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ABSTRACT 
 

This thesis presents a research on NiTi-based shape memory alloys. The study is focused 

on novel design and behaviour beyond the conventional knowledge of physical 

metallurgy of NiTi shape memory materials. In particular, it is concerned with three 

aspects:  

(1) Functionally graded NiTi materials, 

(2) Thermal stability of the microstructure of NiTi matrix in-situ nanocomposites, and  

(3) Theoretical analysis of phase stabilities and transformation pathways of NiTi and 

NiTiCu alloy systems. 

 

The main findings and the advance of knowledge may be summarised as below.  

 

Functionally graded shape memory alloys: This study investigated a novel concept of 

geometrically graded NiTi materials. Functionally graded NiTi shape memory alloys can 

be created by three means, including compositionally graded, microstructurally graded 

and geometrically graded materials. For each of the gradient types, it can be created in 

two different configurations, including the serial configuration where the loading 

direction is parallel with the gradient direction, and the parallel configuration, where the 

loading direction is perpendicular to the gradient direction. This study investigated the 

geometrically graded NiTi shape memory alloys in parallel configurations. The 

geometrical gradient is achieved by using long plates (strips) with tapered ends. The 

external loading is applied in the direction perpendicular to the geometrical gradient. In 

such materials, the stress-induced martensitic transformation front propagates 

progressively across the geometrical gradient for the same end displacement. The 

pseudoleastic stress-strain loop of such materials features two distinctive stages over the 

stress-induced martensitic transformation, including a flat stress plateau with a nearly 

zero slope and a second stage with a stress gradient of a positive slope. The maximum 

stress window achieved of the second stage was ~310 MPa in a double tapered plate 

sample with the aspect ratio of 0.5 and ~520 MPa is in a discrete wire sample of length 

aspect ratio of 0.75. These drastically increased stress windows significantly enhance the 

controllability of these shape memory materials in actuation and action control 

applications. 
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Thermal stability of the microstructure of NiTi matrix in-situ nanocomposites: This study 

is concerned with nanocomposite of NiTi or NiTiCu matrix embedded with Nb nanowires 

or nanoribbons. These composites were created by eutectic solidification and post casting 

thermomechanical processing. These nanocomposites, owing to the unique uniform 

lattice distortion characteristics of the martensite phase transformation NiTi matrix, are 

able to exhibit unprecedented properties, such as ultrahigh quasi-linear elastic strains of 

over 6% in the embedded Nb nanowires and high strengths of the nanocomposites. This 

study was focused on the thermal stability of the unique microstructures of these in-situ 

nanocomposites. It is found that the long and continuous Nb wires and nanoribbons are 

unstable at 450°C upon annealing. Increasing of the annealing temperature facilitated the 

morphology change of the embedded nanoinclusions. The morphology change starts by 

breaking up and fragmenting into shorter sections and the coarsening into oval particles 

via a mechanism akin to Rayleigh instability in solid state, and displacive diffusion 

between Nb and the NiTi matrix. Continued heating for prolonged times or at higher 

temperatures caused the agglomeration of the scattered Nb particles into larger spherules 

by a mechanism akin to the Ostwald ripening effect but through a medium (the NiTi or 

NiTiCu matrix) in between the particles. In addition, the migration of Nb atoms through 

the NiTi matrix was found to cause local amorphisation of the matrix. The amorphised 

NiTi matrix was found to recrystallize with prolonged heating after the completion of the 

agglomeration of the Nb particles driven by the Ostwald ripening effect.  

 

Theoretical analysis of phase stabilities and transformation pathways of NiTi and NiTiCu 

shape memory alloys: This study focused on the fundamental understanding of the NiTi 

and NiTiCu shape memory alloys using density functional theory (DFT) calculations. The 

first issue investigated is the discrepancy between the theoretically predicted phase 

transformation pathways and the experimentally observed product. Previous DFT studies 

revealed the two new monoclinic phases of B19″ and BCO as the thermodynamically 

stable martensitic phases from the B2 austenite at 0 K for equiatomic NiTi. This 

contradicts the experimental observation of B19′ as the ground state. This analysis 

examined the effect of hydrostatic pressure on the phase stability and the ground state of 

the three phases concerned, and attributed the experimentally observed B19′ to the effect 

of intrinsic hydrostatic pressure generated by the transformation due to its inherent 

volume expansion. The analysis also determined the threshold values of hydrostatic 
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pressure for the change of the ground state from B19″ and BCO to B19′. The second issue 

investigated is the effect of Cu substitution for Ni in NiTi on the monoclinic angle, shear 

response, phase stabilities and minimum energy phase transformation pathways. It is 

found that a new monoclinic structure (B19M) with lower angle than B19′ emerges and 

stabilises at above ~6.125 at% Cu content. It is also found that the monoclinic angle of 

the monoclinic phases including B19M, B19′, and B19″, decreases with increasing the Cu 

content. The shear response and minimum energy pathways between the martensite 

phases were established. Based on the findings of the DFT calculations two hypotheses 

were proposed. Firstly, the experimentally observed B19′ typically with a monoclinic 

angle of 97.8° in binary NiTi (i.e., at 0 at% Cu) is in fact a distorted B19″ phase with a 

reduced monoclinic angle from 101.6°. This can be rationalised by the inherent opposing 

shear stress associated with the transformation process. Secondly, by the same argument, 

the experimentally reported orthorhombic B19 phase observed in the literature for 

Ti(Ni,Cu) alloys is in fact a distorted B19M phase with a reduced monoclinic angle. This 

also can be rationalised by the inherent opposing shear stress associated with the 

transformation process. 

 

This thesis is presented in 6 chapters. Chapter 1 presents a general introduction to shape 

memory alloys and their application. Chapter 2 provides a more in-depth discussion of 

the metallurgy of NiTi-based shape memory alloys, including both the fundamental 

knowledge of the alloy system and the new trends in their developments in recent years. 

Chapter 3 presents the finding of this research on functionally graded NiTi shape memory 

alloys. This chapter is presented in the form of two scholarly publications. Chapter 4 

presents the study on the microstructural thermal stability of novel NiTi matrix in-situ 

nanocomposites. Chapter 5 presents the study on the theoretical analysis of the 

martensitic transformations in NiTi and NiTiCu systems. This chapter is also presented 

the form of two scholarly publications. Chapter 6 is the concluding chapter, in which I 

give my view on the significance of the findings of my research and their contributions 

to knowledge, and my view of the future directions on the topics concerned in this study.   
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Chapter 1 

 

1. Shape Memory Alloys and Their 

Applications 
 

 

1.1. The phenomenon of shape memory effect in metals 

Some metal alloys are found to exhibit a unique thermomechanical behavior known as 

the shape memory effect. Shape memory effect refers to the ability of an alloy to return 

to its pre-set shape upon heating after deformation. A related behavior, when tested under 

different conditions, the shape recovery may happen spontaneously upon removing of the 

load that caused the deformation. This is known as “pseudoelasticity”. These alloys are 

known as shape memory alloys (SMAs). Fig. 1.1 shows an artist’s impression of these 

two unique behaviors of shape memory alloys. Fig 1.1(a) shows the shape memory effect 

(SME), in which a straight shape memory alloy rod is deformed in a non-elastic manner 

and stays in the bent shape after removing the external load. Subsequent heating to above 

a critical temperature causes the reversion of the bent rod to its original shape. Fig. 1(b) 

shows the pseudoelastic behavior, which occurs when deformation is conducted at above 

the critical temperature. In this case the deformed rod reverts back to its straight shape 

spontaneously upon unloading. This phenomenon is also sometimes referred to as 

“superelasticity” in the literature. 

The deformation may be in tension, compression, torsion or flexion, and is well beyond 

the elastic limit in a non-linear manner, thus the “pseudoelastic” and “superelastic” 

notions of the behavior. In “remembering” and “restoring” the original shape, the alloys 

perform a mechanical work against the environment.  This ability to self-act has earned 

the alloys the reputation of smart materials or metals of magic and distinguished them 

from all other conventional metal alloys.  
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Figure 1.1. Artistic illustration of (a) shape memory effect and (b) pseudoelasticity in 

shape memory alloys [the original creator of the figure is unknown]. 
 

1.2. Shape memory alloys 

Alloys that exhibit shape memory behavior are known as the shape memory alloys 

(SMAs). The first shape memory alloy discovered was a Au-Cd alloy reported by Ölander 

in 1932 [1]. Strong attention was given to this class of metal alloys only after the 

discovery of NiTi in 1963 by Buehler et al. [2], in their effort to search for heat shielding 

materials. NiTi, offering much better engineering and functional properties relative to its 

earlier counterpart, such as higher mechanical strength, more affordable cost, excellent 

workability and good property stability, was immediately regarded as a viable candidate 

for innovative applications. Since then a vast range of shape memory alloys have been 

discovered. The many shape memory alloys known today may be classified into five 

broad classes based on their metallurgical types, including the NiTi-based, the Cu-based, 

the Fe-based, the ferromagnetic shape memory alloys, and the “other” type of shape 

memory alloys. Table 1 presents some typical examples of these alloys. From application 

profile point of view, these alloys may also be considered to be in four main classes, 

including those for thermomechanical applications, high temperature applications, 

biomedical applications, and ferromagnetic actuation applications.   
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Table 1.1. Examples of main classes of shape memory alloys. 
Alloy type Alloys Application profile 

NiTi-based 
NiTi, NiTiCu, NiTiFe, NiTiAl, 

NiTiCo, NiTiPd, NiTiMn, NiTiHf, 
NiTiZr, NiTiPt. 

Thermos-
mechanical 

H
ig

h 
te

m
pe

ra
tu

re
 

(t
ho

se
 in

 r
ed

) 

Cu-based 
CuZn, CuAl, CuSn, CuZnAl, CuZnSi, 

CuAlFe, CuAlNi, CuMnSi. 

Fe-based 
FeNiCoTi, FeMnSi, FePt, FePd, 

FeNiC, FeMnSi, FeCrNi, 
FeMnCoNiSi, FeMnSiCoNi. 

Ni-free 
Ni-free Ti-based, TiNb, TiNbZr, 

TiNbTa, TiNbO, TiMoTa, TiZr, TiAu, 
TiPt, TiPd, TiAu. 

Biomedical 
application 

Ferromagnetic 
NiMnGa, NiFeGa, MnAs, CoNbSn, 
CoNi, CoNiAl, CoNiGa, FeMnCo, 

FeNi, FePt, FePd, FeRh. 

Magnetic 
actuation 

Others and 
precious metals 

AuCd, InTl, InPb, NiAl, NiMn, ZrCu, 
ZrRh. 

 

 

For thermomechanical application, all three classes of the NiTi-based, Cu-based and Fe-

based shape memory alloys are commercially available. In comparison, although the Cu-

based and the Fe-based are cheaper than NiTi, due to their relatively low property 

stability, high brittleness and poor thermomechanical performance [3-6], NiTi-based 

alloys are by far the most preferred choice for applications. 

The unique capabilities of SMAs have made them very attractive choices for innovative 

applications. Over the past few decades, many applications have been made, including in 

consumer products and industrial applications [7], structures and composites [8], 

automotive [9], aerospace [10], mini actuators and micro-electromechanical systems 

(MEMS) [11], robotics [12], and biomedical devices [13]. Some predictions have also 

been made with increasing demand for SMAs, such as in oil and gas exploration [14], 

manufacturing [7], sports goods [15], visual arts [16], and even fashion [17].  

 

1.3. Phase transformations in shape memory alloys 

It is seen above that the family of shape memory alloys spans across a vast range among 

the metallic elements in the Periodic Table and in their crystal structures. However, they 

all share one thing in common: that they all exhibit thermoelastic martensitic phase 

transformations, which provide the fundamental mechanism for the various shape 

memory behaviors of these alloys.  
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The shape memory behavior of SMAs lies in the phase transformation between an 

austenite (A), which represents the high temperature phase, and a martensite, which 

represents the low temperature phase. Generally, the austenite has a crystal structure of a 

higher degree of symmetry, such as cubic, and the martensite has a crystal structure of 

lower degree of symmetry, such including tetragonal, orthorhombic, hexagonal, or 

monoclinic. Conventionally the transformation occurring on cooling is referred to as the 

forward transformation (AM) and that occurring on heating (MA) is referred to as 

the reverse transformation. 

The nature of the martensitic transformation is a diffusionless process of atomic 

reorganization to convert the austenite crystal structure into the new crystal structure of 

the martensite. This is achieved via lattice distortions and atomic movements. Owing to 

the diffusionless nature, the change of the shape of the unit cell between the two phases 

is manifested in the change of the shape of the piece of the crystal. In this regard, a 

martensitic transformation is a crystal mechanical deformation process as well as a 

crystalline structural transformation. Given the mechanical constraint of a rigid 

transforming body, such shape change has to be accommodated within the body to enable 

the transformation to proceed. There are two basic mechanisms of lattice distortion 

accommodation in a martensitic transformation system: (i) via plastic deformation, as 

schematically shown in Fig. 1.2(a) in the form of dislocation slip, or by forming 

martensite plates in different orientations, as schematically shown in Fig. 1.2(b). 

Obviously, the former is irreversible, thus being non-thermoelastic, and the latter is 

reversible, thus being thermoelastic. SMAs have thermoelastic martensitic 

transformations. The martensite plates of different orientations but identical crystal 

structure are known as the varients. 
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Figure 1.2. Schematic diagram of the two typical basic accommodation mechanisms. 

(a) internally slipped; (b) internally twinned. 
 

Considering the high symmetry of the austenite crystal structure, multiple martensite 

variants can be formed in different orientations (thus each produces a different lattice 

deformation tensor) relative to the parent austenite. This provides the possibility for 

martensite variants to self-accommodate their lattice distortions in 3D configuration to 

produce a close the nil total mechanical shape change to the transforming matrix by 

forming into specific group structures, known as the self-accommodation [1]. For an 

austenite of a cubic symmetry, there  are in maximum 24 possible martensite variants, as 

observed in binary NiTi [18]. Fig. 1.3 shows a typical self-accommodation structure of 

martensite variants in NiTi.  

 

Figure 1.3. The self-accommodation of martensite variants. (a) optical micrograph of 
the surface relief revealing the self-accommodated B19' martensite in an near-

equiatomic NiTi [19]; (b) schematic 3D configuration. 
 

(a) (b)
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1.4. Thermomechanical behavior of martensitic transformations 

1.4.1. Thermal behavior  

As explained above, a martensitic transformation is a lattice deformation process as well 

as a structural transformation. Therefore, it can be induced by both the application of a 

stress and by temperature variations. The temperature induced martensitic transformation 

occurs at the zero load condition. A martensitic transformation is often also accompanied 

with the changes of some mechanical and physical properties of the alloy. 

Correspondingly, the transformation can be detected in several different ways, such as 

differential scanning calorimetry (DSC), electrical resistance (ER) measurement, 

mechanical dilation measurement (sometimes known as thermomechanical analysis 

(TMA)), and internal friction measurement (sometimes known as dynamic mechanical 

analysis (DMA)) .  

Fig. 1.4 shows a DSC measurement of the martensitic phase transformation in Ti-50.2 

at% Ni alloys. Upon cooling, austenite transforms to martensite during the forward 

transformation over a finite temperature interval, ∆Tfwd. It is observed that within this 

temperature interval, the volume fraction of the martensite increases with further cooling 

of the temperature, and the increase ceases when the cooling is stopped, resembling a 

similar phenomenon to pulling an elastic spring. When the material is heated from the 

martensitic phase, the reverse transformation from martensite to austenite happens in an 

identical manner to the forward transformation. Such phenomenon, characteristic of two 

key features that (i) the transformation continues only when cooling or heating continues, 

and that (ii) the cooling transformation is reversible upon heating and vice versa, is 

referred to as thermoelastic transformation. Also, due to the self-accommodation of the 

martensite variants, the lattice distortions of the variants are internally cancelled and no 

global shape change of the material occurs.  
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Four characteristic temperatures are defined to make it practical to describe the processes 

of thermoelastic martensitic transformations, i.e., the start and finish temperatures of the 

forward martensite formation transformation (Ms and Mf, respectively), and the start and 

finish temperatures of the reverse transformation (As and Af, respectively), as indicate in 

Fig. 1.4. From the DSC measurement, the following transformation parameters are 

conventionally defined: 

ηAM: thermal hysteresis of the martensite ↔ austenite transformation. 

ΔΤfwd: temperature interval of the forward transformation. 

ΔΤrev: temperature interval of the reverse transformation. 

Δh: heat change during transformation as determined by the area covered under the 

thermal peak in the spectrum. 

 

1.4.2. Mechanical behavior 

The martensitic transformation in SMAs may also exhibit different mechanical behaviors 

depending on the ambient temperature. Fig. 1.5 shows different deformation behaviors of 

near-equiatomic NiTi at different temperatures. A DSC measurement curve is also 

provided to facilitate the understanding of the stress-strain behavior at different 

temperatures.  The deformation behavior may be divided into three different types based 

 
Figure 1.4. Temperature induced martensitic transformation in near equiatomic NiTi. 
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on the testing temperature, including (a) pseudoelastic behavior (PE), (b) shape memory 

effect (SME) and (c) martensite reorientation (MR).  

 

 
Figure 1.5. Thermomechanical behavior of a near equiatomic NiTi. The red lattice 

represents austenite, the blue square-shaped lattice represent the self-accommodated 
martensite, and the blue parallelogram-shaped lattice represent the oriented 

martensite. 
 

1.4.3. Pseudoelasticity   

Pseudoelasticity occurs when a thermoelastic martensitic transformation is induced 

mechanically at above Af (for example at T1). The stress-induced AM transformation 

occurs at a critical stress over a stress plateau in a “Lüders-like” deformation behavior 

with a finite strain in the direction of the load corresponding to the lattice distortion of the 

martensite. This stress-induced transformation produces a martensite of oriented variants 

(thus the global strain). Upon unloading, the oriented martensite reverses back to the 

austenite, because the martensite is thermodynamically unstable at T>Af. Associated with 

this reverse transformation, the global strain of the martensite lattice distortion is 

recovered. This behavior, characteristic of a large, non-Hookian recoverable deformation, 

is called pseudoelasticity of SMAs. This behavior is shown as (a) in Fig. 1.5. The force-

displacement work under the upper stress plateau is the energy required to induce the 

transformation and that under the lower stress plateau is work the SMA performs against 
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the environment. The area enclosed inside the hysteresis loop is the mechanical work 

dissipated by the alloy during one stress induced pseudoelastic transformation cycle.  

Considering the similarities between the stress induced and temperature induced 

transformation processes, there has been the general consideration that onset stress (σMs) 

and the end stress (σMf) of the stress plateau of the forward transformation correspond to 

the start and finish temperatures of a thermally induced transformation, Ms and Mf, and 

that σAs and σAf correspond to As and Af. However, it needs to be pointed out that whereas 

there is always a finite temperature interval for a thermally induced transformation, i.e., 

Ms Mf and As Af, during a typical Lüders type deformation, σMs=σMf and σAs=σAf. This 

implies that it requires careful consideration when equating parameters obtained from 

thermally induced transformations to those determined in mechanically induced 

transformations. 

 

1.4.4. Shape memory effect 

The shape memory effect (SME) is observed when a SMA is loaded at Ms<T<Af (e.g., T2 

in Fig. 1.5). In this case the stress-induced martensitic transformation occurs in a similar 

way as in the case of pseudoelasticity, via a Lüders type stress plateau with a finite strain. 

Upon unloading, however, the stress induced martensite is stable at such temperature, 

thus incurring no recovery of the phase transformation strain. Thus, heating is needed 

(typically up to Af or higher) to induce the reverse transformation, and the recovery of the 

transformation strain. This behavior is shown as (b) in Fig. 1.5. The SME was first 

reported by Kurdjumov and Khandros in 1949 and also by Chang and Read in 1951 [1]. 

A similar deformation behavior may also be observed when a load is applied to NiTi in 

the martensitic state at below Mf (T3 in Fig. 1.5). In this case, the self-accommodated 

martensite variants formed by cooling are reoriented by the applied stress to a most 

favorable variant in each grain via twinning so to produce a strain in the direction of the 

stress. This strain remains upon unloading but is recovered upon heating to above Af, as 

in the case described above. This behavior is shown as (c) in Fig. 1.5. 

 

1.4.5. Ferroelasticity  

At temperatures below Mf, martensite is always the stable phase. In this case, the self-

accommodated martensite may deform reversibly via martensite variant reorientation 

upon the application of an alternating reversible stress. Fig. 1.6 shows such a deformation 
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hysteresis loop of a near-equiatomic NiTi sample in shear. This behavior, owing to its 

hysteresis loop behavior resembling magnetization hysteresis loop of ferromagnetism, is 

known as “ferroelasticity” of a martensite. Ferroelasticity of SMAs may experience large 

cyclic inelastic deformation in opposite directions without plasticity, i.e., dislocation 

movement. This unique characteristics renders it the ability of high damping without 

mechanical fatigue.  

 
Figure 1.6. Ferroelastic hysteresis loops of a near-equiatomic NiTi [20]. The inset to 

the middle indicate the self-accommodated M. 
 

1.4.6. Deformation induced martensite stabilization 

Another thermomechanical behavior of martensitic transformations is the deformation 

induced martensite stabilization effect. It manifests in the increase of the reverse 

transformation temperature after deformation compared to the reverse transformation of 

the undeformed martensite. Fig. 1.7 shows an example of this behavior. The effect only 

occurs once in the first reverse transformation after deformation. In the following thermal 

cycles, the transformation temperatures recovers back to their unreformed state. The 

phenomenon has been reported in several studies [21-24], and various deformation 

modes, including cold-rolling, tension, shear, and compression [22, 23, 25, 26] could 

create the response. 

Both stress induced martensite and reoriented martensite have been observed to 

experience martensite stabilization [24]. It has also been observed that deformation 

beyond the stress plateau in the pseudoelasticity cycle decreases in the critical stress level 

for the reverse transformation. The higher is the strain deformed to after the stress plateau, 

the more is the decrease of the stress level for the reverse transformation [27]. This 



11 
 

phenomenon is in essence the same as the increase of reverse transformation temperature 

of the stabilization of the deformed martensite. 
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Figure 1.7. The martensite stabilization effect due to deformation of an equiatomic 

NiTi wire. 
 

Several hypotheses have been proposed to explain the increased reverse transformation 

temperature of the deformed martensite.  Lin et al. [25] attributed the phenomenon to the 

structural defects such as vacancies and dislocations generated during deformation. These 

defects hinder the motion of the phase interface between austenite and martensite, thus 

retard the initiation of the reverse transformation. They attributed the disappearance of 

the stabilization effect after the first heating to the annihilation of the formation induced 

defects at the overheating temperature. This hypothesis is questionable in that the 

stabilization effect (i.e., the overheating for the reverse transformation on the first heating) 

is often in the magnitude of T=10~100 C, shown in Fig. 1.7, far from being adequate 

to cause anneal effect of the structural defects over such a short time frame. Piao et al. 

[26] attributed the effect to the release of the stored elastic strain energy of the multi-

variant martensite. Liu et al. [22] confirmed the previous hypothesis and added another 

degree of justification by considering the contribution of the created opposite internal 

elastic stresses in the reoriented martensite that oppose its reverse transformation. 

The importance of the deformation induced martensite stabilization comes from its 

potential application in shape memory alloys. The change of the critical temperature of 

the reverse transformation for the shape memory effect, pseudoelasticity, and the stress 
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window in pseudoelasticity can govern the design parameters of the shape memory alloys 

in many applications. 

 

1.4.7. Two way shape memory effect 

The two-way shape memory effect (TWSME) is not an intrinsic behavior of SMAs. It 

can be “trained” to be achieved. Two-way memory training generally requires repeatable 

shape changes over a transformation cycle, either thermally under mechanical bias load 

or through simple deformation [28]. Fig. 1.8 shows the two way memory effects of NiTi 

alloys obtained by two different training methods, with (a) obtained after thermal cycling 

through the transformation cycle under a bias load, and (b) obtained by a simple tensile 

deformation via martensite reorientation to various pre-strain levels. The nature of the 

TWSME is the evolution of the internal stresses and defects as the result of the cyclic or 

single deformation treatments. These changes in the matrix help the formation of 

preferred martensitic variants in the absence of an external load when SMAs cool down 

to below Mf [29-31]. It has also been reported that indentation can also induce TWSME 

on the surface of the sample [32-35]. The case of indentation is just a variant of the single 

deformation case, but the training performed using an indenter.  

 

  
Figure 1.8. Two way shape memory behavior of NiTi. (a) TWSME of a NiTi wire 

obtained after training over 50 thermal transformation cycles under a constant load of 
150 MPa. (b) TWSME of a NiTi wires obtained a simple stress-induced martensitic 

transformation deformation to various strain levels [28, 36]. 
 

1.4.8. “Fishtail” – like shape memory behavior 

Another interesting phenomenon invented recently is the 4-way shape memory effect, or 

the “fishtail-like behavior” of SMAs. This refers to the behavior of a shape memory strip 

changing back-and-forth in shape upon a single heating or cooling, or between 4 shapes 

or positions when going through one complete transformation cycle. This is demonstrated 
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in a functionally graded NiTi thin plate [37]. Fig. 1.9 shows a schematic illustration of 

the fabrication of such samples. The thin plate sample has a composition gradient through 

the thickness, thus a transformation temperature gradient. The composition gradient 

through the thickness is created by depositing a thin layer of Ni on top of a near-

equiatomic NiTi thin plate by means of magnetron sputtering. Subsequent high 

temperature annealing after deposition causes Ni diffusion into the thin plate and creates 

the composition gradient through thickness. The top surface of the plate, where Ni thin 

film was placed before diffusion, has more Ni content than the backside of the plate as 

shown in Fig. 1.9.  

 

 
Figure 1.9. Schematic illustration of the fabrication process of the functionally graded 

thin plate to exhibit fishtail-like behavior [37].  
 

It is known that the increase of Ni content, in binary equiatomic NiTi, significantly 

decreases the transformation temperatures [38]. Thus, it is expected to have different 

transformation temperatures at different sides of the sample. Fig. 1.10 shows the 

evolution of the compositionally graded NiTi thin plate after 15% tensile deformation 

recorded. Fig. 1.10(a) shows a series of montaged optical images taken during cooling of 

the sample from 315 K to 283 K. It can be seen that at higher temperatures, near the room 

temperature, the thin plate is bent towards the Ni-rich side that can be the result of the 

difference between B2 crystal structure in Ni-rich side and B19′ phase in the backside. 

Further cooling of the sample reverses the curvature that can be attributed to the phase 

transformation from B2→B19′ in the Ni-rich side. Fig. 1.10(b) reveals the two-way 

memory cycles of the sample during the 20th thermal cycle. 
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Figure 1.10. Evolution of the compositionally graded NiTi thin plate after 15% pre-
strain in tension; (a) a series of optical images (the red arrow indicates the Ni-rich 

side); (b) curvature and surface strain upon the 20th thermal cycle [37]. 
 

1.5. Thermodynamics of martensitic transformations 

Martensitic transformation in shape memory alloys is a diffusionless first order phase 

transformation as well as a mechanical deformation process at the lattice level, as 

discussed above. Accordingly, the transformation has been observed to be inducible by 

both the change of temperature and the application of stress. This implies that temperature 

and stress as the driving force for the transformation are correlated. This transformation 

is observed to proceed in a typical “thermoelastic” manner. A thermoelastic martensitic 

transformation has two main characteristics: (i) the transformation continues only when 

cooling or heating continues, and that (ii) the cooling transformation is reversible upon 

heating and vice versa. The unique responsive of the thermoelastic martensitic 

transformation has been extensively studied [39-42] and discussed in the literature. 

 

1.5.1. Stress-temperature relation in martensitic phase transformation 

To study the correlation between the two driving forces of the phase transformation, stress 

and temperature, Wollants et al. [39] studied the Gibbs free energy balance of a system 

under uniaxial load. Fig. 1.11 shows schematically the situation when a NiTi wire 

undergoes deformation. ∆L is the deformation associated with the martensitic 

transformation under the influence of a uniaxial stress. The Gibbs free energy balance of 

this event can be written as: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 − 𝐹∆𝐿 (1.1) 

(b) 
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where ∆H=U+P∆V is the enthalpy contribution, T∆S is the temperature-entropy 

contribution, and F∆L is the mechanical work contribution to the transformation. ∆H-

T∆S term is a common free energy term for all first order phase transformations and is 

predominantly determined by the chemical and crystal structural variations of the 

transformation, thus commonly referred to as the chemical free energy change. The non-

chemical free energy term may include all other forms of energy contribution, such as 

force-displacement (mechanical work) contribution and magnetic field-magnetisation 

contribution. For the stress induce transformation presented in Fig. 1.11, it includes only 

the force-displacement work, which can be also be expressed as: 

𝐹∆𝐿 = 𝑉𝜎𝜀 = 1 𝜌𝜎𝜀⁄  (1.2) 

 

 
Figure 1.11. Schematic of martensitic phase transformation induced by loading and 

associated strain (deformation). 
 

where V, , , and t are specific volume, density, applied stress, and strain produced by 

the transformation, respectively. Substitution of equation 1.2 to 1.1 results in: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 − (1 𝜌𝜎𝜀 )⁄     (1.3) 

Equation 1.3 is a more conventionally expressed Gibbs free energy change equation for 

the stress-induced transformation. Under equilibrium condition when  ∆𝐺 = 0, equation 

1.3 becomes: 

∆𝐻 − 𝑇 ∆𝑆 − (1 𝜌𝜎 𝜀 ) = 0⁄  (1.4) 

T0 and 0 are the temperature and stress in the equilibrium condition. Differentiating 

equation 1.4 results in: 

𝑑𝜎 𝑑𝑇 = −(𝜌∆𝑆 𝜀⁄ ) = −(𝜌∆𝐻 𝑇 𝜀⁄ )⁄  (1.5) 

FF

L0

L0+∆L

Austenite

Martensite
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The parameters on the right hand side of the equation are all constant for a given 

transformation system. Thus equation 1.5 expresses a linear relation between the stress 

and the temperature of the transformation. This is the famous Clausius-Clapeyron relation 

for stress induced martensitic transformation, which has been well confirmed 

experimentally [43-46]. Fig. 1.12 shows the effect of testing temperature on the 

thermomechanical behavior of shape memory alloys. Fig. 1.12(a) and (b) shows the effect 

of temperature variation on the thermomechanical response of a Ni 50.2 at%-Ti shape 

memory alloy. Fig. 1.12 (a) and (b) reveal that as the testing temperature increases, the 

stress level at the plateau increases linearly. Fig. 1.12(c) illustrate the relation between 

the testing upper and lower stresses at different temperatures with the equilibrium 

condition. It shows that the deviation from the equilibrium condition comes from the 

irreversible energies associated with martensitic phase transformation. This manifest the 

origin of the thermomechanical hysteresis in such alloy systems. 

 

  

 
Figure 1.12. Effect of testing temperature on the thermomechanical behavior of shape 
memory alloys; (a) pseudoelastic behavior of Ti - 50.2 at% Ni shape memory alloy at 

different temperatures; (b) effect of temperature on critical stresses for the forward 
and the reverse transformations [44]; (c) schematic of the relation between the testing 

upper and lower stresses at different temperatures with the equilibrium condition. 
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1.5.2. Phenomenological approach to the thermodynamics of shape memory alloys 

It is clear in the above discussion that the thermodynamic theory describes the equilibrium 

state of the transformation, and the correlation between the critical stress and critical 

temperature of the transformation under such equilibrium condition. The theory is not 

concerned with the influences of the non-equilibrium, irreversible energy contributions 

or the variation of parameters during the process of the transformation, such as the 

transformation intervals and hysteresis. To describe such features, Ortin and Planes [42] 

and Salzbrenner and Cohen [47] proposed the following free energy equation for a 

thermally induced martensitic transformation: 

∆𝐺 = ∆𝐻 − 𝑇∆𝑆 − ∆𝐸 + ∆𝐸  (1.6) 

In equation 1.6, ∆Eel is the elastic strain energy associated with the mechanical lattice 

distortion of the martensite. This energy is stored during the forward transformation and 

released during the reverse transformation. Thus it is a consumption of the driving force 

(chemical free energy term) for the forward transformation and an additional driving force 

for the reverse transformation, as expressed below: 

∆𝐸 = − ∆𝐸  (1.7) 

It is also expected to change continuously during the process of the transformation, i.e., 

∆𝐸 = (𝑓 ), thus effectively changing the equilibrium condition of the transformation at 

each infinitesimal step.   

∆Eir expresses the summation of all irreversible energies associated with the martensitic 

transformation, such as the generation of structural defects, the generation of heat, and 

the emission of acoustics. The magnitude of this parameter is dependent on the 

metallurgical conditions of the alloy and the actual pathway of the transformation. It is 

often arbitrarily equal between the forward and the reverse paths of the transformation:  

∆𝐸 = − ∆𝐸  (1.8) 

Fig 1.13 schematically illustrates the effects of ∆Eel and ∆Eir on the transformation 

response of shape memory alloys. Fig 1.13(a) demonstrates the chemical free energy, (b) 

the effect of ∆Eel contribution, (c) the effect of ∆Eir contribution, and (d) the combined 

effect of ∆Eel and ∆Eir. It is apparent that the transformation hysteresis loop depicted in 

Fig. 1.13(d) resembles well the experimentally observed thermally induced martensitic 

transformation shown in Fig. 1.8(b). This demonstrates the usefulness of the 

phenomenological thermodynamic theory. 
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Figure 1.13. The effects of ∆Eel and ∆Eir on the transformation response of shape 

memory alloys [48]. Here fm is the fraction of martensite. 
 

It is easy to understand that in the situation shown in Fig. 1.13, ∆Eel is arbitrarily assumed 

a linear function of the volume fraction of the martensite formed and ∆Eir is assumed a 

constant during the process of transformation (i.e. independent of the volume fraction of 

the martensite). It is worth noting that these assumptions are not independently verified 

experimentally. 

It is also worth commenting that equation 1.6 is not a Gibbs free energy equation as per 

thermodynamic definition, because of the inclusion of non-reversible components.  

 

1.5.3. Interpretation of the non-chemical free energy terms in Gibbs free energy  

The interpretation of equation 1.6 is significant to understand the thermodynamics of the 

thermoelastic shape memory alloys. Equation 1.6 only covers the energy balance of a 

martensitic transformation at a specific moment not the equilibrium condition due to the 

irreversible term. Therefore, cumulative energy quantities over a certain period of the 
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transformation are not considered. Based on that the elastic and irreversible energies can 

be expressed as: 

∆𝐸 (𝑓 ) =  , ∆𝐸 (𝑓 ) =     (1.9) 

The above equation expresses the rates of the elastic and irreversible energy generations 

during the martensitic transformation, at a specific fraction of martensite. The total 

accumulated of the elastic and irreversible energies can be written as: 

𝐸 = ∫ ∆𝐸 (𝑓 ), 𝐸 = ∫ ∆𝐸 (𝑓 )   (1.10) 

Fig 1.14 shows the schematic trend of the relationships. In Fig 1.14, the ∆Eel (fm) and ∆Eir 

(fm) are assumed to be a linear function of fm and constant, respectively.  

 

 
Figure 1.14. Evolution of ∆Eel and ∆Eir terms during the martensitic transformation. 

 

1.6. Applications of shape memory alloys 

Shape memory alloys have been used in a wide range of applications due to their novel 

thermomechanical properties, i.e., the shape memory effect, the pseudoelasticity, the two-

way memory effect, and the low fatigue tendency of ferroelasticity. They are used for 

various application purposes, such as restoring the original component shape or creating 

a new shape, performing mechanical work, creating force, damping vibration and 

dissipating and absorbing mechanical energy. They are commonly used in sensors [49], 

actuators [50], noise reducers and vibration dampers [51], medical implants and surgical 

tools [52], and non-deformable components in consumer goods products [53].  
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1.6.1. Principles of application of shape memory alloys 

Based on the working principles by which a SMA component functions, the various 

applications of these alloys can be divided into four categories, i.e., free recovery, 

constrained recovery, work production, and energy absorption. Fig. 1.15 presents a 

schematic illustration of free recovery, constrained recovery, and mechanical work 

production concepts. 

 

 
Figure 1.15. Schematic of principles of applications of shape memory alloys.  

 

1.6.1.1. Free recovery 

One common condition of application of SMAs is when a SMA component is allowed to 

change its shape freely without constraint or a resisting force. This is regarded as free 

recovery. Free recovery may occur in shape memory effect, two-way memory effect and 

pseudoelasticity. Fig. 1.15 illustrates the free recovery concept in the case of shape 

memory effect. It can be seen that an unloaded shape memory component that can freely 

recover back (the blue arrow in the figure) to its original shape at above Af temperature.  

This function is used to generate motion, recover an original position, restore the original 

shape, or store a deformation and to allow its recovery at a later time and at a different 

location. Typical applications include eyeglass frames, guidewires in medical 

applications, anchors, and brassiere underwire (pseudoelastic free recovery), and sensors 

[1, 54-57]. Fig. 1.16 shows two examples of the free recovery concept. Fig. 1.16(a) shows 

a self-expanding pseudoelastic stent that utilizes the free recovery concept after 

compression into a catheter to expand to its pre-designed shape once placed inside the 
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vessel. Fig. 1.16(b) shows a pseudoelastic antenna of a mobile phone that recovers freely 

back to its original position when bent in application without work hardening and rupture.  

 

  
Figure 1.16. Two examples of free recovery concept (a) self-expanding pseudoelastic 

stents; (b) pseudoelastic antenna of mobile phone.  
 
 

1.6.1.2. Constrained recovery 

The constrained recovery refers to the condition at which the shape memory alloy 

component attempt to recover its high temperature shape against an external fixed 

position constraint. This occurs at above the austenite finish temperature (Af). As a result 

of the constraint to shape recovery, a force (stress) is generated by the SMA component 

against the constraint, and the force (stress) generated increases with increasing 

temperature. Fig. 1.15 illustrates schematically the condition of constrained recovery. It 

can be seen that under fixed position constraint, a deformed shape memory component 

can revert back to its austenitic phase at above Af temperature (the red arrow in the figure), 

thus generate force. It is apparent that the maximum force output by a SMA component 

under position constraint is its yield strength. Typical applications using this principle are 

hydraulic couplings (Fig. 1.17(a)), fasteners, bone fixation implants (Fig. 1.17(b)),  and 

connectors [58]. 

 

(a) (b) 



22 
 

 

 

Figure 1.17. The schematic illustration of the constraint recovery design. (a) hydraulic 
coupling; (b) NiTi bone fixation implant [58]. 

 

1.6.1.3. Work production 

Work production is another common objective of application of shape memory alloys. It 

can be considered as constrained recovery under force constraint. This allows recovery 

of the pre-deformed shape memory component against a force, thus to produce a 

mechanical work.  This condition can be achieved through one way shape memory effect 

or two way shape memory effect. Considering that shape recovery strain is determined 

by transformation crystallography and largely fixed for a component, the work output is 

then determined by the recovering stress, which increases with increasing the reversion 

temperature under constraint. In this regard, the maximum work output is limited by the 

yield strength of the material. Fig. 1.15 shows schematically work production of a shape 

memory alloy upon recovery under constraint. It can be seen that the recovery of a pre-

deformed shape memory component against a force generates force (a portion of the green 

area in the figure depends on the force) and the maximum possible work output can be 

achieved at yield strength (whole green area).   

This design principle is used in many applications including the various thermally or 

electrically actuated shape memory effect actuators, pseudoelastic actuators, window 

openers, and valves [59-61]. Fig. 1.18 shows an orthodontic pseudoelastic arch wire as a 

pseudoelastic actuator, which is a typical example of work production of shape memory 

alloy in application. Fig. 1.18(b) shows a comparison of load-deflection curves of 

different materials used for orthodontics application. It can be seen that pseudoelastic 

NiTi can recover a much large displacement (deflection) at a constant lower load level in 

comparison with other commonly used surgical materials. The large recoverable 

displacement implies operation efficiency and fewer clinic visits by the patient, and the 

constant and lower recovery force means enhanced patient comfort.  

(a) 

(b) 
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Figure 1.18. Orthodontic pseudoelastic arch wire as an example of work production 

concept. (a) pseudoelastic arch wires for orthodontics application; (b) load-deflection 
curves of different materials to be used for orthodontics application.  

 

1.6.1.4. Energy absorption  

In addition to their shape changing and work producing capabilities, shape memory alloys 

also have other unique attractive characteristics for practical application. One such 

property is mechanical energy dissipation through pseudoelastic or ferroelastic 

deformation cycles, as characterized by the stress-strain space enclosed within their 

hysteresis loops (e.g., Fig. 1.5 and 1.6). This property allows repeated cyclic deformation 

without fatigue. This quality has been made into many designs for absorbing vibration or 

mechanical deformation. Typical applications using this principle include bendable dental 

tools utilising low-fatigue ferroelasticity of NiTi (Fig. 1.19(a)), and structure vibration 

absorbing mechanism (Fig. 1.19(b)) for earthquake protection of civil structures and 

historical buildings.  

 

 

 

(a) 

(b) 

(a) 

(b) 
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Figure 1.19. Typical application examples of energy absorption principle: (a) 
bendable dental tools utilizing the ferroelastic property of shape memory alloy; (b) a 

pseudoelastic shock absorber for earthquake protection of the bell tower of the church 
of San Giorgio in Trignano, Italy [62, 63]. 

 

1.6.2. Typical Applications 

Following the principles explained above, a vast range of innovative designs of shape 

memory alloy enabled functions have been created for various applications. These 

applications are found in a wide range of industries, such as biomedicine, automotive, 

aerospace, and oil and gas. To demonstrate the versatile use of shape memory alloy 

technologies, a few application examples are given below.  

 

1.6.2.1. Automotive industry 

Safer, higher standard of comfort, lower final cost, and better performance are the main 

factors for manufacturers when it comes to design modern vehicles. By emerging the 

drive-by-wires technology, which electronically controls and activates the brakes, 

steering, and operate other systems, new applications for shape memory alloys in modern 

passenger automobiles have been reported. Typical examples include shape memory 

alloy actuators to replace electromagnetic actuators [9, 59, 64]. The simplicity and 

compactness of SMA actuators significantly reduce the scale, weight and cost of 

automotive components and provide performance benefits in comparison to 

electromagnetic actuators [65]. 

Fig. 1.20 shows typical applications of shape memory alloys in automotive industry. Fig. 

1.20(a) shows a schematic function of a thermal valve. This temperature sensitive valve 

are utilized to control the shifting pressure in automatic transmissions. At low 

temperature, the NiTi spring is in martensitic states thus the steel spring forces the 

moveable piston inside the valve to the closed position. At high temperature, M→A phase 

transformation occurs that results in overcoming the force from the steel spring and push 

back the piston into the open position. Fig. 1.20(b) shows the application of shape 

memory used in an actuator for safety purposes in cars. When a car hits a pedestrian, a 

sensor in the bumper signals the pop-up unit to open the engine hood. That may 

significantly reduce the damage to the pedestrians [66]. These applications are based on 

the work production principle explained in section 1.6.1.4. 
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Figure 1.20. Typical application of shape memory alloys in automotive industry. (a) 
thermal valves in automatic transmissions [59]; (b) pop-up engine hood to protect 

pedestrians in accidents [66]. 
 

1.6.2.2. Aerospace industry 

The first major success in using SMAs in aerospace application goes back to 1970s, when 

SMA coupling for hydraulic lines in the F-14 jet fighters was used [67]. After the first 

successful attempt, many other innovative applications of SMAs have been created for 

aerospace industry. Examples include the aircraft smart wings project in the defense 

advanced research projects agency (DARPA) program [68], and the jet engines project in 

the Smart Aircraft and Marine Propulsion System Demonstration (SAMPSD) program 

[69], both projects in USA. The two programs were focused on active and adaptive 

structures toward morphing capability and system-level optimisation under various flight 

conditions [70]. Boeing has also developed a very effective device, known as variable 

geometry chevron, for noise reduction and cruise efficiency with SMA actuators, which 

has been installed on a GE90-115B jet engine for Boeing 777-300 ER commercial aircraft 

[71-73]. Fig. 1.21 typical applications of SMAs in aerospace industry. Fig. 1.21(a) shows 

the variable geometry chevron made at Boeing. Fig. 1.21(b) shows an example of Wing 

morphing with SMA actuators.  

  

(a) 
(b) 

(b) 
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Figure 1.21. Applications of shape memory alloys in aerospace industry. (a) Boeing’s 
variable geometry chevron (VGC) [70]; (b) Wing morphing with SMA actuators (I: 

un-morphed, II: morphed) [74]. 
 

High dynamic loads and geometric space constraints in the aerospace applications are the 

dominant reasons for using SMAs in the aerospace industry. Practical examples of these 

applications are actuators [67, 75], structural connectors, vibration dampers, sealers, 

release or deployment mechanisms [76-79], inflatable structures [80, 81], manipulators 

[82, 83], and the pathfinder application [84].  

 

1.6.2.3. Biomedical applications 

Shape memory alloys made a good start of a wide range of applications in biomedical 

operations with the  invention of dental implants [85]. Owing to their unique 

thermomechanical and shape memory properties, excellent corrosion resistance [86], 

good bio-compatibility [87], non-magnetic response [88], and replication of human 

tissues and bones [89], SMAs are attractive choices for biomedical applications. In 

comparison with stainless steels, SMAs offer better fatigue resistance and low Young’s 

modulus [38], which are two essential factors for in-vivo applications. Under cyclic 

loading conditions, stainless steel suffers from work hardening, which leads to fatigue 

and eventual rupture, thus immediate threat to the health of patients. Also, low Young’s 

modulus of SMAs enable them to be used as a replacement with human bones, while the 

high Young’s modulus of stainless steel leads to the stress shielding effect, which 

significantly affects the stress transfer.  

Andreasen and Hilleman made the first pseudoelastic braces from NiTi for orthodontic 

applications [90]. The US Food and Drug Administration (FDA) in September 1989 

approved the use of Mitek Anchor for orthopaedic surgeries [70, 91]. SMAs are also vital 

tools in minimally invasive surgeries including devices for cardiovascular surgery, 

(a) I 

II 

(b) 
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laparoscopic and endoscopic surgery and orthopaedic surgery [92]. The other applications 

in this domain are endodontics [93], stents [92], medical tweezers, sutures, anchors for 

attaching the tendon to bone, implants [94], aneurism treatments [95], eyeglass frames 

[96] and guide wires [97]. Fig. 1.22 shows some examples of the existing applications of 

shape memory alloys in this field, such as Simon IVC filter, stents, and dentistry files, 

and potential future uses of SMAs.  

 

 
Figure 1.22. Existing and potential shape memory based applications in the 

biomedical industry [70]. 
 

1.6.2.4. Robotics 

SMAs have also opened a new avenue in designing robots since 1980s, apparently owning 

to their ability to actuate with minimum mechanical, electrical, magnetic, pneumatic and 

hydraulic complexity in design. Fig. 1.23 shows a robotic hand with 17 degrees of 

freedom designed by Hitachi as a typical example. Such movements are driving by NiTi 

wire actuators. Using simple NiTi wire actuators to replace the conventional step motor 

actuators drastically reduces the size, the complexity of construction and the cost of the 

robotic hand. More importantly, the drastically simplified design also reduces the chance 

of part failure and malfunctioning of the design. In addition, shape memory actuators 

offer “soft” motion as opposite hard motions of conventional mechanical design 
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mechanisms, such gears and link rods, thus to allow “soft touch” actions, such as the 

holding of the egg by the robotic hand shown in Fig. 1.23. In recent times, a strong trend 

in SMA actuation application is the robotic designs, such as crawlers, jumpers, fish, 

walkers, and medical and biomimetic robotic hands. [12]. These robots can perform tasks 

in challenging situations unsuitable for human beings, such as underwater operations, 

space searching, air and land investigation during natural disasters to assist rescue teams 

[70]. Fig. 1.24 shows a conceptual design of a Mars walking spider [Courtesy of Dr. 

Winzek]. The spider is actuated by knee joint shape memory alloy mechanisms which 

respond to the temperature variation between day and night on Mars, i.e. it takes one step 

per Mars day. In another application the shape memory effect of NiTi is utilized in the 

design of a novel sensory system which mimics rat whisker for sensing [98]. This 

conceptual design enhances robotic sensing capabilities and allows for self-navigation 

into small and complex interior paths. 

 

 
Figure 1.23. Hitachi robotic hand with 17 degrees of freedom, driven by shape 

memory actuators [original source of information unknown]. 
 
 

 

 

 
Figure 1.24. Mars walking robotic spider actuated by shape memory knee 

mechanisms [Courtesy of Winzek, Center of Advanced European Studies and 
Research, Germany]. 

Daily temperature variation on Mars 
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Chapter 2 

 

2. NiTi-Based Shape Memory Alloys 
 

 

2.1. Metallurgy of NiTi shape memory alloys 

The main attention to the shape memory alloys happened after the discovery of NiTi by 

Buehler et al. in 1963 [1] in their effort to search for heat shielding materials. The main 

reason for that is the workability and stability of these alloys, which had not been seen 

before. NiTi based alloy systems are produced by melting and casting in controlled 

environment with the minimum possible oxygen presence due to high reaction of Ti with 

O. The final shape of NiTi samples can be achieved via forging, rolling, tube extrusion 

and wire drawing to suit the demand of different industries and applications. For specific 

applications or grain size refinements, cold working can be applied to alter the shape 

memory property of the samples. Subsequent annealing or aging applies after cold 

working in the cases of near equiatomic NiTi and Ni-rich alloys, respectively to enhance 

the shape memory properties. 

 

2.1.1. NiTi binary phase diagram and precipitation 

Fig. 2.1 shows the Ni-Ti binary phase diagram. The NiTi shape memory alloy is that with 

the near equiatomic composition and a B2 crystal structure, as indicated in the phase 

diagram. The B2 phase region has an almost vertical boundary on the Ti side, implying 

no solubility of Ti beyond 50.0 at% in the NiTi-B2 phase and that the excess of Ti forms 

into Ti2Ni compound in the alloy. On the other hand, Ni can substitute Ti in the NiTi-B2 

phase up to ~57 at% at 1118⁰C. The Ni solubility in B2 decreases with decreasing 

temperature to practically 50.0at% at below 630C. The excess of Ni forms into a Ni-rich 

compound TiNi3, as seen in the binary equilibrium phase diagram. . 
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Figure 2.1. Phase diagram of NiTi system [2]. 

 

2.1.2. Diffusional transformations of NiTi-B2 

The decrease of solubility of Ni in B2 implies possible precipitation reactions of the Ni-

Ti system at elevated temperatures. Such diffusional precipitation transformations have 

been observed experimentally on both the Ni-rich side and the Ti-rich side. The Ni-rich 

precipitates have been found to occur in multiple forms, including Ti3Ni4, Ti2Ni3 and 

TiNi3 [3, 4]. On the Ti-rich side, GP zones and Ti2Ni precipitates have been observed. 

These precipitates are indicated in Fig. 2.1.  

Fig. 2.2 shows the time-temperature-transformation diagram of aging behavior for Ti-52 

at% Ni alloy. It can be seen that at lower temperatures and shorter ageing time Ti3Ni4 

precipitates form (previously known Ti11Ni14). TiNi3 phase appears at higher aging 

temperatures and longer aging time, while at intermediate temperature and time Ti2Ni3 

phase appears. To confirm the phase stability of the Ni-rich precipitates, Nishida et al. 

conducted prolonged ageing on samples with preexisting Ti3Ni4 and Ti2Ni3 [3] and found 

that the preexisting Ti3Ni4 was converted into Ti2Ni3 and the preexisting Ti2Ni3 was 

converted into TiNi3. This experiment confirmed that both Ti3Ni4 and Ti2Ni3 phases are 

intermediate phases, while TiNi3 is the equilibrium phase and they follow the order of 

evolution with increasing aging temperature and time as below in equation (2.1): 

𝑇𝑖 𝑁𝑖  →  𝑇𝑖 𝑁𝑖  →  𝑇𝑖𝑁𝑖   (2.1) 
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Figure 2.2. Time-temperature-transformation (TTT) diagram of aging behavior for Ti-

52 at% Ni alloy [3]. 
 

The different Ni-rich precipitates imply different solubilities of Ni in the B2 phase, 

according to thermodynamic principles. Fig. 2.3 shows the experimentally measured 

solvus for Ti3Ni4 [[5]], and the indicative solvus for Ti2Ni3.  

 

 
Figure 2.3. Metastable precipitation phase diagram in Ni-rich Ti alloy systems [5]. 
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Among the three Ni-rich precipitates, Ti3Ni4 has the strongest influence on the 

transformation behavior and the properties of the alloy due to its crystallographic 

coherency with the matrix, its small sizes and its dispersed distribution in the matrix. Fig. 

2.4(a) shows the microstructure of a Ti-51 at% Ni alloy containing Ti3Ni4 precipitate 

particles. The Ti3Ni4 particles are lenticular in shape and are oriented in three variant 

directions in this case, along the {110} planes of the B2 matrix. Ti3Ni4 has a trigonal 

crystal structure composed of six layers with one additional Ni atom occupying a Ti atom 

position on every second layer, thus containing 18 Ti atoms and 24 Ni atoms [6]. As a 

result of the slight lattice mismatch between the matrix and the precipitate, there is a strain 

field within the matrix around the precipitate. Fig. 2.4(b) reveals the calculated strain field 

surrounding a coherent Ti3Ni4 precipitate in an austenitic Ni51Ti49 matrix. It is clear that 

there are compressive strains at the edges of the lenticular shaped precipitate particle and 

tensile strains along the two side surfaces of the precipitate particle. The presence of the 

stain field is also confirmed in high resolution transmission electron microscopy 

(HRTEM) evidence [7]. On the other hand, larger precipitates lose their coherency with 

the matrix and consequently interface dislocations form to partially relax the strain fields 

[8, 9]. These strain fields play an important role in altering the transformation behaviour, 

developing the two way shape memory effect, and inducing B2→R phase transformation [7, 

10-13]. 

 

 
 

Figure 2.4. Ti3Ni4 precipitates in a Ti-51 at% Ni alloy. (a) transmission electron 
microscopy image of lenticular shaped Ti3Ni4 precipitates; (b) Calculated strain field 

around a Ti3Ni4 precipitate [7, 10]. 
 

2.1.3. Martensitic transformations of NiTi-B2 

In addition to the diffusional transformations that occur generally at elevated 

temperatures, the B2 phase exhibits multiple reversible martensitic transformations upon 
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cooling. Fig. 2.5 summarizes the possible martensitic transformation routes 

experimentally observe in NiTi-X alloys. In the case of binary NiTi, three crystal 

structures have been observed in experiment, including the B2 austenite, a B19′ 

monoclinic martensite, and a trigonal R phase, which may appear in between the B2 and 

B19′ phases under certain conditions [14-16]. Among the three phases, there are three 

possible martensitic phase transformations, i.e., B2↔B19′, B2↔R and R↔B19′, where 

B2 is always the parent phase to R and B19′, and R is parent to B19′. Under normal (e.g., 

fully annealed and solution treated) conditions, binary near equiatomic NiTi exhibits only 

the B2↔B19′ transformation, and the R phase is prohibited [17]. The R phase has been 

observed in ternary alloy systems, such as NiTiFe, NiTiAl, and NiTiCo. For binary NiTi, 

the R phase may appear under certain conditions, such as aged Ni-rich alloys, after 

thermal transformation cycling [18], or partially annealed after cold working [5].  

Another experimentally observed phase in NiTi-based shape memory alloys is B19, 

which has an orthorhombic structure. It occurs in Ni50-xTi50Cux alloys when the Cu 

content exceeds 7.5 at.% [19, 20]. In these alloys the transformation sequence is 

B2↔B19↔B19′ [21, 22]. 

 

 
Figure 2.5. Possible experimentally observed martensitic phase transformation paths 

in NiTi-X shape memory alloys. 
 

Fig. 2.6 shows the crystal structures of the martensitic phases and the B2 austenite of near 

equiatomic NiTi. Also shown for each phase are their [110] projections. Fig. 2.6(a) shows 

the B2 structure. The B2 phase may also be represented as its equivalent body centered 

tetragonal (BCT) structure to be comparable to the martensitic phases, as indicated by the 

unit cell defined by the red lines. The lattice constant of the B2 structure is 3.015 Å [23, 

24], which gives the lattice parameters of a = 3.015 Å, b = c = 4.26 Å for the equivalent 

BCT structure. The BCT unit cell contains 4 atoms, including 2 Ti and 2 Ni atoms.  
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Figure 2.6. Typical phases in NiTi based shape memory alloys: (a) the B2 austenite, 
which can also be represented by a BCT unit cell; (b) orthorhombic B19 martensite; 

(c) monoclinic B19′ martensite [25]. 
 

The B19 structure is shown in Fig. 2.6(b). It has an orthorhombic structure. It can be 

formed from the BCT phase by shuffle of the interior Ni and Ti atoms along the [001]B19 

direction. This transformation has been reported to be associated with a volumetric 

contraction [23]. The lattice parameters are a = 2.81 Å, b =4.19  Å, and c = 4.71 Å [25].  

The B19′ structure is shown in Fig. 2.6(c). It is a monoclinic structure with a monoclinic 

angle of 97.8°. The lattice parameters experience a slight change from B19 to B19′. The 

lattice parameters are a = 2.9 Å, b =4.11  Å, and c = 4.65 Å [26]. 

The experimentally observed transformation in near-equiatomic NiTi is the B2↔B19′ 

transformation. This transformation is hypothesized to occur phenomenologically in two 

steps. The first step is B2 → B19. This transformation occurs via lattice volumetric 

(a) B2 

BCT 

(b) 

B19 

(c) 
B19′ 
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distortion (contraction) and shuffling of the Ni and Ti atoms along the [001]B19 direction, 

as indicated in Fig. 2.6(b). This produces the orthorhombic structure of the B19 phase. 

The second step is B19 ↔ B19′. It involves a non-basal shear along [001]B19 direction 

and shuffling of Ni and Ti in the direction of [100]B19.  

 

2.1.4. Effect of alloy composition on the martensitic transformations of NiTi 

The transformation behavior and the shape memory properties of near-equiatomic NiTi 

are found to be highly sensitive to small variations in its chemical composition. Fig. 2.7 

shows the effect of Ni content on the Ms temperature  of the B2 → B19′ (A→M) 

transformation (denoted TA-M) [27]. The TA-M temperature remains unchanged on the Ti-

rich side. This is due to the fact that the B2 phase cannot accommodate more Ti above 

50.0 at% and the excess of Ti forms into Ti2Ni, as shown in the Ni-Ti binary phase 

diagram (Figure 2.1). Consequently, the B2 matrix remains practically equiatomic. On 

the Ni-rich side, TA-M decreases with increasing Ni content at about 10 K per 0.1 at.% 

increase of Ni [28]. Also expressed in the figure are the indicative trends of critical 

temperatures for the A→R transformation (TA-R) and R→M transformation (TR-M). 

 

 
Figure 2.7. Experimental data on the effect of composition variation on the 

transformation start temperature (Ms) [27]. 
 

Addition of some ternary elements has been found to impact on the transformation 

temperatures and the thermal hysteresis of NiTi-based shape memory alloys significantly. 

Generally, adding elements right below Ti (period IVB: Zr and Hf) or Ni (period VIIIB: 
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Pd and Pt) in the Periodic Table increases MS. On the other hand, addition of elements 

appearing between Ti and Ni (fourth shell: V, Cr, Mn, Fe and Co) in the Periodic Table 

decreases MS. Cu is found to slightly decrease MS but significantly reduces the thermal 

hysteresis of the B2-B19′ martensitic transformation [29, 30].Table 2.1 summarizes the 

effect of ternary alloy addition on the transformation temperatures of shape memory 

alloys [31].  

 

Table 2.1. Effect of ternary alloy addition on the transformation temperatures of 
shape memory alloys at different conditions [31]. 

 
 

2.2. Thermomechanical treatment of NiTi 

The behavior of thermoelastic martensitic phase transformations, thus the properties of 

NiTi shape memory alloys, can be strongly affected by thermomechanical treatment and 

also change in the composition of the matrix. Therefore, along with the change of the 

alloy’s composition, different thermal and mechanical treatments have been utilized to 

alter the shape memory properties of SMAs. In the case of the binary NiTi, the effective 

treatments can be separated for near equiatomic NiTi and the Ni-rich alloys (Ni>50.5 

at%). The near-equiatomic alloys respond directly to cold working and annealing. The 
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Ni-rich alloys, due to the B2 phase’s solubility for excess of Ni and the change of the 

solubility with temperature, aging is the most effective way to influence their properties.    

 

2.2.1. Cold working of near equiatomic NiTi 

It has been reported that cold working decreases the B2↔B19′ martensitic transformation 

temperatures of near equiatomic NiTi alloys and induces the B2↔R phase 

transformation, thus changing the transformation sequence from B2↔B19′ to 

B2↔R↔B19′ (more often B2↔R↔B19′ on cooling and B19′↔B2 on heating) [32]. 

Meanwhile, the latent heat of the B2-B19′ martensitic transformations is also reduced. 

The main reason for these effects is the increased dislocation density and grain 

refinements. This is generally attributed to the resistive effect of dislocations and to the 

lattice shape change of the martensitic transformation. Therefore, the B2↔B19′ 

transformation is much more affected (retarded) by the increase of dislocation density in 

the matrix than is the B2↔R transformation, because of the much larger lattice distortion 

of the former. Following the same argument, thermal transformation cycling has also been 

observed to have the similar effect, because it can be considered a very mild repeated 

process of gentle plastic deformation of the matrix [18].   

Severe plastic deformation, however, will destroy all the martensitic transformation in 

the alloy. Such cold deformation is most commonly applied as a material working process 

than a transformation behavior control process, and is often used in conjunction with post 

deformation annealing.  

 

2.2.2. Effect of annealing on transformation behaviour of NiTi 

Annealing of near equiatomic NiTi after severe plastic deformation restores the 

transformation behavior of the alloy. Fig. 2.8 shows the effect of annealing temperature 

on the transformation temperatures of a Ti-50.2 at.%Ni alloy. The transformation 

behaviour can be divided into three regions. For region I at below 700 K, the B↔R 

transformation is restored, apparently due to its small lattice distortion and thus the least 

mechanical resistance in a heavily defected matrix. Rf increased with increasing the 

annealing temperatures leading to lower transformation intervals in region I. In region II, 

R↔B19′ transformation became evident. The Ms, and Mf temperatures increased rapidly 

with increasing the annealing temperature. Finally, for the high annealing region, the 

transformation sequence was B2↔ B19′ and independent of annealing temperature. 
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Figure 2.8. Transformation temperatures of annealed near equiatomic NiTi at 

different temperatures for 30 min measured by DSC [33]. 

 

2.2.3. Effect of annealing on mechanical behaviour of NiTi 

Annealing after cold working has been found to progressively restore the mechanical 

behavior of near-equiatomic NiTi, including the stress-induced martensitic 

transformation and pseudoelasticity. Fig. 2.9 shows the strength dependence of NiTi upon 

different annealing temperatures. Figure 2.9(a) shows typical tensile stress-strain curves 

of a Ti-Ni 50.2 at% sample at three temperatures after annealing at 776 K. It is seen that 

the sample has recovered its mechanical behaviour after severe plastic deformation. A 

summary of the effect of annealing temperature after cold working on the yield strength 

and critical stress for inducing the transformation in a Ti - 50.2at%Ni alloy is shown in 

Fig 2.9(b) [34]. The alloy is found to exhibit superelasticity after annealing at 660 K for 

1.8 ks, with a temperature range below the recrystallization temperature (Tre shown in a 

dashed line in Fig 2.9(b)). In the superelasticity range (below Tre), the yield strength (AY) 

increases with decreasing the annealing temperature. Similar to that, the critical stress for 

stress induced martensitic transformation (SIM) is also found to increase with decreasing 

the annealing temperature [34]. At above the recrystallization temperature, the alloy 

exhibits shape memory behaviour. It is also seen that the yield strength, stresses for stress-

induced transformation at a given testing temperature and for martensite reorientation 

increase gradually with increasing annealing temperature in this range. The increases of 

those parameters are not explained explicitly in the literature, but is believed to be related 

to surface oxidation of the alloy when annealed in air. 
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Figure 2.9. Strength dependence of NiTi upon different annealing temperatures. (a) typical 

stress-strain  behaviour of a Ti-Ni 50.2 at.% sample annealed at 776 K and tested at different 
temperatures; (b) Strength vs annealing temperature for  a Ti-Ni 50.2 at.% sample [34]. 

 

2.2.4. Ageing of Ni-rich NiTi alloys 

In comparison to the near-equiatomic (typically Ni > 50.2at%) alloys, the Ni-rich 

(typically with Ni > 50.5 at%) alloys have much more complex response to heat treatment. 

In addition to annealing, they also exhibit sensitive response to ageing. Aging treatment 

can be applied to Ni-rich alloys to promote the nucleation and growth of Ni-rich 

precipitates, including Ni4Ti3, Ni3Ti2, and Ni3Ti [3]. Among the three Ni4Ti3 is coherent 

with the B2 matrix and the most influential to the transformation behavior and mechanical 

properties of the alloy [35]. Alloys with lower Ni contents have also been found to 

precipitate Ni4Ti3, but it generally requires longer aging times. The temperature range for 

aging is generally 450-750 K [36].  

Ti3Ni4 is the first precipitate to form upon ageing. Fig. 2.10 shows Ni4Ti3 precipitation in 

a Ni-rich Ti sample [37]. Fig. 2.10(a) shows a TEM image of formation of precipitates 

near the grain boundary after aging of Ni 50.7 at%-Ti alloy for 1 hour at 500⁰C [37]. 

Ti3Ni4 precipitates are found to nucleate preferentially at grain boundaries. Fig. 2.10(b) 

shows the schematic of coherency between Ni4Ti3 and the B2 phase of the matrix in aged 

Ni-rich Ti alloys. The coherency between the phases leads to formation of Ni4Ti3 in three 

specific orientations within the matrix. 
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Figure 2.10. Ni4Ti3 precipitation in a Ni-rich Ti sample. (a) TEM image of formation 
of precipitates near the grain boundary after aging of Ni 50.7 at%-Ti alloy for 1 hour 
at 500⁰C [37]; (b) schematic of coherency between Ni4Ti3 and the B2 phase of the 

matrix in aged Ni-rich Ti alloys. 
 

The presence of coherent Ni4Ti3 precipitates in the matrix has significant influence on the 

transformation behavior and mechanical properties of NiTi. The presence of Ni4Ti3 is 

found to change the martensitic transformation sequence from B2↔B19′ to 

B2↔R↔B19′ [5]. Fig. 2.11 shows different transformation sequences of a Ti–50.9 at.% 

Ni alloy after different heat treatments. Curve (a) is the solution treatment condition 

achieved by annealing treatment at 1073 K for 3.6 ks. This heat treatment condition 

results in a simple A↔M transformation. Curve (b) demonstrates the transformation 

behaviour of a sample aged at 748 K for 36 ks. On cooling, it exhibits a transformation 

sequence of A→R→M and on heating from M, M→A. The transformation peak in dashed 

line is the anticipated direct A→M transformation, which is prohibited in this case by the 

occurrence of the A→R transformation. A transformation sequence of A↔R→M can be 

seen in curve (c), where the sample has been aged treated at 573 K for 3600 ks. 
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Figure 2.11. The transformation sequences of a Ti–50.9 at.% Ni alloy at different heat 
treatments (a) solution treatment at 1073 K for 3.6 ks; (b) a transformation sequence 

of A → R→ M on cooling and M → A on heating for the sample after aging at 748 K 
for 36 ks; (c) a transformation sequence of A ↔ R ↔ M for the sample after aging at 

573 K for 3600 ks [38]. 
 

The transformation behaviour of Ni-rich alloys have also found to be more complex under 

certain sample processing conditions. Such behavior are usually observed in samples after 

aging at low temperatures and shorter times for Ni-rich alloys with less than ~51at%Ni 

[39-41]. An example is shown in Fig. 2.12 for a Ni50.8Ti49.2 alloy after aging at 450 °C for 

2.5 hrs. Fig. 2.12(a) and (c) demonstrate three exothermic peaks on cooling and two 

endothermic peaks on heating. Fig. 2.12(b) and (d) show the evolution of the weight 

fractions of B2, R, and B19′ phases on cooling and heating, respectively. It can be seen 

that the first peak on cooling is A→R transformation, and the following peaks represent 

the formation of B19′, thus R→ B19′. After the third cooling peak, the majority of the R 

phase has been transformed to B19′, and with further cooling to -100 ⁰C the amount of 

the R phase becomes negligible. On heating from a low temperature, the transformation 

sequence is B19′→R followed by R→ B2. At 80 ⁰C, the matrix becomes fully B2.  
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Figure 2.12. Multi-step transformation sequence of Ni50.8Ti49.2 alloy after aging at 

450⁰C for 2.5 h. (a) DSC analysis of the sample under cooling and subsequent 
heating; (b) Evolution of the weight fractions of B2, R-phase and B19′ phases from 
neutron diffraction refinement on cooling (Arrows indicate temperatures at which 

neutron diffraction data were collected); (c) A part of the DSC analysis of the sample; 
(d) Evolution of the weight fractions of B2, R-phase and B19′ phases from neutron 

diffraction refinement on heating  [42]. 
 

Allafi et al. proposed an explanation about the multi stage phase transformation observed 

in aged Ni-rich alloys [8], on the basis of long range heterogeneous distribution of Ti3Ni4 

precipitates within the matrix.  In the early stages of aging, Ti3Ni4 precipitates are 

distributed more preferentially along grain boundaries and much less in the interior of 

grains, effectively divide the matrix into two regions of different transformation 

characteristics, thus the multiple-stage transformation behaviour. Zheng et al. later 

completed the explanation by considering the short range heterogeneity caused by growth 

of coherent precipitates into the formation of incoherent precipitates [43], as shown in 

Fig. 2.13. In Fig. 2.13, 5 stages may be identified for the morphology evolution of Ni4Ti3 

precipitates during aging, including (I) suppression of B2↔B19′ due to the atomic 

arrangement heterogeneity; (II) B2↔R transformation; (III) B2↔R↔B19′ 

transformation sequence after well distribution of the coherent precipitates; (IV) multi 

stage phase transformation as a result of over-growth of coherent precipitates; (V) 

B2↔B19′ phase transformation in the presence of non-influential incoherent precipitates.   
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Figure 2.13. Schematic figures representing the evolution of transformation behaviour 

of NiTi during ageing [43]. 
 

The other influence of the coherent precipitation is the change of mechanical behaviour 

of the Ni-rich alloys. Precipitation hardening is a known effect that the yield strength [43]. 

An example for precipitation hardening in the case of a Ti–50.9 at.% Ni alloy aged at 

different temperatures for 3.6 Ks is presented in Fig. 2.14. Fig. 2.14. reveals the 

temperature effect on the stress-strain response of the alloy, measured at 295 K [43]. The 

first obvious result is the starting structure of the samples at stage I as indicated in the 

figure. For the samples aged below 750 K for 3.6 ks, the starting structure was R, whereas 

for the samples that aged at higher temperatures the starting structure was B2. The second 

conclusion is the samples with lower critical stresses showed higher yield stresses and the 

highest yield stress was for the lowest aged temperature. The solution treated sample had 

the lowest yield stress. 

 

 
Figure 2.14. Stress-strain response of a Ti–50.9 at.% Ni alloy aged at different 

temperatures for 3.6 ks [43]. 
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2.2.5. Oxidation 

Oxidation of NiTi system is usually not a major concern in manufacturing of these alloys 

for general purposes. However, for miniaturized applications and MEMS devices, where 

shape memory alloys are used to fabricate components of very small dimensions, surface 

oxidation can have significant impact to the transformation behaviour and mechanical 

properties of the martensitic transformations [44, 45]. Fig. 2.15 shows the cross section 

of an annealed sample revealing the Ti oxide and Ni-rich Ti layers. It is known that Ti 

has a very high affinity to oxygen to form into TiO2. A surface oxidation layer can 

influence the shape memory properties in two apparent reasons: (i) The surface TiO2 layer 

is brittle and functions as a mechanical resistance to shape memory deformation and 

recovery; (ii) the Ni-rich layers (including TiNi3 and a Ti-depleted zone within the matrix) 

underneath the surface oxide are unable to exhibit martensitic transformation, thus 

hindering the shape memory properties.  

 

 
Figure 2.15. SEM image from the cross section of a NiTi sample after annealing in air 

for 1 hr at 600⁰C [46]. 
 

Despite the undesirable effects of oxidation on the shape memory properties, in 

biomedical applications, formation of a thin layer of TiO2 has been proposed as a 

technique to shield the Ni leach into bio-systems [47]. It is known that lower Ni 

interaction with bio-systems at the alloy surface due to formation of  TiO2, reduces 

thrombogenicity [48]. However, several studies have reported that significant 

concentrations of Ni, ranging from 3 at% to 20 at%, can still be released at through the 

oxide layer, challenging the technique [41, 49-51]. Undisz et al. [49] reported that the 

history of annealing determines the final Ni concentration at the oxide surface and that 
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high heating rates reduce Ni release through the oxide. Another challenge is the surface 

roughness of the oxidation treated samples for biocompatibility. Fig. 2.16 reveals the 

effect of annealing temperature on the surface characteristics. Fig. 2.16(a) shows the 

surface of a sample annealed at 300 ⁰C treated for 0.5 h. The surface is smooth and 

includes two distinctive components: (1) dark islands with a composition close to TiO 

(Ti0.55O0.45), and (2) a grey oxide layer that has a composition of Ni0.46O0.23Ti0.31 [41]. Fig. 

2.16(b) shows the surface of a sample annealed at 600C. Increase the annealing 

temperature to 600C changed the topography of the surface and made it rougher and 

grainier. The surface is found to contain mainly Ti and O, and a low concentration of Ni. 

At 800°C (Fig. 2.16(c)), the surface has a dominant porous structure and the composition 

was measured to be TiO2 stoichiometry [41]. 

 

 
Figure 2.16. Scanning electron microscopy (SEM) images of oxidized surface of a NiTi 

sample at different temperatures for 30 min (a) 300°C; (b) 600°C; (c) 800°C [41]. 
 

Natural oxidation of the surface can also alter the transformation temperatures of NiTi 

alloys and needs to be taken into account in the design of NiTi based micro-electro-

mechanical systems (MEMS) devices [27]. Li et al. [44] used an in situ TEM setup to 

investigate the natural oxidation of TEM samples with different thicknesses. They 
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confirmed the oxygen content in the samples and found that the thickness of the TEM 

sample is a key factor on the thermally induced martensitic phase transformation. They 

reported that there are critical values 0f ~22 nm and ~50 nm for B2→R and R→B19′ 

thermally induced phase transformation, respectively. They attributed the observed size 

effect to the natural oxidation of NiTi [44]. 

 

2.3. New developments of NiTi shape memory alloys 

With the establishment of the knowledge framework for NiTi shape memory alloys, 

including the fundamental science of thermoelastic martensitic transformations [52], the 

physical metallurgy of the system [5], the thermomechanical behavior of the alloys [5, 

28], and the industrial production and processing techniques of these alloys [5, 53], new 

effort has been made in recent years to develop more advanced NiTi based materials in 

non-conventional forms and structures to further expand their property capabilities to 

meet the demands and challenges of more and new innovative applications, such as in 

microelectromechanical systems (MEMS), bionic and robotic technologies, space 

science, and mining and resource exploration.    

 

2.3.1. Functionally graded NiTi 

Functionally graded NiTi alloys allow them to display their functional properties in a 

progressive and gradient manner. These materials often exhibit progressively varying 

transformation stresses and transformation temperatures within the body of the material. 

The widened stress and temperature windows render the alloys better controllability in 

sensing and actuation applications. The sequential occurrence of the transformation 

across the body of a material often triggers complex and new mechanical behavior of the 

materials. 

NiTi alloys are known to exhibit Lüders-type deformation behavior upon loading [54-56] 

A Lüders-type deformation is a mechanical instability with a nil stress window, which 

gives very poor controllability of the alloy in actuating applications [57].  Thermally 

induced phase transformations in NiTi typically have transformation temperature window 

of about 10 K, which is also narrow and difficult for easy and reliable actuation control. 

For better actuation controllability, wider transformation stress and temperature windows 

are desired. Fig. 2.17 shows the comparison between the actual and desired behaviors of 

NiTi shape memory alloys, as in the case of stress-induced transformation in 
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pseudoelasticity (Fig. 2.17(a)) and thermally induced transformation (Fig. 2.17(b)). One 

possible way to achieve such desired thermomechanical behaviors is to design 

functionally graded alloys. 

NiTi shape memory alloys with graded properties can be designed in three different ways: 

compositional gradient, microstructural gradient, and geometrical gradient. In addition, 

the property gradient may also be parallel or perpendicular to the loading direction, 

referred to as the parallel and series configurations, respectively [58, 59]. 

 

  
Figure 2.17. Actual behavior of NiTi vs desired behavior of NiTi shape memory 
alloys. (a) stress induced phase transformation in superelasticity; (b) thermally 

induced phase transformation under constrained condition [58, 59] . 
 

2.3.1.1. Compositional gradient 

The properties of NiTi alloys are sensitive to their compositions, e.g., with the addition 

of a third element [22, 60-63] or variation from the Ti-Ni equiatomic stoichiometry [27]. 

It is known that the Ms temperature decreases with increase in Ni content on the Ni-rich 

side of the equiatomic stoichiometry for binary NiTi (refer to Fig. 2.7). A decrease in 

transformation temperatures also implies an increase in the critical stress for stress-

induced martensitic transformation at a given temperature [64]. Several different ways 

are possible to create the compositional gradients in NiTi, and these gradients may be 

along the length, such as wires, or through the thickness, such as thin films and sheets 

[65-69]. Fig. 2.18 shows a compositionally graded NiTi plate prepared by diffusion 

annealing. Fig. 2.18(a) shows the schematic of the diffusion annealing process before and 

after annealing the sample. Fig. 2.18(b) shows the effect of annealing duration on the Ni 

concentration in the NiTi substrate. It can be seen that by increasing the annealing time 

from 1.5×3.6 ks to 3×3.6 ks, a more close to uniform Ni distribution in the substrate can 

be achieved. Fig. 2.18(c) shows the stress–strain curves of tensile deformation of the two 
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samples annealed at different timing and a solution-treated sample. From the figure it can 

be seen that, the diffusion annealing of Ni into the substrate altered the stress-strain 

response of the sample. Fig. 2.18(d) shows the transformation behaviour of the similar 

samples as Fig. 2.18(c). The transformation behaviour of the annealed samples was 

changed and the second sample shows a continuous forward and reverse transformation 

(not a sharp peak) probably due to the created compositional variation in the NiTi 

substrate. 

 

 

 

  
Figure 2.18. A compositionally graded NiTi plate created by diffusion annealing 

concept. (a) schematic of the technique; (b) effect of diffusion time variation on Ni 
concentration variation measured by EDS technique (the inset is a SEM micrograph 

of the deposited Ni thin film on top of the NiTi sunstrate); (c) the tensile stress–strain 
curves of deformation of the two samples annealed at different timing and a solution-
treated sample; (d) Transformation behavior of near equiatomic substrate (i) solution 
treated at 1123 K for 3.6 ks, and diffusion annealed at 1223 K after deposition of Ni 

for (ii) 1.5  3.6 ks (sample I) and (iii) 3  3.6 ks (sample II), respectively [70]. 
 

2.3.1.2. Microstructural gradient  

It is known that the transformation behavior and the shape memory properties of NiTi 

alloys are sensitive to microstructural conditions [71, 72], thus concept gradient of 

(a) 

(b) 

(c) (d) 
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functional properties can be achieved by creating a microstructural gradient. The 

microstructural gradient can be of a cold worked microstructure, annealed microstructure 

or aged microstructure. Fig. 2.19 shows a technique using heat treatment temperature 

variation to create microstructural functionally graded near-equiatomic NiTi shape 

memory alloys [73]. Fig. 2.19(a) shows the schematic of the technique. The wire can be 

subjected to an annealing temperature variation (1) and also differential aging condition 

(2) created by the non-uniform furnace temperature profile.  

 

 

 

  
Figure 2.19. A heat treatment method for the creation of functionally graded 

microstructure. (a) schematic of the creation of the different heat treatment annealing; 
(b) stress-strain behaviour of a Ti-50.2at%Ni NiTi sample uniformly annealed at 

773K and then tested at 318K; (c) the actual furnace profile used in the experiment 
and the position of the annealed wire in the furnace; (d) stress-strain response of the 

non-uniformly annealed sample [73].  
 

Fig. 2.19(b) shows the stress-strain behaviour of a Ti-50.2at%Ni NiTi sample uniformly 

annealed at 773K and then tested at 318K. The curve shows a typical Lüders like tensile 

deformation. Fig. 2.19(c) shows the actual furnace profile used to create the 

microstructural gradient and the position of the annealed wire in the furnace. Fig. 2.19(d) 

shows the stress-strain response of the non-uniform annealed sample. The gradient anneal 

is measured to be in the range of 550K to 760K. The curve reveals that by non-uniform 

(a) 
(b) 

(c) (d) 
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annealing of the sample, different mechanical properties relative to the uniformly 

annealed sample can be achieved. 

 

2.3.1.3. Geometrical gradient 

The variation of the cross-section area in the direction of the applied load is the key for 

achieving the geometrical gradient designs. When the loading is applied, the martensitic 

transformation starts from the lowest cross-section area (i.e. highest stress concentration) 

and propagates to the highest cross-section area that creates a non-uniform transformation 

response in the sample. This effect generates an unmatched stress-strain response from 

the sample with uniform design that can be managed to create a positive slope can tackle 

the mechanical instability of SMAs created by lüders bands [59]. Fig. 2.20 shows the 

series and non-series examples.  

 

 

 
Figure 2.20. Typical microstructural based functionally graded designs. (a) series 

configuration; (b) non-series configuration [59]. 

 

2.3.2. SMA thin films 

The shape memory effect (SME) of SMAs is known to produce the highest work output 

density and to offer the simplest design of all the actuation methods [74]. This makes 
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SMAs an attractive candidate to be used in microelectromechanical systems (MEMS). 

Much driven by this demand, SMA thin films have been fabricated. 

A key challenge in NiTi thin film fabrication is composition control. Generally sputtered 

NiTi films are found to contain lower Ti content relative to the target used [5]. This is 

attributed to the angular distributions of the sputtered target components [75]. The 

sputtered target components may vary with the polar angle of ejection. This is due to the 

unequal transfer of the projectiles' energy to the different target species. This leads to 

preferential sputtering of one of the components, thus creating a concentration gradient 

near the surface. To overcome this, several solutions have been proposed, including (1)  

co-sputtering using separate Ni and Ti targets to allow different sputtering times on the 

targets so to achieve the desired Ni-Ti ratio in the films [76], (2) using Ti-rich NiTi targets 

[77], (3) attaching a Ti mesh to the target or inserting Ti studs into the target to 

compensate for the Ti loss during deposition [78], and (4) heating the target to affect the 

polar angular distribution of Ti [79] by increasing the Ti deposition amount. 

 

2.3.3. Additive manufacturing of NiTi 

With the rapid uptake of additive manufacturing (AM) to fabricate complex metal 

structures, this approach has also been applied to NiTi alloy system. The main AM 

techniques used for NiTi include  selective laser sintering (SLS), direct metal sintering 

(DMLS), and selective laser melting (SLM) [80]. AM, as commonly known as 3D 

printing, is advantageous in fabricating intricate and complex metal structures that are 

otherwise difficult or impossible to fabricate. It forms the complex structure from powder 

stock in a layer by layer manner via the aforementioned sintering or melting using a high 

powder beam such as laser. Fig. 2.21 shows a comparison of the cyclic compressive 

stability of shape memory effect between a conventional NiTi sample and a AM 

manufactured NiTi. Fig. 2.21(a) shows the cyclic compression of a conventional NiTi. 

Fig. 2.21(b) shows the cyclic compression of a AM NiTi after processing without any 

further treatments. From the figures it can be seen that the AM NiTi sample shows a 

similar shape memory behaviour as the conventional NiTi. The conventional NiTi sample 

under cyclic compression has a significant irreversible strain at the first cycle (~2%), 

while the AM NiTi sample develops only ~1% irreversible strain. At each cycle, there is 

a decrease in the maximum strain. This decrease is more obvious for the conventional 

NiTi which proves a more stable shape recovery for the AM technique produced sample.  
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Figure 2.21 A comparison of the cyclic compressive stability of shape memory effect 

between a conventional NiTi sample and a AM manufactured NiTi. Stress-strain 
curves of (a) conventional NiTi; (b) AM NiTi after processing (without subsequent 

annealing) [81].  
 

Above example shows the high quality of the AM produced NiTi. This allows 

manufacturing of complex structure, which are not feasible to be made via conventional 

techniques such as casting and powder metallurgy, with the similar functional properties. 

One concern in regards with the AM NiTi samples is achieving the optimized condition, 

which demands a fair number of experiments for each targeted composition, to exhibit a 

high quality (close to conventional NiTi) thermo-mechanical behaviors. Despite even 

reaching the optimized conditions, and depending on alloy composition, a more or less 

pronounced shift of the DSC peaks to higher temperatures after processing is to be 

expected [81]. Therefore, this DSC peak shifts need to be considered before 

manufacturing the samples. 

 

2.3.4. Architectured SMAs 

The functional properties of NiTi SMAs can also be combined with the materials 

geometrical characteristics to offer new and enhanced application performances. Design 

of the materials to enhance their functionality is not a new concept. For example, I-beams 

and the tubular framework of bicycles are a well-known examples for enhanced bending 

stiffness and reduced weight. Another example is helical springs, which trades material 

stiffness for flexibility and recoverable deflections. Considering these already established 

concepts, various attempts have been made to create architectured NiTi materials for new 

and better performances, such as springs, cellular designs, network structures, and porous 

design. 

(a) (b) 
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A simple architectured design of NiTi is NiTi springs. Spring design allows enlarging the 

recoverable elastic deformation by 1~2 orders of magnitude at the expense of strength. 

Thus NiTi springs are designed when excessively large displacement is required. They 

are used mainly for storing elastic energy, delivering constant force , and damping 

vibration [82]. Fig. 2.22 shows the application of NiTi springs in dentistry for space 

closure, tooth retraction and distal movement [83]. 

 

  

Figure 2.22. NiTi springs used in dentistry. (a) NiTi coil spring used for space 
closure and anterior retraction (the arrow shows the NiTi spring); (b) A NiTi coil 

spring [83]. 
 

SMA cellular structures can be designed to achieve both low stiffness and high stiffness 

to mass ratio. The low stiffness designs can be considered as 3D springs and offer the 

advantage of adjustable stiffness for different application demands.  One example is in 

biomedical applications as bone replacement with matching stiffness (typically 20 GPa) 

to avoid stress shielding effect [84]. In addition, cellular microstructures offer much 

higher shape recovery and higher response frequency due to the increased surface to 

volume ratio for heat transfer [85]. Fig. 2.23 shows cellular design of spot welded NiTi 

tubes and its deformation behaviour under uniaxial compression [86]. The maximum 12% 

global compressive strain at three different testing temperatures without damage to the 

welding could be achieved. The structure exhibited an effective structure elastic modulus 

of ~25 GPa, which is very close to the reported modulus for bone. 

 

(a) (b) 
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Figure 2.23. A cellular structure constricted of NiTi tubes and its mechanical 

behavious under compression [86]. 
 

Fig. 2.24 shows another example of NiTi cellular structure in honeycomb design and its 

deformation behavior under uniaxial compression [85]. The structure exhibited 60% 

pseudoelastic deformation and an apparent effective elastic modulus of 19.1 MPa.  

 

 

(a) 

(b) (c) 
(d) 

(a) (b) 

(c) (d) 
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Figure 2.24. NiTi honeycomb cellular structure and its compressive deformation 
behavior [87]. 

 

Another architectured design is network structures. They can be fabricated by weaving, 

braiding, knitting and stitching NiTi wires and strips in 2D or 3D designs [88, 89]. The 

designed geometrical network can be controlled to reduce the stiffness and produce a 

large recoverable deformations unmatched with the monolithic binary NiTi. A typical 

example of network designs is woven NiTi stents. NiTi stents are capable of being 

compressed into a catheter in much reduced size and self-expanding against the vessel’s 

wall once deployed inside the body owing to its shape memory superelasticity. Fig. 2.25 

illustrates a self-expanding NiTi stent released from a catheter and an endoscopic view 

inside a self-expanded stent after insertion.  

 

 

 
Figure 2.25. (a) A self-expanding NiTi stent half inserted in a catheter  [90] and (b) an 

endoscopic view inside a self-expanded stent just after insertion [91]. 
 

2.3.5. Porous NiTi 

Porous NiTi SMAs attracted a high attention for their potential application as bone 

implants and high energy absorbing materials. Porous SMAs have high strain recovery 

and low apparent Young’s modulus. Fig. 2.26 shows the microstructure of a porous NiTi 

sample and compressive stress-strain curves of the monolithic and porous NiTi samples. 

Fig. 2.26(a) shows the microstructure of the porous NiTi sample fabricated by self-

propagating high-temperature synthesis (SHS) in a pressurized hot-isostatic press (HIP) 

and subsequent annealing at 900°C. Fig. 2.26(b) shows the compressive stress strain 

curve of the monolithic NiTi sample. Fig. 2.26(c) shows the compressive stress-strain 

curve of the porous sample with 16% porosity. From the Figs 2.26(a) and (b) it can be 
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seen that the apparent austenitic Young’s modulus of porous sample is ~20 GPa, while 

the apparent austenitic Young’s modulus of the conventional sample is ~42.5 GPa.  

 

 

Porous NiTi is mostly fabricated using powder-metallurgy method [93]. The main issue 

with the final product is the brittleness which makes them not suitable for many 

applications. Li et al. fabricated porous NiTi with small and well distributed pores using 

combustion synthesis method from Ni and Ti elemental powders [94]. Their products 

were brittle. Kim et al. fabricated porous NiTi by means of high temperature synthesis 

(SHS) method [95]. Their products were also brittle. Lagoudas et al. produced porous 

NiTi from Ni and Ti elemental powders by using hot isostatic press (HIP) method [96] 

and their products were also brittle. The only porous NiTi with good ductility appears to 

be those fabricated by Zhao et al. [95] using spark plasma sintering (SPS) method from a 

pre-alloy NiTi raw powders of pseudoelastic grade (Ni 50.9 at.%–Ti 49.1 at.%). Their 

 

  
Figure 2.26. Porous NiTi sample and the comparison between the monolithic NiTi 
and porous NiTi compressive behaviour. (a) Optical micrograph of the porous NiTi 
sample; (b) compressive behaviour of the monolithic NiTi sample; (c) compressive 

behaviour of the porous sample with 16% porosity [92]. 

(a) 

(b) (c) 
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materials contained 13% porosity and reached over 5% ductility and full strain recovery 

after unloading.  

 

2.3.6. SMA composites 

2.3.6.1. Traditional approach to designing SMA composites 

Much effort has been made to develop shape memory alloy composites in the past few 

decades. These include SMA–ceramic composites [97-100], SMA–polymer composites 

[101-103] and SMA–metal composites [104-106]. In SMA-ceramic composites, SMAs 

are added to enhance ductility and toughness of the brittle ceramics or concrete. In SMA-

polymer composites, SMA components are introduced to alter and control the mechanical 

properties of the composites, such as stiffness and vibration damping. In the metal-SMA 

composites, the primary purpose of the SMA addition is to enhance strength or toughness 

of the matrix and also add the temperature memory through the martensitic phase 

transformation of SMAs. 

As an example of the traditional approach to manufacture SMA composites, Fig. 2.27 

shows microstructure and property dependence of an ER3 resin composite contained  

shape memory alloy short fibers as reinforcements [103]. Fig. 2.27(a) shows the surface 

image of the composite. Black and white areas in the Fig. 2.27(a) represent SMA 

reinforcements and resin-based matrix, respectively. The SMA short rods are well 

distributed with arbitrary axial directions. Fig. 2.27(b) Young’s modulus and fracture 

deflection in the composites with different SMA weight contents measured from 3 point 

bending experiments. The figure shows that the higher the amount of SMA short fibers, 

the higher the Young’s modulus and lower fracture deflection. This shows the 

enhancement of strength as the expense of the toughness achieved via SMA short fibers 

addition to the soft resin. 

A common objective of SMA composite design is to achieve active property tuning (APT) 

or active strain energy tuning (ASET) [107]. The former refers to the situation of 

thermally induced phase transformation of undeformed SMA wires embedded in a 

composite to alter the modulus of elasticity of the composite by utilizing the drastically 

different elastic moduli of the martensite and austenite phases. APT technique is used in 

vibration, damping, acoustic emission, and structural control. The latter technique relies 

on the induced contraction of the pre-deformed wires placed in a matrix. When the wires 

are heated, the deformed martensite reverses back to austenite under the constraint of the 
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matrix, thus generating large internal stresses and increasing the elastic modulus of the 

composite.  

 

  

Figure 2.27. Microstructure and property dependence of an ER3 resin composite 
contained 16.1 wt% shape memory alloy short fibers. (a) Surface image of the epoxy 

resin ER3 filled with 16.1 wt% Ni–Ti alloy short fibers; (b) Young’s modulus and 
fracture deflection for different SMA weight contents in the composite [103]. 

 

2.3.6.2. A new design concept of SMA composites 

A new concept of SMA composite was reported recently in a NiTi-Nb nanowire system. 

In this work NiTi was used as an enabler to induce ultra-large elastic strains in the 

embedded Nb nanowires [108], instead of for its own shape memory properties. In this 

composite, the elastic strains of the Nb nanowires reached 6.4%, an unprecedented value 

in bulk materials [109, 110]. Fig. 2.28 shows a NiTi-Nb nanowire nanocomposite system 

with exceptional properties. Fig. 2.28(a) shows a STEM image of the cross sectional area 

of the sample. Nb nanowires are well distributed in the matrix. Fig. 2.28(b) shows a TEM 

image of the longitudinal area of the sample. Nb nanowires are aligned with the axial 

direction of the wire. Fig. 2.28(c) shows the stress-strain behaviour of the sample at 

different temperatures. At close to the room temperature (15°C), the composite shows a 

quasi-linear behaviour up to 6.4% applied strain with a very low Young’s modulus of 

25.8 GPa and yield stress of 1.65 GPa.  Fig. 2.28(d) shows d-spacing strain evolution of 

the sample with respect to the applied macroscopic strain for the Nb (220) plane 

perpendicular to the loading direction  measured by XRD synchrotron technique (the 

average diameter of the Nb nanowires for the green curve is ~60 nm, while for the red 

one with the similar arrangement is below 60 nm). This figure reveals the enabling effect 

of the SMA matrix to induce ultra-large elastic strains in the embedded Nb nanowires in 

comparison with conventional dislocation slip matrix systems. 

(a) (b) 
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Figure 2.28. A NiTi-Nb nanowire nanocomposite system with exceptional properties. 

(a) STEM image of the cross sectional area of the sample; (b) TEM image of a 
longitudinal section of the sample; (c) stress-strain response of the sample over 

different temperatures; (d) d-spacing strain evolution of the sample with respect to the 
  applied macroscopic strain for the Nb (220) plane perpendicular to the loading 

direction  measured by XRD synchrotron technique (the average diameter of the Nb 
nanowires for the green curve is ~60 nm, while for the red one with the similar 

arrangement is below 60 nm) [108].  
 

This findings represent a breakthrough and overcomes a long-standing challenge in 

inducing large elastic strains, thus ultra-high strength, in nano-inclusions embedded in 

bulk composites, known as the “valley of death” of nanocomposite design [108]. This 

achievement allows harnessing the superior inherent mechanical properties of 

nanomaterials in bulk form for engineering utilization [111, 112]. 

The ultra-large elastic strains in nanowires are comparable to those achieved in free-

standing nanowires [108], and are close to the theoretical limit. To achieve such elastic 

strains in bulk form is unprecedented. This is achieved via a novel concept of lattice strain 

matching between the uniform lattice distortion of the martensitic transformation of the 

NiTi matrix, typically 6~8%, and the uniform elastic strains of the nanowires, typically 

of the same magnitude. This lattice strain matching allows effective load transfer from 

(a) (b) 

(c) 

(d) 
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the martensitic matrix to the nano-inclusions, thus to achieve ultra-large elastic strains in 

them. This condition is distinctively contrasting to conventional metallic matrix 

composites where the matrix undergoes plastic deformation via dislocation slip [5, 113]. 

In such case, a dislocation line produces a lattice distortion of 100% whereas the majority 

of the lattice in between dislocations experiences typically <0.5% elastic strains. Such a 

highly heterogeneous strain field in the matrix is not compatible with, thus unable to 

induce, the large and uniform elastic strains of the nano-inclusions. Fig. 2.29 presents a 

schematic illustration of comparison of the two lattice strain matching/mismatching 

mechanisms.  

 

 
Figure 2.29. Schematic illustration of the lattice strain matching between different 
matrixes and the elastic-plastic nano-inclusion at the interface. (a) Interface of the 

conventional metallic matrix with the nano-inclusion where a high lattice distortion 
mismatch occurs; (b) Interface of the SMA matrix with the nano-inclusion where near 

perfect lattice strain matching occurs [113]. 
 

The lattice strain matching principle enables design of many novel SMA-metal composite 

systems. Fig. 2.30 illustrates some possible configuration designs between the SMA 

matrix and an elastic-plastic inclusion. The elastic-plastic component can be in various 

forms, such as nanoparticles, aligned nanowires, aligned nanoribbons, and nanolamellar. 

Some of these designs have been made into actual materials, such as NiTi–Nb [108] and 

TiNiCu–Nb [114] nanowire composites, NiTi–Nb nano-ribbon composite [115], NiTi–

W micro-fiber composite [116], NiTi–Ti3Sn [117] and NiTi–Ti5Si3 lamella composites 

[118], and NiTi–W multilayer composite  [119]. This composite designs open a new 

avenue in the field of elastic strain engineering. The main concept of this field is to change 

the properties of materials via elastic strain that can be achievable by utilizing the found 

strain matching capability of SMAs.  
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Figure 2.30. Various configurations of the SMA- nano-inclusion composite based on 

the geometry of the nano-reinforcment component along with one example of 
possible system. (a) particles reinforced; (b) nanowires reinforced; (c) nano-ribbons 

reinforced; (d) nano-lamellae reinforced; (e) W particles reinforced NiTi based 
composite; (f) Nb nanowires reinforced NiTi based composite; (g) Nb nano-ribbons 

reinforced NiTi based composite; (h) NiTi–W micro-laminated composite [113]. 
 

These composites can be fabricated via both in-situ and ex-situ routes. The in-situ route 

takes advantage of pseudo-binary eutectic solidification between NiTi and the second 

component. Examples of the NiTi-X  pseudo-binary eutectic systems are  NiTi–Nb [120], 

NiTi–Ta [121], NiTi–V [122], NiTi–CuTi [123], NiTi–Ti3Sn [117] and NiTi–Ti5Si3 

[118]. Such eutectic systems naturally form well-mixed in-situ dual-phase structures with 

NiTi as the matrix. By severe post-ingot casting processing via plate rolling or wire 

drawing, the second phase can be converted to aligned nanowires or ribbons. Fig. 2.31 

shows the fabrication procedure for an in-situ NiTi–Nb nanowire composite produced by 

this route. The microstructure of the final product shows the well distributed Nb 

nanowires embedded in the NiTi matrix. 

 



68 
 

Figure 2.31. The fabrication procedure for NiTi–Nb nanowire composites by in-situ 
pseudo-binary eutectic solidification casting and wire drawing [113]. 

 
 

The ex-situ route is an additive method to create composites. It is most easily applied by 

stacking multiple and alternating layers of NiTi and the second component sheets, and 

then subject the stack to multiple-pass severe plate rolling to create nano-lamellar 

composites. Fig. 2.32 shows a schematic of the fabrication process for a NiTi-W nano-

lamellar composite system. The multiple-pass severe plate rolling often requires process 

anneal and thus oxidation protection of the composite sheet by encasing and sealing the 

composite sheet inside a steel casing for processing. A main concern about this ex-situ 

method is the inter diffusion of the elements between the composite layers during the 

process, which may cause undesired changes to the NiTi layers. This is controlled by low 

temperature intermediate annealing and also considering the inter-diffusion of the 

components to eliminate this drawback. 

 

500nm 

 Swaging 

Cold  

drawing 
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Figure 2.32. Fabrication procedure for a NiTi–W nanolamellar composite by ex-situ 
method [113]. 

 

2.4. Development of theoretical understanding of NiTi 

It is well established experimentally that binary near-equiatomic NiTi alloys exhibit two 

martensitic phases from the B2 phase, including the trigonal R phase and the monoclinic 

B19′ martensitic phase [5, 124].  However, with the development of density functional 

theories and computation tools in the past decade, many studies have been conducted on 

NiTi system to discover some new phases that have never been observed experimentally 

and challenge the experimentally reported B2 phase. The DFT method has also allowed 

identification of transformation pathways between different phases, determination of the 

ground state, and investigation of stabilities of various phases. One worth mentioning 

discovery using the DFT method is instability of the B2 austenite phase, while the B2 

phase is observed frequently in experiments. The other such findings is the discovery of 

the B19″ phase and a base centered orthogonal (BCO) phase in the binary near-

equiatomic Ni-Ti system, which demonstrate a clear discrepancy with experimental 

observations.  

 

2.4.1. Thermal stability of the B2 phase in equiatomic NiTi 

The equiatomic NiTi exhibits a B2 austenite phase of CsCl-type structure in 

𝑃𝑚3 𝑚 space group (no. 260) with a lattice constant of a=3.015 Å [25]. The dynamic 

stability of the phase may be examined using the frozen phonon technique. Fig. 2.33 

shows the phonon dispersion of the B2 phase at 0 K based on the forces extracted from 

DFT calculations and used in the frozen phonon approach. It is seen that negative 

frequencies (also known as imaginary frequencies) are presented dominantly at M. This 

indicates unstable phonons and implies that the B2 phase is not a local minimum 

(unstable) at 0 K [125-129].  
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Figure 2.33. The phonon dispersion of the B2 phase at 0 K. The imaginary 

frequencies of the unstable modes are plotted as negative values [129]. 
 

For further comprehension about the entropic effects on B2 phase, researchers have 

attempted to combine the DFT calculations at 0 K, where there is no entropic effect, with 

other methods such as the self-consistent ab initio lattice dynamical (SCAILD) 

calculations and the ab initio molecular dynamics (AIMD).  Zarkevich and Johnson used 

AIMD method to add the entropic effect to the B2 phase. They used a 3×3×3 supercell 

with 54 atoms [126]. They found that the B2 structure is thermodynamically unstable at 

all temperatures up to its melting temperature, 1586 K. This conclusion clearly contradicts 

the reality and could be attributed to the size of the supercell used. They proposed a new 

crystal structure for the B2 phase to solve this puzzle [126]. In contrast, Souvatzis et al. 

by using first principles SCAILD calculations method confirmed that the B2 phase in 

equiatomic NiTi is stabilized by phonon-phonon interactions [127]. Recently, Haskins et 

al. revealed the importance of the size effect of the supercell when AIMD method is used 

[125]. They fixed the temperature to 600 K and carried out the phonon dispersion 

calculations for three different supercells of 3×3×3 (54 atoms), 4×4×4 (128 atoms), and 

6×6×6 (432 atoms) from the primitive unit cell of 2 atoms and found that the size of the 

supercell plays an important role on anomalous phonon self-interactions and can change 

the nature of the anharmonic effects [125]. They also reported that the imaginary 

(negative) frequencies of phonon dispersion become positive (stable structure) at 300 K, 

which is very close to the experimentally reported temperature for the B2↔B19′ 

transformation. Fig. 2.34 shows phonon dispersions at 600 K for 3 different supercell 

sizes as calculated by Haskins et al. [125].  
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Figure 2.34. Size dependence of phonon dispersion in equiatomic NiTi at 600 K 

[125]. 
 

2.4.2. The ground state of equiatomic NiTi predicted by DFT calculations 

As presented above, binary equiatomi NiTi has been observed to exhibit two martensitic 

phases to the B2 austenite, including a monoclinic B19′ phase and a trigonal R phase [14-

16]. Among the three phases, three martensitic phase transformations are possible, 

including B2↔B19′, B2↔R and R↔B19′, where B2 is always the parent phase to R and 

B19′, and R is parent to B19′. Under solution treated condition, equiatomic NiTi exhibits 

only the B2↔B19′ transformation and the B2↔R formation is prohibited [17]. In ternary 

NiTi based shape memory alloys, such as NiTiFe, NiTiAl, and NiTiCo, the B2↔R 

transformation is known to occur spontaneously [130]. B19 is another experimentally 

observed phase in NiTiCu alloys with an orthorhombic crystal structure. It occurs in Ni50-

xTi50Cux alloys when the Cu content exceeds 7.5 at.% [19, 20]. In these alloys the 

transformation sequence is B2↔B19↔B19′ [21, 22]. B19 is also believed to be the 

intermediate phase and not the local minimum for the B2↔B19′ transformation even in 

equiatomic NiTi, as proposed by Hehemann and Sandrock [131]. 

In the attempt to establish the fundamental theoretical understanding of the phases and 

transformation pathways in equiatomic NiTi, DFT calculations have revealed several new 

phases that have not been observed in experiment previously, including a monoclinic 

B19″ and a base-centred orthorhombic (BCO) phase [23, 24, 132, 133]. The BCO phase 

is in effect also a monoclinic phase and is found to be energetically more favorable than 

B19′ and B19″. Both BCO and B19″ phases have monoclinic angles larger than that of 
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B19′ phase. Table 2.2 presents the lattice parameters, monoclinic angles, and the energy 

differences of the theoretically predicted phases with respect to the B2 parent phase. The 

BCO phase was first reported by Huang et al. [23]. In their DFT calculation, the 

monoclinic angle of  the martensite corresponding to the minimum energy distortion is 

found to be 107°, and not the experimentally reported 98° for B19' [23]. They identified 

this as a new phase with BCO structure, and confirmed that it is effectively also a 

monoclinic phase similar to B19′.  

 

Table 2.2. Lattice parameters, monoclinic angles, and relative energies of B2, B19, 
B19′, B19″, and BCO [24]. *[134]. **[135]. ***[23]. 

 
 

To gain more insight about the BCO phase, Huang et al. constructed a minimum energy 

pathway (MEP) against monoclinic angle within the range from 90⁰ to 112⁰ [23]. They 

also considered PdTi and PtTi, which are known to also have monoclinic martensites, for 

comparisons with NiTi. Fig. 2.35 shows the MEPs as a result of the monoclinic angle 

change for NiTi, PdTi and PtTi alloy systems. The calculations revealed that there is a 

local minimum representing the B19′ martensite at ~93⁰ angle in the PdTi and PtTi 

systems, whereas for the NiTi system a local minimum occurs at around 107 representing 

the BCO phase. There is no local minimum at the experimentally observed monoclinic 

angle of 97.8 for B19′ phase. This analysis confirms their early calculation that BCO is 

the ground based on the structure optimization technique. This finding that the BCO is 

the ground state instead of B19′ contradicts the common experimental observations and 

imposes a question to the existing knowledge of binary NiTi. 

 



73 
 

 
Figure 2.35. Minimum energy pathways of monoclinic martensites in NiTi, PdTi and 

PtTi systems as functions of the monoclinic angle [23]. 
 

After stablishing the BCO phase as the local minimum instead of B19′, and to attempt to 

answer the question why B19′ is experimentally observed, they applied a shear stress to 

the B19′ and found that a shear stress within the range between 7.7 to 14 kbar is able to 

stabilize the B19′ phase relative to BCO with a monoclinic angle between 99⁰ and 97⁰ 

[23]. They also predicted that based on the fact that the lower angle martensites have 

smaller unit cell volumes relative to BCO, a hydrostatic pressure can also destabilize BCO 

with respect to B19′ [23]. They attributed the absence of BCO in experiment to the 

hindering effect of internal stresses to the BCO phase.  

Since then many studies have also implemented the B2→BCO MEP using different 

methods and reached different conclusions about the absence of BCO in experimental 

observations. Wang et al. attributed the stabilization of B19′ against both B19″ and BCO 

to an energy barrier in the transformation minimum energy pathway from B2 to B19″ and 

BCO [132]. However, their conclusion does not seem to be confirmed by other 

researchers [23, 133, 136, 137]. Similar to Huang et al., Wagner and Windl demonstrated 

that a shear stress in the direction opposite to the monoclinic inclination destabilizes BCO 

relative to B19′ [138]. Their conclusion is logical considering that BCO has a larger 

monoclinic angle than does B19′. It can also be predicted that a smaller opposing shear 

stress must be required to destabilize BCO relative to B19″. Šesták et al. demonstrated 

that a uniaxial compressive stress can also destabilize BCO against a monoclinic 

structure, but without identifying the specific monoclinic phase [139]. This conclusion is 

questionable in that there is no conceivable mechanical energy contribution to the 

destabilization of BCO to one of the other martensitic phases (i.e., B19′ and B19″) from 

a uniaxial compressive stress. They also showed that smaller twin unit sizes destabilize 
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BCO against B19′ [140], but the effect of the twinning interfaces vanishes by 

consideration of the larger supercells. Haskins et al. reported that the entropic effects may 

stabilize B19′ at temperatures above 50 K, as revealed in ab initio molecular dynamics 

simulation [125]. However, there is no evidence of the presence of BCO as the ground 

state when the temperature is below 50 K and they did not offer any explanation for 0 K 

condition. It is seen that despite all of these endeavors, there is still much uncertainty 

about the discrepancy between the theoretical predictions and experimental observations 

with regard to the transformation pathways, in particular the absence of BCO and the 

occurrence of B19′ in experiment. 

 

2.5. Thesis objectives 

The aim of this thesis is to develop and advance our understanding beyond the 

conventional knowledge of physical metallurgy of NiTi-based shape memory alloys: 

(1) Introducing parallel configuration as a new and never studied way to create 

geometrically graded NiTi shape memory alloys 

(2) Study the effects of mass diffusion of foreign atoms into the NiTi-based shape 

memory alloy 

(3) Establishing a theoretical ground to explain the formation of the experimentally 

observed martensite phase of binary NiTi (B19) in the DFT calculations 

(4) Establishing a theoretical ground to suggest a mechanism to form B19 

orthorhombic phase as an intermediate phase in ternary NiTiCu system 

 

2.6. Thesis overview 

This thesis is presented in 6 chapters. The first two introductory chapters are presented to 

provide the necessary background about shape memory alloys and especially NiTi-based 

shape memory alloys. Then, three result chapters are presented in a way that each chapter 

contains an innovative and independent topic about NiTi-based shape memory alloys. 

The theme of the thesis is to advance our current knowledge about NiTi-based shape 

memory alloys and each chapter contributes as a topic to further our understanding about 

these materials. Finally in chapter 6, closing remarks and ideas for the future studies are 

presented. The contents of each chapter is briefly described below: 
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Chapter 1. Shape memory alloys and their applications 

The first chapter is an introductory chapter about shape memory alloys and their 

applications. This chapter begins with introducing shape memory effect and thermoelastic 

martesitic phase transformation as common phenomena in shape memory alloys. Then, 

thermomechanical behavior of martensitic transformations are presented including 

thermal and mechanical behaviours, pseudoelasticity, shape memory effect, 

ferroelasticity, martensite stabilisation, and two way shape memory effect. A brief 

introductory section about thermodynamics of martensitic transformations is also 

presented. Finally, principles that are used in application of shape memory alloys along 

with typical applications are presented. 

   

Chapter 2. NiTi-based shape memory alloys 

This chapter is explored the fundamental knowledge of NiTi-based shape memory alloys. 

The metallurgy of NiTi shape memory alloys is presented including the phase diagram 

and precipitations, diffusional and martensitic phase transformations, and off- 

stoichiometric effect on the martensitic transformation of NiTi. The thermomechanical 

behavior of NiTi-based shape memory alloys are known to be sensitive to microstructure 

of their matrix. Therefore, the thermomechanical treatments on NiTi is discussed. This 

section reveals the possible effects and response of the alloys under cold working, 

annealing after cold working, aging, and surface oxidation. The last section of the chapter 

introduces the new developments of NiTi shape memory alloys beyond the conventional 

knowledge of physical metallurgy of NiTi shape memory alloys.  

 

Chapter 3. Functionally graded NiTi shape memory alloys 

Paper 1: Complex transformation field created by geometrical gradient design of NiTi 

shape memory alloy, Functional Materials Letters, Volume 10, Issue 01, February 2017. 

Paper 2: Nonuniform transformation behaviour of NiTi in a discrete geometrical gradient 

design, Journal of Alloys and Compounds, Volume 774, Pages 1260-1266, February 

2019. 

This chapter is presented in the form of two published papers investigating a novel 

concept of geometrically graded NiTi materials. It is presented in section 2.3.1 that 
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functionally graded shape memory alloys can be created via three methods, including 

compositional graded, microstructural graded, and geometrical graded. A new idea to 

create parallel configuration using long plates (strips) with tapered ends is introduced in 

the papers. In such configuration, the stress-induced martensitic transformation front 

propagates progressively across the geometrical gradient for the same end displacement. 

The pseudoleastic stress-strain loop of such materials features two distinctive stages over 

the stress-induced martensitic transformation, including a flat stress plateau with a nearly 

zero slope and a second stage with a stress gradient of a positive slope. The increased 

stress windows can enhance the controllability of shape memory materials in actuation 

and action control applications. 

 

Chapter 4. Microstructural thermal stability of NiTi matrix in-situ nanocomposites 

This chapter is presented in the form of unpublished results. The microstructural thermal 

stability of two nanocomposite systems are discussed. The matrices of the 

nanocomposites are NiTi and NiTiCu embedded with Nb nanowires and nanoribbons, 

respectively. It is revealed that at 450ºC annealing temperature for 20 minutes, Nb 

nanowires and nanoribbons are unstable. The instability of the nanowires and 

nanoribbons was associated with the morphology change. This starts by breaking up and 

fragmenting into shorter sections and the coarsening into oval particles via a mechanism 

akin to Rayleigh instability in solid state, and displacive diffusion between Nb and the 

NiTi matrix. Further increase of the annealing temperature facilitated the morphology 

change of the embedded nanoinclusions. Continued heating for prolonged durations or at 

higher temperatures caused the agglomeration of the scattered Nb particles into larger 

spherules by a mechanism akin to the Ostwald ripening effect but through a medium (the 

NiTi or NiTiCu matrix) in between the particles. The crystallinity order of the matrices 

was also affected upon heat treatments. This is attributed to the diffusion of Nb atoms 

through the NiTi matrix causing localised amorphisation. Recrystallisation of the 

damaged matrices occurred upon prolonged heat treatments after the completion of the 

agglomeration of the Nb particles driven by the Ostwald ripening effect. 

 

Chapter 5. Theoretical analysis of phase stabilities and transformation pathways of 

NiTi and NiTiCu shape memory alloys  



77 
 

Paper 3: Role of hydrostatic pressure on the phase stability, the ground state, and the 

transformation pathways of NiTi alloy, Scripta Materialia, 151 (2018) 57-60. 

Paper 4: Monoclinic angle, shear response, and minimum energy pathways of NiTiCu 

martensite phases from ab initio calculations, submitted to Acta Materialia. 

This chapter is presented in the form of two papers establishing theoretical grounds of 

martensitic phase transformations in binary NiTi and ternary NiTiCu alloy systems. The 

first paper presented in this chapter addresses a discrepancy between theoretical 

calculations and experimental observations of binary NiTi system. Recent DFT studies 

revealed two new monoclinic phases of  B19 and BCO as the thermodynamically stable 

martensitic phases from the B2 austenite at 0 K for equiatomic NiTi. This contradicts the 

experimental observation of B19 as the ground state. The analysis examined the role of 

in-situ generated hydrostatic compression due to inherent volume expansion of the phases 

from B2 to BCO. The hydrostatic compression can change the ground state of NiTi from 

BCO to B19 and effect the stability of the phases in favor of the lower volume martensite 

(B19).  

The second paper presented in this chapter investigated the effect of Cu substitution for 

Ni in binary NiTi. The analysis studied this effect on the monoclinic angle, shear 

response, phase stabilities and minimum energy phase transformation pathways of ternary 

NiTiCu system. It is found that a new monoclinic structure (B19M) with lower angle than 

B19′ emerges and stabilises at above ~6.125 at% Cu content. It is also found that the 

monoclinic angle of the monoclinic phases including B19M, B19′, and B19″, decreases 

with increasing the Cu content. Based on the findings of the DFT calculations two 

hypotheses were proposed. Firstly, the experimentally observed B19′ typically with a 

monoclinic angle of 97.8° in binary NiTi (i.e., at 0 at% Cu) is in fact a distorted B19″ 

phase with a reduced monoclinic angle from 101.6°. This can be rationalised by the 

inherent opposing shear stress associated with the transformation process. Secondly, by 

the same argument, the experimentally reported orthorhombic B19 phase observed in the 

literature for Ti(Ni,Cu) alloys is in fact a distorted B19M phase with a reduced monoclinic 

angle. This also can be rationalised by the inherent opposing shear stress associated with 

the transformation process. 

 

Chapter 6. Concluding remarks 
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The final chapter is the concluding remarks that presents the main advances of knowledge 

of each result chapter along with the propositions of the future works in each topic. 
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Chapter 3 

 

3. Functionally Graded NiTi Shape Memory 

Alloys 
 

 

One of the methods to alter and engineer the properties of shape memory alloys to suit 

different applications is to design functionally graded NiTi materials. The main idea of 

this method is to combine the unique behavior of shape memory alloys (i.e. shape memory 

effect and superelasticity) and the functionality of the graded structures of materials to 

create desired performances or new properties for various applications. Functionally 

graded NiTi shape memory alloys generally feature graded transformation temperatures 

or transformation stress (or loads) across the body of a material. The transformation 

temperature and stress windows allow the functionally graded NiTi shape memory alloy 

to transform, thus to actuate, progressively from side to side. Such functionally graded 

SMAs have the potential to offers new properties and better controllability for actuator 

and sensor applications. 

Gradient of functional properties of SMAs may be achieved in three ways: compositional 

gradient, microstructural gradient, and geometrical gradient. The general approach to 

create graded samples in the case of compositional and microstructural gradients is based 

on the sensitivity of the transformation and the mechanical behaviour of near-equiatomic 

NiTi to alloy composition and metallurgical conditions of the alloys. 

Geometrically graded NiTi can provide a stress or strain gradient for progressive 

transformation. Based on the relationship between the loading direction and the gradient 

direction, the various designs of geometrically graded NiTi can be categorized into two 

types: the series design, in which the loading direction is parallel to the gradient direction, 

and the parallel design, in which the loading direction is perpendicular to the gradient 

direction.  
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The various functionally graded designs of NiTi have been investigated in my laboratory, 

including compositionally graded and microstructurally graded NiTi, and also the 

geometrically graded NiTi in series configurations. My work continued this research and 

investigated the geometrically graded NiTi in parallel configurations, which is presented 

in this chapter. The chapter is presented in the form of two papers for scholarly 

publications.  
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3.1. Paper 1: Complex transformation field created by geometrical 
gradient design of NiTi shape memory alloy 

 

Sam (Reza) Bakhtiari, Bashir S. Shariat, Fakhrodin Motazedian, Zhigang Wu, Junsong 

Zhang, Hong Yang and Yinong Liu 

 

Laboratory for Functional Materials, School of Mechanical and Chemical Engineering, 

The University of Western Australia, Crawley, WA 6009, Australia 

 

Functional Materials Letters, Volume 10, Issue 01, February 2017 

 

Abstract 

 Owing to geometrical nonuniformity, geometrically graded shape memory alloy 

structures by design have the ability to exhibit different and novel thermal and mechanical 

behaviours compared to geometrically uniform conventional shape memory alloys. This 

article reports a study of the pseudoelastic behaviour of geometrically graded NiTi plates. 

This geometrical gradient creates partial stress gradient over stress-induced martensitic 

transformation, providing enlarged stress controlling interval for shape memory 

actuation. Finite element modelling framework has been established to predict the 

deformation behaviour of such structures in tensile loading cycles, which was validated 

by experiments. The modelling results show that the transformation mostly propagates 

along the gradient direction as the loading level increases. 

 

Keywords: Shape memory alloy (SMA); NiTi; martensitic transformation; functionally 

graded material (FGM); geometrical gradient; pseudoelasticity. 

 

3.1.1. Introduction 

NiTi shape memory alloys (SMAs) show various exceptional engineering properties, 

most notably the shape memory effect and pseudoelasticity [1]. These properties are 

associated with the thermoelastic martensitic phase transformation from the parent phase 

austenite (A) to the product phase martensite (M). Owing to these remarkable features, 
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NiTi has been used in a wide range of innovative designs and applications, such as sensors 

and actuator [2] and medical devices [3].  

To further expand the performance and capabilities of this alloy, the idea of functionally 

graded (FG) NiTi has been developed, which takes advantage of the functional properties 

of NiTi and those of functionally graded structures at the same time. The functional 

gradient in these materials can be achieved via compositional gradient [4, 5], 

microstructural gradient [6, 7] and geometrical gradient [8, 9]. The compositional and 

microstructural gradients are created based on the principle that the transformation 

properties and the mechanical behaviour of near-equiatomic NiTi are sensitive to alloy 

composition and heat treatment [10]. These gradients can be created along the length of 

NiTi wires [7] or across the thickness of NiTi plates [11].  

The geometrical gradient is another design concept to create functional gradient in the 

performance of a shape memory alloy. In this case, the structure geometry is graded in 

the desired direction to create a stress or strain gradient over A↔M martensitic 

transformations. The design concept can be classified into two basic types based on the 

geometrical gradient configuration relative to the loading direction: (i) the series design 

and (ii) the parallel design, as illustrated in Fig. 3.1. Fig. 3.1(a) shows the series design, 

in which the external load is applied in the direction of the geometrical gradient, thus the 

transformation is expected to occur sequentially and to propagate from the location of the 

lowest cross-sectional area to the location of the highest cross-sectional area along the 

length as the load increases. In previous studies [8, 12], geometrically graded 

pseudoelastic NiTi components of this type, prepared by electric discharge machining of 

thin plates, have been investigated. The samples exhibited positive stress gradient and 

widened stress windows over the stress-induced martensitic transformation. Also, closed-

form solution was obtained for nominal stress-strain variation of these components during 

loading cycle, which was validated by experimental results [12]. 

Fig. 3.1(b) shows the parallel design, in which the external load is applied in the direction 

perpendicular to the geometrical gradient. In this case, for the same end (or crosshead) 

displacement, different strains are occurring across the geometrical gradient (the lateral 

direction). This triggers the alloy “fibre” at different width positions to enter into different 

stages of deformation, i.e., elastic deformation, stress-induced phase transformation, and 

elastic deformation and yielding of the stress-induced martensite, at different times during 

loading, creating various combinations of material response. NiTi thin plates can be used 

to create this gradient configuration (alternatively multiple wires of different lengths can 
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also be used to create discrete geometrical gradient). The current paper reports on the 

experimental and finite element modelling investigation of this type of geometrically 

graded pseudoelastic NiTi thin plates under uniaxial tensile loading.  

 

 
Fig. 3.1. Design concept of geometrically graded shape memory alloy components. 

 

3.1.2. Experiments 

Ti-50.8at%Ni sheets of 0.1 mm thickness were used for fabricating the geometrically 

graded samples in parallel configuration as per design shown in Fig. 3.1(b). Single taper 

and double taper samples were prepared. The width of the samples was fixed at 7 mm. 

The length aspect ratio is defined as 1 2L L  , where 1L  and 2L  are the minimum and 

the maximum lengths corresponding to Side (1) and Side (2) of the plate, respectively. 

The maximum gauge length of the samples was ~50 mm. The tensile tests were carried 

out at the nominal strain rate of 2.010-4/sec (relative to the 2L ) using an Instron 5982 

machine under displacement control. The testing temperature for all samples was 293 K. 

Fig. 3.2 shows the stress-strain behaviour of a uniform strip sample under tensile loading 

at 293 K (the black curve). The loading curve may be divided into three stages, as 

indicated in the figure. Stage (i) is the elastic deformation of the austenite, Stage (ii) is 

the stress-induced A→M transformation, and Stage (iii) is the elastic deformation of the 

stress-induced martensite followed by yielding at point “A” and plastic deformation. It is 

seen that the material exhibits good pseudoelastic behaviour, with a flat stress plateau and 

transformation strain of ~5.5% for the forward A→M transformation. The stress for the 

forward transformation is ~330 MPa. The tensile strength is ~1070 MPa. The inset of Fig. 

3.2 is the thermal transformation behaviour of the alloy as measured by differential 

scanning calorimetry (DSC). The transformation temperatures are also shown in this 

figure. 
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Fig. 3.2. Stress-strain behaviour of Ti-50.8at%Ni under tensile loading and its thermal 

transformation behaviour. 
 

Fig. 3.3 shows the deformation behaviour of geometrically graded samples with different 

aspect ratios under uniaxial tensile loading. Fig. 3.3(a) is the experimental results for the 

single taper samples. Fig. 3.3(b) shows those for the double taper samples. In this paper, 

the nominal stress ( )  is defined as the load over the initial cross-sectional area of the 

samples. Also, the nominal strain ( )  is defined as the elongation over the initial 

maximum length of the samples ( 2L ). The aspect ratio of the samples ranged from 1 

, which corresponds to the uniform sample, to 0.5  . All the samples were strained up 

to 0.06   before unloading. 
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Fig. 3.3. Deformation behaviour of geometrically graded Ti-50.8at%Ni plates; (a): 

single taper, (b): double taper, (c): schematic of deformation mechanism. 
 

It is observed that all the tapered samples exhibited complete or near complete 

pseudoelastic recovery upon unloading, and their stress-strain curves partially deviate 

from the original stress-strain behaviour of the uniformly shaped sample of the same NiTi 

alloy. This deviation increases as the aspect ratio decreases (deviates from unity). The 

stress-strain curve over A→M martensitic transformation exhibits two distinctive stages 

in all tapered samples as indicated in Fig. 3.3(b). Stage (I) is a flat stress plateau with a 

relatively zero slope, which is similar to that of the uniform NiTi sample. Stage (II) is a 

gradient stress with a positive slope. This creates an enlarged stress window over the 

stress-induced martensitic transformation, providing better controllability of the NiTi 

component in actuation application. It is seen that as the aspect ratio decreases, the second 

stage begins earlier and the sample reaches to higher stress levels at a given global strain, 

providing larger stress windows over the forward transformation. The stress window 

achieved for the double taper sample with 0.5   is ~310 MPa.  

In geometrically graded samples, the local stress distribution is non-uniform depending 

on the geometrical variation. This causes A↔M martensitic transformation to occur 

within the sample at different global loading levels. In the parallel design configuration 
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in this case, the sample is locally strained more on Side (1) than on Side (2) at the same 

global displacement (nominal strain). Therefore, the A→M transformation initiates at 

Side (1) and gradually propagates toward Side (2) as the loading level increases. During 

Stage (I), all parts of the sample are within the course of transformation, exhibiting a flat 

stress plateau. In Stage (II), Side (1) has exited its stress plateau and entered the martensite 

elastic deformation stage with an increasing stress whereas the rest of the sample remains 

within the stress plateau. Naturally, with increasing global strain, more parts 

progressively from Side (1) of the sample exit the stress plateau and enter into elastic 

deformation of the martensite, manifesting with a progressively increasing nominal stress. 

This mechanism is schematically shown in Fig. 3.3(c). 

 

3.1.3.  Finite element modelling 

In the past, researchers have attempted to implement the developed constitutive models 

of SMA materials into finite element codes [13, 14]. This allows them to describe the 

behaviour of SMAs with complex geometries or simple structures under complex 

thermomechanical conditions [15]. In the present study, ABAQUS was used with 

Aurricchio et al.’s [16, 17] approach as an in-built UMAT subroutine. The constitutive 

model is capable of considering plastic deformation in addition to pseudoelastic 

behaviour of SMAs. This approach is based on combining elastic, transformation and 

plastic strains to produce the total strain in SMA structure, thus, the rule of mixture 

determines the amount of total strain. As soon as the total strain exceeds the fully 

recoverable limit beyond the stress plateau, the plastic strain takes a part in the 

calculations.  

In this study, 3D geometry has been considered using this UMAT subroutine in 

ABAQUS, and C3D20R elements are used to achieve a realistic output due to the 

presence of all stress terms in the stiffness matrix. The uniaxial tensile test of the uniform 

thin plate material, as shown in Fig. 3.2, has been used as the input for UMAT to simulate 

the deformation behaviour of geometrically graded NiTi structures. As seen in Fig. 3.2, 

the FEA predicted stress-strain behaviour (the red curve) matches well with the 

experimental data (the black curve) for a full tensile cycle and also for loading up to ~15% 

of strain where the sample rupture occurs. 
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3.1.3.1. Global deformation behaviour 

Fig. 3.4 shows the tensile deformation behaviour of the geometrically graded NiTi plates 

as predicted by FEA. Fig. 3.4(a) shows a comparison of the stress-strain behaviour of 

FEA prediction and the experimental data for a double taper sample with 0.5  . The 

FEA modelling provides a reasonable match with the experimental data, in particular the 

maximum stress level reached and the ~0.003 residual strain upon unloading, validating 

the method. 

Fig. 3.4(b) shows the numerical predictions of deformation behaviour for the single taper 

samples of different aspect ratios and Fig. 3.4(c) shows those for the double taper samples. 

The simulation results are consistent with the experimental results presented in Fig. 3.3. 

Fig. 3.4(d) compares the deformation behaviours of a single taper sample and a double 

taper sample with the same aspect ratio ( 0.65  ). The single taper sample exits the flat 

stress plateau at ~0.037 of the nominal strain, while the double taper sample exhibits this 

behaviour at ~0.043 of the nominal strain. Also, the single taper sample reaches to a 

relatively higher stress level at ~560 MPa, compared to ~525 MPa for the double taper 

sample at the same nominal strain of 0.06  . 
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Fig. 3.4. Finite element analysis of the global deformation behaviour of geometrically 
graded Ti-50.8at%Ni plates; (a): comparison of the numerical and experimental results 
for the deformation behaviour of an 0.5  geometrically graded Ti-50.8at%Ni sample; 

(b): single taper samples of various aspect ratios, (c): double taper samples of various 
aspect ratios, (d): comparison of single taper and double taper samples for 0.65  . 

 

3.1.3.2. Local deformation behaviour 

Fig. 3.5 shows the variation of stress and strain components along the loading direction 

of a single taper sample with 0.65   at three different load/strain levels. The loading 

direction is x as presented in this figure. Figs. 3.5(a) and 3.5(b) represent the moment at 

0.007 nominal strain (point “a1” in Fig. 3.4(d)). Figs. 3.5(c) and 3.5(d) represent the 

moment at 0.04 nominal strain (point “b1” in Fig. 3.4(d)), which is close to the end of 

Stage (I) and the start of Stage (II) defined in Fig. 3.3. Figs. 3.5(e) and 3.5(f) represent 

the moment at 0.06 nominal strain (point “c1” in Fig. 3.4(d), i.e., the end of loading). It 

is seen in Figs. 3.5(a) and 3.5(b) that the highest stress and strain occur at the corner of 

the taper edge on Side (1) (Fig. 3.1(b)), reaching above 330 MPa and 0.04 respectively, 

implying that the transformation initiates from this corner. At 0.04 nominal strain, the 

structure exhibits rather uniform local stress but non-uniform local strain distributions, as 

observed in Figs. 3.5(c) and 3.5(d). The uniform stress distribution implies that the entire 

plate is mostly in the course of stress-induced transformation. The non-uniform strain 

distribution indicates that different amounts of material have been transformed into 

martensite for different “fibres” at different width locations. It is apparent that more 

material has transformed (e.g., the yellow region in Fig. 3.5(d)) along Side (1) than along 

Side (2). At 0.06 nominal strain, as seen in Fig. 3.5(e), the local stress in most regions 

reaches above the transformation stress (~330 MPa), implying that the transformation has 

nearly completed throughout the plate, or that the majority of the plate has exited Stage 

(ii) and entered into Stage (iii) (shown in Fig. 3.2) of deformation. The last part to be 

transformed is the corner of the taper edge on Side (2). At this stage, the local strain at 

the taper edge corner on Side (1) has reached above 0.13, implying that this part of the 

plate has been plastically deformed. It is also evident that the stress and strain distributions 

follow almost identical patterns, apparently related to the unique stress-strain correlation 

in Stage (iii) deformation.  

Fig. 3.6 shows the variation of stress and strain components along the loading direction 

of a double taper sample with 0.65  . Figs. 3.6(a) and 3.6(b) represent the moment at 

0.007 nominal strain (corresponding to point “a2” in Fig. 3.4(d)), Figs. 3.6(c) and 3.6(d) 

represent the moment at 0.04 nominal strain (corresponding to point “b2” in Fig. 3.4(d)), 
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and Figs. 3.6(c) and 3.6(d) represent the moment at 0.06 nominal strain (corresponding 

to point “c2” in Fi. 3.4(d)). It is seen in Fig. 3.6(b) that the A→M transformation initiates 

at both taper corners on Side (1) where the local strain has reached ~0.04 at the nominal 

strain of 0.007. Also, Fig. 3.6(a) shows how the transformation front propagates 

throughout the tapered plate across the lateral direction (or perpendicular to the loading 

axis). At 0.04 nominal strain, uniform local stress and non-uniform local strain are 

observed within the double taper sample similar to the case of the single taper sample. 

The uniform stress at >330 MPa indicates that the stress-induced transformation has 

initiated in all regions, and the contour curves of the yellow region, where the strain is 

above 0.05, effectively mark the region where the deformation is near the end of Stage 

(ii). It is evident that more materials has completed the stress-induced transformation on 

Side (1) than on Side (2). In addition, the two corners on Side (1) have reached Stage (iii) 

deformation. At 0.06 nominal strain (Fig. 3.6(f)), the minimum local strain, occurring at 

Side (2), is generally 0.06 implying that the transformation has mostly completed along 

Side (2), except small areas at the taper corners on this side. At this moment, the 

maximum stress and strain in the tapered plate occur at the taper corners on Side (1), and 

have reached ~1 GPa and 0.12, respectively. This demonstrates that Side (1) has reached 

deformation Stage (iii) expressed in Fig. 3.2, and has entered plasticity at corners. 

Comparing Figs. 3.5(f) and 3.6(f), it is also evident that the double taper sample is more 

uniformly strained at the end of transformation than the single taper sample, as it has less 

stress concentration at the corners. 

 

 
Fig. 3.5. Local stress and strain distributions of a single taper sample with 0.65  ; (a), 
(b): variations of stress and strain at 0.007  ; (c), (d): variations of stress and strain at 

0.04  ; (e), (f): variations of stress and strain in at 0.06  . 
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Fig. 3.6. Local stress and strain distributions of a double taper sample with 0.65  ; 
(a), (b): variations of stress and strain at 0.007  ; (c), (d): variations of stress and 

strain at 0.04  ; (e), (f): variations of stress and strain in at 0.06  . 
 

Fig. 3.7 shows the volume fraction of martensite at different nominal strain levels with 

(a) for the single taper plate and (b) for the double taper one. Fig. 3.7(a) shows clearly 

how martensitic transformation has initiated at the taper corner on Side (1) and propagates 

toward Side (2) in an oblique direction with respect to the loading axis. At 0.06 nominal 

strain, ~90% of the whole structure is fully transformed to martensite. Fig. 3.7(b) reveals 

that the A→M transformation starts at both taper corners on Side (1), and then 

symmetrically propagates toward Side (2) in a practically perpendicular direction with 

respect to the loading axis. At 0.06 nominal strain, ~97% of the whole structure is fully 

transformed to martensite. 

 

 
Fig. 3.7. The distribution of martensite volume fraction at different loading levels; (a): 

single taper sample, (b): double taper sample. 
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3.1.4. Conclusions 

In this article, the experimental and finite element modelling investigation of deformation 

behaviour of geometrical graded 2D NiTi components with parallel design configuration 

is presented. The main findings are summarized below: 

(1) The parallel geometrical gradient design creates two distinctive stages over the 

stress-induced transformation, a flat stress plateau with a nearly zero slope and a 

stress gradient with a positive slope. 

 

(2) The global stress-strain behaviour of such samples shows enlarged stress window 

over transformation, which improves the controllability of such components in 

actuation application. The stress window of ~310 MPa was achieved for a double 

taper geometry with the aspect ratio equal to 0.5. 

 

The geometrical gradient creates complex and non-uniform transformation field within 

the structure during uniaxial tensile loading. The direction of transformation propagation 

in the double taper configuration is perpendicular to the loading direction, while in the 

single taper configuration the direction of transformation propagation is oblique with 

respect to the loading direction. This observation is in contrast to the transformation 

propagation in a uniform NiTi sample, which is usually along the loading direction in a 

Lüders deformation manner. 
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3.1.5. Post publication note 

The boundary conditions of the FEM modelling are chosen to be similar with the 

experimental testing condition. One end of the samples, typically the non-taper end in the 

half taper samples, was fixed (i.e. X, Y, Z, MX, MY, MZ = 0) and the other end had only 

one degree of freedom to deform in the X direction (i.e.Y, Z, MX, MY, MZ = 0). 
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Abstract 

Shape memory alloys exhibit unique thermomechanical properties, e.g., the shape 

memory effect and the pseudoelasticity. By proper geometrical gradient design, these 

alloys can be made to exhibit different and more intricate thermomechanical behaviour 

to enable innovative applications. This paper reports the design of geometrically gradient 

NiTi and characterisation of its complex and nonuniform transformation and deformation 

fields. The study investigated two designs, with one using multiple pseudoelastic NiTi 

strips of different lengths in parallel arrangement to create a discrete geometrical gradient 

in the direction perpendicular to the loading axis and the other a tapered plate to give a 

continuous length gradient in the lateral direction for comparison with the former. The 

geometrically gradient structures exhibited partial stress gradient during stress-induced 

transformation. A maximum stress window of 520 MPa was achieved, giving an 

expanded stress interval for shape memory actuation control. Finite element modelling 

was applied to characterise the deformation behaviour of such structures under tensile 

loading and to reveal the complex propagation of the stress-induced transformation in 

such structures.    

 

Keywords: Shape memory alloy (SMA); NiTi; martensitic transformation; functionally 

graded material (FGM); geometrical gradient; pseudoelasticity 
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3.2.1. Introduction 

NiTi shape memory alloys (SMAs) exhibit unique thermomechanical properties, most 

notably the pseudoelasticity and the shape memory effect [1-3], owing to their 

thermoelastic martensitic transformations. In the case of the near-equiatomic NiTi, three 

stable crystal structures have been identified, including a B2 austenite, a B19′ monoclinic 

martensite, and a trigonal R-phase [4-6]. Three martensitic phase transformations occur 

among the crystal structures, i.e., B2↔B19′, B2↔R, and R↔B19′, where B2 is always 

the parent phase to R and B19′, and R is a parent to B19′. The occurrence of the R-phase 

is prohibited when the near-equiatomic NiTi is fully annealed or solution treated [7]. 

These unique thermomechanical properties have been used in a wide range of 

applications, including sensors [8, 9], actuators [10, 11], and medical devices [12, 13]. 

Some of these applications are reactive and require no precision of movement. Some other 

applications, such as mirror actuators [14], guidewires [15], and spinal rods [16], require 

precision and controllability of movement. 

 

In recent years, some new effort has been made to further expand and improve their 

application performances by designing and developing NiTi alloys of complex forms, 

such as architectured NiTi [17-19], composite NiTi [20-22], and functionally graded NiTi 

materials [23-25]. The first approach is to design NiTi materials that combine the 

geometrical characteristics of engineering materials with the functional properties of NiTi 

to offer new and improved performances. Typical examples include NiTi textile and 

stents [26, 27], cellular and honeycomb designs [18, 19], and porous microstructures [17]. 

These materials exhibit shape memory behaviour and superelasticity in a light weight 

design. The design can offer much lowered and tailorable apparent Young’s modulus, 

which is more desirable for biomedical applications to match the bone’s Young’s 

modulus, enhanced shape recovery, and faster thermal response due to the increased 

surface to volume ratio. 

  

The second approach is to design hybrid NiTi materials. Earlier attempts have focused on 

using NiTi as a reinforcement in composites, in various forms such as fibre, ribbon, and 

particulate. These composites use the thermomechanical properties of NiTi to enhance 

the performances of the composites, for example for vibration and damping control [22, 

28], enhanced damage resistance [21, 22], and to enable morphing or control of structures 
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[21]. Recently, a new approach has been made to use NiTi to enable improved properties 

of other materials. One example is a NiTi-Nb nanowire composite, in which the NiTi 

matrix is used to induce ultra large elastic strains, thus high strengths, of the Nb nanowires 

embedded within the NiTi matrix [29-31].  

 

The third approach is to create functionally graded (FG) NiTi to utilize and control the 

response of the shape memory component to the external stimuli. For stress-induced 

B2↔B19′ martensitic transformation in NiTi, the alloy often undergoes Lüders-type 

deformation, which is described by a flat stress plateau with a nearly zero slope over a 

large transformation strain of ~6% [32, 33]. This behaviour results in mechanical 

instability and poor control of the actuation displacement of the component by the 

application of load (or stress). This is a challenge for actuator design. One approach to 

solving this problem is to design functionally graded NiTi. These materials provide 

widened transformation stress (and temperature) windows, thus better controllability of 

the SMA element [24, 34]. In addition, FG NiTi can also exhibit new and unique 

properties, such as the “fishtail-like” behaviour of a compositionally graded NiTi thin 

strip [34, 35]. The functional gradient can be created by variation in composition [36-38], 

microstructure [39, 40], or geometry [41, 42]. 

 

In geometrically graded NiTi, the structure geometry can be graded either along the 

loading direction (in series configuration) [43] or perpendicular to the loading direction 

(in parallel configuration) [25]. The geometrical gradient causes the structure to 

experience a nonuniform stress field upon loading, thus progressive martensitic 

transformation within the structure [44, 45]. This concept can be applied to various forms 

of the alloy, including wires, sheets and plates, and rods [41, 42]. In previous studies, we 

have investigated geometrically graded NiTi with gradients along the tensile loading axis 

[41-43]. This article presents another design type with discrete geometrical gradient 

perpendicular to the loading direction by use of pseudoelastic NiTi strips.  

 

3.2.2. Experimental analysis 

Fig. 3.8 shows the general design concept of geometrically graded NiTi materials. Such 

materials can be created in series (see Fig. 3.8(a)) or parallel (see Fig. 3.8(b)) 

configurations with respect to the loading direction. The parallel design configuration can 



104 
 

be achieved by using either a NiTi thin plate with its end(s) tapered, as seen in Fig. 3.8(b)-

(I), or parallel arranged NiTi wires or strips of different lengths, as seen in Fig. 3.8(b)-

(II). The former is referred to as the continuous gradient design and the latter the discrete 

gradient design. 

 

 
Fig. 3.8. General design concepts of geometrically graded NiTi components. 

 

In the present study, a Ti-50.8at%Ni sheet of 0.1 mm thickness was used to fabricate 

geometrically graded NiTi samples in parallel configuration. Two types of samples were 

fabricated as per design (b)-(I) and (b)-(II) shown in Fig. 3.8. For (b)-(II), strips of 1.5 

mm in width were cut from the sheet by electrical discharge machining. The width of the 

tapered (b)-(I) samples was 7 mm. Different 1 2L L  length aspect ratios were used for 

both designs.  Tensile testing was carried out using an Instron 5982 machine under 

displacement-control mode at a strain rate of 2 × 10-4/sec with respect to the maximum 

length 2( )L . Fig. 3.9 shows the testing setup including the uniform and tapered grippers 

used for tensile experiments. 
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Fig. 3.9. Tensile experimentation setup with the details of grippers. 

 

Fig. 3.10 shows the general material behaviour. Fig. 3.10(a) shows the tensile 

deformation behaviour of the alloy at 295 K, as tested using a uniform strip of 30 mm in 

gauge length. The material showed good pseudoelastic behaviour with a flat stress plateau 

at ~350 MPa over the forward A→M transformation and full transformation strain 

recovery upon reverse M→A transformation, where A and M denote austenite and 

martensite phases, respectively. Near full pseudoelastic recovery was measured with the 

stress-induced martensite deforming up to ~630 MPa (corresponds to ~0.077 of strain) 

beyond the stress plateau. The apparent yield point ( )y  of the stress induced martensite 

was ~820 MPa and the ultimate tensile strength of the alloy was above 1130 MPa.  

The crystal structure of the NiTi sample was analysed using an Empyrean X-ray 

diffractometer with Cu-Kα radiation. Phase identification was carried out using 

HighScorePlus search-match software. Fig. 3.10(b) shows the XRD pattern of the alloy 

at the room temperature, which is fully indexed to the B2 austenite phase. The 

transformation behaviour of the NiTi alloy was measured using TA Q10 differential 

scanning calorimeter (DSC) in N2 atmosphere. The cooling/heating rate used was 10 

K/min. Fig. 3.10(c) shows a DSC measurement of the transformation behaviour. It reveals 

a two-step forward A→R→M and a one-step reverse M→A phase transformation, where 

R represent the trigonal phase of NiTi.  
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Fig. 3.10. Material behaviour of the NiTi alloy; (a): stress-strain behaviour at 295 K, 
(b): XRD pattern of the alloy, (c): transformation behaviour. 

 

Fig. 3.11 shows the deformation behaviour of geometrically graded NiTi structures with 

parallel design configuration under uniaxial tensile loading. Here, the length aspect ratio 

is defined as 1 2/L L  ( 1)  , where 1L  and 2L  are the minimum and the maximum 

lengths corresponding to side (1) and side (2) of the structure, respectively, as shown in 

Fig. 3.8(b). 1   corresponds to a sample with equal length across the width. Also, the 

nominal stress   is defined as the load over the total cross-sectional area of the 

undeformed sample. The nominal strain   is defined as the elongation over the initial 

maximum length of the sample 2L . 

Fig. 3.11(a) presents the tensile deformation behaviour of three discrete (b)-(II) samples 

of different length aspect ratios ranging from 0.6   to 1  . All the samples were 

strained up to 0.07   nominal strain (relative to the maximum length 2L ) before 

unloading. As observed, all the samples exhibited near pseudoelastic recovery upon 

unloading. The stress-strain curves of the geometrically graded samples ( 1  ) partially 

deviated from the original stress-strain behaviour of the NiTi alloy ( 1)  . This deviation 

increased as the aspect ratio decreased. The stress-strain curve over forward 

transformation consisted of two stages for the geometrically graded samples. Stage (I) is 
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apparently the original stress plateau of the alloy. Stage (II) is a stress gradient with a 

positive slope. It is seen that both the stress and strain ranges of stage (II) increased with 

decreasing the aspect ratio. The stress window achieved for the sample with 0.6   was 

~400 MPa over 0.07 of nominal strain. Fig. 3.11(b) shows the cyclic deformation 

behaviour of a two-strip discrete NiTi sample with 0.75  . The sample exhibited a 

stress gradient after 0.05 of nominal strain and provided a stress window of ~520 MPa 

over 0.08 of nominal strain, which was fully recovered upon unloading.  

Fig. 3.11(c) shows the comparison of the deformation behaviour of three different designs 

of geometrically graded NiTi structures. Sample (i) is a continuous plate structure with a 

tapered end to form the geometrical gradient in the lateral direction. Sample (ii) is a 2-

strip discrete structure and sample (iii) is a 3-strip discrete structure. All samples had the 

same aspect ratio of 0.65  . In comparison, sample (i) started stage (II) earlier and 

reached the higher level of stress at the end of loading to ~0.07 nominal strain. These 

differences were attributed to the stress concentration at the tapered edge corner of sample 

(i), which did not occur in the discrete strip samples. In this highly-stressed area, the 

material initiated and completed the phase transformation at a lower loading level 

compared to the strip samples. Also, at higher loading levels, the stress in this area may 

exceed the elastic limit and then the material may undergo plastic deformation. It is also 

noted that the stress-strain slope in sample (i) decreased at above 0.065 nominal strain, 

which indicated material yielding. This sample also showed a 0.004 residual strain after 

unloading, consistent with the expectation of local plastic deformation at the taper corner. 

This is an obvious disadvantage of the tapered plate design relative to the discrete parallel-

strip designs (samples (ii) and (iii)).      
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Fig. 3.11. Deformation behaviour of geometrically graded NiTi structures with parallel 
design configuration under uniaxial tensile loading; (a): different aspect ratios and the 
definition of deformation stages over forward transformation, (b): loading cycles for 

0.75  , (c): comparison of continuous and discrete structures.  
 

3.2.3. Numerical analysis   

Finite element analysis (FEA) was carried out using ABAQUS 6.11-2 with built-in 

UMAT subroutine based on Auricchio et al.’s constitutive model [46, 47] for 

pseudoelastic behaviour of SMAs. The model takes into account the total strain as the 

sum of the elastic strain, the transformation strain, and the plastic strain. The plastic strain 

develops when the recoverable strain limit is exceeded. To simulate the mechanical 

behaviour of the NiTi samples, the UMAT subroutine was first trained with a loading-

unloading uniaxial tensile test of the material. To achieve realistic results by considering 

all components of normal and shear stresses, a 3D geometry with C3D20R elements was 

considered for each calculation. 

 

3.2.3.1. Global deformation behaviour 

Fig. 3.12 shows the global deformation behaviour of the geometrically graded NiTi 

parallel-strip samples under uniaxial tensile loading as predicted by FEA. Fig. 3.12(a) 

shows a comparison of the global deformation behaviour based on the FEA prediction 

and the experimental data on a two-strip sample ( 0.75)  . The FEA modelling provided 

a good match with the experimental data. Fig. 3.12(b) shows the numerical stress-strain 

curves for three different samples: a geometrically uniform sample, a geometrically 

graded tapered plate sample ( 0.65)   and a discrete geometrically graded parallel-strip 

sample ( 0.65)   consisting of six strips of 1.5 mm width. It is seen that the stress-strain 

curve of the parallel-strip structure deviated slightly from that of the tapered plate 

structure. Fig. 3.12(c) shows FEA predictions of the deformation behaviour of 2-strip 
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discrete NiTi samples of different aspect ratios. As evident, with the decrease of the aspect 

ratio, the strain length of stage (I) decreased and the maximum stress reached at a given 

strain (0.07 nominal strain in this case) increased. The average slope of the stress-strain 

curve in stage (II) increased with the decrease of the aspect ratio. These characteristics 

are similar to those observed experimentally (Fig. 3.11(a)).  

 

   

 
Fig. 3.12. Global deformation behaviour of geometrically graded NiTi structures with 
parallel design configuration as predicted by FEA; (a): validation with experiment for 

discrete two-strip system, (b): comparison of the continuous plate and discrete parallel-
strip systems with the uniform structure, (c): the effect of aspect ratio on deformation 

behaviour of two-strip structures. 
 

3.2.3.2. Local deformation behaviour 

Fig. 3.13 shows the distribution of the normal stress component along the loading 

direction x of three samples, including a geometrically uniform sample, a geometrically 

graded continuous and tapered plate sample ( 0.65)  , and a discrete six-strip sample 

( 0.65)  . The strips are 1.5 mm in width. It is seen that the uniform sample exhibited 

largely uniform stress fields at all loading levels. The tapered plate sample exhibited 

highly nonuniform stress fields at all nominal strain levels. The highest stress appeared 

to occur at the tapered corner on side (1) of the sample, implying that the transformation 
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and post-transformation plastic deformation both initiated from this corner and 

propagated toward other regions of the plate upon loading. In the parallel-strip sample, 

the stress fields were practically uniform along the length but clearly discrete and 

nonuniform across the transverse direction among the strips. The shortest strip 

experienced the maximum stress, thus the stress-induced martensitic transformation 

started from this strip first and propagated progressively to the longer strips with 

increasing the nominal strain. At 0.05   nominal strain, the shorter strips on side (1), 

which experienced higher stresses, have completed A→M transformation and entered the 

martensite elastic deformation stage with an increasing stress whereas the longer strips 

remained in the transformation stage with uniform stress. At 0.07 nominal strain, the 

entire structures of all three samples, except a small area on side (2) of the tapered plate 

sample, have exited transformation as the local stresses reached above 400 MPa. Plastic 

deformation has occurred at highly-stressed areas where the stress is above 820 MPa, in 

particular at the taper edge corner on side (1) of the tapered plate sample.  

 
Fig. 3.13. Local stress fields of the uniform and the continuous and discrete 

geometrically graded samples at different loading levels. 
 

Fig. 3.14 shows the evolution of the volume fraction of martensite upon loading to 

0.07   for the three samples. The uniform plate sample exhibits a uniform distribution 

of martensite fraction within the sample except at its gripping areas, where stress variation 

exists. In the tapered plate sample, the martensitic transformation initiates at the tapered 

corner on side (1) and propagates toward side (2) in an oblique direction with respect to 

the loading axis. In the parallel-strip sample, the A→M transformation starts from the 
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shortest strip on side (1) and propagates parallel in the transverse direction to the loading 

axis towards the longest strip on side (2). It is observed that at 0.04 nominal strain, ~47% 

of the structure is transformed to martensite in the tapered plate sample, whereas this 

value is ~17% in the discrete parallel-strip sample. As explained earlier, in the tapered 

plate sample, due to the stress concentration at the tapered edge corner on side (1), the 

transformation initiates and completes at a lower stress level compared to in the parallel-

strip sample.  

 
Fig. 3.14. The distribution of martensite volume fraction within the uniform and the 

continuous and discrete geometrically graded samples at different loading levels. 
 

3.2.4. Conclusions 

In this study, the unique stress-strain behaviour of stress-induced martensitic 

transformation and the complex transformation field of geometrically graded NiTi 

structures were analysed through experiments and finite element computation. The main 

findings are summarised as below: 

(1) Geometrical gradient in parallel configuration can be achieved using either 

continuous tapered plate or discrete parallel strips. The geometrically gradient 

structures show two deformation stages over the forward stress-induced 

martensitic transformation, i.e., a flat stress plateau and a stress gradient with a 

positive slope. The gradient stress stage provides a stress window for improved 

actuation controllability. The magnitude of the stress window increases with the 
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decrease of length aspect ratio of the geometrically gradient design, and reached 

520 MPa for a discrete strip sample of length aspect ratio of 0.75. 

 

(2) The discrete parallel-strip design is more advantageous than the continuous 

tapered plate design by avoiding stress concentration, thus early plastic 

deformation, at the tapered corners during loading. In addition, the discrete 

parallel-strip design requires less manufacturing effort by simply using cut wires 

or strips of different lengths than the tapered plate design. 

 

(3) The geometrical gradient creates complex and nonuniform transformation field 

within the structure during uniaxial tensile loading. The direction of 

transformation propagation in the parallel-strip design is perpendicular to the 

loading direction whereas that in the tapered plate design is oblique with respect 

to the loading direction. 
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3.2.5. Post publication note 

The boundary conditions of the FEM modelling are chosen to be similar with the 

experimental testing condition. One end of the samples, typically the non-taper end in the 

half taper samples, was fixed (i.e. X, Y, Z, MX, MY, MZ = 0) and the other end had only 

one degree of freedom to deform in the X direction (i.e.Y, Z, MX, MY, MZ = 0). 
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Chapter 4 

 

4. Microstructural Thermal Stability of NiTi 

Matrix In-Situ Nanocomposites 
 

4.1. Introduction 

NiTi shape memory alloys (SMAs) are known for their unique thermomechanical 

properties including the pseudoelasticity, the shape memory effect, and the two-way 

shape memory effect. Owing to the effort of research and development over the past 

decades, a firm understanding of the fundamentals and a suit of technologies for their 

processing and property control have been established. Further endeavors have been made 

to expand the properties and functionalities of these alloys by using novel and innovative 

design concepts and processing techniques beyond the conventional forms, such as 

architectured designs [1-3], functionally graded materials [4-6], shape memory thin films 

and novel structured composites [7-9].  

Shape memory alloy composite design has been a continued effort in the past few decades 

[10, 11]. Traditionally, these composites are designed to further heighten or to alter the 

performances of the shape memory alloys. Typical examples of such composite designs 

have been given in section 2.3.6. Recently, a new concept has been explored, to use NiTi 

shape memory alloy as a matrix to enable properties of other materials that otherwise 

would not be able to achieve. A ground breaking example is the NiTi matrix – Nb 

nanowire in-situ composite, in which ultra-high elastic strains are achieved in the Nb 

nanowires.  

It is know that freestanding nanowires have ultrahigh strengths and ultra large elastic 

strains, typically 4% ~ 7% [12, 13]. Large elastic strains also imply significant changes 

to many physical and chemical properties, such as superconducting, magnetic, surface 

absorption and catalytic properties [14-17], as well as high strength. Therefore, it is of 

interest to be able to achieve such large elastic strain of nanomaterials in bulk forms for 
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practical applications. However, this has proven to be challenging. The NiTi matrix – Nb 

nanowire in situ composite made a breakthrough to this long standing challenge by 

inducing an unprecedented elastic lattice strain of 6.4% in the Nb nanowires embedded 

in the bulk composite [18]. This is achieved based on the principle of lattice strain 

matching between the Nb nanowires and the phase transforming NiTi matrix. The 

uniform lattice distortion of the martensitic transformation of the SMA matrix matches 

well with the uniform lattice elastic strain of the nanowires, thus enabling effective load 

and strain transfer from the matrix to the nanowires. 

This work pioneered a new strategy for materials design using shape memory alloy matrix 

and metallic nanowires, and opened the possibility to design many other phase 

transforming matrix - metal nanowire in-situ composites. To form such nanowire 

composites, severe plastic deformation and wire drawing are required. Consequently, the 

materials often need to experience intermediate and final heat treatments for processing 

and property control. This raises the issue of thermal stability of the nanowires and 

microstructural evolution of the composite during heat treatment. This is a complex issue 

considering that it involves multiple concurrent processes, such as recrystallization of the 

severely cold worked NiTi matrix or crystallization of the amorphised NiTi matrix in 

some cases, stability and coarsening of the nanowires, mechanisms of both short range 

atomic shuffling and long range diffusion required by these processes, and the 

interactions between the changing matrix and the nanowires. In addition to the above, 

there are also the issues of martensitic phase transformation and precipitation for the NiTi 

matrix.  

Therefore, a profound understanding of the thermal response of the phase transforming 

matrix – nanowire composite in general, and the recently developed NiTi matrix – Nb 

nanowire composite in specific, is needed for the design, processing and property control 

of this class of composites. In this study, two in-situ shape memory alloy matrix – metal 

nanowire and nanoribbon composites were chosen to investigate the effects of annealing 

on the evolution of their microstructures, including a NiTi-Nb nanowire composite and a 

NiTiCu-Nb7 nanoribbon composite. 
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4.2. Investigation procedures 

4.2.1. Materials fabrication 

Two alloys were chosen in this study, including Ni45Ti45Nb10 and (Ti50Ni38Cu12)93Nb7. 

The Ni45Ti45Nb10 alloy forms a pseudobinary eutectic system between NiTi and Nb(Ti), 

with a volume fraction of ~13% for Nb. The (Ti50Ni38Cu12)93Nb7 alloy also forms a 

pseudobinary eutectic, between NiTiCu and Nb, with a Nb volume fraction of ~9%. The 

pseudobinary eutectic nature allows the alloys to solidify directly into dual-phase 

microstructure in fine lamellar configurations. Post-casting processing of the ingots 

included forging, matching to remove the oxidized surface, and hot and cold wire 

drawing.  Fig. 4.1 shows a NiTiNb alloy in three different stages of the fabrication 

processes. 

The Ni45Ti45Nb10 alloy was prepared by vacuum induction melting using high purity 

(99.99%) elemental Ni, Ti and Nb metals. A 25 kg ingot was cast. The ingot was hot-

forged at 850 °C into a rod of ϕ16 mm and hot-drawn at 750 °C into a wire of 2 mm in 

diameter. The wire was finally cold-drawn into a thinner diameter of ϕ 0.5 mm at room 

temperature with intermediate annealing at 700°C for 5 min. Samples for microstructural 

thermal stability studies were cut from the cold-drawn wire and annealed at different 

temperatures from and for different durations in a tube furnace with flowing argon 

protection, followed by water quenching. 

 

 
Figure 4.1. The process of fabricating in-situ nanocomposite in wire form. (a) a cast 
ingot; (b) a swagged bar from the ingot; (c) a cold-drawn wire as the final product. 

 

The (Ti50Ni38Cu12)93Nb7 alloy was produced from high-purity elemental metals of the 

constituents (purity >99.8 wt %) by arc melting. The ingot was a 0.5 kg button ingot. It 
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was hot-forged at 800 °C into a rod of ϕ16 mm, then hot-drawn at 500 °C into a thick 

wire of 2 mm in diameter, and finally cold-drawn into a thin wire of 0.5 mm in diameter 

at room temperature with intermediate annealing at 630°C for 5 min. Samples for analysis 

were prepared in the same way as for the Ni45Ti45Nb10 alloy. 

 

4.2.2. Materials characterisation 

The martensitic transformation behaviour of the nanocomposites was analyzed by means 

of differential scanning calorimetry (DSC) using a TA Q10 instrument. The measurement 

was conducted in a flowing N2 environment at a cooling/heating rate of 10 K/min. The 

mass of the samples varied from 6 mg to 15 mg. 

X-ray diffraction (XRD) studies were conducted on a Panalytical Empyrean XRD 

diffractometer. The diffractometer use Cu Kα radiation and is equipped with a reflection-

transmission spinner sample stage and a PIXcel 3D detector, operating in the 2-

theta/omega (Gonio) scan. The scans were recorded at room temperature at angles ranging 

from 30° to 80° with a step size of 0.001°, in continuous scan mode.  

To remove the oxidation layer and create a flat surface, the thin wire samples were 

mounted in resin and then ground using SiC metallurgical papers up to P2400 grit 

followed by polishing using diamond suspension media. 

Transmission electron microscopy (TEM) samples were prepared using the focused ion 

beam (FIB) lift-out technique [19] on an FEI Helios Nanolab G3 CX Dual Beam 

FIB/SEM system. Fig. 4.2 shows briefly the steps of preparing a TEM sample using the 

lift-out method. A final TEM lamella was typically a strip of 10×10 µm2 in dimension 

with a thickness of below 100 nm. Fig. 4.2(a) shows a deposited protection layer on top 

of the region of interest. This is needed to protect the region of interest against the ion 

beam damage during the milling process. The next step is to mill two trenches adjacent 

to the protection layer. This allows to lift-out the TEM lamella from the depth of the 

region of interest. The initial trenching and cutting steps were carried out at 30 kV and 

ion beam currents of 21.00-0.23 nA. The thickness of the milled TEM lamella was ~2μm. 

A lift-out needle was welded to the lamella to lift it from the composite wire and attach it 

to a TEM grid. Fig. 4.2(b) shows a TEM lamella welded to a lift-out needle ready to be 

pulled out and be attached to a TEM grid. Fig. 4.2(c) shows the welded lamella attached 

to a TEM grid. The lift-out needle needs to be cut before the final thinning and cleaning 

of the sample. The mounted sample is then thinned out to a desired thickness typically 
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less than 100 nm. The final cleaning was applied in two steps. The first step was a lower 

voltage of 5 kV for 1 minute each side followed by a low voltage of 2 kV cleaning for 30 

seconds each side. The 2 kV cleaning is crucial for the high resolution finish. The final 

cleanings are necessary to remove the damaged layer caused by the ion beam milling. It 

is known that the lower the cleaning voltage results in the lower damaged layer on top of 

TEM thin layers [20].   

 

 
Figure 4.2. The steps of preparing a TEM sample using the lift-out method. (a)  

depositing a protection layer on top of the region of inetrest; (b) Cutting the lamella 
and welding it to a lift-out needle to be attached to a TEM grid; (c) Welding the 

lamella to a TEM grid and cutting the needle from the lamella; (d) final thining the 
lamella to form the TEM lamella. 

 

TEM analysis was carried out on a FEI Titan G2 80-200 Scanning transmission electron 

microscope (STEM) with ChemiSTEM Technology. The operating voltage of the 

microscope was 200 kV. All images were digitally recorded with a slow scan CCD 
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camera (image size 2048 x 2048 pixels), and image processing including fast Fourier 

transformation (FFT) was carried out using Digital Micrograph software [21]. The 

analysis of the high resolution transmission electron microscopy images were carried out 

using CrysTBox software [22, 23]. The software allows indexing of diffraction patterns, 

finding d-spacings and angles between the planes, mapping strain of a particular plane, 

mapping d-spacing variation of a chosen plane, and finding zone axes.  

The tests were performed at room temperature of 22ºC. 

 

4.3. Results 

4.3.1. Annealing treatment on the NiTi - Nb nanowire composite 

4.3.1.1. Microstructure of the Ni45Ti45Nb10 alloy in as-received state 

Fig. 4.3 shows the microstructure of the cold-drawn Ni45Ti45Nb10 alloy wire in the as-

received state. Fig. 4.3(a) shows a high angle annular dark field (HAADF) STEM image 

of a longitudinal section. The wire axial direction is indicated by the double headed arrow 

in the micrograph. The intensity in a HAADF image is proportional to the atomic mass 

of a phase, the brighter regions are Nb, which has a higher atomic mass than the matrix, 

and the darker matrix is NiTi. It is evident that Nb exists mostly as nanowires all well 

aligned in the wire axial direction. Occasionally some nanosized spherical particles can 

also be observed. Fig. 4.3(b) shows a TEM micrograph of a region in the TEM lamella to 

further reveal the microstructure of the NiTi matrix. No grain structure can be recognized 

in either the NiTi matrix or the Nb nanowires. The matrix also shows localised contrast 

difference. This can be interpreted as the crystallinity order difference of the matrix. The 

matrix may be a mixture of amorphous and crystalline domains.   

Fig. 4.3(c) shows a selected area electron diffraction (SAED) pattern of a longitudinal 

section from a view field of ϕ 2.85 μm. The wire axial direction is also indicated in the 

pattern by the double headed arrow. It reveals that the Nb nanowires had a strong [110] 

preferential orientation along the wire axis, as indicated by the two small blue arrows. 

The pattern also shows a diffused diffraction ring at a slightly higher angle than the Nb 

(110) diffraction. This diffused ring is attributed to the NiTi-B2 (110) diffraction. It is 

seen that the NiTi-B2 (110) diffraction also had a few preferential orientations, at 22°, 

103° and 140° relative to the wire axis, as indicated by the three small red pairs of arrows. 

This does not indicate a typical cold drawing texture common to BCC metals. The 

difference between the observed texture with the typical texture of BCC metals could be 
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the presence of the Nb (second) phase embedded in the matrix. The highly diffused ring 

also demonstrates clearly that the NiTi matrix is highly disordered, or largely 

amorphisized, obviously resulting from the severe cold deformation of the wire-drawing 

process. 

Fig. 4.3(d) shows a STEM bright field image of a cross section of a sample. The darker 

regions are the Nb nanowires. The Nb nanowires are well scattered and uniformly 

distributed, and also have very uniform size distribution within the range of 5-25 nm. Fig. 

4.3(e) shows the magnified image of box (e) in (d). There is no grain in the matrix similar 

to the longitudinal section. Also, the diffraction contrast can be observed. Fig. 4.3(f) 

shows a SAED pattern of a cross-sectional area. The Nb (110) diffraction shows a ring of 

small dotted spots, indicating no preferential orientation in the lateral directions for the 

nanowires. The NiTi-B2 (110) shows also a continuous crystalline ring, indicating no 

texture at the similar direction. The diffused ring is also present, indicating the partial 

amorphous region mixed in the matrix. 

Fig. 4.4 shows an XRD pattern of the Ni45Ti45Nb10 alloy wire, measured along the 

longitudinal direction (with the diffraction plane parallel to the wire length direction). 

The pattern is fully indexed to Nb and NiTi-B2. It is evident that the Nb peaks are sharp 

and well defined, indicating high crystallinity of the nanowires despite the severe cold 

work. The lattice parameters of the Nb nanowires are estimated to be 2.340Å, consistent 

with the bulk value of 2.334Å. It is to be noted that the NiTi-B2 (110) peak, which is the 

major diffraction of NiTi, is at a lower intensity than the Nb (110) peak, despite its 

significantly higher volume fraction. At the meantime, a broad hump at the base of the 

NiTi-B2 (110) diffraction is also obvious. This is consistent with the observation of the 

diffused ring around NiTi-B2 (110) diffraction in the SAED patterns shown in Fig. 4.3(c) 

and (f), confirming the highly disordered nature of the NiTi matrix. 
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Figure 4.3. Microstructure of Ni45Ti45Nb10 alloy wire in cold –drawn state before the 

final annealing. (a) HAADF STEM image of a longitudinal section; (b) TEM 
micrograph of a longitudinal area; (c) SAED pattern of a longitudinal area; (d) STEM 
bright field image of a cross-sectional area; (e) magnified image of box (e) in (d); (f) 
SAED pattern of a cross sectional area. (The wire axial direction is indicated by the 

yellow double headed arrow in the images)   
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Figure 4.4. XRD patterm of the Ni45Ti45Nb10 alloy wire in cold–drawn state before 

the final annealing. The pattern was taken along the length of the alloy wire. 
 

4.3.1.2. Effect of annealing on transformation behaviour 

The cold-drawn wire was annealed at different temperatures for 20 minutes to restore the 

shape memory properties of the NiTi matrix. Fig. 4.5 shows the effect of annealing on the 

thermal transformation behaviour of a Ni45Ti45Nb10 alloy. Fig. 4.5(a) shows the DSC 

curves of the thermal transformation behaviour of the samples annealed at different 

temperatures and the as received wire before annealing. The as received curve does not 

show any phase transformation, confirming the earlier TEM analysis of the highly 

disordered nature of the matrix at this condition. All the annealed samples exhibit a one-

step B2↔B19′ forward and reverse phase transformations. Fig. 4.5(b) shows the effect of 

annealing on the latent heats of cooling (forward, blue) and heating (reverse, red). It is 

seen that the latent heats of the composite increased with increasing annealing 

temperature, to reach a maximum of 16.86 J/g on cooling and 15.98 J/g on heating at 

550°C. Further increase of the annealing temperature resulted in a gradual decrease of the 

latent heats of the composite, to 12.6 J/g on both heating and cooling at 850°C. The 

difference between the forward and reverse latent heats is negligible. Considering the 

estimated volume of the non-transforming component (Nb) in the nanocomposite system, 

results in the approximation of the latent heats of the matrix (see the right hand Y axis of 

Fig. 4.5(b)). 

Fig. 4.5(c) shows the effect of annealing temperature on the transformation temperatures. 

A* represents the peak temperature of the B19′→B2 phase transformation on heating and 

M* is the peak temperature of the B2→B19′ phase transformation on cooling. It is seen 

that both temperatures increased with increasing the annealing temperature. Fig. 4.5(d) 

shows the effect of annealing temperature on the thermal hysteresis of the B2B19′ 

transformation, defined as the difference between the peak temperatures. The thermal 
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hysteresis decreased rapidly by increasing annealing temperature up to 650°C and then 

remained little changed with further increase of annealing temperature to 850°C. 

 

 
Figure 4.5. Effect of annealing on (a) transformation behaviour; (b) cooling (blue 

curve) and heating (red curve) latent heats; The left Y axis shows the latent heats of 
the composite and the right Y axis shows the latent heats of the matrix; (c) 

transformation temperatures; and (d) thermal hysteresis of cold drawn Ni45Ti45Nb10 
alloy wire. 

 

4.3.1.3. Effect of annealing on the microstructure 

Fig. 4.6 shows the microstructure of the Ni45Ti45Nb10 alloy wire composite annealed at 

450°C for 20 min. Fig. 4.6(a) is a HAADF STEM image of a longitudinal section.  The 

nanowire diameter varies from 4 nm to 120 nm. It is seen that the thinner Nb nanowires 

of less than 10 nm in diameter are broken, while the thicker ones remain long and intact. 

The average diameter of the nanowires is 16.5 nm out of 250 counts, as determined by 

means of image analysis using Image J package. It is also apparent that the NiTi matrix 

has crystallized. To better reveal the crystalline structure of the matrix, a STEM bright 

field image of the same viewing area as that shown in Fig. 4.6(a) is presented in Fig. 

4.6(b). It is evident that the NiTi matrix has fully crystallized into nanosized equiaxial 

polygrains, with an average grain size of 48 nm out of 250 counts. Fig. 4.6(c) shows the 
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magnified image of box (c) in (b). It can be seen that between the nanowires, single or 

multiple grains can be presented depending on the density of distribution of nanowires. 

Also, multiple nanograins can have interface with one nanowire through its axial length 

due to the fact that the length of a nanowire is significantly larger than a grain size at this 

condition. 

Fig. 4.6(d) shows a SAED pattern of the longitudinal section using a viewing area of 

ϕ=2.85 μm. The strong preferential orientation of Nb [110] along the alloy wire axial 

direction remains intact. The NiTi-B2 (110) diffraction has become a clear ring of many 

small and sharp diffraction spots, without either the diffused ring or texture as observed 

in the cold-drawn sample (Fig. 4.3(c)). This is obviously consistent with the full 

crystallized NiTi matrix in the microstructure of the sample. Fig. 4.6(e) shows an XRD 

pattern of the sample. One obvious change is that the intensities of the two NiTi-B2 

diffraction peaks have increased significantly relative to the cold-drawn sample and NiTi-

B2 (110) peak is well above those of the three Nb peaks. The disordered hump has also 

vanished. 

Fig. 4.7 shows the microstructure of the Ni45Ti45Nb10 alloy wire sample annealed at 

550°C for 20 min. Fig. 4.7(a) is a HAADF STEM image of the longitudinal section. Most 

of the nanowires have broken up and fragmented into shorter sections, except the very 

thick ones. It is also clear that some Nb particles have spheroidised. The average diameter 

of the Nb nanowires (rods) is 33.4 nm out of 150 counts, as determined by means of image 

analysis. The nanowires have obviously coarsened relative to those in the as-received and 

the 450°C annealed samples. Fig. 4.7(b) shows an STEM bright field image of the same 

viewing area as that shown in (a). Nano grains are observed with an average size of 105.4 

nm out of 150 counts. The grain size varies from 35 nm to 230 nm without any visible 

defects. The grains are bigger in the areas where the nanowires are less dense (see the 

yellow arrows in the figure). This reveals the grain growth halt of the NiTi matrix due to 

the presence of the nanowires. 
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Figure 4.6. Microstructure of Ni45Ti45Nb10 nanowire composite annealed at 450°C for 
20 min. (a) a HAADF image of a longitudinal section; (b) a STEM bright field image 

of the section (a); (c) magnified image of box (c) in (b); (d) a SAED pattern of a 
longitudinal area; (e) an XRD pattern of the sample.  

 

Fig. 4.7(c) shows a SAED pattern of the longitudinal section using an aperture selecting 

a viewing area of ϕ=2.85 μm. It is seen that the Nb [110] preferential orientation along 

the wire axial direction remains largely unchanged. The NiTi-B2 diffractions appear as 

rings of dotted spots without any specific texture. The spots are generally larger and 
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brighter and the rings are less continuous compared to that of the sample annealed at 

450°C, implying bigger and fewer grains. Fig. 4.7(d) shows an XRD pattern of the 

sample, measured along the longitudinal direction. The relative intensities of NiTi-B2 

(110) and (211) are higher than three Nb peaks. Four NiTi-B19′ peaks are observed with 

negligible intensities.  

 

 
Figure 4.7. Microstructure of Ni45Ti45Nb10 nanowire composite annealed at 550°C for 
20 min. (a) a HAADF image of a longitudinal section; (b) a STEM bright field image 

of the section (a); (c) a SAED pattern of a longitudinal area; (d) an XRD pattern of 
the sample. 
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20 nm to 110 nm. Fig. 4.8(b) shows the STEM bright field image of the sime area as Fig. 

4.8(a). Nano grains are detected with an average size of 183.1 nm. The grain size is varied 

from 75 nm to 340 nm. There are some obvious localised diffraction contrast inside the 

matrix. This can be related to the crystallinity order variation of the matrix. To further 

reveal that, Fig. 4.8(c) shows the bright field image of box (c) in (b). Dark and light 

alternating contrast lines in the NiTi matrix is obvious.  

Fig. 4.8(d) shows a SAED pattern of a longitudinal section of the composite wire. The 

strong preferential orientation of Nb [110] is weakened along the wire axial direction 

relative to the as received composite wire. There is a diffused diffraction ring (see white 

arrows in the figure) around NiTi-B2 (110), implying partial amorphisation of the matrix. 

This is consistant with the visual observation of the localised contrasts in the matrix. 

There are dotted spots in the NiTi-B2 (110) ring without a clear texture; this can be 

interpreted as the grain growth of the matrix relative to lower annealing temperatures. 

Fig. 4.8(e) shows an XRD pattern of the composite wire in the range of 30°-80° 2θ scan. 

The intensity of NiTi-B2 (110) peak relative to Nb (110) peak has significantly reduced 

with a small amorphous hump at its base. This is consistent with the TEM analysis. The 

three Nb peaks are still sharp. Six low intensity NiTi-B19′ peaks are observed. The 

formation of the B19′ peaks can be the stress induced phase transformation event as the 

product of Nb atoms migration in the matrix. 

Fig. 4.9 shows the microstructure of the Ni45Ti45Nb10 nanowire composite annealed at 

750°C for 20 min. Fig. 4.9(a) is a HAADF STEM image of a longitudinal section. 

Nanowires are broken and formed nanoparticles and short nanorods. The average 

diameter of the nanoinclusions is 73.5nm. The nanoinclusions diameter are varied from 

40 nm to 150 nm. Some nano-rods are physically rotated and not aligned with the axial 

direction of the wire composite. To further reveal the rotation of the nanorods relative to 

the wire axial direction, a lower magnification image is required. Fig. 4.9(b) is a low 

magnified HAADF STEM image of a longitudinal section. In the figure, the thick yellow 

double headed arrow indicates the wire axial direction, while the thin yellow arrows 

reveal the misalignment of the nanorods.  
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Figure 4.8. Microstructure of Ni45Ti45Nb10 nanowire composite annealed at 650°C for 
20 min. (a) HAADF image of a longitudinal section; (b) STEM bright field image of 

the section (a); (c) magnified image of box (c) in (b); (d) SAED pattern of a 
longitudinal area; (e) XRD pattern of the composite wire. 
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Figure 4.9. Microstructure of Ni45Ti45Nb10 nanowire composite annealed at 750°C for 

20 min. (a) HAADF STEM image of a longitudinal section; (b) low magnification 
HAADF STEM image of a longitudinal area; (c) STEM bright field image of the 

section (a); (d) high magnification bright field image of a longitudinal area; (e) SAED 
pattern of a longitudinal area; (f) XRD pattern of the composite wire. 
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This figure confirms the rotation of the nanorods in this annealing condition. Fig. 4.9(c) 

shows a STEM bright field image of the same area as Fig. 4.9(a). The grain boundaries 

are blurred and difficult to identify. The matrix has “roughened textures” with some 

localised diffraction contrast. Fig. 4.9 (d) shows a higher magnification STEM bright field 

image of a longitudinal section. This better reveals the localised diffraction of the matrix. 

The localised diffraction and the roughened texture of the matrix can be due to the 

crystallinity order variation. Fig. 4.9(e) shows a SAED pattern of a longitudinal section 

using a viewing field of φ=2.85 μm. There is a diffused diffraction ring (white arrows in 

the figure) at around NiTi-B2 (110). There are also some randomly oriented spots in the 

diffused diffraction ring. This can be interpreted as the mixture of crystalline domains 

and amorphous areas in the field of view. This is consistent with the observation of the 

roughened textures in the matrix. The preferential Nb [110] orientation relative to the 

axial direction of the composite wire is also lost. Fig. 4.9(f) shows an XRD pattern of the 

composite wire. Although the NiTi-B2 (110) is the major peak and the NiTi volume 

fraction is significantly higher than Nb, the intensity of the NiTi-B2 (110) peak is lower 

than Nb (110) peak, with a clear amorphous hump at its base. This confirms the TEM 

analysis of partial crystallinity of the NiTi matrix. The XRD pattern is comparable to the 

as received state. 

Fig. 4.10 shows the microstructure of the Ni45Ti45Nb10 nanowire composite annealed at 

850°C for 20 min. Fig. 4.10(a) is a HAADF STEM image of a longitudinal section. The 

nanowires are broken into particles and nano-rods. The average diameter of the 

nanoinclusions is 127.9 nm.  The diameter of the nanoinclusions varies from 50 nm to 

300 nm. Some nano-rods are physically rotated and not aligned with the axial direction 

of the wire composite. To better reveal that, Fig. 4.10(b) shows a lower magnified 

HAADF STEM image of a longitudinal area. The thick yellow double headed arrow 

indicates the axial direction of the composite wire. The thin yellow double headed arrows 

reveal the slight misalignment of the nanorods. The figure confirms the physical rotation 

of the nanorods with respect to the axial direction of the wire. Fig. 4.10(c) shows a STEM 

bright field image of the same area as Fig. 4.10(a). The grain boundaries are unclear and 

difficult to identify. The roughened textures and localised diffraction contrasts are 

obvious, implying partial amorphisation of the matrix due to the migration of the Nb 

atoms between the Nb nanoinclusions and through the matrix. Fig. 4.10(e) shows a SAED 

pattern of a longitudinal section of the wire composite. There is a diffused diffraction ring 

(white arrows in the figure) around NiTi-B2 (110) with some strong dotted spots in the 

ring, implying partial amorphisation of the matrix. The preferential orientation of Nb 
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[110] relative to the axial direction of the wire is lost.  Fig. 4.10(f) shows an XRD pattern 

of the nanowire composite. The XRD pattern is similar to as of 750°C for 20 min and 

comparable with the as received state. This confirms the TEM analysis of localised 

amorphisation of the matrix. 

Fig. 4.11 shows the microstructure of the Ni45Ti45Nb10 nanowire composite annealed at 

850°C for 60 min. The TEM lamella included two distinguishable regions in terms of 

crystallinity order of the matrix. Figs. 4.11(a)-(c) are taken from the bottom region of the 

TEM lamella, where the NiTi matrix was crystalline and the grain boundaries could be 

observed. Figs. 4.11(d) and (e) are taken from the top of the TEM lamella, where the grain 

boundaries of the matrix were not clear. Fig. 4.11(a) is a HAADF STEM image of a 

longitudinal section taken from the bottom of the TEM lamella. The nanowires are 

converted to the spherical nanoparticles and nanorods. The average diameter of the 

nanoinclusions is 201nm out of 100 counts. The diameter of the nanoinclusions varies 

from 71 nm to 289 nm. Fig. 4.11(b) shows a STEM bright field image of the same area 

as Fig. 4.11(a). The grain boundaries are detectable, implying recrystallisation of the 

matrix. This means a prolonged annealing treatment can reduce the diffusion flux of Nb 

atoms between the nanoinclusions and the matrix can recrystallise. However, there are 

still some visible defects in the image, the amount of defects is reduced considerably in 

comparison with the lower annealing duration (i.e. 850°C for 20 min). Fig. 4.11(c) shows 

a SAED pattern of a longitudinal section from the bottom of the TEM lamella. There is a 

faint diffused ring at around NiTi-B2 (110) along with bright crystalline spots. The 

relative intensity of the crystalline spots to the diffused ring confirms the crystallisation 

of the matrix. Fig. 4.11(d) shows a bright field STEM image of the top area of the lamella. 

The grain boundaries are not visible along with localised diffraction contrast in the matrix. 

This suggests the presence of a mixture of amourphous areas and crystalline domains in 

the studied region. Fig. 4.11(e) shows a SAED pattern of a longitudinal section of the top 

area of the TEM lamella. The diffused ring at around NiTi-B2 (110) is observed along 

with discontinuous diffraction rings in it.  This confirms a mixture of 

crystalline/disordered regions inside the area. 
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Figure 4.10. Microstructure of Ni45Ti45Nb10 nanowire composite annealed at 850°C 

for 20 min. (a) HAADF image of a longitudinal section; (b) low magnification 
HAADF image of a longitudinal section; (c) STEM bright field image of the section 

(a); (d) high magnification of a longitudinal section; (e) SAED pattern of a 
longitudinal area; and (f) XRD pattern of the composite wire. 
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1. The presence of the discontinuous crystalline diffraction rings can be interpreted as 

possible nucleation of nano-crystalline domains in the studied area. This area can be 

fully crystalline, similar to the bottom of the lamella, upon prolonged annealing 

treatment. Fig. 4.11(f) shows an XRD pattern of the composite wire. The intensity of 

the NiTi-B2 (110) peak is still significantly lower than that of fully crystalline XRD 

patterns (i.e. 450°C and 550°C for 20 min). This complements the TEM findings as 

presented in Figs. 4.11(a)-(e). 

2.   

3. Fig. 4.12 shows the microstructure of the Ni45Ti45Nb10 composite annealed at 850°C 

for 320 min. Fig. 4.12(a) is a HAADF STEM image of a longitudinal section. 

Nanowires are converted to the spherical and quasi-spherical nanoparticles.  The 

diameter of the nanoparticles varies from 104 nm to 575 nm with an average of 311.95 

nm out of 75 counts. Fig. 4.12(b) shows a STEM bright field image of the same area 

as Fig. 4.12(a). Although there are still visible roughened textures in the matrix, the 

grain boundaries in the matrix are observed. This implies recrystallisation of the 

matrix, but still not a fully crystalline state. Fig. 4.12(c) shows the TEM micrograph 

of box (c) in (b). The figure reveals a grain with almost uniform diffraction confined 

between Nb nanoparticles. Fig. 4.12(d) shows a SAED pattern of a longitudinal 

section of the composite wire. There is a faint diffused ring at NiTi-B2 (110) along 

with bright crystalline spots. This confirms the close to fully crystalline state of the 

matrix. Fig. 4.12(e) shows an XRD pattern of the composite wire. The intensity of the 

NiTi-B2 (110) peak has increased relative to lower annealing times with the same 

annealing temperature (see Figs. 4.10(f) and 11(f)). This reveal that the prolonged 

annealing reduces the flux of Nb atoms migration through the matrix, thus the matrix 

can recrystallise. The increase of intensity of NiTi-B2 (110) relative to Nb (110) 

complements the TEM analysis of close to fully crystalline state of the matrix. 
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Figure 4.11. Microstructure of Ni45Ti45Nb10 nanowire composite annealed at 850°C 
for 60 min. The TEM lamella included two distinguishable top and bottom areas. (a) 
HAADF image of a bottom longitudinal section; (b) STEM bright field image of the 
section (a); (c) SAED pattern of a bottom longitudinal area; (d) STEM bright field 

image of a top longitudinal area; (d) SAED pattern of a top longitudinal area; (f) XRD 
pattern of the composite wire. 
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Figure 4.12. Microstructure of Ni45Ti45Nb10 nanowire composite annealed at 850°C 

for 320 min. (a) HAADF image of a longitudinal section; (b) STEM bright field 
image of the section (a); (c) TEM micrograph of box (c) in (b); (d) SAED pattern of a 

longitudinal area; and (e) XRD pattern of the composite wire. 
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of the annealing temperature. The average diameter of the Nb nanowires increased 

progressively with increasing the annealing temperature. Fig. 4.13(a) also shows average 

wire diameter of the samples annealed at 850°C for different times. The average diameter 

increased with increasing annealing time. In the sample annealed at 850°C for 320 

minutes, the average aspect ratio of the Nb nanoparticles became close to 1.  

Fig. 4.13(b) shows the evolution of the grain size as a function of annealing temperature. 

As presented in section 4.3.1.3, the grain structure became blurry and difficult to measure 

at high temperatures, thus the curve shown in the figure is not continuous. It is still seen 

that the grain size increased with increasing annealing temperature from 450°C to 650°C. 

With increasing time at 850°C, the grain size became visible again and increased rapidly. 
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Figure 4.13. Effect of annealing temperature on (a) average diameter and aspect ratio 

of Nb nanowires; (b) grain size of the matrix. (The annealing durations are 20 min 
unless stated otherwise) 

 

4.3.1.5. Diffusion induced amorphisation of NiTi matrix 

As presented above in section 4.3.1.3, annealing of the NiTi-Nb nanowire composite 

causes partial amorphisation of the NiTi matrix. Fig. 4.14 shows an evidence of the 

localised amorphisation of the NiTi-Nb nanowire composite as in the composite wire 

annealed at 650°C for 20 min. Fig. 4.14(a) is a low magnification TEM micrograph of the 

region of interest. As presented in Fig. 4.14(a), the Nb nanowires in this sample have 

broken up into short sections, some in particles of different sizes. The inset shows the Nb 

mapping of the same area. It can be seen that there is one large kidney shaped Nb particle 

(particle A) and a few smaller particles in the area. It is also apparent in the TEM 

micrograph that there are three diffusion paths from the smaller particles around to the 

large particle, as indicated by yellow arrows. Fig. 4.14(b) shows one region inside a 

diffusion path at a higher magnification, as indicated by the dashed box (b) in Fig. 4.14(a). 
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Shown in the inset is the FFT pattern of the region. It is seen that the region exhibits dark 

and light alternating contrast parallel to the path direction. These contrasts are diffraction 

contrasts and imply possible crystallinity variations in the region. The most visually 

recognised crystalline planes are NiTi-B2 (110) with a d-spacing of 2.12Å, as indicated 

in the FFT with a red circle. 

 Fig. 4.14(c) shows the region (c) indicated in Fig. 4.14(b) at a higher magnification. It 

reveals two visually distinguishable regions of higher crystallinity (denoted C in the 

figure) and lower crystallinity regions (denoted A in the figure). Fig. 4.14(d) shows the 

NiTi-B2 (110) d-spacing variation mapping of the area shown Fig. 4.14(c). The arrow on 

the scale bar indicates the expected d-spacing of {110} planes. It is seen that the mapping 

shows clear variations of d-spacing values, which are characteristic of disordered or 

amorphous structures. It is seen that the diffusion of Nb atoms from the smaller particles 

(high curvature) to the kidney shaped one (low curvature) caused local amorphisation in 

the direction of the diffusion path in the NiTi matrix. This is consistent with the visual 

observation of the parallel disordered lines, as shown in Fig. 4.14(b) and (c). 
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Figure 4.14. TEM characterisation of local amorphisation of the NiTi matrix in a 

NiTi-Nb nanowire composite wire annealed at 650°C for 20 min. (a) a TEM 
micrograph showing an area containing of a few Nb particles of different sizes. The 
inset is the Nb mapping of the area; (b) The region identified by (b) in (a) at a higher 

magnification, revealing the directional variations of crystalline and amorphous 
regions; The inset is an FFT pattern of the region, indicating a mixed crystalline and 
amorphous structure; (c) The region identified by (c) in (b) at a higher magnification; 

(d) NiTi-B2 (110) d-spacing variation mapping of the area shown in (c). The red 
arrow in the scale bar indicates the d-spacing of the NiTi-B2 (110) plane; (e) The 

region identified by (e) in (a) at a higher magnification. The inset is an FFT pattern of 
the region, indicating a mixed crystalline and amorphous structure. The zone axis of 
the cryastalline structure is identified to be NiTi-B19′ [001]; (f) the region identified 

by (f) in (e) at a higher magnification. (g) NiTi-B19′ (020) d-spacing variation 
mapping of the area shown in (f). The red arrow indicates the d-spacing of the NiTi-

B19′ (020) plane. 
 

Fig. 4.14(e) shows a region inside another diffusion path as identified by the dashed box 

(e) in Fig. 4.14(a) at a higher magnification. Similar to the region shown in Fig. 4.14(b), 

this region also contained clear diffraction contrast due to crystallinity variations. Fig. 

4.14(f) shows region (f) in Fig. 4.14(e) at a higher magnification. The crystalline and 

disordered regions can be clearly distinguished in the figure. The crystalline and 

disordered regions are parallel and run in the direction of the diffusion path. Fig. 4.14(g) 

shows the NiTi-B19′ (020) d-spacing variation mapping of the same area shown in Fig. 

4.14(f). It is evident that the A region identified in Fig. 4.14(g) showed high variations of 

NiTi-B19′ (020) d-spacing whereas the C regions had uniform distribution of d-spacing 

values. This is consistent with the visual observation of the crystalline and disordered 

regions shown in Fig. 4.14(f).  

Fig. 4.15 shows another evidence of the localised amorphisation of the NiTi-Nb nanowire 

composite as in the sample annealed at 750°C for 20 min. Fig. 4.15(a) shows a low 

magnification HAADF image of an area containing Nb particles of different sizes. Figs. 

4.15(b)-(d) shows the Nb, Ni and Ti element mapping of the same area as Fig. 4.15(a).  

(g) 
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Fig. 4.15(e) shows a nano-beam electron diffraction pattern of region (e) in Fig. 4.15(a). 

The region is a diffusion path between two Nb particles. The pattern contains NiTi-B2 

(110) diffraction spot and diffused rings around these spots, implying the presence of both 

crystalline and disordered structures in the region. Fig. 4.15(f) shows a diffraction pattern 

of region (f) in Fig. 4.15(a).  The region is in the NiTi matrix. A prominent diffused 

diffraction ring is observed at NiTi-B2 (110) diffractions, implying a highly disordered 

structure in this region. Fig. 4.14(g) shows a diffraction pattern of region (g) in Fig 

4.14(a). The pattern does not contain a diffused ring, implying full crystallinity of the Nb 

region. The pattern is fully indexed to single crystal Nb at [-111] zone axis. 

 

Figure 4.15. TEM analysis of localised amorphisation of the NiTi-Nb nanowire 
composite annealed at 750°C for 20 min. (a) a HAADF micrograph of an area of the 

composite wire containing Nb particles; (b) Nb element mapping; (c) Ni element 
mapping; (d) Ti element mapping; (e) nano-beam electron diffraction pattern of spot 
(e) in (a); (f) nano-beam electron diffraction pattern of spot (f) in (a); (g) nano-beam 

electron diffraction pattern of spot (g) in (a). 
 

Fig. 4.16 shows further TEM analysis of the localized amorphisation as in the sample 

shown in Fig. 4.15. Fig. 4.16(a) is a TEM micrograph of the area, in which the black areas 

are the Nb particles. Fig. 4.16(b) is a HRTEM image of the area identified by box (b) in 

Fig. 4.16(a). The region within the diffusion path between two Nb particles. It appears to 

contain both crystalline and amorphous regions, as indicated by “C” and “A” in the figure, 

respectively. The inset shows an FFT pattern of the HRTEM image. The FFT pattern 

clearly demonstrates a mixture of crystalline and amorphous structures. Fig. 4.16(c) is a 

HRTEM image of the region in box (c) in Fig. 4.16(a), which is inside the NiTi matrix. 

The region appears completely disordered without any crystalline planes recognised. Fig. 

4.16(d) shows a HRTEM image of the region indicated by box (d) in (a), which is inside 

(b) (c) (d) 
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the Nb big particle. The inset is an FFT pattern of the HRTEM image. It is seen that the 

region is fully crystalline, at the zone axis of [-111].  

The experimental evidences presented above in Figs. 4.14-16 demonstrate clearly that the 

NiTi is locally amorphised in some regions. These regions appear to align in between two 

nearby Nb particles, i.e. in the diffusion pathways. The amorphisised regions also appear 

to be in strips alternating with crystalline regions, all aligned to the length of the diffusion 

pathways. 

 

 
Figure 4.16. TEM characterisation of local amorphisation of a NiTi-Nb nanowire 

composite wire annealed at 750°C for 20 min. (a) TEM micrograph of Fig. 4.15(a); 
(b) HRTEM image of box (b) in (a); (c) HRTEM image of box (c) in (a); (d) HRTEM 

image of box (d) in (a). (the insets are FFT patterns extracted from the HRTEM 
images). 
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4.3.1.6. Displacive diffusion of Nb and NiTi  

Whilst diffusion of Nb atoms through the NiTi may cause amorphisation of the NiTi 

matrix, there exists another possible cause of amorphisation, in a similar mechanism. This 

is the displacive diffusion of Nb and NiTi. As presented above, annealing at elevated 

temperatures causes fragmentation and augmentation of the Nb nanowires. This requires 

mass migration of the Nb atoms, by movement of Ni and Ti atoms in the matrix, via 

diffusion. Such displacive diffusion may also cause amorphisation.  

Figure 4.17 shows a TEM analysis of a sample annealed at 650 °C for 20 min. Fig. 4.17(a) 

shows a TEM micrograph of a region containing one Nb nanowire segment. It is evident 

that the segment is no longer in uniform width and the edges have become in concaved 

curves, with some parts being thicker than the others. This represents a typical moment 

during the fragmentation and coarsening process. Fig. 4.17(b) shows a close-up view of 

a concaved Nb boundary area indicated by box (b) at a higher magnification. Fig. 4.17(c) 

shows the FFT pattern of the area defined in box (c) in Fig. 4.17(b), which is inside the 

Nb segment. The FFT pattern shows a fully crystalline bcc structure in [001] zone axis. 

Fig. 4.17(d) shows the FFT pattern of the area defined in box (d) in Fig. 4.17(a), which is 

inside the newly formed Nb segment. The FFT pattern shows a fully crystalline bcc 

structure also in [001] zone axis. The NiTi matrix adjacent to the Nb segment in Fig. 

4.17(b) seems to have two distinctive regions separated by a ‘contrast band’, as indicated 

by the yellow dashed line. Fig. 4.17(e) is the FFT pattern of box (e) in Fig. 4.17(b), which 

is located in the NiTi matrix adjacent to the Nb inclusion. It is seen that the region is 

completely amorphous. Fig. 4.17(f) shows the FFT diffraction pattern of the area inside 

box (f), which is in the region outside the dashed line further away from the Nb inclusion. 

The FFT patterns shows a few spots and diffused rings, implying a partially crystalline 

and partially amorphous structures. 

 



145 
 

Figure 4.17. TEM analysis of amorphisation of NiTi matrix during Nb nanowire 
fragmentation in a NiTi-Nb nanowire composite wire annealed at 650 °C for 20 min. 
(a) a TEM micrograph of an area containing a fragmented Nb inclusion in the NiTi 

matrix; (b) High magnified image of the area defined in box (b) in (a); (c) FFT pattern 
of the Nb inclusion defined in box (c) in (b). (d) FFT pattern of the newly formed Nb 

segment defined in box (d) in (a); (e) FFT pattern of the NiTi matrix in the region 
near the NiTi/Nb interface defined in box (e) in (b); and (f) FFT pattern of the NiTi 

matrix in a region away from the NiTi/Nb interface defined in box (f) in (b). 
 

4.3.1.7. Interface of Nb nanowire and NiTi matrix 

It is interesting to investigate the coherency of the NiTi matrix and Nb 

nanowires/particles. At low annealing condition, a typical length of an Nb nanowire is far 

higher than a nanosized grain. This means that an Nb nanowire can have multiple 

interfaces with NiTi grains through its length. This is proven in Fig. 4.6(c). If a grain 

through length of a Nb nanowire has a coherent interface with the nanowire, it is expected 

for the adjacent grains to have an incoherent interface with the same nanowire. At high 

annealing temperature, where the size of a grain is significantly larger than a 

nanorod/particle, if the grain has a coherent interface with an Nb nanorod/particle, the 

same grain cannot have a coherent interface with the adjacent nanorods/particles with 

different crystallographic orientations.  
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Fig. 4.18 shows an incoherent interface between a NiTi grain and an Nb nanoparticle at 

650°C for 20 min annealing condition. Fig. 4.18(a) is a HAADF STEM image of an area 

of interest from a longitudinal section. The image contains a few nanoparticles surrounded 

by the NiTi matrix. Fig. 4.18(b) shows a magnified image of box (b) in (a). The box was 

chosen to be at the interface between the matrix and the Nb nanoparticle. Fig. 4.18(c) 

shows an FFT pattern of the HRTEM image in (b). Nb can be indexed to fully crystalline 

BCC pattern. NiTi matrix is at B19′ martensitic phase at [-100] zone axis. The Nb (110) 

and NiTi-B19′ (020) are shown in the FFT pattern. Fig. 4.18(d) shows an inverse FFT 

pattern of Nb (110) and NiTi-B19′ (020) of box (d) in (b). Although, the planes have a 

slight 8° rotation relative to each other, still the d-spacing mismatch of Nb (110) (2.33Å) 

and NiTi-B19′ (020) (2.05Å) is ~11% and requires further 20° to reach complete 

coherently. This mismatch is rectified by dislocations at the interface (incoherent 

interface) as extracted from the inverse FFT pattern. Also, there are some dislocations 

inside the Nb and NiTi segments. 

 

4.3.1.8. Summary of effect of annealing on the microstructure of the NiTi-Nb 
nanowire composite  

It is seen from the experimental evidences presented above, the cold worked 

microstructure of the NiTi-Nb nanowire composite experiences several microstrucutral 

changes upon heating during the annealing process, including crystallization of the cold 

worked amorphous NiTi matrix, fragmentation and coarsening of Nb nanowires, 

spheroidisation and agglomeration of Nb particles, and local amorphisation and 

recrystallization of NiTi matrix.  These events are summarised in Fig. 4.19 with respect 

to increase of annealing temperature and at 850°C, with respect to increase of annealing 

times.  

In detail, Nb nanowires of ~<10 nm fragmented first at 450°C (for annealing for 20 min). 

Elevating the annealing temperature to 750°C led to almost complete fragmentation of 

the Nb nanowires into short rods and spherical particles. At above 850°C, the dominant 

morphology of the Nb inclusions was spherical. Nb nanowires retained their [110] axial 

texture up to 650°C and lost their axial preferential orientation at 750°C. 
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Figure 4.18. An incoherent interface of the NiTi matrix and Nb nanoparticle at 650°C 

for 20 min.(a) a HAADF STEM image of a region of interest containing a few Nb 
nanoparticles and the NiTi matrix; (b) the HRTEM image of  box (b) in (a); (c) an 
FFT pattern of HRTEM image in (b); and (d) inverse FFT pattern of box (d) in (b). 

 

Concurrently, the NiTi matrix was in amorphous state in the as-received condition, 

apparently due to the severe cold working of the wire drawing process. It fully crystallised 

into nano grains after annealing at 450°C for 20 min. The grain size grew with increasing 

annealing temperature to 550°C. Localised amorphisation occurred after annealing at 

650°C. This coincided with the massive agglomeration of the Nb nanoparticles. The 

amorphisation became more severe and dominant at higher temperatures such as 750°C 

and 850°C (for 20 min. of anneal). Prolonging the annealing time at 850°C to 60 min and 

also 320 min led to reform (recrystallization) of large grains of the NiTi matrix.     
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Figure 4.19. Summary of the various aspects of microstructural evolution of the NiTi-
Nb nanowire composite during annealing. 

 

4.3.2. Annealing treatment of (NiTiCu)-Nb nanoribbon composite 

4.3.2.1. As received condition of (Ti50Ni38Cu12)93Nb7 nano-ribbon composite 

In addition to the Ni45Ti45Nb10 nanowire composite alloy presented above, a eutectic 

(Ti50Ni38Cu12)93Nb7 alloy was also fabricated. After ingot forging and wire drawing, the 

final product is a NiTiCu - Nb nanoribbon in-situ composite. Fig. 4.20 shows the 

microstructure of the (Ti50Ni38Cu12)93Nb7 alloy wire in the as-received condition. Fig. 

4.20(a) is a HAADF image of a longitudinal section of the cold-drawn wire. The Nb 

nanoribbons (brighter contrast) appear as thin lines well distributed and aligned in the 

axial direction of the alloy wire. The axial direction of the composite wire is indicated by 

the yellow double arrow in the figure. To reveal the crystallinity order of the matrix, a 

magnified TEM micrograph of a region of interest is needed. Fig. 4.20(b) shows a 

magnified TEM micrograph of box (b) in (a). There is no visible grain boundary in the 

NiTiCu matrix. This can be attributed to the high damage of the matrix as the result of 

the severe cold work deformation.  

Fig. 4.20(c) shows a SAED diffraction pattern of a longitudinal section of the composite 

wire. A strong Nb [110] texture along the axial direction of the composite wire is apparent 

for the Nb nanoribbons. The NiTiCu matrix is semi-crystalline, as evidenced by the 

diffused diffraction ring and the several “extended” spots of high diffraction intensities at 

NiTiCu-B2 (110). The NiTiCu-B2 (110) crystalline diffractions appear at 25°, 85° and 

145° from the wire axis. These correspond to the six <110> directions of BCC structures, 

and indicate a typical cold drawing texture common to BCC metals. The Nb (110) 

crystalline diffractions also appear at 0°, 60°, and 120° relative to the axial direction of 
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the composite wire. It is expected as Nb is also BCC crystal structure. The 25° difference 

between NiTiCu-B2 (110) and Nb (110) diffractions can be attributed to the ~10% lattice 

mismatch between the planes. The angle between the planes can compensate the 

mismatch. Fig. 4.20(d) shows a bright field STEM image of a cross section of the alloy 

wire. It is apparent that the dominant morphology of the Nb-rich inclusions is continuous 

nanoribbons. The average thickness of the nanoribbons is estimated to be 16.5 nm. A few 

thicker nano rods and small nanoparticles are also present in the composite. 

Fig. 4.20(e) is the bright field STEM image of box (e) in (d). The image shows a localised 

diffraction contrast in the matrix without any visible grain boundary and uniform 

diffractions from Nb nanoribbons. The diffraction contrast of the matrix can be 

interpreted as the partial crystallinity of the matrix. Fig. 4.20(f) shows a SAED diffraction 

pattern of the cross sectional area of the composite wire. The NiTiCu-B2 (110) diffraction 

presents as a continuous diffused ring, confirming the amorphous nature of the NiTiCu 

matrix. The crystalline texture observed in Fig. 4.20(b) is not seen here, implying that the 

crystalline domains in the semi-crystalline matrix are totally randomly oriented relative 

to the axial direction, as expected of a wire drawing process. The Nb (110) diffraction 

had much lower intensity, corresponding to its very low volume fraction. The Nb 

nanoribbons also had no preferential orientation on the cross-section, consistent with the 

expectation for a wire drawing structure. 
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Figure 4.20. A (Ti50Ni38Cu12)93Nb7  nanoribbon composite wire in its as-received cold 
drawn state. (a) a HAADF STEM image of a longitudinal section; (b) the magnified 

TEM micrograph of box (b) in (a); (c) SAED pattern of a longitudinal area; (d) a 
STEM bright field image of a cross sectional area; (e) the magnified image of box (e) 

in (d); (f) a SAED pattern of a cross sectional area. 
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Fig. 4.21 shows an XRD pattern of a (Ti50Ni38Cu12)93Nb7 alloy wire after the severe cold 

work, measured along the longitudinal direction (with the diffraction plane parallel to the 

wire length direction). The pattern is fully indexed to Nb and NiTiCu. It is evident that 

the three Nb peaks are sharp and well defined, indicating high crystallinity of the 

nanoribbons. The lattice parameters of the Nb nanoribbons are estimated to be 2.336Å, 

consistent with the bulk value of 2.334Å. It is to be noted that the NiTiCu-B2 (110) peak, 

which is the major diffraction of NiTiCu, is at a slightly higher intensity than the Nb (110) 

peak, despite its significantly higher volume fraction. At the meantime, a broad hump at 

the base of the NiTiCu-B2 (110) diffraction is also obvious. This is consistent with the 

observation of the diffused ring around NiTiCu-B2 (110) diffraction in the SAED patterns 

shown in Fig. 4.20(b) and (f), confirming the highly disordered nature of the NiTiCu 

matrix. 
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Figure 4.21. An XRD patterm of a (Ti50Ni38Cu12)93Nb7 nanoribbon composite in 

cold–drawn state before the final annealing. The pattern was taken along the axial 
direction of the composite wire. 

 

4.3.2.2. Effect of annealing temperature on transformation behaviour 

As clearly confirmed above, The NiTiCu matrix is highly damaged as the result of the 

severe cold work, while the Nb nanoribbons are crystalline. To restore the functionality 

of the NiTiCu shape memory alloy matrix, subsequent heating is required. Fig. 4.22 

shows a differential scanning calorimetric curve of a cold drawn (Ti50Ni38Cu12)93Nb7 

nanoribbon composite wire upon heating to 550°C from the room temperature. The 

second heating also has applied to reveal the baseline of the first heating curve. It is seen 

that a continuous exothermic event commences at ~85°C until a larger exothermic peak 

appeared at ~415°C. The first exothermic event starting at ~85°C is attributed to the 

structural relaxation of the composite, and the strong exothermic peak appeared at ~415°C 
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is attributed to crystallization of the amorphous phase in the NiTiCu matrix. The 

progressive relaxation (as a second order transition) and the final crystallization (as a first 

order transition) are two consecutive steps to transfer the amorphous phase, which is a 

metastable state relative to the crystalline state, to the NiTiCu-B2 crystalline state, which 

is thermodynamically more stable phase at high temperature. Both relaxation and 

crystallisation events are expected to release the internal energy of the amorphous phase, 

thus they give rise to a progressive and a latent heat exothermic event in the DSC 

measurement, respectively. 
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Figure 4.22. Differential scanning calorimetric curve of a cold drawn 

(Ti50Ni38Cu12)93Nb7 nanoribbon composite wire upon heating to 550°C. 
 

The cold drawn NiTiCu-Nb nanoribbon composite wire was annealed at different 

temperatures for 20 min to study the effects of heat treatment on the microstructure and 

the transformation behaviour of the material. Fig. 4.23 shows DSC thermal analysis of 

effect of annealing on the transformation behaviour of the composite samples. Fig. 

4.23(a) shows the DSC curves of the annealed samples. All measured curves contained 

one-step forward B2→B19′ transformation and one-step reverse B19′→B2 phase 

transformations, except the as received-state curve that is flat implying no phase 

transformation in the studied temperature range.   

Fig. 4.23(b) shows the effect of annealing temperature on the latent heat of the B2↔B19′ 

transformation, as measured on cooling (forward) and heating (reverse). The latent heat 

increased continuously with the increase of annealing temperature up to 600°C and then 

decreased slightly with further increasing the annealing temperature. The maximum value 

of the latent heat measured was 12.07 J/g in the sample annealed at 650°C (for its forward 

transformation). It is worthy to mentioned that the latent heats are measured as the area 
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under the exothermic and endothermic peaks. However, The area under the peaks include 

both latent heats and energy dissipations. The energy dissipation can be calculated by 

differentiating the areas under the exothermic and endothermic peaks (i.e. Hcooling-

Hheating) assuming a constant value in heating and cooling for energy dissipation. Here, 

due to the negligible amount of energy dissipations, they are not considered.  

Fig. 4.23(c) shows the effect of annealing temperature on the transformation 

temperatures. A* is the peak temperature of the B19′→B2 transformation and M* is the 

peak temperature of the B2→B19′ transformation. The transformation temperatures 

increased with increasing annealing temperature up to 550°C and then decreased 

continuously with further increase of annealing temperature. Fig. 4.23(d) shows the effect 

of annealing temperature on the thermal hysteresis of the B2→B19′ transformation, as 

measured between the peak temperatures. The thermal hysteresis was the highest at 

450°C and decreased continuously with increasing the annealing temperature.  

 

 
Figure 4.23. Effect of heat treatment of NiTiCu-Nb nanoribbon composite on (a) 
transformation behaviour; (b) cooling (blue curve) and heating (red curve) latent 
heats; The left Y axis shows the latent heats of the composite and the right Y axis 

shows the latent heats of the matrix; (c) critical forward and reverse transformation 
temperatures; (d) thermal hysteresis. 
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4.3.2.3. Effect of annealing on the microstructure  

Fig. 4.24 shows the microstructure of a NiTiCu-Nb nanoribbon composite wire annealed 

at 450°C for 20 min. Fig. 4.24(a) is a HAADF image of a longitudinal section of the 

composite. It is evident that the morphology of the Nb nanoribbons have changed 

compared to the as-received state. The thinner ribbons have all disappeared, apparently 

agglomerated into small spherical particles. The thicker nanoribbons are partially broken 

into sections. The average thickness of the nanoribbons is 69.2 nm out of 250 counts. Fig. 

4.24(b) shows a STEM bright field image of the same viewing area shown in Fig. 4.24(a). 

Small nano grains of the NiTiCu matrix are observed, implying its recrystallisation after 

the annealing. The average grain size is measured to be 57 nm out of 125 counts. Fig. 

4.24(c) shows the magnified imaged of box (c) in (b). The image reveals that many 

nanosized polygrains can be between two adjacent nanoribbons. The polygrains can have 

random orientations. 

Fig. 4.24(d) shows a SAED diffraction pattern of a longitudinal section. The strong [110] 

preferential orientation along the wire axis has weakened. The matrix seems to be fully 

crystallised as there is no diffused diffraction ring at around NiTiCu-B2 (110) diffraction. 

Instead, discontinuous rings of diffraction spots are observed. This discontinuous rings 

can confirm the random orientation of nanosized polygrains of the matrix. Fig. 4.24(e) 

shows an XRD pattern of the composite wire measured along the longitudinal direction 

of the alloy wire (the wire axis is parallel to the X-ray reflection plane). Three sharp Nb 

diffraction peaks are observed, including (110), (200) and (211). This is similar to the as-

received sample. A sharp and strong NiTiCu-B2 (110) peak is observed. The intensity of 

the peak is noticeably higher than Nb (110), which reflects the high volume fraction of 

the NiTiCu matrix in comparison with Nb nanoribbons. This is a major difference 

between this annealing condition and the as received XRD pattern. Two NiTiCu-B19′ 

peaks are also observed with a relatively negligible intensities.  
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Figure 4.24. Microstructure of (Ti50Ni38Cu12)93Nb7 composite wire annealed at 450°C 
for 20 min. (a) HAADF image of a longitudinal section; (b) STEM bright field image 

of the section (a); (c) magnified image of box (c) in (b); (d) SAED pattern of the 
longitudinal area; and (e) XRD pattern of the sample. 

 

Fig. 4.25 shows the microstructure of a NiTiCu-Nb nanoribbon composite sample 

annealed at 550°C for 20 min. Fig. 4.25(a) is a HAADF STEM image of a longitudinal 

section of the composite wire. The Nb nanoribbons have all lost their continuity and 

broken into shorter fragments. The average thickness of the short sections of Nb is 
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estimated to be 80 nm out of 250 counts. Fig. 4.25(b) shows a STEM bright field image 

of the same viewing area as of Fig. 4.25(a), revealing better the grain structure of the NiTi 

matrix. The grains are defect free and the average grain size is 208 nm out of 140 counts. 

Fig. 4.25(c) shows a magnified STEM bright field image of a longitudinal section of a 

wire composite to reveal better the grain structure of the NiTiCu matrix between adjacent 

nanoribbons. Although the grain size has increased, multiple grains are located between 

adjacent nanoribbons. The grains are polygrains with random orientations and without 

any visible defects. Fig. 4.25(d) shows a SAED pattern of the longitudinal section. The 

diffraction rings of the NiTiCu-B2 phase are less continuous relative to those of the 

sample annealed at 450°C (Fig. 4.24(d)), implying larger grains of the matrix. There is 

also no diffused ring at around NiTiCu-B2 (110). This confirms the earlier visual 

observation of defect free nanograins. The strong [110] preferential orientation along the 

wire axis has almost vanished. Fig. 4.25(e) shows an XRD pattern of the wire composite 

at its longitudinal direction. It is evident that the NiTi matrix is fully crystalline, consistent 

with the TEM observation. Two martensite B19′ peaks with negligible peak intensities 

are also observed.  
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Figure 4.25. Microstructure of (Ti50Ni38Cu12)93Nb7 composite wire annealed at 550°C 
for 20 min. (a) HAADF image of a longitudinal section; (b) STEM bright field image 
of the section (a); (c) magnified STEM bright field image of a longitudinal section; 

(d) SAED pattern of a longitudinal area; (e) XRD pattern of the composite wire. 
 

Fig. 4.26 shows the microstructure of a NiTiCu-Nb nanoribbon composite wire annealed 

at 650°C for 20 minutes. Fig. 4.26(a) shows a HAADF image of a longitudinal section of 

the wire. The Nb nanoribbons are along with coarsening of their thickness. The average 

thickness of the nanoribbons is 89.5 nm out of 200 counts. Fig. 4.26(b) shows the STEM 
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bright field image of Fig 4.24(a). The grains are bigger relative to those in the samples 

annealed at lower temperatures, and are structural defect almost free. The average grain 

size is measured to be 296 nm out of 120 counts. Fig. 4.26(c) shows the diffraction pattern 

of a longitudinal section of the composite wire. The NiTiCu-B2 diffraction rings are even 

less continuous but made of fewer and brighter spots compared to those of the sample 

annealed at lower annealing temperatures. It is also noted that the strong preferential axial 

diffraction of Nb (110) is observed. The Nb [110] texture is not as strong as the as received 

condition. The Nb [110] texture also has transformed to a small arc of 25 degree. This 

small divergence indicates spread of [001] orientation away from the wire axial direction, 

possibly related to the spherical and short rod particles formed. Fig. 4.26(d) shows an 

XRD pattern of the composite wire. The pattern is fully indexed to Nb, NiTiCu-B2 and 

NiTiCu-B19′ phases. 

Fig. 4.27 shows the microstructure of a NiTiCu-Nb nanoribbon composite wire annealed 

at 750°C for 20 min. Fig. 4.27(a) is a HAADF STEM image of a longitudinal section of 

the composite wire. The Nb nanoribbons are practically all fragmented into shorter 

sections and many equiaxial nanoparticles are present. The average width of the nanorods 

and the diameter of the particles is 93 nm out of 150 counts. The nanorods still are well 

aligned at the axial direction of the composite wire. Fig. 4.27(b) shows a STEM bright 

field image of the same area as shown in Fig. 4.27(a). It is evident that no grain boundaries 

are recognisable in the NiTi matrix. Instead, the matrix is full of “roughened textures” 

and localised diffraction contrast. Fig. 4.27(c) is the magnified STEM bright field image 

of box (c) in (b). The image reveals better the roughened textures and the localiced 

diffraction contrast of the NiTiCu matrix. The localised diffraction contrast can be related 

to the crystallinity order variation of the matrix. Fig. 4.27(d) is a SAED pattern of a 

longitudinal section of the composite wire. The Nb diffractions are mainly dots implying 

the growth of the nanoinclusions′ diameter. The strong Nb [110] preferential orientation 

is completely lost. A diffused diffraction ring at around NiTCui-B2 (110) is also clearly 

present, as indicated by the white arrows in the figure, along with the crystalline spots. 
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Figure 4.26. Microstructure of (Ti50Ni38Cu12)93Nb7 composite wire annealed at 650°C 
for 20 min. (a) HAADF image of a longitudinal section; (b) STEM bright field image 

of the section (a); (c) SAED pattern of a longitudinal area; (d) XRD pattern of the 
composite wire. 

 

This implies partial amorphisation of the NiTiCu matrix due to the Nb migration between 

the Nb segments, and confirms the crystallinity order variation of the matrix. Fig. 4.27(e) 

shows an XRD pattern of the composite wire along the longitudinal direction. The 

NiTiCu-B2 (110) peak has significantly lost its intensity relative to the adjacent Nb (110) 

peak. The peak also appeared to have a broad hump at its base. This hump at the base of 

NiTiCu-B2 (110) diffraction is consistent with the TEM observation of the partial 

amorphisation of the sample. Similar intensity reduction also occurred for NiTiCu-B2 

(211) relative to low annealing temperatures. The three Nb peaks are still sharp, implying 

high crystallinity of the Nb nanoinclusions.  
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Figure 4.27. Microstructure of (Ti50Ni38Cu12)93Nb7 composite wire annealed at 750°C 
for 20 min. (a) HAADF image of a longitudinal section; (b) STEM bright field image 
of the same section as (a); (c) magnified STEM bright field image of box (c) in (b); 

(d) SAED pattern of a longitudinal area; (e) XRD pattern of the composite wire. 
 

Fig. 4.28 shows the microstructure of a NiTiCu-Nb nanoribbon composite sample 

annealed at 850°C for 20 min. Fig. 4.28(a) is a HAADF STEM image of a longitudinal 

view of the composite wire. Nearly all the Nb nanoribbons are broken into shorter sections 

(nanorods), except the very thick ones. Some of the nanorods also appear to have lost 
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their physical axial alignment relative to the axial direction of the composite wire. To 

better reveal the physical rotation of the nanorods, Fig. 4.28(b) shows a low magnification 

STEM bright field image of a longitudinal section of the composite wire. The thick yellow 

arrow shows the axial direction of the composite wire. The nanorods that are not aligned 

relative to the axial direction of the composite wire are indicated by the thin yellow arrows 

in the figure. It can be seen that a vast amount of the nanorods are not aligned at the wire 

axial direction anymore. The average width of the nanoparticles/rods is 107 nm out of 

150 counts. Fig. 4.28(c) shows a bright field STEM image of the same area as shown in 

Fig. 4.28(a). The grain boundaries of the NiTiCu matrix are still blurry. It is also evident 

that the NiTiCu matrix contains many defects (localised diffraction variations). To better 

reveal this, Fig. 4.28(d) shows a TEM micrograph of an area inside the composite wire. 

The localised diffraction contrast between Nb segments are evident inside the matrix. The 

diffraction contrasts inside the matrix are diffusion induced defects created by Nb atoms 

migration between the Nb nanoparticles/rods. Fig. 4.28(e) is a SAED pattern of a 

longitudinal section. A clear diffused ring is visible around NiTiCu-B2 (110) diffraction, 

as indicated by the white arrows in the figure. Some random discontinues diffraction 

intensities are also seen on the NiTiCu-B2 (110) ring, as indicated by the yellow arrows. 

These features indicate that the NiTi matrix is in semi-crystalline state, i.e. a mixture of 

crystalline and amorphous domains. Fig. 4.26(f) shows an XRD pattern of the sample. 

The NiTiCu-B2 (110) peak has a clear amorphous hump at its base, similar to 750°C. 

This confirms the TEM observations.  
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Figure 4.28. Microstructure of (Ti50Ni38Cu12)93Nb7 composite wire annealed at 850°C 
for 20 min. (a) HAADF image of a longitudinal section; (b) low magnification STEM 

bright field image of a longitudinal section to reveal the alignment of the nanorods 
with respect to the wire axial direction. (the thick yellow double headed arrow shows 
the axial direction of the composite wire); (c) STEM bright field image of the section 
(a); (d) high magnification TEM micrograph of a longitudinal area; (e) SAED pattern 

of a longitudinal area; (f) XRD pattern of the composite wire. 
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Fig. 4.29 shows the microstructure of a (Ti50Ni38Cu12)93Nb7 composite wire annealed at 

850°C for 60 min. Fig. 4.29(a) is a HAADF image of a longitudinal section of the 

composite wire. The Nb inclusions have almost all been converted into spherical particles, 

with a few still nanorod morphology inclusions with the aspect ratio of close to 2. The 

average diameter of the particles/rods is 152 nm out of 85 counts. The nanorods are not 

all aligned with the axial direction of the wire composite. The thick yellow arrow shows 

the axial direction of the wire composite and the smaller arrows are indicating the 

misalignment of the nanorods. Fig. 4.29(b) shows the bright field STEM image of the 

same area as that shown in Fig. 4.29(a). Large grains are formed after the prolonged 

annealing treatment. The average grain size is measured to be 916 nm out of 14 counts. 

Fig. 4.29(c) shows a SAED diffraction pattern of a longitudinal section. The 

discontinuous NiTiCu-B2 (110) diffraction ring have become spots that implies the grain 

growth of the NiTi matrix. Although the diffused diffraction ring around NiTiCu-B2 

(110) is present, the relative intensities of the crystalline spots of NiTiCu-B2 (110) are 

higher. This means the majority of the matrix is recrystallised after the major diffusion 

induced amorphisation damage to the matrix. Fig. 4.29(d) shows an XRD pattern of the 

composite wire. By comparing this heat treatment condition with 850°C for 20 min, it can 

be concluded that the intensity of NiTiCu-B2 (110) peak has significantly increased 

relative to Nb (110) peak. This means that the prolonged heat treatment of the composite 

wire could lead to reduction of diffusion flux of Nb atoms through the matrix, thus 

recrystallization. This is consistant with TEM observation of localised crystallisation and 

forming the large grains of the NiTiCu matrix. 
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Figure 4.29. Microstructure of (Ti50Ni38Cu12)93Nb7 sample annealed at 850°C for 60 
min. (a) HAADF image of a longitudinal section; (b) STEM bright field image of the 
section (a); (c) SAED pattern of a longitudinal area; (d) XRD pattern of the composite 

wire. 
 

4.3.2.4. Thermal instability of nanoribbons and grain growth of NiTiCu 

 Fig. 4.30 shows the effect of annealing heat treatment on microstructural evolution of a 

NiTiCu-Nb nanoribbon composite. Fig. 4.30(a) shows the effect of annealing temperature 

on the average thickness of the Nb nanoribbons. Increasing the annealing temperature 

from 450°C to 850°C increased the average thickness of the nanoribbons. Increasing the 

duration of annealing at 850°C also led to increase of the average thickness of the Nb 

nanoribbons. Fig. 4.30(b) shows the effect of heat treatment on the grain size of the 

NiTiCu matrix of a NiTiCu-Nb nanoribbon composite. The grain size increased with 

increasing annealing temperature from 450°C to 650°C. At 750°C and 850°C, the grain 

boundaries were blurry due to the local amorphisation of the matrix, thus no grain size 

can be reliably measured. This has been previously shown in section 4.3.2.3. The highest 
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grain size was measured at 850°C for 60 min isothermal heating exposure. Under this 

condition, the matrix was crystallised and formed large grains. 
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Figure 4.30. Effect of heat treatment condition on (a) average thickness of Nb 

nanoribbons; and (b) grain size of the NiTiCu matrix. 
 

4.3.2.5. Diffusion induced amorphisation of NiTiCu matrix 

It appears evident in the experimental observations presented above that, in association 

with the breakage of the thin and long Nb nanoribbons with increasing the annealing 

temperature, the NiTiCu matrix has also gone through a process of losing its clear 

polycrystalline characteristics both in diffraction and in bright field imaging. This section 

provide further detailed evidence to explore the nature of this structural change.  

Fig. 4.31 shows a TEM analysis of localised amorphisation of a NiTiCu-Nb nanoribbon 

composite. The composite wire was annealed at 850°C for 20 minutes. Fig. 4.31(a) shows 

a TEM micrograph of a longitudinal section of the composite wire. The region presents 

some random diffraction contrast domains, but without clear and sharp grain boundaries, 

which can be interpreted as the variation of crystalline order of the matrix. The inset 

shows the SAED pattern of the whole area. The pattern shows a diffused diffraction ring 

around NiTiCu-B2 (110) (see the white arrows in the inset) as well as the discontinuous 

diffraction rings of crystalline domains. This is consistent with the visual observation of 

the diffraction contrast. Fig. 4.31(b) is a HAADF STEM image of the same area as that 

shown in Fig. 4.31(a). The brighter components are the Nb inclusions. Figs. 4.31(c)-(f) 

show the elemental mappings of Nb, Ni, Ti and Cu in the region, respectively. Cu 

distribution is homogeneous in the matrix and inhomogeneous in the nanoinclusion. 

According to the Nb-Cu phase diagram, Cu is not in solution in Nb but here the elemental 
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mapping suggests an opposite fact. Further analysis needs to be carried to confirm the 

fact and explain the observation. 

Five local spots were selected for structural analysis by means of SAED, as indicated in 

Fig. 4.31(a). The size of each spot is ϕ=150 nm. The locations were chosen to study the 

different contrast areas in the NiTiCu matrix and also in the Nb segment. Fig. 4.31(g) 

shows the SAED diffraction pattern of location (g) in Fig. 4.31(a), which is located inside 

a Nb segment. The SAED pattern shows a single crystal structure fully indexed to Nb [-

111] zone axis. Fig. 4.31(h) shows the SAED diffraction pattern of location (h) in Fig. 

4.31(a). The spot is inside a bright contrast area of the matrix containing a low Nb 

concentration. The diffraction pattern presents a diffused ring at 2.11 Å (see white arrows 

in the figure), which represents the NiTiCu-B2 (110) d-spacing, along with a few 

crystalline spots. The spots seem to be random and cannot be indexed to any known 

NiTiCu crystal structures. This can be interpreted as the possibility of having a mixture 

of amorphous and crystalline structures in the selected area. Fig. 4.31(i) shows the SAED 

diffraction pattern of location (i) in Fig. 4.31(a). The spot is located in a darker contrast 

area. The SAED pattern shows a faint diffused ring along with more spots. The spots are 

obviously from a single crystal and can be indexed to NiTiCu-B19′ [-101] zone axis. The 

position of the diffused ring (see white arrows in the figure) is at 2.13 Å, which can 

represent the NiTiCu-B2 (110) d-spacing. Fig. 4.31(j) shows the SAED diffraction pattern 

of location (j) in Fig. 4.31(a), which seems to be in a different grain but also in a dark 

contrast area. The pattern is fully crystalline and is indexed to NiTiCu-B2 [0-11] zone 

axis. Fig. 4.31(k) shows the SAED diffraction pattern of location (k) in Fig. 4.31(a). The 

location is in a bright contrast area and also seems to be in the same grain. The pattern 

indicates an amorphous structure with a diffused ring at 2.1 Å along with some random 

diffraction spots. This may be attributed to the existence of small crystalline domains in 

the amorphous dominant area that can be interpreted as partial crystallinity of the location.  
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Figure 4.31. Localised amorphisation of the NiTiCu-Nb nanoribbon composite 

annealed at 850°C for 20 minutes. (a) TEM micrograph of an amorphised area (the 
inset is the SAED image of the area); (b) HAADF STEM image of the same area as 
section (a). the region of interest (ROI) highlited as a yellow box in the micrograph 

shows the targeted area for subsequent elemental mappings; (c) Nb elemental 
mapping of ROI box in (b); (d) Ni elemental mapping of ROI box in (b); (e) Ti 

elemental mapping of ROI box in (b); (f) Cu elemental mapping of ROI box in (b); 
(g) SAED of the defined (g) area in (a); (h) SAED of the defined (h) area in (a);(i) 

(g) 
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SAED of the defined (i) area in (a); (j) SAED of the defined (j) area in (a); (k) SAED 
of the defined (k) area in (a). 

 

Summarising the above, it is seen that with increasing the annealing temperature, the 

TEM micrographs of the composite wires show clear localised diffraction contrasts. This 

represents the different crystallinity order of the sample due to the diffusion of Nb atoms 

between nanoribbons through the NiTiCu matrix. 

 

4.3.2.6. Overall annealing response of the (NiTiCu)93Nb7 nano-ribbon sample 

Fig. 4.32 shows the summary of the heat treatment effect on the NiTiCu-Nb nanoribbon 

composite. The NiTiCu matrix was amorphous before the subsequent annealing due to 

the final wire drawing. It became fully crystallised at 450°C for 20 min and formed nano 

grains in the order of ~50-80 nm. Elevating the temperature caused further growth of the 

grains. At 750°C and 850°C for 20 min, the boundary of the grains was not observed due 

to the local amotphisation of the matrix. Higher heat treatment timing showed large 

reformed grains almost with no defects. The coarsening of the Nb along with 

fragmentation of them were two major phenomena during elevation of temperature. At 

550°C for 20 minutes, majority of Nb nanoribbons were broken and formed 

nanoinclusions including nano rods and particles. Further annealing duration of increase 

of temperature would form Nb spherical particles with higher diameters. The Nb 

nanoribbons had a preferred [110] orientation along the axial direction of the wire 

composite. This texture was lost when the heat treatment applied at 750°C for 20 min. 

Figure 4.32. The overall microstructure changes as the result of heat treatment. 
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4.4. Discussions 

4.4.1. Transformation behaviour change with annealing temperature 

The microstructure of the as-received state of the nanocomposite wires are shown in Figs. 

4.3 and 4.20. It can be seen that the Nb nanoinclusions are fully crystalline, while the 

NiTi-based matrixes are partially crystalline. This is due to the final cold work of the 

samples to reduce the diameter of the wires. Also, the as received transformation 

behaviour of them is measured using DSC and presented in Figs. 4.5(a) and 4.23(a). It 

can be resulted that the final cold work of the samples severally damaged the phase 

transforming matrix. To restore the functionality of the phase transforming matrix, 

subsequent annealing is required. The annealing effect on the transformation behaviour 

and latent heats of a partially crystalline binary NiTi are well established in the literature 

[24, 25]. The transformation temperatures and the latent heats increase with increasing 

annealing temperature up to the recrystallisation temperature at ~600°C. Further increase 

of temperature does not have a significant effect on the transformation temperatures and 

latent heats.  

The nanocomposites that are studied in this chapter are unique systems and different from 

the binary NiTi. They both contain nanoinclusions which are non-transforming and a 

phase transforming matrix. From one hand, the non-transforming component needs to be 

considered when the amount of the latent heats are concerned. In the Ni45Ti45Nb10 

nanowire sample, ~13% of the volume is occupied by the nanowires, and also in the 

(Ti50Ni38Cu12)93Nb7 nanoribbon sample, ~9% of the volume is occupied by the 

nanoribbons. The volume fraction of the nano-inclusions are measured out of a 

10(W)×10(L)×0.1(t) μm3 TEM lamella. From the other hand, the matrices in the alloy 

systems are not a pure binary NiTi or ternary NiTiCu. They contain a low concentration 

of Nb. The nanoinclusions are not pure Nb as well. They contain the other elements that 

are available in the matrix including Ni, Ti, and Cu. The other uniqueness of the 

nanocomposite systems is the observed diffusion induced amorphisation.  

 

4.4.2. Transformation temperatures 

Two major factors that can influence the transformation temperatures are the crystallinity 

order and the composition of the phase transforming matrix.  

It is well known that the transformation temperatures can highly be effected by a slight 

composition change [26, 27]. The Nb-rich phase is not a pure Nb phase and also the 
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matrix contains a small amount of Nb atoms. The Nb-rich side can act as a reservoir and 

change the composition of the matrix at elevating temperatures. This may affect the 

transformation behaviour of the matrix as well. Fig. 4.33 shows the phase diagram of the 

pseudo-binary NiTi-Nb system [28]. The melting temperature of α+β region is 1170°C 

and the eutectic point happens when the Nb content is ~26 at%. The solubility of Nb in α 

phase and NiTi in β phase increase with elevating temperatures. It has been well 

established that in the binary NiTi system, Nb atoms prefer to occupy Ti rather than Ni 

sites [28]. Consequently, further increase of temperature leads to further migration of Nb 

atoms into α phase and occupy Ti sites. The extra Ti atoms diffuse to the β phase. This 

changes the Ni/Ti ratio of the α phase. This hypothesis is experimentally verified by Piao 

et al. [29]. They performed EDS analysis on different NiTi-Nb pseudo-binary systems 

and found a β phase composition of Ti 12.4 at%, Ni 2.6 at%, and Nb 85 at% in a 

Ti37.5Ni37.5Nb25 alloy [29]. This shows that the Nb-rich side contains more Ti than NiTi. 

The change of the Ni/Ti ratio effects the transformation temperatures and latent heats of 

a phase transforming alloy.  

 

 
Figure 4.33. Phase diagram of the pseudo-binary NiTi-Nb system [28].  

 

Fig. 4.34 shows the effect of Nb content on the martensite start of the pseudo-binary NiTi-

Nb systems [29]. Three alloy systems were studied including Ti50Ni50-xNbx, Ti50-x/2Ni50-

x/2Nbx, and Ti50-xNi50-Nbx. The martensitic start temperature of the pseudo-binary NiTi-

Nb systems decreases with the increase of the Nb content. The amount of decrease is 

significant in the case of Nb substitution for Ti. This can be due to the increase of the 

α 
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Ni/Ti ratio. In Fig. 2.7, it is shown that the increase of the Ni content in the equiatomic 

binary NiTi, substantially decreases the Ms temperature, whereas the decrease of the Ni/Ti 

ratios does not affect the transformation temperatures. In the pseudo-binary NiTi-Nb, the 

increase of Ni/Ti ratio seems to have the similar effect. This increase of Ni/Ti ratio can 

also be achieved via increase of the annealing temperature. 

 

 
Figure 4.34. Effect of Nb content on the martensite start of the pseudo-binary NiTi-

Nb systems [29]. 
 

The diffusion induced amorphisation that has been studied in the samples occurred above 

~600°C annealing temperatures. This effect is a second cold work of the sample and may 

alter the transformation behaviour of the samples towards the first physically cold worked 

stage (as-received). It is expected that the amorphisation process lowers the 

transformation temperatures. 

The critical transformation temperatures of the Ni45Ti45Nb10 nanowire sample are shown 

in Fig. 4.5(c). It can be seen that the transformation temperatures are increased with the 

increase of the annealing temperature. This increase of the transformation temperatures 

are expected up to the recrystallisation temperature. In the binary NiTi the full 

recrystallisation occurs around 600°C, while here it seems the full recrystallisation 

happens at above 600°C. This can be the effect of the local amorphisation of the matrix 

that leads to retardation the full relaxation of the matrix to higher annealing temperatures 

and durations. Higher solubility of Nb into the matrix at higher temperatures can also lead 

to lowering the critical temperatures. Here, it seems that the recrystallisation (increasing 

the critical temperatures) is the dominant mechanism. 
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The critical temperatures of the (Ti50Ni38Cu12)93Nb7 nanoribbon sample is shown in Fig. 

4.23(c). It can be seen that the critical temperatures increase first up to 550°C and then 

decrease. The increase of the critical temperatures up to 550°C can be interpreted as the 

partial recovery of the matrix. The full recrystallisation temperature is 550°C. Above 

550°C, two main phenomena can reduce the critical temperatures, thus explain the 

reduction of the critical temperatures. The first factor is the inter diffusion of the elements 

which lead to higher Ni/Ti ratios and can reduce the critical temperatures. The second one 

is the partial amorphisation. This mechanism acts similar to the cold work and can reduce 

the crucial temperatures. 

 

4.4.3. Latent heats 

The forward (A→M) and reverse (M→A) latent heats can be altered by the variation of 

composition and cold work in shape memory alloys. In binary NiTi, the amount of latent 

heats increases with increasing the annealing temperature to recrystallisation temperature 

and then remains unchanged. However, in the nanocomposite systems, the Nb-rich 

reservoir embedded in the phase transforming matrix and also partial amorphisation of 

the matrix due to the migration of the Nb atoms in the matrix may affect the latent heats. 

Increase of annealing temperature, increases the solubility of Nb into the matrix and 

results in the increase of Ni/Ti ratios. The increase of Ni/Ti ratio has a well-established 

effect. Fig. 4.35 shows the effect of Ni content on the latent heats of the phase 

transformation of a binary. The increase of the Ni content, then increase of Ni/Ti ratio, in 

an equiatomic binary NiTi system results in a significant decrease of the latent heats of 

transformation, whereas the decrease of the Ni/Ti ratio does not affect the latent heats. 

Similar effect is expected for the pseudo-binary NiTi-Nb systems. In the cases of Ti50Ni50-

xNbx and Ti50-x/2Ni50-x/2Nbx, The Ni/Ti ratio remains the same. This is expected to have a 

minor impact on the change of the amount of the latent heats. There is no literature for 

these cases. For Ti50-xNi50-Nbx, the Ni/Ti ratio increases that significantly decrease the 

latent heats. 

The partial amorphisation at above ~600°C is a second cold work to the matrix and creates 

local damages due to the migration of Nb atoms into the matrix. The latent heats are the 

collective enthalpy changes that are associated with the crystalline structure change 

(B2↔B19′) of the matrix. Local amourphisation reduces the crystallinity order of the 

matrix, thus reduction of the latent heats.  
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Figure 4.35. Effect of Ni content on the latent heats of transformation of binary NiTi 

system [30]. 
 

Both of the nanocomposite systems have the same behaviour in the case of latent heats. 

The amount of latent heats increases up to ~550°C-600°C. This can be interpreted as the 

recrystallisation of the matrix, thus increase of the latent heats. Tannealing>600°C reduces 

the latent heats for the samples. This can be due to the partial amorphisation of the matrix 

and the increase of the Ni/Ti ratios. 

 

4.4.4. Fragmentation of Nb Nanowires and Nanoribbons 

As presented above, the Nb nanowires and nanoribbons in the two composites fragmented 

into shorter sections upon annealing, at temperatures above ~ 450 °C. The fragmentation 

started from nanowires and ribbons of smaller cross sectional dimensions at lower 

annealing temperatures and the thicker wires and ribbons required higher temperatures to 

break up. This phenomenon is due to the temperature induced Rayleigh instability [31, 

32].  

Rayleigh instability is a principle originally established in explaining the phenomenon of 

a falling continuous thin stream of liquid becoming unstable and breaking into droplets, 

as first discussed by Rayleigh in 1878 [33]. The gravitational acceleration reduces the 

diameter of the stream continuously while it falls.  When the stream diameter becomes 

sufficiently thin, the relative effect of the surface energy becomes dominant with a drive 

to spheroidise the continuous stream of the liquid into droplets to reduce its total surface 
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area. This implies that, when a continuous stream breaks up into discontinuous droplets 

during falling, some part of the liquid will be decelerated against the gravity, or moving 

upwards relative to the natural falling. This defines the critical condition for the breaking 

up of the stream.     

Similar morphology instability has also been observed in solids of different shapes, such 

as thin and long nanowires and thin and large nanofilms [31, 34-36], basically any shape 

with excessively large surface area. In contrast to liquid systems, there is no concern of 

gravity in solid systems as they are static. In this case, the Rayleigh instability of a 

nanowire or a nanoribbon may still occur so to reduce the total energy of the system by 

reducing the total surface energy. This process happens in two concurrent stages including 

fragmentation of a long nanowire into shorter sections, and spheroidisation of the short 

sections into more equiaxial nodular shapes. For this to occur, the first step initiates by 

perturbation of the nanowires. The in-situ nanowires formed by severe cold wire drawing 

are naturally inhomogeneous in cross section dimensions and profiles, thus natural 

perturbations exist.  

At a point of perturbation on the surface of a nanowire, there are two curvatures that may 

be used to describe the geometry of the nanowire, i.e., the curvature along the 

circumference of a nanowire (K1) and the curvature along the length of a nanowire (K2).  

Perturbations along the length may be described by two types of regions, i.e., troughs, 

where the length curvature K2 is negative (concave), and crests, where the length 

curvature K2 is positive (convex), in addition to the straight sections where K2 = 0. On 

one hand, at a trough, the radius (K1) of the nanowire is smaller than at a crest, thus the 

volume specific surface energy is higher. This means that, under the effect of K1, atoms 

tend to diffuse from troughs to crests. On the other hand, K2 is positive at a crest, and 

negative at a trough, so that the curvature difference drives atoms to migrate from the 

crest to the trough. This implies that K1 and K2 have opposite effects on the direction of 

migration of atoms in the nanowire. If the effect of the curvature of the nanowire (K1) 

dominates that of the curvature of the wave (K2), this leads to the spheroidisation of a 

nanowire. 

Nichols and Mullins mathematically extended the Rayleigh’s instability approach to 

solids [37].  They analysed the instability of an infinite cylindrical rod, assuming isotropic 

surface energy, against a sinusoidal radial perturbation of the form R = Ro + δsin(2π/λ)z. 

Here, Ro is the initial unperturbed radius of the rod, δ and λ are the amplitude and 
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wavelength of the perturbation, respectively, and z is the position along the length of the 

rod. Their analysis resulted in two main conclusions:  

(1) The rod is unstable against any perturbation of wavelengths greater than the rod 

circumference, i.e., λmin = 2πRo. This means that above the proposed minimum 

wavelength, the surface energy of the sections of the rod is higher than the 

corresponding spheres with the same volume. The change of the morphology from 

the rod to the chain of spherical shapes reduces the surface energy, thus is 

energetically favorable. On the other hand, for a rod with perturbations of periods 

smaller than of the proposed minimum wavelength, the surface energy of the 

sections of the rod is lower than the corresponding spheres, thus the rod shape is 

energetically more favorable.   

(2) They also introduced λ* at which the rate of mass transport (growth) is at the 

maximum. The value of λ* is determined by the mass transport mechanism that 

controls the fragmentation process. They derived that λ*= 8.89, 9.02 and 12.96Ro 

for the cases that the growing mechanisms are surface diffusion, internal-volume 

diffusion and external-volume diffusion, respectively.  

The reduction of the surface area for a cylindrical shape to change to a sphere can be 

easily computed. For a long cylinder of radius Ro and length of λ, the radius (R) of its iso-

volume sphere is: 

𝑅 = ( ) /            (4.1) 

Correspondingly, the surface free energy reduction of the short rod section is: 

∆𝐸 = 2π𝑅 λγ − 4πR2γ        (4.2) 

where γ is the specific interface energy (surface tension). It is also obvious that 

when ∆𝐸 = 0: 

λ = 𝑅           (4.3) 

That implies that only when λmin > 9Ro/2, the surface free energy of a short section 

becomes larger than that of the corresponding sphere with the same volume. This is 

apparent that the found λmin through only geometrical consideration is close to Nichols 

and Mullins proposed value. 

 Under this condition, the minimum size of the final sphere can also be estimated, to be: 
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𝑅 = ( ) /            (4.4) 

The in-situ Nb nanowires and nanoribbons in the composite systems have irregular 

profiles along their lengths and the local narrows naturally become the site of perturbation 

for fragmentation. As presented above, fragmentation of the thinner nanowires 

(nanoribbons) occurs at lower annealing temperatures and earlier time than does the 

thicker ones. This is consistent with the rule of λmin  Ro discussed above. For thinner 

wires more natural and random perturbations can meet the criterion of λ > λmin thus the 

higher probability and driving force for fragmentation.  

The Nichols and Mullins’ theory is examined on the nanowire composite system using 

image analysis technique. Fig. 4.36 shows a HAADF image of a longitudinal section of 

a Ni45Ti45Nb10 nanowire composite annealed at 650°C for 20 min. It is seen that the 

nanowire marked by the division lines has broken up into four sections. The average 

fragmentation length is 256 nm. The original radius of the nanowire before fragmentation 

can be estimated based on iso-volume principle. By means of image analysis, the total 

area of the four sections of the nanowire is determined to be 0.039 μm2, which converts 

to a uniform radius of 19.04 nm. This gives an λ/Ro ratio of 13.44, which is in reasonable 

agreement with the Nichols and Mullins criterion for Rayleigh in stability of λ*/Ro = 12.96 

for the case of external volume diffusion. External diffusion, i.e. Nb diffuses through the 

NiTi(NiTiCu) matrix, is indeed expected in this case. 

 

 
Figure 4.36. HAADF image of a longitudinal section of a Ni45Ti45Nb10 nanowire 

composite annealed at 650°C for 20 min. 
 
 

Average λ=256 nm 

500nm 



178 
 

4.4.5. Coarsening and agglomeration of Nb particles via Ostwald ripening 

As presented above, the fragmented Nb nanowires (e.g., Figs. 4.7 and 4.8) and 

nanoribbons (e.g., Figs 4.25 and 4.26) continue to evolve into spherical particles with 

prolonged time at the annealing temperatures. This is a process of Ostwald ripening [38]. 

Ostwald ripening describes a process of atomic migration driven by a free energy gradient 

between two points. When the free energy difference is caused by the difference in surface 

curvature, a smaller particle, which has larger curvature and thus higher hydrostatic 

pressure within its body due to the surface tension, is less stable than a larger particle and 

thus has the drive to merge into the larger particle via atomic diffusion. Though it 

describes the merging of two particles of different sizes, the same principle also applies 

to one particle of a geometric shape that has different curvatures at different locations. A 

fragmented nanowire section is a typical case.  

For a nanowire fragment, the middle section has a K1,w = 1/R and K2,w = 0. At the tip of 

the nanowire, assuming a hemisphere shape, has K1,tip = K2,tip = 1/R. Therefore, there is a 

net driving force for atomic migration from the tip to the middle due to K2,tip > K2,w. This 

causes spheroidisation of the nanowire fragments. This process is obviously accompanied 

by a total surface area reduction, which is in fact the motivation of the Rayleigh effect.      

It is also evident in the experimental observations presented above that with further 

extended annealing time the spherical Nb particles formed from the nanowires 

agglomerate into larger particles, via distant diffusion through the NiTi (or NiTiCu) 

matrix (e.g., Figs. 4.12and 4.29). This is another manifestation of the Ostwald ripening 

phenomenon. In this case, it is known that the NiTi matrix contains certain amount of Nb 

[29], and the equilibrium Nb concentration in the matrix is dependent on the Nb particle 

surface curvature. Due to the surface tension effect, the Nb concentration in the matrix 

adjacent to a smaller particle (large curvature) is higher than that adjacent to a larger 

particle.  

This creates a Nb concentration gradient within the NiTi matrix, as schematically 

illustrated in Fig. 4.37. This concentration gradient drives a direction migration of Nb 

within the NiTi matrix from point “a” at near the smaller particle to point “b” at near the 

large particle. A reduction in the Nb concentration at point “a” causes dissolution of Nb 

atoms from the Nb particle into the NiTi matrix in an effort to restore the equilibrium. At 

the same time, the raised Nb concentration at point “b” causes Nb to precipitate out into 

the existing Nb particle, once again in an effort to restore the chemical equilibrium. 
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Continuation of the process eventually leads to the agglomeration of the smaller particle 

into the larger one via Nb diffusion through the NiTi matrix.    

Obviously this discussion also applies to the NiTiCu-Nb nanoribbon system. 

 

 
Figure 4.37. Schematic of the Ostwald ripening mechanism in the NiTi-Nb nanowire 

composite system. 
 

4.4.6. Diffusion induced amorphisation 

It is clear from the above discussion that agglomeration of the Nb particles in the Ostwald 

ripening process occurs via diffusion of Nb through the NiTi matrix. It has also been 

presented above that diffusion of Nb atoms through the NiTi (and NiTiCu) matrix in the 

Ostwald ripening process causes local amorphisation of the matrix (e.g., Figs. 4.14, 4.15, 

and 4.31). 

 Amorphisation in solid systems may happen under a few different conditions. This can 

occur via direct formation to an amorphous state or by solid state conversion from a 

crystalline state to an amorphous state. Bulk metallic glasses (BMG) and rapid quenching 

solidification are typical examples of direct formation to an amorphous state [39, 40]. 

Another example is amorphous thin films [41, 42], which can be formed from a vapour 

phase, via electrolytic deposition in solution, or by ionic sputtering [42, 43].  

An amorphous state can also be achieved in solid state by converting from a crystalline 

state. Cold working of metallic systems is a well-known example [44-46]. The 

accumulation of defects raises the level of disorder and eventually causes amorphisation 

of the crystalline matrix. Inter-diffusion between two pure metal leads to the formation 

of an alloy, which can be in amorphous state [47-49]. On example is the Ni/a-Si multilayer 

system [48]. Ion irradiation is another example by which the crystalline order of a metal 

can be converted into amorphous [50, 51]. Furthermore, amorphous interfaces in 
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heterogeneous interfaces of crystalline metals were also reported [52]. The reason of 

formation of the amorphous layers is the misorientation and lattice mismatch between 

adjacent crystallites [53, 54]. This phenomenon is called solid-state-amorphisation (SSA).  

The diffusion induced amorphisation of the NiTi and the NiTiCu matrices observed in 

this study is a new phenomenon and has not been reported in the literature. It is caused 

by the mass migration of Nb atoms through the NiTi and NiTiCu matrices in the Ostwald 

ripening process. Nb diffusion in NiTi occurs by the mechanisms of substitutional 

diffusion through the vacancies in the matrix. The passing of one atom via vacancy 

exchange in a metal matrix causes local and random lattice disordering, which is generally 

too small and self-restoring, thus imposing no impact to the state or properties of the 

metal. However, when a relatively a large mass of foreign atoms diffusing through the 

same matrix, such insignificant local lattice distortion may be self-stabilised and 

accumulated, resulting in permanent disordering, i.e., amorphisation. For the B2 NiTi and 

NiTiCu structure, the level of disordering caused by diffusion is magnified, because of 

the random upset of the B2-ordering of the structure.  

It is also observed that the crystallinity of the NiTi and NiTiCu matrices is restored after 

prolonged annealing, for example at 850°C (Figs. 4.11 and 4.29). This is apparently due 

to the completion of the bulk of the diffusion process of the Ostwald ripening when most 

small particles have disappeared. Then at this elevated temperature the atoms have 

adequate thermal activation to gradually relax into the equilibrium positions of the B2 

structure. This implies that diffusion induced amorphisation of the B2 NiTi and NiTiCu 

matrices is a dynamic process and occurs concurrently with the relaxation of the lattice at 

high temperatures. 

 

4.4.7. Displacive diffusion regime 

Unlike the case discussed above for the agglomeration of smaller Nb particles into larger 

ones, where diffusion occurs in the manner that one element diffuses through the matrix 

of another, in the process of Rayleigh fragmentation, diffusion of Nb atoms to form 

spheres from short rods also involves reciprocal displacement of Ni and Ti (and Cu) atoms 

of the matrix. This results in another mechanisms of local amorphisation of the matrix, as 

presented in Fig. 4.17.  
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Fig. 4.39 shows a schematic of the displacement diffusion process. The blue shaded areas 

are where the atoms of the matrix are evicted and replaced by the Nb atoms and vice versa 

for the red shaded areas. This implies that the newly arrived Nb in the blue region and the 

newly arrived Ni and Ti (and Cu) atoms in the red region need to re-organise into their 

respective crystalline structures. This may be relatively easy for the BCC-Nb particles at 

the elevated temperatures. In fact the experimental evidence has also shown fully 

crystalline state for Nb during the process of anneal (Figs. 4.17 (c) and (d)). However, the 

situation for B2-NiTi may be more complicated. It is known that Ni and Ti have different 

diffusion kinetics in B2-NiTi, with Ni diffusing faster than does Ti [55]. This implies that 

in the newly formed Ni-Ti region there may not have the right equiatomic stoichiometry 

required for the formation of the B2 structure. The B2 ordering of the NiTi phase adds 

additional demand, thus further lowers the probability for the formation of the ordered 

structure, instead leading to the amorphous state. This explains the observation of the less 

ordered NiTi structures in the regions adjacent to Nb particles in a nanowire 

nanocomposite sample annealed at 650°C for 20 min (Fig. 4.17).   

 
Figure 4.39. Schematic of the displacive diffusion regime over time. 

 

4.5. Conclusions 

This chapter investigated the microstructural thermal instability of Ni45Ti45Nb10 nanowire 

composite and (Ti50Ni38Cu12)93Nb7 nanoribbon composite. The specific main findings of 

the composites are summarised as below: 

(1) The nanowires and nanoribbons embedded in the composites are found unstable. 

They start to fragment at 450°C for 20 min annealing. Higher annealing 

temperature at the same annealing duration led to evolution of their morphology 

Time 
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to spherical particles via Rayleigh instability, and coarsening and agglomeration 

via Ostwald ripening mechanism. 

 

(2) The TEM analysis along with the XRD measurements revealed that the NiTi (and 

NiTiCu) matrix of the as-received sample is partially crystalline, while the 

nanowires and nanoribbons were found to be fully crystalline.  

 

(3) At 450°C for 20 min annealing, the recrystallization of the NiTi and NiTiCu 

matrices has occurred. At this annealing condition, the average grain size of the 

NiTi and NiTiCu matrices are found to be 48 nm and 57 nm, respectively. 

 

(4) Diffusion of Nb atoms through the NiTi and NiTiCu matrices is found to cause 

partial amorphisation of the matrices. This amorphisation occurs at 650 °C for 20 

min annealing for the Ni45Ti45Nb10 nanowire composite and at 750 °C for the 

(Ti50Ni38Cu12)93Nb7 nanoribbon composite. 

 

(5) Prolonged annealing restores the crystallinity of the NiTi and NiTiCu matrices, 

apparently as a result of the reduced flux of Nb diffusion through the matrix with 

the disappearance of the smaller Nb particles, thus giving the atoms within the 

matrix to relax and form into of crystalline formations, which is 

thermodynamically more stable. 

 

(6) The latent heat of the B2↔B19′ martensitic transformation of the matrix in both 

the NiTi-Nb and NiTiCu-Nb composites increases with increasing the annealing 

temperature up to 550°C and then decreases. The reduction of the latent heat is 

attributed to the diffusion induced partial amorphisation of the matrix and the 

effect of the Nb particles functioning as a reservoir for Nb. The decrease of the 

latent heat at higher annealing temperatures is attributed to the migration of Nb 

atoms into the matrices and occuping Ti sites. The extra Ti atoms diffuse to the 

Nb-rich phase. This increases the Ni/Ti ratio of the matrices that can affect the 

transformation temperatures and latent heats of a phase transforming alloy. 

 

(7) The B2↔B19′ transformation temperatures of the matrix of the Ni45Ti45Nb10 

nanowire composite are increased with the increase of the annealing temperature. 

In the binary NiTi the full recrystallisation occurs around 600°C, while here it 
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seems the full recrystallisation happens at above 600°C. This can be the effect of 

the local amorphisation of the matrix that leads to retardation the full relaxation 

of the matrix to higher annealing temperatures and durations. 

 

(8) The B2↔B19′ transformation temperatures of the (Ti50Ni38Cu12)93Nb7 

nanoribbon composite are first increased with the increase of the annealing 

temperature to 550°C and then decreased. The increase of the transformation 

temperatures up to 550°C is attributed the partial recovery of the cold worked 

matrix. The decrease of the transformation temperatures is attributed to two 

factors. The first factor is the substitutional diffusion of the Nb into the matrix 

which lead to higher Ni/Ti ratios of the matrix and can reduce the critical 

temperatures. The second one is the partial amorphisation. This mechanism acts 

similar to the cold work and can reduce the crucial temperatures. 
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Chapter 5 

 

5. Theoretical analysis of phase stabilities 

and transformation pathways of NiTi and 

NiTiCu shape memory alloys 
 

In the past decade, by developing the computational tools and resources, much effort has 

been put to develop atomistic simulations to reveal the fundamental mechanism of 

martensitic phase transformation in shape memory alloys. One of the powerful and 

accurate tools is density functional theory (DFT). This method is an approximate solution 

to the many-body Schrödinger equation via solving the Kohn-Sham equation. By using 

DFT, crystal structure optimisation, minimum energy pathways between two relaxed 

states, twinning stress approximation, elastic constants, and plastic stress levels can be 

predicted for shape memory alloys.  

In binary NiTi alloy system, the experimental knowledge of the martensitic phase 

transformation is well established. The alloy exhibits two martensitic phases from the B2 

phase, including the trigonal R phase and the monoclinic B19′ martensitic phase. 

However, DFT calculations discovered new martensitic phases (i.e. B19″ and BCO) that 

are energetically more stable than the experimentally observed B19′ phase as the ground 

state. These findings contradict the established understandings of the binary NiTi. Here 

in this chapter (Paper 3), the absence of the theoretically predicted martensitic phases in 

experiments for an actual alloy is explained on the basis of the effect of hydrostatic 

pressure. 

Another question about the transformation sequence of martensitic phase transformation 

is for the NiTiCu system, which is experimentally observed to exhibit a new phase 

claimed B19 in between the B2 and the B19′ phases when the Cu is above a threshold 

value. Although the experimental ground for formation criterion of the intermediate phase 
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of the Ti(Ni50-xCux) ternary alloys has been well determined and characterised, a clear 

understanding of the crystal structures of the intermediate phases and the theoretical 

ground to explain the formation of the middle phase are lacking in the literature. In this 

chapter (Paper 4 and supplement to it), in conjunction with exploring the martensitic 

phase transformation of NiTiCu alloy system using DFT, the effect of Cu substitution for 

Ni on the monoclinic angle of the martensitic phases, unit-cell volumes of the structures, 

and the total relative energy of the phases of Ti(Ni50-xCux) ternary alloys are also 

discussed.  
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5.1. Paper 3: Role of hydrostatic pressure on the phase stability, the 
ground state, and the transformation pathways of NiTi alloy 
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Abstract 

Equiatomic NiTi shape memory alloys exhibit multiple martensitic transformations from 

a parent B2 phase. However, there is an apparent discrepancy between theoretical 

predictions and experimental observations of the transformation pathways and final 

products. We studied the phase stabilities of NiTi martensites with respect to the effect of 

hydrostatic pressure using a generalised solid-state nudge elastic band method 

implemented in density functional theory to simulate the minimum energy pathways of 

transformations. The analysis demonstrates that base-centred orthorhombic (BCO) phase 

is unstable, thus will undergo the BCO→B19′ phase transformation at above 9 GPa 

pressure, as confirmed by phonon calculations. 

 

Keywords: NiTi; martensitic phase transition; density functional theory; phase stability; 

hydrostatic pressure. 

 

NiTi shape memory alloys are used in a wide range of applications in smart structures 

and designs due to their shape memory effect and pseudoelasticity [1]. These properties 

originate from the thermoelastic martensitic transformations in these alloys [2, 3]. Binary 

near-equiatomic NiTi alloys are observed to exhibit three phases, including the B2 

austenite, B19′ monoclinic martensite, and a trigonal R phase [4-6]. Among them there 

exist three martensitic transformations, i.e., B2↔B19′, B2↔R and R↔B19′. Under fully 
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annealed conditions, binary near-equiatomic NiTi exhibits only the B2↔B19′ 

transformation, and the R phase is prohibited [7]. Another experimentally observed 

structure in NiTi based shape memory alloys is B19, which is an orthorhombic phase. It 

occurs in Ni50-xTi50Cux alloys with >7.5 at.% Cu [8, 9]. In these alloys, the transformation 

sequence is B2↔B19↔B19′ [10, 11]. 

In recent times, with the development of computational tools such as density functional 

theory (DFT) calculations and molecular dynamics simulations, much progress has been 

made to establish a more thorough theoretical understanding of the phase structures and 

transition pathways of these alloys. Some recent studies using DFT simulation revealed 

several new phases that have not been observed in experiment previously, including a 

monoclinic B19″ and a base-centred orthorhombic (BCO) phase [12-15]. The BCO phase 

is effectively also a monoclinic phase but is more conventionally expressed in BCO 

structure to better reveal its crystal symmetry. The lattice parameters at 0 K, including the 

lattice constants, unit cell volume and the monoclinic angle, of the phases are given in 

Table I. The B2 austenite is expressed as a body-centred tetragonal (BCT) structure in the 

table so that its lattice parameters can be directly compared with those of the martensitic 

phases. The data for B19 are calculated for the same binary NiTi alloy, so for directly 

comparison with the BCT parent phase. Given that B19′ is not a thermodynamically stable 

phase at 0 K without additional external interference (such as shear stress or hydrostatic 

pressure), the data for B19′ is calculated with a 2 GPa hydrostatic pressure. It is seen that 

the unit cell volume and the monoclinic angle increase in the order of B19, B19′, B19″ 

and BCO. 

Earlier DFT calculations demonstrated that B19″ and BCO are more stable than B19′ at 

0 K [12, 15-17]. This contradicts the experimentally observed B2↔B19′ transformation 

pathway. Some researchers have tried to explain the absence of B19″ and BCO on the 

basis of mechanical conditions of the metal matrix. Wagner et al. demonstrated that a 

shear stress opposite to the monoclinic inclination destabilises BCO relative to B19′ [16]. 

This is an apparent logical conclusion considering that the BCO phase has a larger 

monoclinic angle than B19′ (Table I). Šesták et al. demonstrated that a uniaxial 

compressive stress [18] or a smaller twin unit size destabilises BCO against B19′ [19]. 

Haskins et al. reported that the entropic effect may stabilise B19′ at above 50 K, and 

destabilises BCO at above 300 K, as revealed in ab initio molecular dynamics simulation 

[20]. However, there is no evidence of the presence of BCO as the ground state when the 

temperature is below 50 K. Huang et al., who discovered the BCO phase, attributed the 
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absence of BCO in experiments to the hindrance of internal stresses to BCO [12]. This 

may in essence reflect Wagner et al.’s hypothesis of the influence of opposing shear stress 

to the monoclinic lattice distortion of the transformation [16]. Holec et al. found that B19′ 

can be stabilised by ~5 GPa hydrostatic pressure (positive pressure) and that BCO→B19′ 

transformation does not happen even at 60 GPa hydrostatic pressure [21]. The latter 

conclusion needs to be revisited as BCO is a high symmetry crystal structure and breaking 

the symmetry condition of BCO may lead to BCO→B19′ phase transformation. Wang 

and Sehitoglu attributed the B19′ stabilisation to an energy barrier in the transformation 

pathway for B19′↔BCO [13], which had not been found in other studies [12, 14, 22, 23]. 

Also, they applied hydrostatic tension (negative pressure) to stabilise B19′ relative to the 

BCO phase, which has a higher volume expansion of formation than does the B19′. This 

appears to be in direct contradiction to thermodynamic principles.  

Although stabilisation of B19′ under shear stress is generally accepted, the influence of 

hydrostatic loading requires further clarification. It is seen in Table I that the unit cell 

volume expands with the transformation from B2, and the magnitude of expansion 

increases in the order of B19′, B19″ and BCO. This implies that a hydrostatic pressure 

should hinder the transformations from B2 to the martensitic phases, with the level of 

severity of the hindrance increasing in the order of B19′, B19″ and BCO. In this work, 

we consider the effect of hydrostatic pressure on the phase stability, the ground state, and 

the transformation pathways of equiatomic NiTi. 

The DFT calculations were performed using Vienna ab initio Simulations Package 

(VASP) [24]. We employed the PBE exchange-correlation function [25] and the 

projector-augmented method (PAW) [26]. The cut-off energy of the plane wave basis set 

was 500 eV, and the k-point mesh density had at least 50 k-points per Å-1, which ensured 

the total energy convergence within 1 meV/atom. The criteria for convergence of the total 

energy and maximum force on each atom were 10-8 eV and 1×10-3 eVÅ-1, respectively. 

The generalised solid-state nudge elastic band (G-SSNEB) method implemented in the 

VTST package [27] was used to calculate the minimum Gibbs free energy pathways 

(MEP) between relaxed structures of NiTi. At 0 K and under no external influences, the 

Gibbs free energy equates to the internal energy of the system, when the zero-point 

translational, vibrational, and electronic contributions to free energy are neglected. When 

under the influence of a hydrostatic pressure, the Gibbs free energy equates to the 

enthalpy of the system. In such cases, the minimum Gibbs free energy pathway is also 

referred to as the minimum (internal) energy pathway or the minimum enthalpy pathway. 
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The G-SSNEB method allows super-cells of intermediate states between two known end 

structures to change their shape, size and ionic positions to find the energetically lowest 

possible state. We constructed the initial path between two relaxed structures by linearly 

interpolating the cell vectors and ionic positions for 12 intermediate crystal structures.  

It is seen in Table I that the transformations from the B2 (BCT) phase to the martensitic 

phases are associated with volume expansions, except for B19. Thus, hydrostatic pressure 

is expected to affect the relative stabilities of the allotropes and their transformation 

pathways. Considering this, we applied hydrostatic pressure to the equiatomic NiTi 

system and found that B19′ can be fully relaxed at 2 GPa hydrostatic pressure without 

shear stress. The B19′ formed has a monoclinic angle of γ = 96.3o and lattice parameters 

of a=4.184 Å, b=4.666 Å and c=2.748 Å. These structural parameters are close to the 

experimentally reported values of γ=97.8o, a=4.108 Å, b=4.646 Å, and c=2.898 Å [28]. 

A small decrease of the hydrostatic pressure to 1.9 GPa destabilizes B19′. 

 

 Table I. Lattice parameters of the BCT and the martensite phases in NiTi alloy system 

Phase 
Cell volume (Å3) Monoclinic angle () Lattice constants (Å) 

Present Others Present Others a b c 
BCT 54.20 54.2[13] 90 90[13] 4.249 4.249 3.002 
B19 53.74 54.26[12] 90 90[12] 4.254 4.639 2.723 
B19′ 53.34 54.36[13] 96.3 97.3[13] 4.184 4.666 2.748 
B19″ 54.90 54.88[13] 101.6 101.7[13] 4.024 4.755 2.93 
BCO 54.95 55.02[12] 107.16 107.38[12] 4.014 4.903 2.915 

 

Figure 5.1 shows the effect of hydrostatic pressure on the martensite allotropes. Each 

structure has been fully relaxed with respect to all degrees of freedom at the applied 

hydrostatic pressure. Figure 5.1(a) shows the effect of hydrostatic pressure on the unit 

cell volumes of B19′, B19″ and BCO. The tangential line slope of a curve represents the 

compressibility of the corresponding structure, and a step on the curve implies a phase 

transformation. It is seen that B19′ has the lowest volume and that hydrostatic pressure 

induces the B19″→B19′ transformation at ~6.3 GPa and BCO→B19′ at ~9 GPa. Figure 

5.1(b) reveals the effect on the monoclinic angle of the martensitic phases. It is evident 

that the monoclinic angles of all three phases decrease with increasing pressure and that 

B19″ and BCO are induced to transform to B19′ upon the increase of hydrostatic pressure. 
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Figure 5.1. Effect of hydrostatic pressure on (a) the unit cell volume; (b) the 

monoclinic angle of B19′, B19″ and BCO. 
 

These findings demonstrate that hydrostatic pressure destabilises B19″ and BCO relative 

to B19′. To estimate the in-situ hydrostatic pressures that the transformations may self-

generate due to their volume expansions, DFT calculations were used to calculate the 

bulk- elastic modulus of the allotropes of NiTi by fitting energy–volume data to the 

Murnaghan’s equation of state [29] (hydrostatic pressure values between 8 GPa with 1 

GPa increment). The bulk elastic modulus was determined to be 162.8 GPa for B2, 145 

GPa for B19″, and 150 GPa for BCO phases. Using the unit cell volume values given in 

Table I and a nominal bulk elastic modulus of 150 GPa, the hydrostatic pressure generated 

by the B2→B19″ and B2→BCO transformations are estimated to be 1.65 GPa and 2.08 

GPa, respectively. These values are comparable to that required for the stabilisation of 

B19′ (2 GPa) but are insufficient to induce the B19″→B19′ and BCO→B19′ 

transformations. The occurrence of B19′ and the absence of B19″ and BCO in 

experiments may be attributed to the combined complex conditions including both shear 

stress and hydrostatic pressure. 

The finding that B19″ becomes unstable relative to B19′ at hydrostatic pressures above 

~6.3 GPa agrees with previous DFT calculations by Holec et al. [21]. However, the 

finding that BCO also transforms to B19′ at ~9 GPa contradicts Holec et al.’s analysis 

[21], which predicted that BCO is stable at hydrostatic pressures even above 60 GPa [21]. 

This may be due to the different treatments of the hydrostatic pressure adopted in the 

simulation between this work and Holec et al.’s analysis. In this study, the hydrostatic 

pressure is applied in the VASP process at the beginning and maintained throughout the 

calculation during energy minimisation. In this method, the martensitic phases are 

allowed to form under the influence of the hydrostatic pressure without constraining their 

unit cell volume expansion or the monoclinic angle change. In comparison, Holec et al. 
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adopted a quasistatic (QS) approach by applying a unit cell volume change to a fixed 

volume to the martensitic phases formed, followed by energy minimisation [21]. In this 

approach, restricting the unit cell volume of the martensitic phases (and their monoclinic 

distortions” to fix values obviously deviates the actual conditions upon which the 

martensitic phases may be formed, since the martensitic phases in NiTi alloy system are 

associated with the unit cell volume expansions and monoclinic distortions (see Table I 

and Figure 5.1(a)). The destabilisation of BCO relative to B19′ confirms an early 

suggestion by Huang et al. [12]. 

To further assess the stabilities of B19′ and BCO phases under hydrostatic pressure, 

phonon dispersions were also calculated from the frozen phonon approach using 

displacements of 0.01 Å in the Phonopy package [30]. In phonon dispersion, imaginary 

(or negative) frequencies indicate dynamic instability of a crystal structure. The Kpath is 

adopted from Haskins et al. [20]. Figure 5.2 shows the phonon dispersions of B19′ and 

BCO martensite phases of NiTi at 0 K at different hydrostatic compressions. We 

considered hydrostatic pressures of up to 10 GPa with 1 GPa increment. Figure 5.2(a) 

demonstrates the states of the B19′ phase. It is seen that at 2 GPa, B19′ is dynamically 

stable and the stability remains intact up to 10 GPa hydrostatic pressure. Figure 5.2(b) 

presents the states of BCO and reveals that BCO is stable at up to 8 GPa pressure but 

becomes unstable at 9 GPa hydrostatic pressure by developing negative frequencies at Y. 

This implies a BCO→B19′ phase transformation, and complements the findings of Figure 

5.1(a) and (b). 
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Figure 5.2. Phonon dispersions of (a) B19′ and (b) BCO phases of NiTi at 0 K at 
different hydrostatic compressions. Phonons are extracted from simulations using 

144-atom super-cells (334 super-cell). 
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Hydrostatic pressure is also expected to influence the ground state of the alloy system. To 

determine the ground state under hydrostatic load, enthalpies (H = U + PV, where U is 

the internal energy, P is pressure and V is volume) of the three martensites were 

calculated, given that at 0 K the Gibbs free energy equates to the enthalpy when the zero-

point translational, vibrational, and electronic contributions to free energy are neglected. 

Figure 5.3 shows the enthalpy differences of B19′ and B19″ against BCO. It is seen that 

at low pressures (P<P1), the BCO phase is the ground state. At pressures P>P1 = 2.9 GPa, 

B19″ becomes the ground state. At P>P2 = 5.2 GPa, B19′ becomes the ground state. These 

findings contradict that of Wang and Sehitoglu [13] but agree with that of Holec et al. 

[21]. In Wang and Sehitoglu’s work, B19′ is stabilised relative to BCO by a hydrostatic 

tension. Our findings comply with the thermodynamic principle that a transformation of 

volume expansion is always retarded or prevented by a hydrostatic pressure (hydrostatic 

compression) and vice versa. As presented in Table I, the transformations from B2 (BCT) 

to B19′, B19″ and BCO are all associated with a volume expansion and that the magnitude 

of the volume expansion increases in the order of B19′, B19″ and BCO. Therefore, a 

hydrostatic compression always resists less the formation of B19′ than the formation of 

BCO, i.e., it stabilises B19′ relative to BCO. 

 

0 2 4 6 8
-6

-4

-2

0

2

4

6

P
2

BCOB19

E
nt

ha
lp

y 
di

ff
er

en
ce

s 
(m

eV
/a

to
m

)

Hydrostatic pressure (GPa)

B19

P
1

 
Figure 5.3. Effect of hydrostatic pressure on the enthalpy differences of B19′ and 

B19″ with respect to BCO. 
 

The analyses above demonstrate that the applied hydrostatic pressure can change the 

stability of BCO and alter the enthalpy order of B19′, B19″, and BCO phases, leading to 

the phase transformation to B19′. To gain more understanding in that regard, the MEPs 

of B19′↔B19″, B19″↔BCO at 1 to 6 GPa, and B19′↔BCO (B19″→B19′ already 

occurred) at 7 to 8 GPa hydrostatic pressure were calculated, as shown in Figure 5.4. 
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Figure 5.4(a) shows the MEPs of B19′↔B19″. It is seen that a hydrostatic pressure leads 

to an increase of enthalpy state of B19″ relative to B19′, apparently due to its larger unit 

cell volume, and the creation of an enthalpy barrier between them at above 3 GPa, which 

stabilises B19′. Figure 5.4(b) shows the MEPs of B19″↔BCO under hydrostatic pressure, 

where the pressure amount is below 7 GPa and also B19′↔BCO at 7 and 8 GPa 

hydrostatic pressures (B19″→B19′ phase transformation already occurred). An enthalpy 

barrier always exists between the two phases.  Similar to the case of B19′↔B19″, a 

hydrostatic pressure increases the enthalpy state of BCO relative to B19′ and B19″ and 

the magnitude of the enthalpy barrier in between those phases.  
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Figure 5.4. Effect of hydrostatic pressure on the minimum enthalpy pathways. (a) 

B19′↔B19″; (b) B19″↔BCO (1-6GPa) and B19′↔BCO (7-8GPa). 
 

The specific findings of this study can be summarised as below: 

(1) The theoretically unstable B19′ can be stabilised at above 2GPa hydrostatic 

pressure. 

 

(2) Hydrostatic pressure changes the relative enthalpy states of the allotropes, and the 

ground state changes from BCO to B19″ at ~2.9 GPa and to B19′ at ~5.2 GPa. 

 

(3) Hydrostatic pressure reduces the relative enthalpy state of B19′ and induces the 

B19″→B19′ transformation at ~6.3 GPa and the BCO→B19′ transformation at 

~9 GPa as confirmed by phonon calculations. 
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5.2. Supplementary Information to Paper 3: 

 

In addition to the findings presented in Paper 3, further DFT calculations have also been 

carried out to reveal more details of the thermodynamic stabilities and minimum energy 

pathways of the phases in the binary NiTi system. 

The minimum energy pathways (MEP) were calculated for the possible transformations 

among the allotropes of a fully annealed equiatomic NiTi except B19′, which is not a 

theoretically stable phase. Fig. S1 shows the MEPs at 0 K among the allotropic phases, 

including B2, B19, B19″ and BCO. The insets in the plots show the structures of the 

allotropes. The reaction coordinate expresses the interpolated pathway between the 

relaxed stable states in terms of both atomic and unit-cell degrees of freedom [1]. Fig. 

S1(a) shows the MEPs from B2 to the different martensitic phases. It is apparent that all 

the three martensitic phases of B19, B19″ and BCO are thermodynamically more stable 

than B2 and that there is no energy barrier in the MEPs for all the three transformations 

from B2, implying spontaneous transformation processes. It is also evident that there is 

no local minima in the pathways from B2 to B19″ and to BCO, so to allow the possibility 

of the occurrence of B19′. These findings are in agreement with earlier studies [2-5]. For 

B2↔B19, Zhang et al. [6] and Kibey et al. [7] reported a significant energy barrier in the 

MEP whereas Vishnu et al. [8] and Zarkevich et al. [5] did not find the same. Our 

calculation is in agreement with the latter works. Fig. S1(b) shows the MPEs from B19 

to B19″ and BCO. Similar to Fig. S1(a), there is no local minimum in the MEPs and the 

B19B19″ and B19BCO transformations are spontaneous and are barrier-free. Fig. 

S1(c) shows the MEP for B19″↔BCO. It is seen that the elative total energy of BCO is 

slightly lower than that of B19″. However, there is an energy barrier of 1.47 meV/atom 

in the MEP between the two. This implies that B19″ once formed may stay as the stable 

phase without having to transform to BCO, which is the ground state.  

Fig. S2 shows the phonon dispersion of the B19″ phase. It demonstrates that under zero 

hydrostatic pressures (the 0 GPa curve) the phase is dynamically stable at 0 K. A 

hydrostatic pressure of 5 GPa does not significantly change the phase stability of B19″. 
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Figure S1. The minimum energy pathways between the allotropes of equiatomic 
NiTi. The crystal structures of the allotropic phases are shown in the inserts. (a) 

MEPs of B2 to B19, B19″ and BCO. (b) MEPs of B19 toB19″ and BCO. (c) MEP of 
B19″ to BCO (the double arrow indicates the energy barrier). The blue and red atoms 

are Ti and Ni, respectively. 
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Figure S2. Phonon dispersions of B19″ phase of equiatomic NiTi at 0 K and under 0 

and 5 GPa hydrostatic compressions. The phonons are extracted from simulations 
using 144-atom super-cells (334 primitive 4-atom unit cells). 

 

Fig. S3 shows the minimum energy pathway of B2↔B19′ phase transformation under 

three different levels of hydrostatic pressure. It is seen that MEPs are barrier-free and the 

B2B19′ transformation can happen spontaneously at 30 kbar and above. 
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Figure S3. The minimum energy pathways under hydrostatic pressures of B2↔B19′ 

phase transformation.  
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Abstract 

Ti50Ni50-xCux alloys are observed to exhibit multiple martensitic transformations from B2 

to an orthorhombic B19 and a monoclinic B19′ phase. In addition, DFT calculations have 

predicted a B19ʺ phase with a higher monoclinic angle as the thermodynamically stable 

ground state. This study investigated the effects of Cu content and shear stress on the 

monoclinic angles and phase stabilities of the various martensites, and the minimum 

energy pathways and the relationships among the phases in this pseudo-equiatomic 

Ti(Ni50-xCux) system. A new monoclinic phase (B19M) with a monoclinic angle of 94.7° 

was found at above 6.25 at% Cu. It was found that the monoclinic angles of both B19M 

and B19ʺ decrease with increasing the magnitude of an opposing shear stress to their 

monoclinic distortion, and that at above certain critical values of the opposing shear stress 

the B19ʺ destabilizes and transforms to B19M and B19M transforms to B19. In addition, 

the evidence suggests that the experimentally observed monoclinic B19′ phase is in fact 

a distorted B19ʺ with a reduced monoclinic angle under an opposing shear stress. With 

the same argument, the B19 phase is a metastable phase formed under the effect of an 

opposing shear stress to the monoclinic distortion of B19M.  

 

Keywords: NiTiCu; Shape memory alloy; Martensitic phase transition; Density 

functional theory; Minimum energy pathway. 

 

5.3.1. Introduction 

NiTi shape memory alloys (SMAs) are known to exhibit unique thermomechanical 

properties including the shape memory effect and pseudoelasticity [1]. These properties 
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originate from the thermoelastic martensitic transformations in these alloys [2, 3]. Owing 

to these remarkable properties, they have been used in many innovative designs, both in 

end product applications, such as low power actuators in automotive industry [4], wing 

morphing control in aerospace engineering [5], miniature actuators in 

microelectromechanical systems (MEMS) [6], actuators in robotics [7] and biomedical 

devices [8], and in novel materials designs, such as intermetallic composites [9], 

functionally graded designs [10-12], and smart architectured materials [13]. To meet 

demands of different applications, their martensitic transformation characteristics and 

thermomechanical properties often need to be altered and controlled. One commonly used 

method to alter and control the properties is to add a third element into the binary NiTi, 

such as Cu, Nb, Hf and Pd [14-18]. Among them, Cu substitution for Ni is known to 

introduce an intermediate orthorhombic B19 phase in its martensitic transformation 

sequence, to narrow the transformation hysteresis [19], and to enhance thermal and 

mechanical cycling stability [20, 21]. These characteristics of ternary NiTiCu alloy 

system make them an attractive choice for many applications. 

Solution treated equiatomic NiTi alloys are known to exhibit a B2 austenite and a B19′ 

monoclinic martensite phase. Furthermore, density functional theory (DFT) calculations 

have also identified two other martensitic phases to B2 at 0 K, including a monoclinic 

B19″ and a base-centred orthorhombic (BCO) phase [22, 23]. The BCO phase is the 

ground state at 0 K. Experimentally, those two phases are not observed though they are 

energetically stable phases in DFT calculations. In contrast, the experimentally observed 

B19′ monoclinic martensite is thermodynamically unstable in DFT calculations [22, 24]. 

Stabilisation of B19′ requires either an opposing shear stress to its monoclinic distortion  

[24] or a hydrostatic pressure [25, 26]. A recent DFT calculation suggests that inclusion 

of the thermal vibrational effect at a certain temperature may change the relative energy 

state order of the martensitic phases [27]. For example, a monoclinic structure with an 

angle of ~101°, which corresponds to B19″, is the ground state martensite instead of BCO 

at above 200 K.  

Complex transformation routes have been suggested among these phases. The 

experimentally observed martensitic transformation from B2 to B19′ has been 

hypothesised to occur phenomenologically in two steps [1, 28]. The first step is B2→B19. 

This transformation is associated with a volumetric lattice contraction and shuffling of 

the Ni and Ti atoms along the [001]B19 direction. This produces the orthorhombic 

structure of the B19 phase. The second step is B19→B19′. It involves a non-basal shear 
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along [001]B19 direction and shuffling of Ni and Ti in the direction of [100]B19. Further 

shear along [001]B19 direction to reach 101.6° and shuffle of Ni and Ti in the direction of 

[100]B19 produces B19″, and then finally at ~107° monoclinic angle, BCO crystal 

structure forms. The B19 orthorhombic phase is imaginary for binary NiTi. 

In Ti50Ni50-xCux alloys when the Cu content exceeds 7.5 at%, the original B2↔B19′ one-

step transformation sequence has been observed to change to two steps, i.e., 

B2↔B19↔B19' [14, 19, 29, 30]. When x ≥ 15 at%, B19′ vanishes and the transformation 

sequence becomes B2↔B19 [31]. However, some recent studies have shown that the 

B19′ phase can still be present in alloys of 16 and 20 at% Cu contents [32, 33].  

Although the B19 phase has been well observed experimentally and the emperical 

criterion for its formation is established, a clear theoretical ground to explain the 

formation of the B19 phase and the change of the transformation sequence from B2↔ 

B19′ to B2↔B19↔B19′ and then to B2↔B19 with increasing Cu content is lacking in 

the literature. 

In this study, the effect of Cu content on the structures of the phases in the pseudo-

equiatomic Ti(Ni50-xCux) system was investigated by means of density functional theory 

(DFT) calculation. Pure shear stresses were applied to study the stability of the martensitic 

phases under such conditions to establish fundamental understandings of the behaviour 

of the real alloy system. 

 

5.3.2. Methodology 

The DFT simulations were carried out using Vienna ab initio Simulations Package 

(VASP) [34]. The PBE exchange-correlation functional [35] and the projector-augmented 

method (PAW) [36] were employed to perform the simulations. All calculations applied 

an energy cut-off of 500 eV, an electronic energy convergence criterion of 1×10−7 eV, 

and the k-point mesh density of at least 50 k-points per Å-1. The maximum force on each 

atom after relaxation was less than 5×10-3 eVÅ-1 and the simulations were spin polarised. 

The minimum energy pathways (MEP) between fully relaxed structures were performed 

using the generalised solid-state nudge elastic band (G-SSNEB) method implemented in 

the VTST package [37]. The initial transition path between two fully relaxed structures 

was constructed by linearly interpolating the cell vectors and ionic positions for eight 

intermediate images. The method is capable of changing shape, size and ionic positions 

of intermediate images between two fully relaxed phases to find the energetically lowest 
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possible states. The size of each supercell for DFT calculations was 32 atoms, created 

from 2×2×2 four-atom primitive unit cells. The Cu addition was achieved through random 

Ni atom substitution for each composition. Given the limited supercell size, only four Cu 

contents of x=0, 3.125, 6.250, 9.375 and 12.500 at% were investigated. For each Cu 

content, three different Cu doping patterns were calculated to avoid artefacts from doping 

patterns. In this study, the BCO phase is not considered due to the limited size of the 

employed supercells, which could easily break the high symmetry of the BCO phase.  

 

5.3.3. Results and discussions 

Fig. 5.5 shows the effect of Cu addition on the monoclinic angles of the martensitic phases 

in the Ti(Ni, Cu) pseudo-equiatomic system. It is seen that the monoclinic angle of B19″ 

decreases with increasing Cu content. The B19′ phase is not a thermodynamically stable 

phase, thus it cannot be predicted by DFT calculation. The data shown in the figure are 

experimental data reported in the literature [29, 38]. It is seen that the monoclinic angle 

of B19′ also decrease with increasing Cu content. There is a clear difference between the 

monoclinic angles of B19″ (calculated) and B19′ (experimental) phases. 

Our DFT calculations also revealed another monoclinic phase at above 6.25 at% Cu, 

denoted B19M in Fig. 5.5. The presence of this new phase at above 6.25 at% Cu in the 

DFT calculations coincides with the presence of the B19 phase at above 7.5 at% Cu in 

experiments [14]. The monoclinic angle of this phase is below those of B19′ 

(experimental) and B19″ (calculated). This phase is denoted B19M in recognition of its 

monoclinic lattice distortion. Its monoclinic angle is also calculated and found to decrease 

with increasing Cu content. Fig. 5.5 also presents the calculated B19 phase at different 

Cu content levels. No change to its orthorhombic angle is expected with changing the Cu 

content. 
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Figure 5.5. Effect of Cu content on the monoclinic angle of martensites in the pseudo-

equiatomic Ti(Ni50-xCux) system. The data for B19′ are from experimental 
measurements [29]. 

 

The B19′ phase is known to be thermodynamically unstable, i.e., it does not exist except 

under the influences of external factors such as a resistive shear stress [24] (a shear stress 

opposing the monoclinic distortion of the phase) or a hydrostatic pressure [25, 26] in DFT 

calculations. The resistive shear stress and hydrostatic pressure can be self-generated 

during the martensitic phase transformation because that B2→B19″ (and also B2→B19′) 

is associated with a monoclinic lattice distortion and a volume expansion. In our previous 

work [26], we revealed that the B19′ structure can be stabilised at 2 GPa hydrostatic 

pressure without the presence of a resistive shear stress. Increase of the hydrostatic 

pressure reduces the monoclinic angle of the martensite phases and induces the 

B19″→B19′ transformation at ~6.3 GPa and the BCO→B19′ transformation at ~9 GPa 

[26].  

The B19′ structure can also be achieved by applying a resistive shear stress to B19″. Fig. 

5.6 shows the effect of a resistive shear stress on the monoclinic angle, relative total 

energy, and phase stability of B19″ in the Ti50Ni50 alloy system (i.e., 0 at% Cu). Fig. 

5.6(a) shows the effect of resistive shear stress on the monoclinic angle and phase stability 

of B19″. The calculation shows that the monoclinic angle of B19″ decreases progressively 

with increasing the magnitude of the resistive shear stress and that at -0.85 GPa shear 

stress the monoclinic angle is reduced to 97.8°, the value measured experimentally for 

B19′. This suggests that the B19′ phase may in fact be a distorted B19″ at -0.85 GPa 

opposing shear stress. Further increase of the opposing shear stress destabilises B19″ 

towards the orthorhombic B19 (the dash line in the figure). The critical point of the 

destabilisation is at 95.5° monoclinic angle and -1.17 GPa shear stress. The critical 

monoclinic angle and resistive shear stress are in a good agreement with a previous 

calculation by Wagner and Windl [24]. The only difference between this work and their 
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analysis is the initial crystal structure. In this work we applied the opposing shear stress 

to B19″, and they started from the BCO structure. Fig. 5.6(b) shows the effect of 

monoclinic angle, which is influenced by the resistive shear stress, on the relative total 

energy of B19″. The total energy of B19 relative to that of B19″ is also shown in the 

figure. The relative total energy of B19″ increases with decreasing the monoclinic angle 

(caused by the increase of the resistive shear stress) to 95.5°, at which point it destabilises 

into B19.  The B19 phase is at a higher relative total energy position than B19″. The 

monoclinic angle of the experimentally observed B19′ phase is also indicated in the 

figure. It is apparent that the B19′ phase is not a local minimum under shear stress.   
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Figure 5.6. Ti50Ni50 alloy system. (a) effect of resistive shear stress on the monoclinic angle 
and phase stability of B19″; (b) effect of resistive shear stress on the relative total energy of 

B19″ as reflected by the variation of the monoclinic angle. 
 

Similar to the equiatomic NiTi case, shear stresses can be applied to the martensitic phases 

of the pseudo-equiatomic Ti(Ni50-xCux) system to achieve the experimentally reported 

B19′ and also to reveal the shear response of B19M. Fig. 5.7 shows the effect of a resistive 

shear stress on B19M and B19″ in the Ti50Ni43.75Cu6.25 alloy system. Fig. 5.7(a) shows the 

effect of the shear stress on the monoclinic angles and phase stabilities of the two phases. 

The monoclinic angle of B19″ decreases with increasing the opposing shear stress. At -

0.75 GPa shear stress the monoclinic angle is reduced to 95.5° and B19″ destabilises 

towards B19M. Comparing with the case for equiatomic NiTi, the Cu substitution for Ni 

decreases the critical shear stress required to destabilise B19″. A linear interpolation 

between the experimentally reported monoclinic angles of B19′ (see Fig. 5.5) at 5 and 7.5 

at% Cu reveals a monoclinic angle of 95.9° for B19′ at 6.25 at% Cu, which is indicated 

in the figure. It is very close to the calculated critical destabilisation monoclinic angle of 

B19″ under the influence of the opposing shear stress. 



208 
 

 

90 92 94 96 98 100
0.4

0.2

0.0

-0.2

-0.4

-0.6

-0.8
B19()

B19 B19
M

S
he

ar
 s

tr
es

s 
(G

P
a)

Monoclinic angle ()

B19

(a)

 
90 92 94 96 98 100

0

1

2

3

4

5

6

R
el

at
iv

e 
to

ta
l e

ne
rg

y 
(m

eV
/a

to
m

)

Monoclinic angle ()

B19

B19
M

B19
(b)

 
Figure 5.7. Ti50Ni43.5Cu6.25 alloy system. (a) effect of shear stress on the monoclinic 
angle and phase stability of B19M and B19″; (b) effect of shear stress on the relative 
total energy of  B19M and B19″ as reflected by the variation of the monoclinic angle.  

 

The opposing shear stress is also applied to the B19M phase, as seen in Fig. 5.7(a). Similar 

to B19″, the monoclinic angle of B19M decreases progressively with increasing the 

opposing shear stress. It destabilises into B19 at the critical monoclinic angle of 92° at -

0.46 GPa shear stress. For comparison, an assistive shear stress, which is in the direction 

of the monoclinic distortion, is also applied to the B19M phase. In contrary with the 

opposing shear stress, the monoclinic angle of B19M increases progressively with 

increasing the assistive shear stress. The critical monoclinic angle to destabilise B19M 

towards B19″ is 96° at +0.24 GPa shear stress. The shear stress hysteresis for the 

B19M↔B19″ transformation is 0.99 GPa as indicated in Fig. 5.7(a).  

Fig. 5.7(b) shows the effect of shear stress, as reflected by the monoclinic angle change, 

on the relative total energies of B19″ and B19M phases. It is seen that the relative total 

energy of B19″ decreases with decreasing the monoclinic angle (i.e., increasing the 

resistive shear stress), till the critical point at 95.5° when B19″ becomes unstable and 

transforms to B19M, as indicated by the dashed line. In comparison, the relative total 

energy of B19M increases with both increasing and decreasing the monoclinic angle 

(corresponding to the increase of both an assistive and a resistive shear stress, 

respectively). This means that B19M is a local shear minimum. The B19M phase becomes 

unstable when the monoclinic angle is reduced to 92° and transforms to B19 under the 

influence of a resistive shear stress, or when the monoclinic angle is increased to 96° and 

transforms to B19″ under the influence of an assisting shear stress. The shear energy 

barrier of B19M→B19″ phase transformation is ~0.3 meV/atom. The total energy of B19 

relative to that of B19″ is also shown in the figure. It is seen that the relative total energy 
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of B19 is above those of both B19M and B19″. Also in comparison with the relative total 

energy of B19 in the equiatomic TiNi alloy, the addition of Cu has lowered the total 

energy of B19 relative to that of B19″. 

Similar calculations have also been performed for x=12.5 at%. Fig. 5.8 shows the effects 

of shear stress on the B19M and B19″ phases in the Ti50Ni37.5Cu12.5 alloy. Fig. 5.8(a) shows 

the effects of shear stress on the monoclinic angles and phase stabilities of B19M and 

B19″. Like in the previous two cases, the monoclinic angle of B19″ decreases with 

increasing the opposing shear stress. At -0.72 GPa shear stress the monoclinic angle is 

reduced to 95° and B19″ becomes unstable and transforms to B19M. The values of the 

shear stress and monoclinic angle of the critical point for B19″→B19M are both slightly 

lower than those for the Ti50Ni43.5Cu6.25 alloy. The monoclinic angle of B19′ 

corresponding to this alloy composition was estimated via linear extrapolation from the 

experimental data shown in Fig. 5.5 to be 95.1°, as indicate in the figure. It is very close 

to the calculated critical monoclinic angle of B19″ under the influence of an opposing 

shear stress. 

 

90 92 94 96 98

1.0

0.8

0.6

0.4

0.2

0.0

-0.2

-0.4

-0.6

-0.8
B19()

Sh
ea

r 
st

re
ss

 (
G

P
a)

Monoclinic angle ()

B19 B19
M

B19

(a)

 

90 91 92 93 94 95 96 97 98

0.0

0.5

1.0

1.5

2.0

2.5

3.0

R
el

at
iv

e 
to

ta
l e

ne
rg

y 
(m

eV
/a

to
m

)

Monoclinic angle ()

B19

B19
M

B19

(b)

 
Figure 5.8. Ti50Ni37.5Cu12.5 alloy system. (a) effect of shear stress on the monoclinic 
angle and phase stability of B19M and B19″; (b) effect of shear stress on the relative 
total energy of B19M and B19″ as reflected by the variation of the monoclinic angle. 

 

The opposing shear stress is also applied to B19M phase. Similar to B19″, the monoclinic 

angle of B19M decreases progressively with increasing the opposing shear stress. The 

critical monoclinic angle is 91.75° and the critical shear stress is -0.45 GPa for the 

B19M→B19 transformation. When an assistive shear stress is applied to B19M, the 

monoclinic angle increases progressively till 96.5° at +0.95 GPa shear stress when it 

becomes unstable and transforms to B19″. The shear stress hysteresis for the 



210 
 

B19MB19″ transformation is 1.67 GPa, which is much higher than that for the 

Ti50Ni43.5Cu6.25 alloy.  

Fig. 5.8(b) shows the effect of shear stress, as reflected by the variation of the monoclinic 

angle, on the relative total energies of the martensite phases. The relative total energy of 

B19″ decreases with decreasing the monoclinic angle (increasing the opposing shear 

stress). There is a shear energy barrier of 1.84 meV/atom for B19″→B19M. B19M is still 

a local shear minimum. The reverse B19M→B19″ transformation may occur by the 

application of an assisting shear stress (a shear stress in the direction of the monoclinic 

distortion, thus increase of the monoclinic angle). The shear energy barrier of the 

B19M→B19″ transformation is 2.72 meV/atom, which is higher than that for the 

Ti50Ni43.5Cu6.25 alloy. This implies that B19M is further stabilised relative to B19″ at 

higher Cu contents. 

Values of the shear stresses and the monoclinic angles at the critical points for the 

B19M→B19, B19M→B19″, and B19″→B19M phase transformations as determined from 

the above calculations are summarised in Table 1. Also derived from these values are the 

shear stress hysteresis () for B19″B19M. It is seen that by increasing the Cu content 

in the pseudo-equiatomic Ti(Ni50-xCux) system, the critical resistive shear stress required 

to destabilise B19″ phase reduces. It can also be seen that the critical resistive shear value 

to destabilise B19″ is higher than that of B19M. The increase of the Cu content also 

increases the shear hysteresis of the B19MB19″ transformation. The increase of the 

shear hysteresis can be interpreted as stabilisation of B19M relative to B19″. 

 

Table 1. Summary of the calculated shear stresses, monoclinic angles, and shear 
hysteresis at the critical points for the B19M→B19, B19M→B19″, and B19″→B19M 

phase transformations. 

at% Cu 
B19M→B19 B19M→B19″ B19″→B19M(B19) B19″B19M 

(GPa) (°) (GPa) (°) (GPa) (°) (GPa) 
0 - - - - -1.17 95.5 - 

6.25 -0.46 92 +0.24 96 -0.75 95.5 +0.99 
12.5 -0.45 91.75 +0.95 96.5 -0.72 95 +1.67 

 

According to these findings, the theoretical thermal transformation sequence is expected 

to be B2↔B19″ (BCO phase is not considered in this discussion) at Cu < 6.25 at% and 

is B2↔B19M↔B19″ at Cu ≥ 6.25 at%, when under no external influences (e.g., shear 

stress or hydrostatic pressure). The DFT prediction of the appearance of the intermediate 
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B19M phase at above ~6.25 at% Cu coincides with the experimental observation of the 

B19 phase [14, 19, 29, 30]. However, there exist a couple of discrepancies between the 

theoretical calculations and experimental observations. First, at below 6.25 at% Cu, the 

predicted martensite is B19″ whereas the experimentally observed martensite is B19′, 

which has a smaller monoclinic angle. Secondly, Cu ≥ 6.25 at%, the experimentally 

observed intermediate phase is B19, which has an orthorhombic structure, whereas the 

theoretically predicted phase is B19M, which has a monoclinic structure.  

The discrepancy between B19″ and B19′ has been rationalised here by the effect of the 

inherent resistive shear stress self-generated by the monoclinic distortion of the 

transformation itself. The evidence presented in Fig. 5.6(a) (similarly also in Figs. 5.7(a) 

and 4(a)) also suggests that the B19′ phase can be a distorted B19ʺ with a reduced 

monoclinic angle and the monoclinic angle instead of a stable phase in its own right, since 

that it is not a local shear minimum but a passing state on the continuous curve of the 

monoclinic angle vs shear stress. This hypothesis also implicitly implies that the 

monoclinic angle of the experimentally observed B19′ can vary depending on the 

magnitude of the opposing shear stress. 

By the same argument, the theoretically predicted monoclinic B19M is also expected to 

self-generate an opposing shear stress, which will also reduce its monoclinic distortion, 

as expressed in Figs. 5.7(a) and 5.8(a). The self-generated resistive shear stress may well 

be above the critical value required to destabilise B19M. This may lead to the 

experimentally observed orthorhombic B19 phase. This is also plausible in that the 

critical shear stress of B19M→B19 is significantly lower than that required for 

B19″→B19′. 

Summarising the above analyses, it is believed that the experimentally observed B19′ is 

in fact a distorted B19" with a reduced monoclinic angle and that the experimentally 

observed B19 is induced from B19M, with both process caused by the self-generated 

opposing shear stress associated with the monoclinic distortion of the martensites.  

To study the stabilities of the B19, B19M and B19ʺ phases and the possible transformation 

routes, the minimum energy pathways (MEPs) between them are established. Fig. 5.9 

shows the MEPs for B19↔B19M and B19M↔B19″ phase transformations. Fig. 5.9(a) 

shows the B19↔B19M transformation at three different Cu contents. The B19M phase has 

a lower energy state than the B19 phase, and the B19→B19M transformation is barrier-

less, implying a spontaneous transformation and the instability of B19 (B19 is not a local 
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minimum) under no external influences (e.g., shear stress and hydrostatic pressure). Fig. 

5.9(b) shows the B19M↔B19″ transformation at three different Cu contents. An energy 

barrier exists between the two phases for all the three cases, and its magnitude increases 

with increasing the Cu content. The energy barrier implies that B19M can be a local 

minimum, which can be the reason for the formation of B19M. It is also seen that the 

energy level of B19M is above that of B19″ but the difference between them decreases 

with increasing the Cu content. At 12.5 at% Cu, the two phases have similar energy levels. 

Following the same trend, it may be expected that at x > 12.5 at% Cu the energy level of 

B19M becomes lower than that of B19″, i.e. B19M becomes the ground state. This can be 

the reason of the reported disappearance of B19′ (B19″) from the thermal transformation 

sequence of B2B19↔B19′ [14]. 
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Figure 5.9. Minimum energy pathways between (a) B19↔B19M and (b) B19M↔B19″ 

for the Ti(Ni50-xCux) system. 
 

Fig. 5.10 shows the effect of Cu substitution for Ni on the unit cell parameters of the 

possible phases of pseudo-equiatomic Ti(Ni50-xCux) alloy system. Fig. 5.10(a) shows the 

effect on the unit cell volume of the phases. The unit cell volumes of all the phases 

increase with increasing Cu content. The unit cell lattice parameters of B19′ at 0 at% Cu 

are experimental values adopted from Kudoh et al. [38], and at 5, 7.5, and 10 at% Cu are 

adopted from Nam et al. [29]. The unit cell volume of B19M is close to that of the B19 

orthorhombic phase but differs clearly from that of the B19′ phase. This indicates that the 

experimentally observed B19′ phase is not a mistaking of the calculated B19M phase. Fig. 

5.10(b) shows the dependences of the calculated lattice parameters of B19 and B19M on 

Cu content. Lattice constants a and b increase and c decreases with increasing Cu content 

for both phases. Apparently, at 12.5at% Cu, the unit-cell volume and the lattice 
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parameters a and c of B19 and B19M become very close, but b and the monoclinic angels 

(Fig. 5.5) remain still different. Fig. 5.10(c) shows the effect of Cu content on the lattice 

parameters of B19″ and B19′. The data for B19″ are calculated and the data for B19′ are 

experimentally measured. Lattice constants a increases and b decreases with increasing 

Cu substitution for Ni for both phases. Lattice constant c increases for B19″, but shows 

no clear trend for B19′ with increasing Cu content.  

Comparing the different martensitic phases, B19 and B19M exhibit some partial structural 

similarities (i.e., similar values of unit cell volume and lattice constants a and c) whereas 

B19M and B19ʺ differ from each other in every aspect including the unit cell volume, 

lattice constants a and c and monoclinic angle. The higher degree of structural similarity 

between B19 and B19M than between B19M and B19″ explains the lower critical resistive 

shear stress required for the B19M→B19 transformation than that for the B19″→B19M 

transformation (Figs. 5.7(a) and (5.8(a)).  

Fig. 5.10(d) shows the calculated and experimentally measured lattice parameter of B2 

phase with increasing Cu content. The lattice parameter for both cases increases with 

increasing the Cu content. The experimentally measured values are higher than those 

estimated by DFT calculation at all Cu contents, and the difference between the two 

increases with increasing the Cu content. This shows a good agreement between the 

calculated and measured lattice parameters. 
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Figure 5.10. Effect of Cu content on the unit cell parameters of the parent and the 

martensitic phases of Ti(Ni50-xCux). (a) effect on unit cell volume;  (b) effect on lattice 
constants of B19  and B19M ; (c) effect on lattice constants of B19′ and B19″;  (d) 

effect on the lattice parameter of B2. The data for B19′ are from experimental 
measurements [29, 38]. 

 

Fig. 5.11 shows the effect of Cu content on the relative total energies of the martensitic 

phases of Ti50Ni50-xCux alloy, as computed by means of DFT calculations. The data are 

relative to the total energy of the B2 phase (the energy difference between the B2 phase 

and the others). The relative total energy of B19′ is computed by using the experimentally 

reported lattice parameters and monoclinic angle of each composition followed by a 

relaxation of the ionic positions. It is seen that the relative total energy of B19″ (and of 

B19′) increases (decrease in absolute value) with increasing Cu content. This is consistent 

with the experimental observation that the latent heat of the B2↔B19′ martensitic phase 

transformation decreases with increasing the Cu content as measured by differential 

scanning calorimetry (DSC) [30]. B19″ is the ground state at below 12.5 at% Cu content. 

For the B19 phase, relative total energy increases moderately with increasing Cu content 

up to 6.25 at% Cu and remains practically constant at above 6.25 at% Cu. The relative 

total energy of B19M is below that of B19 but above that of B19″. It is also apparent that 

the relative total energy levels of all martensitic phases converge and become comparable 

with increasing Cu content to above 12 at%. From the trend, it is expected that at above 

12.5 at%, B19M becomes the ground state among the martensitic phases. Consequently, 

the theoretical transformation sequence becomes B2↔B19M. This is consistent with the 

experimental observation of the one-step B2↔B19 phase transformation at above 15 at% 

Cu content [31]. 
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Figure 5.11. Effect of Cu content on the total energies of the martensitic phases 

relative to that of the B2 parent phase in Ti50Ni50-xCux alloy.  The data for B19′ are 
DFT calculated using the experimentally measured unit cell parameters [29, 38]. 

 

5.3.4. Conclusions 

This study investigated the effect of Cu substitution for Ni in pseudo-equiatomic Ti(Ni50-

xCu x) alloy on the structures and stabilities of the various martensitic phases. The main 

findings are summarised below: 

(1) A new monoclinic phase (B19M) is identified to form at x ≥ 6.25 at%. This phase 

is distinctively different from the known orthorhombic B19 and monoclinic B19′ 

phases. 

 

(2) The monoclinic angles of the B19M, B19′, and B19ʺ structures decrease with 

increasing the Cu content in the pseudo-equiatomic Ti(Ni50-xCu x) system. 

 

(3) The B19→B19M transformation has a barrier-less minimum energy pathway, i.e., 

the B19 phase is unstable under no external influences (e.g., shear stress) and the 

transformation is spontaneous.  

 

(4) The B19M→B19ʺ transformation is associated with an energy barrier in the 

minimum energy pathway and the magnitude of the barrier increases with 

increasing the Cu content. The presence of the energy barrier indicates that B19M 

is a stable phase. 
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(5) In the pseudo-equiatomic Ti(Ni50-xCu x) system, at x ≤ 12.5 at% B19″ is the 

ground state and the theoretical transformation pathway is B2↔B19M↔B19″. At 

x > 12.5 at%, it is predicted that the B19M becomes the ground state and the 

theoretical transformation pathway changes to B2↔B19M. 

 

The evidence collected in this study also enables the following hypotheses: 

(1) The experimentally observed B19′ typically with a monoclinic angle of 97.8 in 

binary NiTi (i.e., at 0 at% Cu) is in fact a distorted B19″ phase with a reduced 

monoclinic angle from 101.6°. This can be rationalised by the inherent opposing 

shear stress associated with the monoclinic lattice distortion of the B19ʺ (and 

B19′) phase. In this regard, it is in essence not a thermodynamically stable phase 

and its monoclinic angle is expected to change depending on the actual magnitude 

of the opposing shear stress upon each variant. 

 

(2) By the same argument, the experimentally observed orthorhombic B19 phase 

reported in the literature for Ti(Ni,Cu) alloys is in fact a metastable phase formed 

from B19M under the influence of an opposing shear stress. This can also be 

rationalised by the inherent opposing shear stress associated with the monoclinic 

lattice distortion of the B19M phase. 
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5.4. Supplementary Information to Paper 4 

 

In addition to the findings presented in Paper 4, further DFT calculations and 

experimental measurements were carried out to reveal more details of the middle phase 

of NiTiCu system and the effect of Cu addition to the relative total energies of the phases. 

Ternary element addition to binary NiTi has been reported to alter the transformation 

sequence, temperature, forward and reverse latent heats, and thermal hysteresis. Among 

the elements, Cu substitution for Ni is unique since it alters the martensitic transformation 

pathway, reduces the forward and reverce latent heats, and also reduces the thermal 

hysterysis of transformation. The martensitic phase transformation change by the increase 

of Cu content in binary NiTi is discussed in paper 4. Here, the focus is on the reduction 

of thermal hystresis and the latent heats. Tang et al. [1] performed a comprehensive 

thermal analysis of ternary Ti50Ni50-xCux system by means of DSC measurements. They 

found that the increase of Cu content in the alloy system leads to decrease of the amount 

of latent heats and thermal hysterysis without offering any explanation. It is found that 

the measurment of the amount of the latent heat of the second step of forward martensitic 

phase transformation (B19→B19′) is difficult, when the middle phase emerges [1, 2]. 

Other techniques such as X-ray diffraction and electrical resistivity measurements needs 

to be used to determine the second step of the forward phase transformation in ternary 

NiTiCu alloy [3]. There is also no explanation for such observations in the literature.   

To confirm the claims in the literature, DSC measurements are used to study the effect of 

Cu addition on the binary NiTi alloy system.  Fig. S1 shows the DSC measurements of 

the transformation behaviour of a binary Ni50Ti50 sample and a ternary Ni37Ti50Cu13 

sample, both solution treated at 650°C for 20 min. Both of the samples exhibited a single 

stage phase transformation. The single stage phase transformation in Ti50Ni50 is 

B2↔B19′, whereas the Ni37Ti50Cu13 alloy is exhibited B2↔B19M. The second step of 

martensitic transformation is diffuse and difficult to be observed using DSC.  It can be 

seen that the thermal hysteresis of the B2↔B19M transformation in the Ni37Ti50Cu13 alloy 

is much reduced (12.3°C) relative to that of the B2B19′ transformation in the Ni50Ti50 

alloy (43.6°C). It is difficult to compare the B2↔B19′ thermal hysteresis of the samples 

as the B19M→B19′ in the alloy with 13 at% Cu is diffused. The forward and reverse latent 

heats of the Ni37Ti50Cu13 sample was also reduced (5.90 J/g and 5.34 J/g for forward and 

reverse transformations, respectively) compared to that of the equiatomic alloy (17.31 J/g 
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and 16.32 J/g for forward and reverse transformations, respectively).This is consistent 

with the previous experimental observations. 
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Figure S1. DSC measurements of the transformation behaviour of binary Ni50Ti50 and 

ternary Ni37Ti50Cu13 alloys both solution treated at 650°C for 20 min. 
 

Fig. S2 shows the phonon dispersion of B19M phase containing 6.25 at% Cu. This 

composition is the lowest composition at which the B19M phase is stablised in the 

calculations. The imaginary frequencies (negative frequencies) in the phonon calculations 

indicate dynamic instability of the phase. The frequencies for B19M  are all positive that 

complements the earlier DFT calculation and the experimental evidence presented in this 

chapter. 
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Figure S2. Phonon dispersion of B19M with 6.25 at% Cu content.Phonons are 
extracted from simulations using 384 atom super-cells (223 super-cell from the 

primitive 32 atoms unit cell). 
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Chapter 6 

 

6. Concluding Remarks 
 

 

This thesis contains three main bodies of knowledge of NiTi-based shape memory 

materials: (i) functionally graded shape memory alloys, (ii) NiTi matrix nanocomposites, 

and (iii) phase stability of NiTi and NiTiCu systems. The specific conclusions of the 

studies within each of the three topical areas have been presented in the respective 

chapters. Below summarizes the main advances of knowledge and discusses the future 

directions of each of the areas. 

 

6.1. Functionally graded shape memory alloys 

6.1.1. Main Advances of Knowledge  

The martensitic transformations in shape memory alloys generally occur within a narrow 

temperature window. For stress induced transformation, the stress window is often zero 

in the case of Lüders type deformation. This severely reduces the controllability of the 

shape memory effect and pseudoelasticity in applications. A solution is to create property 

gradient within the body of a shape memory alloy. Such functionally graded shape 

memory alloys have the advantages of both widened temperature and/or stress windows 

for the martensitic transformation, thus much improved actuation controllability, and 

some novel thermomechanical properties. Some ground work has been completed prior 

to this work, and this thesis has made new and original contribution to the design and 

characterization of functionally graded shape memory materials.  

Functionally graded designs of NiTi-based shape memory alloys can be achieved through 

three approaches, including microstructural variations, compositional variations, and 

geometrical variations through the body of a material. The microstructurally graded and 

the compositionally graded NiTi-based shape memory alloys have been invented and 
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investigated in previous studies. The focus of the geometrically graded designs has been 

on the series configurations, where the direction of the geometry gradient is parallel to 

the loading direction. In this thesis, the new geometrical gradient in parallel configuration 

is created and studied, as presented in Chapter 3. The conclusion of this study has 

completed the full design concept of functionally graded NiTi-based shape memory 

alloys. The main advances of knowledge of this work may be summarized as following: 

(1) A new novel approach is established to create geometrically graded designs in 

shape memory materials.  

(2) The propagation front of the martensitic phase transformation, in the stress 

induced phase transformation, advances normal to the loading direction. It starts 

from the shorter side of the graded structure. 

(3) In the stress induced phase transformation, the stress plateau is divided into two 

different stages, (a) zero slope and (b) positive slope, thus increase controllability 

of the material’s behaviour.  

(4) It is proven that the stress window and the start of the positive slope stage can be 

controlled via change of the aspect ratios. 

(5) The continuous sample experiences a stress concentration due to the created 

aspect ratio, whereas in the discrete sample each long strip has aspect ratio of ~1 

that resolves the stress concentration issue created by the aspect ratio effect. 

 

6.1.2. Future Outlook for Functionally Graded Shape Memory Alloys 

The future development of geometrically created functionally graded shape memory 

alloys can be suggested as following: 

(1) The taper angle may have a significant effect on the mechanical response of the 

parallel configuration. The effect of the taper angle variation needs to be studied 

to complete the work in the parallel deign domain.  

(2) The current study revealed a two-step (i.e. flat and positive slope) stress plateau. 

It enhances the controllability of SMAs, but does not offer an ultimate solution 

due to the flat part. One possibility to eliminate the flat part can be low aspect 

ratios. The feasibility of that needs to be studied. 

(3) The localized propagation of the transformation front through stress induced 

martensitic phase transformation is simulated via finite element technique. 
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Experimental validation of the propagation pattern needs to be established to 

complement the numerical findings.  

(4) To further investigate the effect of parallel configuration on the mechanical 

response of SMAs, it is a good idea to study the shape memory effect and strain 

recovery of near equiatomic NiTi under parallel configuration. 

 

6.2. Thermal stability of in-situ NiTi nanocomposites 

6.2.1. Main Advances of Knowledge  

Both nano-refinement of microstructure and composite design have proven to be highly 

effective in significantly improving and enriching the properties of shape memory alloys. 

One step further is the nano-structured in-situ NiTi matrix – Nb nanowire composite. This 

composite has demonstrated extraordinary properties unprecedented among all shape 

memory alloys and in certain degree in the history of physical metallurgy, with the 

achievement of ultra-large, near-ideal elastic strains of 6.4% in the Nb nanowires 

embedded in the NiTi matrix. This is a breakthrough to the longstanding challenge of 

harnessing the extraordinary properties of nanomaterials in bulk form. This work 

effectively opens a new door to an array of martensitic phase transformation matrix 

enabled advanced nano-inclusion composites. 

At the meantime, it is also well known that the nanostructures are highly unstable 

thermally, due to the excessively high surface and misfit energies. Therefore, it is critical 

to have a good knowledge of the thermal stability of the microstructures of such materials. 

In this regard, the findings of this study are of generic importance for the understanding, 

the design and development similar in-situ nanoinclusion metallic composites. The 

specific findings of this study have been presented in Chapter 4. The main advances to 

knowledge of these findings can be summarized as following: 

(1) Both nanowires and nanoribbons embedded in NiTi based matrixes are found to 

be thermally unstable.  

 

(2) The coarsening mechanism of nanowires and nanoribbons via Ostwald ripening 

and Rayleigh principles occurs at low temperature heat treatments such as 450°C 

for 20 min. This heat treatment is only enough for the formation of nano-grains 

inside the matrix after the cold work. Higher annealing temperatures and/or 
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durations, change the morphology of the nanowires and nanoribbons to 

nanoparticles which can highly effect the average amount of elastic strain of 

nanoinclusions.   

 

(3) Diffusion of Nb atoms through the matrix is revealed to cause partial 

amorphisation. This is the second cold work of the nanocomposite samples 

without physical wire drawing. This is a unique phenomenon induced via Ostwald 

ripening and has not been reported in the literature. 

 

(4)  Prolonged heat treatments reduces the flux of Nb atoms through the matrix, thus 

recrystallisation of the matrix can occur. 

 

(5) A high enough annealing temperature causes physical rotation of the nanowires 

and nanoribbons and eliminates the preferential orientation of them created via 

wire drawing process.  

 

6.2.2. Future outlook for NiTi matrix in-situ composites 

This study, and the earlier work on in situ NiTi-Nb nanowire composite, have opened a 

door for development of many exciting and promising high performance materials. At the 

same time, this study has also discovered some new phenomena and raised some new 

questions. To establish the technology of NiTi in-situ nanocomposites, some further 

studies are needed to extend the current knowledge on this significant topic. The future 

research directions can be considered to include the following: 

(1) Although the mechanism of fragmentation and coarsening of nanowires/nanorods 

are well established, atomistic simulations are needed to consider the mechanism 

behind the morphology change of nano-ribbons with different geometries. 

(2)  Theoretical and atomistic studies are needed to explore the amorphisation of the 

matrix via Nb diffusion. 

(3) The role of distance between the nanoinclusion to facilitate diffusion and its 

impact on local amorphisation needs to be thoroughly investigated. 
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(4) The effect of morphology change of the nanoinclusion on the mechanical 

properties of the nanocomposite sample needs to be done. 

(5) The effects of size and geometry of nanoinclusions, embedded in the shape 

memory based matrixes, on the average quasi-linear elastic strain of them need to 

be studied. This can be studied using atomistic simulations or in-situ TEM 

experiments. Using any of the methods should determine the gradient of the 

elastic strain inside the nanoinclusion systems. 

(6) The high temperature heat treatment is shown to significantly affect the 

morphology of the nanowires and also the crystallinity order of the matrix. It is 

necessary to study the effect of the high temperature heat treatment on the 

mechanical response of the nanocomposite systems.  

 

6.3. Theoretical study of shape memory alloys 

6.3.1. Main Advances of Knowledge  

Density functional theory (DFT) method has been proven to be a very powerful tool to 

study materials at 0 K condition. It allows the interrogation and presentation of some most 

fundamental behavior and structure of materials that are impossible to do experimentally. 

The application of this method to materials science has made numerous new discoveries. 

In this study, it is used to investigate the thermodynamic stabilities of the various phases 

in NiTi and NiTiCu shape memory alloys, and the main findings are presented in Chapter 

5. The main contributions to knowledge of these findings may be summarized as 

following 

(3)  It has been revealed that the hydrostatic pressure can destabilise the theoretically 

predicted new phases (i.e. B19″ and BCO) and stabilise B19′, which is not stable 

in DFT calculations in the fully relaxed condition.  

(4) It has been revealed that hydrostatic pressure can switch the ground state of the 

NiTi system. 

(5) Hydrostatic pressure increases the enthalpy barrier between the monoclinic 

phases. 

(6) In the case of NiTiCu ternary system, the middle phase of the B2↔B19′ phase 

transformation is found to be a monoclinic structure. This finding contradicts the 

earlier claims of the existence of an orthorhombic phase as the intermediate 

structure. The DFT assisted finding has been confirmed by matching the 

simulated and experimentally measured XRD patterns of the Ni40Ti50Cu10 system.  
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(7) It is found that increasing the Cu content reduces the monoclinic angle of the 

monoclinic structures. 

 

6.3.2. Future outlook of theoretical studies on the topic of phase stability of NiTi and 
NiTiCu alloys 

The future researches and directions can be suggested as following: 

(1) The effect of shear stress is well studied and established through DFT calculations 

in the binary NiTi alloy. In the thesis, the effect of hydrostatic pressure is 

comprehensively covered. A combination of shear and hydrostatic pressure needs 

to be carried out to predict the effect of complex loading condition on NiTi. The 

complex stress tensor is a more realistic calculation of a real alloy system. 

 

(2) It has been reported that the hydrostatic pressure reduces the monoclinic angle of 

B19″, thus B19′. An experimental confirmation of the fact to complement the 

theoretical finding is needed. 

 

(3) The effect of hydrostatic tension needs to be considered in the binary NiTi alloy. 

 

(4) The effect of hydrostatic loadings (i.e. compression and tension) needs to be done 

for the ternary NiTiCu system with different Cu contents. 

 

(5) It has been hypothesized that increasing the Cu content reduces the monoclinic 

angle of B19′. There is only one experimental evidence available at 16 at% Cu. A 

systematic study of the monoclinic angle change is required to reveal the trend of 

angle with increasing of Cu content. 

 

(6) The new B19M phase is confirmed via the XRD pattern of Ti50Ni40Cu10 sample. 

A complete systematic exploration over different Cu contents in binary NiTi is 

required to establish the experimental ground of the B19M phase. 
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(7) The DFT calculations of NiTiCu has been carried out with a limited size of 

supercell with only 32 atoms. The effect of the supercell size needs to be 

established to shed light on the analysis of the ternary shape memory alloys. 

 

With the above, I wish to most sincerely thank you for your interest in my work and for 

your great patience in reading this thesis. I hope you have also shared the same joy and 

fascination I have had in conducting this research. 




