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Abstract 

 

This PhD thesis explores the creation and characterization of functionally graded NiTi 

materials. These materials are designed to have gradual or abrupt microstructural or 

compositional variations within the body of one piece of material, hence exhibiting 

gradual or sudden martensite transformations from one part of the material to another. 

These materials have several distinctive advantages for application, including enlarged 

transformation temperature and stress intervals for the forward and reverse martensite 

transformations, thus offering better controllability for actuation design, complex shape 

memory mechanical behaviours, and property variations in different parts of a material 

to suit specific application requirements. 

 

This research on the design and development of functionally graded NiTi materials 

consists of four major parts: (1) fundamental study of the temperature interval of the 

B2-B19’ thermoelastic martensitic transformation in near-equiatomic NiTi, (2) 

fabrication of one-dimensional NiTi wires with discrete microstructural variation along 

the length, (3) creation of two-dimensional NiTi plates with microstructural gradient 

within the thickness, and (4) creation of two-dimensional NiTi plates with 

compositional gradient within the thickness. Part (1) focuses on a fundamental research 

that serves as theoretical guide for the other three parts. Parts (2), (3), (4) explore the 

creation of three novel forms of functionally graded NiTi materials. This thesis is 

written in the form of compilation of research publications, with two papers in each part. 

 

(1) Temperature intervals and athermal nature of thermoelastic martensitic 

transformations 

 

Transformation temperature interval is a fundamental thermodynamic parameter for 

thermoelastic martensitic transformations as well as an important technical parameter 

for the design of functionally graded NiTi. It is usually determined by thermal analyses 

at finite heating and cooling rate, such as differential scanning calorimetry (DSC), 

thermodilatation analysis and electrical resistance measurement. Due to the large latent 

heat involved and the finite heating/cooling rate used, these measurements normally 

over-estimate the temperature interval of the transformations. 
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This study attempts to determine the real values of the transformation intervals of the 

B2↔B19’ thermoelastic martensitic transformation in polycrystalline NiTi by DSC, 

using a special technique of interrupted DSC measurement. The transformation 

temperature intervals are found to be 8.4 K and 12.9 K for the forward and reverse 

B2↔B19’ martensitic transformation in a commercial near-equiatomic Ti-50.2 at.%Ni 

alloy. These values are 30~40% smaller than those commonly reported in the literature. 

Based on these measurements, variations of the specific elastic strain energy stored by 

the transformations are estimated. A parallel study is also conducted on Heusler type 

thermoelastic martensitic transformation systems (NiCoMnIn).  

 

There has also been debate in the literature of the nature of thermoelastic martensitic 

transformations in shape memory alloys, being isothermal or athermal. The interrupted 

DSC technique allows investigation of the time effect on the process of the 

transformation. It is found that apparent temperature interval of a thermoelastic 

transformation consists of three contributions, including (i) the part due to the storage of 

elastic strain energies, which is intrinsic to the thermoelasticity of the transformation, 

(ii) structural inhomogeneity of the matrix, which is a metallurgical condition of the 

actual material, and (iii) thermal delay due to heat conduction during the measurement, 

which is a condition of the experiment. 

 

(2) One-dimensional NiTi wires with discrete microstructural variations 

 

One-dimensional NiTi wires with discrete microstructural variations along the length 

are created by selective heat treatment. The selective local heat treatment can be 

achieved by electrical resistance over-aging, electrical resistance anneal, or local laser 

scan anneal. A commercial superelastic NiTi wire was over-aged by electrical resistance 

heating, which resulted in the deterioration or total suppression of its superelasticity, 

whilst the reminder of the wire length remained superelastic. The tensile stress-strain 

behaviour of such treated wires is characteristic of two discrete stress plateaus during 

the stress-induced martensite transformation, corresponding to the original and over-

aged sections. These mechanical variations offer improved controllability as guide wires 

and for actuations. 

 

Experimentation of local electrical resistance over ageing discovered some peculiar 

stress-strain phenomena, including stress serration during the transition between the two 
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stress plateaus and a “bulging stress plateau” from the over aged section. The study also 

investigated these phenomena and revealed their origins. 

 

(3) Two-dimensional NiTi plates with microstructural gradient within the thickness 

 

Two-dimensional NiTi plates with microstructural gradient within the thickness are 

fabricated by surface laser anneal after cold working. Variation of heat penetrating the 

plate thickness creates a progressive degree of anneal, thus a microstructural gradient 

within the thickness of the plate. The microstructure gradient leads to a progressive 

shape recovery through thickness in the form of curvature variation upon heating after 

deformation in tension. By controlling the laser processing conditions and plate 

thickness, the shape recovery behaviour can be customized to be either monotonic or 

“all-round” curvature change. A “fishtail-like” motion, with activation temperature 

windows of the order of 60 K is created. This shape evolution is a creative and useful 

for new mechanical designs for actuation. The enlarged activation temperature window 

enhances the accuracy for actuation control. 

 

(4) Two-dimensional NiTi plates with compositional gradient within the thickness 

 

Two-dimensional NiTi plates with compositional gradient within the thickness are 

created by diffusion anneal. A thin layer of Ni is first sputter-coated onto one surface of 

a thin equiatomic NiTi plate. Diffusion anneal at above 1000 K creates a Ni 

concentration gradient through thickness of the NiTi plate, thus a gradient of the 

martensite transformation temperature. NiTi thin plates thus treated exhibit “all-round” 

shape recovery in a “fishtail-like” motion, like in the case above. Also, after tensile 

deformation to beyond the stress plateau, the plates exhibit a unique “four-way” shape 

memory effect upon cooling and heating, with a two-way reversible shape change on 

each of the temperature variation. The maximum activation curvature change achieved 

is 0.178 (1/mm) and the maximum activation temperature interval achieved is 65 K. 

This special mechanical behavior renders enhanced and novel applications of NiTi 

plates as actuators. 
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CHAPTER 1 
 

INTRODUCTION 

 

 

 

1.   Fundamentals of NiTi Shape Memory Alloy  
1.1   Shape memory effect 

Shape memory alloys (SMAs) are a group of metals that exhibit a unique ability to 

return to their predefined shapes from deformed state as a result of external stimulations, 

e.g., in temperature, stress, pressure or magnetic filed. Depending on temperature T , at 

which the alloy is deformed, this unique ability may manifest into two different 

functional properties, i.e., the shape memory effect (SME) and the pseudoelasticity (PE) 

[1, 2]. Figure 1 shows an artist’s impression of the shape memory effect and 

pseudoelasticity. The SME is illustrated in (a) when T  is below a critical temperature 

cT . In this case a straight SMA piece is bent and remains in the deformed shape after 

the release of the force, like an ordinary ductile metal alloy. However, upon heating to 

above the critical temperature, the rod returns to its original state, “remembering” its 

original shape. The pseudoelasticity is illustrated in (b). This behaviour occurs at cTT > . 

The deformed metal returns to its original shape spontaneously upon releasing the load. 

Since the deformation is completely recoverable, thus “elasticity”, yet the deformation 

does not follow the classic Hooke’s law of elasticity, thus the term “pseudoelasticity”. 

Because of these unique properties, SMAs have been regarded as smart materials, 

functional materials, adaptable materials or indestructible materials. They have been 

used in a wide range of applications, e.g., as smart materials in pipe couplings [3] and 

sensors and actuators [4, 5], as indestructible materials in cellular phone antennae and 

spectacle frames [6], as adaptive materials for airplane wing morphing and seismic 

protection of historical building [7] and as biomedical materials for vena cava filter and 

self-expending stent [8]. 
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Figure 1. Schematic illustration of (a) shape memory effect (SME) and (b) 

pseudoelasticity (PE) 

 

A rubber-like elastic property was firstly discovered in an Au-Cu alloy in 1932 [9]. A 

similar pseudoelastic behaviour, due to the formation and disappearance of a martensitic 

phase by decreasing and increasing the temperature, was observed in Cu-Zn and Cu-Sn 

alloys in 1936 [10]. Nevertheless, it was only in the 1960's [10] that this special 

mechanical behaviour, induced by the thermoelastic martensitic transformation, was 

termed as Shape Memory Effect (SME) and attracted some technological interest. SME 

was, thereafter, discovered in some 40 different alloy systems, roughly classified into 

Cu-based [11, 12], Fe-based [13, 14], NiAl-based [15, 16] and NiTi-based alloys [17, 18] 

and ferromagnetic SMAs [19, 20]. Among them, NiTi-based alloys are the most popular 

SMAs and they have found a wide range of applications, owing to their superior 

mechanical, chemical and bilomedical properties as well as excellent shape memory 

effects. For this reason, research on the fundamental knowledge of NiTi that may offer 

theoretical guidance for the production has attracted enormous attention. Five decades 

of intensive study has established a firm understanding of the fundamentals on NiTi 

alloys, including the phenomenological crystallographic theory of martensitic 

transformations [21-25], thermodynamics of thermoelastic martensitic transformations, 

comprehensive characterisation of the thermomechanical behaviour of NiTi shape 

memory alloys [26, 27], and knowledge of the processing and optimization of their 

functional properties [19, 28-35]. 

 

1.2   Thermoelastic martensitic transformations  

It is well understood that these unique functional properties of shape memory alloys are 

related to thermoelastic martensitic phase transformations [36, 37]. Thermoelastic 

martensitic transformation is a diffusionless and reversible solid phase transformation, 

from a parent austenite phase to a product martensite phase upon cooling. For the 
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diffusionless solid state transformation to occur, atoms must move cooperatively at the 

local scene within the lattice. In this regard, the lattice distortion of the solid state 

transformation at the unit cell level is accumulated and manifest into at the crystal level 

as macroscopic shape changes. This concept is schematically shown in Figure 2 (a). 

The macroscopic shape change of the crystal is permitted mechanically in the 

transforming body is a single crystal. For a grain inside a polycrystalline body, the 

lattice distortions need to be accommodated internally, by a certain mechanism. There 

are fundamentally two mechanisms for lattice distortion accommodation, (i) by internal 

slip or (ii) by forming self-compensating, twin-related variants of the martensite, as 

schematically shown in Figure 2 (b) and (c). The first mechanism is mechanically 

irreversible, whereas the second mechanism is. The second mechanism by twining 

variants essentially defines “thermoelastic martensitic transformations”. The special 

arrangement of the twinned variants to give nil total shape change is known as the “self-

accommodation” of martensite variants. 

 

 
Figure 2. Schematic view of (a) lattice distortion of the martensitic transformation; (b) 

lattice distortion accommodation by internal slip; (c) lattice distortion accommodation 

by self-accommodation of martensite variants  

 

It is apparent in the above description that the process of a thermoelastic martensitic 

transformation is a mechanical event as well as a phase transformation. As a first order 

phase transformation, it is responsive to temperature and compositional variations. As a 

mechanical event, it is sensitive to stress and microstructural influences. These unique 
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characteristics on one hand define the unique thermomechanical properties of SMAs 

and on the other provide opportunities for the design of materials and their processing 

techniques to best harvest their potentials. This knowledge is based on the 

understanding of the binary Ti-Ni system. 

 

1.3   Ti – Ni binary system 

Figure 3 shows the Ni – Ti binary phase diagram, as understood today [31]. The system 

has three intermetallic phases between Ti and Ni, including Ti2Ni, TiNi and TiNi3. The 

equiatomic NiTi phase is the phase that shows the martensitic transformation, thus the 

shape memory effect.  

 

The NiTi region has a practically vertical boundary on the Ti-rich side at 50 at.% Ni. 

The boundary on the Ni-rich side extends to a maximum of ~57 at.% Ni 1389 K (1116 

oC). The boundary, or the solvus of Ni in NiTi, narrows down with decreasing 

temperature to ~50 at.%Ni at about 773 K (500 oC). This characteristic renders the 

phase ability to develop Ni-rich precipitates. It is known that Ni-rich NiTi, may 

precipitate to three different Ni-rich phases in the following sequence [31, 33-35, 38, 

39]: 

4310 )( NiTiNiTi +→ ββ  

               322 NiTi+→ β  

               33 TiNi+→ β  

)(0 NiTiβ , 1β , 2β  and 3β  represent near-equiatomic NiTi with different Ni contents. 

TiNi3 is a stable intermetallic phases in the binary Ni-Ti system. It is incoherent with 

the matrix and is formed in Ni-rich alloys under equilibrium conditions after aging at 

high temperatures (>973 K) for long times. Ti2Ni3 and Ti3Ni4 are two metastable 

intermetallic phases. They are transitional phases from NiTi to TiNi3. Ti2Ni3 is 

incoherent with the matrix and has little impact on the thermal and mechanical 

behaviour of NiTi [31, 35]. Ti3Ni4 is a coherent precipitate. It has strong influence on 

the martensitic transformations of NiTi, and thus is used extensively to tailor the 

functional propertiers of NiTi. The Ti-rich intermetallic, Ti2Ni, may also be formed 

from NiTi. It usually forms in solidified structure of melted TiNi or annealed Ti-rich 

alloy after deformation [40, 41]. 
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Figure 3. Binary phase diagram of Ni-Ti [31] 

 

It is apparent in the above description that the process of a thermoelastic martensitic 

transformation is a mechanical event as well as a phase transformation. As a first order 

phase transformation, it is responsive to temperature and compositional variations. As a 

mechanical event, it is sensitive to stress and microstructural influences. These unique 

characteristics on one hand define the unique thermomechanical properties of SMAs 

and on the other provide opportunities for the design of materials and their processing 

techniques to best harvest their potentials. This knowledge is based on the 

understanding of the binary Ni-Ti system. 

 

1.4   Crystal structure and transformation sequence of equiatomic NiTi alloy 

The near-equiatomic NiTi phase is in B2 structure at elevated temperatures. It may 

transform martensitically to two other phases, known as the martensite and the R-phase. 

The martensite has a B19’ structure and the R-phase has a trigonal structure. With the 

addition of third element (e.g., Cu), it may also exhibit a B19 phase [42, 43]. 

Crystallographic parameters of the four structures are summarized in Table 1. Figure 4 

shows schematic views of the structures (where both Ni and Ti atoms have equal chance 

to occupy the big grey or small white lattice positions). 
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Table 1 Crystallographic parameters of the various phases of NiTi [31, 44] 

  Crystal Structure Crystal Parameters (nm) 

Austenite B2 BCC a = 0.305 

B19’ Monoclinic 
a = 0.2898, b = 0.4108,  

c = 0.4646, β = 97.78° 

B19 Orthorhombic 
a = 0.2881, b = 0.4279 

c = 0.4514 

Martensite 

R Trigonal a = 0.738, c = 0.532 

 

 
Figure 4. Crystal structures of the various phases of NiTi: (a) B2; (b) B19; (c) B19’; (d) 

R [45, 46] 

 

Among the four phases, five different thermoelatic martensitic transformations are 

possible, as shown in Figure 5. 

 

A unique characteristic of martensitic transformations is that the parent phase, i.e., The 

austenite, and the product phase, commonly referred to as the martensite, bear certain 

strictly defined crystallographic relationships, known as the lattice correspondences. 

The austenite at the higher temperature is always the high symmetry phase (e.g., the B2 

phase) and the martensite at the lower temperature is the low symmetry phase (e.g., the 

B19’ phased). Because of this, there are usually multiple equivalent variants the 

martensite may form into from a single grain of austenite and the forward 

transformation occurs though self-accommodation (upon cooling) or reorientation (upon 
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loading of external force) of martensite variants [22, 23, 25]. Upon unloading or heating, 

martensite reverts back to austenite. Although the forward transformation from austenite 

to martensite may take multiple routes into different variants, the return path from each 

variant to austenite is unique, apparently due to the low symmetry of the martensite 

phase. This guarantees that the deformation encountered by the deformed martensite is 

fully recovered upon the reverse transformation. This is the crystallographic foundation 

of the shape memory effect and pseudoelasticity of shape memory alloys. 

 

 
Figure 5. Three martensite transformation sequences in NiTi alloys [31] 

 

1.5   Thermomechanical behaviour of NiTi 

Thermoelastic martensitic transformation involves lattice distortion. It hence is a 

mechanical deformation process microscopically as well as a thermal transformation 

process. Thus both temperature and stress may induce the transformation. The 

characterisation of thermoelastic martensitic transformation of NiTi is herewith 

classified into three main categories according to the stimulus and the response. 

 

(1) Thermal transformation behaviour 

Thermal transformation behaviour is normally detected by means of differential 

scanning calorimetry (DSC) [34, 47], internal friction measurement [48] and electrical 

resistance technique [49]. The dashed line in Figure 6 (a) shows a temperature-induced 

martensitic transformation of a fully annealed Ti-50.2 at.% Ni, detected by DSC. Also 

shown in Figure 6 (a), by the solid line, is the hysteresis loop integrated from the DSC 

curve. The release and absorption of heat indicate the occurrence of the forward 

(exothermic process) and reverse (endothermic process) transformations. From the 

measurement, some transformation characteristic parameters may be defined, including 

the starting and finishing temperatures sM  and fM  for the forward transformation and 
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sA  and fA  for the reverse transformation, the temperature interval fs
MA MMT −=Δ −  

for the forward transformation and sf
AM AAT −=Δ −  for the reverse transformation, the 

transformation latent heat AMH −Δ , MAH −Δ  and the temperature hysteresis 

sf MA −=η . 
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Figure 6. Thermoelastic martensitic transformation behaviours of near-equiatomic NiTi 

alloys: (a) thermally induced transformation behaviour as measured by DSC [47]; (b) 

mechanically induced  transformation behaviour in pseudoelasticity [50]; (c) 

transformation behaviour during thermal cycling under constant load; (d) schematic 

view of the hystoelastic phenomenon  

 

The thermally induced martensitic transformation under stress-free conditions occurs 

though self-accommodation of martensite variants [21, 22]. The martensite variants are 

self-accommodated into organized twin-related organization by sharing coherent inter-

variant interfaces. The geometrical arrangement within variants and the coherent inter-
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plane between variants compensate the elastic strain and promise the macroscopic zero 

shape change [22, 25]. 

 

(2) Mechanically induced martensitic transformation 

Figure 6 (b) shows a typical deformation behaviour of Ti-50.2 at.% Ni, annealed at 713 

K after cold rolling, in tension at 353 K. After an initial elastic deformation of the 

austenite, a Lüders-type deformation behaviour characteristic of a stress plateau is 

observed. This stress plateau corresponds to the stress-induced martensitic 

transformation from the austenite.  

 

The stress-induced martensitic transformation occurs by the formation of oriented 

martensite variants [45, 51, 52]. It is known by the crystallographic theory of 

martensitic transformations that there exist generally 24 possible martensite variants for 

any given austenite grain. Thus under an applied stress, the martensite variant that 

produces the maximum elongation along the stress will preferentially form in each grain 

in a polycrystalline matrix, producing the collective macroscopic strain [45, 51, 52]. 

Stress-induced martenstic transformation is a mechanical process as well as a phase 

transformation process. It hence is sensitive to temperature variation. The dependence 

of the critical stress for the transformation on temperature obeys the Clausius-Clapeyron 

relation [53, 54]. 

 

(3) Transformation during thermal cycling under constant load 

Figure 6 (c) shows a typical deformation behaviour of a fully annealed Ti-50.0 at.% Ni 

during thermal cycling under a constant tensile load. Similar to the thermal 

transformation behaviour, some transformation characteristic parameters may be 

defined from the measurement, including sM , fM , sA , fA , MAT −Δ  and AMT −Δ . Due 

to the existence of the biased force, the phase transformation in this case occurs through 

the formation of orientated martensite variants [45, 51]. 

 

Comparing Figures 6 (a) (b) and (c), it is obvious that all three transformation processes 

exhibit similar hysteresis loops, sometimes referred to as “hystoelastic behaviour”, as 

schematically shown in Figure 6 (d). It is seen that the volume fraction of martensite 

phase )(mf  changes on the variation of temperature (or stress) within temperature 

interval TΔ , which is the “thermoelastic” aspect of the transformation. It is also 

observed that there is a temperature hysteresis between the forward and the reverse 
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martensitic transformation, η , which is the “hysteretic nature” of the transformation. 

Phenomenological thermodynamic theory explains the occurrence of TΔ  and η in 

terms of the existence of the reversible elastic energy elEΔ  and the irreversible energy 

irEΔ  [55, 56]. 

 

All the characteristic parameters observed from the thermal and mechanical behaviour, 

including sM , fM , sA , fA , MAT −Δ , AMT −Δ  and SIMσ , are of practical importance, 

particularly for applications of NiTi alloys in sensor and actuators. Actuation of a NiTi 

component is usually triggered and controlled by controlling either the temperature or 

stress. In a temperature-controlled actuation, sM , fM , sA  and fA  defines the effective 

working temperature range of the actuation and magnitudes of MAT −Δ  and AMT −Δ  

determine the ease of the control of the actuation, or the controllability of the 

component. In this regard, NiTi alloys with large transformation temperature intervals 

are desired for accurate progressive control of position precision, whereas alloys of 

small intervals are desirable for instantaneous and rapid actuation. Under the stress-

controlled mode, since the stress-induced martensitic transformation occurs at a single 
SIMσ  level over the Lüders-type deformation, the actuation is practically impossible to 

be controlled for position precision. In this regard, NiTi alloys with big stress intervals 

are desired for progressive actuation control. 

 

1.6   Thermomechanical treatment of NiTi alloys 

Depending on the ability to produce Ni-rich precipitates, NiTi shape memory alloy may 

be divided into two subclasses: the near-equiatomic NiTi (<50.3 at.% Ni) and the Ni-

rich NiTi ( ≥ 50.4at.% Ni). The near-equiatomic NiTi alloys generally do not form Ni-

rich precipitates. Therefore, their thermomechanical treatment is mostly done by cold 

working and annealing. The Ni-rich NiTi alloys are able to form Ni-rich precipitates. 

These precipitates, in particular, the coherent Ti3Ni4, influence the composition and 

microstructure of the NiTi matrix. Consequently, the thermal and mechanical properties 

of Ni-rich NiTi alloy are usually manipulated by controlling the aging treatment of the 

alloys. 

 

(1) Cold working and annealing of near-equiatomic NiTi alloys 

Cold working introduces high densities of dislocations and structural defects in the body 

of NiTi. The extensive and complex internal stresses generated strengthen the matrix 
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but also impacts on the martensite transformation by depressing or even suppressing 

completely the transformations [57, 58]. Annealing after deformation negates the effect 

of deformation through a microstructure evolution and hence influences the 

transformation and the mechanical behaviours. With increasing the annealing 

temperature, the microstructure evolution goes through different stages, including the 

reversion of the cold-work induced martensite, recovery and recrystalization of the 

deformed matrix [59-62]. Figure 7 (a) shows DSC measurement of the transformation 

behaviour of three representative samples annealed at three different temperatures after 

cold work [63]. Figure 7 (b) shows the effect of anneal temperature on the 

transformation temperatures [59]. 

 

It is generally observed that after severe cold work, martensitic transformation activities 

may remerge after annealing at 620 K. At between 620 K ~ 853 K, the cold worked 

NiTi undergoes recovery stage. Within this stage the alloy exhibits a two stage 

B2↔R↔B19’ transformation. Presence of the R phase is associated with the internal 

stresses in the matrix [31, 64]. Depending on the level of recovery, the intensity of the 

internal stresses varies. Thus the transformation temperatures increase with increasing 

annealing temperature. The recrystallisation temperature of NiTi is 853 K [59, 60]. 

Anneal at above this temperature leads to a single-stage B19’↔B2 transformation [19, 

28, 30, 63]. 

 

Annealing also has strong influence on the mechanical behaviour of equiatomic NiTi. 

Figure 8 (a) shows the stress-strain curves of three isothermally annealed samples of a 

Ti-50.2 at.% Ni alloy at 318 K [19]. These three samples were annealed at 573 K, 673 K 

and 773 K. They show three typical mechanical behaviours for annealed equiatomic 

NiTi. Annealed at 573 K, the sample deforms via stress-induced B2→B19’ martensitic 

transformation at a high critical stress for martensitic transformation ( SIMσ ) and a 

complete pseudoelastic recovery at 318 K. Annealed at 673 K, the sample deforms 

firstly via stress induced R-phase reorientation (as indicated by the arrow in Figure 8 (a)) 

and then the R→B19’ transformation, showing a partial pseudoelasticity at 318 K. 

Annealed at 773 K, the sample deforms via stress-induced martensitic transformation at 

a low SIMσ , showing shape memory effect at 318 K. Figure 8 (b) shows the effect of 

annealing temperature on the critical stresses for inducing martensite SIMσ  at 318 K[19]. 

It is seen that SIMσ  decreases with increasing annealing temperature in the range 
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Figure 7. Effect of annealing temperature on the transformation behaviour of near-

equiatomic NiTi: (a) Transformation behaviour of NiTi after annealing [63]; (b) effect 

of annealing temperature on transformation temperature of near-equiatomic NiTi [59] 

 

below the recystalization temperature. At above the recrystlization temperature, the 

critical stress shows little dependence of the annealing temperature. Figure 8 (c) shows 

the effect of annealing temperature on the yield strength, AYσ , and SIMσ  (only at above 

the recrystalization temperature) [63]. It is seen that AYσ  decreases rapidly with 

increasing annealing temperature at below the recrystalization temperature but increases 

slightly with increasing annealing temperature above that. SIMσ , on the other hand,  

 

(a) 

(b) 
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Figure 8. Effect of annealing temperature on (a) mechanical behaviour [19]; (b) the 

critical stresses for inducing martensite SIMσ  [19]; (c) the yield strength, AYσ [63] 
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increases slightly with increasing the annealing temperature at above the recrystalization 

temperature. 

 

(2) Ageing of Ni-rich NiTi alloys 

Ageing is mostly used to tailor the thermomechanical behaviour of Ni-rich NiTi alloys. 

The effect of aging is found to be complex because several determining parameters are 

involved, including alloy composition [65], ageing temperature [33, 35], aging time [35] 

and mechanical influence during ageing [38, 66-69]. Aging of Ni-rich NiTi, in solution 

treated state, is able to produce three different types of precipitates, including Ti3Ni4, 

Ti2Ni3 and TiNi3. Figure 9 shows the occurrence of the precipitates with respect to 

ageing time and temperature. Among them, Ti3Ni4 has the most profound influence on 

the transformation and mechanical properties of NiTi. 

 

 
Figure 9. TTT diagram describing Ni-rich precipitation formation in a Ti-52 at.% Ni 

alloy [31] 

 

Ti3Ni4 is a coherent precipitates [70]. It influences the transformation behaviour via the 

stress fields and Ni content alternation. It also influences the mechanical behaviour via 

precipitation hardening. Its formation increases the yield strength of the matrix [31, 32, 

35, 70], which prevents the plastic deformation before the stress-induced martensitic 

transformation and hence the reversibility. Pseudoelasticity of Ni-rich NiTi alloys is 

created by the low-temperature aging (723 K), associated with the precipitation of 

Ti3Ni4. In contrast, Ti2Ni3 and TiNi3 are incoherent and exist only as secondary phase 
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inclusions in the matrix [71]. Their only effect on transformation behaviour is due to the 

variation of Ni content in the matrix associated with their formation and dissolution [31, 

71]. Over growth of Ti3Ni4 will lead to its conversion to Ti2Ni3 and TiNi3, losing its 

influence on the transformation and mechanical behaviour of the alloy.  

 

The effect of ageing on the transformation behaviour of NiTi is complex. Figure 10 (a) 

shows the effect of ageing temperature on the transformation behaviour of Ti-50.9 at.% 

Ni [35]. The data shown are the peak temperatures of the transformations. It is observed 

that three different forms of martensites exist depending on the ageing temperature, with 

the same crystal structures but slightly different Ni content (M0, M1 and M2). It is seen 

that within the aging temperature range of 650-873 K, the reverse transformation 

temperatures decreases progressively with increasing ageing temperature. The evolution 

of the forward transformation is more complicated and may be divided into three stages. 

In stage I, at below 750 K, R→M1 transformation occurs over a wide temperature range, 

as indicated by the shaded area. In stage II, at between 750 and 830 K, multi-stage 

transformation occurs, involving both R→M1 and A→M2. This multi-stage 

transformation phenomenon is due to the short–range heterogeneity of the 

microstructure, caused by the mixed precipitation of coherent (Ti3Ni4) and incoherent 

(Ti2Ni3) precipitates [35]. In stage III, at above 830 K, A→M transformation occurs. 

The transformation temperatures decrease continuously with increasing aging 

temperature, indicating the progressive dissolution of Ni from the Ni-rich precipitates 

back into the matrix.  

 

Ageing also has strong influence on the mechanical behaviour of Ni-rich NiTi alloys. 

Figure 10 (b) shows the effect of ageing temperature on the critical stress for inducing 

martensite and the apparent yield strength of martensite ( M
yσ ) for three different ageing 

durations of Ti-50.9 at.% Ni [32]. It is seen that M
yσ  decreases progressively with 

increasing ageing temperature at above 750 K. Below 750 K the trends are less clear. In 

contrast, SIMσ  shows a slight but continuous increase with increasing ageing 

temperature at above 750 K. At below 750 K SIMσ  shows less dependence on ageing 

temperature.  
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Figure 10. Effect of aging temperature on (a) on critical temperature of transformations 

[35] and (b) the critical stress for inducing martensite at 295 K and the apparent yield 

strength of the stress-induced martensite [32] 

 

2.   Novel Structured NiTi 
Intensive study in the past five decades has led to the establishment of a firm 

understanding of the fundamentals of NiTi alloys. The thermal and mechanical 

behaviour of NiTi have been extensively characterized. The metallurgical and 

processing factors influencing the thermomechanical behaviour of NiTi have also been 

investigated systematically, such as Ni content or ternary alloy composition [72-75], 

cold working [28, 29], annealing [19, 29-31] and precipitation in aging [32-35]. Based 

on the established fundamental knowledge, improvement and optimization of the 

(b) 

(a) 
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thermomechanical and functional properties of NiTi can be achieved. This has 

contributed greatly to the rapidly developing applications of NiTi. 

 

Currently, the most popular NiTi products in application are mainly of conventional 

geometrical forms with homogeneous composition and microstructure, e.g., wires, tubes, 

and sheets. Innovations in medical and advanced engineering applications demand for 

development of novel structured TiNi. Some specially designed NiTi materials of 

creative structures have the advantage of combining the intrinsic functional properties 

of NiTi and the geometrical or structural characteristics of the design to offer new and 

improved performance attributes. For example, porous NiTi is fabricated to tailor the 

stiffness of the material to minimize the mismatch in Young’s Modulus between solid 

NiTi and bones for medical applications [76, 77]. NiTi thin films are manufactured to 

suit the dimensional requirements in micro-electro-mechanical systems (MEMS) [78, 

79]. Honeycomb structures are created to potentiate a strong superelasticity with over 

50% microscopic strain recovery [80-82]. NiTi-ceramic composites are made in an 

attempt to improve the fracture toughness of ceramics [83]. Functionally graded NiTi 

wires are fabricated to enlarge the actuation temperature intervals for improved 

controllability for sensor and actuators applications [84-86]. These demands have 

prompted effort to develop novel structured NiTi materials, including alloys of novel 

physical forms, macroscopically architecture materials, and functionally graded 

materials. 

 

2.1   NiTi alloys of novel physical forms 

Metals of novel physical forms may exhibit properties different from their conventional 

counterparts. Typical examples include nanoparticulate materials, nanowires and thin 

films. Some novel physical forms of NiTi alloys have been studied and developed. 

 

NiTi thin films have been under intensive study and development in the past 22 years 

[87]. Figure 11 shows a microwrapper fabricated from a NiTi thin film [88]. The low 

thickness of the films renders them very fast response and high frequency due to the 

very small thermal mass and the very large surface, thus the very response speed for 

activation. This implies increased performance in terms of power-volume ratio [88, 89]. 

NiTi thin films, therefore, have been recognized as a promising and high performance 

material in the filed of micro-electro-mechanical system (MEMS) and bio-MEMS, such 
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as microwrappers [90], micropumps [77], microvalves [77], and stents for 

neurovascular applications [91]. 

 

Common deposition methods to fabricate NiTi-based thin films includes magnetron 

sputtering [92, 93], laser ablation [94] and filter arc deposition [95]. DC magnetron 

sputtering is the most wildly used preparation method. Extensive efforts have been 

made to control and improve the composition and structure of NiTi thin films. For 

example, additional Ti inserts are usually used in the near-equiatomic NiTi target to 

compensate for Ti deficiency during sputtering [96], post annealing is implemented to 

the usually amorphous NiTi films for crystalization [97], and two way shape memory 

effect is trained by tailoring the precipitates in the NiTi films [98, 99].  

 

Some efforts have also been made to fabricate multi-layer and functionally graded NiTi-

based thin films [96, 100, 101]. The composition of NiTi thin films fabricated by 

common deposition using pre-alloyed NiTi targets is difficult to be controlled precisely 

because the composition of the deposited thin film is affected by the surface state of the 

target. Therefore, a novel work has been attempted to create NiTi thin films by 

depositing Ni and Ti pure metal nano-layers alternatively [102-104]. The multilayer thin 

film is then annealed at 873-1073 K to encourage inter-diffusion between the Ni and Ti 

layers to form B2 NiTi phase. Using this method, the composition of the thin film can 

be controlled precisely by adjusting the thickness ratio of the pure Ni and Ti layers. The 

multilayer thin films can exhibit excellent shape memory effect. 

 

 
Figure 11. Micrograpper fabricated from a NiTi thin film [88] 
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2.2   Macrostructured/Archetectured NiTi 

To construct materials in certain architectures or geometries to improve performance is 

not a new concept. Typical examples include I-beams for enhanced bending stiffness, 

the tubular framework of bicycles, springs for storing elastic energy and Al alloy 

honeycomb panels. Recognising this, efforts have been made to create various 

macroscopic architectures for NiTi materials.  

 

Architecturally designed NiTi materials have the advantage of combining the 

geometrical characteristics of the material architectures with the intrinsic functional 

properties of NiTi. Specially designed NiTi alloys of complex architectures, herewith, 

are of particular technical interest due to their ability to offer new and improved 

properties that are otherwise not available in monolithic materials. 

 

2.2.1   NiTi springs 

A typical example of architectured NiTi is NiTi springs. NiTi springs are widely used in 

various applications, for example for damping of dynamic loading, for storing elastic 

energy, and for offering a constant force delivery [105, 106]. Because of the large 

hysteresis originating from the martensitic transformation, the dissipated energy in a 

NiTi spring during vibration is considerably larger compared to the conventional steel 

spring, as shown in Figure 12(a) [105]. Moreover, the intrinsic superelasticity of NiTi 

renders the NiTi spring a continuous and constant force delivery in relation to time and 

kinetic activation [105]. As a result, NiTi springs are wildly used in civil engineering, 

e.g., in dampers for seismic protection of historic buildings, in medical engineering, e.g., 

as fixers for orthodontic application [107, 108] and for mandibular distraction in bone 

elongation surgery [109]. Figure 12(b) shows an example of the use of NiTi spring in 

orthodontic operation. Relative to a steel spring, a NiTi spring, as an elastic energy 

storage device, has the advantage to delay the release of the stored elastic energy until 

being heated, which could be at a different location from where when the energy is 

stored. In comparison, a steel spring releases stored elastic energy instantaneously upon 

unloading. 
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Figure 12. (a) Compare of the load-deflection curves of NiTi coil spring and conventional 

steel spring [105]; (b) NiTi coil spring used for orthodontic therapy [107] 

 

2.2.2   NiTi network structures 

Networked NiTi materials with 2 D or 3 D woven or braided structures have been 

developed [110-112]. The geometrical networks reduce the stiffness and produce much 

larger recoverable deformations. Textile NiTi has attracted great interest due to its 

capability of recovering shape and its unique thermomechanical properties. They have 

been made into some prototype designs for applications, e.g., as stent graft and 

biomedical garments [8] and as reinforcing and functional element in smart composite 

structures. Figure 13 (a) and (b) show a textile NiTi and a schematic view of a SMA-

based laminated composite with textile NiTi sandwiched between epoxy resin and 

carbon cloth preprag. The textile NiTi is woven with thin wires with diameter range 

from 0.15 to 0.2 mm [110]. The embedding of the NiTi textile renders the composite 

some unique abilities, e.g., tunable stiffness, shape-controllable active surface and self-

healing capability [110]. 

 

Textile NiTi may be fabricated by weaving, braiding, knitting and stitching NiTi wires 

and strips [110]. The functional properties of such structures can be designed and 

controlled by a number of design and processing parameters, including the geometrical 

features of the woven pattern, properties of NiTi wires, and fabrication techniques [111, 

112]. 

 

(a) 
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Figure 13. (a) Textile NiTi woven with NiTi wires ; (b) Schematic view of a SMA-based 

laminated composite with the textile NiTi sandwiched between epoxy resin and carbon 

cloth preprag [110] 

 

NiTi stents are another example of networked architectures of NiTi. Stents are 

implantable devices in cardiovascular surgeries to open angioplasty and support grafts 

[113]. Most stents today are made of 316L stainless steel, and are expanded against the 

vessel wall by plastic deformation, which propose high risk of rupture. NiTi stents, on 

the other hand, are self-expanding. They are shape-set to the open configuration, 

compressed into a catheter, then pushed out of the catheter and allowed to expand 

against the vessel wall once delivered to position [8]. Figure 14 (a) shows a NiTi stent 

[8]. 

 

NiTi stents have a range of advantages over their stainless steel counterparts, including 

high kink resistance, better biocompatibility and biomechanical compatibility, and high 

fatigue resistance [113-115]. The most attractive and unusual feature of NiTi stents is 

their extreme “elastic” deformation upon loading-unloading cycle. The deformation 

may extend to 50%-100%, realised by architecture NiTi into quasi-2D networked 

structure. Figure 14 (b) shows a force-displacement curve of a memotherm NiTi stent. 

This unusual feature is due to the architecture design of the NiTi stent. The tube shape 

with thin tube wall and the pattern on the tube wall reduces the bending stiffness 

significantly and hence the large “elastic deformation”. NiTi stents may be fabricated by 

(a) 

(b) 
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knitting using wires [116], laser cutting from thin wall tubes [8], [116]or photoetching 

[88] of sheets.  

 

 
Figure 14. (a) NiTi stent [8]; (b) force-deformation curve of a memotherm NiTi 

stent[117] 

 

2.2.3   Cellular structured NiTi 

Cellular metals are characteristic of a high stiffness-to-weight ratio when loaded in 

bending and a damping capacity up to ten times of that of solid metals. As a result, they 

are attractive for a wide range of applications, including thermal and acoustic insulation, 

energy absorption (crash protection), lightweight structural sandwich panels (as the core 

material), and vibration damping devices. The cellular structure may be of varying 

topologies, including closed-cell and open-cell pores, hollow-sphere foams, periodic 

and optimized truss structures, honeycombs, and other irregular cells. Cellular structures 

made of shape memory alloys are of particular interest for their potential to deliver 

shape memory and superelasticity in lightweight forms. 

 

2.2.3.1   Honeycomb structured NiTi 

Honeycomb structured NiTi has been proved to have the potential for good specific 

strength, high specific stiffness and an enhanced shape memory effect compared to solid 

shape memory alloys. Figure 15 shows a honeycomb structures of NiTi prepared by 

reactive brazing [82] and the nominal load-displacement curve of the material under 

compression. A superelastic strain of 50% is achieved. 
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Figure 15. (a) Honeycomb structured NiTi fabricated by Nb braziung technique; (b) 

mechanical response of the honeycomb structured NiTi [82] 

 

2.2.3.2   Porous NiTi 

Porous NiTi alloys are considered as a promising biomedical material because of their 

shape memory effect, mechanical and biological similarity to natural bones and bio-

compatibility with human body [8]. Figure 16 (a) shows a comparison of the stensile 

stress-strain behaviour of several materials, including porous NiTi, stainless steel, bone 

and tendon tissue [118]. It is seen that NiTi is far more compatible to the bone than is 

stainless steel. NiTi also has good biomechanical compatibility, which facilitates 

ingrowth of new bone tissues [119]. In-vitro biomedical study in simulated 

physiological solution has proved the minor release of potential toxic ions and the super 

anti-corrosion behaviour of porous NiTi [120]. In-vivo animal study shows fast 

osteointegration between bone tissue and porous NiTi. Figure 16 (b) shows a 

histological analysis of bone tissues on porous NiTi plant after 15 days of surgery. 

Newly formed bone tissues can be clearly observed from the surface and inside the 

outer shallow pores on the porous NiTi [119]. 

 

Porous NiTi are conventionally prepared by solid state synthesis of elemental Ni and Ti 

powders or pre-alloyed NiTi powders. Several sintering techniques have been applied, 

e.g., conventional pressureless powder sintering (CS) [121], hot isostatic pressing (HIP) 

[122, 123], self-propagating high temperatures synthesis (SHS) [124, 125], spark 

plasma sintering (SPS) [126, 127], and diffusion annealing [103, 104]. Figure 17 (a) (b) 

and (c) show porous NiTi produced by SHS, HIP and CS, respectively. Improvements 

on those preparation methods are exploited. Protective medium (CaH2 [76, 128], TiH2 

[129, 130] and inert gas [121, 131, 132]) have been used to prevent oxidation of Ti 
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Figure 16. (a) Comparison of mechanical behaviour of pseudoelastic NiTi, stainless 

steel, bone and tendon tissue [118]; (b) histological analysis of bone tissues on porous 

NiTi implant [119] 

 

during sintering. Space holders (NaF [133], NaCl [134], NH4HCO3 [77, 131]) are added 

to the alloy powder mix to customize porosity and pore morphology, 2 D steel mesh 

was used as space holder for fabrication of networks of anisotropic micro-channels [135, 

136], as shown in Figure 17 (d). Post treatment of as-manufactured porous NiTi for 

implants focuses on the surface modification for biocompatibility and bioactivity. To 

reduce the release of Ni iron from the NiTi surface, a thin passive TiO2 film or Ni 

depleted surface layer was created by ion implantation [137], heat treatment [138] and 

surface coating [120, 139]. 

 

(a)

(b) 
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Figure 17. Porous NiTi prepared by (a) spontaneous high temperature synthesis [124]; 

(b) hot isostatic pressing [122]; (c) conventional pressureless powder sintering [121]; 

(d) conventional pressureless powder sintering with steel mesh as space holder [135] 

 

2.3   Functionally graded NiTi 

Used as sensors and actuators, NiTi alloys perform their functions via thermoelastic 

martensitic transformation, induced by either temperature or stress. The transformation 

temperature interval of the B2-B19’ martensitic transformation in NiTi is typicaly 

TΔ <10 K [30, 140]. For stress-induced transformation, the unique Lüders-type stress 

plateau has zero stress interval. The two intrinsic phenomena mentioned above may 

work when a small controlling temperature window or jerk input/output displacement is 

required. However, they propose difficulties in progressive and accurate controlling 

with small variations of external input signals. A possible way to improve the 

controllability of NiTi is to create functionally graded NiTi materials. Because of the 

gradient, martensite transformation within the bulk material occurs at different 

temperatures or stresses at different positions. The corresponding temperature or stress 

window for controllability is herewith enlarged. The sensitivity is then improved. Figure 
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18 (a) and (b) show the expected enlarged temperature interval 'TΔ , and progressive 

inclined stress plateau with stress interval σΔ  realized by functionally graded NiTi. 
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Figure 18. Comparison of the functionally graded NiTi (curve I) with the conventional 

NiTi (curve II) in (a) Thermomechanical behaviour; (b) mechanical behavior 

 

Three design concepts for functionally graded NiTi are conceptualized, including 

compositional gradient, microstructural gradient and geometrical gradient. 

 

2.3.1   Compositionally graded NiTi  

The martensitic transformations in near-equiatomic NiTi are sensitive to alloy 

composition, including Ni content [72] and third element addition [74, 141-143]. Figure 

19 shows the effect of Ni content on sM  temperature of near-equiatomic NiTi [72]. For 

ternary NiTi-based alloys, four elements are commonly used as additives, including Fe, 
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Cu, Nb and Pd. Fe suppresses the sM  temperature and induces the R-phase 

transformation [144]. Cu changes the transformation routine into B2→B19→B19’ and 

drastically reduces the transformation hysteresis to <5 K (with 20 at.% Cu) [141]. Nb 

significantly increases the temperatures for the reverse transformation and enlarges the 

transformation hysteresis, up to ~150 K [142, 143]. Pd also increases the transformation 

temperatures. It is also an additive for high temperature shape memory alloys [145, 146]. 

These dependences on chemical composition of the transformation characteristics of 

NiTi-based alloys provide the basis for the design of compositionally graded NiTi 

alloys. 

 

 
Figure 19. Effect of Ni composition on sM  [72] 

 

2.3.1.1   2 D Compositionally graded NiTi 

Compositional graded NiTi thin plates and films may be designed with varying Ni 

content through the thickness. This may enable the plate to exhibit pseudoelasticity on 

one side and shape memory effect on the other in progressive transition. For thin films, 

gradual compositional change in thickness can be achieved by controlling the 

experimental parameters during sputtering, including changing the target power [147, 

148] and varying the target temperature during sputtering [149, 150]. Ti-rich and Ni-

rich compositions are fabricated by sputtering using varying powder levels between 50 

and 200 V [147]. Films produced by hot targets have compositions similar to that of the 

target while films produced from cold target are Ti deficient [149, 150]. More drastic 

compositional gradients may be achieved by changing the target or using co-sputtering 

with multi-targets. For example, functionally graded TiN/TiNi layers [100, 101] and 
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Ti26Hf25Ni49/Ti51Ni49/Ti48Ni52 layers [147] are sputtered for surface modification, two-

way shape memory formation or hysteresis broadening. 

 

Another way to achieve gradual compositional gradient along the thickness direction of 

NiTi thin plates or thin films is coat a thin layer of a pure metal on the surface of a NiTi 

plate and then apply anneal to encourage diffusion of the coated element into the body 

of the NiTi thin plate. The coating metal may be Ni, Fe, Cu, Nb or Pt. The 

compositional gradient may be customized by controlling some experimental 

parameters, e.g., the thickness ratio of coating metal and the NiTi substrate, the time and 

temperature for diffusion, and the composition of the NiTi substrate. Because of the 

compositional gradient, there is a gradient of transformation temperatures along the 

thickness direction and hence the gradient of transformation interval and transformation 

hysteresis. 

 

2.3.1.2   3 D Compositionally graded NiTi 

3 D bulk functional NiTi with compositional gradient may be fabricated by powder 

metallurgy method, as schematically shown in Figure 20. The compositional gradient 

may be achieved by two methods. One method involves vibration of the pre-mixed 

homogeneous Ni+Ti powders. Ni has a larger density than Ti, with 3
i /9.8 cmgN =ρ  

and 3
i /5.4 cmgT =ρ . Vibration may herewith induce the sinking of Ni powder to the 

bottom of the powder mixture. The second method involves stacking pre-mixed powder 

mixtures up with discontinuous composition variations and sintering the stacks to cause 

consolidation and diffusion. 

 

2.3.2   Microstructurally graded NiTi 

The transformation characteristics of martensitic transformation for NiTi alloy are 

sensitive to microstructures, including dislocations [151, 152], degree of crystallization 

[19, 29, 30, 63], and precipitation [32-35, 70, 153]. Therefore, microstructurally graded 

NiTi may be envisioned, designed and prepared. 
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Figure 20. Preparation of 3 D bulk compositional graded NiTi by powder sintering 

 

2.3.2.1   1 D Micro-structurally graded NiTi 

Microstructurally graded NiTi wires can be created by several different methods, such 

as differential annealing of cold rolled near-equiatomic NiTi [84-86], differential ageing 

of solution treated Ni-rich NiTi [154], selective heat treatment [155], or differential cold 

working. 

 

Differential anneal may be achieved by annealing a cold worked NiTi in a temperature 

gradient, e.g., using a tube furnace. Figure 21 (a) shows a temperature field within a 

tube furnace with one end (left end) open. Figure 21 (b) shows the deformation 

behaviour of a Ti-50.2 at.%Ni wire after such anneal within the temperature range of 

550-760 K. A unique Lüder-type deformation with a progressively increasing stress was 

observed, with a stress interval of 180 MPa. 
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Microstructuraly graded NiTi may also be created by differential ageing of solution 

treated Ni-rich NiTi. This may be achieved either by ageing in a temperature gradient, 

like in the case differential anneal presented above, or with a gradient time of ageing, 

for example, by progressively pulling out a wire from a furnace. 

 

 

 
Figure 21. (a) Schematic view of the experimental setup and the temperature 

distribution profile of the furnace hearth used for the gradient anneal; (b) deformation

behaviour of gradient annealed Ti-50.2at.% Ni wire in tension [84, 85] 

 

In some applications functionally graded NiTi wires with spatial variations of the 

thermomechanical properties along the length may be required. For example, the tip or 

certain section of a wire (tube) may need sufficient flexibility for easy bending while the 

reminder of the device must remain high in strength, stiffness and superelasticity to 

fulfill its functions. Figure 22 shows a schematic view of the concept of NiTi wires with 

spatially varying properties. Figure 22 (a) is a perfect pseudoelastic NiTi wire and 

(a)

(b)
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Figure 22 (b) shows a NiTi with a section that has been treated to have different 

properties. The spatial variation may be achieved by selective heat treatment, which in 

turn may be achieved by several methods, including laser scanning [156], electrical 

resistance heating [157], contactless radio frequency heating [158], fluid or bath heating 

and gas flame heating [159]. 

 

Figure 22. Schematic view of the deformation behaviour of (a) perfect superelastic NiTi 

wire and (b) locally over-aged superelasitic NiTi wires 

 

2.3.2.2   2 D Micro-structurally graded NiTi 

Microstructurally graded NiTi thin film may also be realised by controlling the degree 

of crystallization. This may be achieved by either controlling to the film deposition 

conditions so that the substrate side is more crystallized than the free surface of the film 

[160, 161] or applying post-deposition anneal of amorphous NiTi film with a scaning 

laser to cause surface crystallisation [156, 161]. In addition, some surface modification 

methods such as electron or ions irradiation [99, 162, 163] may cause lattice damage 

along the thickness, forming microstructural gradient. 
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Surface heat treatment may also be applied to NiTi thin plates, to create microstructural 

gradients in the thickness direction. Surface treatment may be achieved in several 

different ways, e.g., laser surface scanning, direct contact against a hot plate, or optical 

irradiation heating. Owing to the natural degradation of heat penetrating (by laser) or 

conducted (by hot plate) into the material, a temperature gradient within the thickness is 

created, causing a microstructural gradient with varying degrees of partial anneal within 

the body of the material.  

 

2.3.3   Geometrically graded NiTi  

For stress-controlled NiTi actuators, it is desirable to have large transformation stress 

windows for good controllability. One way to realise this is to create geometrically 

graded NiTi components, e.g., gradient in the cross-section. 

 

Geometrical gradient in the cross section along the length direction can create a stress 

gradient. Figure 23 shows three exemplary designs of geometrically graded 2D NiTi 

plates with different side profiles, including one linear, one quadratic concave and one 

quadratic convex profile. Figure 23 (a) shows the expected global stress-strain curve of 

the linearly gradient sample in tension. The sample exhibits a progressively increasing 

stress during the stress-induced martensitic transformation, similar to the case of 

mcirostructurally graded NiTi. The concept of geometry gradient may also be realised 

in 3 D components. Figure 24 shows the designs of three 3 D geometrically graded NiTi 

bars, with linear, quadratic concave and quadratic convex side profiles. 

 

 
Figure 23. (a) 2 D geometrically graded NiTi with linear side profile and the expected 

global stress-strain curve in tension; 2 D geometrically graded NiTi with side profiles of 

(b) quadratic concave and (c) quadratic convex 
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Figure 24. Exemplary designs of geometrically graded 3 D NiTi plates with different 

side profiles, with (a) linear; (b) quadratic concave and (c) quadratic convex 

 

Another form of geometrically graded NiTi is porous NiTi with varying degrees of 

porosity [77, 164-167]. The pore size, shape, fraction and connectivity may be 

controlled by space holders through their size, shape, packing density and the 

morphology. Porous NiTi materials with gradient porosity along the longitudinal and 

radial directions have been fabricated by using a temporary space-holder (NH4HCO3) in 

conventional sintering, as shown in Figure 25 [77]. The radial gradient porosity samples 

exhibit excellent mechanical performance, in terms of high-recoverable strain (4%), 

pseudoelasticity and strength (~250 MPa). 

 

Figure 25. Porous NiTi with porosity gradient [77] 

 

3.   Thesis Objective 
The objectives of this thesis are as following: 

(1) To determine the intrinsic temperature intervals of the B2↔B19’ martensitic 

transformation of near-equiatomic NiTi; 
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(2) To design functionally graded NiTi materials with spatially variations of 

properties; 

 

(3) To develop techniques for the fabrication and processing of functional graded 

NiTi; 

 

(4) To characterise and optimize the properties of these materials. 

 

Functionally graded NiTi materials have wider stress window or temperature interval 

for the martensitic transformation, thus offer better controllability in sensor and 

actuators designs as well as the ability to exhibit complex, pre-programmed actuations. 

These properties are unique to the structures. The availability of these properties offers 

new options for innovative designs. The envisaged performances of these functionally 

graded NiTi are not available with conventional NiTi alloys. 

 

4.   Thesis Overview 
This thesis is presented in the form of compilation of papers for publications in 

scholarly journals. The papers are arranged in four chapters according to the topic 

covered. To present the underline argument of this thesis and to review the current state 

of research and development in the relevant areas, an introductory chapter is also 

presented. The contents of the chapters are given below. 

 

Chapter 1 

Chapter 1 presents a literature review on the topic of novel structured NiTi materials, 

with particular attention given to architectured NiTi and functionally graded NiTi. The 

chapter first presents a brief overview of the fundamentals of the physical metallurgy of 

NiTi, including the shape memory effect and related phenomena, the thermoelastic 

martensitic transformations in NiTi, and the processing principles of NiTi. It then 

presents a review of the various forms of novel structured NiTi and their fabrication 

techniques, property characteristics and applications. The chapter then sets the 

objectives of the thesis research. Finally it explains the organisation of the thesis. 

 

Chapter 2 

Paper 1: Transformation intervals and elastic strain energies of B2-B19’ 

martensitic transformation of NiTi. Intermetallics, 17 (2010) 2431-2434. 
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Paper 2: Thermal arrest analysis of thermoelastic martensitic transformations in 

shape memory alloys. Journal of Materials Science, 26 (2011) 1243-1252. 

 

This chapter is based on two published papers. The chapter is concerned with the 

temperature interval of the B2↔B19’ martensitic transformation in NiTi. 

Transformation temperature intervals are important fundamental thermodynamic 

parameters of the martensitic transformation, often used to estimate the internal elastic 

strains and stored elastic energies [36, 37]. It is also of practical importance for 

applications of NiTi, particularly in actuator designs. The temperature interval is the 

control parameter window for thermally actuated motions [88, 168]. Therefore, it is of 

interest to determine the temperature intervals of the B2↔B19’ martensitic 

transformation of NiTi. 

 

The temperature intervals of the transformation are usually determined through thermal 

analyses, e.g., DSC [59, 169], thermomechanical analysis [170], and electrical 

resistance measurement [171, 172]. These measurements are typically conducted at a 

finite heating/cooling rate, thus subjective to kinetic influences of the transformation. In 

this study, two experiments are designed to determine the true values of the temperature 

intervals of the martensitic transformation: (1) conventional continuous DSC 

measurements with varying heating/cooling rates (paper 1) and (2) interrupted DSC 

measurements with abrupt thermal arrest amidst a martensite transformation (paper 2). 

Using these methods the true temperature intervals of the B2↔B19’ martensitic 

transformation of NiTi are found to be typically 50% of the apparent temperature 

intervals determined using conventional thermal analysis methods, like DSC. 

 

The interrupted DSC experiments also help to provide evidences for the clarification of 

a long-standing discussion in the literature regarding the isothermal-athermal nature of 

thermoelastic martensitic transformations. The findings of this study also provide useful 

guide for the design of functionally graded NiTi and NiTi actuators. 

 

Chapter 3 

Paper 3: Ti-50.8 at.% Ni wire with variable mechanical properties created by 

spatial electrical resistance over-aging, Journal of Alloy and Compound, 

in press (2012). 
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Paper 4: Stress serration and the unique arch-shaped stress plateau in the 

deformation behaviour of Ti-50.8 at.% Ni wire by selective electrical 

resistance over-aging. 

 

This chapter presents an experimental study of the design and creation of NiTi wires 

with spatially varied shape memory characteristics along their length. The work is 

motivated by the need to design smart medical guide wires and biopsy needles [8, 118]. 

The design concept is to create a soft bendable neck along the length of an otherwise 

strong and stiff NiTi wire or thin tube to allow in-situ bending for insertion direction 

control. To achieve this it is designed to locally heat treat a pseudoelastic NiTi wire by 

electrical heating to induce over-ageing to suppress pseudoelasticity locally. 

 

In this work, a short length of the wire is over-aged by electrical resistance heating, 

which resulted in the deterioration of its superelasticity, whilst the reminder of the wire 

length remained superelastic. The stress-strain curves of such treated NiTi wires exhibit 

two stress plateaus, one corresponding to the over-aged section and the other 

corresponding to the original pseudoelastic section (paper 3). Some special 

experimental phenomena were observed, including stress serrations in the transition 

between the two stress plateaus and a bulge of the stress plateau for the heat treated 

section. These unique experimental observations are explained in this study (paper 4). 

 

The findings of this study and the knowledge of electrical heating for local selective 

heat treatment of thin wires and thin tubes are of use for the design of NiTi wires, 

ribbons and thin tubes with spatially varied properties. The knowledge is also of use for 

shape setting of orthodontic arch wires [118, 173]. These materials offer new 

opportunities for innovative designs. 

 

Chapter 4 

Paper 5: Laser annealing of functionally graded NiTi thin plate. Scripta Materialia, 

65 (2011) 1109-1112. 

Paper 6: Functionally graded NiTi strips by laser surface anneal. Acta Materialia, 

60 (2012), 1658-1668. 

 

Chapter 4 presents a work on the design and creation of thin NiTi plates with 

microstructural gradient through their thickness. The design concept is based on the 



CHAPTER 1. INTRODUCTION 

37 

principle that the transformation behavior of NiTi is sensitive to mechanical conditions 

of the alloy microstructure [29, 31, 63]. The microstructural gradient is created by 

surface annealing a cold rolled NiTi thin plate with a scanning laser beam. The surface 

scan of the heat source creates a temperature gradient in the thickness of the plate, 

causing a gradient of anneal to the cold worked structure. NiTi thin plates with such a 

microstructural gradient undergo the martensitic transformation at different 

temperatures at different thickness depth upon cooling or heating. Such progressive 

transformation produces complex all-round shape change during shape recovery, in a 

“fishtail-like” fashion. Such unique behavior provide new opportunities for innovative 

designs of NiTi, e.g., in bionic designs. 

 

The microstructure gradient also results in an enlarged transformation interval for the 

complex shape recovery, offering improved controllability of actuation. The B2↔B19’ 

martensitic transformation in NiTi typically has a temperature interval of ~10 K [30, 

140]. The microstructurally graded NiTi plate exhibits transformation temperature 

intervals of K57~ . Such wide temperature interval enables easy and accurate control of 

actuation position with temperature. 

 

Chapter 5  

Paper 7: Compositionally graded NiTi plate prepared by diffusion anneal, Scripta 

Materialia, in press (2012).  

Paper 8: Two-way shape memory effect of compositionally graded NiTi plate. 

 

This chapter presents a work on the design and creation of thin NiTi plates with 

compositional gradient through thickness. The design concept is based on the fact that 

transformation behavior of NiTi is sensitive to small variations of Ni content in the 

range of 50~51.5at% [72-74]. In this work, a thin pure Ni layer is firstly sputter coated 

on one surface of an equiatomic NiTi plate. The NiTi plate is then annealed at 1223 K in 

vacuum to encourage diffusion of Ni into the NiTi matrix. A compositional gradient is 

then obtained. NiTi plates with such composition gradient undergo the martensitic 

transformation at different temperatures at different thickness depth upon cooling or 

heating. Such progressive transformation produces complex all-round shape change 

during shape recovery, in a “fishtail-like” fashion. Such unique behavior provide new 

opportunities for innovative designs of NiTi, e.g., in bionic designs. NiTi plates with 
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composition gradient also exhibit enlarged temperature interval of the martensite 

deformation, typically K60~ .  

The thermomechanical behavior of this compositionally graded NiTi is very similar to 

that of the microstructurally graded NiTi, but designed on different principles and 

fabricated by different methods. 

 

Chapter 6 (Closing Remarks) 

The last chapter presents some personal thoughts on this research. 
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Abstract: This study investigates a fundamental thermodynamic question about the 

temperature intervals of the B2-B19’ martensitic transformation in a Ti-50.2at%Ni alloy. 

Temperature intervals of thermoelastic transformations are considered to be caused by 

internal elastic energies produced by the formation of martensite (in case of the forward 

transformation). The intervals have been traditionally measured by differential scanning 

calorimetry analysis. This study demonstrates that such measurements are subjective to 

heating and cooling rate of the measurements and the commonly values reported in the 

literatures are mostly overestimates of the true values, causing errors in the 

determination of the thermodynamic parameters. In this work, by means of varying 
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thermal scanning rate, the true temperature intervals of the B2-B19’ martensitic 

transformation in a Ti-50.2at%Ni alloy are determined to be 5.1 K for the forward and 

10.1 K for the reverse processes. Those values are significantly smaller than those 

generally reported in the literature. Based on these measurements, variations of the 

specific elastic strain energy stored between the start and the finish of the 

transformations are estimated to be 0.386 J/g and 0.778 J/g for the forward and the 

reverse processes, respectively. 

 

Keywords: A Intermetallics, miscellaneous, B Martensitic transformations, B Shape-

memory effects, B Thermodynamic and thermochemical properties, F Calorimetry 

 

1.   Introduction 

Shape memory alloys (SMA) exhibit several novel properties, such as the shape 

memory effect and psuedoelasticity [1-3]. These novel properties have rendered them a 

wide range of innovative applications, such as sensors and actuators, in medicine and 

general engineering applications [4-8]. It is well established that these unique properties 

originate from thermoelastic martensitic transformations, and the performances of an 

alloy is fundamentally dictated by the behaviour of its transformation. It has been a keen 

scientific interest to understand the characteristics of these transformations. 

 

The thermoelasticity of martensitic transformations is characteristic of two aspects, (1) 

that the transformation is thermally reversible and (2) that the transformation 

temperature continues to change during the course of the transformation to provide 

increased driving force, thus the term thermoelasticity [9]. The increased driving force 

is required due to increased resistance to the transformation. In the case of a 

thermoelastic martensitic transformation, which is also microscopically a mechanical 

process due to its lattice distortion, this resistance comes from the stored elastic strain 

energy associated with the formation of the martensite [9-14]. Thus, the temperature 

interval of a transformation intrinsically reflects the change of the elastic strain energy 

stored during the process of the transformation. Based on this principle, there have been 

attempts in the literature to determine the stored elastic strain energy from measurement 

of the transformation temperature intervals, and a common technique used to measure 

transformation temperature interval is differential scanning calorimetry (DSC) [9, 16]. It 

is known that DSC measurement is subjective to the influence of thermal kinetics, thus 

the possibility of inaccurate estimate of the temperature intervals. This study attempts to 
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determine the true temperature intervals of the B2-B19’ martensitic transformation in 

Ti-50.2at%Ni by varying heating and cooling rate. 

 

2.   Experimental procedures  

A commercial Ti–50.2 at% Ni alloy wire of φ1 mm in diameter, supplied by Memry Co., 

Germany was used. The wire was cold rolled, cut into 4 mm-length small pieces and 

then annealed at 873 K in Ar to eliminate the effects of previous thermal treatments. 

The transformation behaviour was characterized by means of differential scanning 

calorimetry (DSC) using a TA Instrument Q10 differential scanning calorimeter in 

flowing N2. Different cooling/heating rates were used, ranging from 0.1 K/min to 40 

K/min. 

 

3.   Results 

Figure 1 shows the transformation behaviour of the Ti-50.2at%Ni alloy as measured by 

DSC at different heating and cooling rates. The alloy exhibits a single-stage B2↔B19’ 

martensitic transformation. It is evident that the size of the heat flux peaks of the 

transformation decreases with decreasing heating/cooling rate. For the measurements at 

2 K/min and below, the Y-scale has been enlarged 5 or 10 times, as indicated in the 

figure, to reveal the transformation peaks of the curves. 
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Figure 1. B2↔B19’ martensitic transformation behaviour of Ti-50.2at %Ni at 

different heating and cooling rates 
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Figure 2 shows the starting and finishing temperatures of the transformations 

determined from the DSC curves shown in Figure 1. It is seen that the starting 

temperature for the forward B2→B19’ transformation ( sM ) decreases slightly with 

increasing cooling rate whereas the finishing temperature ( fM ) decreases significantly. 

The temperatures of the reverse transformation show mirroring dependencies on the 

heating rate. sA  increases slightly and fA  increases more significantly with increasing 

heating rate. The differences between the starting and the finishing temperatures are the 

temperature intervals of the transformations. 
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Figure 2. Effect of heating and cooling rate on the critical temperatures of the 

B2↔B19’ martensitic transformations  

 

The temperature intervals for the forward ( MAT −Δ ) and the reverse ( AMT −Δ ) 

transformations are shown in Figure 3. Both temperature intervals are found to decrease 

continuously with decreasing heating and cooling rate. The minimum temperature 

intervals reached are MAT −Δ =5.1 K and AMT −Δ =10.1 K at the heating/cooling rate of 

0.1 K/min. These value are significantly smaller than those measured at 10 K/min. 
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Figure 3. Effect of heating and cooling rate on temperature intervals for the forward 

and reverse transformations 

 

Figure 4 shows the measurement of transformation hysteresis, defined as 

fsm MAf −== )0(η , sfm MAf −== )1(η . It is seen that )1(η and )0(η  decreased 

continuously with decreasing heating and cooling rate. The heating/cooling rate 

sensitivity of the hysteresis measurement is obviously due to the delay of the finishing 

temperatures of the transformations. For comparison and ss MA −=*η  is also plotted in 

the figure, which is not conventionally defined as a hysteresis parameter. It is seen that 

*η  is less sensitive to heating/cooling rate, because it involves only the starting 

temperatures of the transformations. 

 

Figure 5 shows the exothermic heat of the forward transformation ( MAH −Δ ) and the 

endothermic heat of the reverse transformation ( AMH −Δ ). The values of the latent heats 

are reasonably constant at above 5 K/min heating/cooling rate, with MAH −Δ = 24.3 J/g 

and AMH −Δ  = 24.5 J/g (at 5 K/min). Reducing the cooling and heating rates to 2 K/min 

and below results in a sharp decrease of the absolute values of AMH −Δ  and MAH −Δ . 

This demonstrates the limitation of the instrument in coping with very low reaction rates 

for heat flux measurement. 
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Figure 4. Effect of heating and cooling rate on temperature hysteresis 
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Figure 5. Effect of heating and cooling rate on exothermic heat ( MAH −Δ ) for forward 

transformation and endothermic heat ( AMH −Δ ) for reverse transformation 

 

4.   Discussion 

4.1   Elastic strain energy and transformation interval 

It is commonly accepted, as formulated by Salzbrenner and Cohen [14], that the 

transformation free energy change of a thermoelastic martensitic transformation may be 

expressed as: 

irel EESTHG Δ+Δ+Δ−Δ=Δ   (1) 

where elEΔ  is the elastic strain energy stored and irEΔ  is the irreversible energy 

dissipated during the transformation. This expression provides a phenomenological 

thermodynamic description of the hystoelastic behaviour of thermoelastic martensitic 
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transformations, with elEΔ  designated to describe the transformation temperature 

interval and irEΔ  to describe the transformation temperature hysteresis. Based on this 

concept, effort has been made in the literature to estimate the elastic strain energy stored 

by the martensitic transformation. 

 

Olson and Cohen [11, 12] estimated elastic strain energy based on the Eshelby theory 

by assuming an oblate-spheroidal shape for a martensite particle. Wayman and Tong 

[13] further developed the theory mentioned above by considering the effect of the 

growth of existing plate on the nucleation of others plates. Salzbrenner and Cohen [13] 

decomposed the total elastic strain energy into 0
eEΔ expressing the component affecting 

the nucleation and +Δ eE  describing the progression of the transformation, and estimated 

STTE sfe Δ−=Δ + )( , as the accumulated elastic energy associated with growth of 

martensite phase. Based on this concept, some researchers have estimated the values of 
MA

elE −Δ  based on DSC measurements of the transformation intervals for CuZnAl [9] 

and NiTi [16, 17]. 

 

It is commonly assumed by the previous authors that the elastic energy of the 

transformation increases with the increase of the volume fraction of martensite, thus 

resulting in the transformation temperature interval. Whereas as a general statement this 

concept is not incorrect, it has often been misinterpreted in the literature. The statement 

refers to the second criterion if thermoelasticity stated above, i.e., the thermodynamic 

resistance to the transformation increases during the process (forward) transformation, 

in this case the increase of the elastic energy stored per step of the transformation during 

the transformation. This is, however, often misinterpreted as the continuous increase of 

the total, accumulated elastic strain energy in the sample, which is irrelevant to the 

thermodynamic equilibrium of the transformation. Equation (1) describes an 

instantaneous energy balance at a particular moment over an infinite step of the 

transformation and the quantities are specific values representative of that particular 

moment, as opposed to the global accumulation of elastic strain energy. In this regard, 

to express the evolution of the thermodynamic parameters, in particular elEΔ  and irEΔ , 

during the course of the transformation, equation (1) may be specifically expressed (for 

the forward transformation) as: 

)()( mirmel fEfESTHG Δ+Δ+Δ−Δ=Δ  (2) 
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Where all the intrinsic variables on the right (except for T , which is an extrinsic 

variable) are specific values for the particular moment of the transformation 

corresponding to )( mf , defined in the general form of mdfdXX /=Δ . With this 

equation, the “critical” temperature for any moment )( mf  of the transformation may be 

defined by equating GΔ  to zero. Thus, the temperatures at the beginning and the end if 

the forward A→M transformation may be determined as: 

MA

MA
ir

MA
el

MA

m
MA

ss S
EEH

fTM −

−−−
−

Δ
Δ+Δ+Δ

===
)0()0(

)0(  (3a) 

MA

MA
ir

MA
el

MA

m
MA

ff S
EEH

fTM −

−−−
−

Δ
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Thus the transformation temperature interval, by assuming )1()0( MA
ir

MA
ir EE −− Δ=Δ , may 

be expressed as: 

S
EE

MMT
MA

el
MA

el
fs

MA

Δ
Δ−Δ

=−=Δ
−−

− )1()0([
 (4) 

This expression states explicitly that the transformation interval is determined by the 

difference in the specific elastic strain energy stored between the beginning and the end 

of the transformation, not the total elastic energy accumulated by the complete 

transformation. 

 

4.2   Transformation temperature interval, latent heat and elastic strain energy 

change  

For fully annealed, polycrystalline near-equiatomic NiTi alloys (typically 

50.0~50.2at%Ni) free of precipitates, the forward and the reverse transformation 

intervals are typically measured to be ~13 K [18, 19], by DSC measurement under the 

most common condition of 10 K/min cooling/heating rate. It is evident in this study that 

the measurement is sensitive to the heating cooling rate used for the measurement and 

that the true temperature intervals are smaller than the apparent value measured at 10 

K/min. The widening of the temperature intervals is obviously caused by the delay in 

the completion of the transformations. This is attributed to the need for heat transfer for 

the dissipation of the latent heat of the transformation, as opposed to the kinetic effect 

of the transformation, which is suggested to occur at a much shorter time scale [20, 21].  

 

The true transformation temperature intervals are determined to be MAT −Δ =5.1 K and 
AMT −Δ =10.1 K, with AMT −Δ  for the reverse transformation being nearly twice as large 
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as MAT −Δ  for the forward transformation. Referring to equation (4) above, this implies 

a larger difference of ))1()0(( AM
el

AM
el EE −− Δ−Δ  than ))1()0(( MA

el
MA

el EE −− Δ−Δ . It is seen 

in figure 4 that )1(η  and )0(η  decreased continuously with decreasing heating/cooling 

rate and that the decrease of )1(η  is greater than that of )0(η , suggesting that the larger 

interval for the reverse transformation is mostly caused by the decrease of sA , or the 

increase of )1(AM
elE −Δ  relative to )1(MA

elE −Δ  at the martensitic end of the transformation. 

It is also evident that *η  is much less dependent on the heating and cooling rate, thus is 

a more reliable parameter reflecting the intrinsic properties of the transformation. The 

minimum value determined at very low heating and cooling rate is *η =17.1 K. 

 

Given that SΔ =0.077 J/gK [15], changes in the specific elastic strain energy between 

the beginning and the end of the transformations in this paper can be determined using 

equation (3a) and (3b) as: 

STEE MAMA
el

MA
el ΔΔ=Δ−Δ −−− )1()0( =0.386 J/g (5a) 

STEE AMAM
el

AM
el ΔΔ=Δ−Δ −−− )1()0( =0.778 J/g (5b) 

These values correspond to 1.6% for the forward transformation and 3.2% for the 

reverse transformation of the enthalpy change measured at 5 K/min, with 

min/5KHΔ =24.1 J/g. 

 

Previous studies have evaluated the value of elastic energy elEΔ  for the forward 

martensitic transformation, including HEel Δ=Δ %2  for a fully annealed Ni-50.2at.%Ti 

[16], chel HE Δ=Δ %6.4  for a single crystal multiple-interface CuZnAl and 

chel HE Δ=Δ %1.7  for a polycrystalline CuZnAl [9]. All these values are determined 

based on transformation temperature interval measurements, thus are effectively 

)]1()0([ MA
el

MA
el EE −− Δ−Δ . 

 

It is also evident in Figure 5 that the latent heat of the transformation measured by DSC 

decreased rapidly at decreasing heating and cooling rate to below 5 K/min. At 5 K/min 

or above, the latent heat measured increased only slightly with increasing heating and 

cooling rate. This demonstrates the instrumental limitation of the DSC device used, and 

confirms the validity of the experimental data reported in the literature, which are 

mostly determined at a heating and cooling rate of 10 K/min. The latent heat of the Ti-
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50.2at%Ni alloy used, as determined at 5 K/min heating and cooling rate, is 24.1 J/g and 

24.2 J/g respectively for forward and reverse transformations. 

 

5.   Conclusions 

This study demonstrates that DSC measurements of the parameters of thermoelastic 

martensitic transformations, including temperatures and latent heats, are sensitive to 

heating and cooling rate used. Use of these parameters in thermodynamic calculations 

and application designs requires caution. The specific conclusions with regard to the 

B2-B19’ martensitic transformation in the Ti-50.2at%Ni used may be summarized as 

following: 

The transformation temperature intervals are determined to be MAT −Δ =5.1 K and 
AMT −Δ =10.1 K. The transformation temperature hysteresis, defined as ss MA −=*η , is 

determined to be 17.2 K. These values are significantly lower than the common values 

reported in literature. 

 

The latent heat of the transformation as measured by DSC is determined to be 24.1 J/g. 

This value is determined at 5 K/min heating and cooling rate using the instrument. 

Transformation heat measurement using the instrument at below 5 K/min is inaccurate.  

The specific elastic strain energy change during the phase transformation is determined 

to be 0.39 J/g for the forward B2→B19’ transformation and 0.78 J/g for the reverse 

B19’→B2 transformation. These values are determined at very slow heating and 

cooling rate. These values are not the elastic strain energy stored by the transformation, 

or the specific elastic energy at any particular moment during the transformation, but the 

difference in the specific elastic energy between the beginning and the end of the 

transformation, i.e., )]1()0([ MA
el

MA
el EE −− Δ−Δ . 
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Abstract: This study investigated a fundamental aspect of thermoelastic martensitic 

transformations in different shape memory alloys by means of interrupted thermal 

analysis technique using differential scanning calorimetry (DSC). The objective of this 

study was to determine the true transformation temperature interval. It also provides the 

opportunity to further the discussion of time dependence of the transformation. This 

study applied a technique of thermal arrest amidst phase transformations. The 

transformation temperature intervals are found to be 8.4 K and 12.9 K for the forward 

and reverse B2↔B19’ martensitic transformation in a near-equiatomic Ti-50.2at.%Ni 

alloy, 14.7 K and 12.8 K in a Ni-rich Ti-50.8at.%Ni alloy and 7.3 K and 9.1 K for the 

L21↔Orthorhombic transformation in a Ni43Co7Mn39In11 alloy. These values are 

significantly smaller than those commonly reported in the literature. The experimental 

evidences also demonstrate that the apparent time–dependences of the martensitic 

transformations manifested in DSC analysis are artifacts caused by instrumental thermal 

inertia.  

 

Keywords: A. intermetallics, miscellaneous; B. martensitic transformations; B. shape-

memory effects; B. thermodynamic and thermochemical properties; F. calorimetry 
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1.   Introduction 

Near-equiatomic NiTi shape memory alloys (SMAs) have been used in a wide range of 

applications in medicine, engineering and consumer goods owing to their unique 

abilities to recover large deformation strains and to perform mechanical works. In many 

of these applications, shape memory alloys are actuated by temperature variations. In 

this regard, actuation temperature window and hysteresis are important design 

parameters, for example for proportional control and as shape memory actuators [1-4]. 

 

It has been established in the literature that transformation intervals of thermoelastic 

martensitic transformations are caused by the continuous storage of elastic strain 

energies [5-9]. Thus determination of the values of the intervals is important for 

understanding the micro-mechanisms of these transformations, for determining the 

thermodynamic parameters of those transformation and for mechanics modeling using 

these parameters. Transformation thermal parameters reported in the literature are 

usually determined by thermal analyses, e.g., differential scanning calorimetry (DSC) [5, 

10], thermomechanical analysis (TMA) [11] and electrical resistance measurement (ER) 

[12-14]. It is a common knowledge that DSC measurement is subjected to kinetic 

influences of the measurement process, thus validity of transformation interval values 

determined under finite heating and cooling rate needs to be verified. This study 

conducts experiments specifically designed to determine the true values of temperature 

intervals of two thermoelastic martensitic transformations in three alloys. 

 

In addition, there are also long-standing debates on whether a martensitic transformation 

is athermal [14-16], where the transformation occurs over a temperature interval, or 

isothermal [17-21], where the transformation proceeds with time at a given temperature. 

The experiments reported in this study also help elucidate the time/temperature 

dependence of the transformations concerned. 

 

2.   Experimental procedures  

Two commercial near-equiatomic NiTi alloys were used in this study, one with a 

nominal composition of Ti-50.2at.%Ni and the other Ti-50.8at.%Ni. Both alloys were 

supplied in wire form of φ1 mm in diameter. The wires were cold rolled and then cut 

into 4 mm-long small pieces prior to heat treatment under argon protection. The Ti-

50.2at.%Ni alloy was annealed at 923 K. The Ti-50.8at.%Ni was solution treated at 

1123 K followed by water quenching. These two alloys exhibit a B2↔B19’ martensitic 
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transformations. One Ni43Co7Mn39In11 alloy was also used in this study. The alloy was 

prepared by arc melting in water cooled copper crucible. The button shaped ingot was 

precut into small pieces with a low speed diamond cutoff wheel and then annealed at 

1273 K for composition homogenization. This alloy is a typical intermetallic compound 

and exhibits a L21↔orthorhombic martensitic transformation.  

 

Transformation behavior of the samples was characterized by means of DSC analysis 

using a TA Instrument Q10 DSC (TA Instruments, new castle, DE) in flowing N2. Two 

different techniques were used, including continuous heating/cooling and interrupted 

heating/cooling measurements. For the continuous measurement, two different 

heating/cooling rates of 0.5 K/min and 10 K/min were used. The interrupted 

measurements were conducted at a heating/cooling rate of 10 K/min. For these 

measurements, the cooling or heating process was interrupted at different stages midst 

the transformation temperature range with a thermal arrest for 60 seconds, followed by 

continuation of the cooling or heating process. 

 

3.   Results  

3.1   Interrupted DSC measurement of martensitic transformations 

This study relies on abrupt thermal arrest amid a martensitic transformation and 

continuation of the measurement after the arrest. The TA Q10 DSC instrument used (in 

general all DSC instruments) is not designed to conduct interrupted analysis because of 

the intrinsic instrument and sample thermal inertias. To evaluate the influence of 

thermal inertia, interrupted DSC measurements were conducted midst and outside the 

transformation temperature range. Figure 1(a) shows such a measurement for a Ti-

50.2at.%Ni sample. The heating and cooling rate used was 10 K/min. Thermal arrest I 

was on cooling in austenite state, thermal arrest II was within the temperature interval of 

the B2→B19’ transformation, thermal arrest III was on heating in the martensitic state 

and thermal arrest IV was in the middle of the reverse B19’→B2 transformation. It is 

seen that upon thermal arrest, the heat flow dropped from the measurement baseline to 

neutral. Upon restart, at 10 K/min, the recovery “time”, r
cdT and r

hdT , of the heat flow 

from thermal arrest is ~2 K in both the austenitic state on cooling and the martensitic 

state on heating, when there is no transformation involved. It is known that the 

separation of the base lines is due to thermal mass inequity between the sample and the 

reference and the recovery “time” is directly related to the magnitude of the baseline 

separation, sample mass (sample thermal inertia) and heating/cooling rate (instrument 
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thermal inertia). In this regard, in the following experiments, care has been taken to 

minimize the baseline separation by adjusting the reference mass in addition to use 

samples of small masses. 

 

Figure 1(b) shows the influence of sample mass on the interrupted DSC measurement of 

the transformation. Part of Figure 1 (b), contained in the dashed line frame, is enlarged 

and shown in Figure 1 (c) for better comparison. It is evident that, for the experimental 

conditions used, thermal mass in the range of 5~50 mg does not cause variation to 

thermal arrest recovery time. 
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Figure 1. Interrupted differential scanning calorimetry measurements of the 

transformation behavior of Ti-50.2 at%Ni at 10 K/min with: (a) thermal mass of 20 

mg, (b) thermal mass of 5 ~ 50 mg, and (c) enlarged view pf part of curves shown in 

(b) 



CHAPTER 2. TEMPERATURE INTERVALS… 

61 

Figure 2 shows temperature and heat flow evolution curves with time during interrupted 

DSC measurements at two different heating rates of 10 K/min (Figure 2(a)) and 0.5 

K/min (Figure 2(b)). The DSC curves show the reverse B19’→B2 transformation on 

heating, with thermal arrest within the transformation range. In both cases, the arrest 

duration was 60 s. It is seen that in both cases the temperature was stable during the 

thermal arrest and that the heat flow decreased to neutral within 60 s. It is also evident 

that during isothermal arrest, the exothermic heat flow continued, implying continuation 

of the B19’→B2 phase transformation process.  
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Figure 2. Evolutions of temperature and heat flow with time during differential 

scanning calorimetry measurement with the thermal arrest at 300 K at: (a) 10 K/min, 

(b) 0.5 K/min 
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The experimental evidences presented above demonstrate the validity of the thermal 

arrest experiments, with the influence of instrument inertia and sample mass being 

negligible for the intended measurements.  

 

3.2   Ti-50.2at.%Ni alloy  

3.2.1   Transformation behavior in continuous DSC measurement 

Figure 3 shows the transformation behavior of the Ti-50.2at.%Ni alloy annealed at 923 

K. Curve (a) was measured at a cooling/heating rate of 10 K/min and curve (b) was 

measured at 0.5 K/min. The Y-scale of curve (b) has been enlarged by 20 times to 

reveal the transformation peaks for easy comparison. The alloy exhibits a single-stage 

B2↔B19’ martensitic transformation, with a thermal hysteresis of 10η = 32 K at 10 

K/min and 5.0η = 27 K at 0.5 K/min, as determined at the maximum heat flow of the 

transformations. The latent heat of the transformation was determined to be AMH −Δ 5.0 = 

18.2 J/g and MAH −Δ 5.0 = 17.5 J/g at 0.5 K/min, and MAH −Δ 10 = 23.7 J/g and AMH −Δ 10 = 23.8 

J/g at 10 K/min. In average the latent heat measured at 0.5 K/min is 24% smaller than 

that measured at 10 K/min. As reported earlier, the latent heats measured at 10 K/min 

are regarded a more reliable estimate of the true value and the lower values determined 

at 0.5 K/min is attributed to the sensitivity limitations of the instrument used [22]. 
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Figure 3. Continuous differential scanning calorimetry measurements of the 

transformation behavior for Ti-50.2 at%Ni at 10 K/min and 0.5 K/min 

 

The starting temperatures for the forward and reverse transformations are approximately 

the same for the two different heating/cooling rates, with 10
sM = 306 K and 5.0

sM = 307 
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K and 10
sA = 322 K and 5.0

sA = 321 K. However, the finishing temperatures of the 

transformations differ significantly between the two measurements, with 10
fM = 291 K 

and 5.0
fM = 299 K, and 10

fA = 338 K and 5.0
fA = 334 K. The difference between the 

starting and the finishing temperature is the temperature intervals of the transformations. 

The temperature intervals determined at 10 K/min and 0.5 K/min are MAT −
10δ = 15 K, 

AMT −
10δ = 16 K, MAT −

5.0δ = 8 K and AMT −
5.0δ = 13 K. The transformation intervals are 

significantly smaller at 0.5 K/min than at 10 K/min. The smaller values determined at 

0.5 K/min is obviously the more reliable measure of the true transformation intervals 

[22]. 

 

3.2.2   Interrupted DSC analysis at 10 K/min  

Figure 4 shows interrupted DSC measurements with a thermal arrest during either the 

forward or the reverse transformation. The cooling/heating rate was 10 K/min for all the 

measurements. Curve (a) shows the full continuous transformation cycle without 

interruption. The thermal arrest divided a transformation peak into two stages, denoted 

A1-M1 and A2-M2 for the forward transformation and M1-A1 and M2-A2 for the 

reverse transformation. It is seen that the thermal peak size of A1-M1 increased 

progressively at the expense of that of A2-M2 with increasing the interruption 

temperature. For the forward transformation on cooling, thermal arrest at 298 K caused 

the total disappearance of A2-M2, as evident in curve (g), even though the thermal 

arrest temperature is still within the transformation interval with respect to the 

uninterrupted full transformation cycle shown in curve (a). This temperature is recorded 

as the critical termination temperature for the forward transformation, MA
cT − . Similarly, 

for the reverse transformation, thermal arrest at 333 K caused the total disappearance of 

M2-A2, as evident in curve (i). This temperature is denoted the critical termination 

temperature for the reverse transformation, AM
cT − . 
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Figure 4. (a) Continuous differential scanning calorimetry (DSC) measurements, 

without temperature interruption, of the transformation behavior of Ti-50.2 at%Ni at 

0.5 K/min; Interrupted DSC measurements of Ti-50.2 at%Ni at 10 K/min, with 

thermal arrest (b) at 304 K and 322 K; (c) at 303 K and 326 K; (d) at 301 K and 328 

K; (e) at 300 K and no interruption; (f) at 299 K and 330 K; (g) at 298 K and 331 K; 

(h) at 297 K and 332 K; (i) at 296 K and 333 K; (g) at 295 K and 335 K;  and (k) at 

293 K and 338 K, during the forward and reverse martensitic transformations, 

respectively.  

 

The exothermic/endothermic heats of the A1-M1, A2-M2, M1-A1 and M2-A2 

transformations, denoted 1 1A MH −Δ , 2 2A MH −Δ , 1 1M AH −Δ  and 2 2M AH −Δ  respectively, are 

shown in Figure 5 as functions of the thermal arrest temperature iT . The dashed lines 

indicate the latent heats of the transformations measured from the continuous DSC 

transformation cycle at 10 K/min, 10
A MH −Δ  and 10

M AH −Δ . Both exothermic and 

endothermic heats are expressed as positive values in the figure. Also shown in the 

figure are the total heat for the forward and the reverse transformations, defined as 
A M

totH −Δ = 1 1A MH −Δ + 2 2A MH −Δ  and M A
totH −Δ = 1 1M AH −Δ + 2 2M AH −Δ , respectively. 
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Figure 5. Absolute values of latent heat determined by interrupted measurement at 

different stages during the B2↔B19’ martensitic transformation at cooling/heating 

rate of 10 K/min: (a) forward transformation, (b) reverse transformation 

 

For the interrupted forward transformation, as shown in (a), 1 1A MH −Δ  increases and 
2 2A MH −Δ  decreases with decreasing the thermal arrest temperature. The summation of 

the two, A M
totH −Δ , falls below the latent heat of the uninterrupted transformation cycle, 

10
A MH −Δ , with a minimum amid the transformation temperature range. This deficit of 

latent heat, 10( )A M A M
totH H− −Δ − Δ , indicates a loss of the latent heat, or transformation 

volume, during the interrupted forward transformation. The maximum value of the heat 

loss is 5 J/g, corresponding to 21% of 10
A MH −Δ . The critical termination temperature 
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identified in Figure 4, MA
cT − = 298 K is also indicated in the figure. Below MA

cT −  , 

2 2A MH −Δ  is practically zero. 

 

The reverse transformation showed similar behavior, as shown in (b). 1 1M AH −Δ  

increases at the expense of 2 2M AH −Δ  as the thermal arrest temperature increases. 
AM

totH −Δ  remains below 10
M AH −Δ , with a maximum deficit of 4.7 J/g, corresponding to 

20% of 10
M AH −Δ . The critical temperature identified in Figure 4, AM

cT −  = 333 K, is also 

indicated in the figure. Above AM
cT −  , 2 2M AH −Δ  is zero. 

 

It is interesting to note that MA
cT −  and AM

cT −  determined from the interrupted DSC 

measurements equal the finishing temperatures of the forward and reverse 

transformations determined at 0.5 K/min cooling and heating rate, i.e., 0.5
fM  and 0.5

fA , 

respectively.  

 

3.2.3   Interrupted DSC analysis at 0.5 K/min 

Figure 6 shows the interrupted DSC measurement of the transformation behavior of Ti-

50.2 at.%Ni at a cooling/heating rate of 0.5 K/min. Because of the excessive time 

required, measurements were taken only at the vicinity of the transformation. Curve (a) 

is an uninterrupted transformation cycle. It shows small transformation temperature 

intervals of MAT −
5.0δ = 8.5 K and MAT −

5.0δ = 13.5 K. For the reverse transformations, 

thermal arrests made little change to the overall profile and size of the thermal flux peak. 

This is obviously related to the lower maximum heat flux intensity of the reverse 

transformation peaks related to that of the forward transformation peaks. 
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Figure 6. (a) Continuous differential scanning calorimetry (DSC) measurements, 

without temperature interruption, of the transformation behavior of Ti-50.2 at%Ni at 

0.5 K/min; Interrupted DSC measurements of the transformation behavior of Ti-50.2 

at%Ni at 0.5 K/min, with thermal arrest at (b) 305 K and 325 K; (c) 303 K and 328 

K; (d) 301 K and 330 K; (e) 299 K and 332 K, during the forward and reverse 

martensitic transformations, respectively. 

 

Figure 7 shows measurements of the transformation latent heats as functions of the 

thermal arrest temperature, with (a) showing 1 1A MH −Δ , 2 2A MH −Δ  and MA
totH −Δ  for the 

forward transformation and (b) showing 1 1M AH −Δ , 2 2M AH −Δ  and AM
totH −Δ  for the reverse 

transformation. These parameters show similar trend as those described in Figure 3. 

However, it is evident that the heat losses between  0.5
A MH −Δ  and MA

totH −Δ and between 

0.5
M AH −Δ  and AM

totH −Δ are negligible. 
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Figure 7. Absolute values of latent heat determined by interrupted measurement at 

different stages during the B2↔B19’ martensitic transformation at cooling/heating 

rate of 0.5 K/min: (a) forward transformation, (b) reverse transformation 

 

3.3   Ti-50.8 at%Ni alloy  

Figure 8 shows the transformation behavior of a Ti-50.8at.%Ni alloy, as measured at 10 

K/min. The samples were solution treated at 1153 K for 1.8 ks. Also shown in the figure 

is a measurement conducted at 0.5 K/min for comparison. The y-scale of the curve 

measured at 0.5 K/min is enlarged 20 times for easy viewing. The alloy exhibited a 

single stage B2-B19’ transformation, similar to the Ti-50.2at.%Ni alloy, but at lower 

temperatures and with smaller latent heats. The transformation temperatures, as 

determined from the DSC curve measured at 0.5 K/min, are 0.5
sM = 240 K, 0.5

fM = 226 K, 

0.5
sA = 247 K and 0.5

fA = 260 K. The latent heats of the transformations, as determined 

from the DSC curve measured at 10 K/min, are 10.1 J/g for the forward transformation 
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and 12.6 J/g for the reverse transformation. The two critical termination temperatures 

are determined to be MA
cT − = 226 K and AM

cT − = 260 K. 
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Figure 8. Interrupted differential scanning calorimetry measurements of the 

transformation behavior of Ti-50.8 at%Ni 

 

Figure 9 shows the evolution of transformation latent heats as functions of the thermal 

arrest temperature, with (a) showing the forward B2→B19’ transformation and (b) 

showing the reverse B19’→B2 transformation. All the thermal parameters show similar 

trend as those described in Figure 5, with 1 1A MH −Δ  increasing at the expense of 
2 2A MH −Δ  as the thermal arrest temperature decreases for the forward transformation and 
1 1M AH −Δ  increases at the expense of 2 2M AH −Δ  with increasing the thermal arrest 

temperatures for the reverse transformation. Also, AM
totH −Δ  remains below 10

M AH −Δ  and 

MA
totH −Δ  remains below 10

A MH −Δ . The maximum relative heat loss for the interrupted 

forward transformation is 21% (2.2 J/g) and that for the interrupted reverse 

transformation is 30% (3.8 J/g). 
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Figure 9. Absolute values of latent heat determined by interrupted measurement at 

different stages during the B2↔B19’ martensitic transformation in Ti-50.8at%Ni at 

cooling/heating rate of 10 K/min: (a) forward transformation, (b) reverse 

transformation 

 

3.4   Ni43Co7Mn39In11 

Figure 10 shows similar DSC measurements of the martensitic transformation behavior 

of a Ni43Co7Mn39In11 alloy. The y-scale of the transformation curve measured at 0.5 

K/min has been enlarged by 20 times for easy comparison with the rest. The alloy 

exhibited a single stage L21↔Orthorhombic transformation. The transformation 

temperatures determined at 0.5 K/min are 0.5
sM = 301 K, 0.5

fM = 294 K, 0.5
sA = 297 K and 

0.5
fA = 306 K. The latent heats of the transformations, as determined at 10 K/min, are 5.2 
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J/g for the forward and 5.9 J/g for the reverse transformations. The two critical 

termination temperatures are determined to be MA
cT − =293 K and AM

cT − = 307 K. 
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Figure 10. Interrupted differential scanning calorimetry measurements of the 

transformation behavior of Ni43Co7Mn39In11 

 

Figure 11 shows the evolution of transformation latent heats as functions of the thermal 

arrest temperature, with (a) showing the forward L21→orthorhombic transformation and 

(b) showing the reverse orthorhombic→L21 transformation. The maximum relative heat 

loss for the interrupted forward transformation is 29% (1.5 J/g) and that for the 

interrupted reverse transformation is 35 % (2.1 J/g). 
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Figure 11. Absolute values of latent heat determined by interrupted measurement at 

different stages during the L21↔Orthorhombic martensitic transformation in 

Ni43Co7Mn39In11 at cooling/heating rate of 10 K/min for: (a) forward transformation, 

(b) reverse transformation 

 

4.   Discussion 

4.1   Transformation temperatures intervals and elastic energy  

Behavior of thermoelastic martensitic transformations in shape memory alloys have 

been commonly characterized by means of DSC. It has been established in a previous 

study that transformation intervals are more reliably determined at very low 

heating/cooling rate (e.g., 0.5 K/min) whereas transformation latent heat is more 

reliably determined at above 5 K/min [22]. Under these conditions, the latent heats and 

transformation intervals of the B2↔B19’ martensitic transformation in two near-
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equiatomic NiTi alloys and the L21↔Orthorhombic transformation in Ni43Co7Mn39In11 

are determined. The results are summarized in Table I. In this table, sM , fM , sA , fA  

and 5.0Tδ  are based on measurements conducted at 0.5 K/min, whereas 10Tδ  and HΔ are 

based on measurements conducted at 10 K/min. 

%100
)(

%
10

10 ×
Δ

Δ−Δ
=Δ −

−−
−

MA

MA
tot

MA
MA

rel H
HH

Q and %100
)(

%
10

10 ×
Δ

Δ−Δ
=Δ −

−−
−

AM

AM
tot

AM
AM

rel H
HH

Q  

denote the maximum relative heat lost during the interrupted DSC measurement at 10 

K/min, for the forward and reverse phase transformation, respectively.  

 

Values of transformation intervals obtained from the interrupted DSC measurement are 

essentially the same as those obtained from the continuous DSC measurement at 0.5 

K/min. These values are significantly smaller than those determined at 10 K/min; for 

example, MAT −
5.0δ  is 53%, 42% and 47% of MAT −

10δ  for the Ti-50.2 at.% Ni, Ti-50.8 at.% 

Ni and the Ni43Co7Mn39In11 alloy. It is evident in the experimental results presented that 

the starting temperatures of the transformations (i.e., sM and sA ) are not affected by the 

cooling and heating rate, but the finishing temperatures (i.e., fM  and fA ) are strongly 

delayed by higher cooling and heating rates. Retardation of the finishing temperatures is 

caused by the kinetics of thermal conduction of the sample as well as the instrument. By 

using the interrupted DSC measurement and the slow cooling/heating measurement 

methods, the true finishing temperatures of the B2↔B19’ transformations are 

determined to be 5.0
f

MA
c MT ≈− = 298 K and 5.0

f
AM

c AT ≈− = 334 K for the Ti-50.2at.%Ni 

alloy and 5.0
f

MA
c MT ≈− = 226 K and 5.0

f
AM

c AT ≈− = 260 K for the Ti-50.8at.%Ni alloy, 

and those of the L21↔Orthorhombic transformation are 5.0
f

MA
c MT ≈− = 293 K and 

5.0
f

AM
c AT ≈− = 307 K for the Ni43Co7Mn39In11 alloy. 

 

It is well established that the occurrence of transformation interval is due to the 

continued increase of thermodynamics resistance to the transformation during the 

transformation process, thus the thermoelasticity [23]. For the thermoelastic martensitic 

transformations in shape memory alloys, this increase of thermodynamic resistance is 

due to the increases of internal elastic strain energy caused by the lattice distortion of 

the martensite [24, 5-9]. With this understanding, transformation intervals have been 

used to estimate the change of elastic strain energy during the process of the 
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transformation [25]. With the transformation interval values determined, elastic strain 

energy changes of the transformations in the two alloys may be estimated. 

 

The specific elastic strain energy created over an infinitesimal step of transformation at 

a random stage corresponding to the martensite volume fraction mf  may be expressed 

as SMfTfE smmel Δ−=Δ ))(()( ; Thus, the difference between (or the change of) the 

specific elastic energy stored at the end of transformation ( fm MfT =)( ) and at the start 

of the transformation ( sm MfT =)( ) is elE T Sδ δΔ = Δ . Using NiTiSΔ = 0.077 J/gK [10, 

26-27], and NiCoMnInSΔ = 0.019 J/gK [28], as estimated using the data shown in Table I, 

elEδΔ  values for the forward and reverse transformations are determined as summarized 

in Table I. 

 

Table I. Transformation characteristic parameters of three shape memory alloys during: 

(a) forward transformation, and (b) reverse transformation 

A→M  

(a) 5.0
sM  

(K) 

fM  
(K) 

MAT −
5.0δ  

(K) 

MAT −
10δ  

(K) 

MA
elE −Δδ  

(J/g) 

MAH −Δ  
(J/g) 

MA
relQ −Δ

(%) 

Ti-50.2at%Ni 307 299 8 15 0.65 23.7 21 

Ti-50.8at%Ni 240 226 14 33 1.13 10.0 21 

Ni43Co7Mn39In11 301 294 7 15 0.14 5.2 29 

M→A 

(b) 5.0
sA  

(K) 

fA  
(K) 

AMT −
5.0δ  

(K) 

AMT −
10δ  

(K) 

AM
elE −Δδ  

(J/g) 

AMH −Δ  
(J/g) 

AM
relQ −Δ

(%) 

Ti-50.2at%Ni 321 334 13 16 1.0 23.8 20 

Ti-50.8at%Ni 247 260 13 25 0.99 12.6 30 

Ni43Co7Mn39In11 297 306 9 19 0.17 5.9 35 

 

4.2   Isothermal and athermal martensitic transformation  

Given the diffusionless nature, martensitic transformations are generally considered to 

proceed in an explosive manner in the form of propagation of mechanical waves within 

the lattice, or in other words, the speed of sound in the matrix [29]. This implies that the 

transformation process is time independent and has nil temperature interval. With the 

introduction of accumulation of stored elastic strain energy (more precisely the variation 
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of specific stored elastic strain energy )( mel fEΔ during the process of transformation), 

the transformation becomes temperature dependent over an interval, that is 

thermoelastic [23]. In such transformation, amount of the product phase formed is 

dependent only on temperature, and not time. This is intrinsically determined by the 

diffusionless nature of the transformations, where a time-dependent, probability-

controlled process is absent. Such transformations are typically referred to as athermal 

transformation in the literature [30, 31]. Such transformations are typically referred to as 

athermal transformations in the literature [30, 31]. 

 

There are, however, debates in the literature of the occurrence of martensitic 

transformations in another manner, that is, isothermally with time [12, 13, 18, 32, 33]. 

Kakeshita et al first proposed a mechanism based on probability of nucleation of the 

martensite due to energy fluctuation, thus the incubation time required for the 

transformation, for the Fe-Ni-Mn system [18]. They further suggested that all 

martensitic transformations can be regarded time-dependent isothermal processes, with 

the more conventional martensitic transformations being “athermal” only because of 

their extremely short incubation times. Otsuka et al disputed that notion and 

demonstrated in NiTi that no martensite is formed at temperatures just above the Ms 

temperature over prolonged periods [14], and concluded that martensitic 

transformations may proceed in a totally athermal manner even when atomic diffusion 

is totally suppressed. Planes et al [17] later conducted a careful experiment by 

monitoring acoustic emission of the sample during thermal arrest in the midst of the 

martensitic transformation and compared the behaviors of CuAlNi and CuZnAl systems. 

They proposed a unified theory based on the relative time scales of energy fluctuation, 

rate of driving force production and rate of system relaxation, from a theoretical 

perspective. The main conclusion of their analysis is that an athermal transformation, in 

an absolute sense, does not exist (so does not the distinction between isothermal and 

athermal transformations in the classical concept), and all martensitic transformations 

obey the same set of laws. A time effect is observed when the characteristic time for 

energy fluctuation, which is characteristic and specific to a particular transformation 

system, is comparable to or greater than the characteristic time for driving force 

production, which is a measure of the rate of temperature change (cooling/heating rate). 

In this regard, the observation of a time effect is only a matter of the rate of temperature 

change relative to the nature of the transformation for a given system. We agree with 

this concept. 
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What may be extended a step further in this discussion from Planes concept are the 

origins or nature of these time-dependent aspects. In addition to energy fluctuation, 

there exist some nonelastic events in the local scene during a martensitic transformation. 

Being a mechanical process, the transformation front interacts with existing defects in 

the matrix, causes dislocation movements and generates new dislocations, and 

experiences “frictional” resistance. Such interactions are nonelasic in nature and are 

time dependent. Interactions with these defects either relax the stress hindrance to the 

propagation of the transformation interface or block the propagation. 

 

In this study we conducted calorimetric measurements during thermal arrests within the 

temperature windows of the forward and reverse transformations for two different 

martensitic transformation systems. The near-equiatomic NiTi alloys represent typical 

ductile intermetallic matrix prone to internal plastic deformation and thus are expected 

to be more time dependent. The NiCoMnIn alloy represents a typical intermetallic 

compound of brittle matrix and damages by cleavage fracture, thus expected to be less 

time dependent. In addition, the calorimetric measurements allow not only detection of 

the time effect but also provide some quantitative information of the extent of “time-

induced” martensitic transformation. 

 

It is seen in figure 4 that at cooling/heating rate of 10 K/min maximum heat losses of 

21% and 20% were recorded for the forward and reverse transformations respectively in 

the Ti-50.2at.%Ni alloy. Similar values of 21% and 30.3% were also recorded for the 

Ti-50.8at.%Ni alloy and 29% and 35% for the Ni43Co7Mn39In11 alloy. These heat losses 

signify the “time-induced” transformation during the thermal arrest. However, at 0.5 

K/min, no obvious heat loss was recorded. The heat losses of 3.8% and 3.7% for the 

forward and the reverse transformations recorded are within the experimental error of 

the DSC heat measurement. The apparent time-dependent transformation at 10 K/min is 

thus clearly related to the effect of thermal equilibration to dissipate the large latent heat 

during thermal arrest, thus an artifact of the thermal inertia. 

 

5.   Conclusions 

The main findings of this study may be summarized as following: 

(1) DSC measurement at the conventional 10 K/min cooling and heating rate over-

estimates the finishing temperatures of both the forward and the reverse transformations 
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by retarding the completion of the processes. This leads to overestimation of the 

transformation temperature intervals. 

 

(2) True values of the transformation finishing temperatures and intervals may be 

determined at very slow cooling and heating rate, or by interrupted thermal 

measurement. The transformation temperature intervals are found to be 8.4 K and 12.9 

K for the forward and reverse B2↔B19’ martensitic transformation of the Ti-

50.2at.%Ni alloy, 14.7 K and 12.8 K of the Ti-50.8at.%Ni, and 7.3 K and 9.1 K for the 

L21↔orthorhombic martensitic transformation of Ni43Co7Mn39In11. These values are 

significantly smaller than those determined at cooling and heating rate of 10 K/min. 

 

(3) An apparent time-dependent effect was observed for DSC analysis at cooling and 

heating rate of 10 K/min, but not at 0.5 K/min. This observation is attributed to the 

effect of thermal equilibration to dissipate the latent heat during the continuous thermal 

measurement, thus an artifact. Both the B2↔B19’ martensitic transformation in near-

equiatomic NiTi and the L21↔orthorhombic transformation in Ni43Co7Mn39In11 are 

time-independent athermal processes within the time domain concerned in DSC 

measurement. 
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Abstract 

This work attempts to develop superelastic TiNi wires with spatially varied shape 

memory characteristics along their length. A short section of the wire was over-aged by 

electrical resistance heating, which resulted in the deterioration of its superelasticity, 

whilst the reminder of the wire length remained superelastic. The tensile stress-strain 

behavior of such treated wires is characteristic of two discrete stress plateaus during the 
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stress-induced martensite transformation, corresponding to the original and over-aged 

sections. These wires offer improved controllability as guide wires and for actuations. 

 

Keyword: shape memory alloys; NiTi, electrical resistance aging; martensitic 

transformations, functionally graded material 

 

1.   Introduction 

NiTi shape memory alloys (SMA) exhibit unique shape memory effect and 

superelasticity, which render them wide applications in engineering designs, such as 

pipe couplers, actuators and seismic protectors [1-3], and consumer goods, such as cell 

phone antennas and eyeglass frames [4]. Among them, the strongest demand comes 

from medical applications. SMAs have been utilized in a wide array of auxiliary 

medical devices, e.g., guide wires for catheters [5, 6], stents [6], endodontic files [6], 

bone anchors and staples [7], inferior vena cava filters and orthodontic wires [5, 6, 8]. 

These devices are usually made of thin wires and play essential roles in fixing or 

delivering medical devices or drugs into the right locations in the human body [9]. 

 

For some designs, it is necessary to have spatial variations of the thermomechanical 

properties of the alloy along its length. For example, the tip or certain section of the 

wire may need sufficient flexibility for easy bending. At the same time, the reminder of 

the device must remain high in strength, stiffness and superelasticity to fulfill its 

functions. In some other applications a NiTi wire may need to be locally heated and this 

inevitably alters the properties of the wire at these locations, e.g., local heating for shape 

setting of orthodontic arch wires. 

 

It is known that aging is effective in influencing the mechanical properties of Ni-rich 

NiTi alloys [10, 11]. Some techniques have been explored for local heat treatment, such 

as laser treatment [12], electrical resistance heating [13], and contactless radio 

frequency heating [14] to vary the properties of these alloys. In this work we used 

electrical resistance heating as means for selective over-aging of a superelastic NiTi 

wire, with the aim to suppress superelasticity locally. 

 

2.   Experimental procedures 

A commercial superelastic Ti-50.8 at.% Ni alloy wire of 0.9 mm in diameter was used. 

The wire was cut into samples of 60 mm in length. Local heating was performed using a 
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DC laboratory power supply with output capability of 0-20 V at 0-10 A. The heating 

section between the electrical contacts was 30 mm. The electrodes are two blocks of 

brass, providing certain thermal sink effect to the wire during heating. The temperature 

profile along the length within the heating section was measured by 13 thermocouples 

spot welded on the surface of the sample. The electrical heating was maintained for 300 

s to induce over-aging of the samples. The electrical heating setup is illustrated in 

Figure 1. Deformation behaviour of the specimens was characterized in tension using an 

Instron 4301 universal testing machine at a strain rate of 8.33×10-5 s-1 at room 

temperature (300 K). The gauge length for the tensile test was 40 mm. 

 

 
Figure 1. Schematic view of the electrical local heating system of NiTi wire 

 

3.   Results 

3.1   Temperature profile within the heating length by electrical resistance over-aging  

Figure 2 shows the evolution of temperature with time at different locations within the 

heating section of the wire. The heating was current-controlled, at 6 A. The distance 

values marked on the curves indicate the locations of the thermocouples, measured from 

the center. It is seen that, an initial time of it =25 s is required for the temperatures to 

reach stabilization. 
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Figure 2. Time evolution of temperatures at different locations within the heating 

section during electrical resistance heating 

 

Figure 3 shows the temperature profiles along the length of the heating section detected 

by the thermocouples. The temperature profiles show a bell shape, with the maxima 

being in the middle, indicating dominant 1D heat dissipation along the length towards 

the electrodes, which served as heat sinks. It is obvious that the highest temperature 

gradient occurred at the ends of the heated section, near the heat sinks. Figure 3(b) 

shows the effect of applied current on the peak temperature pT  of the samples (the 

stabilized temperature at the center). It is seen that pT  increases practically linearly with 

the increase of current, at a rate of 109 K/A. 

 

3.2   Effect of heating time on the mechanical behaviour  

Three samples were heat treated at 6 A current for different durations. Figure 4 shows 

the tensile deformation behaviour of the three samples, in comparison with a sample in 

the as-received condition. The as-received wire exhibited perfect superelasticity, with a 

forward stress plateau at SIMσ = 430 MPa and a maximum recoverable strain of 8%. In 

contrast, the three heat treated samples showed a different behaviour, exhibiting two 

stress plateaus, with the first one at 1
SIMσ = 264 MPa and the second one at 1

SIMσ = 420 

MPa. During unloading only part of the material underwent superelastic recovery. This 
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Figure 3. (a) Temperature distribution profile along the length of samples heated at 

different current levels; (b) effect of heating current on the peak temperature within 

the heating section 

 

part apparently corresponds to the part deformed over the higher stress plateau, which is 

the unheated section of the wire outside the heating zone. The material deformed over 

the lower stress plateau and the transition stage between the two stress plateaus reflects 

the deformation behaviour of the heated section. It is evident, as repeatedly observed in 

the stress-strain curves presented below, that large stress fluctuations (stress drops) 

occur during stress-induced martensitic transformation in the heated zones. It is also 

evident that extended heating time beyond 60 s is ineffective in causing any further 

change to the superelastic property. It is also evident that at the beginning of the first 

stress plateau a clear stress drop, or upper-lower yielding behavior, occurred. 
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Figure 4. Deformation behaviour of Ti-50.8 at.%Ni wires at 300 K after local over-

aging by electrical heating 

 

3.3   Effect of heating current on the transformation behaviour  

Half of the heated length was cut into three short sections of 5 mm in length, at 

mmx 50 −= , mmx 105 −=  and mmx 1510 −=  measured from the centre. Figure 5 

shows the transformation behaviour of the three sections. Three samples heat treated at 

different currents are shown. All three samples have been treated for 300 s. An as-

received sample and a sample solution-treated at 1123 K for 1.8 ks are also shown in the 

figure for comparison. The as-received sample had a two stage A→R→M 

transformation on cooling and one stage M→A transformation on heating. The latent 

heat of the forward transformation is 3.3 J/g for A→R and 5.0 J/g for R→M, whereas 

that for the reverse M→A transformation is 11.1 J/g. The solution-treated sample 

exhibits a single stage A↔M transformation, with 15.0 J/g for the forward and 15.7 J/g 

for the reverse transformation. 

 

For the sample heated at 4.5 A, the sections at mmx 1510 −=  and 

mmx 105 −= exhibited a two stage A→R→M transformation on cooling and a M→A 

transformation on heating, similar to the as-received superelastic sample. The section at 

mmx 50 −=  developed single stage A↔M transformation, similar to the solution 

treated sample. For the sample treated at 6 and 7 A, the section at mmx 1510 −=  still 

exhibited similar transformation behaviour to the as-received sample, with multi-stage 

transformation sequences. The sections at mmx 105 −=  and mmx 50 −=  showed 

single stage A↔M transformation, similar to the solution treated sample. 
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Figure 5. Effect of electrical current on transformation behaviour within the heating 

section 

 

3.4   Effect of heating current on the mechanical behaviour 

Figure 6 shows the deformation behaviour of the NiTi wires after electrical over-aging 

at different current levels. Considering the characteristics of the first stress plateau in 

stress-strain curves, the effect of heating current may be divided into four stages with 

increasing the current level. 

 

At low heating current levels of 4 ~ 4.5 A, as shown in Figure 6(a), the deformation 

behaviour are largely superelastic, with ≤ 1.6% residual strains after a complete 

loading-unloading cycle to >7% strain. However, the perfect stress plateaus for both the 

forward and reverse transformations have been corrupted, as compared to the “flag” 

shaped superelastic curves of the as-received sample shown in Figure 4. Referring to 

Figure 3, it is known that the heating temperature range for these samples was 400~800 

K. A critical temperature of cT = 800 K may be identified for the suppression of 

superelasticity. In this regard, the over-aged length, as estimated from the temperature 

profiles shown in Figure 3 (a), is 5 mm (between mmx 5.2±= ) for the 4.5 A heated 

sample. 

 

Figure 6 (b) shows three samples heated at 5~6 A. The stress-induced martensitic 

transformation in these samples occurred over two apparent stress plateaus. The first 

stress plateau occurred at 1
SIMσ = 260 MPa and the second one at 2

SIMσ = 420 MPa. The 

superelasticity of the sample within the heated length has been largely suppressed. The 

superelastic recovery upon unloading corresponds to the deformation over the second 
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stress plateau and originates from the length beyond the heated section. The over-aged 

lengths, as estimated from Figure 3 (a), are 11 mm (between mmx 5.5±= ) for the 5 A, 

17 mm ( mmx 5.8±= ) for the 5.5 A, and 19 mm ( mmx 5.9±= ) for the 6 A heated 

samples. The effective over-ageing length increased with increasing the heating current. 

This is also reflected in the length of the first stress plateau shown in Figure 6 (b). 
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Figure 6. Tensile deformation behaviour of Ti-50.8 at.% Ni wires at 300 K after local 

over-ageing by electrical heating 

 

At 6.5~7 A, as shown in Figure 6 (c), the samples deformed in a similar way to those 

shown in (b), except that the first stress plateau turned into a unique arched shape. This 

observation has been confirmed in multiple samples heated to the same conditions at 7 

A. The transformation behaviour of a sample solution-treated at 1123 K for 1.8 ks is 

also shown in Figure 6 (c). It is seen that the stress-induced martensitic transformation 

of this alloy occurred at SIMσ = 317 MPa, well above the stress plateaus of the over-aged 

sections. 

 

Figure 6 (d) shows the stress-strain curves of the samples heat treated at 7.5 A and 8 A. 

The first stress plateau has disappeared, replaced by serrated large stress drops. The 

sample heated at 7.5 A still showed a small superelastic recovery, apparently from the 

small sections outside the heated zone. The sample heated at 8 A broke when the strain 

reached 6.2%, at a stress of 394 MPa. 

 

Figure 7 shows the effect of current level on the critical stress for inducing the 

martensitic transformation ( SIMσ ) in the heated section, taken as the minimum values. It 

is seen that increase of the heating current led to rapid decrease of SIMσ  for up to 4.5 A 

and further increase of current did not cause significant change to the stress. This is a 

clear indication that a current of 5 A is effective in causing over-aging of the alloy. 
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Figure 7. Effect of current on the minimum stress for inducing the martensite 

transformation 

 

Figure 8 shows the effect of current level on the strain of the first stress plateau ( plε ) 

and the residual strain ( reε ). Also shown in the figure is the length (L) of the over-aged 

zone within the heated section, as determined from Figure 3 based on cT . With 

increasing current level, both reε  and plε  increased. The close correspondence between 

the two demonstrates the association of the residual strain to the lower stress plateau. It 

is also evident that length of the samples heated to above cT  follows the same trend as 

the plateau strain. These results indicate that as the increase of current, the effective 

over-aged length increases. 
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Figure 8. Effect of current on the strain of the first stress plateau plε , the residual 

strain reε  and the length of the over-aged zone L  
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4.   Discussion 

4.1   Two stress plateaus for martensitic transformation 

Rapid electrical heating of NiTi has been reported in the literature, by either pulses [15, 

16] or DC current [17]. It has been found that heating periods as short as milliseconds 

are effective in altering the microstructure and properties of NiTi. In this study, it is 

seen in Figure 6 that local electrical heating of superelastic NiTi causes two stress 

plateaus. It is apparent that the first plateau is associated with the locally heated section 

and the higher stress plateau is associated with the unheated section within the gauge 

length of the deformation. The deformation over the lower stress plateau does not show 

superelastic recovery. This is attributed to over-aging which has led to conversion of 

coherent Ti3Ni4 precipitates into incoherent precipitates (Ti2Ni3, TiNi3) [10, 11, 18]. 

This is supported by the observation of the disappearance of the R phase transformation, 

as shown in Figure 5. The critical temperature for the suppression of superelasticity by 

over-ageing is estimated to be cT =800 K. This temperature is consistent with previously 

reported values (e.g., 833 K for the Ti-50.8at.% Ni) [19]. It is also noted that the plateau 

stress for stress-induced martensitic transformation of the solution treated sample is 

higher than the stress of the first plateau of over-aged samples. This is apparently due to 

solution strengthening of the matrix of the solution treated sample. 

 

4.2   Upper-lower yielding and Lüders type deformation 

It is evident that the locally heated wire samples show clear upper-lower yielding 

behavior at the beginning of the first stress plateau. This is a well-documented 

observation of the Lüders type deformation of NiTi in tension [20-22]. In contrast, the 

as-received sample (Figure 4) and the fully solution treated sample (Figure 6) showed 

flat stress plateaus without the upper-lower yielding. This is due to the fact that the grips 

used for tensile testing have introduced the martensite within the grips prior to the 

tensile deformation, and deformation over the stress plateau proceeded simply by 

propagation of the stress-induced martensite from the grips into the gauge length of the 

sample. In the case of locally heated samples, the weakest part (lowest stress for 

inducing martensite) is in the middle of the sample. In this case the Lüders band of 

stress-induced marensite initiates in the middle, thus the appearance of the upper-lower 

yielding behavior. 
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4.3   Stress serration during stress-induced martensitic transformation  

Some highly irregular, serrated stress-strain phenomenon is observed between the two 

stress plateaus, as evident in Figure 4 and 6. To investigate this phenomenon, the 

nucleation and propagation of martensite band during the tensile deformation for the 

wire heated at 6 A was recorded. Snapshots of the video recording at some 

characteristic moments were extracted and shown in Figure 9 (a). Their corresponding 

positions on the stress-strain curve are shown in Figure 9 (b). The section labeled “V” 

indicates the gauge length of the electrical heating (30 mm). The mark (next to letter V) 

in the middle indicates the middle point of the heated section. 

 

It is seen in Figure 9 (a)-(1) that the martensite initially nucleated at a lower middle 

location within the heated section of the wire, as indicated by the arrow. The nucleation 

of the martensite band corresponds to the stress drop at the beginning of the stress 

plateau (point (1)). The two fronts of the martensite band propagated outwards with 

further deformation (point (2)), as indicated by the blue arrows. At point (3), which is 

just beyond the end of the first stress plateau, the martensite band has expanded 

symmetrically to about 5 mm inside the ends of the heated length on each side. Point (4) 

is at the beginning of the second stress plateau. At this moment the transformation band 

has just reached the contact points of the electrode for heating. This proves clearly that 

the stress serrations observed within the stage of deformation between points (3) and (4) 

on the stress-strain curve correspond to the deformation in the sections some 5 mm in 

length inside the contact points of the electrodes. Referring to Figure 3 (a), these 

sections have the highest temperature gradient. The rapidly decreased heating 

temperature in this region implies rapid increase of the critical stress for inducing the 

martensite. This means that the first transformation band stops and new transformation 

bands need to be nucleated within these transient sections. The observed two stress 

serrations are the upper and lower yielding for the nucleation of the new Lüders bands 

one at each end of the heating gauge length.  
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Figure 9. (a) Propagation of martensite band during tensile deformation upon loading; 

(b) deformation behavior of the wire heated at 6 A 

 

5.   Conclusions 

This study demonstrates that local electrical resistance heating is an effective method to 

suppress superelasticity by causing local over-aging of superelastic Ni-rich NiTi alloy. 

Local over-aging by electrical resistance heating creates a spatial variation of 
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mechanical properties. For the particular Ti-50.8 at.% Ni superelastic alloy used, local 

over-ageing caused the stress plateau associated with stress-induced martensitic 

transformation at the room temperature to decrease to 260 MPa, a reduction of 38% 

relative to the original condition (420 MPa). 

 

The tensile stress-strain behavior of locally over-aged superelastic NiTi exhibit two 

distinctive stress plateaus for the stress-induced martensitic transformation. The 

transient between the two stress plateaus is characterized by double stress serrations. 

The stress serrations are associated with the nucleation of new Lüders bands within the 

short sections near the electrode where the heating temperature is low and the gradient 

is high. 
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Abstract 

NiTi wires with spatially varied shape memory characteristics along the length were 

created by selective electrical resistance over-aging. The stress-strain behaviour of such 

wires is characterized by some unique features during the stress-induced martensitic 

transformation, including two discrete stress plateaus, stress serration during transition 

between the two stress plateaus and an arched shape of the stress plateau in the over-

aged section. These unique features and the underlying mechanisms are explained in 

this study. 

 

Keywords: Shape memory alloy (SMA); NiTi; electrical resistance heating; Aging; 

Martensitic transformations; Pseudoelasticity 

 

1.   Introduction 

Near-equiatomic NiTi alloys are attractive for a wide range of smart designs and 

innovative applications owing to their unique functional properties, including the shape 

memory effect and pseudoelasticity [1-3]. These functional properties are related to the 

martensitic transformation in these alloys [4, 5]. It is well established that tensile 

deformation of slender NiTi components exhibits distinctive Lüders-type deformation 

over the stress-induced martensitic transformation [6-8]. The Lüders-type deformation 

is characterized by some unique features, including an upper-lower yielding 

phenomenon, a flat stress plateau and a definitive strain range [9-11]. These features 

provide unique design opportunities for certain applications, whereas in some others it 

has been desirable to make certain modifications. 
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In an effort to design navigable smart biopsy rotating needles [12], we attempted to 

locally heat treat a pseudoelastic NiTi wire (thin wall tube) by electrical heating to cause 

over-ageing to suppress the pseudoelasticity locally. Such heat treatment is designed to 

produce two discrete stress plateaus during stress-induced martensitic transformation 

upon one loading. In in this work some peculiar stress-strain behaviours were observed 

of the selectively heat treated wire [13]. These observations include a bulge-shaped 

stress plateau for stress-induced martensitic transformation and some stress serrations in 

between the two stress plateaus. In this paper we report our analysis of these phenomena 

to delineate the mechanisms. Such knowledge is of generic interest for other treatments 

and applications, where local heating is involved. 

 

2.   Experimental procedures 

A commercial pseudoelastic Ti-50.8 at.% Ni alloy wire of 0.9 mm in diameter was used. 

The wire was cut into samples of 60 mm in length. Local heat treatment was performed 

by means of electrical resistance heating using a DC laboratory power supply. The 

heating section between the electrodes was 30 mm. The temperature profile along the 

length within the heating section was measured by thermocouples spot welded on the 

surface of the sample. Deformation behaviour of the specimens was characterized in 

tension using an Instron 4301 universal testing machine at a strain rate of 3.33×10-5 s-1 

at room temperature (300 K). The propagation of martensite band during the tensile 

deformation was recorded using a digital camera. 

 

3.   Results and discussion 

Figure 1(a) shows a schematic view of the dimensions of the wire sample. Figure 1(b) 

shows the temperature profiles along the heating length as measured by the 

thermocouples during electrical aging at 6 A and 7 A. The distance values, denoted x ,  

is measured from the center of the wire. The temperature profiles show a bell shape at 

both 6 A and 7 A, with the peak temperature, pT , being in the middle, indicating 

dominant 1D heat dissipation along the length towards the electrodes. It is obvious that 

the highest temperature gradient occurred at the ends of the heated section. The sharp 

gradient originates from the thermal sinks, contributed by the electrodes (two blocks of 

brass). 
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Figure 1. (a) Schematic view of the dimensions of the wire samples used for selective 

electrical heating and for tensile test; (b) temperature distribution profile along the 

heating gauge length of samples; (c) distribution of the upper yielding stress, uσ , and 

the plateau stress, pσ , along the heating length; (d) schematic view of the initiation and 

propagation of martensite bands within the heating length at 6 A and 7 A 

 

Figure 2 shows the deformation behaviour of two NiTi wires after electrical over-aging 

at 6 A and 7 A with a 40 mm gauge length. The stress-strain curves of an as-received 

and a solid solution treated sample (at 1123 K for 1.8 Ks) are also shown for 



CHAPTER 3. ONE-DIMENSIONAL… 

98 

comparison. The as-received sample exhibited perfect pseudoelasticity at room 

temperature, with a forward stress plateau at SIMσ = 430 MPa and a recoverable plateau 

strain of 7.6 %. The solid solution treated wire exhibited shape memory effect at room 

temperature, with forward stress plateau at SIMσ = 317 MPa. For the electrically heated 

wires, the stress-induced martensitic transformation occurred over two apparent stress 

plateaus. It is obvious that the upper stress plateau is accompanied by pseudoelastic 

recovery and the low stress plateau results in no pseudoelastic recovery upon unloading.  

It is also evident that the electrically heat treated samples showed clear upper-lower 

yielding behavior at the onset of the first stress plateau, whereas such phenomenon is 

absent for the solution treated and the as-received samples. This phenomenon is 

commonly observed in Lüders type deformation of NiTi in tension [9-11]. The upper 

yielding is associated with the initiation of the stress-induced martensitic transformation 

band. The lower stress level, i.e., the plateau stress, is associated with the propagation of 

the transformation band. Its occurrence demonstrates that a higher stress is required to 

initiate the localized Lüders type deformation band than to propagate the deformation 

band [14, 15]. For the electrically heated samples, the band is formed in the middle of 

the sample, which is much weaker than the unheated sections at the ends of the sample. 

For the as-received and the solution treated samples, stress-induced martensitic 

transformation has already occurred within the grips during sample mounting, prior to 

the test, thus the absence of the upper-lower yielding behavior. 
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Figure 2. Deformation behaviour of the as-received, solid solution treated and 

electrically heated NiTi wires at 6 A and 7 A. The tensile gauge length is 60 mm and the 

local heating gauge length is 40 mm 
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3.1   Critical stress for inducing the martensite 

For the sample heat treated with 6 A of electrical current, the first stress plateau 

occurred at 1
SIMσ = 260 MPa and the second one at 2

SIMσ = 420 MPa. The higher stress 

plateau is at the same level with that of the as-received sample and is obviously 

associated with the unheated section within the gauge length of the deformation. The 

deformation over the lower stress plateau does not show pseudoelastic recovery. This is 

attributed to over-aging which has led to conversion of coherent Ti3Ni4 precipitates into 

incoherent precipitates (Ti2Ni3, TiNi3) [6, 16-19]. It is also seen that the lower plateau is 

below that of the solution treated sample. This is attributed to the higher Ni content in 

the matrix of the solution treated sample, which had been heated to a higher temperature. 

High Ni content implies lower sM  temperature, thus higher stress for inducing the 

martensitic transformation at the room temperature. After unloading, this sample 

exhibits a residual strain of 6
rε = 4.7 %, as seen in Figure 2. The effective over-aged 

length is estimated to be mmmmGLL rover 8.18)40(66 =×= ε , or mmx 4.94.9 <<− . 

Applying this to figure 1 (b), the critical temperature for the suppression of 

pseudoelasticity by over-ageing is estimated to be o
cT = 810 K. This temperature is 

consistent with previously reported values (e.g., 833 K for the Ti-50.8at.% Ni [20]) for 

over-aging of NiTi. Considering that the section of the sample outside the heating zone 

has a high (propagation) stress for inducing the martensitic transformation and the 

heated section has a lower stress for inducing the transformation, the plateau stress 

profile along the length of the wire can be expressed as the black curve, denoted A
p
6σ , 

shown in figure 1 (c). It is also seen that the sample exhibit an upper yielding stress 

denoting the initiation of the deformation band. This stress, denoted A
u
6σ , is 

schematically shown as the black dashed curve above A
p
6σ  in figure 1 (c). 

 

For the sample heated at 7 A, the first stress plateau proceeded in a unique arched shape. 

The maximum point of the arch is close to that of the solution treated sample. Referring 

to figure 1 (b), it is seen that the middle section of the wire had been heated to much 

higher temperatures, and is expected to have higher Ni contents due to the increased 

dissolution of the Ni-rich precipitates. Higher Ni content implies lower sM  temperature, 

thus higher stress to induce the martensitic transformation at the room temperature. 

Considering this, pσ  of the 7 A heated sample ( A
p
7σ ) can be expressed in the red curve 
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shown in figure 1 (b). The red dashed curve shows the initiation stress for the 

deformation band, A
u
7σ . 

 

3.2   Deformation mechanisms 

For the sample heated at 6 A, upon loading in tension, deformation band for stress 

induced martensitic transformation will nucleate when the stress reaches A
u
6σ , randomly 

at any position within the over-aged section, and then propagate at across the over-aged 

length, as shown in figure 1 (d). Thus, a stress plateau at A
p
6σ  is observed. 

For the sample heated at 7 A, upon loading, deformation band for stress induced 

martensitic transformation will nucleate when the stress reaches A
u
7σ . The first band 

will nucleate at either of the two minima on the A
u
7σ  curve. The band will propagate at, 

or from low to high along the A
p
7σ  curve. It is seen in figure 1 (c), the maximum value 

of A
u
7σ  is below the minimum value of A

u
7σ . That means when the first formed band is 

propagating, even with increasing stress over the arch, no other band can nucleate. The 

propagation continues until the band reaches the second minimum on the A
p
7σ  curve. 

Thus, an arch-shaped stress-strain curve is observed. 

 

3.3   Stress serrations 

As seen in Figure 2, both samples showed serrated stress-strain curve at the transition 

between the two stress plateaus, as indicated by the arrow. To investigate this 

phenomenon, several samples were treated at 6 A. The samples were subjected to 

tensile deformation with different gauge lengths symmetrical about the centre of the 

samples, as schematically illustrated in Figure 1 (a). The stress-strain curves of the tests 

are shown in Figure 3. It is seen that stress serrations occurred for samples with 30 or 40 

mm deformation gauge lengths. The sample deformed with 20 mm gauge length 

showed only one stress plateau with no stress serration. Therefore, it is evident that the 

stress fluctuations are associated with a narrow band on each side of the over-aged zone. 

This is the region where the temperature gradient is the highest. 

 

To observe the phenomenon further, the nucleation and propagation of martensite band 

during the tensile deformation of the wire was recorded by video. Snapshots of 

characteristic moments were extracted and shown in Figure 4 (a). Dashed curve A 

marks the middle point of the gauge length. Th positions of the electrodes is marked by 
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purple line as well. The blue arrows indicate the fronts of the martensite transformation 

band. It is seen that the martensite nucleated at the lower middle section of the wire. The 

fronts of the transformation band propagated to both ends of the wires upon further 

loading. The position of the lower transformation front ( d ), as measured from the 

bottom grip, is determined from the snapshots and shown as a function of time in Figure 

4 (b). The time positions of the 10 snapshots are also indicated on the curve. It is seen 

that d  showed a sudden drop at between 160-190 s for a short distance sl . This 

moment corresponds to snapshot (6) in Figure 4 (a), which is also marked in Figure 3. It 

is evident in Figure 4 (a) that at the moment of stress serration, the transformation front 

is at a short distance inside the electrode. Referring to Figure 1 (b), this section has the 

highest temperature gradient. 

 

Given the above evidences, it is easy to understand the occurrence of the stress 

serrations. As discussed in section 3.2, transformation band nucleates within the heated 

zone in the middle of the sample and propagates towards both ends. With the decrease 

of the heating temperature towards the electrodes, as seen in Figure 1 (b) and (c), the 

stress for transformation band propagation increases, till reaches A
u
6σ  when a new 

Lüders band nucleates, in an upper-lower yielding manner, causing the stress serration 

seen in Figure 2 and 3. 
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Figure 3. Deformation behaviour of wires electrical heated at 6 A of different gauge 

lengths 
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Figure 4. (a) Nucleation and propagation of martensite band during tensile deformation 

upon loading; (b) Evolution of the distance as the increase of time 

 

4.   Conclusions 

(1) Pseudoelastic NiTi wires with spatial variations of mechanical properties are 

created by electrical selective over-aging. The wires are characteristic of several unique 

features during the deformation, including two discrete stress plateaus, arch-shaped 

stress plateau at the lower stress level, stress serrations in the transition section between 

the two stress plateaus, and clear upper-lower yielding at the onset of the lower stress 

plateau. 

 

(2) The stress plateau at the lower stress level corresponds to the stress induced 

martensitic transformation within the over-aged section and the plateau at the higher 

stress level corresponds to the deformation of the affected length of the wire.  

 

(3) The arched shape of the lower stress plateau is due to the variation in Ni content 

within the over-aged section caused by dissolution of Ni-rich precipitates. 
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(4) The stress serration in the transition section between the two stress plateaus is due 

to the nucleation of new martensitic transformation Lüders bands within the heated zone 

at close to the boundaries of the zone where a sharp temperature gradient exists. 
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Abstract: This paper reports the creation of functionally graded NiTi thin plates by 

means of surface laser anneal. Variation of heat penetrating the plate thickness created a 

progressive degree of anneal, thus a microstructural gradient, within the thickness of the 

plate. Upon heating, the deformed plates undergo a temperature-induced progressive 

reverse transformation, consequently exhibit a complex mechanical behaviour for 

actuation. These plates also exhibit enlarged temperature windows for the 

transformation, providing a mechanism for easy actuation control. 

 

Keywords: Laser annealing; Differential scanning analysis (DSC); Functionally graded 

materials (FGM); Shape memory alloy (SMA) 
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1.   Introduction 

Near-equiatomic NiTi shape memory alloys exhibit two unique properties, including 

shape memory effect and pseudoelaticity [1-3]. Owing to these novel functional 

properties, NiTi alloys have been used in a wild range of applications, most noticeably 

as sensor and actuators [4], for damping [5], and in bio-medical devices [6]. To meet the 

challenges and demands of new and innovative applications, some novel-structured 

NiTi materials have been designed and fabricated e.g., porous NiTi for biomedical 

applications [7, 8], NiTi thin films for micro-electro-mechanical system (MEMS) 

designs [9, 10], and architectured NiTi honeycomb materials [11-13]. One other concept 

of material structure design is functionally graded NiTi [14-16]. These materials have 

the promise to provide improved actuation control in sensor and actuator applications. 

 

In this work we explored the possibility of creating structural gradient within the 

thickness of NiTi thin plates by means of laser surface anneal [17]. It is known that the 

transformation and mechanical bebaviour of near-equiatomic NiTi is sensitive to 

annealing temperature after cold work [18, 19]. Laser surface scan is able to create a 

natural temperature gradient within the thickness of cold rolled thin plates, resulting in 

progressive anneal and structural gradient within the plate. 

 

2.   Experimental procedures 

A commercial Ti-50.2 at.% Ni thin plate of 0.1 mm thick was used in this study. The as-

received plate was in cold rolled state with 35% thickness reduction. The plate was cut 

into small pieces of 40×4×0.1 mm in dimension for laser annealing. Laser annealing 

was performed using a Nd:YAG laser welder (Model serial of StarWeld Select), 

equipped with an in-situ Intelligent Pulse Management system for accurate pulse control. 

The laser wavelength was 1064 nm and rectangular-shaped pulses were applied. Argon 

shielding, with a feeding flow rate of 30 CFH (cubic feed per hour), was applied above 

the welding spot to minimize oxidation. The laser annealing was performed under the 

conditions of 0.5 kW laser power, φ0.6 mm spot size, 72 mm/min scanning speed, and 

10 HZ pulse frequency. These parameters are calculated to achieve a hermetic heating 

with 80% area overlapping [20]. Two different pulse times of 0.9 ms and 1.1 ms were 

used, corresponding to pulse energy densities of 159.2 and 194.6 J/cm2, respectively.  

 

The transformation behaviour of the samples was characterized by means of differential 

scanning calorimetry (DSC) using a TA Instrument Q10 differential scanning 
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calorimeter in flowing N2 with cooling/heating rates of 10 K/min. The deformation 

behaviour of the specimen was characterized in tension using an Instron 4301 universal 

testing machine at a strain rate of 8.33 × 10-5 s-1 at room temperature (301 K). The 

gauge length for the tensile test was 20 mm. The shape memory effect, after the tensile 

test, was induced using a water bath and recorded using a digital camera. 

 

3.   Results and discussion 

Figure 1(a) shows the transformation behaviour of the Ti-50.2at%Ni alloy. Curve (i) 

was a sample fully annealed in furnace at 923 K for 1.8 ks. It exhibited a single-stage 

B2↔B19’ martensitic transformation. Curve (ii) was a sample in the cold rolled state. It 

showed no martensitic transformation. The absence of the transformation is due to the 

high density of the tangled dislocation caused by the cold work [21]. Curve (iii) was the 

sample laser-annealed using 0.9 ms pulse time (hereafter referred to as Sample I). Curve 

(iv) was the sample laser annealed using 1.1 ms pulse time (Sample II). Both samples 

exhibited similar transformation behaviour to the fully annealed sample, but with 

broadened transformation temperature intervals and smaller transformation latent heats. 

The transformation behaviour detected is the collective behaviour of the entire thickness 

of the sample, which has received different levels of anneal. 

 

Given the temperature gradient caused by laser heating from the surface, several zones 

of different microstructures are expected to develop through the thickness of the thin 

plate. Figure 1(b) shows an SEM micrograph of the cross-section of Sample I. The top 

surface is the laser annealed surface. The curve aside the SEM image schematically 

indicates the expected temperature gradient in the thickness of the plate. Zone I is a thin 

top later facing the laser beam that had been melted. Immediately beneath is Zone II of 

full recrystallized NiTi. It has been shown that pulse heating using electric current at 

millisecond scale is effective to cause drastic microstructural changes and 

recrystallization of cold worked NiTi [22-24]. The lower bound of this zone is 

obviously the recrystallization temperature of the alloys, approximately 870 K [25,26]. 

Zone III is the recovery region, with reduced dislocation densities. This zone may be 

estimated to be within 620~870 K. Zone IV is the reverted region, within which the cold 

work induced martensite has been forced to revert back to austenite during the anneal. It 

is known that due to the effect of mechanically induced stabilisation effect [27], cold 

work induced martensite requires increased temperatures to revert back to austenite. 
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This zone is expected to exist at between 373~620 K. Zone V is the unaffected, as-cold 

worked structure.  
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Figure 1. (a) Transformation behaviour of Ti-50.2at%Ni: (i) fully annealed (923 K for 

1.8 ks); (ii) cold-rolled; (iii) 0.9 ms laser annealed; and (iv) 1.1 ms laser annealed. (b) 

SEM micrograph of the cross-section of 0.9 ms laser annealed sample 

 

The effect of annealing temperature on transformation behaviour of NiTi has been well 

studied [18, 19, 25]. Transformation temperatures and transformation heat both increase 

with increasing annealing temperature within zones III and IV. Transformation 

temperatures and transformation heat in regions I and II are expected to remain 

constants. The broadened transformation temperature intervals and the reduced latent 

heats of the laser annealed samples shown in Figure 1(a) are consistent with these 

findings and reflect the microstructural gradient in the samples. 

 

(b) 
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Figure 2 shows the deformation behaviour of the Ti-50.2 at.% Ni thin plate at the room 

temperature (301 K). A typical Lüders-type deformation behaviour is observed for the 

fully furnace annealed sample. The plateau stress for s martensite reorientation is FAσ = 

134 MPa. The laser annealed samples exhibit similar transformation behaviour but their 

“stress plateaus” have moderate positive slopes. The slopes of the stress plateaus are 

determined to be ~1.1 GPa for both samples. The characteristic stress of the stress 

plateau of Sample I is much higher than that of Sample II. This reflects the lower degree 

of anneal of Sample I due to the lower laser energy density used. Sample I also showed 

a partial pseudoelastic recovery of 2.8 % upon unloading. 
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Figure 2. Deformation behaviour of NiTi thin plates at room temperature, including a 

fully annealed sample and two laser annealed samples 

 

Figure 3 shows collections of optical images of the two strip samples. The images are 

recorded during heating after the tensile deformation shown in Figure 2. Graphs (I-a) 

and (I-b) are of Sample I. Each graph is a montage of separate optical images of the 

same sample upon heating in a water bath to different temperatures, constructed using 

Photoshop©. The temperatures shown are the water bath temperature. Owing to the 

large number of images displayed, graphs (I-a) and (I-b) are separately presented to 

avoid image overlapping. The images show the edge of the thin strip samples. The 

image marked with “LA” shows the original shape of Sample I after the laser anneal. 

The image labelled “T” is the shape of the sample after tensile deformation (at 301 K).  

The curved section of the images is the gauge length of the sample for the tensile 

deformation, as indicated in (I-a). The small straight section on top is the length of the 

strip sample in the grips for deformation, thus not subjected to the tensile deformation. 

For all the images, the side of the sample facing the laser is on the left, as indicated by 

the red arrow. It is seen that the thin plate sample curved towards the laser side after the 
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laser anneal. After unloading from the tensile deformation at 301 K, Sample I exhibited 

a curvature towards the back side. Upon heating in the water bath, the sample curved 

more to the back side initially (graph (I-a)) and then curved backwards towards the laser 

side with further heating (graph (I-b)). 
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Figure 3. Optical image montages showing shape evolution upon heating of Sample I (I-

a and I-b) and Sample II (II-a and II-b) after tensile deformation. “LA” indicates the 

shape of the sample after the laser anneal. “T” indicates the shape of the sample after 

tensile deformation. “GL” indicates the gauge length for the tensile deformation 

 

Graphs (II-a) and (II-b) show the shapes of Sample II. Then initial shape after the laser 

anneal is similar to that of Sample I. After the tensile deformation, the sample curved 

towards the laser side, opposite to the case of Sample I. Heating relaxed the curvature to 

neutral initially and then curved to the back side significantly before relaxing back to a 

moderate curvature towards the laser side at the end of the heating to 358 K. 

 

The curvature of the bent shapes of the samples was determined by means of image 

analysis using Image J (NIH freeware), defined as R/1=κ , where R is the radius of the 

curve. The curvature is denoted positive when the plate bends towards the laser 

annealed side, and negative if it bends towards the back side. Figure 4 shows the effect 

of heating temperature on the evolution of the curvature and surface strain, which is 

computed as Rts /=ε , where t is the thickness of the plate. The red arrows in Figure 4 

indicate the laser side.  

 

As seen in Figure 3, both samples had moderate positive curvatures after the laser 

anneal, with 057.09.0 =RT
msκ (1/mm) and 033.01.1 =RT

msκ (1/mm). This is obviously due to 
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the recovery of the cold-work induced martensite in the laser side of the samples. 

Sample II experienced higher laser energy during anneal, thus a deeper anneal 

penetration depth and more martensite from the back side is expected to have recovered. 

This has reduced the positive curvature relative the Sample I. The moderate positive 

curvature of Sample I indicates that the laser anneal did not have full penetration and 

some cold worked martensite on the back side remained after the anneal. 
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Figure 4. (a) Effect of temperature on curvature and surface strain of the laser annealed 

samples after tensile deformation; (b) Schematics of propagation of heating induced 

reverse transformation of Samples I and II 

 

After the tensile deformation, Sample I had a negative curvature. This is due to the 

partial pseudoelastic recovery on the back side of the plate. It is known that for Ti-50.2 

at.%Ni alloys, pseudoelasticity develops after partial anneal at 620~750 K, i.e., mostly 

in the recovery zone. [22, 23, 27]. The negative curvature indicates that the first part of 

the martensite recovered upon unloading in the sample situates at below the middle 

plane of the thickness of the plates (i.e., the back side). Heating caused the curvature to 

decrease, indicating more shape recovery from the back side. Continued heating to 

above 320 K caused rapid increase of the curvature, obviously due to the recovery of the 

deformation-induced martensite in the recrystallised zone and the melted zone. This 

implies that the heating induced reverse transformation propagated from the back side to 

the laser side. The final shape of the sample at the end of the heating process has a 
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positive curvature. This is caused by the unaffected matrix (zone V) on the back side of 

the sample, which experienced largely plastic deformation of its cold-work induced 

martensite during the tensile deformation. This tensile deformation is not recovered 

upon heating to 360 K. 

 

This recovery process is schematically shown in the illustration below the figure. The 

coloured bar represents a strip across the thickness of the plate. The section marked 

“PE” implies the section of the sample that has recovered pseudoelastically during 

unloading. The small circle represents the position of the reverse transformation front 

after unloading. The reverse transformation propagates to the left upon heating, 

exhibiting the shape memory effect (SME). The section to the right is the un-affected 

Zone V, where plastic deformation (Pl) occurred during the deformation. 

 

Sample II had a positive curvature after the deformation. This is due to the fact that 

unloading of NiTi is inelastic and always recovers more strain than pure elasticity, i.e., 

more stain is recovered in Zones I-IV (due to shape memory effect) than in Zone V (due 

to elasticity). The inelastic deformation of NiTi has been well documented [28] and is 

evident in Figure 2. Upon heating to above 330 K the curvature decreased rapidly, 

signifying the start of the reverse transformation, on the back side of the sample. 

Continued heating caused the curvature to increase rapidly back to become positive at 

the end of the heating, obviously due to the propagation of the reverse transformation 

(hence shape recovery) into the laser side of the plate. The propagation process of the 

reverse transformation is schematically shown in the illustration below the figure. The 

absence of pseudoelasticity and the high temperature for the reverse transformation for 

Sample II is obviously related to the higher degree of overall anneal caused by the 

higher laser power used. A similar behaviour of reversible deformation in opposite 

directions on one heating (temperature change) has also been observed in another case 

[29], in which a piece of NiTi pre-trained for two-way memory effect is deformed out of 

its normal deformation path and then heated again for shape recovery. The mixed play 

of the two-way memory effect and the shape recovery from the second deformation 

produces a similar deformation-temperature behaviour to that of sample II shown in 

Figure 4. 

 

For sample I, the minimum curvature achieved in was -0.15 (1/mm) and the maximum 

curvature was 0.06 (1/mm), giving a large curvature difference of 21.09.0 =Δ msκ  (1/mm) 
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(or a strain range of 2.1%). This large curvature change was realised over a temperature 

window of Kms 57T 9.0 =Δ . For Sample II, the maximum curvature change achieved was 

24.01.1 =Δ msκ  (1/mm) over a temperature window of Kms 25T 1.1 =Δ . These large 

temperature windows allow better control of actuation. 

 

4.   Conclusions 

In summary, two microstructurally graded NiTi thin plates have been created by means 

of surface laser annealing in this work. The plates exhibit a progressive shape recovery 

through their thickness, resulting in a “stingray-like” motion when activated by heating 

after a uniaxial tensile deformation. This unique shape memory effect has never been 

achieved before. A maximum activated curvature change of 21.09.0 =Δ msκ  (1/mm) was 

achieved by 0.9 ms laser annealing within an activating temperature interval of 

Kms 57T 9.0 =Δ . The activating temperature interval and the corresponding activated 

curvature interval may be customized by controlling the processing parameters, 

including level of cold work, thickness of the plate, and laser power. 
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Abstract: In this study, two-dimensional functionally graded NiTi thin plates were 

created by laser surface scanning anneal. Owing to the natural degradation of heat 

penetrating into the material, a temperature gradient within the thickness was created by 

laser surface interaction and heat conduction. A microstructural gradient was created 

due to partial anneal within the temperature field. The microstructural variation through 

the thickness was characterized by hardness measurement and layered DSC analysis. 

The microstructural gradient led to a unique shape memory effect, involving shape 

change in two opposite directions upon one heating, analogous to stingray’s motion. 

Such behaviour also experiences enlarged temperature windows for both the forward 

and the reverse martensitic transformations, rendering high controllability of actuation. 

 

Keywords: Laser annealing; Differential scanning analysis (DSC); Functionally graded 

materals (FGM); Shape memory alloy (SMA) 

 

1.   Introduction 

Near-equiatomic NiTi alloys are attractive for a wide range of smart designs and 

innovative applications owing to their excellent functional properties, including shape 

memory effect and pseudoelaticity [1-3]. They are used in various applications in 

industrial engineering, biomedical engineering and consumer goods [4-6]. In these 

applications, NiTi alloys are used either for thermally activated sensing and actuation or 

for their unique mechanical characteristics. Due to the need for thermal activation, NiTi 

alloys are used most often in thin forms of several conventional shapes, including wires, 

tubes and sheets. For example, wires are used as actuators for active or passive control 
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[4] and clinical arch wires in orthodontics [6]. Sheets are used in damping mechanisms 

for vibration control and seismic protection [5] and in mechanical membrane designs [7]. 

Tubes are manufactured as joints or fasteners in space engineering and vena vave filters 

in medical engineering [5, 8]. 

 

Innovations in medical and advanced engineering applications demand for development 

of novel structured NiTi. Some specially designed architectutred NiTi materials have 

the advantage of combining the intrinsic functional characteristics of NiTi and the 

geometrical or structural characteristics of the design to offer new and improved 

performance attributes. For example, porous NiTi is fabricated to tailor the stiffness of 

the material to minimize the mismatch in Young’s Modulus between solid NiTi and 

bones for medical implant applications [9, 10]. NiTi thin films are manufactured to suit 

the dimensional requirements in micro-electro-mechanical systems (MEMS) [11, 12]. 

Honeycomb structures are created to potentiate a strong superelasticity with over 50% 

microscopic strain recovery [13-15]. NiTi-ceramic composites are made to overcome 

the fracture failure of ceramics [16]. Functionally graded NiTi wires are fabricated to 

enlarge the actuation temperature intervals for improved controllability for sensor and 

actuators applications [17-19]. 

 

In this work we explore the concept of using laser as the heat source to create 

microstructurally graded NiTi thin plates. Laser heating has been applied to NiTi in the 

past, including laser surface melting of NiTi to improve corrosion resistance [20, 21], 

local annealing of complex NiTi mechanical devices [22], recrystalization anneal for 

amorphous NiTi thin films [23, 24], and laser welding of NiTi wires and strips [25, 26]. 

This work explored the use of laser surface scanning anneal of cold worked NiTi thin 

sheet to create microstructural gradient through the thickness. Laser beam has high 

energy density (up to 1010 W/cm2) and accurate spatial resolutions (~100 nm). These 

characteristics allow extremely accurate selective local heat treatment. Laser surface 

scanning creates a natural degradation of heat penetrating into the material, thus a 

temperature gradient within the thickness of a plate and a progressive degree of anneal 

to a cold worked NiTi thin plate. Such material design is based on the knowledge that 

the transformation and mechanical bebaviour of near-equiatomic NiTi is sensitive to 

anneal [27, 28]. 
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2.   Experimental procedures 

A commercial Ti-50.2 at.% Ni thin sheet of 0.5 mm in thickness from Memry Co. was 

used in this study. The sheet was cut into small strips of 40 mm × 4 mm × 0.5 mm in 

dimension. These strips were fully annealed at 923 K for 1.8 ks and then cold rolled to 

thickness reduction of 30% before laser anneal. Laser anneal was performed using a 

Nd:YAG laser welder (Model serial of StarWeld Select) equipped with an in-situ 

Intelligent Pulse Management system for accurate pulse control. The laser wavelength 

was 1064 nm and rectangular-shaped pulses were applied, as shown in Figure 1(a). 

Argon shielding, with a feeding flow rate of 30 CFH (cubic feed per hour), was applied 

atop of the heating spot to minimize oxidation. The laser annealing was performed 

under the condition of 0.5 kW laser power, φ0.6 mm spot size, 72 mm/min scanning 

speed, and 10 HZ pulse frequency. These parameters are calculated to achieve a 

hermetic heating with 80% area overlapping [29]. Figure 1(b) shows a schematic top 

view of laser scanning. The red arcs indicate the size of the laser spot and the yellow 

arrowed lines indicate the scanning pathway of the laser beam. Figure 1(c) shows an 

optical micrograph of the surface of a sample after laser scanning anneal. Different 

pulse durations were used. The pulse durations and their effect on laser energy are 

shown in Table 1. 

 

Table 1. Laser pulse duration and laser energy calculation 

Pulse duration (ms) 1.1 1.3 1.7 2.1 2.5 2.9 3.3 

Energy density (J/cm2) 195 230 301 372 442 513 619 

 

Microscopic hardness was measured on the cross-sectional surface using a M-400-H1 

hardness testing machine (from Akashi Corporation). Microstructures of the samples 

were characterized using a Zeiss 1555 field emission scanning electron microscope 

(SEM). The metallographic samples were etched using a HNO3:HF:H2O solution of 

1:4:5 volume ratio, respectively. Transformation behaviour of the samples was 

characterized by means of differential scanning calorimetry (DSC) using a TA 

Instrument Q10 differential scanning calorimeter in flowing N2 with cooling/heating 

rates of 10 K/min. Deformation behaviour of samples was characterized in tension using 

an Instron 4301 universal testing machine at a strain rate of 8.33 × 10-5 s-1 at room 

temperature (301 K). The gauge length for tensile testing was 20 mm. The shape 

memory effect, after the tensile test, was induced using a water bath and the sample 

shape was recorded using a digital camera.  
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100 ms  
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Figure 1. (a) Schematic view of the rectangular-shaped laser pulses; (b) Schematic top 

view of the laser annealed surface of the NiTi strip; (c) Optical microscopic image of 

the laser annealed surface 

 

3.   Results  

3.1   Hardness  

Laser scanning was performed on one side of the strip, referred to as the “laser side” 

(denoted LS). The other side is referred to as the “back side” (denoted BS). The 

thickness of the strip is ~370 μm and LS is denoted the zero depth in analysis. The 

hardness of the cold rolled and fully furnace annealed samples were determined to be 

355 HV and 185 HV, respectively. Figure 2 shows the hardness distribution through the 

depth of the laser annealed samples, as determined on the cross-sectional surface. 

Taking the sample annealed with laser duration mst 7.1=  for example, the hardness 

curve may be divided into three zones. The lower plateau at below 200 HV close to LS 

is the melted zone (marked Zone I). The higher plateau at ~350 HV close to BS is the 

unaffected zone (still in the cold worked state), denoted zone III. The slope in between 

is zone II, where the material shows a gradient anneal. The slopes are estimated to be 

~1.5 HV/μm for t = ms1.1 , ~0.85 HV/μm for t = ms1.2  and ~0.43 HV/μm for t = ms9.2 . 

It is evident that penetration depth and depth interval of gradient anneal increase with 

increasing laser duration. 

 

(a) 

(b) (c) 

100 μm
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Figure 2. Hardness distribution through the depth on the cross section of the samples 

annealed at different laser durations 

 

3.2   DSC analysis 

Figure 3 shows thermal transformation behaviour of the laser annealed samples. The 

cold-rolled and the fully furnace annealed samples are also shown for comparison. The 

fully furnace annealed sample exhibited a single stage B2↔B19’ martensitic 

transformation, with endothermic and exothermic latent heat of gJH BB
FA /5.20'192 =Δ −  

and gJH BB
FA /3.212'19 =Δ − , respectively. No transformations were observed for the cold-

rolled sample.  

 

The laser annealed samples exhibited varying transformation behaviour, depending on 

the laser pulse duration time used. For the sample treated at mst 3.1≤ , small 

transformation peaks may be recognised, indicating some degree of recovery from the 

cold worked state. The transformation peaks became more pronounced with increasing 

laser duration time. At mst 3.3≤ , the sample showed clearly defined transformations  
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Figure 3. Effect of laser pulse duration on (a) the thermal transformation behaviour of 

laser annealed samples; and (b) exothermic latent heat for the forward transformation 
2'19 BBH −Δ and exothermic latent heat for the reverse transformation )2()'192( RBBBH −+−Δ  

 

both on cooling and on heating. The transformation peaks are tentatively identified as 

two pairs of transformations of (B2↔B19’)high at the higher temperature and 

(B2↔B19’)low at the lower temperature, as indicated in the figure. It is well documented 

in literatures that partially annealed NiTi may exhibit transformation sequence of 
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B2→R→B19’ on cooling and B19’→B2 on heating (at < 873 K) of cold worked near-

equiatomic NiTi [27, 28]. Whereas the temperature difference between the two nearest 

peaks on cooling and on heating (between the second peak on cooling and the first peak 

on heating) is too large to be ascribed to B2→R transformation, it is almost certain that 

in these samples, particularly those treated at low laser pulse durations, B2→R 

transformation occurs. The short curve shown above the full transformation curve, at 

mstms 3.35.2 ≤≤ , is an enlarged view (in the Y-axis) of the corresponding section to 

reveal the weak transformation. It is seen that the transformation temperatures remained 

largely unchanged with increasing laser duration (power), particularly for 

(B2↔B19’)high, whilst the latent heats increased continuously. The effect of laser 

duration on the total transformation latent heat on cooling ( '192 BBH −Δ ) and on heating 

( 2'19 BBH −Δ ) is shown in Figure 3(b). It is seen that both '192 BBH −Δ  and 2'19 BBH −Δ  

increased with increasing laser pulse duration and that '192 BBH −Δ  and 2'19 BBH −Δ are 

below '192 BB
FAH −Δ  and 2'19 BB

FAH −Δ . This indicates that the laser annealed samples were 

partially annealed (incompletely recrystallized) and the degree of anneal increased with 

increasing laser pulse power. 

 

To characterize the transformation behaviour at different depth of the laser annealed 

samples, so to differentiate the different levels of anneal through the thickness, surface 

layers within different depths, from either the LS or BS, were removed by grinding of 

material progressively using fine SiC abrasive paper. The depth left were characterized 

by DSC. Figure 4 shows the thermal transformation behaviour of the samples treated at 

mst 7.1=  (graph (a)) and mst 5.2=  (graph (b)). In each graph, the sample shown in the 

middle of the figure, labelled 370 μm in figure (a) and 380 μm in Figure (b), is the 

sample with the full thickness. The full samples showed two-stage transformation both 

on cooling and on heating, labelled highBB )'192( ↔  and lowBB )'192( ↔ , as explained 

above. The curves shown above this sample are of the samples with the laser side 

progressively removed. The curves shown below are the samples with the back side 

progressively removed.  

 

It is seen that reducing the thickness gradually from the laser side (upper part of the 

graphs) leads to gradual reduction of the size of the transformation peaks whilst 

reducing the thickness gradually from the back side leads to gradual increase of the heat 

effect. It is also evident that decreasing the thickness form the laser side diminishes the 
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highBB )2'19( →  peak progressively whereas reducing the thickness from the back side 

enhances the highBB )2'19( →  peak progressively. These observations demonstrate 

clearly that the highBB )'192( −  transformation corresponds to the fully annealed laser 

side and the lowBB )'192( −  peaks correspond to the partially annealed back side. 
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Figure 4. Thermal transformation behaviour of two samples laser treated at (a) pulse 

duration mst 7.1= and (b) pulse duration mst 5.2= ; (c) Effect of thickness on the 

endothermic latent heat of the reverse transformation for the two laser annealed samples 

 

Figure 4 (c) shows the total endothermic latent heat 2'19 BBH −Δ  measured for the reverse 

transformation, including both (B19’→B2)high and (B19’→B2)low , plotted against the 

thickness removed. To the left (the negative thickness values) are the samples with the 

laser side removed and to the right are the samples with the back side removed. The 
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latent heat of the sample treated at mst 7.1=  increased continuously from at 280−=x  

(the back side) to at 280=x , demonstrating the microstructural gradient within the 

thickness of the sample. The sample heat treated at mst 5.2=  showed a similar 

dependence on thickness but with a higher 2'19 BBH −Δ  than that of the sample treated at 

mst 7.1= , indicating higher degree of anneal.  

 

3.3   Tensile test 

Figure 5 shows the tensile deformation behaviour of the samples at the room 

temperature (301 K). The fully furnace annealed sample (FA) exhibited shape memory 

effect, with a typical Lüder’s-type stress-induced martensitic transformation behaviour 

at a118MPSIM
FA =σ . The cold-rolled sample (CR) showed elastic-plastic deformation. 

The sample laser treated at mst 3.1=  exhibited a recoverable strain of 4.8 % of a total 

deformation of 6.0 %, in a manner described as “linear psudoelasticity” [30]. Increasing 

the laser power led to progressive decrease of the apparent yield stress for inducing the 

martensitic transformation. The samples treated at mst 7.1= , mst 9.1=  and mst 1.2=  

showed partial pseudoelasticity. The samples treated at mst 5.2= , mst 9.2=  and 

mst 3.3=  showed no pseudoelastic recovery. Figure 5 (b) shows the pseudoelastic 

recovery strain ( pseudoε ) in comparison to the total strain ( totε ) induced. It is seen that 
pseudoε  decreased continuously with increasing pulse duration, while the residual strain 

( resε ) at the end of unloading increased. 

 

3.4   Thermomechanical analysis after tensile test 

Figure 6 show collections of optical images of three laser annealed samples after tensile 

deformation. Graphs (a), (b) and (c) are for samples laser annealed at t = ms7.1 , 

t = ms1.2  and t = ms5.2 , respectively. Each illustration is a montage of separate optical 

images of the edge of the same strip sample upon heating in a water bath to different 

temperatures, constructed using Photoshop©. Owing to the large number of images, the 

sample treated at t = ms5.2  is shown in c-I and c-II to avoid image overlapping. The 

image labelled “T” shows the shape of the sample after tensile deformation (at 301 K). 

The curved section of the images is the gauge length (GL) of the sample for the tensile 

deformation. The small straight section on top is the length of the strip sample in the 

grips for deformation, thus not subjected to the tensile deformation (the opposite end of 
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Figure 5. (a) Deformation behaviour for the furnace annealed, as-cold rolled and laser 

annealed samples; (b) Effect of laser duration at the pseudoelastic strain and the 

residual strain 

 

the sample fastened in the grips has been removed from the images to avoid 

unnecessary complication, i.e. only the gauge length section is shown here). For all the 

images, the laser side is facing the left, as indicated by “LS”. After the tensile 

deformation, all three samples exhibited a curvature towards the back side (denoted 

negative curvature). Upon heating in the water bath, the two samples treated at 

t = ms7.1  and t = ms1.2  curved backwards towards the laser side gradually (denoted 

positive curvature). In contrast, the sample treated at t = ms5.2 , as shown in (c), curved 

further towards the backside first before curving back towards the laser side with further 

heating. 
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Figure 6. Effect of temperature on the shape evolution of three laser annealed NiTi 

strips after tensile deformation. (a) t = ms7.1 , (b) t = ms1.2 , and (c) t = ms5.2  

 

The curvature of the bent shapes of the samples was determined by means of image 

analysis using Image J (NIH freeware), defined as R/1=λ , where R is the radius of the 

curve. The curvature is denoted positive when the strip bends towards the laser side, and 

negative if it bends towards the back side, as indicated by the two small symbols in the 

upper and lower left hand corners in Figure 7. Figure 7 shows the effect of heating 

temperature on the evolution of the curvature and surface strain, which is computed as 

Rts /=ε , where t  is the thickness of the strip samples. 
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Figure 7. Effect of temperature on curvature and surface strain of laser annealed 

samples after tensile deformation.  

 

It is seen that the curvature evolution is different for samples laser treated using 

different pulse durations. For mst 1.2≤ , the samples showed monotonic and continuous 

increase of curvature with increasing temperature. For mst 5.2≥ , the samples showed 

reverse change of curvature with continuous increase of temperature, first decreasing 

and then increasing.  
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The activating temperature interval actTΔ  and the curvature change actλΔ of the samples 

are shown in Figure 8(a) as functions of laser pulse duration. actTΔ  expresses the 

temperature window for actuation control and actλΔ  indicates the magnitude of 

actuation achievable within actTΔ . It is seen that actTΔ  is high at ~23 K for samples 

annealed at mstms 9.23.1 << . The large actTΔ values are indicative of structure 

gradients in the samples. The two samples annealed at mst 1.1=  mst 3.3=  had small 
actTΔ  of ~10 K, apparently due to under-anneal and over-anneal, respectively. The 

same trend is observed for actλΔ . The maximum actuating curvature change is 

129.05.2 =Δ act
msλ  1/mm. 

 

The curvatures of the samples at three conditions, including after the laser anneal ( Lλ ), 

after the tensile deformation ( Tλ ) and after heating ( Hλ ) are shown in Figure 8 (b). It is 

seen that Lλ  and Hλ  are practically the same for all samples. This implies that the 

tensile test and heating completed a full deformation-shape recovery cycle for the 

samples. It is also evident that Lλ  and Hλ  are positive for all samples. This is obviously 

due to the shape recovery from the cold rolled state on the laser side caused by the 

anneal. The curvature after tensile deformation ( Tλ ) is related to pseudoelastic recovery 

upon unloading. It is seen that Tλ  is positive for mst 1.1=  and mst 3.1= , indicating 

pseudoelastic recovery on the laser side in these two samples. It decreased rapidly to 

become negative for mst 7.1=  and mst 1.2= , indicating that the pseudoelastic recovery 

was on the back side in these two samples. The samples annealed at mst 5.2>  had 

nearly zero Tλ . These samples showed no pseudoelastic recovery, as evident in Figure 

5(a). 
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Figure 8. Effect of pulse duration on (a) activating temperature interval actTΔ and 

activating curvature interval actλΔ and (b) on the curvature of the samples under three 

conditions, including after the laser annealed ( Lλ ), after the tensile deformation ( Tλ )  

 

4.   Discussion 

4.1   Microstructural gradient in the cross section 

The laser scanning provides a moving point heat source on the sample surface. To 

evaluate the temperature distribution through the thickness of the sample, several 

assumptions are adopted [31], including: 

(1) Heat transfer and loss by radiation and air convection are negligible as compared 

to heat conduction. 

(2) Thermal properties of the samples are independent of temperature. 

(3) The substrate for laser irradiation is considered as an infinite slab of uniform 

thickness. For large-area (uniform) irradiation, the temperature is uniform within plane 
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at .constd = , where d is the distance from the substrate-laser interaction surface into 

the depth direction. 

 

Under these conditions, the temperature distribution in depth can be calculated by 

solving one-dimensional heat conduction equation [31-34]: 

),(11
2

2

tdS
kt

T
Dd

T
=

∂
∂

−
∂
∂  (1) 

where T  is temperature, pcD ρκ /＝ , with κ being the thermal conductivity, ρ  the 

density and pc  the specific heat. The function ),( tdS  is the laser energy absorbed 

within the material that has transformed into heat. The analytical solution of equation (1) 

is [31]: 

),
4

exp(
)(
1),(

2

2/1 t
d

t
tdT α

π
−=  (2) 

i.e., an exponential decrease of the temperature with the square of the depth, where α  

indicates a coefficient related to surface absorption of the laser energy [31]. 

 

Figure 9(a) shows the expected temperature profile and measured hardness through the 

thickness of the NiTi plate. The temperature profile is calculated using equation (2), 

with 112 −×= eα . The hardness profile is for a sample treated with 2.5 ms pulse time. 

To the right is an SEM micrograph of the cross section of the sample annealed with 2.5 

ms pulse time. Several zones of microstructure variations are expected to develop 

through the thickness, due to the temperature field. Figures 9(b), (c), (d), (e) and (f) 

show SEM micrographs of each zone at higher magnification. Zone I is a thin top layer 

facing the laser beam that has been melted, with temperatures above KT 1583m = . As 

seen in Figure 9(b), zone I consists of large columnar dendritic grains, oriented parallel 

to the plate thickness with a small angle tilt towards the scan direction of the laser beam.  
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Figure 9. (a) Temperature distribution, hardness profile and microstructural gradient 

through the thickness of laser annealed thin NiTi plate; detailed microstructural 

observation (SEM images) for each zone of the microstructural gradient, with (b) for 

zone I, (c) for zone II, (d) for zone III, (e) for zone IV and (f) for zone V 

 

Zone II is the recrystallized layer of NiTi. As seen in Figure 9(c), zone II is comprised 

of small equiaxial grains, with the grain size decreasing from ~10 μm to ~2 μm as the 

depth increases. The grain size gradient indicates the temperature gradient which results 

in different degrees of grain growth during recrystallization. It is known that pulse 

scan direction



CHAPTER 4. TWO-DIMENSIONAL…MICROSTRUCTURAL… 

132 

heating using electric current at millisecond scale is effective to cause drastic 

microstructural changes and recrystallization of cold worked NiTi [35-37]. Zone I and 

Zone II have the minimum hardness. The lower bound of Zone II is the recrystallization 

temperature of the alloys, approximately 870 K [38, 39]. Zone III is the recovery region, 

with reduced dislocation densities. This zone may be estimated to be within 620~870 K. 

Zone IV is a region within which the cold-work induced martensite has been reverted 

back to austenite, but without significant microstructural recovery. It is known that due 

to the mechanically induced stabilisation effect [40], cold-work induced martensite 

requires increased temperatures to revert back to austenite. This zone is expected to 

exist at between 373~620 K and to still contain high density of dislocations inherited 

from the cold work. Zone V is unaffected by the laser anneal, still in its cold-worked 

state and is martensitic. Figures 9(d), (e) and (f) show the microstructures of the three 

zones. These three zones exhibit similar microstructures characteristic of un-

recrystallized grains. The hardness measurement shows a continuous increase within 

Zones II and III, indicating the progressively decreasing degree of annealing with 

increasing depth. Zone IV has the highest hardness. 

 

It is seen that a microstructural gradient is created by surface laser scan anneal. The 

microstructural gradient is clearly demonstrated by the hardness measurement presented 

in Figure 2 and the transformation behaviour and latent heat measurement shown in 

Figures 3 and 4. Zones I and II are expected to show shape memory effect at the room 

temperature, Zones III and IV are expected to be pseudoelastic, and Zone V is expected 

to deform in a manner known as the “linear pseudoelasticity” and plastically. This 

gradient is responsible for the complex shape recovery behaviour of the different 

samples shown in Figures 6 and 7. 

 

4.2   Complex mechanical behaviour of shape memory effect of laser annealed plates 

As seen in Figure 6, all the samples had positive curvatures after laser anneal. This is 

due to the reversion of the cold-work induced martensite in the penetration depth of the 

laser anneal. At mst 1.1=  and mst 3.1= , all the penetration depth distributes only in the 

laser side of the samples. With increasing the laser power, the penetration depth extends 

towards the back side, thus gradually reducing the curvature ( Lλ ) of the samples 

(Figure 8).  
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After the tensile deformation, as shown in Figures 7 and 8, the curvature is shaped by 

partial pseudoelastic recovery derived from the partial anneal at 620~750 K, i.e., mostly 

in the recovery zone [35, 36, 40]. At mst 1.1=  and mst 3.1= , Zones I and II are 

minimal and Zones III and IV situate mostly in the laser side half of the plates, thus the 

partial pseudoelastic recovery upon unloading, resulting in the positive curvatures. 

When laser pulse duration is increased to mst 7.1=  and mst 1.2= , Zones III and IV 

moved deeper into the back side of the samples, thus does the centre of the partial 

pseudoelastic recovery. The curvatures of the samples after the tensile deformation 

hence become negative. Further increase of laser pulse duration to mst 5.2=  expands 

Zones I and II and leaves a very narrow Zone III in the back side of the samples. These 

samples showed practically no pseudoelastic recovery, as evident in Figure 5. The 

curvatures of the samples after deformation are nearly zero. 

 

Heating the deformed samples induced progressive strain recovery through the 

thickness of the plates, resulting in continuous curvature changes. Owing to the 

difference in microstructural gradient among the samples, various curvature change 

patterns are created, as shown in Figure 7. Some samples show a monotonic evolution 

of curvature, whereas some other samples show a reversible, or “all-round”, evolution 

of curvature upon one heating. Figure 10 shows a schematic explanation of the shape 

recovery behaviour of the samples, taking the samples annealed at mst 7.1=  and 

mst 5.2=  as typical examples for the two types of recovery behaviour. 
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Figure 10. Temperature-induced shape evolution of (a) 1.7 ms and (b) 2.5 ms laser 

annealed samples  



CHAPTER 4. TWO-DIMENSIONAL…MICROSTRUCTURAL… 

135 

The colored bars in Figure 10 represent the cross-sections of the laser annealed samples. 

The section marked “Pl” on the left represent the unaffected Zone V, where plastic 

deformation occurred during deformation. The section marked “PE” implies 

pseudoelastic recovery upon unloading, representing Zones III and IV. The section 

marked “SME” represents the recrystallized Zone II and melted Zone I, where the 

reverse transformation of martensite is induced by heating. The small circle represents 

the position of the reverse transformation front and the arrow on it represents direction 

of its propagation. The dot-dash line in the middle marks the middle point of the 

thickness. The horizontal axis represents the volume fraction of the martensite ( )(mf ) 

and the vertical axis represents the depth from the laser scanned surface.  

 

For the sample annealed at mst 7.1= , at KT 3011 = , the PE region, 1
7.1 msd , is situated 

within the back side of the plate, giving 01
ms7.1 <λ . When the temperature is increased to 

KT 3202 = , the reverse transformation propagates towards the laser side and the 

material within 2
7.1 msd  is recovered. Since 2

7.1 msd  extends evenly within the laser side and 

the back side, 02
7.1 =msλ . As T increases further to KT 3303 = , both PE and SME zones 

are recovered. Given the presence of the plastic deformation region (Pl) on the back side, 

03
ms7.1 >λ .  

 

For the sample treated at mst 5.2= , the plastic zone is much smaller compared to the 

sample treated using mst 7.1= . At KT 3011 = , the PE region, 1
5.2 msd , is situated in the 

back side. This results in 01
ms5.2 <λ . At KT 3202 = , the reverse transformation expands 

towards the central line and the material within 2
5.2 msd  is recovered. Since 2

5.2 msd  is still 

within the back side, the sample curves further into the back side, i.e., 01
.5ms2

2
.5ms2 << λλ . 

As T increases to KT 3243 = , the material within 3
5.2 msd  is recovered to Austenite, Since 

3
5.2 msd  extended evenly within the LS and BS halves, 03

ms5.2 =λ . As T  increases to 

KT 3303 = , both PE and SME regions are recovered. Given the presence of the Pl 

region, 04
2.5ms >λ . Also given that the Pl region in the ms7.1  sample is larger (thicker) 

than that of the ms5.2  sample, the final (positive) curvature of the ms7.1  sample is 

larger than that of the ms5.2  sample, i.e., 4
2.5ms

3
ms7.1 λλ > , as evident in Figure 8 (b). 
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The reversible shape change upon one heating is a unique observation, analogous to 

stingray swimming motion. A similar behaviour of reversible deformation in opposite 

directions on one heating (temperature change) has also been observed in another case 

[41], in which a piece of NiTi pre-trained for two-way memory effect in one direction is 

deformed out of its normal deformation path and then heated again for shape recovery. 

The mixed play of the two-way memory effect and the shape recovery from the second 

deformation produces similar deformation-temperature behaviour to that of the “U” 

shaped shape recovery curves shown in Figure 7. Such variation in mechanical motion 

offers new and different options for actuation design, for example, bionic designs. 

 

5.   Conclusions  

Microstructurally graded near-equiatomic NiTi strips are created by laser surface anneal. 

The shape memory effect properties of these functionally graded materials are 

characterized. The main findings are summarized below:  

(1) Laser surface scan anneal is an effective method for creating microstructurally 

graded thin NiTi plates. The effective depth of microstructural gradient can be 

controlled by variation of laser energy and scan rate. 

 

(2) Microstructurally graded NiTi thin plates thus created exhibit property gradients, 

which lead to progressive shape recovery upon heating. Such progressive shape 

recovery through the thickness after deformation creates curvature change of the plate, a 

useful form for mechanical actuation. 

 

(3) By controlling the laser processing conditions, different shape recovery 

behaviours may be achieved, e.g., monotonic curvature change or “all-round” curvature 

change upon one heating. 

 

(4) Microstructurally graded NiTi thin plates thus created also exhibit enlarged 

activating temperature intervals, e.g., the sample laser annealed using 2.5 ms pulses had 

a shape recovery temperature window of KT act
ms 245.2 =Δ . 

 

Acknowledgement  

This work is partially supported by the Korea Research Foundation Global Network 

Program Grant KRF-2008-220-D00061 and French National Research Agency Program 



CHAPTER 4. TWO-DIMENSIONAL…MICROSTRUCTURAL… 

137 

N.2010 BLAN 90201. We also acknowledge the experimental support of the Centre for 

Microscopy, Characterisation and Analysis of the University of Western Australia. 

 

References 

[1]     L. Delaey, R. V. Krishnan, H. Tas, J. Mater. Sci. 9 (1974) 1521. 

[2]     S. Miyazaki, K. Otsuka, C. M. Wayman, Acta. Metall. 7 (1989) 1885. 

[3]     Y. Liu, P. G. McCormick, Acta. Metall. Mater. 7 (1990) 1321. 

[4]     D. A. Miller, D. C. Lagodas, Smart Mater. Struct. 9 (2000) 640. 

[5]     S. Saadat, J. Salichs, M. Noori, Z. Hou, H. Davoodi, I. Bar-on, Y Suzuki, A. 

Masuda, Smart Mater. Struct. 11 (2002) 218. 

[6]     T. Duerig, A. Pelton, D. Stõckel, Mater. Sci. Eng. A 273-275 (1999) 148. 

[7]     V. Grolleau, H. Louche, V. Delobelle, A. Penin, G. Rio, Y. Liu, D. Favier, Scr. 

Mater. 65 (2001) 347. 

[8]     K. Otsuka, C. M. Wayman, Shape memory materials, Cambridge, United 

Kingdom, Cambridge University Press (1998).  

[9]     B. Bertheville, Biomater. 27 (2006) 1246. 

[10] Y. P. Zhang, D. S. Li, X. P. Zhang, Scr. Mater. 57 (2007) 1020. 

[11] Y. Fu, W. Huang, H. Du, X. Huang, J. Tan, X. Gao, Surf. Coat. Technol. 145 

(2001) 107. 

[12] T. Shahrabi, S. Sanjabi, E. Saebnoori, Z. H. Barber, Mater. Lett. 62 (2008) 2791. 

[13] J. A. Shaw, D. S. Grummon, J. Foltz, Smart Mater. Struct. 16 (2007) S170. 

[14] D. S. Grummon, J. A. Shaw, J. Foltz, Mater. Sci. Eng. A 438-440 (2006) 1113. 

[15] P. A. Michailidis, N. Triantafyllidis, J. A. Shaw, D. S. Grummon, Int. J. Solid 

Struct. 45 (2009) 2724. 

[16] Z. Xiu, J. Laeng, X. Sun, Q. Li, S. K. Hur, Y. Liu, J. Alloy. Compd. 458 (2008) 

398. 

[17] A. S. Mahmud, Y. Liu, T. H. Nam, Smart. Mater. Struct. 17 (2008) 015031. 

[18] S. Mahmud, Y. Liu, T. H. Nam, Phys. Scr. T129 (2007) 222. 

[19] T. H. Nam, C. A. Yu, Y. J. Lee, Y. Liu, Mater. Sci. Forum 539-543 (2007) 3169. 

[20] Z. D. Cui, H. C. Man, X. J. Yang, Surf. Coat. Technol. 192 (2005) 347. 

[21] H. C. Man, Z. D. Cui, T. M. Yue, Scri. Mater. 45 (2001) 1447. 

[22] Y. Bellouard, T. Lehnert, J. E. Bidaux, T. Sidler, R. Clavel, R. Gotthardt, Mater. 

Sci. Eng. A 273-275 (1999) 795. 

[23] X. Wang, Y. Bellouard, J. J. Vlassak, Acta Mater. 53 (2005) 4955. 



CHAPTER 4. TWO-DIMENSIONAL…MICROSTRUCTURAL… 

138 

[24] A. J. Birnbarm, U. J. Chung, X. Huang, J. S. Im, A. G. Ramirez, Y. L. Yao, J. 

Appl. Phys. 105, (2009) 073502. 

[25] H. Gugel, A. Schuermann, W. Theisen, Mater. Sci. Eng. A 481-482 (2008) 668. 

[26] A. Tuissi, S. Besseghini, T. Ranucci, F. Squatrito, M. Pozzi, Mater. Sci. Eng. A 

273-275 (1999) 813. 

[27] Y. Liu, P. G. McCormick, Acta Metall. Mater. 42 (1994) 2401. 

[28] D. A. Miller, D. C. Lagoudas, Mater. Sci. Eng. A 308 (2001) 161 

[29] M. I. Khan, S. K. Panda, Y. Zhou, Mater. Trans. 49 (2008) 2702. 

[30] P. Frick, A. M. Ortega, J. Tyber, A. E. Maksound, H. J. Maier, Y, Liu, K. Gall, 

Mater. Sci. Eng. A 405 (2005) 34. 

[31] Dieter Bäuerle, Laser Processing and Chemistry, Third Edition, Berlin, Springer, 

(2000). 

[32] M. I. Khan, S. K. Panda, Y. Zhou, Mater. Trans. 49 (2008) 2702. 

[33] Guillermo Araya, Gustavo Gutierrez, Int. J. Heat Mass Transf. 49 (2006) 4124. 

[34] Y. I. Nissim, A. Lietoila, R. B. Gold, J. F. Gibbons, J. Appl. Phys. 51 (1) (1980). 

274. 

[35] R. Delville, B. Malard, J. Pilch, P. Sittner, D. Schryvers, Acta Mater. 58 (2010) 

4503. 

[36] Malard, J. Pilch, P. Sittner, R. Delville, C. Curfs, Acta Mater. 59 (2011) 1542. 

[37] Y. B. Wang, Y. F. Zheng, Y. Liu, J. Alloy. Compd. 477 (2009) 764. 

[38] T. Todoroki, H. Tamura, Trans. Jpn. Inst. Met. 28 (2) (1987) 83. 

[39] Y. Liu, S. P. Galvin, Acta Metall. 45 (1997) 4431. 

[40] A. S. Mahmud, H. Yang, S. Tee, G. Rio, Y. Liu, Intermet. 16 (2008) 209. 

[41] Y. Bellouard R. Clavel, R. Gotthardt, J. van Humbeeck, J. Phys. IV France 112 

(2003) 765. 

 

 

 

 

 

 



139 

 

 

 

CHAPTER 5 

 

TWO-DIMENSIONAL NiTi PLATES WITH 

COMPOSITIONAL GRADIENT WITHIN THE 

THICKNESS 

 

 

 

Paper 7: Compositionally Graded NiTi Plate Prepared by Diffusion 

Anneal  
 
Qinglin Meng1, Hong Yang1, Yinong Liu1*, and Tae-hyun Nam2  
 
1 School of Mechanical and Chemical Engineering, The University of Western Australia, 

Crawley, WA 6009, Australia 
2 School of Materials Science and Engineering & ERI, Gyeongsang National University, 

900 Gazwadong, Jinju, Gyeongnam 660-701, Republic of Korea 

 

Scripta Materialia, in press (2012). 

 

Abstract 

This paper reports the creation of functionally graded NiTi thin plates with varying 

composition through thickness. The composition gradient is created by surface diffusing 

Ni into thin equi-atomic NiTi plates. The compositional gradient results in a gradient of 

the critical temperatures for martensitic transformation in the alloy. The functionally 

graded NiTi plates exhibit unique all round shape recovery behaviour in a “fishtail-like” 

motion. Such mechanical behavior offers new options for innovative designs of NiTi, in 

particular actuators and bionics devices. 

 



CHAPTER 5. TWO-DIMENSIONAL…COMPOSITIONAL…  

140 
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1.   Introduction 

NiTi actuators utilize shape memory effect to generate mechanical motion or energy, 

usually in the form of force and displacement [1, 2], upon change of either temperature 

or applied force. Typical applications include ribbon actuators for robotic hands [174] 

and thermostatic valves for water temperature control [4]. In spite of the advantage of 

NiTi actuators, including the all-in-one design for sensing and actuating and the large 

force output [5], some intrinsic disadvantages of NiTi materials impose difficulties, e.g., 

small transformation temperature or transformation stress intervals [6, 7], which render 

the devices poor controllability. To improve the controllability for progressive 

movement for actuation, the concept of creating functionally graded NiTi has been 

explored. This may be achieved by creating microstructural [8, 9], compositional [5] or 

geometrical [10] gradients in the alloy.  

 

In a previous work, we reported the creation of functional graded NiTi thin plates with 

microstructural gradient created by surface anneal using a scanning laser source and 

demonstrated the unique complex shape memory behavior of the plates [9]. In this work, 

we created compositionally graded NiTi by Ni diffusion into equiatomic NiTi thin 

plates. The compositionally graded NiTi thin plates are expected to exhibit similar 

complex shape memory effect in bending mode. Bending-unbending motion in thermal 

cycles of NiTi is of great practical importance for the design of shape memory alloy 

actuators, e.g., microwrapper and micropump [5, 11]. Attempts have been made to 

create complex responses though (1) creation of bistable shape memory alloy composite 

[12], (2) fabrication of multi-layer NiTi materials [12], and (3) constrained ageing of 

sputtered NiTi thin films [13-16], and surface laser scanning anneal of cold worked 

NiTi plates [9]. 

 

2.   Experimental procedures 

A commercial Ti-50.07 at.% Ni thin plate of 0.22 mm thickness was used in this study. 

The plate was cut into small strips of 40×5×0.22 mm in dimension and annealed at 1123 

K for 3.6 ks in vacuum. One side of the annealed thin plates was mechanically cleaned 

and polished until the 1 μm finish, for Ni deposition. A thin film (~500 nm) of Ni was 

then deposited by means of DC magnetron sputtering in an argon (99.995%) 
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atmosphere of 5 ×10-10 Torr. The Ni-coated NiTi plates were diffusion annealed at 1223 

K in vacuum for 1.5 × 3.6 ks (sample I) and 3 × 3.6 ks (sample II). The microstructure 

and Ni content distribution on the cross section of the samples were characterized using 

a Zeiss 1555 field emission scanning electron microscope (SEM) equipped with x-ray 

energy dispersive spectrometry (EDS) analyser. The two samples were deformed in 

tension to 7.6% using an Instron 4301 universal testing machine at a strain rate of 8.33 

× 10-5 s-1 at room temperature (300 K). The gauge length of deformation was 25 mm. 

Shape recovery after the tensile deformation was induced using a water bath and 

recorded using a digital camera. 

 

3.   Results and discussion 

The SEM image in the inset in Figure 1(a) shows the cross-section of a sputtered Ni thin 

film on a NiTi plate. In order to predicate the optimal diffusion condition, Ni 

distribution through the thickness of the NiTi plate was calculated based on Fick’s 

second law of diffusion. Considering that the maximum solubility of Ni in B2-NiTi is 

~54 at.% Ni at 1223 K [17], the temperature of the diffusion anneal, the surface Ni 

concentration can be taken as .%54atCs =  Ni. Equation (1) is the solution to Fick’s 

second law for the diffusion through a semi-infinite solid with constant surface 

concentration [18]: 

⎟⎟
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⎞
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⎝
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s 2
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where D  is the diffusion coefficient of Ni in B2-NiTi. However, this condition is 

maintained only until the sputtered Ni surface film is completely depleted after a critical 

diffusion time *t , as determined by: 

a

d

NiTi

CdxtxC
d

NiTi =∫ ),(1
0

*  (2) 

where NiTid  is the thickness of the NiTi plate, aC  is the average Ni atomic content in 

the NiTi plate after the total diffusion of the Ni thin film and it can be expressed as: 

pTifNipNi

fNipNi
a NNN

NN
C

,,,

,,

++

+
=  (3) 

where fNiN ,  is the molar number of Ni in the sputtered film (per unit area), pNiN ,  is the 

molar number of Ni in the Ti-50.07 at.% Ni plate (per unit area), and pTiN ,  is the molar 

number of Ti in the Ti-50.07 at.% Ni plate (per unit area). The molar numbers are 

computed as: 
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M
dN ρ

=  (4) 

where ρ  is the density, d  is the thickness of the layer concerned ( NiTid  for the plate or 

Nid  for the Ni film) and M  is the atomic mass. Using the parameters given in Table 1 

and Equations (2)-(4), *t  is determined to be *t =297.7 s. Up till *t , Ni concentration 

distribution ),( txC  can be determined using Equation (1). Beyond *t , sC  decreases 

with time, which renders the invalidity of Equation (1). 

 

Table 1. Material parameters [19, 20] 

Parameter value 

Density of Ni, Niρ  8.9 × 103 g/cm3 

Density of NiTi, NiTiρ  6.4 ×103 g/cm3 

Diffusion coefficient of  

Ni in B2-NiTi, NiTi
NiD  

1.775  

×10-7 mm2/s  

Atomic mass of Ni, NiM  58.71 g/mol 

Atomic mass of Ti, TiM  47.9 g/mol 

Ni film thickness, Nid  0.5 ×10-3 mm 

NiTi plate thickness NiTid  220 ×10-3 mm 

 

At *tt > , the concentration distribution function ),( txC  is numerically calculated for 

different time values by the Comsol function embedded in Matlab©. The calculation is 

based on (i) the boundary conditions expressed in Equation (5), (ii) the Fick’s second 

law of diffusion, expressed in Equation (6), and (iii) the initial Ni concentration 

function ),( *txC  as determined using Equation (1). 
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Figure 1(a) shows the Ni atomic concentration distribution with depth x  at time *tt > . 

It is seen that 3×3.6 ks at 1223 K is a suitable diffusion anneal condition, at which the 

entire plate depth is penetrated and a compositional gradient ranging between 50.47 – 
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50.07 at.% Ni is created. Two samples were thus diffusion annealed at 1223 K for 

1.5×3.6 ks (sample I) and 3×3.6 ks (sample II). Figure 1(b) shows the Ni concentration 

distributions on the cross section of the two samples, as determined by quantitative EDS 

analysis. It is seen that the calculated values match well with the experimental values. 
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Figure 1. Effect of diffusion time on Ni concentration distribution: (a) calculated from 

numerical analysis, (b) determined by EDS. The inset in (a) is an SEM micrograph showing 

the sputtered Ni thin film on top of the NiTi plate substrate 

 

Figure 2 shows the transformation behaviour of the Ti-50.07at%Ni alloy before and 

after diffusion anneal. Curve (i) is a sample solution treated at 1123 K for 3.6 ks, 

without the sputtering of Ni thin film. It exhibits a single-stage B2↔B19’ martensitic 

transformation. The transformation temperature intervals and transformation latent heats 

are determined to be MA
stT −Δ = 13 K, MA

stH −Δ = 26.3 J/g for the forward transformation 

 
1 μm 

Ni thin film 

NiTi substrate 
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and AM
stT −Δ = 18 K, AM

stH −Δ = 26.4 J/g for the reverse transformation. Curve (ii) and (iii) 

are the transformation behaviour of Samples I and II, respectively. Both samples 

exhibited similar transformation behaviour to the solution treated one, but with 

obviously broadened transformation temperature intervals and smaller transformation 

latent heats. The transformation temperature intervals and transformation latent heats 

are determined to be MA
IT −Δ =96 K, MA

IH −Δ =21.7 J/g, and AM
IT −Δ =94 K, AM

IH −Δ =22.9 

J/g, and MA
IIT −Δ =71 K, MA

IIH −Δ =22.2 J/g, and AM
IIT −Δ =77 K, AM

IIH −Δ =22.6 J/g. The 

enlarged transformation intervals and the smaller transformation heat of both samples as 

compared to the solution treated sample indicate the existence of the compositional 

gradient and the increased Ni content. 
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Figure 2 Transformation behaviour of Ti-50.07 at% Ni (i) solution treated at 1123 K for 

3.6 ks before sputtering of Ni thin film; (ii) and (iii) diffusion annealed at 1223 K after 

sputtering of Ni thin film for 1.5 × 3.6 ks and 3 × 3.6 ks, respectively  

 

The two samples were deformed in tension to 7.6 %, and then heated in a water bath to 

induce shape recovery. The inset in Figure 3(b) shows the tensile stress-strain curves of 

the two samples together with that of a solution treated sample. Figure 3(a) shows 

collections of optical images of the two samples upon heating after the tensile 

deformstion. Illustrations (I-a) and (I-b) are of Sample I. Illustrations (II-a) and (II-b) 

are of Sample II. Each illustration is a montage of separate optical images of same 

sample at different temperatures, constructed using Photoshop©. The images show the 

edge of the thin strip samples. The image labelled “T” is the shape of the sample after 

the tensile deformation. For all the images, the Ni-rich side (the Ni sputtered side) is to 
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the right, as indicated by the red arrows. It is seen that both sample I and II curved 

towards the Ni rich side after unloading from the tensile deformation at 300 K. Upon 

heating they both curved more to the Ni-rich side initially (illustration (I-a) and (II-a)) 

and then curved backward to the equiatomic side with further heating (illustration (I-b) 

and (II-b)). 
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Figure 3. (a) Optical image montages showing shape evolution upon heating of sample I (I-a 

and I-b) and sample II (II-a and II-b) after tensile deformation; (b) Effect of temperature on 

curvature and surface strain of sample I and sample II after tensile deformation. The inset in 

(b) shows the tensile stress-strain curves of deformation of the two samples and a solution 

treated sample 

 

The curvature of the bent shapes of the samples was determined by means of image 

analysis using Image J (NIH freeware), defined as R/1=κ , where R is the radius of the 
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curve. The curvature is denoted positive when the plate bends towards the Ni-rich side, 

and negative if it bends towards the back side. The surface strain is also estimated, as 

Rd NiTis /=ε . Figure 3 (b) shows the effect of heating temperature on the evolution of 

the curvatures and the surface strains of the two samples. 

 

It is seen that both samples I and II had a positive curvature after the tensile deformation. 

This is due to the partial pseudoelastic recovery on the Ni rich side of the plate upon 

unloading, where the finishing temperature of the reverse martensitic transformation fA  

has been lowered to below the room temperature by the increase of the Ni content. 

Heating firstly caused the curvatures to increase, indicating more reverse transformation 

and shape recovery in the Ni-rich side. Continued heating to above 363 K for sample I 

and to above 343 K for sample II caused the decrease of the curvature. This implies that 

the heating induced reverse transformation has propagated from the Ni-rich side to the 

equiatomic side. The final shapes of the samples at the end of the heating process have 

slightly negative curvatures. This is attributed to the plastic deformation caused the 

tensile deformation in the Ni-rich side. 

 

For sample I, the actuation curvature range is 195.0=Δ Iκ  (1/mm) and the actuation 

temperature window is KI 60T =Δ . For sample II, the actuation curvature range is 

189.0=Δ IIκ  (1/mm) and the actuation temperature window is KII 63T =Δ . These 

temperature intervals are much greater than the normal transformation temperature 

interval of NiTi, typically ~15 K [8, 9]. It is also seen that the curvature variation of the 

deformed NiTi plates shown in Figure 3 happened in a higher temperature range than 

that of the sample without tensile deformation shown in Figure 2. This is due to the 

stabilization effect of deformation on the martensite [21]. 

 

4.   Conclusions 

This study demonstrates the feasibility of diffusion anneal to create compositionally 

graded NiTi thin plates. These functionally graded NiTi plates exhibit unique and 

complex “fishtail-motion” shape memory behaviour, which can be customized by 

controlling the experimental parameters, e.g., the thickness of the sputtered Ni thin film, 

the original Ni concentration of the NiTi substrate and the diffusion temperature and 

time. The compositionally graded NiTi plates also exhibit much enlarged temperature 

window for the shape change, thus improved controllability for actuation control. 
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Abstract 

This paper reports a complex two-way shape memory effect of a compositionally 

graded NiTi thin plate. The composition gradient in the plate is created by surface 

diffusion of Ni into the plate. After a 15% tensile deformation, the plate exhibits 

complex two-way shape effect in bending. On each transformation the sample 

undergoes as all-round shape changes, analogous to “fishtail-like” motion. This unique 

thermomechanical property offers new opportunities for applications of NiTi. 

 

Keywords: Shape memory alloy (SMA); Functionally graded materials (FGM); Two-

way shape memory effect 

 

1.   Introduction 

Two-way shape memory effect (TWSM) is a thermally reversible and automatic shape 

recovery originating from the phase transformation between the low temperature 

martensite phase and high temperature austenite phase [1,2]. It is an essential property 

for self-actuated shape memory devices, where cyclic actuation under temperature-

controlled mechanism is involved, e.g., the microwrapper [174] and robotic hands under 

temperature-reduced motion mechanism [4]. It is more advantageous over using a bias 

spring [5, 6] for shape setting by being simple and more adaptable to miniature designs 

and complex motions.  

 

The TWSM of NiTi alloy is usually developed through certain thermomechanical 

treatments, known as training. Typical training schemes are repeated cycles in 
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pseudoelastic deformation [7] thermal transformation under constant stress [8-10] or 

combinations of temperature variation and deformation [11]. It is commonly accepted 

that the TWSM originates from the anisotropic dislocation structures developed in the 

austenite matrix by training, which induce the formation of preferentially oriented 

martensite variants during subsequent thermal transformation cycles [7-13]. Simple 

deformation via martensite reorientation or stress-induced martensite transformation of 

NiTi to well beyond the stress plateau has also proved to be effective in developing 

TWSM [14-17]. For Ni-rich alloys, constrained aging is also able to develop TWME, 

commonly known as “all-round” shape memory effect [18-21]. In this work we 

developed a new form of “all-round” shape memory effect featuring a novel “four-way” 

memory cycle using a functionally graded NiTi thin plate.  

 

2.   Experimental procedures 

A commercial Ti-50.07 at.% Ni thin plate strips of 40×5×0.22 mm in dimension was 

used in this study. The plate was annealed at 1123 K for 3.6 ks in vacuum. A Ni thin 

film of ~500 nm thick was deposited by DC magnetron sputtering under argon 

protection. The coated NiTi plate was then annealed at 1223 K in vacuum for 10.8 ks to 

encourage diffusion of the Ni into the NiTi plate. The diffusion anneal created a 

compositional gradient from 50.47 to 50.07 at.% Ni through the thickness of the plate, 

as confirmed by x-ray energy dispersive spectrometry [22]. The inset in Figure 1 shows 

schematic views of the Ni content distribution though the thickness of the strip sample 

before and after diffusion annealing, respectively, as seen on the cross-section.  

 

The transformation behaviour of the plate was analysed by differential scanning 

calorimetry (DSC), and the parameters were determined to be sM = 302 K, fM = 231 K 

and MAH −Δ = 22.2 J/g for the forward and sA = 251 K, fA = 328 K and AMH −Δ = 22.6 

J/g for the reverse transformation. The very wide transformation temperature intervals 

are a manifestation of the composition gradient through the thickness of the plate. 

 

The strip samples were deformed in tension to various strains using an Instron 4301 

universal testing machine at a strain rate of 8.33 × 10-5 s-1 at room temperature (300 K), 

with a 20 mm gauge length. The samples were cooled in liquid nitrogen prior to 

deformation to maximize the volume fraction of martensite structure at the tensile test 

temperature (room temperature). Figure 1 shows the tensile stress-strain curves of four 
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samples deformed to 6.5%, 10%, 12.5% and 15%, labelled sample I, II, III and IV, 

respectively The deformation over the transformation plateau occurred in a mix mode of 

martensite variant reorientation and stress-induced transformation, at ~160 MPa of 

stress and to ~6% of strain. 
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Figure 1. Tensile deformation behaviour of the compositionally graded NiTi thin plates 

 

The shape memory effect, after each pre-strain test, was induced using either water or 

ethanol bath and recorded using a digital camera. 

 

After deformation, the NiTi plates were subjected to heating and cooling cycles in water 

or ethanol baths and the shape changes of the strip samples were recorded using a 

digital camera.  The curvature of the bent shapes of the strip sample was determined by 

means of image analysis from the recorded images using Image J (NIH freeware), 

defined as 
R
1

=κ , where R is the radius of the curve. The curvature is denoted positive 

when the plate bends towards the Ni-rich side and negative if it bends towards the back 

side. The surface strain was computed as 
R

d NiTi
s =ε , where NiTid  is the plate thickness. 

 

3.   Results and discussion  

Figure 2(a) shows the effect of heating temperature on the evolution of the curvature 

and surface strain of the four deformed samples. Upon the first heating, all four samples 

showed a “bell-shaped” recovery, i.e., increasing and then decreasing in curvature with 

increasing temperature. The increase of the curvature is due to the occurrence of the 
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reverse transformation first on the Ni-rich side, where the transformation temperature is 

the lowest [23]. The reverse of the change of the curvature with continued heating is due  

to the propagation of the reverse transformation from the Ni side into the back side. 
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Figure 2. (a) Effect of temperature on the evolutions of curvature and surface strain 

upon the 1st and 2nd heating of the four deformed NiTi plates; (b) Schematic of the 

curvature change as a result of the propagation of the martensitic transformation from 

the Ni-side to the back side upon heating; (c) Effect of pre-strain on the maximum 

curvatures achieved on the first and second heating cycles 
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Figurer 2(b) shows a schematic of the propagation of the transformation front through 

the thickness and its effect on sample curvature. Marks “a” and “b” indicate the 

positions of the transformation front at two moments during the process of the reverse 

transformation corresponding to the two moments also marked in Figure 2(a)-II.  At 

moment “a”, the left part (the Ni-rich side) has transformed back to austenite, and the 

sample curves up to the Ni-rich side. At moment (b), the transformation has propagated 

through to the back side, causing the sample to curve back, eventually into a slight 

negative curvature at the completion of the transformation. 

 

Shape change upon the second heating is the two-way memory effect. It is seen that 

upon the second heating, samples I and II showed monotonic curvature decrease 

whereas samples III and IV showed the reversible “bell-shaped” recovery. The range of 

the curvature changes (between the maximum and the minimum curvatures) of the four 

samples are measured to be 2
IκΔ = 0.07 (1/mm), 2

IIκΔ = 0.09 (1/mm), 2
IIIκΔ = 0.18 

(1/mm), and 2
IVκΔ = 0.19 (1/mm) for sample I, II, III and IV, respectively. It is also 

evident that the transformation temperatures on the first heating ( 1
sA  and )1

fA  are higher 

than those on the second heating ( 2
sA  and )2

fA . This is due to the deformation induced 

martensite stabilisation effect [14, 17, 24]. 

 

Figure 2(c) shows the effect of pre-strain on the maximum curvature achieved on the 

first heating ( max
1κ ) and the maximum curvature achieved on the second heating ( max

2κ ). 

The ratio %100max
1

max
2 ×=

κ
κ

η tw  defines the efficiency of the two-way memory effect. It is 

seen that max
1κ  remained practically constant at ~0.20 (1/mm) independent of pre-strain 

(at >6.5%). In contrast, max
2κ  increased continuously with increasing pre-strain, reaching 

a maximum twη = 81% at 15% pre-strain. This value is comparable to results achieved 

by conventional training [12-15]. 

 

Figure 3 shows collections of optical images of samples IV during the 20th 

heating/cooling thermal cycle after the tensile deformation to 15%. Each illustration is a 

montage of separate optical images of the same plate sample upon heating to different 

temperatures, constructed using Photoshop©. The images show the edge of the thin 

plate. For all the images, the Ni rich side is to the right, as indicated by the arrow. 



CHAPTER 5. TWO-DIMENSIONAL…COMPOSITIONAL…  

153 

Illustrations CL-I and CL-II are for cooling from 315 K to 223 K. It is seen that the 

sample started with a slightly negative curvature, bending towards the Ni-rich side upon 

cooling to a maximum curvature and then backwards to a slightly positive curvature 

with further cooling to the end. Similarly, illustrations HT-I and HT-II are for heating 

from 251 K to 308 K. 
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Figure 3. Optical image montages showing shape evolution of compositionally graded 

NiTi thin plates with 15% pre-strain in tension 

 

Figure 4 shows the complete two-way memory cycles of samples III and IV during the 

20th thermal cycle, expressed as the evolution of curvature and surface strain on 

temperature. Sample III showed a hysteresis shape change curve similar to that of 

conventional NiTi, but with a slight reversible shape change (increase and then decrease 

or vice versa) upon one heating or cooling. In comparison, sample IV showed a 

complete shape change cycle with two shapes achieved on each heating or cooling, with 

the double “bell-shaped” curves. The range of curvature change of the two samples are 

determined to be 20
IIIκΔ = 0.16 (1/mm) for sample III and 20

IVκΔ = 0.18 (1/mm). These 

examples (and the results presented in Figure 1) demonstrate that complex two-way 

memory effect in bending can be easily introduced by simple tensile deformation, 

thanks to the composition gradient in the plate, and that the extent of the bending can be 

easily tailored by controlling the level of pre-strain of the tensile deformation. 
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Figure 4. Evolution of curvature and surface strain upon the 20th thermal cycle for 

compositionally graded NiTi plate subjected to (a) 12.5% and (b) 15% of tensile 

deformation, demonstrating the complex two-way shape memory effect 

 

The complex bending-unbending shape evolution of the compositionally graded NiTi 

thin plate resembles a “fishtail-like” motion. Such behaviour is unique in the literature. 

No similar observation has been reported. The only similar shape memory motion 

reported is from a complex design of multilayer Phase-coupled SMA thin film 

composite involving TiNiCu, TiNiHf and Mo [25]. Other observations of two-way 

memory effect in bending mode all involve monotonic shape changes in each heating or 

cooling direction. This is achieved by constrained aging (constrained in bending) of Ni-

rich NiTi thin plates [21, 26, 27], which induces formation of lenticular Ti3Ni4 

precipitates in perpendicular orientations on the compressed and elongated sides of the 

bent plate. Similar results are also achieved for NiTi thin films by the same technique of 

constrained ageing [18, 20]. Lehnert et al. reported an interesting work on Ni/Ti 

multilayer thin films, which are converted into NiTi alloy films by diffusion anneal [19]. 

In this work they proposed the concept of creating composition gradient in thickness of 
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the film by controlling the relative thicknesses of the Ni and Ti layers during film 

deposition. In this work they reported the spontaneous (monotonic) two-way memory 

effect as a rare observation among their multilayer NiTi thin films, and attributed the 

effect to intrinsic internal stresses. Considering all these, it is seen that such a complex, 

“4-way” spontaneous shape memory effect in a “fishtail-like” motion in bending has not 

been achieved so far in monolithic NiTi materials. Coupled with the wide temperature 

window for the shape change, typically ~60 K, it offers new opportunities for 

innovative designs with ease of control to reach desired positions using these specially 

developed functionally graded NiTi alloys. 

 

4.   Conclusions 

In conclusion, a complex “4-way” shape memory effect is achieved in compositionally 

graded NiTi thin plates. The effect features reversible “fishtail-like” motion in stress-

free thermal cycles and wide actuation temperature windows. The effect is induced by a 

simple tensile deformation. The parameters of the complex shape memory effect can be 

tailored by controlling the level of pre-strain in the tensile deformation. 
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CHAPTER 6 

 

CLOSING REMARKS 

 

 

 

The specific technical conclusions of each work have been given in the respective 

publications. I wish to take this opportunity to present my thoughts on this research in a 

closing remark. 

 

Architectured NiTi is a relatively new concept, though not a new practice. NiTi alloys 

of unconventional physical forms have been created and studied from the very 

beginning of the application of shape memory alloys, such as NiTi springs and porous 

NiTi alloys. However, with the development of the technology, much more interests and 

efforts have been given to explore the design, manufacturing and application of novel 

physical forms, such as NiTi textiles, honeycomb structures, nanowires and functionally 

graded NiTi. The recognition of this design concept provides a strong stimulus for the 

design and development of architectured NiTi, which have the potential to offer new, 

creative, innovative and improved properties. 

 

It is with this philosophy that this thesis embarked on a research to explore and to 

establish the concept of some novel forms of functionally graded NiTi, including wires 

and thin plates. These efforts have produced some rare and new findings that had not 

been realized before, such as the “fishtail-like” motion of functionally graded thin NiTi 

plates. 

 

However, architectured NiTi is a vast concept, encompassing a wide spectrum of 

materials design possibilities and opportunities. This work is only a small part of the 

effort as well as the opportunity it may offer. The door is open, the horizon is wide and 
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the field is fertile. I wish future researchers working in this field fruitful successes as 

well as fun as I have had. 

 


