix, the R phase, is no longer the same as in the parent phase. The stress 

fields associated with this R phase dislocation structure may not necessarily be still 

effective in guiding the formation of a preferential configuration of martensite; thus a 

low two-way memory is obtained. 
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The discussions given above suggest two explanations on the low two-way memory 

in specimens annealed at low temperatures. Of the two mechanisms, which is the real 

reason or the dominant one is yet to be answered and more discussion will be given in 

section 6.2.4. 

The two-way memory is also low when the annealing temperature is too high. The 

decrease in E ^ at high annealing temperatures is accompanied by an increase in a0pt. 

The increase in a0pt is apparently a result of the strengthening in mechanical 

properties. The stresses required for the stress-induced martensitic transformation, 

martensite reorientation and the slip of parent phase all increase with increasing 

annealing temperature to above 1000 K in a similar manner as shown for curves A and 

B in figure 6.11, due to the higher stress required for slip and twinning. However, 

the reason for the strengthening effect of high temperature annealing is yet to be 

clarified (section 5.2.2). 

6.2.3 Dislocations 

6.2.3.1 Dislocations and two-way memory 

As discussed previously, two-way shape memory training is basically a procedure to 

develop dislocation arrangements which guide the formation of martensite variants of a 

preferred orientation to give a net shape change. Although the development of a two-

way memory during training is always associated with permanent deformation, there 

is not necessarily any direct relationship between the two-way memory and the plastic 

strain. This can be seen in figures 6.23 and 6.24. This is due to the fact that on;y a 

small number of dislocations are necessary to develop the two-way memory, as 

evidenced by the small permanent strain in figures 6.5 (b) and (c). Less than 1 % of 

overall permanent strain is enough to provide 3.5% two-way memory strain. 
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Furthermore, even in this 1 % permanent strain, there is no reason to believe that all the 

dislocations generated contribute to the development of the two-way memory. From 

an engineering point of view, it is impossible to identify the relation between the 

magnitude of two-way memory and the dislocations generated by the training. 

However, there are still some aspects about the role of dislocations requiring 

discussion. At low training stresses, £ t w is nearly proportional to %, as shown in 

figure 6.39. The near linearity suggests that the dislocation structure responsible for 

the growth of the transformation strain with cycling is also responsible for the 

development of the two-way memory. It has been pointed out that both % and Ejw 

decrease above a certain permanent strain (dislocation density) (section 6.2.1). The 

decrease in training efficiency (figure 6.8), T|tr, which is a measurement of the ratio 

E ^ / % , observed in specimens trained under high stresses further suggests that Etw 

decreases by a greater portion. This is probably due to the fact that the influence from 

the internal stress fields associated with the dislocations is less dominant in the 

stressed cycles (%) than in non-stressed cycles (Etw)-

•a 
ti 
Vi 

i 

o 
•S 

Transformation strain (%) 

Fig. 6.39 Relation between two-way memory strain and transformation strain 
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6.2.3.2 Dislocations and transformations 

Phase transformations in shape memory alloys are basically thermoelastic types 

involving a microscopic shape change and a small volume change. Thus they will 

unavoidably be influenced by stress fields, either internal or external, as has been 

discussed in Chapter 1. The internal stress fields are most directly related to 

dislocation structures. Dislocations can be generated or rearranged by many different 

means, including cold-working, annealing, deformation and transformation cycling. 

Regarding the mechanics of the methods, the production of dislocations can be 

classified into two types: stress-guided processes, such as stress cycling in tension 

(pseudoelasticity) and thermal cycling under load (training), and non-stress-guided 

processes, for example, cold work by rolling and thermal cycling under no load. The 

former is intended to produce selective dislocations which form preferential structures 

and develop preferential stress fields. The latter is more likely to produce dislocations 

which are randomly distributed and arranged. 

A preferential stress field may assist or resist a stress-induced transformation, 

depending on its orientation relative to the external stress. In general cases of 

pseudoelastic cycling and two-way memory training, the stress fields associated with 

the dislocations assist the transformation. A s a consequence, the critical (external) 

stress for transformation is decreased during pseudoelastic cycling (figure 5.12), 

transformation hysteresis is reduced by training (figure 6.31), and two-way memory 

is developed (section 6.1.1). 

Randomly distributed dislocations act as obstacle to transformations (section 4.2.1.3). 

Consequently, the critical stresses for parent phase yielding and inducing martensitic 

transformation are increased after cold working (figures 5.8 and 5.9), the 

transformation hysteresis is widened (figure 4.4), M s temperature is decreased 

(figures 4.2 and 6.26) and R transition is revealed (figure 6.25). Similar results are 
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also reported in other investigations. [110,147,210] Increasing the annealing 

temperature before recrystallization increases M g / M f temperatures of specimens 

previously cold-worked,[147] suggesting an impediment of the randomly arranged 

dislocations to the martensitic transformation. 

6.2.4 The transformation dependence of two-way memory 

It has been experimentally shown that the single stage martensitic transformation is 

essential for developing a significant two-way memory in near equiatomic NiTi 

alloys. The present measurements confirm a previous investigation [102] over a wide 

range of alloys and conditions, which concluded that two-way memory is greatly 

reduced by the occurrence of the R transition during cooling. However, the 

occurrence of the R transition in near equiatomic NiTi alloys is always associated with 

non-recrystallized structures and high dislocation densities resulting from low 

temperature annealing after cold working. The true reason for the poor two-way 

memory, as discussed in section 6.2.2.2 - whether the high density of dislocations or 

the R transition - is not yet clear. 

For this reason additional measurements were carried out on a tertiary alloy of 

49.7 % N i - 49.7%Ti - 0.6%Fe. The addition of a small amount of Fe depresses the 

M s temperature and two separate stages of the R phase and martensitic transformation 

can be obtained even after recrystallization. The specimen was annealed at 907 K in 

vacuum for 1.8 ks and the training was carried out under a stress of 66 MPa. Figure 

6.40 shows the strain-temperature curves of the first training cycle and the following 

two-way memory cycle. It is seen that a one-way transformation strain of 6 % was 

introduced by the stress at the first cycle of training, 0.6% being due to the R 

transition and 5.4% to the martensitic transformation. Under the influence of the 

stress the T R temperature was still 14 K above the M s . After the first cycle of training 

a two-way memory strain of 3 % was obtained, which also showed a portion of 0.3% 
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due to the R transition. This result shows that it is possible to produce a significant 

two-way memory at the presence of the R transition, though it is in a ternary Ni-Ti 

alloy. O n the other hand, a significant two-way memory is also producible in a non-

recrystallized specimen provided that the R transition is prohibited by applying a high 

stress (figure 6.14). The suppression of the two-way memory occurs only when both 

high density of dislocations and the R transition are present. A full understanding of 

this observation is yet to be achieved. Nonetheless, from the engineering point of 

view, it is true to say that a single stage martensitic transformation is the prerequisite 

for developing a significant two-way memory by the training in binary equiatomic 

NiTi alloys. 
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Fig. 6.40 Training of a NiTiFe alloy 

It is of interest to note that training through only the R transition did not produce a 

measurable two-way memory, as shown in figures 6.15 and 6.16, though a two-way 

memory strain of 0.4% due to R transition was measured in the same material when 

trained through both R and martensitic transformations, as shown in figure 6.12. The 

training conditions were all the same between the two specimens except that a smaller 
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stress was used for the R transition training. The smaller stress was chosen to keep a 

wide gap between the M s and T R temperatures so that the cycling through only R 

transition could be safely carried out. This result suggests that the dislocations 

responsible for two-way memory are actually generated during the martensitic 

transformation, even for those responsible to the R transition two-way memory. This 

behaviour can be explained in the following way. The generation of dislocations is a 

result of the discontinuity of the matrix due to the internal shape change during a 

transformation. This discontinuity is very weak in the R transition because of the 

small lattice distortion. Therefore, few dislocations, if any, are generated during the 

R transition. This also explains the fact that the transformation characteristics are not 

significantly changed by thermal cycling through only R transition.[157] 

6.2.5 Reversion behaviour and permanent strain 

The reversion efficiency decreases with increasing stress as shown in figure 6.19. 

The decrease is associated with the decrease in permanent strain as shown in figure 

6.20. It is of interest to notice that the stresses used in training are substantially less 

than the yield strength of either the parent or martensitic phase in most cases. The 

generation of significant permanent strains during cycling under stresses lower than 

the yield strength is indicative of high local stress concentrations at the 

martensite/parent boundaries during the transformation. A s discussed earlier, the 

stress concentration and hence the generation of dislocations is associated with the 

internal shape change of the transformation. Therefore, it is evident that local yielding 

also occurs in unstressed specimens undergoing thermal changes, but does not result 

in a net permanent strain due to the self-accommodating nature of the transformation. 

With increasing stress the degree of self-accommodation of the martensite variants 

decreases, and as a consequence Ep increases. 
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It is clear from figure 6.21 that low annealing temperatures are required to eliminate or 

minimize the permanent strain accompanying the formation of stress-induced 

martensite. For annealing temperatures greater than 770 K significant permanent 

strains are obtained for applied stresses much lower than the parent phase yield 

strength. In these specimens zero permanent strain is only obtained in the limit of 

zero applied stress. The effect of annealing temperature on Ep is in general agreement 

with the effect of heat treatment on the parent phase yield stress as reported in section 

5.1.4. M a x i m u m permanent strains are obtained in specimens annealed just above the 

recrystallization temperature. 

The observation that the permanent strain developed during reversion exceeds the 

permanent strain associated with the forward reaction (Epf > £pr) implies an additional 

effect associated with the direction of the transformation. This is because the applied 

stress is in the same direction with the transformation strain and assists the 

transformation during cooling while it is opposite to the transformation strain during 

reversion. Such behaviour indicates that the local stresses generated during reversion 

(when the transformation is doing work against the applied stress) exceed the local 

stresses generated during the forward transformation. 

6.2.6 Cycling 

6.2.6.1 Thermal cycling 

It is clearly shown in figure 6.26 that the critical temperatures for both the martensitic 

and reverse transformations are decreased by thermal cycling. The change in As/Af 

temperatures during thermal cycling is little mentioned in the literature [223] while the 

decrease in M g / M f agrees well with previous investigations. The changes reflect the 

introduction of dislocations into the matrix by the cycling.[101,222] The decrease of 
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the four temperatures indicates the effects of the dislocations, thus developed, on 

impeding the transformations in a similar way as cold working does. 

As a consequence of the decrease in Ms and Mf , the R transition is revealed. Unlike 

the martensitic transformation, the critical temperatures of the R transition remain 

constant throughout cycling. This behaviour, as mentioned earlier, is due to the small 

stress dependence of T R , which in turn is determined by the small lattice distortion of 

the phase transition. 

The temperatures Ag/Af and Mg/Mf are not evenly decreased. As a result the 

transformation hysteresis is enlarged (figure 6.28). It is known that hysteresis is the 

measurement of internal resistance to the transformation. This increase in the internal 

resistance to the transformation is also reflected in the transformation enthalpy 

measurement (figure 6.29). 

6.2.6.2 Thermal-mechanical cycling 

The thermal-mechanical cycling is a process somewhat between thermal cycling and 

mechanical cycling so far as the production of dislocations and changes of 

transformation temperatures are concerned. The Ag/Af temperatures decrease with the 

cycling, in a pattern similar to the thermal cycling, while M s / M f change differently. In 

the initial cycles Mg/Mf decrease in a similar way to thermal cycling, but then start 

increasing with cycling, suggesting a similar effect from the change in structure with 

that in pseudoelastic cycling. The initial decrease in the M s and M f may be explained 

by the less preferential arrangement of dislocations introduced in the first few cycles. 

Most permanent strain is developed in the very initial cycles (figure 6.5(b)). The 

dislocations thus introduced can be expected to be in a relatively random arrangement 

and act as obstacles to the transformation. During subsequent cycling, dislocations are 
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generated in a rapidly decreasing rate while the existing dislocations may be rearranged 

by the repeated formation of the specified martensite variants under the guidance of the 

external stress. The rearrangement of the dislocations m a y result in a preferential 

stress field which favours the formation of the oriented martensite variants. Thus the 

M g / M f temperatures increase. 

The transformation temperature intervals are broadened by the cycling as seen in figure 

6.30. The A M and A A values increase in the first 100 cycles and saturate afterwards. 

Similar results have been observed in other investigations. [101,223] The broadening 

of transformation intervals also appears to be associated with the development of 

permanent strain, which causes an increase in the effective stress, aeff, required for 

the transformation. 

It has been reported that both thermal cycling and thermal-mechanical cycling 

introduce dislocations.[101] However, as dislocation-production processes, the two 

cycling show different effects on transformation behaviour of a NiTi alloy, suggesting 

a difference in the dislocation structures generated. The structures, as suggested in 

section 6.2.3, are possibly the "random" dislocations caused by the self-

accommodation and the "preferential" dislocations generated by the biasing stress and 

the preferential orientation of martensite variants. Evidence supporting this suggestion 

is that thermal cycling does not produce a net permanent strain as does the thermal-

mechanical cycling. 

6.2.6.3 Thermal cycling after training 

It is known that the transformation temperature characteristics are sensitive to internal 

stress fields and dislocation arrangement, and the two-way memory is simply a result 

of the specially arranged dislocations. Therefore, any change in the dislocation 

structure will affect the internal stress fields, which in turn determine the 
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transformation temperatures and the two-way memory. Thermal cycling following 

training after the load is released gives the opportunity for the developed dislocations 

to rearrange themselves. 

However, the changes in transformation temperatures are rather insignificant 

compared with those arising from thermal cycling from the annealed state (figure 6.26) 

or from training under a stress (figure 6.30). There are no clear changes in A s and Af 

temperatures while M s and M f are overall increased by ~4 and ~6 K after 5000 cycles. 

Although there is a small disturbance at the beginning of cycling, no substantial net 

change in two-way memory is obtained. These results may be rationalized as follows: 

The specimen had been trained for 700 cycles under a stress prior to the cycling. The 

changes in transformation temperatures, the development of two-way memory and the 

2 % permanent strain all indicate that a certain density of dislocations had been 

generated. The 700 cycles are easily sufficient to stabilize those dislocations. 

Compared with the intensive influence of training, the thermal cycling following that 

can hardly cause any significant change to the transformation characteristics of a 

specimen which has already had a well developed dislocation structure. 

6.2.7 Thermal degradation of two-way memory 

The two-way memory developed by training degrades during heating (figure 6.34). 

The degradation is severe when the heating temperature is high or holding time is 

long. It is believed that the dislocations and retained martensite variants resulting from 

the prior training are responsible for the two-way memory. [163,165,168] Therefore 

any reversion of the retained martensite, removal of the dislocations and cancellation 

of the internal stresses will cause degradation to the two-way memory. All of these 

processes occur at elevated temperatures. 
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It can be clearly seen from figures 6.35 and 6.36 that the degradation of two-way 

memory during heating occurred in two distinct stages. The first stage at temperatures 

below 623 K is time independent. This instantaneous decrease in £ t w at low 

temperatures appears to be due to the reversion of retained martensite. It has been 

found that some martensite variants remain at temperatures well above the measured 

A f temperature [96,168,222]. These martensite variants are restrained from 

transforming back to the parent phase by internal stresses caused by dislocations and 

act as seeds for the formation of preferred martensite variants on cooling, as required 

for a two-way memory. Thus the reversion of the remaining martensite at elevated 

temperatures will cause a degradation in the two-way memory. The martensitic 

transformation in the alloy is instantaneous and thus explains the time independence of 

the degradation. 

It has been reported [222] that the defects introduced by training include not only 

dislocations but also point defects. These point defects may be annealed out at low 

temperatures. There is almost no doubt that the elimination of the point defects occurs 

during the heating in the above temperature range. However, there has been no 

opinion in the literature about the role of point defects in the development of two-way 

memory, and any relation between the removal of the defects and the degradation of 

the two-way memory is obscure. 

The second stage of degradation at high temperatures is due to the thermally activated 

movement of dislocations developed during training. The dislocations are either 

rearranged or removed, causing a change in the internal stress field. This process is 

expected to be dependent on temperature and holding time as well as the initial 

dislocation density. Therefore, the two-way memory strain is progressively decreased 

with increasing temperature and time, as experimentally observed. The logarithmic 

dependence on time agrees well with the features of the thermally activated 

rearrangement of dislocations. 
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The removal of the defects, mainly dislocations, and the reversion of the remaining 

martensite by heating are supported by the measurement of transformation enthalpies, 

though the measurement alone is not able to distinguish the two contributions. The 

reversion ofthe remaining martensite increases the amount of material participating in 

the transformation; hence an increase in transformation enthalpy is measured. Thermal 

cycling with or without load introduces dislocations [101] and decreases the 

transformation enthalpy (figure 6.29); heating restores the transformation enthalpy 

back to the high level (figure 6.38). The high density of dislocation leads to the 

increase in heat lost through a thermal cycle (figure 4.9); annealing reduces the heat 

difference between the forward and reverse transformation enthalpies (figure 6.38). 



Chapter 7 

Conclusions and Prospects 

7.1 Conclusions 

In this work the shape memory behaviour of NiTi alloys is studied with respect to the 

interrelationships between structure, transformation behaviour, mechanical behaviour 

and two-way memory behaviour. It is found that through appropriate thermal-

mechanical training a significant two-way memory can be obtained. The development 

of the two-way memory through training is dependent on the training procedure, 

mechanical properties and transformation behaviour of a NiTi alloy. The mechanical 

features and transformation behaviour in turn are dependent on the structure resulting 

from heat treatment after cold work. The conclusions of this work are summarized as 

follows: 

7.1.1 Transformation behaviour 

Transformations in NiTi alloys may occur among the parent phase, R phase and 

martensite. The structure of the parent phase is confirmed to be ordered B 2 (CsCl), 

although an order-disorder anti-phase domain structure is also observed. Martensite is 

observed to have three different types: internally twinned grains, plate martensite and 

the martensite with sailor's shirt pattern. In the unrecrystallized specimens a structure 

of parent phase grains filled with twinned martensite variants is observed. In thin 

foils, this type of martensite persists at temperatures higher than the Af temperature 

measured on D S C in those specimens. The plate martensite is observed only in the 

recrystallized specimens. This type of martensite exists at high temperatures. The 

plates are twin related. N o twins are observed within a plate; instead the plates are 

likely to contain internal dislocations. The wavy martensite with sailor's shirt pattern 
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structure is also observed in recrystallized specimens, but at very low temperatures 

only. Twin lamellae are clearly recognized passing through a number of stripes. The 

bright field image of the wavy stripes is suggested to be associated with the order-

disorder domains rather than to martensite variants. 

The transformation behaviour of a NiTi shape memory alloy is dependent on the prior 

thermal-mechanical history and the current state of stress. The dependence of the 

transformation behaviour on heat treatment of the alloy studied in this work is 

summarized in table 7.1: 

Table 7.1 Transformation behaviour and annealing 

Ann.Temp. (K) <520 520-620 620-850 >850 

Transformation none R R + M M 

The R transition is observed at low annealing temperatures, while the martensitic 

transformation does not appear until the annealing temperature reaches a higher level. 

This is because of the fact that the R transition has a much smaller lattice distortion 

than that of the martensitic transformation. The absence of the R transition in 

specimens annealed at temperatures above 850 K is associated with recrystallization. 

The transformation enthalpy increases with increasing annealing temperature in the 

range below the recrystallization temperature. The major contribution to the increase 

in the transformation enthalpy is the increase in the amount of material participating in 

the transformation, indicating that the recovery restores the material from the cold 

worked structure to a state capable of undergoing thermally induced phase 

transformations. 

The transformations occur in a different sequence in TEM as compared with that on 

D S C . The R transition is observed during cooling in recrystallized specimens, which 
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do not show the R transition on D S C . The martensitic transformation starts at 

temperatures much lower than that measured on D S C . Martensites are formed earlier 

in thicker parts of a specimen and later in thinner parts during cooling. This is 

believed to be due to the thin film effect, which alters the stress fields around a 

martensite variant due to the lack of mechanical restriction from the surrounding 

material. 

Thermal cycling with/without a bias stress also influences the transformation 

behaviour. Cycling under a stress (training) increases the Mg/Mf temperatures while 

decreasing the Ag/Af temperatures, resulting in a reduction in the transformation 

hysteresis. The transformation temperature intervals are also widened by the cycling. 

As a consequence of the increase in Mg/Mf temperatures, the R transition is masked by 

the martensitic transformation after a number of cycles. 

Thermal cycling under no load has quite different effects on the transformation 

behaviour as compared with training. The Ag/Af and M g / M f temperatures are 

decreased. A s a consequence, the R transition is revealed in specimens initially 

exhibiting only martensitic transformation. These observations suggest a difference 

between the dislocation structures developed by the two processes - thermal cycling 

and training. The transformation enthalpy is also decreased during cycling. 

The changes in the transformation temperatures are ascribed to the development of 

dislocations and internal stress fields through the cycling. The difference between the 

effects is rationalised in terms of the difference in the mechanical conditions of the 

cycling, which are believed to produced different structures of dislocations and local 

internal stress fields. However, the identification of the dislocation structures and the 

mechanisms of their effects are yet to be investigated. 
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7.1.2 Mechanical behaviour 

A NiTi alloy may deform in tension by different mechanisms, such as slip in parent 

phase, stress-induced transformations in parent phase, or martensite reorientation. 

The critical stresses for the deformation under different mechanisms are dependent on 

temperature, structure and heat treatment. 

At temperatures lower than Mf, the alloy has a martensitic structure and the 

deformation occurs via a twinning process of martensite reorientation. The critical 

stress for the reorientation shows a small negative temperature dependence. At 

temperatures higher than Af, the alloy has the parent phase structure. The yielding 

m a y occur by a stress-induced martensitic transformation when the temperature is 

lower than a critical value, M&, or by slip in the parent phase when the temperature is 

higher than M ^ . The critical stress for the stress-induced martensitic transformation, 

a S I M , has a positive temperature dependence, while that for the slip of the parent phase 

has a small negative temperature dependence. The M ^ temperature is dependent on the 

annealing temperature. 

At temperatures between Mf and Af, the structure of an alloy is not uniquely 

determined. It can be either the parent phase or martensite according to its thermal 

history. Accordingly, the deformation mode is either the martensite reorientation or 

the stress-induced martensitic transformation. 

The characteristic stresses for the stress-induced martensitic transformation, martensite 

reorientation and slip of the parent phase all exhibit minima in the same annealing 

temperature range, within 100 K above the recrystallization temperature. The increase 

of the characteristic stresses at low annealing temperatures is due to the higher internal 

stresses resulting from the prior cold work. The reason for the small increase of the 

stresses at high annealing temperatures is not clarified in this study. 
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The temperature dependence of the critical stress for stress-induced thermoelastic 

transformation obeys a Clausius-Clapeyron relation. The relation is expressed in a 

tensor equation. In its simplified scalar form, the stress is the effective stress acting 

on the shear system of the transformation strain. Therefore, when the effective stress 

is in the same direction with the transformation strain, the stress assists the 

transformation and increases the critical temperatures if the transformation is an 

exothermic process, or decreases the temperatures if it is an endothermic one. W h e n 

the stress is opposite to the strain, on the other hand, the effect of the stress should 

also be the reverse of the above, i.e. a decrease in the critical temperature for an 

exothermic transformation or an increase in the critical temperature for an endothermic 

transformation. 

The stress for the stress-induced martensitic transformation is also dependent on the 

transformation strain. This is because that the transformation thermodynamic balance 

is effected by the elastic energy due to the shape change associated with the 

transformation. Based on this theory a simple model is developed to simulate the 

stress-strain curve of stress-induced martensitic transformation. The model predicts 

the shape of the curve, although some improvements are still needed. The 

experimental stress-strain curves of pseudoelasticity and ferroelasticity are also 

simulated with a set of empirical formulas. The calculated curves fit nearly perfectly to 

the experimental data. From the engineering point of view it is a successful empirical 

model, though it does not offer any physical explanation. 

Repeated stress-induced martensitic transformations decrease the critical stress. The 

decrease of the critical stress is thermodynamically equivalent to the increase of the M s 

temperature during the cyclic transformation of training. This behaviour is also 

ascribed to the development of dislocation structures during the processes, which 

assist the transformation in the following cycle of deformation or temperature change. 
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The deformation process of the stress-induced martensitic transformation is found to 

occur in a highly sequential manner in the progressive tension test. The section of a 

specimen transformed first will be the first to transform in the subsequent cycle of 

deformation. This behaviour is also due to the decrease of the critical stress for stress-

induced martensitic transformation in cycling. 

The stress-strain behaviour associated with the stress-induced martensitic 

transformation is strain rate sensitive. This is mainly due to self heating associated 

with the transformation. The stress-induced martensitic transformation is of the first 

order and yields a latent heat. The heat changes the specimen temperature which in 

turn affects the transformation stress. 

Both the deformation processes of martensite reorientation and stress-induced 

martensitic transformation exhibit localized Luder's-type deformation. The Luder's-

type behaviour of deformation is ascribed to the stress concentration in front of 

transformation interfaces, which favours further transformation. The Luder's 

character of the deformation degrades and finally vanishes as a specimen is repeatedly 

deformed and recovered. This behaviour is believed to be due to the change of the 

internal stress conditions accompanying the development of dislocation structures. 

A substantial permanent strain can be produced under stresses well less than the yield 

stress of the parent phase during the process of stress-induced martensitic 

transformation. High permanent strains m a y also be developed during training under 

very low stresses. This behaviour is indicative of a high internal stress concentration 

caused by the transformation, which may increase the local stress to values higher than 

the yield limit of the parent phase. 



238 

7.1.3 Two-way memory behaviour 

NiTi shape memory alloys can develop two-way memory through thermal-mechanical 

training. In this study a two-way memory strain of over 4 % in value and 9 0 % in ratio 

to the one way memory strain is achieved. The factors determining training behaviour 

are as follows: 

Annealing temperature 

It is very difficult, even impossible to develop two-way memory in specimens 

annealed at low temperatures. The maximum two-way memory can be obtained at 

annealing temperatures just above the recrystallization temperature of the alloy. 

Higher temperature annealing leads to poor two-way memory. 

Dislocations and permanent strain 

The two-way memory is a result of the residual stress fields associated with the 

dislocations developed during training. However, not all the dislocations produced by 

training contribute to the two-way memory. The dislocations responsible for the two-

way memory are only a small portion of the cumulative permanent strain. 

Training stress and procedure 

The maximum two-way memory is obtained with medium training stresses. Low 

training stresses do not produce a full one-way memory strain, which restricts the 

two-way memory. High training stresses result in excess permanent strain, which is 

believed to reduce the effectiveness of the stress fields responsible for two-way 

memory. Thus there is an optimum stress for the development of maximum two-way 

memory. 
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The training procedure shows a similar effect as training stress on the development of 

two-way memory. The most preferred procedure is the one which minimizes the 

accumulative permanent strain on the production of the full one-way memory strain. 

In this study, the most effective training procedure combines cooling under an 

appropriate stress and heating under no stress. 

Transformation behaviour 

A single stage martensitic transformation is a prerequisite for obtaining a significant 

two-way memory in NiTi. The absence of a significant two-way memory in a 

specimen exhibiting two-stage R/martensitic transformation may be due to two 

reasons: the R transition and the high dislocation density resulting from low 

temperature annealing. 

Optimum training conditions 

Summarizing the effects of the above factors, the optimum training conditions for 

developing two-way memory in the NiTi alloy studied in this work are as follows: 

annealing in the temperature range of 850-950 K; training under a tensile stress of -35 

M P a on cooling and no stress on heating; training for -50 cycles. 

The two-way memory developed by training is removable by heating. The removal 

occurs in two steps with respect to heating temperature. The first step is time 

independent and ascribed to the reversion of retained martensite. The second step is 

time dependent and ascribed to the rearrangement and elimination of the dislocations. 

The main part of the two-way memory is removed in the second step. 
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7.2 Suggestions for future research 

Upon the completion of this work, the author would like to propose some suggestions 

for future research in the field of shape memory effect: 

7.2.1 Supplementary work to the present research 

Through the discussion of the theory of thermodynamics of thermoelastic 

transformations, it is suggested that the stress and strain in the Clausius-Clapeyron 

equation are vector variables, so that the effect of an external stress on the 

transformation temperatures may be altered if the stress and transformation strain are 

in opposite directions. This suggestion needs to be tested experimentally. A n 

experiment can be designed using a bulk specimen trained to possess two-way 

memory. Thus a negative stress to the two-way memory strain can be applied to the 

specimen and a decrease in the M s temperature should be expected according to the 

suggestion. 

TEM studies are needed to identify the structures of dislocations developed during 

different cycling processes, so that the mechanisms of their effect on the 

transformation behaviour can be identified. Of particular importance is the effect of 

dislocation structures developed by training on the two-way memory. Though there 

have been some proposals on the mechanism, no experimental evidence has been 

provided. However, this work can be a very difficult task due to the difficulties in 

distinguishing the dislocations responsible for the two-way memory. 

The change in mechanical properties by annealing at temperatures above the 

recrystallization temperature is not explained in this study. The annealing temperature 

has a significant effect on the development of the two-way memory effect. Therefore, 

further T E M work on these microstructures is necessary. 
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Improvements on the model of stress-induced thermoelastic transformation are 

required. A necessary improvement should be made by involving the effects of 

internal stress fields, multi-martensite variants and grain size on the elastic energy 

term. 

In the limited experiments of this study, the thermal effect due to the transformation 

heat is recognized to be the major reason for the change in the stress-strain curve with 

respect to strain rate. However, the effect of thermal activation on the strain rate 

sensitivity of the stress-induced martensitic transformation process is not clear. It will 

be of some interest to carry out further systematic tests to investigate whether the 

transformation is a thermal activated process, and can be described in terms of 

conventional strain rate theory. 

7.2.2 Prospect to future research in shape memory effect 

Nearly three decades of study has led to the fundamental understanding of the shape 

memory effect both theoretically and experimentally. The knowledge obtained 

includes the phenomenological theory of crystallography of martensitic 

transformations and thermodynamics of thermoelastic transformations. Experimental 

support of the theory has been established, through as electron microscopy 

characterization of the transformations and mechanical and thermal behaviour of the 

alloys. In the future, the author expects the major tasks of the next stage of the work 

will be the application of shape memory effect, application related property control and 

improvement of shape memory alloys, and the development of new shape memory 

alloys. 

Regarding the application of shape memory behaviour, there have been over 4000 

patents approved in the world; of which only 1 % have been applied in real use. 

Various shape memory engines, actuators and other devices using shape memory, 
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pseudoelasticity and two-way memory effect have been developed in laboratories but 

few have been commercialized. 

The lack of application is mainly due to two reasons: the unsatisfactory properties and 

high cost. The difficulties with properties include the ambient temperature dependent 

behaviour, poor mechanical performance (Cu-based alloys for example), low shape 

recovery (Fe-based alloys for example), instability of shape memory behaviour, and 

the unpredictability of the production of two-way memory. The high cost is due to 

two reasons: the production expense of the applicable alloy, almost solely NiTi, and 

the back-influence of the small demand of the alloys in application. 

Based on this point of view, the author suggests that the following tasks regarding the 

property control and improvement should be undertaken: 

strengthening of shape memory alloys, particularly 1) the reversion 

strength during shape recovery, 2) working force of two-way memory; 

control of mechanical and thermal properties by heat treatments; 

control of two-way memory by training; 

control of the transformation temperature range by alloying, thermal 

and mechanical treatments; 

enhancement of recoverable strain in some alloys, such as Fe based 

alloys; 

development of new shape memory alloys. 
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