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Abstract 

Nanocrystalline (NC) and Ultrafine grain (UFG) NiTi shape memory alloys 

possess superior functional and structural mechanical properties than the 

traditional coarse grain (CG) ones. The superelasticity adjustment of the NC and 

UFG NiTi alloys is a significant issue in this field. Although grain size alteration 

can be used to adjust their functional properties, the superior structural mechanical 

properties (e.g., high strength, high hardness, high fatigue resistance, and high 

corrosion resistance, etc.) brought about by the special NC and UFG grain sizes 

may be deteriorated. Thus, how to realize the functional property adjustment of 

NC and UFG NiTi alloys without losing the original fine grain size becomes a 

frontier research issue. It was recently found that the low-temperature aging (LTA) 

can introduce Ni4Ti3 nanoprecipitates into the matrix of Ni-riched NiTi shape 

memory alloys without changing their grain size, which is an effective solution to 

address this issue. Therefore, to understand the influence of LTA on the phase 

transformation and superelasticity of NiTi alloys regarding different grain sizes is 

a fundamental precondition for the superelasticity adjustment of NC and UFG 

NiTi alloys via LTA. 

 

In this study, the effect of LTA on NC and CG NiTi alloys was comparatively 

investigated, and the feasibility of altering the phase transformation and 

superelasticity via LTA without changing grain size was verified. The different 

responses of NC and CG towards LTA were obtained. 
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To obtain the NiTi alloy with different grain sizes, the influence of direct electric 

resistance heat treatment on NiTi alloy with different grain sizes and aging states 

was studied. It was found that the nanograin size suppresses Ni4Ti3 precipitation 

during the direct electric resistance heat treatment. Based on the logistic function, 

grain size adjusting models were established by altering direct current magnitude 

or heating time, respectively. By using this method, NiTi alloys with grain sizes 

ranging from 34 to 8021 nm were rapidly obtained. 

 

LTA at 573 K from 0 to 48 h was applied to the afore-obtained NiTi alloys, and 

its influence on their phase transformation characteristics was investigated. The 

variations of phase transformation sequence, temperature, enthalpy, thermal 

hysteresis, etc. with the alteration of grain size and the LTA time were obtained. 

The mechanisms of the different responses of the NiTi alloys with different grain 

sizes towards LTA were further investigated based on the microstructural 

evolutions and hardness variations. According to the experimental results, a 

B2→R phase transformation temperature model was established, which can 

calculate the B2→R phase transformation temperature at the given grain size and 

LTA time. 

 

At which deformation stage that the unloading happens greatly affects the 

superelastic stress-strain path. To understand the effect of unloading at different 

deformation stage on superelasticity, the superelasticity that unloads at the 

maximum applied strain of 3% and 9% are respectively studied, which represents 

the unloading within and beyond the plateau deformation stage respectively. The 

variations of the loading and unloading plateau stress and strain, stress hysteresis, 
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residual strain, etc. with the alteration of grain size and the LTA time were 

obtained. Based on the microstructural evolution, hardness variation, and the 

corresponding phase transformation characteristics, the underlying mechanisms of 

the superelasticity variation were revealed. According to the experimental results, 

the function of the stress hysteresis increment and the post-plateau stress increment 

was proposed, and a stress hysteresis model considering the effect of grain size 

and LTA time was established. 

 

A superelastic stress model considered the effect of grain size and LTA time was 

established based on Graesser model and the superelasticity experimental results. 

The parameters of the model, which can alter the shape of stress-strain curves, 

were treated as a function of grain size and LTA time so that the whole model can 

reflect the effect of these two factors. The model can be used to calculate the 

superelastic stress-strain curves of NiTi alloy at a certain condition (within the 

maximum applied strain from 3% to 9%, grain size from 34 to 8021 nm, and LTA 

time from 0 to 48 h at 573 K). 

 

This study primarily investigated the influence of LTA on the phase 

transformation and superelasticity of the NiTi alloys with different grain sizes. It 

provides the experimental basis and theoretical reference to determine the 

processes and methods of the superelasticity adjustment of NC and UFG NiTi 

alloys by using LTA. 

 

Keywords: NiTi, Low-temperature aging, Phase transformation, Superelasticity, 

Grain size, Nanocrystalline 
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Chapter 1 Introduction 

1.1 Background 

Owing to the superior superelasticity and shape memory effect, NiTi shape 

memory alloys (NiTi alloys for abbreviation) have been widely used in biomedical, 

aviation, MEMS, civil engineering fields, etc. [1], as shown in Fig. 1.1. The nature 

of the functional properties of NiTi alloys is the phase transformations among B2 

austenite phase, B19’ martensite phase, and the intermediate R-phase [2, 3]. The 

phase transformations can be induced by both the alterations of temperature and/or 

stress [4, 5], and can be affected by composition and microstructure [6-10]. 

Therefore, tailoring of the functional properties of NiTi alloys via alteration of 

composition and microstructure has always been the research focus [11]. 

 

Fig. 1.1 The application of NiTi alloys in (a) biomedical [12-16]; (b) aviation 

[17-20]; (c) MEMS [2, 21-23]; (d) civil engineering [24-27] fields. 

The NiTi alloys were firstly developed in the U.S. Naval Ordnance Laboratory in 

1960s. After that, several methods for functional property adjustment were 
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developed, including adding alloying element [6, 7], altering Ni-Ti atomic ratio 

[8], introducing precipitates in Ni-rich NiTi matrix [9], introducing dislocation 

structure via plastic deformation [10], etc. However, the target of these methods 

was mainly the coarse-grained (CG) NiTi alloys (grain size > 1 μm) in the early 

research stage, as shown in Fig. 1.2(a). It was until the late 1990s, the advent of 

nanocrystalline (NC, grain size ≤ 100 nm) and ultrafine-grained (UFG, 100 nm < 

grain size ≤ 1 μm) NiTi alloys [28-30], as shown in Fig. 1.2(b) and (c), aroused 

the exploration of their phase transformations and functional properties in both 

academic and industrial fields. 

 

Fig. 1.2 Microstructure of NiTi alloys with different grain sizes: (a) coarse 

grains; (b) ultrafine grains; (c) nanocrystalline. 

The NC and UFG NiTi alloys not only possess functional properties like the CG 

ones [31-33], but they also present higher strength (above 2 GPa) [34, 35], 

hardness (above 500 HV), elastic modulus (above 70 GPa) [35, 36], fatigue 

resistance [37, 38], corrosion resistance [39, 40], and lower cytotoxicity [40] than 

the CG ones. However, the advent of NC and UFG NiTi alloys brought out the 

challenges to their application. On one hand, the decreasing grain size from CG to 

UFG and even to NC scale affects the functional properties of the NiTi alloys [31, 

32]. For instance, NC NiTi alloys possess special superelasticity (e.g., higher 
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plateau stress, higher recoverable strain, etc.) which is different from that of the 

CG ones [41]. On the other hand, the experiences and knowledge of the functional 

property adjustment of CG NiTi alloys are not completely applicable to NC and 

UFG NiTi alloys [42]. It is difficult to introduce additional dislocations to adjust 

the functional properties of NC NiTi alloys, because the nano-sized grains present 

a superior slip resistance [43]. Therefore, the recent researches are more focused 

on addressing two basic issues: 1) how does the NC and UFG grain size affect 

phase transformation and superelasticity of NiTi alloys? 2) how to further adjust 

phase transformation and superelasticity of the NiTi alloys if their grain size is 

fixed? 

 

In tandem with this, many studies have been conducted to answer the first question, 

focusing on the effect of grain size on the phase transformation and superelasticity; 

to the second question, however, the solution is so far not very desirable. Some 

scholars suggested an idea to adjust the phase transformation and superelasticity 

by varying grain size [44-46], and the idea turns out to be effective as per the 

experimental results. However, this idea has inherent drawbacks: Though the 

functional properties can be varied when the grain size is changed, the other 

superior properties owned by the NC or UFG grain size can also be deteriorated 

such as the strength, hardness, fatigue and corrosion resistance, etc. That is to say, 

a trade-off between functional properties and other superior properties must be 

made when this method is employed. Therefore, how to address this dilemma 

becomes the frontier of this research field. 
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The current study proposed a method, by using aging, to alter the functional 

properties via simultaneously keeping the original grain size of NC, UFG, and CG 

NiTi alloys, i.e., it can alter the functional properties and simultaneously remain 

other superior properties owned by the original grain size. Thus, the 

aforementioned dilemma can be handled in this way. 

 

In terms of aging, there are also two issues to solve, viz., 1) Before aging, by what 

means should the NiTi alloys with a certain grain size be obtained? and 2) under 

what conditions should the aging be conducted to alter the functional properties 

and simultaneously preserve the original grain size? 

 

Regarding these two problems, some previous studies provided inspiration. During 

the procedure of obtaining NiTi alloys with different grain sizes, the undesired 

early aging should be avoided so that the NiTi matrix can be kept in Ni-rich state. 

As per the previous studies, this early aging can be effectively avoided by a short 

time heat treatment such as direct electrical resistance heat treatment (DERHT). 

With respect to the aging condition, the temperature and time should fulfill the 

requirements to cause precipitation while preserve the original grain size. This 

could be possible when the aging was conducted in low-temperature scale (aging 

temperature < 600 K [47]), which was named by J.I. Kim et al. [48] as “low-

temperature aging (LTA)”. In addition, X.B. Wang et al. [49] applied the LTA of 

523 K to NiTi alloys with the average grain size of 1.7 μm, and it turned out to be 

an effective way to alter the phase transformation and superelasticity of NiTi alloys, 

and the original grain size was kept. This proved that the LTA is an effective way 
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to alter the functional properties of CG NiTi alloys and simultaneously preserve 

the original grain size. 

 

However, whether such LTA is also feasible for NC and UFG NiTi alloys remains 

unknown so far. Whether the influences of LTA on phase transformation and 

superelasticity of the NiTi alloys with different grain sizes are different is also not 

sure yet. Whether the microstructural evolutions of the NiTi alloys with different 

grain sizes are inherently different under LTA is also needed to be clarified. 

Addressing these issues is significant to realize the tailoring functional properties 

of NC, UFG, and CG NiTi alloys in the premise of preservation of the original 

grain size. Therefore, this study is to address the above issues respectively. 

1.2 Research overview 

1.2.1 NiTi shape memory alloys and their functional properties 

NiTi shape memory alloys are near-equiatomic intermetallic compounds, whose 

main functional properties are superelasticity and shape memory effect [50]. 

Superelasticity means the shape can recover after unloading, with relative large 

recoverable strain, and the thermoelastic phase transformation happened during 

loading and unloading [51], as shown in Fig. 1.3(a). Owing to the reversible 

martensitic transformation strain, NiTi alloys usually demonstrate a larger 

recoverable strain (as large as above 10%) than the pure elastic strain of common 

structural metals and alloys. Shape memory effect means that the plastic 

deformation of the materials can be recovered after they are heated to a certain 

temperature [50], as shown in Fig. 1.3(b). This characteristic transfers heat to 
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kinetic energy, which is commonly used as the principle of actuators [52]. Among 

all types of shape memory alloys, NiTi alloys possess relatively higher strength 

and plasticity, ideal superelasticity and shape memory effect, higher service 

reliability, and better thermomechanical cyclic fatigue resistance [53]. 

 

In NiTi alloys, the thermoelastic martensitic transformation occurs between B2 

austenite phase and B19’ martensite phase, where B2 austenite phase is stable in 

higher temperature and B19’ martensite phase is stable in lower temperature. 

Under a certain condition (introducing dislocations or precipitates, or reducing 

grain size), an intermediate R-phase can be involved between B2 and B19’ phases 

[54]. Thus, the transformation sequence of NiTi alloys is B2↔(R)↔B19’, as 

shown in Fig. 1.3(c) (B2 phase is of simple cubic lattice like CsCl, while B19’ 

phase has monoclinic lattice, and R-phase has rhombohedral lattice). This phase 

transformation sequence can be thermally- and/or stress-induced, as shown in Fig. 

1.3(d) and (e). 

 

Fig. 1.3 Functional properties, lattice structure, and phase transformation of NiTi 

alloys: (a) superelasticity; (b) phase transformation sequence; (c) shape memory 
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effect; (d) thermally-induced phase transformation; (e) stress-induced phase 

transformation. 

The functional properties of NiTi alloys are closely related to the service 

temperature [11]. As illustrated in Fig. 1.4, with the decrease of working 

temperature, the key temperatures of B2↔B19’ transformation sequentially arrive, 

which include Md, Af, As, Ms, and Mf. Among these key temperatures, Md is the 

temperature at which B19’ martensite can no longer be stress-induced; Af is 

austenite-finish-temperature at which the B19’→B2 transformation is finished; As 

is austenite-start-temperature at which the B19’→B2 transformation starts; Ms is 

martensite-start-temperature at which the B2→B19’ transformation starts; and Mf 

is martensite-finish-temperature at which the B2→B19’ transformation is 

complete. The actual relationship among phase transformation, functional 

properties, and service temperature (T) is as follows: 

1) When the service temperature is above Md, stress can no longer induce 

B2→B19’ transformation. NiTi alloys no longer possess functional properties. 

2) When the service temperature is between Md and Af, NiTi alloys demonstrate 

superelasticity, the strain caused by the phase transformation can be 

completely recovered after unloading. 

3) When the service temperature is between Af and Mf, NiTi alloys show partly 

superelasticity and partly shape memory effect. 

4) When the service temperature is below Mf, NiTi alloys show completely shape 

memory effect. The strain caused by the phase transformation can only be 

completely recovered after reheating to above Af. 
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Fig. 1.4 Phase transformation and functional properties of NiTi alloys and the 

corresponding service temperatures [11]. 

It is worth noting that the above relationship is ideal, where only the B2↔B19’ 

transformation is considered. Actually, other phenomena such as the dislocation 

activities, grain size variation, facilitation and suppression of phase 

transformations induced by Ni4Ti3 precipitates, etc. also influence the functional 

properties besides the key transformation temperatures. 

 

Though NiTi alloys with different compositions and microstructures present 

different key transformation temperatures, the aforementioned relationships 

among the key transformation temperatures, service temperature, and functional 

properties are usually consistent. Thus, these key transformation temperatures, on 

one hand, restrict the service temperature range of a certain functional property, 

and, on the other hand, can be artificially altered to adjust the functional properties. 
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After years of research, scholars have found several key factors that influence the 

key transformation temperatures as follows: 

1) Ni concentration [55]. The higher Ni concentration means the larger fraction 

of supersaturated Ni atoms, which impedes B2→B19’ transformation and 

correspondingly lowers the key transformation temperature. 

2) Ternary elements [56]. Fe, Co, Cr, Mn, Mo, V, Nb, Cu, Pd, Hf, Zr, etc. can be 

used to replace Ni or Ti to form various solid solutions, so the key 

transformation temperatures can be altered. 

3) Precipitates [57]. Ni-rich precipitates are able to be precipitated at 523~923 K, 

and the Ni4Ti3, Ni3Ti2, and Ni3Ti can be sequentially dissolved out with aging 

time. The incoherent Ni4Ti3, Ni3Ti2, and Ni3Ti can effectively reduce the Ni 

concentration of the NiTi matrix, and correspondingly elevate the key 

transformation temperatures. The coherent Ni4Ti3 can introduce elastic strain 

fields around the precipitates, which facilitate B2↔R transformation. The 

dense distribution of coherent Ni4Ti3 can impede the movement of 

B2(R)↔B19’ transformation frontier and also can elevate the dislocation slip 

resistance. 

4) Dislocations [10]. The dislocations in the NiTi matrix can also impede the 

movement of B2(R)↔B19’ transformation frontier. The elastic strain fields 

around the dislocations can also facilitate B2↔R transformation. 

5) Grain size [32, 58, 59]. In recent years, scholars have found that NC and UFG 

grain size can facilitate B2↔R transformation, impede and even completely 

suppress B2(R)↔B19’ transformation. 
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It can be summarized from the aforementioned key factors that appropriately 

introducing point defects (e.g., substitutional solute atoms), line defects (e.g. 

dislocations), and face defects (e.g., grain and phase boundaries) can remarkably 

alter the phase transformation characteristics and functional properties. This points 

out the principle of the functional property adjustment of NiTi alloys. 

 

1.2.2 State-of-art of the influence of grain size on the properties 

of NiTi alloys 

The studies of the influence of grain size on the properties of NiTi can be traced 

back to 2002 [34, 60, 61], which have gradually become research hotspot in recent 

years. The experimental results show that NC and UFG grain size of metallic 

materials lead to various advantages such as higher yield and ultimate strength 

[62], partitioned Hall-Petch relation [63, 64], moderate ductility [65], higher 

fatigue resistance [66], optimized toughness [67], and potential superplasticity [68] 

compared with the common CG ones. With respect to NiTi alloys, the influence 

of grain size on the functional properties is additionally concerned. The related 

studies have focused on the preparation of NC and UFG NiTi alloys, the 

microstructure identification, and the effect of NC and UFG grain size on the phase 

transformation characteristics, functional properties, and structural mechanical 

properties. 

1.2.2.1 Preparation and microstructural identification of NC and UFG NiTi 

alloys 

The preparation of NC and UFG NiTi alloys can be classified into “bottom-up” 

[69] and “top-down” [70, 71] methods. The “bottom-up” method mainly indicates 
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powder metallurgy [72, 73], which includes but not limited to magnetron 

sputtering technology [28], melt spinning technology [74-76], mechanical alloying 

technology [77, 78], high-energy ball milling process [79, 80], etc. The “top-down” 

method mainly includes severe plastic deformation plus post-deformation 

annealing [81-83] and surface nanocrystallization [84]. The “bottom-up” method 

is more fit for the preparation of porous or film NiTi alloys, while the “top-down” 

method is suitable for the preparation of dense and block NiTi alloys [85]. The 

NiTi alloys used in this study are NiTi wires, which are fabricated by the method 

of severe plastic deformation plus post-deformation annealing. Thus, this method 

is briefly introduced as follows. 

 

The severe plastic deformation includes high pressure torsion (HPT) [86-88], 

equal channel angular extrusion (ECAE) [53, 89], cold rolling [90-94], cold 

drawing [35, 95, 96], groove rolling [97], local canning compression [98], etc. The 

obtained microstructures and defects of the NC and UFG via the above methods 

closely depend on the process. The main factors are as follows: 

1) The initial state before the severe plastic deformation. Usually, solution 

treatment is used to eliminate work hardening and dissolve the previous 

precipitates. 

2) Deformation degree. As the deformation degree increases, the NiTi alloys 

experience stress-induced martensitic transformation, detwinning of 

martensite phase, dislocation slip, severe shear deformation, and 

amorphization [98]. The degree of amorphization increases with the 

deformation degree [90], and the amorphous phase and grain debris distribute 

alternately [86, 87]. As the fraction of amorphous phase increases, the required 
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thermal energy for nanocrystallization decreases and the nanocrystallization 

temperature also decreases [91]. Under a small deformation degree, the 

nanocrystallization is led by grain growth; under large deformation degree, the 

nanocrystallization is accomplished via both crystal nucleation and grain 

growth [99]. Under the same post-deformation annealing condition, with the 

increasing deformation degree, the fraction of nanograin increases, the fraction 

of nanosubgrain decreases [93, 100], and the superelastic loading plateau stress 

increases [90]. The excessive deformation degree can cause more defects in 

the NiTi matrix and more cracks in the edges of samples, and the 

thermomechanical cyclic fatigue resistance will be impaired [92, 101-103]. 

3) Temperature and time of post-deformation annealing. The temperature affects 

nanocrystallization degree and grain size [104, 105]. Below the 

nanocrystallization temperature, the amorphous phase and grain debris are 

only recovered. Above the nanocrystallization temperature, the 

nanocrystallization happens and the grain size increases with annealing 

temperature and time. The optimized nanocrystallization temperature of 

amorphous NiTi was about 673 K [104, 106]. It is worth noting that excessive 

annealing time can lead to undesired precipitation [107]. 

4) The combination with the other deformation processes. Yann Facchinello et al. 

[108, 109] and A. Kreitcberg et al. [110, 111] studied the combination of cold 

rolling, intermediate annealing, and hot rolling. It is found that this process can 

reduce the process-induced defects and elevate the thermomechanical cyclic 

fatigue resistance. VV Stolyarov et al. [112] and R.F. Zhu et al. [113, 114] 

studied the effect of electroplastic rolling on the properties of the obtained 

nanocrystalline NiTi alloys. The results turn out that electroplastic rolling can 
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elevate the rolling deformation degree and produce nanocrystalline NiTi alloys 

directly without post-deformation annealing. 

 

The microstructure of NC and UFG can be identified by transmission electron 

microscope (TEM) and selected area electron diffraction (SAED). S.D. 

Prokoshkin et al. [93, 100, 105, 115], V. Brailovski et al. [92], and K.E. Inaekyan 

et al. [116] identified various microstructures produced by different severe plastic 

deformation degree plus post-deformation annealing. The results show that the 

NiTi matrix is changed from nanosubgrain-dominant to nanocrystalline-dominant 

with the plastic strain increasing from 0.25 to 3. The nanosubgrains are usually of 

NC grain size and exists within the same ultrafine grain with low-angel grain 

boundary among each of them. The nanocrystalline is usually of NC grain size and 

individually exists in the NiTi matrix. SAED patterns are also used in these studies 

for microstructure identification. 

 

1.2.2.2 Effect of NC and UFG grain size on the properties of NiTi alloys 

After the advent of NC and UFG NiTi alloys, studies on the effect of grain size on 

the properties of NiTi alloys have become popular. These studies mainly focus on 

phase transformation characteristics, functional properties, and structural 

mechanical properties. 

 

With respect to phase transformation characteristics, V.G. Pushin et al. [60, 61, 

117, 118] found that thermally-induced B2→B19’ transformation in NC NiTi 

alloys is in the form of “single crystal-to-single crystal”, and the B19’ twinned 

variant pairs were not observed. However, in UFG NiTi alloys, B19’ martensite 
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phase in the form of twinned variant pairs was observed. T. Waitz et al. [31, 59, 

119-123] further found that, as the grain size decreases into NC scale, the phase 

transformation sequence transfers from B2→B19’ to B2↔R↔B19’. They also 

reported that, within NC grains, B19’ phase is of (001) compound twins, and the 

R↔B19’ transformation is completely suppressed when the grain size is less than 

60 nm. After that, Gyu-Bong Cho et al. [124], Haitian Zhang et al. [125], and 

Xiaobin Shi et al. [58, 126] found that, with the decreasing grain size, B2↔R 

transformation temperature increases, R→B19’ transformation temperature 

decreases, and R↔B19’ transformation thermal hysteresis increases. Thus it can 

be seen that, with the grain size decreasing from CG to UFG and further to NC 

scale, the twin type, the phase transformation sequence and temperature are all 

changed. 

 

With respect to the functional properties, scholars mainly focus on the effect of 

grain size on superelasticity. This is not only because the superelasticity is the 

predominant functional property of NiTi alloys, but this is also due to the fact that 

NC NiTi alloys usually demonstrate superelasticity rather than shape memory 

effect [41]. The research teams of Q.P. Sun and Ahadi Aslan contributed plenty of 

works in this area [45, 127-129]. They found that the superelasticity stress-strain 

relationship of NiTi alloys with different grain sizes show different sensitivity to 

strain rate. Grain size affects stress hysteresis, and the temperature variation 

decreases with grain size during the superelastic loading-unloading process. 

Haitian Zhang et al. [125] found that plateau stresses increase with the decreasing 

grain size and also reported the thermally-suppressed R↔B19’ can be stress-

induced. K.A. Polyakova-Vachiyan et al. [130] found that plateau strain varied 
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with grain size. S.D. Prokoshkin et al. [107] pointed out that nanocrystalline 

presented higher dislocation slip resistance than nanosubgrain even when the grain 

sizes are similar. Yao Xiao et al. [44] studied the NiTi alloys with the grain size 

less than 30 nm and found that the deformation is homogeneous when the grain 

size is below 14 nm, while it becomes Lüders-like deformation when the grain size 

is above 14 nm. They also indicate that the superelasticity of NC NiTi alloys can 

be adjusted by varying grain size. T. Tadaki et al. [131] found that NiTi alloys 

after cold rolling show linear superelasticity with small stress hysteresis, and the 

matrix is in a laminated structure with the width of about 200 nm. Y.F. Zheng et 

al. [132] found that NiTi alloys after cold drawing also present linear 

superelasticity, and the (001) compound twins replace the type II <001> twins. K. 

Tsuchiya et al. [35] owed this linear superelasticity to the combination of 

nanoscale B2↔B19’ transformation and the elastic deformation of the amorphous 

phase. 

 

With respect to the structural mechanical properties, A.V. Sergueeva et al. [34] 

found that NC NiTi alloys show the ultimate tensile strength of 2650 MPa and 

ductility of about 5%. They also pointed out that NC NiTi alloys possess 

superplasticity when the deformation temperature reaches 0.4-0.5 of the melt point. 

Q.S. Mei et al. [36] reported that the measured elastic modulus increases with the 

decreasing grain size, and they owed this to the suppression of B2(R)→B19’ 

induced by the decreasing NC grain size. Ruslan Valiev et al. [133] found that the 

stress-induced B2(R)→B19’ transformation elevates the ductility of NiTi alloys, 

and the ductility is decreased when the deformation temperature elevates to above 

Md. Hao Yin et al. [37] reported that low-cycle fatigue resistance increased when 
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the grain size decreased from 80 to 10 nm. Aafonina V.S. et al. [134] pointed out 

that NC and UFG NiTi alloys possess higher strength and thermomechanical 

cyclic stability than the CG ones, which are more suitable for superelastic 

applications. 

 

In summary, NC and UFG NiTi alloys not only demonstrate different phase 

transformation characteristics and functional properties from CG ones, but they 

also show higher strength, fatigue resistance, and thermomechanical cyclic 

stability than the CG ones. This further indicates that not only the phase 

transformation characteristics and functional properties change with the varying 

grain size, but the structural mechanical properties are also varied. Therefore, 

simply by the method of varying grain size, the functional property adjustment 

will be compromised by the variation of structural mechanical properties, which 

reflects the inherent limitation of the method. 

 

1.2.3 State-of-art of the influence of aging on the properties of 

NiTi alloys 

Studies concerning the influence of aging on the properties of NiTi alloys can be 

traced back to 1984 when M. Nishida et al. [135-137] introduced precipitates in a 

Ni-riched NiTi alloy by aging. The precipitates are regarded as Ni14Ti11 [136] at 

first and are clarified as Ni4Ti3 later by experimental evidence [138]. 

 

In the following decades, the studies of the influence of aging had been limited in 

CG NiTi alloys before the advent of NC and UFG NiTi alloys. Scholars learnt a 
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lot about the effect of aging on the properties of CG NiTi alloys and the underlying 

mechanisms, and the corresponding processes were also understood. The 

knowledge and experiences were gradually accumulated towards this issue [9, 

139-141]. Within this period, the concept of low-temperature aging (LTA) (aging 

temperature was less than 600 K) was firstly proposed by J.I. Kim et al. [47, 48]. 

As per the experimental results, LTA leads to the nanoprecipitation of Ni4Ti3 

which greatly affects the properties of CG NiTi alloys. Xiebin Wang et al. [49] 

carried out LTA of 523 K to NiTi alloys with the average grain size of 1.7 μm, 

which proves that the LTA can effectively alter the properties of the CG NiTi 

alloys. After the advent of NC and UFG NiTi alloys [28], most scholars focus on 

the influence of grain size. It is not until 2010 when a few studies began to concern 

the aging of NC and UFG NiTi alloys [142]. However, these researches were 

conducted under non-LTA conditions (aging temperature larger than 600 K) so 

that the obtained Ni4Ti3 particles are of larger size. There is little research on the 

effect of LTA on NC and UFG NiTi alloys. 

 

It is noteworthy that Ti-rich NiTi alloys can precipitate Ti2Ni after aging, which 

can elevate Ni concentration of the NiTi matrix. However, the functional 

properties of the Ti-rich NiTi alloys are less sensitive than the Ni-rich ones 

regarding the Ni concentration [8]. Therefore, in practice, aging is used more 

commonly in Ni-rich NiTi alloys to adjust the functional properties. The present 

work thus adopts a Ni 50.8 at.%-Ti alloy for the study of LTA. 
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1.2.3.1 Influence of aging on CG NiTi alloys 

Since 1984, aging has become an important method to adjust the functional 

properties of CG NiTi alloys. The principle is that aging can precipitate Ni-rich 

particles from Ni-riched NiTi matrix, as indicated by the Ni-Ti phase diagram [50] 

shown in Fig. 1.5(a). there are three kinds of precipitates in Ni-riched NiTi alloys, 

i.e., Ni3Ti, Ni3Ti2, and Ni4Ti3. Ni3Ti is equilibrium phase, whilist Ni3Ti2 and Ni4Ti3 

are non-equilibrium phases. The precipitation sequence is usually 

Ni4Ti3→Ni3Ti2→Ni3Ti depending on aging temperature and time, as shown in Fig. 

1.5(b). 

 

Among the three precipitates, Ni3Ti2 and Ni3Ti require higher aging temperature 

(e.g., at 873 K) and longer aging time (e.g., after 10 h) for precipitation. They are 

both incoherent precipitates with size ranging from hundred nanometers to even 

several micrometers. They usually distribute separately with few amounts, and 

have little influence on the functional properties of NiTi alloys. Ni4Ti3, however, 

is able to be precipitated even at a lower aging temperature (e.g., at 473 K) and a 

shorter aging time (e.g., within 0.5 h). The size of Ni4Ti3 is ranging from several 

nanometers to hundreds of nanometers, and the Ni4Ti3 precipitates with small size 

are coherent with NiTi matrix. The precipitates are usually of the large number 

and dispersedly distributed in the matrix. 

 

Ni4Ti3 affects the functional properties of NiTi alloys from two aspects: 1) 

numerous and the dispersed distribution of Ni4Ti3 remarkably reduces the Ni 

concentration of the NiTi matrix [143]; 2) coherent Ni4Ti3 introduces elastic strain 

field at the adjacent NiTi matrix [144]. Besides, Ni4Ti3 is of higher hardness than 
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NiTi matrix [145], and the dispersedly distributed Ni4Ti3 also impedes the 

dislocation activity in NiTi matrix, which effectively influences both the 

functional properties and the structural mechanical properties of NiTi alloys. 

Therefore, the alteration of Ni4Ti3 precipitates can effectively adjust phase 

transformation characteristics, functional properties, and structural mechanical 

properties of CG NiTi alloys. 

 

 

Fig. 1.5 Influence of aging on NiTi alloys: (a) phase diagram and (b) schematic 

illustration of aging temperature-aging time-aging product relationship [57]. 

Among numerous studies on the aging-induced functional property adjustment of 

CG NiTi alloys, K. Otsuka et al. [146] found that Ni4Ti3 precipitates can transfer 

transformation sequence from B2↔B19’ to B2↔R↔B19’, and it can also alter 

the B2↔R↔B19’ transformation temperatures. Wim Tirry et al. [144, 147] 

experimentally observed the elastic strain fields and Ni-depletion zones around the 

Ni4Ti3 precipitates and pointed out that these phenomena are the reasons for the 

change of phase transformation characteristics led by the precipitates. D.Y. Cong 

et al. [148] implemented the aging of 773 K to a solution-treated NiTi alloy and 

investigated the effect of precipitates size on the mechanical properties of CG NiTi 
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alloys. The results show that R↔B19’ transformation temperatures increase with 

the increasing fraction and size of Ni4Ti3 precipitates, but the B2↔R 

transformation temperatures are slightly elevated. Kamel Kazemi-Choobi et al. 

[149] found that higher aging temperature after cold working leads to lower 

plateau stress and larger residual strain. B. Karbakhsh Ravari et al. [150, 151] 

investigated the effect of aging of 773 K-1 h on NiTi alloys with different 

compositions. They reported that multiple phase transformation happen after the 

aging while the transformation sequences depend on the composition of the NiTi 

alloys. Jafar Khalil-Allafi et al. [9] owed the discrepancy of transformation 

sequence to the inhomogeneous distribution of Ni4Ti3 from grain inners to grain 

boundaries. 

 

It can be seen from the above studies that aging leads to the precipitation of Ni4Ti3 

in Ni-riched CG NiTi alloys, and its influences are as follows: 1) transformation 

sequence is transferred from B2↔B19’ to B2↔R↔B19’; 2) multiple 

transformation may appeared after aging; 3) R↔B19’ transformation temperature 

and thermal hysteresis increase with the precipitation of Ni4Ti3; 4) B2↔R 

transformation temperature slightly increase with the precipitation of Ni4Ti3, and 

the B2↔R transformation thermal hysteresis is hardly affected; 5) aging leads to 

precipitation strengthening on the NiTi matrix. 

 

1.2.3.2 Influence of aging on NC and UFG NiTi alloys 

Though there are many studies on the aging of CG NiTi alloys, those on the aging 

of NC and UFG NiTi alloys are only a few. V. Abbasi-Chianeh et al. [152] carried 

out the aging of 723 K on the NiTi alloys with the plastic strain of 0.4 and 0.6. The 
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results show that, after aging, the NiTi alloy with 0.4 plastic strain becomes the 

recovered microstructure containing Ni4Ti3 precipitates, and that with 0.6 plastic 

strain becomes NC microstructure without Ni4Ti3 precipitates. E.P. Ryklina et al. 

[153] applied the aging of 703-723 K to CG NiTi alloys with 0.3 and 1.5 plastic 

strain. The results indicate that the functional properties of UFG and CG NiTi 

alloys are able to be altered by varying aging time, while those of NC NiTi alloys 

are barely influenced. E. Prokofiev et al. [142, 154] adopted the aging of 673 K to 

representative NC and UFG NiTi alloys, and the Ni4Ti3 precipitates were not 

observed in NC NiTi alloys. 

 

The above studies indicate that, even under the same aging conditions, NC and 

UFG NiTi alloys response differently from CG NiTi alloys. Aging can introduce 

Ni4Ti3 precipitates in CG NiTi alloys with experimental evidence. However, 

whether it can also precipitate Ni4Ti3 in NC and UFG NiTi alloys are still not sure. 

The studies about the aging of NC and UFG NiTi alloys are generally in the 

preliminary stage and lack the comprehensive analyses from the aspects of 

microstructure, phase transformation, and superelasticity. Furthermore, the 

influence of low-temperature aging on NiTi alloys with different grain sizes 

(ranging from NC to UFG and further to CG) is not clear and calls for further study. 

 

1.2.3.3 Influence of low-temperature aging on NiTi alloys 

In 2002, J.I. Kim et al. [48, 155] proposed the concept of LTA, and they carried 

out LTA on CG NiTi alloys. The results show that LTA of 373 K is inadequate to 

precipitate Ni4Ti3; LTA of 473 K leads to the precipitation of Ni4Ti3 after 100 h, 

and the size of Ni4Ti3 increases to 5 nm after 3000 h; LTA of 573 K introduces 
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Ni4Ti3 particles after 0.3 h, and the size of Ni4Ti3 increases to 40 nm after 3000 h. 

The results further indicate that, when the size of Ni4Ti3 is below 15 nm, the 

increasing density of Ni4Ti3 can lead to the increase of dislocation slip resistance; 

when the size of Ni4Ti3 further increases to above 15 nm, the space among 

precipitates increases and the dislocation slip resistance decreases. Besides, during 

LTA, the Ni4Ti3 nucleation is easier than its growth, so the number of Ni4Ti3 

increases with the LTA time while the size of Ni4Ti3 increases slowly. The 

functional properties thus benefit from these densely distributed Ni4Ti3 

nanoprecipitates. J.I. Kim et al. [155] also pointed out that B2↔R transformation 

temperature increases with aging time under the LTA of 473 K. This is different 

from the results under the non-LTA conditions [148], which indicates LTA is more 

effective to vary B2↔R transformation temperature than the non-LTA. By 

comparing the results from Yumei Zhou et al. [156] and Genlian Fan et al. [157], 

it can be seen that LTA is inadequate for the long-range diffusion of Ni atom, while 

the non-LTA is adequate for the long-range diffusion. Shuyong Jiang et al. [158] 

studied the effect of LTA and non-LTA on CG NiTi alloys. The results show that 

the densely distributed coherent Ni4Ti3 precipitates effectively impede dislocation 

slip, while the dispersedly distributed incoherent Ni4Ti3 precipitates are less 

effective. 

 

Based on these researches, Xiebin Wang et al. [49] studied the effect of LTA (at 

523 K, within 1-500 h) on the phase transformation and superelasticity of CG NiTi 

alloys (average grain size of 1.7 μm). The results show that LTA at 523 K and 

within 24-100 h suppressed R↔B19’ transformation, and the plastic deformation 
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during loading-unloading is suppressed by the Ni4Ti3 nanoprecipitates. They also 

reported that LTA facilitates B2↔R transformation [159]. 

 

It can be summarized from the above studies that 1) LTA leads to the 

nanoprecipitation of Ni4Ti3 (with size from several nanometers to tens of 

nanometers), and the Ni4Ti3 precipitates induced by LTA are of smaller size and 

distribute more densely than those induced by non-LTA; 2) the Ni4Ti3 

nanoprecipitates can remarkably alter the phase transformation characteristics, 

functional properties, and structural mechanical properties of NiTi alloys, which 

is different from those led by the non-LTA; 3) even in micrograin-sized NiTi 

alloys, LTA can introduce Ni4Ti3 nanoprecipitates and consequently alter the 

properties of the NiTi alloys. This indicates that LTA has the ability to realize the 

functional property adjustment for the grain-refined NiTi alloys, which points out 

the direction of the functional property adjustment of NC and UFG NiTi alloys, 

i.e., by using LTA. 

 

However, it also can be seen from the above researches that 1) the studies of aging 

on NC and UFG NiTi alloys are mainly at non-LTA condition, while the effect of 

LTA on UC and UFG NiTi alloys is seldom concerned; 2) the studies of LTA have 

been mainly focused on CG NiTi alloys so far, while those focus on NC and UFG 

NiTi alloys are very few. Therefore, it is significant to study the influence of LTA 

on the properties of NiTi alloys with different grain sizes (including NC, UFG, 

and CG), which will provide references and facilitate the understanding of the 

above issues. 
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1.2.4 State-of-art of the superelastic stress-strain models of NiTi 

alloys 

The superelastic stress-strain model of NiTi alloys possesses significant value for 

engineering application. It is used to calculate the loading-unloading stress-strain 

relations and of great importance for the materials selection and functional 

simulation of superelasticity devices. During decades of development, the models 

have been systematically studied and can be mainly classified as macroscopic 

phenomenological models and microscopic mechanical models [160-162]. 

 

The macroscopic phenomenological models are mainly based on macro 

experimental results and approximately describe the macroscopic deformation 

behavior. These models are mostly based on the thermomechanical framework, 

where martensite fraction is generally treated as the function of stress and 

temperature. The representative ones include Tanaka-Liang-Brinson models [163-

165], B. Raniecki model [166], R. Abeyaratne model [167], Auricchio model [168, 

169], Graesser model [170], etc. 

 

The microscopic mechanical models are mainly based on the lattice variations of 

B2↔B19’ transformation, which describe the relationship between deformation 

and phase transformation of NiTi alloys from the lattice strain of different B19’ 

martensite variants. They are more suitable for the calculation of deformation 

strain and the phase-mixture state. The representative ones include Patoor model 

[171], Falk model [172], Peultier model [173], Chao Yu models [174-180], etc. 
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As the effect of grain size on the properties of NiTi alloys becomes research 

hotspot, the stress-strain models regarding this issue also emerge in recent years. 

Q.P. Sun et al. [127, 181] established the stress-strain model considering the 

effects of grain size and the thickness of grain boundaries. Based on the fraction 

of B19’ martensite phase and gradient-dependent plasticity theory, L. Qiao et al. 

[161, 182] established the stress-strain model considering the constraint effect of 

grain boundaries. Chao Yu et al. [178, 179] regarded the NiTi alloys as the mixture 

of grain inner and grain boundaries and established the microscopic mechanical 

stress-strain model considering the effect of grain size. 

 

Among the superelastic stress-strain models which consider the effect of grain size, 

it can hardly find a stress-strain model which considers both the effect of grain size 

and LTA on the superelasticity of NiTi alloys. However, this type of model is 

significant for the LTA induced functional property adjustment of NiTi alloys with 

different grain sizes. It thus deserves further investigation. For clarification, the 

term “stress-strain model” in this study describes the relation between effective 

stress and effective strain but not the stress and strain tensors. 

 

1.3 Outline of the thesis 

It can be seen from the research overview that the functional property adjustment 

has always been the key issue of the NiTi alloys. However, this adjustment is 

challenged by the advent of NC and UFG NiTi alloys, because the knowledge and 

experiences that are fit for CG NiTi alloys are no longer completely suitable for 

the NC and UFG ones. Though the functional properties of NC and UFG NiTi 
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alloys can be directly altered by varying grain size, the superior structural 

mechanical properties induced by the grain-refine strengthening can also be 

deteriorated. Therefore, both industrial and academic fields are eager for a 

functional property adjustment method for NC and UFG NiTi alloys in the premise 

of the preservation of original grain size. 

 

The LTA is an effective solution for this issue. On one hand, LTA can lead to 

nanoprecipitation in NiTi matrix, and, on the other hand, LTA can avoid undesired 

grain growth as happened during non-LTA which is beneficial for the preservation 

of the original grain size and the relative superior properties of NC and UFG NiTi 

alloys. 

 

Though the aging of NC and UFG NiTi alloys has received some concerns so far, 

the studies are still mainly in the preliminary stage. The aging was mainly carried 

out under non-LTA conditions, while the LTA is seldom studied. Since the concept 

of the LTA of NiTi alloys was proposed in 2004, the relative studies are mainly 

confined to CG NiTi alloys, and the studies on the LTA of NC and UFG NiTi 

alloys are very few. 

 

Therefore, to study the influence of LTA on the phase transformation and 

superelasticity of NiTi alloys with different grain sizes (including NC, UFG, and 

CG) becomes the research frontiers of these two branches, which has both 

scientific and engineering significance. 
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This study focused on the influence of LTA on the phase transformation and 

superelasticity of NiTi alloys with various grain sizes (ranging from NC to CG 

scale). The Ni 50.8 at.%-Ti is studied as the representative Ni-rich NiTi alloys. The 

phase transformation, as the basis of functional properties, is studied from the 

aspects of transformation sequence, temperature, thermal hysteresis, enthalpy, etc. 

The superelasticity, as the representative functional properties of NC, UFG, and 

CG NiTi alloys, is studied from the aspects of loading and unloading plateau stress, 

plateau strain, stress hysteresis, post-plateau modulus, residual strain, etc. In 

addition, microstructural evolution (including grain size, phase constituent, 

precipitates, etc.) and the hardness variation of the NiTi alloys with various grain 

sizes subjected to different LTA are further studied to analyse the underlying 

mechanism of the influence of LTA. In the end, models of phase transformation 

temperature, stress hysteresis, and superelastic stress-strain relation considering 

the influence of LTA and grain size are established. The details of each chapter 

are described as follows, where the technical route and the logic of different 

chapters is showed in Fig. 1.6. 

 

Chapter 1 provides a brief research overview of the influence of grain size and 

aging on the properties of NiTi alloys. The significance of the study of the 

influence of LTA on phase transformation and superelasticity of NiTi alloys with 

different grain sizes is pointed out, and the main research contents are listed. 

 

Chapter 2 describes the different responses of NC and CG NiTi alloys to LTA. 

The feasibility of the LTA-induced functional property adjustment is identified. 
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The key indices of microstructures, phase transformation characteristics, and 

superelasticity to be studied in the following chapters are determined. 

 

Chapter 3 presents the effect of DERHT on the properties of NiTi alloys with 

different grain sizes and aging states. The effects of short time LTA via DERHT 

(0-600 s) on NiTi alloys are also demonstrated. The underlying mechanisms of the 

influence of DERHT are analyzed based on the microstructural evolution and 

hardness variation. In the end, the grain size adjustment models based on DERHT 

are given, and NiTi alloys with grain size from 34 to 8021 nm are consequently 

obtained for the studies in the following chapters. 

 

Chapter 4 demonstrates the effect of LTA (at 573 K, under 0-48 h) on phase 

transformation characteristics of NiTi alloys with different grain sizes (34-8021 

nm). The changes in transformation sequence, temperature, thermal hysteresis, 

enthalpy, etc. are studied. The evolutions of B2↔R and B2(R)↔B19’ 

transformation temperatures with grain size and LTA time are provided, and the 

underlying mechanisms are studied based on the microstructural evolution and 

hardness variation. In the end, B2↔R transformation temperature model 

considering the effect of LTA time and grain size is proposed. 

 

Chapter 5 articulates the effect of LTA (at 573 K, under 0-48 h) on superelasticity 

of NiTi alloys with different grain sizes (34-8021 nm). Superelasticity at the 

maximum strain of 3% and 9% are comparatively studied based on the analyses of 

loading and unloading plateau stress, plateau strain, stress hysteresis, residual 

strain, etc. The mechanisms of the influence of LTA on superelasticity are studied 
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based on the microstructural evolution, hardness variation, and the variations of 

phase transformation characteristics. In the end, the stress hysteresis model 

considering the effect of LTA time and grain size is suggested. 

 

Chapter 6 suggests a modified Graesser superelastic stress-strain model based on 

the experimental results from the previous chapters. The model reflects the 

influence of LTA time and grain size on superelasticity. 

 

Chapter 7 concludes this thesis and provides summaries of the present researches. 

In addition, future work is also introduced. 
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Fig. 1.6 Schematic illustration of the technical route and logic of different 

chapters 
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Chapter 2 Comparative study of the 

influence of low-temperature aging on 

the functional properties and 

microstructures of nanocrystalline and 

coarse-grained NiTi alloys 

2.1 Introduction 

The NiTi alloys with representative NC and CG grain sizes are comparatively 

studied in this chapter. The responses of these two alloys to the same LTA 

parameters are comparatively investigated regarding microstructures, phase 

transformation characteristics, and superelastic indices. The reasons for the 

discrepancies are preliminarily probed. The feasibility of the LTA-induced 

functional property adjustment is determined, and the research issues of the 

following chapters are pointed out. 

 

2.2 Materials preparation and experimental procedure 

2.2.1 Preparation of NC and CG NiTi alloys 

The representative NC and CG NiTi alloys were prepared for the study. The NC 

NiTi alloy was nanocrystalline provided by (Peiertech Co. In.), which was in the 



32 

wire shape and with a diameter of 1±0.01 mm. The composition of the as-received 

NiTi alloy is as shown in Table 2.1. The NiTi alloy consists of numerous 

nanograins and a few nano-subgrains, as shown in Fig. 2.1. The as-received NC 

alloy was fabricated through severe plastic deformation plus post-deformation 

annealing, and the process procedure is as shown in Fig. 2.2. Before receiving, the 

material had been sequentially subjected to solution treatment of 1073 K-30 min, 

cold drawing with the plastic strain of 1.02, and post-deformation annealing of 673 

K-10 min. The CG NiTi alloy was prepared from the NC NiTi alloy, which was 

solution treated at 1123 K-2 h and cooled by the flowing cold argon in the furnace. 

The process and obtained microstructure are shown in Fig. 2.3.  

Table 2.1 The composition of the as-received NiTi alloy (wt.%) 

Ni C O N H Co Cu Cr Nb Fe Ti 

55.9 0.016 0.037 0.0025 0.0005 <0.01 <0.01 <0.01 <0.02 <0.02 Bal. 

*Ni 55.9 wt.%-Ti was equivalent to Ni 50.8 at.%-Ti 

 

 

Fig. 2.1 Microstructure and phase constitution of the as-received NC NiTi alloys: 

(a) the TEM bright-field micrograph; (b) the corresponding TEM dark-field 

micrograph of (a); (c) the corresponding SAED pattern of (a). 
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Fig. 2.2 Schematic illustration of the process of the as-received NC NiTi alloy. 

 

Fig. 2.3 Schematic illustration of the process of the CG NiTi alloy. 

2.2.2 Process of low-temperature aging 

As reviewed in the 1st chapter, short-range diffusion of Ni atoms is able to be 

induced by LTA, while the long-range diffusion of Ni is suppressed, which leads 

to the nanoprecipitation of Ni4Ti3 [48]. The present studies summarized the 

aforementioned studies regarding LTA and considered both the effective 
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precipitation and the preservation of the original grain size of NC NiTi alloys. The 

LTA condition of 573 K-2 h was determined after referring the following 

references: 1) the Ni4Ti3 nanoprecipitates can be precipitated if the aging 

temperature is above 473 K [155]; 2) the LTA of 573 K-2 h can induce Ni4Ti3 

nanoprecipitation in CG NiTi alloys; 3) the recrystallization and grain growth 

temperatures of the NiTi alloys with cold plastic strain of 0.5-2.0 were above 593 

K [93, 120], thus the LTA of 573 K can avoid undesired grain growth of NC NiTi 

alloys. This LTA process facilitates the independent study of the effect of LTA 

and the effect of grain size on the properties of the NiTi alloys. 

 

The LTA was carried out in a vacuum furnace and protected by 99.99% pure argon. 

The temperature accuracy is within ±1 K. The samples after LTA was cooled by 

the flowing cold argon. The aged NC NiTi alloys are abbreviated as ANC NiTi 

alloys, and the aged CG NiTi alloys are abbreviated as ACG NiTi alloys. The 

abbreviations and the corresponding processing histories are demonstrated in 

Table 2.2. 

Table 2.2 Abbreviations and corresponding processing histories of the NiTi 

alloys 

Abbreviations 
of samples 

Thermomechanical processing histories 

Solution 
treatment 

Cold drawing 
Post-

deformation 
annealing 

Solution 
treatment 

Low-
temperature 

aging 
NC 1073 K-30 min ε =1.02 693 K-10 min -- -- 

ANC 1073 K-30 min ε =1.02 693 K-10 min -- 573 K-2 h 
CG 1073 K-30 min ε =1.02 693 K-10 min 1123 K-2 h -- 

ACG 1073 K-30 min ε =1.02 693 K-10 min 1123 K-2 h 573 K-2 h 
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2.2.3 Microstructural observation and measurement of 

properties 

Optical microscope (Nikon-Epiphot 200) and TEM (JEOL JEM-2100F) was used 

for microstructural observation of NC, CG, ANC, and ACG NiTi alloys. The 

samples for optical microscope observation were sequentially ground by abrasive 

papers of #600, #1200, #2000 and polished by Al2O3 of 0.1 and 0.03 μm 

respectively. The samples were then etched with an etchant (5% HF, 10% HNO3, 

and 85% H2O) by 15 s. The samples for TEM observation were sequentially 

ground by abrasive papers of #600, #1200, #2000 to 30 μm, and ion milled (Gatan 

691 PIPS). The TEM operation voltage was 200 kV. The phase constituents of the 

samples were determined by SAED. The grain size of the optical micrograph was 

calculated by the linear intercept method [183]. The grain size of TEM micrograph 

was calculated from the software of Gatan DigitalMicrograph®. The grain size of 

each sample was calculated from above 200 independent grains. The hardness of 

each sample was tested via a hardness tester (FM-7E). The load was set to 200 

g·force and 10 indents were used to calculate the average hardness and error bars. 

 

Differential scanning calorimeter (TA Q 200) (DSC) was used to investigate the 

phase transformation characteristics of the NiTi alloys. To obtain the complete 

transformation cycle, the samples were firstly heated to 373 K and soaked for 3 

min for austenization. They were then cooled to 183 K by 10 K min-1 and soaked 

at 183 K for another 3 min through which the exothermic peaks were recorded. 

Finally, they were reheated to 373 K by 10 K min-1 through which the endothermic 

peaks were recorded. The tangent method [184] was used to obtain the 

transformation start and end temperatures. The peak temperatures were also 
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recorded and the thermal hysteresis of each phase transformation was calculated 

from the difference of peak temperatures. The enthalpy was calculated by 

integrating each transformation peak. The abbreviations and notations of the above 

transformation indices are shown in Fig. 2.4. 

 

Fig. 2.4 Abbreviations and notations of the transformation temperatures, thermal 

hysteresis and enthalpy. 

The superelasticity was tested on a universal material testing machine (Instron 

5565) at room temperature (295 K). The dimension of the samples for the loading-

unloading tensile test is as shown in Fig. 2.5. The strain rate was set to 1×10-3 and 

kept constant during the tensile test. Engineering stress and strain are used in this 

study (abbreviated as stress and strain, respectively). The samples were loaded 

from the strain of 0% to 9% and then unloaded to 0 MPa. Each test was carried out 

by three times for the repeatability. To further compare the superelasticity at 

different maximum strains of the different NiTi alloys, maximum strains of 3%, 

5%, 7%, 8%, and 13% were additionally used for the superelasticity tests. The 

typical superelastic indices, such as loading plateau stress, unloading plateau stress, 
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plateau strain, stress hysteresis, residual strain, and the maximum loading stress, 

were investigated of which the definitions are as shown in the figure “schematic 

plot of superelastic indices” at the beginning of this dissertation. 

 

Fig. 2.5 Schematic illustration of the samples for loading-unloading tensile test. 

2.3 Effect of LTA on the microstructures of NC and CG 

NiTi alloys 

The microstructure of the NC sample, as shown in Fig. 2.6(a), mainly consists of 

nanograins, while Ni4Ti3 precipitates, B19’ martensite phase, dislocations are not 

observed. As per the process history of NC, the strain of 1.02 is able to amorphize 

the solution treated NiTi matrix, and nanocrystalline debris and amorphous phase 

can be generated [98, 100]. The nanocrystalline matrix was then obtained from the 

post-deformation annealing of 693 K-10 min. The SAED pattern is shown in Fig. 

2.6(b), which indicates that the NC samples mainly consist of B2 austenite phase 

and a small part of R-phase. The Ni4Ti3 and B19’ diffraction patterns are not found, 

which is consistent with the results of TEM morphology. The grain size 

distribution frequency of NC samples is shown in Fig. 2.6(c), which indicates that 

the average grain size of NC samples is 34.2 nm and mainly distributes from 10 to 

60 nm. 
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The microstructure of ANC samples is shown in Fig. 2.6(d) where the 

nanocrystalline microstructure is preserved. The Ni4Ti3 precipitates, B19’ 

martensite phase, and dislocations are also not observed. The SAED pattern of 

ANC samples is shown in Fig. 2.6(e) where the phase constituents are also B2 

austenite phase and R-phase, while R-phase fraction is larger than that of NC 

samples. The diffraction patterns of Ni4Ti3 and B19’ are not observed, which is 

consistent with the TEM micrograph. The grain size distribution frequency is 

shown in Fig. 2.6(f), which indicates that the average grain size is 34.9 nm. The 

grain size distribution is similar to that of the NC sample. 

 

The microstructure of CG is shown in Fig. 2.6(g) and (i) where the solution 

treatment of 1123 K-2 h leads to the grain growth from nanograins to coarse grains. 

The Ni4Ti3 precipitates, B19’ martensite phase, and dislocations are not observed 

in the CG sample. The SAED pattern is shown in Fig. 2.6(h), which only shows 

B2 austenite phase and thus consistent with the TEM results. This indicates that 

the phase constituents of NC and CG samples are different. The former contains 

B2 austenite phase and R-phase, while the latter only presents B2 austenite phase. 

The average grain size of CG samples is 20.6 μm. 

 

The microstructure of ACG samples is shown in Fig. 2.6(j) and (l). The densely 

distributed Ni4Ti3 precipitates are found, of which the length is 7-15 nm and the 

gap between precipitates is 5-15 nm. The B19’ martensite phase and dislocations 

are not observed. The SAED pattern is shown in Fig. 2.6(k), which presents the 

B2 phase, R-phase, and Ni4Ti3 phase, while the B19’ phase is not found. This is 

consistent with the TEM results of the ACG sample. This indicates that the LTA 
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leads to the change of phase constituents from pure B2 phase into the mixture of 

B2 phase, R-phase, and Ni4Ti3. The average grain size of the ACG sample is 21.9 

μm, which is similar to that of the CG sample. 

 

Fig. 2.6 Microstructures of the NiTi alloys: (a) TEM micrograph of NC sample; 

(b) SAED pattern of (a); (c) grain size distribution frequency of NC sample; (d) 

TEM micrograph of ANC sample; (e) SAED pattern of (d); (f) grain size 

distribution frequency of ANC sample; (g) TEM micrograph of CG sample; (h) 
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SAED pattern of (g); (i) optical micrograph of CG sample; (j) TEM micrograph 

of ACG sample; (k) SAED pattern of (j); (l) optical micrograph of ACG sample. 

Based on the above results, it can be seen that 1) both of the nanograin size and 

coarse grain size are able to be preserved after LTA; 2) LTA increases R-phase 

fraction of NC sample, and it leads to the appearance of R-phase in CG sample; 3) 

after LTA, Ni4Ti3 is not observed in ANC samples, while it is observed in ACG 

samples. 

2.4 Effect of LTA on the hardness of NC and CG NiTi 

alloys 

The comparison of the hardness of the NiTi alloys is as shown in Fig. 2.7. Before 

LTA, due to grain refinement strengthening and Hall-Petch relationship [63, 64], 

the hardness of the NC samples is higher than that of the CG samples. After LTA, 

the hardness of the ACG samples increases obviously from that of CG samples, 

which indicates the precipitation strengthening of Ni4Ti3. This is consistent with 

the results of the previous study [48], which reflects the high dislocation slip 

resistance of the nanoprecipitates. However, the ANC samples present similar 

hardness to NC samples, which means that LTA barely leads to precipitation 

strengthening in nanograins. 
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Fig. 2.7 hardnesses of the NiTi alloys. 

It can thus be concluded that LTA leads to different effects on the hardness of NC 

and CG samples. It causes obvious precipitation strengthening in CG samples but 

does not in NC samples, as shown in Fig. 2.8. According to the TEM and SAED 

results, this difference can be can be explained as follows. The LTA of 573 K-2 h 

did not precipitate Ni4Ti3 and consequently did not introduce precipitation 

strengthening. The previous studies [142, 152] found that the nanograin size 

suppressed the Ni4Ti3 precipitation during non-LTA. In this study, the 

phenomenon happened during LTA. Whether the LTA induced precipitation is 

suppressed by the nanograin size will be further investigated in the following 

chapters. 
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Fig. 2.8 LTA leads to precipitation strengthening in CG NiTi alloys but not in 

NC NiTi alloys (D is average grain size). 

2.5 Effect of LTA on the phase transformation 

characteristics of NC and CG NiTi alloys 

The DSC curves of the NiTi alloys are shown in Fig. 2.9, and the corresponding 

thermal hysteresis and enthalpy are shown in Table 2.3 where the subscript A, R, 

and M represent B2 austenite phase, R-phase, and B19’ martensite phase, 

respectively. Among the phase transformations of B2↔R, B2↔B19’, and 

R↔B19’, B2↔R transformation possesses the smallest thermal hysteresis (about 

5-8 K), while B2↔B19’ and R↔B19’ transformation possess larger thermal 

hysteresis (about 20-70 K) [185]. Based on this, the transformation types and 

sequences are determined, as noted in Fig. 2.9. 

 

As can be seen from Fig. 2.9 and Table 2.3, within a complete DSC cycle, ANC 

samples present only B2↔R transformation, which shows the same 
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transformation sequence with NC samples. The CG samples present B2↔B19’ 

transformation, while the ACG samples present B2↔R↔B19’ transformation. 

 

Fig. 2.9 DSC curves of the NiTi alloys. 

Table 2.3 Thermal hysteresis (TH) and enthalpy (∆H) of the NiTi alloys 

Abbreviations 
of samples 

TH (K) ∆H (J/g) 

THAR THRM THAM ∆HAR ∆HRA ∆HRM ∆HMR ∆HAM ∆HMA 

NC 7.6 -- -- 5.41 4.87 -- -- -- -- 

ANC 6.4 -- -- 5.70 5.51 -- -- -- -- 

CG -- -- 37.1 -- -- -- -- 15.72* 13.50 

ACG 7.4 63.3 -- 5.96 5.83 3.88* 4.17 -- -- 

*: Due to the heat flow limitation of the DSC curves at low-temperature section, the marked data were 
influenced by systematic errors. 

2.5.1 Effect of LTA on thermally-induced B2↔R transformation 

As shown in Fig. 2.9, NC samples present relatively flattened B2↔R 

transformation peaks. The room temperature (295 K) lies in the middle of the 

transformation peaks, which explains the small volume fraction of R-phase shown 

in the TEM and SAED observation. According to the previous study [126], these 

B2↔R transformation peaks are introduced by the nanograin size. 
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Compared with NC samples, ANC samples present larger B2↔R transformation 

enthalpy, which indicates the increase of the volume fraction of transformable 

material. The transformation peaks become more concentrated, which indicates 

that the transformation happen more synchronously. This further indicates that, 

though the grain size is not varied after LTA, the defects in the nanocrystalline 

lattice decrease during the LTA. The ANC samples present higher B2↔R 

transformation temperatures than the NC samples, which explains the more 

volume fraction of R-phase of ANC samples as observed in the TEM. It is known 

from the previous studies that the reasons for the increasing B2↔R transformation 

temperatures include a decrease of grain size [126], an increase of dislocations [10] 

and Ni4Ti3 precipitation [186], and a decrease of Ni concentration [187] in NiTi 

matrix. With respect to the ANC samples of this study, LTA neither decreases the 

grain size nor increases dislocations, and Ni4Ti3 is also not observed. The decrease 

of Ni concentration could thus be the reason, which will be further studied in the 

following chapters. 

 

The CG samples show no B2↔R transformation peak because the solution treated 

coarse-grained NiTi alloys contain no precipitates or dislocations. After LTA, 

ACG samples present obvious B2↔R transformation peaks, which is caused by 

the precipitation of Ni4Ti3. As indicated from the previous study [144], coherent 

Ni4Ti3 precipitates are able to introduce elastic strain field in the adjacent NiTi 

matrix, which arouses the B2↔R transformation. 
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The B2↔R transformation temperatures of ACG and ANC are almost the same, 

while the enthalpy of the ACG samples is larger than ANC samples. This is 

because ANC samples possess higher volume fraction of grain boundaries and 

consequently lower volume fraction of transformable NiTi matrix than ACG 

samples. In addition, the B2↔R transformation temperatures of ACG samples are 

not affected by grain size, but those of the ANC samples are affected by the 

nanograin size. Therefore, the nanograins with different grain sizes in ANC 

samples further flatten the B2↔R transformation peaks. 

 

2.5.2 Effect of LTA on thermally-induced B2(R)↔B19’ 

transformation 

As shown in Fig. 2.9, even cooled to 183 K, the NC samples do not show R→B19’ 

transformation, and the B19’→R transformation also does not appear during 

reheating. This indicates that the thermally-induced R→B19’ transformation is 

suppressed in the NC samples. It is commonly known that the lattice shear happens 

during B2(R)↔B19’ transformation, and the thermally-induced B2(R)↔B19’ 

transformation preserves the macro shape of the NiTi alloys. It thus requires that 

the position and shape of each grain generally keep unchanged during the phase 

transformation. Therefore, the transformation lattice shear has to be compensated 

by the self-accommodation deformation within each grain. With respect to CG 

NiTi alloys, the self-accommodation deformation is accomplished by the twinning 

of B19’ martensite phase along the habit planes and grain boundaries. This self-

accommodation deformation reduces the elastic strain energy of the 

transformation lattice shear but increases the interfacial energy of the habit planes 
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and grain boundaries. Therefore, the decreasing temperature can lead to 

B2(R)↔B19’ transformation in CG NiTi alloys. With respect to NC NiTi alloys, 

however, the grain boundaries present constraint effect on the grain inner due to 

the small nanograin size. The twinning along the habit planes within each grain 

becomes difficult. Thus, the transformation lattice shear has to be accommodated 

by (100)B19’ compound twins where the intervals between the twin variant 

interfaces are only several atoms [120]. The elastic strain energy and interfacial 

energy increased by this twinning mode are higher than those increased by {011} 

type I twinning and <011> type II twinning of CG NiTi alloys [50]. Therefore, it 

required a higher driving force, i.e., lower temperature, to thermally-induce 

B2(R)↔B19’ transformation [120] in nanocrystalline samples. According to the 

study of Waitz.T et al. [120], if the grain size is smaller than 60 nm, the thermally-

induced R→B19’ transformation can be completely suppressed even at 77 K. In 

this study, most grains of NC samples are smaller than 60 nm. The R→B19’ 

transformation is consequently suppressed. With respect to the ANC samples, the 

R→B19’ transformation keeps being suppressed after LTA, which is due to the 

preservation of the nanograin size. 

 

The CG samples present B2↔B19’ transformation, which is typical in solution 

treated CG NiTi alloys. This indicates that the B2↔B19’ transformation is 

complete within a complete DSC cycle. After LTA, the ACG samples showed a 

lower R→B19’ transformation temperature than the B2→B19’ transformation 

temperature of the CG samples, and a higher B19’→R transformation temperature 

than the B19’→B2 transformation temperature of the CG samples, which means 

that the R↔B19’ transformation thermal hysteresis of the ACG samples is higher 
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than the B2↔B19’ transformation thermal hysteresis of the CG samples. This is 

because the Ni4Ti3 nanoprecipitation increases the volume fraction of interfaces in 

the NiTi matrix, which consequently increases the energy dissipation of the 

transformation frontier propagation. In the CG samples, Ni4Ti3 precipitates do not 

exist, which presents the lower energy dissipation of the transformation frontier 

propagation and consequently the lower thermal hysteresis. 

 

It can be summarized from the above results that LTA transfers the transformation 

sequence of CG NiTi samples from B2↔B19’ to B2↔R↔B19’. The precipitation 

of Ni4Ti3 increases the thermal hysteresis of B2(R)↔B19’ transformation. LTA 

preserves the suppression of R→B19’ transformation induced by nanograin size 

due to the preservation of the nanograin size. 

 

2.6 Effect of LTA on the superelasticity of NC and CG 

NiTi alloys 

The superelastic stress-strain curves of the NiTi alloys are shown in Fig. 2.10 

where the maximum strain is 9%. All the samples present typical superelasticity, 

while they each owns distinctive stress-strain paths. As shown in the child window 

of Fig. 2.10, the elastic modulus of the NiTi alloys before plateau deformation 

stage are different. In addition, as shown in Fig. 2.10, different NiTi alloys show 

different superelasticity indices, such as the loading plateau stress, unloading 

plateau stress, plateau strain, stress hysteresis, and residual strain, etc. The stress-

induced B2→R transformation and the stress-induced B2(R)↔B19’ 
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transformation (as the superelasticity concerned in this study) were also different 

among the alloys. 

 

Fig. 2.10 Superelastic stress-strain curves of the NiTi alloys (the maximum strain 

of 9%). 

2.6.1 Effect of LTA on stress-induced B2→R transformation 

The relationship of the elastic modulus of the NiTi alloys and the applied stress is 

shown in Fig. 2.11. The modulus of the CG samples is larger than 70 GPa. Since 

the elastic modulus of B2 austenite phase is about 70 GPa [188], the CG samples 

are mainly subjected to the elastic deformation of B2 austenite phase. On the other 

hand, the modulus of the NC, ANC, and ACG samples firstly decrease and then 

increase before reaching the maximum values. The maximum values of the 

modulus of NC, ANC, and ACG samples are smaller than 70 GPa. This indicates 

that the NC, ANC, and ACG samples not only experience the elastic deformation 

of B2 austenite phase, but they are also subjected to B2↔R transformation related 

deformations (such as stress-induced B2→R transformation, reorientation of R-
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phase, and the elastic deformation R-phase, etc.). The reduced elastic modulus in 

the NC, ANC, and ACG samples reflect the stress-induced B2→R transformation 

and the reorientation of R-phase [50], which forms the B2→R transformation 

plateau and consequently lowers the elastic modulus. The subsequent increase of 

elastic modulus reflect the elastic deformation of R-phase [188]. 

 

It is worth noting that, as shown in Fig. 2.9, ANC and ACG samples present similar 

B2→R transformation temperature, which indicates that ANC and ACG samples 

need similar driving force for the thermally-induced B2→R transformation. 

However, the ANC samples present higher B2→R transformation plateau than the 

ACG samples, as shown in Fig. 2.10. This indicates that ANC samples require 

higher driving force for the stress-induced B2→R transformation than ACG 

samples. According to the study [189], dislocations are more effective to impede 

the movement of B2↔R transformation frontier than the precipitates, and it is 

known that grain boundaries contain numerous dislocations and present higher 

interfacial energy than the dislocations. Therefore, the ANC samples with high 

grain boundary volume fraction show higher resistance to the stress-induced 

B2→R transformation than the ACG samples. 

 

It can be summarized from the above results that, after LTA, both nanocrystalline 

and coarse-grained NiTi alloys present stress-induced B2→R transformation 

and/or R-phase reorientation. Though the B2→R transformation temperatures of 

ANC and ACG samples are similar, higher stress is required in ANC samples to 

activate the B2↔R transformation than that of the ACG samples. 



50 

 

Fig. 2.11 Relationship of the elastic modulus and the applied stress of the NiTi 

alloys. 

2.6.2 Effect of LTA on stress-induced B2(R)↔B19’ 

transformation 

Numerous applications of NiTi alloys that involve superelasticity are based on 

stress-induced B2(R)↔B19’ transformation [11]. The superelasticity to be studied 

in this study is also based on the stress-induced B2(R)↔B19’ transformation. This 

section comparatively analyzes the superelasticity indices of the NiTi alloys, as 

shown in Fig. 2.12. 

 

The loading plateau stress is the required stress for activating the B2(R)→B19’ 

transformation. The four NiTi alloys experience complete unloading plateau 

deformation stage, which indicates that the B19’ phase is completely transformed 

to B2 or R-phase after unloading. As shown in Fig. 2.12(a), the NC samples show 

higher loading plateau stress than the CG samples. This indicates that nanograin 

size can impede the stress-induced R→B19’ transformation. The NC samples 
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present complete loading plateau, which indicates that the stress-induced R→B19’ 

transformation is not suppressed. This is different from the thermally-induced 

R→B19’ transformation of the NC samples which is completely suppressed by the 

nanograin size even when the temperature drops to 183 K. According to the 

previous study [44], stress-induced R→B19’ transformation happen even when 

the grain size drops to 14 nm, which is smaller than the critical grain size for the 

thermally-induced R→B19’ transformation (60 nm [121]). Though the thermally-

induced R→B19’ transformation of the NC and ANC samples is suppressed, the 

stress-induced R→B19’ transformation still happen because the grain size is larger 

than 14 nm (the critical grain size for the stress-induced R→B19’ transformation), 

i.e., the NC and ANC samples still present superelasticity. 

 

After LTA, the loading plateau stress of the ANC and ACG samples decreases. 

With respect to the ACG samples, the elastic strain field facilitates the stress-

induced R↔B19’ transformation, thus the required external stress decreases. In 

terms of the ANC samples, the defects of the nanograins decreases, thus the 

required external stress also decreases. 

 

The unloading plateau stress and stress hysteresis are shown in Fig. 2.12(b) and 

(c). NC samples present larger stress hysteresis than the CG samples, which 

indicates that nanocrystalline NiTi alloys dissipate more energy than coarse-

grained NiTi alloys during superelastic deformation. The reasons are as follows: 

1) Nanocrystalline NiTi alloys possess higher grain boundary volume fraction, 

and the grain boundaries also attend the superelastic deformation, which 

increases the energy dissipation of stress-induced R↔B19’ transformations. 
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2) The NC samples finish the plateau deformation stage and reach to the post-

plateau deformation stage. The post-plateau deformation contains the elastic 

deformation of B19’ phase, further transformation of residual B2 and R-phase, 

reorientation of B19’ phase, the elastic deformation of grain boundaries, and 

dislocation slip induced plastic deformation [190]. This deformation process 

further increases the stress hysteresis of the NC samples. It is noteworthy that, 

even the maximum stress reaches to about 1000 MPa, the stress-strain curve 

still nearly returns to the origin. This indicates that the NC samples still possess 

superelasticity even after they are subjected to the post-plateau deformation 

stage. 

3) The CG samples are in the solution state and present low resistance to 

dislocation slip. With the maximum strain of 9%, the CG samples unload 

within plateau deformation stage. The effect of post-plateau deformation can 

thus be excluded. During unloading, trough the unloading plateau is complete, 

the residual strain of 1.2% still exists, which is due to dislocation slip. The 

increasing dislocations increase the energy dissipation during superelastic 

deformation 192]. According to the results of this study, under the maximum 

strain of 9%, though the stress hysteresis of the CG samples is elevated by the 

increasing dislocations, such effect is not as remarkable as those induced by 

the high grain boundary volume fraction and the post-plateau deformation of 

the NC samples. 
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Fig. 2.12 Superelasticity indices of the NiTi alloys: (a) loading plateau stress; (b) 

unloading plateau stress; (c) stress hysteresis; (d) plateau strain; (e) residual 

strain; (f) post-plateau strain; and (g) the maximum loading stress. 
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After LTA, the stress hysteresis of the ANC samples increases, while that of the 

ACG samples decreases. With respect to the ANC samples, the nanograin size is 

preserved, and the energy dissipated by nanograin boundaries is similar to that of 

the NC samples. The ANC samples present larger post-plateau strain than the NC 

samples, as shown in Fig. 2.12(f), which thus leads to higher energy dissipation 

and larger stress hysteresis. The ACG samples experience post-plateau 

deformation stage under the maximum strain of 9%, which increases the stress 

hysteresis. Though both the Ni4Ti3 precipitates and post-plateau deformation 

increase the energy dissipation during transformation, the experimental results 

show that they are less effective than the decrease of stress hysteresis induced by 

the suppression of dislocation slip caused by the Ni4Ti3 precipitation. 

 

With respect to plateau strain, as shown in Fig. 2.12(d), the ANC samples present 

a little smaller plateau strain than the NC samples. The change of texture can be a 

reason. The texture of NiTi alloys after a cold drawing is generally <111>B2, which 

presents relative large plateau strain [49]. LTA can weaken this texture and 

consequently decrease the plateau strain. The decreasing transformable NiTi 

matrix within grains may be another reason. The ANC samples can exist a small 

portion of grains with large grain size, which can precipitate Ni4Ti3 after LTA and 

consequently decrease the plateau strain. The ACG samples present much smaller 

plateau strain than the CG samples, which is due to the Ni4Ti3 precipitation that 

decreases the transformable NiTi matrix fraction. The Ni4Ti3 precipitates can 

change R→B19’ transformation orientation of a portion of the NiTi matrix [191], 

which also reduces the plateau strain. 
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With respect to residual strain, as shown in Fig. 2.12(e), the ANC samples present 

larger residual strain than the NC samples, while the ACG samples show smaller 

residual strain than the CG samples. For the ANC samples, the increase of residual 

strain is due to the incomplete R→B2 transformation. As shown in Fig. 2.9, the 

R→B2 transformation temperature of the ANC samples is higher than the 

superelastic testing temperature (295 K). Therefore, the ANC samples consist of 

reoriented R-phase after unloading, and the B2→R transformation strain and 

reorientation strain of R-phase were thus unable to be recovered, which leads to 

the increase of residual strain. For the ACG samples, though the dislocation slip is 

suppressed by the Ni4Ti3 precipitates, the residual strain still consists of the strain 

of R-phase reorientation. The CG samples did not contain R-phase, thus the 

residual strain is only induced by dislocation slips. According to the experimental 

results, the residual strain induced by dislocation slipping in the CG samples is 

much larger than that induced by the R-phase reorientation and B2→R 

transformation strain in the ACG samples. 

 

In addition, for the ACG samples, the densely distributed Ni4Ti3 nanoprecipitates 

impede R→B19’ transformation, but they reduce the critical stress for activating 

stress-induced R→B19’ transformation. The former is due to the elevation of self-

accommodation deformation resistance induced by the Ni4Ti3 nanoprecipitates 

during thermally-induced R→B19’ transformation. The latter is due to the fact that 

the elastic strain field around the nanoprecipitates is able to facilitate the R→B19’ 

transformation. Though similar phenomena also happen in previous studies [47, 

192, 193], they did not draw enough attention. It thus indicates that the 

superelasticity of NiTi alloys cannot be simply deduced from phase transformation 
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temperature. On the contrary, the features of microstructure should also be 

considered. 

 

2.6.3 Effect of LTA on superelasticity under different maximum 

strains 

The superelastic stress-strain curves of the NiTi alloys under maximum strains of 

3%, 5%, 7%, 8%, and 9% are shown in Fig. 2.13. The evolutions of stress 

hysteresis and residual strain with the different maximum strains are shown in Fig. 

2.14. 
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Fig. 2.13 Superelastic stress-strain curves of the NiTi alloys under different 

maximum strains: (a) the NC samples; (b) the ANC samples; (c) the CG samples; 

and (d) the ACG samples. 

With the increasing maximum strain, the NiTi alloys respectively enter the post-

plateau deformation stage. The maximum loading stress and stress hysteresis 

consequently increase. Due to the characteristics of Lüders-like deformation [194, 

195], the stress hysteresis within the plateau deformation stage is nearly unchanged. 

The post-plateau deformation belongs to homogenous deformation. It can increase 

the energy dissipation of the whole NiTi sample during superelastic deformation, 

and the stress hysteresis increases with the post-plateau deformation. 

 

The residual strain of the NC, ANC, and ACG samples increases slightly with the 

increasing maximum strain, while that of the CG samples increases drastically 

with the increasing maximum strain. This is because the dislocation slips are 

suppressed either by the nanograin size or by the Ni4Ti3 nanoprecipitates of the 

NC, ANC, and ACG samples. By contrast, the CG samples present much lower 

dislocation-slip resistance and consequently show the largest residual strain. 

 

LTA presents opposite effects on stress hysteresis and residual strain between 

nanocrystalline and coarse-grained NiTi alloys, as shown in Fig. 2.14. These 

differences do not only exist under the maximum strain of 9%, but they also exist 

within the maximum strain range of 3%-9%. The specific reasons have been 

discussed in section 2.6.2 which are not to be repeated here. 
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Fig. 2.14 Evolution of (a) the stress hysteresis and (b) the residual strain with 

different maximum strains of the NiTi alloys. 

2.7 Summary 

This chapter comparative studies the effect of LTA (573 K-2 h) on the 

representative nanocrystalline and coarse-grained NiTi alloys regarding 

microstructures, phase transformation characteristics, and superelasticity. The 

following concluding remarks can thus be drawn: 

 

(1) The LTA at 573 K successfully avoids further grain growth of the NC and CG 

NiTi alloys. The phase transformation characteristics and superelasticity can 

also be altered. This indicates that the LTA is fit for adjusting functional 

properties of NiTi alloys without varying the original grain size. LTA shows 

different influences on NC and CG NiTi alloys, which includes precipitation 

behavior, phase transformation characteristics, and superelasticity. These 

issues are going to be further studied in the following chapters. 
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(2) The LTA of 573 K-2 h preserves the suppression of thermally-induced 

B2→B19’ transformation induced by the nanograin size. It also elevates 

B2↔R transformation temperature. This indicates that the B2↔R 

transformation temperature of nanocrystalline NiTi alloys can be adjusted by 

LTA. No matter it is nanocrystalline and coarse-grained NiTi alloys, the 

appearance of thermally-induced B2→R transformation indicates the B2↔R 

transformation related deformation during superelastic deformation. Even the 

B2→R transformation temperature is similar, nanocrystalline NiTi alloys 

require higher stress for activating the stress-induced B2→R transformation. 

The above findings of B2↔R transformation may facilitate the design and 

application of the NiTi functional parts based on B2↔R transformation. 

 

(3) After LTA, R↔B19’ transformation stress hysteresis of NC NiTi alloys 

increases, while that of CG NiTi alloys decreases. The former is due to the 

higher grain boundary volume fraction and the additional post-plateau 

deformation, while the latter is due to the suppression of dislocation slip 

induced by the Ni4Ti3 nanoprecipitates. 

 

(4) After LTA, the residual strain of NC NiTi alloys increases, while that of CG 

NiTi alloys decreases. The former is due to the elevation of R→B2 

transformation temperature, and the R-phase reorientation strain is 

consequently preserved after unloading. The latter is due to the suppression of 

dislocation slip induced by the Ni4Ti3 nanoprecipitates. 
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(5) For nanocrystalline NiTi alloys, though the thermally-induced R→B19’ 

transformation is suppressed, the stress-induced R→B19’ transformation still 

proceeds, i.e., they still present superelasticity. For coarse-grained NiTi alloys, 

thermal hysteresis increases after LTA, while stress hysteresis decreases. The 

increase of thermal hysteresis is caused by the increasing resistance of the self-

accommodation deformation induced by the densely distributed Ni4Ti3 

nanoprecipitates. The decrease of stress hysteresis is because the suppression 

of dislocation slip induced by the Ni4Ti3 nanoprecipitates. This indicates that 

the superelasticity of NiTi alloys should not be simply deduced from 

transformation temperatures. The effect of microstructural features should also 

be considered. 
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Chapter 3 Effect of direct electric 

resistance heat treatment on the 

properties and grain size of NiTi alloys 

3.1 Introduction 

To effectively obtain NC, UFG, and CG NiTi alloys without the interference of 

undesired early aging is the premise of this study. The grain size adjustment of 

NiTi alloys is usually achieved by severe plastic deformation plus annealing in a 

furnace. Several scholars have obtained NiTi alloys with different grain sizes by 

this method [90, 92, 107, 196, 197]. Among these studies, the NC and UFG NiTi 

alloys are obtained from post-deformation annealing of tens of minutes or several 

hours at 573-873 K. However, based on the NiTi phase diagram as shown in Fig. 

1.5, this temperature range and time can also introduce aging effect besides the 

variation of grain size. This means the undesired Ni4Ti3 precipitates may exist in 

the NiTi alloys before LTA, which is detrimental to the LTA induced functional 

property adjustment. 

 

Direct electric resistance heat treatment (DERHT) [198] is able to rapidly change 

the microstructure NiTi alloys via internal Joule heating [199] and consequently 

vary the functional properties of NiTi alloys [198] within the time of seconds. Due 

to the short heating time, DERHT is able to avoid Ni4Ti3 precipitation, which is 
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beneficial for the subsequent LTA induced functional property adjustment of NiTi 

alloys. 

 

Therefore, this chapter firstly investigates the effect of DERHT on the properties 

and microstructures of NiTi alloys with different grain sizes and aging conditions. 

Then, DERHT is used for the grain size adjustment in this study. The NiTi alloys 

with the average grain size of 34-8021 nm are obtained via DERHT, which are 

prepared for the studies of the following chapters. 

 

3.2 Materials preparation and experimental procedure 

3.2.1 Preparation of NiTi alloys with different initial states 

The NC, ANC, CG, and ACG NiTi alloys obtained in chapter 2 were used as the 

representative NiTi alloys with different initial states of this chapter, which 

represented the NiTi alloys of different grain sizes and aging conditions. The 

comparisons of microstructure, phase constituent, phase transformation, 

superelasticity, and hardness of the four types of NiTi alloys are shown in Fig. 3.1. 

The detailed comparative study of these four types of NiTi alloys have been 

conducted in chapter 2, thus they are not to be repeated here. 
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Fig. 3.1 Comparisons of the microstructure, phase constituents, phase 

transformation characteristics, superelasticity, and hardness of the four types of 

NiTi alloys: (a) TEM micrograph of the NC samples; (b) SAED pattern of (a); 

(c) DSC curve of the NC samples; (d) superelasticity of the NC samples; (e) 

hardness of the NC samples; (f) TEM micrograph of the ANC samples; (g) 

SAED pattern of (f); (h) DSC curve of the ANC samples; (i) superelasticity of 

the ANC samples; (j) hardness of ANC samples; (k) TEM and optical 

micrographs of the CG samples; (l) SAED pattern of (k); (m) DSC curve of the 

CG samples; (n) superelasticity of the CG samples; (o) hardness of the CG 

samples; (p) TEM and optical micrographs of the ACG samples; (q) SAED 
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pattern of (p); (r) DSC curve of the ACG samples; (s) superelasticity of the ACG 

samples; and (t) hardness of the ACG samples. 

 

The samples for DERHT of the four NiTi alloys are shown in Fig. 3.2. The length 

of each sample was 120 mm. The positions, at 15 mm of each end, were used for 

connecting with electrodes. After DERHT, each end with 15 mm was cut off and 

the remaining NiTi sample with 90 mm in length was used for superelasticity tests. 

The configuration of superelasticity tests is as introduced in section 2.2.4. 

 

Fig. 3.2 Schematic illustration of (a) the samples for DERHT and (b) the samples 

for superelasticity tests. 

3.2.2 The platform for DERHT 

This study set up a platform for the DERHT of the NiTi alloy. The physical map 

and the corresponding schematic diagram of the platform are shown in Fig. 3.3. 

The platform consists of a power supply which can output constant direct current, 

an amperemeter for measuring the direct current (DC) magnitude of the circuit, a 

voltmeter (Voltmeter1) for measuring the voltage of the NiTi samples, another 

voltmeter (Voltmeter2) for measuring the output voltage of the power supply, an 
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K-type thermocouple for measuring the temperature of the NiTi samples, and a 

temperature recorder for the thermocouple of which the sampling frequency is 1 

Hz. The diameter of the thermocouple is 0.62 mm which was welded on the surface 

in the middle position of the NiTi samples. The current magnitude was set to be 

constant during DERHT. The DERHT was implemented at room temperature and 

in a lab room with still air. 

 

Fig. 3.3 Schematic illustration of the platform for DERHT: (a) physical map; and 

(b) schematic diagram. 

The obtained relationship among direct current magnitude, heating time, and 

measured temperature are shown in Fig. 3.4. Based on the experimental results, it 

can be obtained that 1) the temperatures of the NiTi alloys elevate in 0-30 s and 

reach stable after 30 s regardless of current magnitude, which is generally 
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consistent with the study [200] where the temperature is saturated at 25 s; 2) the 

temperature increasing rates reach to the maximum in 5-15 A; 3) the saturated 

temperature increases with the current magnitude and presents nearly linear 

relationship, as shown in Fig. 3.4 (c), and the correlation coefficient R is 0.99982. 

The obtained linear relationship between the saturated temperature and the current 

magnitude is as shown by Eq. (3.1): 

 172.7 52.5 [5,15]cT I I           (3.1) 

where Tc is the measured temperature (K), I is the current magnitude. Under 5 A, 

the saturated temperature is 435.5 K. The saturated temperature increases by about 

52.5 K when the current magnitude increases by 1 A. 

 

Fig. 3.4 Relationships among the measured temperature, heating time, and direct 

current magnitude of the DERHT: (a) heating and soaking stages of the DERHT; 

(b) cooling stage of the DERHT; (c) relationship of the measured temperature at 
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soaking stage and the direct current magnitude; and (d) relationship of the 

measured temperature and heating time of the different NiTi alloys at 9 A. 

The comparison of the measured temperature-heating time relationship of the four 

alloys is shown in Fig. 3.4 (d). The temperature elevation paths of the different 

NiTi alloys are nearly the same. Theoretically, smaller grain size leads to higher 

electrical resistance. The results of this study indicate that the NiTi alloy with grain 

size 34 nm presents similar temperature elevation paths with coarse-grained 

samples. R. Delville et al. [201] measured the electrical resistance of the 

nanocrystalline NiTi alloys with similar grain size as the NC and ANC samples of 

this study, and the results show that their electrical resistance was similar to coarse-

grained ones. 

 

In addition, due to the small diameter of the samples (1 mm), the internal 

temperature of the samples is slightly higher than that at the surface due to the 

surface convection and radiation with the still air. The previous studies [200, 202] 

indicate that the shorter sample length and larger contact area with electrodes 

increase the heat loss along the axial direction and enlarged the temperature 

gradient. To reduce the gradient along the axial direction, this study adopts the 

heating section of 90 mm in length, which is much longer than those in the 

previous studies (20 mm [202] or 30 mm [200]). The contact area with electrodes, 

of 0.5 mm in width, was adopted to reduce the heat loss through the electrodes, 

which is smaller than those in the previous studies (10 mm [200, 202]). The sample 

reached to saturated temperatures through the balance of the internal Joule heat 

input and heat loss at the surface. Therefore, during DERHT, the temperature 

distribution at the middle section of the samples can be regarded as homogeneous. 
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This middle section was of 10 mm in length and used to investigate microstructure, 

phase transformation characteristics, superelasticity, and hardness, as shown in 

Fig. 3.2(b). 

3.2.3 Experimental design of DERHT 

For the four types of NiTi alloys, two representative current magnitudes (8 A and 

12 A) were adopted according to Fig. 3.4 and Eq. (3.1). The current magnitude of 

8 A corresponds to 592 K of the samples which is close to the temperature of LTA 

of this study (573 K). 8 A is thus selected to investigate the effect of DERHT 

induced short-time LTA on the properties of the NiTi alloys. 12 A is corresponding 

to the heating temperature of 801 K which is higher than 693 K (the 

recrystallization temperature of the as-received nanocrystalline NiTi alloys). 

Therefore, at 12 A, the corresponding heating temperature can effectively lead to 

grain growth. Too larger DC magnitude may lead to rapid grain growth within one 

or several seconds, which is difficult for the precise grain size adjustment; too 

smaller DC magnitude corresponds to the lower heating temperature, which may 

lead to less effectiveness of grain growth. Thus, 12 A is one of the feasible DC 

magnitude for grain size adjustment and is thus selected to investigate the grain 

growth induced by DERHT. 

 

The heating time of 0-600 s was selected to investigate short-time influence of 

DERHT on the properties of the NiTi alloys. Based on the experimental results, to 

obtain the processing windows of the DERHT on the different NiTi alloys, 

different heating times were adopted for different NiTi alloys. Some additionally 

levels of DERHT time are to further understand the rapid variations of phase 
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transformation and superelasticity. The detailed experimental design of the 

DERHT is as shown in Table 3.1. 

Table 3.1 Experimental design of the DERHT on the different NiTi alloys 

Abbreviations 
of samples 

DC magnitude 
(A) 

Heating time (s) 
0 5 7 8 9 10 15 25 50 100 300 600 

NC 
12             
8             

ANC 
12             
8             

CG 
12             
8             

ACG 
12             
8             

 

3.3 Effect of DERHT on the phase transformation 

characteristics of NiTi alloys 

The DSC curves of the four types of NiTi alloys under DERHT of 12 A and 8 A 

within 0-600 s are shown in Fig. 3.5. The corresponding thermal hysteresis and 

transformation enthalpy are shown in Table 3.2-3.5. 

 

The NC samples keep B2↔R transformation sequence and temperatures nearly 

unchanged under 12 A in 0-10 s. The transformation temperatures decrease in 10-

15 s, and the transformation sequence changes from B2↔R to B2↔B19’ in 15-20 

s. The B2↔B19’ transformation sequence keeps unchanged but the transformation 

temperatures increase in 20-600 s. With the increasing heating time, the 

transformation peaks become more concentrated, the transformation enthalpy 

increases, and the thermal hysteresis decreases. Under 8 A in 0-600 s, B2↔R 

transformation keeps unchanged. The transformation temperatures decrease 
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slightly in 0-100 s but then slightly increase in 100-600 s. With the increasing 

heating time, transformation enthalpy increases and thermal hysteresis decreases. 

 

The ANC samples present the decrease of B2↔R transformation temperatures 

under 12 A in 0-10 s. Then, the ANC samples show a similar change of phase 

transformation characteristics to that of the NC samples. Under 8 A, the B2↔R 

transformation temperatures decrease in 0-100 s and then slightly increase in 100-

600 s. The transformation enthalpy increases with the increasing heating time. 

 

The CG samples keep B2↔B19’ transformation unchanged under 12 A. The 

transformation temperature slightly increases in 0-10 s and keeps stable in 10-600 

s. The thermal hysteresis rapidly decreases in 0-10 s and then keeps stable in 10-

600 s. Under 8 A, the transformation sequence changes from B2↔B19’ to 

B2→R→B19’/B19’→B2 in 0-50 s and further changes to B2↔R↔B19’ in 50-

600 s. The transformation temperatures, the thermal hysteresis of R↔B19’ 

transformation, and the B2↔R transformation enthalpy increase with the 

increasing heating time. 

 

The ACG samples change the transformation sequence from B2↔R↔B19’ to 

B2→R→B19’/B19’→B2 under 12 A in 0-10 s and further to B2↔B19’ in 10-600 

s. In 0-10 s, the B2↔R transformation temperatures gradually decrease and the 

transformation peaks gradually flatten. The R→B19’ transformation temperature 

increases while the B19’→R transformation temperature decreases, which leads 

to the decrease of thermal hysteresis of R↔B19’ transformation. In 10-600 s, 

B2↔B19’ transformation sequence is preserved and the transformation 
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temperature, thermal hysteresis, and transformation enthalpy generally keeps 

unchanged. Under 8 A, the B2↔R↔B19’ transformation sequence keeps 

unchanged. In 0-50 s, B2→R, B19’→R, and R→B2 transformation temperatures 

decrease, while R→B19’ transformation temperature increase. The R↔B19’ 

transformation thermal hysteresis also decreases. In 50-600 s, all the 

transformation temperatures increase with heating time. The thermal hysteresis 

and transformation enthalpy generally keep unchanged. 
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Fig. 3.5 DSC curves of the NiTi alloys before and after DERHT: (a) the NC 

samples; (b) the CG samples; (c) the ANC samples; and (d) the ACG samples. 

Table 3.2 Thermal hysteresis and transformation enthalpy of the NC samples 

Abbreviations of 
samples 

TH (K) ∆H (J/g) 
THAR THRM THAM ∆HAR ∆HRA ∆HRM ∆HMR ∆HAM ∆HMA 

NC-0 A-0 s 7.60 -- -- 5.40 4.86 -- -- -- -- 
NC-12 A-5 s 7.95 -- -- 5.21 4.54 -- -- -- -- 

NC-12 A-10 s 6.98 -- -- 5.38 4.83 -- -- -- -- 
NC-12 A-15 s 8.36 -- -- 1.77* 6.62 -- -- -- -- 
NC-12 A-20 s -- -- 47.98 -- -- -- -- 13.38* 12.79 
NC-12 A-25 s -- -- 41.24 -- -- -- -- 15.08* 13.76 

NC-12 A-100 s -- -- 34.94 -- -- -- -- 16.24* 13.84 
NC-12 A-600 s -- -- 32.43 -- -- -- -- 16.76* 14.49 

NC-8 A-50 s 9.38 -- -- 5.55 4.83 -- -- -- -- 
NC-8 A-100 s 7.45 -- -- 5.44 5.02 -- -- -- -- 
NC-8 A-300 s 7.01 -- -- 5.81 5.42 -- -- -- -- 
NC-8 A-600 s 6.31 -- -- 6.33 5.78 -- -- -- -- 

*: Due to the heat flow limitation of the DSC curves at the low-temperature section, the marked data 
were influenced by systematic errors. A: B2 austenite phase, M: B19’ martensite phase, R: R-phase. 

Table 3.3 Thermal hysteresis and transformation enthalpy of the ANC samples 

Abbreviations of 
samples 

TH (K) ∆H (J/g) 
THAR THRM THAM ∆HAR ∆HRA ∆HRM ∆HMR ∆HAM ∆HMA 

ANC-0 A-0 s 6.40 -- -- 5.7 5.51 -- -- -- -- 
ANC-12 A-5 s 6.27 -- -- 7.28 5.73 -- -- -- -- 
ANC-12 A-10 s 7.83 -- -- 5.50 5.00 -- -- -- -- 
ANC-12 A-15 s 7.15 -- -- 1.98* 5.48 -- -- -- -- 
ANC-12 A-25 s -- -- 42.43 -- -- -- -- 14.32* 13.53 

ANC-12 A-100 s -- -- 35.58 -- -- -- -- 15.12* 13.20 
ANC-12 A-600 s -- -- 33.26 -- -- -- -- 18.97* 15.53 
ANC-8 A-50 s 6.83 -- -- 5.46 5.27 -- -- -- -- 
ANC-8 A-100 s 6.31 -- -- 5.99 5.30 -- -- -- -- 
ANC-8 A-300 s 6.76 -- -- 6.04 5.53 -- -- -- -- 
ANC-8 A-600 s 6.06 -- -- 6.38 5.92 -- -- -- -- 

*: Due to the heat flow limitation of the DSC curves at the low-temperature section, the marked data 
were influenced by systematic errors. A: B2 austenite phase, M: B19’ martensite phase, R: R-phase. 

Table 3.4 Thermal hysteresis and transformation enthalpy of the CG samples 

Abbreviations of 
samples 

TH (K) ∆H (J/g) 
THAR THRM THAM ∆HAR ∆HRA ∆HRM ∆HMR ∆HAM ∆HMA 

CG-0 A-0 s -- -- 37.10 -- -- -- -- 15.72* 13.50 
CG-12 A-5 s -- -- 35.70 -- -- -- -- 15.48* 13.82 

CG-12 A-10 s -- -- 27.87 -- -- -- -- 15.55* 14.78 
CG-12 A-15 s -- -- 26.72 -- -- -- -- 15.34* 14.31 
CG-12 A-25 s -- -- 24.65 -- -- -- -- 15.38* 14.19 

CG-12 A-100 s -- -- 27.49 -- -- -- -- 16.67* 14.47 
CG-12 A-600 s -- -- 28.01 -- -- -- -- 16.61* 13.70 

CG-8 A-50 s 6.41 -- 44.58 3.37 -- 16.76* -- -- 14.49 
CG-8 A-100 s 7.79 45.84 -- 4.48 3.97 11.90* 10.22 -- -- 
CG-8 A-300 s 8.20 49.69 -- 5.27 4.72 10.22* 9.74 -- -- 
CG-8 A-600 s 7.23 49.85 -- 5.63 5.05 11.62* 10.74 -- -- 

*: Due to the heat flow limitation of the DSC curves at the low-temperature section, the marked data 
were influenced by systematic errors. A: B2 austenite phase, M: B19’ martensite phase, R: R-phase. 
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Table 3.5 Thermal hysteresis and transformation enthalpy of the ACG samples 

Abbreviations of 
samples 

TH (K) ∆H (J/g) 
THA-R THR-M THA-M ∆HA-R ∆HR-A ∆HR-M ∆HM-R ∆HA-M ∆HM-A 

ACG-0 A-0 s 7.40 63.30 -- 6.59 6.86 5.82* 4.17 -- -- 
ACG-12 A-5 s 7.41 64.22 -- 7.47 6.49 2.99* 5.40 -- -- 
ACG-12 A-7 s 6.36 61.09 -- 6.76 5.82 3.48* 6.63 -- -- 
ACG-12 A-8 s 6.91 57.28 -- 6.31 5.34 4.85* 7.45 -- -- 
ACG-12 A-9 s 17.97 -- 39.11 1.96* -- 14.40* -- -- 14.42 
ACG-12 A-10 s -- -- 27.48 -- -- -- -- 18.17* 14.63 
ACG-12 A-25 s -- -- 27.41 -- -- -- -- 16.26* 14.64 

ACG-12 A-600 s -- -- 27.19 -- -- -- -- 18.44* 14.82 
ACG-8 A-50 s 10.17 49.22 -- 4.57 4.11 8.85* 9.80 -- -- 
ACG-8 A-100 s 9.79 46.89 -- 4.79 4.03 10.97* 10.51 -- -- 
ACG-8 A-300 s 9.75 46.40 -- 4.81 4.21 10.87* 10.58 -- -- 
ACG-8 A-600 s 8.09 51.36 -- 5.09 4.84 7.36* 9.83 -- -- 

*: Due to the heat flow limitation of the DSC curves at the low-temperature section, the marked data 
were influenced by systematic errors. A: B2 austenite phase, M: B19’ martensite phase, R: R-phase. 

 

The variations of the transformation temperatures with the heating time of the NiTi 

alloys are shown in Fig. 3.6. The processing windows of DERHT regarding the 

transformation temperature adjustment under 12 A and 8 A are respectively shown 

in Fig. 3.6. As can be seen from the figure, NiTi alloys with different grain sizes 

present different responses to the same DERHT. Nanocrystalline NiTi alloys are 

more sensitive under 12 A, while coarse-grained NiTi alloys are more sensitive 

under 8 A. 

 

NiTi alloys before and after aging also present different responses to the same 

DERHT. The ACG samples are sensitive to 12 A, and both transformation 

sequence and temperatures rapidly change in 0-10 s. By contrast, the CG samples 

are not sensitive to 12 A.  

 

The above results indicate that NiTi alloys with different grain sizes and aging 

states present different phase transformation characteristics after DERHT, and the 

DERHT processing windows for these NiTi alloys are also different. 
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Fig. 3.6 Phase transformation temperatures of the NiTi alloys after DERHT and 

the corresponding processing windows: (a) the NC samples; (b) the CG samples; 

(c) the ANC samples; and (d) the ACG samples. 

3.4 Effect of DERHT on the superelasticity of NiTi alloys 

The variations of superelastic stress-strain curves of the NiTi alloys under 12 A 

are shown in Fig. 3.7. 12 A remarkably changes the superelasticity of 

nanocrystalline samples, while it shows little effect on coarse-grained samples. For 

the NC samples, in 0-25 s, the loading plateau stress, stress hysteresis, post-plateau 

strain, and the maximum loading stress decrease, while the plateau strain and 

residual strain increase. In 25-600 s, the superelasticity presents little change. For 

ANC samples, in 0-10 s, the loading and unloading plateau stress slightly increase, 
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while the strains induced by B2↔R transformation or R-phase reorientation 

decrease, which leads to the decreasing residual strain. In 10-600 s, the variation 

of superelasticity is similar to the NC samples. For the CG samples, the loading 

plateau stress and plateau strain are unchanged. In 0-10 s, stress hysteresis and 

residual strain increase. In 10-600 s, the residual strain increases slightly. For the 

ACG samples, in 0-10 s, plateau strain increases, while the strains induced by 

B2↔R transformation or R-phase reorientation decrease. The stress hysteresis 

increases rapidly in 9-10 s. In 10-600 s, the variation of superelasticity is similar 

to that of the CG samples. 

 

The variations of superelastic stress-strain curves of the NiTi alloys under 8 A are 

shown in Fig. 3.8. 8 A shows little effect on the nanocrystalline NiTi alloys while 

remarkably it affects the coarse-grained NiTi alloys. For the NC samples, 

superelasticity presents little change in 0-300 s. In 300-600 s, loading and 

unloading plateau stress and plateau strain decrease slightly, while stress hysteresis 

increases slightly. For the ANC samples, in 0-100 s, the unloading plateau stress 

and plateau strain increase. In 100-600 s, it presents similar variation of 

superelasticity as the NC samples. For the CG samples, the loading and unloading 

plateau stress and plateau strain decrease with the heating time in 0-600 s. Stress 

hysteresis and residual strain decrease in 0-100 s while increase in 100-600 s. In 

300-600 s, plateau strain decreases while the post-plateau strain increases. For the 

ACG samples, loading and unloading plateau stress decrease, while stress 

hysteresis increases with heating time in 0-600 s. Plateau strain increases in 0-50 

s but decreases in 50-600 s. Residual strain decreases in 0-100 s but increases in 

100-600 s. 
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Fig. 3.7 Superelasticity curves of the NiTi alloys after DERHT of 12 A and the 

corresponding processing windows: (a) the NC samples; (b) the ANC samples; 

(c) the CG samples; and (d) the ACG samples. 
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Fig. 3.8 Superelasticity curves of the NiTi alloys after DERHT of 8 A and the 

corresponding processing windows: (a) the NC samples; (b) the ANC samples; 

(c) the CG samples; and (d) the ACG samples. 

The variations of superelasticity indices of the NiTi alloys with DERHT heating 

time are shown in Fig. 3.9. Fig. 3.9(a) presents the variations of loading plateau 

stress. The loading plateau stress of the nanocrystalline NiTi alloys rapidly 

decreases under 12 A in 10-50 s, while that of the coarse-grained NiTi alloys 

slowly decreases under 8 A in 0-600 s. Fig. 3.9(b) presents the variations of 

unloading plateau stress. The unloading plateau stress of the NC, CG, and ACG 

samples decreases with the increasing heating time, while that of the ANC samples 

firstly increases and then decreases no matter under 12 A or 8 A. Under 12 A, the 

unloading plateau stress of nanocrystalline NiTi alloys decreases rapidly in 10-50 

s, while that of coarse-grained NiTi alloys decreases rapidly in 5-10 s. Under 8 A, 

the unloading plateau stress of all the NiTi alloys decreases remarkably in 100-

600 s. 
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Fig. 3.9(c) presents the variations of stress hysteresis. Under 12 A, in 5-15 s, the 

stress hysteresis of the nanocrystalline NiTi alloys rapidly decreases, while that of 

the coarse-grained NiTi alloys rapidly increases. In the following 15-600 s, the 

stress hysteresis of all the NiTi alloys is generally unchanged. Under 8 A, the stress 

hysteresis of all the NiTi alloys is also hardly changed. 

 

Fig. 3.9(d) presents the variation of plateau strain. Under 12 A, in 5-25 s, the 

plateau strain of the NC, ANC, and ACG samples fast increases to above 8% then 

keeps unchanged. Under 8 A, the plateau strains of the NC and ANC samples are 

generally unchanged. That of the ACG samples rapidly increases in 0-50 s and 

then decreases in 50-600 s as similar to the CG samples. 

 

Fig. 3.9(e) presents the variation of residual strain. Under 12 A, the residual strain 

of the NC and ACG samples rapidly increases in 5-25 s and then keeps stable in 

the following 25-600 s. The residual strain of the CG samples increases with 

heating time. That of the ANC samples decreases in 5-10 s and then varies as 

similar to the NC samples in 10-600 s. Under 8 A, the residual strain of the NC 

and ANC samples generally keeps stable, while that of the CG and ACG samples 

decreases in 0-100 s and then gradually increases in 100-600 s. 
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Fig. 3.9 Variations of the superelasticity indices with DERHT heating time: (a) 

loading plateau stress; (b) unloading plateau stress; (c) stress hysteresis; (d) 

plateau strain; and (e) residual strain. 

Based on the above results, it can be seen that the NiTi alloys with different grain 

sizes and aging states present different variations of superelasticity under DERHT. 

The corresponding DERHT processing windows are also different. It is 
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noteworthy that, to a certain type of NiTi alloys, the DERHT processing windows 

for phase transformation temperature adjustment and superelasticity adjustment 

are generally consistent. It is the microstructural evolutions induced by DERHT 

that are the underlying mechanisms for the above variations, which are to be 

studied in the next section. 

 

3.5 Mechanisms of the influence of DERHT on NiTi 

alloys from the microstructural evolution perspective 

3.5.1 Grain growth 

The microstructural evolution of NC samples under DERHT is shown in Fig. 3.10. 

Under 12 A, the grain size of the NC samples remarkably increases. In 10-25 s, 

the nanograins are rapidly enlarged to ultrafine grains and further to coarse grains. 

In 25-600 s, the grain size gradually increases within the coarse-grained scale. 

Under 8 A, however, the grain size keeps unchanged even when the heating time 

reaches to 600 s. The ANC samples present similar grain size variations as the NC 

samples under DERHT. The effect of DERHT on the grain size variation of the 

CG samples is shown in Fig. 3.11. It indicates that either 12 A or 8 A cannot 

effectively change the grain size of the CG samples. The grain size variations of 

the ACG samples are as similar as the CG samples where DERHT of 12 A or 8 A 

hardly affects their grain size. 
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Fig. 3.10 Microstructural evolution of the NC samples under DERHT: (a) NC-0 

A-0 s; (b) NC-12 A-10 s; (c) NC-12 A-15 s; (d) NC-12 A-25 s; (e) NC-12 A-600 

s; and (f) NC-8 A-600 s. 

 

Fig. 3.11 Variation of the grain size of the CG samples under DERHT: (a) CG-0 

A-0 s; (b) CG-12 A-600 s; (c) CG-8 A-600 s. 

It can be seen from Fig. 3.4(a), Fig. 3.10 and Fig. 3.11 that, if the DERHT heating 

temperature is higher than the post-deformation annealing temperatures that 

produced the initial grain size (e.g., 693 K for the NC samples of this study), the 

grain size is to be further enlarged. If the DERHT heating temperature is lower 

than the post-deformation annealing temperatures that produce the initial grain size 
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(e.g., 1123 K for the CG samples), the grain size is to be preserved. The saturated 

temperature of 8 A (592 K) is lower than the post-deformation annealing 

temperatures of both the NC and CG samples. Their grain sizes thus keep 

unchanged. The rapid grain growth of the NC samples provides a method for grain 

size adjustment of NiTi alloys, which is to be introduced in section 3.6 of this 

chapter. 

3.5.2 Precipitation, growth, and dissolution of Ni4Ti3 

According to the microstructures of the NC samples after DERHT, Ni4Ti3 

precipitates are not found either under 12 A or 8 A. However, they are obviously 

observed in the CG samples, as shown in Fig. 3.12. Under 12 A, even after the 

DERHT of 600 s, the microstructure is still preserved as pure B2 austenite phase. 

Under 8 A, however, the Ni4Ti3 nanoprecipitates with the size of 15-25 nm and the 

gap of 15-30 nm are clearly observed in the NiTi matrix after the DERHT of 600 

s. The SAED pattern verifies the existence of Ni4Ti3 and R-phase. 

 

The microstructural evolution of the ACG samples under DERHT is shown in Fig. 

3.13. Under 12 A, The Ni4Ti3 precipitates and R-phase that contained in the ACG 

samples are disappeared after the DERHT of 10 s, and the microstructure becomes 

pure B2 austenite phase. This indicates that, under 12 A, the previously formed 

Ni4Ti3 nanoprecipitates in the NiTi matrix are rapidly dissolved in 10 s. Under 8 

A, after 600 s, the Ni4Ti3 precipitates are obviously grown in size but decrease in 

density, which present the size of 15-25 nm and the gap of 15-30 nm. These 

precipitates are similar to those in the CG samples after DERHT of 8 A-600 s. 
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Fig. 3.12 Microstructural evolution of the CG samples induced by DERHT: (a) 

CG-0 A-0 s; (b) CG-12 A-600 s; (c) CG-8 A-600 s; (d) SAED pattern of (a); (e) 

SAED pattern of (b); and (f) SAED pattern of (c). 

It can be seen from the effect of DERHT on grain size and precipitates that the 

higher current magnitude can rapidly enlarge nanocrystalline grain size, while the 

lower current magnitude can hardly affect the grain size even after the DERHT of 

600 s. For the non-aged coarse-grained NiTi alloys, the higher current magnitude 

presents little effect on the microstructure, while the lower current magnitude can 

effectively introduce Ni4Ti3 precipitates. For the aged coarse-grained NiTi alloys, 

the higher current magnitude can rapidly dissolve the previously formed Ni4Ti3 

nanoprecipitates in 10 s, while the lower current magnitude can lead to the growth 

of Ni4Ti3 precipitates. 
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Fig. 3.13 Microstructural evolution of the ACG samples induced by DERHT: (a) 

ACG-0 A-0 s; (b) ACG-12 A-10 s; (c) ACG-8 A-600 s; (d) SAED pattern of (a); 

(e) SAED pattern of (b); and (f) SAED pattern of (c). 

3.5.3 Nanograin size induced suppression of Ni4Ti3 precipitation 

during DERHT 

There is a noteworthy phenomenon in the above results: the DERHT of 8 A-600 s 

presents different influences on the NC and CG samples regarding the Ni4Ti3 

precipitation, which is comparatively demonstrated in Fig. 3.14. After the DERHT 

of 8 A-600 s, the NC samples still show nanocrystalline microstructure within 

which the Ni4Ti3 precipitates are not observed. The SAED pattern of the NC 

sample also presents B2 austenite phase, which has no trace of Ni4Ti3. However, 

in the CG samples, the Ni4Ti3 precipitates are obviously observed after the 

DERHT of 8 A-600 s. The precipitates are of 15-25 nm in size and 15-30 nm in 

gap. The SAED pattern also verifies their existence and their coherency with the 

NiTi matrix. 
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The above comparison reveals two facts: 1) Under 8 A, even in short heating time 

(600 s), the DERHT is adequate to introduce Ni4Ti3 nanoprecipitates with 15-25 

nm in size and 15-30 nm in gap in the coarse-grained NiTi alloys; 2) Nanograin 

size introduces obvious suppression of Ni4Ti3 precipitation, which results in the 

consequence that the Ni4Ti3 are not precipitated in the nanocrystalline NiTi matrix. 

 

Fig. 3.14 Nanograin size induced suppression of Ni4Ti3 precipitation during 

DERHT: (a) NC-8 A-600 s, in which nanograin size was preserved and Ni4Ti3 

precipitates were not observed; (b) CG-8 A-600 s, in which Ni4Ti3 precipitates 

with size of 15-25 nm and gap of 15-30 nm were obviously observed; (c) the 

SAED pattern of (a) which presented pure B2 austenite phase; and (d) the SAED 

pattern of (b) which presented B2 austenite phase, R-phase, and Ni4Ti3 phase. 
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3.5.4 Corroborative evidence of the microstructural evolutions 

based on the variation of hardness 

The variations of grain size and Ni4Ti3 precipitates can lead to the variation of 

hardness. The hardness variations of the four NiTi alloys after the DERHT of 12 

A and 8 A are shown in Fig. 3.15. For the NC and ANC samples, under 12 A, the 

hardness rapidly decreases in 5-25 s, which is consistent with the time interval of 

grain growth. This indicates that the drop of hardness is induced by grain growth. 

Under 8 A, the hardness only slightly decreases in 0-600 s, which indicates that 

the preservation of grain size and the decreasing defects of the nanocrystalline 

NiTi matrix. 

 

For the CG samples, under 12 A, the hardness decreases slightly in 0-10 s and then 

keeps stable. This is because the CG samples are cooled by the cold argon in the 

furnace of which the cooling speed is less than water quenching. The Ni-rich 

Guinier-Preston (G.P.) zones [203] or spinodal decomposition [48] may be 

introduced in the NiTi matrix in such a situation. Though the G.P. zones and 

spinodal decomposition are difficult to be observed in TEM, they are able to 

elevate the hardness a little. However, this elevation effect is limited, which is 

much less effective than that induced by Ni4Ti3 nanoprecipitates as showed by the 

hardness of the ACG samples. Under 12 A, the G.P. zones or spinodal 

decomposition are fast dissolved in the NiTi matrix only in 10 s, and the hardness 

is consequently dropped and then keeps stable in the following 10-600 s. Under 8 

A, the hardness obviously increases with heating time, which reflects the effect of 

precipitation strengthening. 
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For the ACG samples, under 12 A, the hardness drops quickly in 5-10 s, which 

reflects the dissolution of Ni4Ti3. In the following 10-600 s, the hardness keeps 

stable as similar to that of the CG samples. This indicates that the ACG samples 

keeps in solution state after the dissolution of Ni4Ti3. Under 8 A, the hardness 

drops gradually with the increasing heating time. This indicates that the enlarged 

Ni4Ti3 precipitates (15-25 nm in size and 15-30 nm in gap) are less effective than 

the original Ni4Ti3 precipitates (7-15 nm in size and 5-15 nm in gap) regarding 

their strengthening effect on NiTi matrix. As pointed out by J.I. Kim et al. [48], 

finer Ni4Ti3 nanoprecipitates present higher resistance to dislocation slip. The 

hardness at 8 A is higher than that of 12 A, which indicates that the enlarged Ni4Ti3 

precipitates also present a strengthening effect on the NiTi matrix compared with 

the solution state. 

 

It is noteworthy that, under the DERHT of 8 A, the hardness of the nanocrystalline 

samples is not elevated, which indicates no precipitation strengthening. This works 

as a corroborative evidence for the above conclusion that nanograin size induces 

suppression of Ni4Ti3 precipitation during DERHT. 

 

On the other hand, though the hardness of the NC and ANC samples drastically 

decreases under 12 A, it is still higher than those of the CG samples. This reflects 

the grain-refine strengthening effect because the grain size of the NC and ANC 

samples after the DERHT is 6.2 μm, while that of the CG samples is 21 μm. 

 

The effect of DERHT on the microstructures of the different NiTi alloys can be 

summarized as follows: 1) higher current magnitude causes grain growth; 2) lower 
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current magnitude induces Ni4Ti3 precipitation and growth; 3) higher current 

causes dissolution of Ni4Ti3; and 4) nanograin size suppresses the Ni4Ti3 

precipitation during DERHT. 

 

Fig. 3.15 The corroborative evidence for the microstructural evolutions based on 

hardness variation 

The above different microstructural evolutions are the underlying mechanisms for 

the different variations of phase transformation characteristics and superelasticity 

of the different types of NiTi alloys. The corresponding relationships are as 

follows: 

1) Under 12 A, in 10-25 s, the disappearance of B2↔R transformation, the 

emergence of B2↔B19’ transformation, the decrease of the loading plateau 

stress and stress hysteresis, and the increase of plateau strain and residual strain 
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in the NC and ANC samples, are all due to the grain growth. With the 

increasing grain size, the grain size induced activation of B2↔R 

transformation gradually weakens, and the suppression of B2↔B19’ 

transformation also weakens. In the meanwhile, the volume fraction of the 

transformable material increases, but the energy dissipation during R↔B19’ 

transformation and the resistance to dislocation slip decreases. 

 

2) Under 8 A, in 0-600 s, the CG and ACG samples show B2↔R transformation 

and the B2↔R and R↔B19’ transformation temperatures increase. The 

thermal hysteresis of R↔B19’ transformation is higher than that of B2↔B19’ 

transformation. The loading plateau stress decreases. These phenomena are 

caused by the precipitation and growth of Ni4Ti3. As the precipitation of the 

coherent Ni4Ti3, B2↔R transformation is facilitated, and the energy 

dissipation of R↔B19’ transformation increases. The elastic strain field 

around the coherent precipitates facilitates the stress-induced R↔B19’ 

transformation. Besides, the Ni depletion in the NiTi matrix caused by the 

precipitation also decreases the required stress for activating R↔B19’ 

transformation. 

 

3) Under 12 A, in 5-10 s, B2↔R transformation disappears in the ACG samples, 

while B2↔B19’ transformation replaces R↔B19’ transformation. In the 

meantime, the loading plateaus stress, residual strain, and stress hysteresis 

increase. These phenomena are due to the dissolution of Ni4Ti3. As Ni4Ti3 

dissolved, the facilitation of B2↔R transformation and the suppression of 

B2↔B19’ transformation are both removed. Meanwhile, the volume fraction 
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of the transformable material increases, the dislocation slip resistance 

decreases, and the energy dissipation increases due to the increasing 

dislocation activities. 

 

4) Under 8 A, in 0-600 s, the phase transformation characteristics and 

superelasticity of the NC and ANC samples generally keep unchanged, which 

reflects the nanograin size induced suppression of Ni4Ti3 precipitation during 

DERHT. 

 

3.6 Grain size adjustment model based on DERHT 

As can be seen from the results of section 3.5, the higher current magnitude can 

effectively alter the grain size of the nanocrystalline NiTi alloys with different 

heating time, e.g., the grain size of the NC samples can be increased to coarse-

grained scale under 12 A in 0-600 s. In the meanwhile, by comparing the effect of 

DERHT of 12 A and 8 A on grain size, it also indicates that altering the current 

magnitude can also adjust the grain size. Therefore, this section suggests two grain 

size adjustment models based on DERHT from the perspectives of altering the 

heating time and altering the current magnitude, respectively. 

3.6.1 Grain size adjustment model based on the heating time of 

DERHT 

As seen in Fig. 3.10, the NiTi alloys with the diameter of 1 mm and the initial 

grain size of 34 nm experience grain growth under the DERHT of 12 A (current 

density of 15.28 A∙mm2). The relationship between grain size and heating time is 
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shown in Fig. 3.16. For the convenience of modeling, the grain size in the DERHT 

of 1 s is assumed unchanged, i.e., the grain size after the DERHT of 1 s is assumed 

as same as that before the DERHT. As shown in Fig. 3.16, the grain size increases 

to 6.2 μm from 34 nm in 0-600 s under 12 A. The figure also indicates that the 

grain size rapidly increases in 10-50 s. 

 

Fig. 3.16 The relationship of grain size and the heating time under DERHT of 12 

A (15.28 A∙mm2) 

Based on the variations of grain size with DERHT heating time, the model of grain 

size adjustment can be obtained. Under certain current magnitude, the samples 

respectively experience slow grain growth, rapid grain growth, and grain size 

saturated stages, of which the grain size presents “S” shape relation with heating 

time. The logistic function [204] is commonly used in the engineering field to 

depict the process from growth to saturation, which is appropriate for describing 

the aforementioned grain size variations. Therefore, the logistic function is 

adopted as the basis of the grain size adjustment model. The equation of logistic 

function is as follows: 
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where x is the independent variable, a, b, and k are constants. Based on 

experimental results, the original grain size of the NC samples is 34.2 nm, thus a 

constant term was added after this function to represent the initial grain size before 

DERHT. The Eq. (3.2) was turned to: 
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where c was the constant term representing the initial grain size. based on the grain 

size growth data of the NC samples under 12 A. The Eq. (3.3) is calibrated as: 
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where D  is grain size (nm), 0D  is the initial grain size, DERHTI  is direct current 

magnitude (A), DERHTt  is the heating time (s). 

 

The correlation between the calculated values and experimental values of the grain 

size is shown in Fig. 3.17. The correlation coefficient R is 0.99891, and the average 

absolute relative error (AARE(%)) is 6.77%. The equations to obtain the R and 

AARE(%) are shown in Eq. (3.5) and (3.6). 
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where iE  is the experimental result, E  is the average value of the experimental 

results, iP  is the calculated result, P  is the average value of the calculated 
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results, and N  is the number of data points. When the R is more close to 1, and 

the AARE(%) is more close to 0, the model is more accurate. 

 

The result indicates that the model can calculate the grain size of the 

nanocrystalline NiTi alloys under the DERHT of 12 A (15.28 A∙mm2). It can 

further be deduced that, as long as the temperature of the DERHT is higher than 

the post-deformation annealing temperature for the initial grain size, the DERHT 

induced grain growth should also show “S” shape variation with heating time. 

Then, the relationship can also be calibrated by the model. 

 

Fig. 3.17 The correlation between the calculated results and experimental results 

of grain size under DERHT of 12 A (15.28 A∙mm2) 

3.6.2 Grain size adjustment model based on the current 

magnitude of DERHT 

As can be seen in the experimental results of this study, for the NiTi alloys with 

grain size of 34 nm and 1 mm in diameter, the DERHT of 12 A can effectively 

increase the grain size to 2190 nm in only 25 s, which can also effectively avoid 
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undesired Ni4Ti3 precipitation. However, the DERHT of 8 A cannot lead to further 

grain growth from 34 nm even after 600 s. This indicates that the grain size can be 

adjusted by altering the current magnitude when the heating time keeps constant. 

 

Therefore, this chapter applied the DERHT of 9-14 A in 25 s to the NiTi alloy with 

34 nm in grain size and 1 mm in diameter. The obtained microstructures are 

respectively shown in Fig. 3.18. The grain size remarkably increases with applied 

current magnitude. It can be seen from the TEM micrographs and SAED patterns 

that the NiTi matrix consists of B2 austenite phase and a small part of R-phase. 

The obtained grain sizes and the corresponding DERHT processing parameters are 

shown in Table 3.6, and the variation of grain size with applied current magnitude 

is shown in Fig. 3.19. The grain size increases with the current magnitude from 

NC to UFG and further to CG scale. In 0-9.5 A, the grain size increases slowly 

within NC scale; in 9.5-12 A, the grain size rapidly increases from NC to CG scale; 

in 12-14 A, the grain size increases slowly in CG scale. 
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Table 3.6 The obtained grain size and the corresponding DERHT parameters. 

Average grain size before 
DERHT (nm) 

DC magnitude 
(A) 

Time of 
DERHT (s) 

Average grain size after 
DERHT (nm) 

34 0 0 34 

34 9 25 40 

34 9.5 25 51 

34 10 25 105 

34 10.5 25 217 

34 11 25 523 

34 11.5 25 1106 

34 12 25 2190 

34 13 25 4972 

34 14 25 8021 

 

Fig. 3.18 The microstructures and corresponding SAED patterns after the 

DERHT of 25 s from the NiTi alloy with initial grain size of 34 nm under current 
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magnitude of: (a)-(b) 0 A; (c)-(d) 9 A; (e)-(f) 9.5 A; (g)-(h) 10 A; (i)-(j) 10.5 A; 

(k)-(l) 11 A; (m)-(n) 11.5 A; and (o)-(p) 12 A. 

As seen in Fig. 3.19, the relationship of the current magnitude and grain size also 

presents “S” shape, thus the logistic function [204] of Eq. (3.3) can also be used 

to construct the grain size adjustment model, which is as follows: 
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  (3.7) 

The comparison of the calculated results and experimental results of grain size are 

also shown in Fig. 3.19, and the correlation of them is shown in Fig. 3.20. As can 

be seen from the figures, the calculated and experimental results are consistent, 

and the correlation coefficient R is 0.99850 and the AARE(%) is 7.31%, which 

indicates that the model can be used to calculate the grain sizes that are adjusted 

by the DERHT of 25 s with 9-14 A. 

 

By using this method, the NiTi alloys with grain size of 34-8021 nm (including 

NC, UFG, and CG grain size scales) without Ni4Ti3 precipitates are obtained by 

using this model via DERHT, which are prepared for the study of the subsequent 

chapters. 
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Fig. 3.19 Relationship between grain size and the current magnitude under 

DERHT of 25 s, which also presented the comparison of the calculated values 

and experimental values of the grain sizes 

 

Fig. 3.20 Correlation between the calculated results and the experimental results 

of grain size under the DERHT of 25 s with different current magnitude. 

3.7 Summary 

This chapter studies the influence of DERHT on the microstructures, phase 

transformation characteristics, and superelasticity of the NiTi alloys (with 
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different grain sizes and aging states). The grain size adjustment models based on 

DERHT are obtained, which are used to prepare the NiTi alloys with grain size of 

34-8021 nm without Ni4Ti3 precipitates. The following concluding remarks can 

thus be drawn: 

 

(1) The DERHT of 5-15 A can elevate the temperature of the NiTi alloys with 1 

mm in diameter from room temperature to 435-960 K. Within the 

experimental current magnitude range, the temperatures were saturated at 30 

s, which was irrelevant to current magnitude. When the current magnitude 

increased per 1 K, the saturated temperature increased about 52.5 K. 

 

(2) The DERHT of 12 A effectively increased the grain size of the NiTi alloys 

with the initial grain size of 34 nm: the grain size increased from 34 nm to 

about 2 μm in 0-25 s, and it further increased to 6.2 μm in the following 25-

600 s. However, 12 A hardly affected the grain size of the coarse-grained NiTi 

alloys with the initial grain size of about 20 μm. 

 

(3) The DERHT of 12 A rapidly dissolved the previously formed Ni4Ti3 

nanoprecipitates by LTA. This can be used as a method to eliminate the LTA 

induced nanoprecipitation in NiTi alloys. 

 

(4) By using the DERHT of 8 A in 0-600 s, Ni4Ti3 nanoprecipitates with 15-25 

nm in size and 15-30 nm in gap are precipitated in the coarse-grained NiTi 

matrix with the grain size of about 20 μm. The DERHT of 8 A also leads to 

Ni4Ti3 growth from 7-15 nm in size and 5-15 nm in gap to 15-25 nm in size 
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and 15-30 nm in gap. However, 8 A is unable to precipitate Ni4Ti3 in the 

nanocrystalline NiTi alloys, which indicates that nanograin size suppresses 

Ni4Ti3 precipitation during DERHT. 

 

(5) With respect to the phase transformation characteristics, under 12 A, B2↔R 

transformation of the NC samples is turned to B2↔B19’ transformation in 

10-25 s, which is due to the DERHT induced grain growth. Under 8 A, in 0-

100 s, B2↔B19’ transformation of the CG samples is turned to B2↔R↔B19’ 

transformation, which is caused by the DERHT induced precipitation of 

Ni4Ti3 and Ni depilation in the NiTi matrix. Under 12 A, in 0-10 s, 

B2↔R↔B19’ transformation of the ACG samples is turned to B2↔B19’ 

transformation, which is because of the DERHT induced dissolution of Ni4Ti3 

nanoprecipitates. Under 8 A, B2↔R and B19’→R transformation 

temperatures of the ACG samples increase in 50-600 s, which is due to the 

DERHT induced Ni4Ti3 growth. 

 

(6) With respect to the superelasticity, under 12 A, in 10-25 s, the loading and 

unloading plateau stress and stress hysteresis decrease, while plateau strain 

and residual strain increase. These variations are respectively because the 

DERHT weakens the nanograin size induced suppression of stress-induced 

martensitic transformation, lowers the transformation energy dissipation by 

reducing grain boundary volume fraction, increases the transformable NiTi 

matrix fraction, and reduces dislocation slip resistance by grain growth. Under 

8 A, in 0-600 s, the coarse-grained NiTi alloys present the decrease of loading 

and unloading plateau stress, plateau strain, and residual strain. This is due to 
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the DERHT induced Ni4Ti3 precipitation and growth, which induces Ni 

depletion in the NiTi matrix and consequently lowers the required stress for 

activating the stress-induced transformation. Besides, the Ni4Ti3 precipitation 

reduces the transformable NiTi matrix fraction and increases the dislocation 

slip resistance of the NiTi matrix. Under 12 A, the ACG samples present the 

same superelasticity after 10 s, which is due to the DERHT induced 

dissolution of Ni4Ti3. 

 

(7) Based on the grain growth induced by DERHT, the grain size adjustment 

models from the perspectives of the heating time and current magnitude are 

respectively obtained. The former can be used to calculate the grain size 

variation under DERHT of 12 A within 1-600 s. The latter can be used to 

calculate the grain size variation under DERHT of 25 s within 9-14 A. Both 

grain size adjustment models can increase the grain size of the NiTi alloys 

from 34 nm to coarse-grained scale. The NiTi alloys with grain size of 34-

8021 nm are obtained based on the latter method via DERHT, which are 

prepared for the studies of the subsequent chapters. 
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Chapter 4 Influence of low-temperature 

aging on phase transformation 

characteristics of NiTi alloys with 

different grain sizes 

4.1 Introduction 

The superelasticity of NiTi is inherently due to the B2↔(R)↔B19’ phase 

transformation, thus the study of the phase transformation characteristics is the 

basis of the study of superelasticity. As seen from the results in chapter 2 that LTA 

of 2 h presents different influences on phase transformation characteristics on NC 

and CG NiTi alloys. Based on the results of chapter 3, the NC and CG NiTi alloys 

respond differently to the DERHT induced short-time LTA of 0-600 s in terms of 

phase transformation characteristics. Therefore, the influence of LTA on phase 

transformation characteristics of the NiTi alloys with different grain sizes (ranging 

from NC to CG) deserves to study. 

 

This chapter studies 1) the effect of LTA at 573 K in 0-48 h on the phase 

transformation characteristics of the NiTi alloys with grain size of 34-8021 nm; 2) 

the variations of phase transformation sequence, temperature, enthalpy, and 

thermal hysteresis with the increase of grain size and LTA time; 3) the underlying 

mechanisms of the variations of transformation characteristics from the 
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microstructural evolution aspect; and 4) the B2→R transformation temperature 

model considering the effects of LTA time and grain size, which may provide 

references for the design and adjustment of the NiTi functional devices. 

 

4.2 LTA experimental design of the NiTi alloys with 

different grain sizes 

According to the grain size adjustment model obtained in the last chapter, the NiTi 

alloys with grain size of 34, 40, 51,105, 217, 523, 1106, 2190, 4972, and 8021 nm 

were obtained via DERHT. The grain sizes covers NC, UFG, and CG scales. The 

NiTi alloys were subjected to the LTA of 0, 2, 4, 8, 24, and 48 h at 573 K. The 

experimental design is shown in Table 4.1 where 60 independent combinations of 

grain size and LTA time were obtained. The phase transformation characteristics, 

hardness, and representative microstructures of these samples were respectively 

measured and observed based on the experimental procedures as introduced in 

chapter 2. 

Table 4.1 The LTA experimental design for the NiTi alloys with different grain 

sizes 

Grain size (nm) LTA temperature (K) 
LTA time (h) 

0 2 4 8 24 48 
34 573       
40 573       
51 573       

105 573       
217 573       
523 573       
1106 573       
2190 573       
4972 573       
8021 573       
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4.3 Effect of grain size on phase transformation 

characteristics before LTA 

As reported in the previous studies [58, 59, 125, 126, 205], even though the NiTi 

alloys have not been subjected to LTA, the grain size can still affect the phase 

transformation characteristic. Therefore, before studying the influence of LTA on 

the phase transformation characteristics of the NiTi alloys with different grain 

sizes, it is necessary to preliminarily understand the effect of grain size itself on 

the phase transformation characteristics of the NiTi alloys. 

 

Before LTA, DSC curves of the NiTi alloy with different grain sizes are shown in 

Fig. 4.1. The variations of phase transformation temperatures with grain size are 

shown in Fig. 4.2. The thermal hysteresis and transformation enthalpy are shown 

in Table 4.2. In the figures and table, Af is the finish transformation temperature 

for B19’→B2 or R→B2 transformations, and applying loading-unloading 

deformation above this temperature can theoretically obtain complete 

superelasticity [206]. 
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Fig. 4.1 DSC curves of the NiTi alloys with different grain sizes before LTA. 

 

Fig. 4.2 Variations of phase transformation temperatures with grain size before 

LTA. 
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Table 4.2 Thermal hysteresis and transformation enthalpy of the NiTi alloys 

with different grain sizes before LTA 

Grain size 
(nm) 

TH (K) ∆H (J/g) 
THAR THRM THAM ∆HAR ∆HRA ∆HRM ∆HMR ∆HAM ∆HMA 

34 7.6 -- -- 5.40 4.86 -- -- -- -- 
40 11.07 -- -- 5.39 5.24 -- -- -- -- 
51 8.48 -- -- 4.68 4.76 -- -- -- -- 

105 9.89 -- -- 3.31 4.15 -- -- -- -- 
217 6.72 -- -- 2.00* 5.57 -- -- -- -- 
523 15.9* -- 58.61 0.98* -- 0.59* -- -- 10.59 
1106 -- -- 44.85 -- -- -- -- 13.17* 12.5 
2190 -- -- 41.44 -- -- -- -- 14.67* 13.86 
4972 -- -- 36.3 -- -- -- -- 14.91* 13.52 
8021 -- -- 34.05 -- -- -- -- 14.94* 14.13 

*: Due to the heat flow limitation of the DSC curves at the low-temperature section, the marked data 
were influenced by systematic errors. A: B2 austenite phase, M: B19’ martensite phase, R: R-phase. 

 

As shown in the figures and table, the transformation sequence, temperature, 

thermal hysteresis, and enthalpy are greatly affected by grain size. When the grain 

size increases within NC scale, the transformation sequence keeps unchanged. The 

R↔B19’ transformation is not observed within the DSC temperature range (183-

373 K), which indicates that the B2↔R transformation keeps activated while the 

R↔B19’ transformation keeps suppressed by the nanograin size in NC scale. 

B2↔R transformation temperature decreases with the increasing grain size, which 

indicates that the facilitation of the B2↔R transformation induced by the 

nanograin size is weakened. Transformation enthalpy is not changed, which 

indicates that the material volume fraction of B2↔R transformation is of little 

change. 

 

For the grain size within UFG scale, with the increasing grain size, the 

transformation sequence increases from B2↔R to B2→R→B19’/B19’→B2 and 

further to B19’↔B2. The B2↔R transformation disappears, while the B19’↔B2 

transformation appears. This indicates that the grain size induces facilitation of 

B2↔R transformation and the suppression of B19’↔B2 weakens with the 
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increasing grain size. When the grain size increases from 105 nm to 1106 nm, the 

B2→R transformation peaks gradually flatten till disappeared as indicated by the 

transformation enthalpy. The R→B2 transformation peak is replaced by the 

B19’→B2 transformation, and the B19’→B2 transformation enthalpy increases. 

This indicates that the material volume fraction of B2↔R transformation 

decreases while that of B2↔B19’ transformation increases with the increasing 

grain size in UFG scale. 

 

For the grain size increasing to CG scale, the B2→R transformation completely 

vanishes and the transformation sequence is B2↔B19’, and the transformation 

temperature increases with grain size. This indicates that the micro-sized CG grain 

size is unable to facilitate B2↔R but can impede B2↔B19’ transformation, i.e., 

the increasing grain size can increase B2↔B19’ temperatures. As the grain size 

increases in CG scale, the B2↔B19’ transformation enthalpy gradually increases 

while the thermal hysteresis gradually decreases. This indicates that the decreasing 

grain boundary volume fraction increases the volume fraction of transformable 

material, which decreases the energy dissipation of the phase transformation 

frontiers passing through grain boundaries. 

 

It can be seen from the above results, grain size itself greatly affects the phase 

transformation characteristics before LTA. With the increase of grain size, the 

grain size induced facilitation of B2↔R transformation and suppression of 

B2(R)↔B19’ are weakened, which leads to the decrease of B2↔R transformation 

temperatures and the increase of B2(R)↔B19’ transformation temperatures. This 
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finally causes the first decrease and then increase of the Af transformation 

temperature, and the minimum value is reached when the grain size is at 523 nm. 

4.4 Effect of LTA on the phase transformation 

characteristics of the NiTi alloys with different grain 

sizes 

The variations of DSC curves of the NiTi alloys with LTA time and grain size are 

shown in Fig. 4.3. It can be seen in the figure that 1) the variations of phase 

transformation sequence and temperature are prominent under the LTA of 2 h; 2) 

B2↔R transformation appears after LTA regardless of grain sizes; 3) as the LTA 

time increases from 2 h to 48 h, B2↔R transformation temperature increases, 

transformation enthalpy increases, and the peak intensity also increases; 4) after 

LTA, R↔B19’ transformation keeps in suppression when grain size is smaller 

than 1106 nm; 5) after LTA, NiTi alloys with grain size of 2190-8021 nm still 

present R↔B19’ transformation of which the temperature increases with LTA 

time. 
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Fig. 4.3 Variations of DSC curves with LTA time of the NiTi alloys with grain 

size of: (a) 34 nm; (b) 40 nm; (c) 51 nm; (d) 105 nm; (e) 217 nm; (f) 523 nm; (g) 

1106 nm; (h) 2190 nm; (i) 4972 nm; and (j) 8021 nm 
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Based on the above variations of phase transformation characteristics, this chapter 

studies the effect of LTA of 2 h on transformation sequence and temperatures, the 

effect of LTA of 2-48 h on B2↔R transformation, and the effect of LTA of 2-48 

h on B2(R)↔B19’ transformation. The variations of transformation sequence, 

temperature, enthalpy, thermal hysteresis, and peak intensity with the increasing 

LTA time and grain size are concerned. 

4.4.1 Effect of LTA on phase transformation sequence and 

temperature 

The variations of phase transformation sequence and temperature with grain size 

after the LTA of 2 h are shown in Fig. 4.4. The thermal hysteresis and 

transformation enthalpy are shown in Table 4.3. As shown in the figure and table, 

within NC scale, the LTA of 2 h elevates B2↔R transformation temperature. This 

elevation is more prominent with the increasing grain size. 

 

Within UFG scale, the LTA of 2 h elevates the B2↔R transformation temperature 

for the NiTi alloys with grain size of 105 and 217 nm. For the NiTi alloy with grain 

size of 523 nm, the transformation sequence is turned from 

B2→R→B19’/B19’→B2 to B2↔R, while the R→B19’ transformation is 

suppressed after the LTA of 2 h. The B2→R transformation temperature increased 

from 249.4 K to 316.1 K, i.e., increases by 66.7 K, which increases most among 

the NiTi alloys. 

 

Within CG scale, for the NiTi alloys with grain size of 1106 and 2190 nm, the 

LTA of 2 h changes the transformation sequence from B2↔B19’ to B2↔R, while 
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the R↔B19’ transformation is suppressed. For the NiTi alloys with grain size of 

4972 nm and 8021 nm, phase transformation sequence is turned from B2↔B19’ 

to B2↔R↔B19’ after the LTA of 2 h, and R↔B19’ transformation temperature 

increases with grain size. By comparing to Table 4.2, it can be known that thermal 

hysteresis of R↔B19’ transformation after LTA is larger than that of B2↔B19’ 

transformation before LTA. 

 

The above results indicate that the LTA of 2 h greatly affectes the phase 

transformation characteristics of the NiTi alloys with different grain sizes, and the 

influences are dependent on grain size. 

 

Fig. 4.4 Variations of the transformation sequence and temperature with grain 

size after the LTA of 2 h 
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Table 4.3 Thermal hysteresis and transformation enthalpy after the LTA of 2 h 

of the NiTi alloys with different grain sizes 

Grain size 
(nm) 

LTA time 
(h) 

TH (K) ∆H (J/g) 
THAR THRM THAM ∆HAR ∆HRA ∆HRM ∆HMR ∆HAM ∆HMA 

34 2 6.59 -- -- 7.32 6.27 -- -- -- -- 
40 2 7.79 -- -- 7.23 6.36 -- -- -- -- 
51 2 9.33 -- -- 7.36 6.67 -- -- -- -- 

105 2 9.38 -- -- 7.56 6.86 -- -- -- -- 
217 2 5.34 -- -- 8.47 7.71 -- -- -- -- 
523 2 9.96 -- -- 8.28 7.98 -- -- -- -- 
1106 2 7.24 -- -- 8.13 7.93 -- -- -- -- 
2190 2 7.35 -- -- 8.45 8.52 -- -- -- -- 
4972 2 6.79 79.20 -- 8.59 7.71 -- 2.02* -- -- 
8021 2 7.49 73.24 -- 7.78 6.96 -- 4.52* -- -- 

*: Due to the heat flow limitation of the DSC curves at the low-temperature section, the marked data 
were influenced by systematic errors. A: B2 austenite phase, M: B19’ martensite phase, R: R-phase. 

 

4.4.2 Effect of LTA on B2↔R transformation 

4.4.2.1 Effect of LTA on B2↔R peak shape 

The variations of B2↔R transformation peaks with LTA of 2-48 h are shown in 

Fig. 4.5. Under each grain size, the B2→R and R→B2 transformation temperature, 

enthalpy, and peak intensity increase with LTA time, and the transformation peaks 

become more concentrated. Within grain size of 34-105 nm, the transformation 

peaks gradually concentrate with LTA time. Within grain size of 217-8021 nm, 

the transformation peaks become concentrated rapidly after the LTA of 2 h. Within 

grain size of 1106-8021 nm, the R→B2 transformation peaks are more 

concentrated than those of the B2→R transformation. It is noteworthy that the 

B2→R transformation peaks are concentrated within grain size of 34-523 nm, 

while they become split within grain size of 1106-8021 nm. X.B. Wang et al [186] 

points out that Ni4Ti3 precipitation become inhomogeneous along the direction 

between grain boundary and grain inner with the increasing grain size. Therefore, 

based on the experimental results of this study, the LTA can hardly lead to the 
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inhomogeneous distribution of Ni4Ti3 precipitates when grain size is less than 523 

nm. 

 

Fig. 4.5 Variations of the B2↔R transformation peaks with LTA time of 2-48 h: 

(a) B2→R transformation peaks; and (b) R→B2 transformation peaks. 

4.4.2.2 Effect of LTA on B2↔R transformation enthalpy 

The variations of B2↔R transformation enthalpy with grain size and LTA time 

are shown in Fig. 4.6. It can be seen that the material volume fraction of B2↔R 

transformation increases with LTA time regardless of grain size. 

 

Before LTA, B2↔R transformation enthalpy gradually decreases to 0 J/g with the 

increasing grain size. After the LTA of 2 h, the B2↔R transformation appeares in 

all grain sizes. The transformation enthalpy increases, which increases more 

prominent in UFG and CG NiTi alloys. B2↔R transformation enthalpy slightly 

increases with LTA time from 2 h to 48 h, and the enthalpy of NC NiTi alloys is 

smaller than that of UFG and CG NiTi alloys. 

 



113 

The factors inducing the B2↔R transformation include nanograin size [58], 

coherent Ni4Ti3 [159], and dislocations in the matrix [10]. Before LTA, the NiTi 

alloy of 34 nm have experienced recrystallization from the cold drawing state, and 

the NiTi alloys with grain size of 40-8021 nm have experienced grain growth from 

34 nm. Because they have not been subjected to aging and plastic deformation 

before LTA, there are no Ni4Ti3 precipitates and dislocations in the grains. 

Therefore, the B2↔R transformation emerges in NiTi alloys within grain size of 

34-217 nm is due to nanograin size. With the increasing average grain size, the 

nanograin volume fraction deceases, which decreases the material volume fraction 

of B2↔R transformation and consequently decreases the B2↔R transformation 

enthalpy. 

 

After LTA, for the NC samples, the nanograin sizes are preserved, thus they still 

facilitate B2↔R transformation. The minority ultrafine grains in the samples 

precipitate Ni4Ti3, which slightly increases the B2↔R transformation enthalpy. in 

the meanwhile, the defects in the matrix further decrease and the residual 

amorphous phase further turns to nanograins after LTA, which further increases 

the B2↔R transformable material volume fraction and consequently the B2↔R 

transformation enthalpy. 

 

Within the grain size of 523-8021 nm, LTA induced Ni4Ti3 precipitation leads to 

B2↔R transformation, and the transformation enthalpy is larger than that of NiTi 

alloys with grain size of 34-217 nm. This indicates the volume fraction of 

transformable material of UFG and CG NiTi alloys is larger than that of the NC 
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NiTi alloys, which is due to the lower grain boundary volume fraction of the 

formers. 

 

 

Fig. 4.6 Variations of B2↔R transformation enthalpy with grain size and LTA 

time: (a) B2→R transformation; (b) R→B2 transformation. 

4.4.2.3 Effect of LTA on B2↔R transformation peak intensity 

The transformation peak intensity means the height of transformation peak. Under 

the same transformation enthalpy, the higher the transformation peak intensity it 

is, and the more concentrated the peak it is. Under the same peak concentration 

degree, the lower the transformation peak intensity it is, and the smaller the 

transformation enthalpy it is. Fig. 4.7 shows the variations of phase transformation 

intensity with grain size and LTA time. 

 

Before LTA, the peak intensity of B2↔R transformation is smaller, this is because 

B2↔R transformation mostly happens in NC NiTi alloys and the transformation 

enthalpy is relatively small. The peak intensity decreases with grain size, which 

reaches to 0 W/g when the grain size increases to 523 nm. This is because the grain 
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size induced facilitation of B2↔R transformation gradually decreases, as shown 

in region I of Fig. 4.7(a) and (b). 

 

After LTA, B2↔R transformation peak intensity generally increases with LTA 

time regardless of grain size. On one hand, the increasing transformation enthalpy 

after LTA leads to the increase of transformation peak intensity. On the other hand, 

by taking R→B2 transformation as an example, the transformation peak intensity 

of the CG NiTi alloys increases more than that of the NC and UFG NiTi alloys, as 

shown in Fig. 4.7(b). However, the transformation enthalpies of the three types of 

NiTi alloys present less changed compared with the variations of transformation 

peak intensity, as shown in Fig. 4.6(b). Therefore, it can be deduced that the CG 

NiTi alloys present more concentrated transformation peaks than the UFG and NC 

NiTi alloys. Besides, the increase of B2→R transformation peak intensity is less 

than that of R→B2 transformation in the UFG and CG NiTi alloys, which is due 

to the split of B2→R transformation peaks. 

 

Because the LTA preserves the grain size, the influence of nanograin size on 

B2↔R transformation temperature is maintained in the NC NiTi alloys. Since the 

grain size of the NC NiTi alloys is inhomogeneous, the B2↔R transformation 

peaks of the NC NiTi alloys are more shallow than those of the UFG and CG 

samples, which presents lower peak intensity, as shown in region II of Fig. 4.7(a) 

and (b). By contrast, in the NiTi alloys with grain size larger than 523 nm, the 

grain size hardly affects B2↔R transformation, thus the B2↔R transformation is 

only influenced by Ni4Ti3 precipitates. Therefore, their transformation peaks 
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become more concentrated than those of grain size less than 217 nm, as shown in 

region III of Fig. 4.7(a) and (b). 

 

Fig. 4.7 Variations of transformation peak intensity with grain size and LTA 

time: (a) B2→R transformation; (b) R→B2 transformation. 

4.4.2.4 Effect of LTA on B2↔R transformation temperature 

Fig. 4.8 demonstrates the variations of B2↔R transformation temperatures with 

grain size and LTA time. The B2→R and R→B2 transformation temperatures 

present similar variations. Under the same grain size, the B2↔R transformation 

increases with LTA time. Under the same LTA time, B2↔R transformation varies 

differently depending on the grain size. 

 

For the NC NiTi alloys, under the LTA of 2h, B2↔R transformation temperatures 

decrease with the increasing grain size, which is similar with those before LTA. 

When the LTA time further increases to 8 h, B2↔R transformation temperature 

first decreases and then increases. When the LTA time further increases to 48 h, 

B2↔R transformation temperature increases with grain size. In the meanwhile, 

after the LTA of 2 h, the NC NiTi alloys present lower B2↔R transformation 
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temperatures than the UFG and CG NiTi alloys. After the LTA of 48 h, the NC 

NiTi alloys present the highest B2↔R transformation temperature. 

 

For the UFG NiTi alloys, after the LTA of 2 h, B2→R transformation temperature 

increases with the grain size from 105 nm to 217 nm while decreases with the grain 

size from 217 nm to 1106 nm. After the LTA of 4-48 h, B2↔R transformation 

temperature decreases with the increasing grain size. 

 

For the CG NiTi alloys, B2↔R transformation temperatures increase with LTA 

time while generally unchange with grain size. The LTA of 2 h activates B2↔R 

transformation. Further elevating the LTA time from 2 h to 48 h, the elevation of 

B2↔R transformation temperature is less than those in the NC and UFG samples. 

 

Fig. 4.8 Variations of the B2↔R transformation temperature with grain size and 

LTA time: (a) B2→R transformation; (b) R→B2 transformation. 

The optimum smaller range depends on the actual requirements. For instance, if 

the highest B2→R transformation temperature is desired, LTA time of 48 h with 
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grain size of about 100 nm is recommended; if the required B2→R transformation 

temperature is larger than 314 K, LTA times larger than 4 h are recommended. 

 

It was worth noting that, the NiTi alloys with grain size of 105 nm present highest 

B2→R transformation temperature elevation. Before LTA, the B2→R 

transformation temperature is 257.1 K. After the LTA of 2-48 h, the transformation 

temperature increases to 43.4-62.0 K. Since the NiTi actuators based on B2↔R 

transformation are sensitive to the transformation temperature [207, 208], these 

findings may facilitate the functional property adjustment of the NiTi alloy 

applications.  

 

As can be summarized from the above results, LTA can not only elevate the B2↔R 

transformation temperatures of CG NiTi alloys [155, 159, 187], but it can also 

present B2↔R transformation temperature of NC and UFG NiTi alloys. 

Furthermore, the elevation of B2↔R transformation temperatures in UFG and NC 

NiTi alloys is strongly affected by grain size, while it is hardly affected by the 

grain size of CG NiTi alloys. These findings are of significance for the LTA 

induced B2↔R transformation temperature adjustment of NC and UFG NiTi 

alloys. 

4.4.3 Effect of LTA on B2(R)↔B19’ transformation 

B2(R)↔B19’ transformation is the basis of superelasticity. Compared with B2↔R 

transformation, the functional properties based on B2(R)↔B19’ transformation 

are used more widely in practical applications [11]. Within the temperature range 

of the DSC tests (183-373 K), B2(R)↔B19’ transformation is suppressed in the 
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NiTi alloys with grain size of 34-1106 nm. After LTA, B2(R)↔B19’ 

transformation only presents in the NiTi alloys with grain size of 2190-8021 nm. 

Therefore, the B2(R)↔B19’ transformation of the NiTi alloys with grain size of 

2190, 4972, and 8021 nm are studied in this section. The variation of 

transformation peaks with LTA time and grain size are shown in Fig. 4.9. 

 

 

 

Fig. 4.9 Variations of B2(R)↔B19’ transformation peaks with grain size and 

LTA time: (a) B2(R)→B19’ transformation peaks of grain size of 2190 nm; (b) 
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B19’→B2(R) transformation peaks of grain size 2190 nm; (c) B2(R)→B19’ 

transformation peaks of grain size of 4972 nm; (d) B19’→B2(R) transformation 

peaks of grain size 4972 nm; (e) B2(R)→B19’ transformation peaks of grain size 

of 8021 nm; and (f) B19’→B2(R) transformation peaks of grain size 8021 nm. 

Before LTA, as shown in Fig. 4.2, B2(R)↔B19’ transformation exists in the NiTi 

alloys with grain size of 523-8021 nm. In addition, even the grain size is in CG 

scale, the micro-scale grain size also impedes B2(R)→B19’ transformation. 

 

After LTA, as shown in Fig. 4.3, only the NiTi alloys with grain size of 2190-8021 

nm present R↔B19’ transformation. R→B19’ transformation temperature 

becomes lower and B19’→R transformation temperature becomes higher, which 

leads to the increase of thermal hysteresis. Consequently, R→B19’ transformation 

of the NiTi alloys with grain size of 523 and 1106 nm could not be activated even 

when the temperature decreases to 183 K. That is to say, the R→B19’ 

transformation of the NiTi alloys with grain size of 523 and 1106 nm is suppressed 

after LTA. 

 

For the NiTi alloys with grain size of 2190, 4970, and 8021 nm. For their higher 

B2→B19’ transformation temperature than that of the NiTi alloys with grain size 

of 523 and 1106 nm, though the transformation is also impeded after LTA, 

decreasing temperature to 183 K still can drive the R→B19’ transformation. Thus 

the B19’→R transformation peaks are observed during the heating procedure of 

the DSC test, as shown in Fig. 4.9. With the increasing grain size, the decreasing 

temperature to 183 K drives more material volume faction of R→B19’ 
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transformation. The R→B19’ and B19’→R transformation peaks thus become 

larger. 

 

The variations of B2(R)↔B19’ transformation temperatures with LTA time and 

grain size are shown in Fig. 4.10. The LTA of 2 h can effectively decrease R→B19’ 

transformation temperature and increase B19’→R transformation. Besides, further 

increasing the LTA time to 48 h, R→B19’ and B19’→R transformation 

temperatures further increases. Under the same LTA time, R→B19’ 

transformation temperatures of different grain sizes are different from each other, 

while the B19’→R transformation temperatures are almost the same. X.B. Shi et 

al. [58] attributed this phenomenon to the different facilitation and suppression of 

the R→B19’ and B19’→R transformation led by the elastic strain energy and 

dissipation energy. 

 

Fig. 4.10 Variations of B2(R)↔B19’ transformation temperature with LTA time 

and grain size: (a) B2(R)→B19’ transformation; and (b) B19’→B2(R) 

transformation. 

As can be summarized above, LTA effectively alters the B2(R)↔B19’ 

transformation temperatures of a part of UFG and CG NiTi alloys, and the 
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suppression of B2(R)↔B19’ transformation induced by nanograin size in NC NiTi 

alloys is not deteriorated. These findings can facilitate LTA induced B2(R)↔B19’ 

transformation temperature adjustment of NiTi alloys with different grain sizes, 

which may also be beneficial for the design and phase transformation 

characteristics adjustment of the NiTi functional devices based on B2(R)↔B19’ 

transformations. 

 

4.5 Mechanisms for the influence of LTA on phase 

transformation 

In this section, the influence of LTA on phase transformation characteristics of the 

NiTi alloys with different grain sizes are explained from the following 

perspectives: the effect of the preservation of grain size on phase transformation 

characteristics, the effect of LTA time on Ni4Ti3 precipitation, and the nanograin 

size induced suppression of Ni4Ti3 precipitation during LTA. These explanations 

are further corroborated by the variation of hardness. 

4.5.1 Effect of the preservation of grain size on phase 

transformation characteristics 

According to the results of chapter 2, the LTA of 573 K preserves the nanograin 

size even at 34 nm. The influences of nanograin size on B2↔R and B2(R)↔B19’ 

phase transformation are thus maintained during LTA. For the NC NiTi alloys, the 

nanograin size induced suppression of B2(R)→B19’ transformation always exists 

during LTA. The B2(R)→B19’ transformation peaks are thus not observed before 

and after LTA. For the UFG and CG NiTi alloys, after LTA, the influences of grain 
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size and LTA are superposed, which makes the B2(R)→B19’ transformation 

disappear in the NiTi alloys with the grain size of 523 and 1106 nm and increases 

the B2(R)→B19’ transformation temperatures with the grain size increasing from 

2190 to 8021 nm. 

 

4.5.2 Effect of LTA time on Ni4Ti3 precipitation 

For individually investigating the LTA time on Ni4Ti3 precipitation, the NiTi 

alloys with grain size of 8021 nm subjected to different LTA time are investigated. 

The variations of microstructures are shown in Fig. 4.11. Before LTA, the NiTi 

matrix presents pure B2 austenite phase, which is consistent with the DSC results. 

After the LTA of 2 h, the densely distributed Ni4Ti3 nanoprecipitates with size of 

7-15 nm and gap of 5-15 nm are observed. Further increasing LTA time to 8 h and 

48 h, the size of the nanoprecipitates is not further increased, which keeps as 7-15 

nm. J.I. Kim et al. [48] applied the LTA of 573 K-100 h to solution treated CG 

NiTi alloys and observed Ni4Ti3 nanoprecipitates with size of about 10 nm. The 

size of Ni4Ti3 nanoprecipitates observed in this study is consistent with that 

reported in the study of J.I. Kim et al. [48]. On the other hand, the diffraction 

patterns of Ni4Ti3 become brighter with the increasing LTA time, which indicates 

that the amount of the nanoprecipitates increases, i.e., the density of the 

nanoprecipitates increases. Besides, these nanoprecipitates keeps in coherency 

with the B2 austenite phase. 
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Fig. 4.11 Variations of the microstructures of the NiTi alloys with grain size of 

8021 nm with LTA time: (a) before LTA, no precipitates are observed in the 

NiTi matrix; (b) the SAED pattern presents only B2 austenite phase; (c) after the 

LTA of 2 h, precipitates with size of 7-15 nm and gap of 5-15 nm are observed; 

(d) the SAED pattern indicates that they are coherent Ni4Ti3 nanoprecipitates; (e) 

after the LTA of 8 h, the size of the nanoprecipitates is not changed so much; (f) 

the SAED pattern shows bright Ni4Ti3 diffraction; (g) after the LTA of 48 h, the 
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size of the nanoprecipitates is generally preserved; and (h) the SAED pattern 

further shows brighter Ni4Ti3 diffraction. 

The above microstructural variations explain the increase of B2↔R 

transformation temperature in the CG NiTi alloys. The grain size of the CG NiTi 

alloys is not able to facilities B2↔R transformation, and the LTA is unable to 

introduce additional dislocations. Thus the factors of grain size and dislocation 

that facilitate B2↔R transformation can be excluded. The precipitation of Ni4Ti3 

leads to the depletion of Ni in the NiTi matrix and introduces elastic strain fields 

around the precipitates, which are the reasons for the elevation of B2↔R 

transformation temperature. 

 

The above results also disclose the reasons why R→B19’ and B19’→R 

transformations are impeded after LTA and why R↔B19’ transformation 

temperatures increase with LTA time in the CG NiTi alloys. The thermally-

induced R→B19’ and B19’→R transformation in the CG NiTi alloys are realized 

by self-accommodation deformation in the grain inners [50], while the densely 

distributed Ni4Ti3 nanoprecipitates can impede such self-accommodation 

deformation [209]. Therefore, R→B19’ and B19’→R transformations could 

happen only by increasing the supercooling. With the increasing LTA time, the 

density of Ni4Ti3 precipitates increases, which leads to further Ni depletion in the 

matrix and consequently causes the increase of R↔B19’ transformation 

temperatures. 
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4.5.3 Nanograin size induced suppression of Ni4Ti3 precipitation 

during LTA 

The LTA of 2-48 h can dissolve out Ni4Ti3 nanoprecipitates in the CG NiTi alloys. 

Whether it can also precipitate similar Ni4Ti3 within in the UFG and NC NiTi 

alloys is studied in this section. 

 

Fig. 4.12 presents the TEM microstructures and the corresponding SAED patterns 

of the NiTi alloys with grain size of 34, 105, and 2190 nm. For the NiTi alloys 

with the average grain size of 34 nm, as shown in Fig. 4.12(a)-(c), the LTA 

effectively preserves the nanograin size, which reflects the advantage of LTA in 

the preservation of the original nanograin size. In the dominant nanograins of the 

NiTi matrix, no Ni4Ti3 is observed no matter in bright-field, dark-field 

micrographs, or in the SAED pattern, which is very different from the results in 

the CG NiTi alloys as discussed in the last section. On the other hand, due to the 

inhomogeneous grain size of the NiTi alloys [59, 197], a few ultrafine grains may 

still exist in the NC NiTi alloys even if the average grain size was 34 nm. As 

representatively shown by the dash-line circled grain in Fig. 4.12(a) and (b), the 

grain is isolated in the NC NiTi matrix, with grain size of about 150 nm. In the 

grain, the morphology of Ni4Ti3 precipitates is obviously observed, which is 

different from those nanograins. It is worth noting that, the SAED pattern show no 

diffraction pattern of Ni4Ti3. This is due to the low volume fraction of Ni4Ti3 in 

this microstructure which is much less than those of B2 austenite phase and R-

phase. The corresponding diffraction pattern of Ni4Ti3 is thus too dim to be 

obviously observed. 
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For the NiTi alloys with the average grain size of 105 nm, as shown in Fig. 4.12(d)-

(f), the ultrafine grains in the matrix generally present obviously the morphology 

of Ni4Ti3 precipitates after the LTA of 48 h. A representative ultrafine grain with 

grain size about 150 nm clearly shown the morphology of nanoprecipitates, as 

shown in Fig. 4.12(e). The corresponding SAED pattern of this grain proves the 

existence of coherent Ni4Ti3 nanoprecipitates. Thus, it can be deduced that LTA at 

573 K could lead to the Ni4Ti3 nanoprecipitation in the NiTi ultrafine grains with 

grain size larger than 150 nm, and the size of the Ni4Ti3 nanoprecipitates was about 

10 nm. 

 

For the NiTi alloys with the average grain size of 2190 nm, the precipitation 

behavior is as similar as that in the NiTi alloys with grain size of 8021 nm, i.e., the 

LTA of 48 h precipitates Ni4Ti3 with size of 7-15 nm and gap of 5-15 nm. 

Therefore, it further proves that the coarse grain size does not suppress the Ni4Ti3 

precipitation led by LTA. 

 

It can be summarized from these results that nanograin size is able to induce 

suppression of Ni4Ti3 precipitation during LTA. With the increasing grain size, a 

critical grain size (less than 150 nm) exists, which suppresses the Ni4Ti3 

precipitation if the grain size of the NiTi alloys is smaller than this critical value. 

By contrast, if the grain size of the NiTi alloys is larger than this critical value, 

Ni4Ti3 precipitation can still proceed. 
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Fig. 4.12 Effect of grain size on precipitation: (a) the bright-field TEM 

micrograph of NiTi alloy with the average grain size of 34 nm after LTA of 48 h, 

in which the precipitates are not observed in the nanograins but observed in the 

isolated UFG grain as circled by dash line of which the grain size was about 150 

nm; (b) the dark-field TEM micrograph of (a) of which the results are consistent 

with (a); (c) the SAED pattern of (a) and (b), which presents B2 phase and R-

phase, while Ni4Ti3 diffractions are hardly observed; (d) the TEM micrograph of 

NiTi alloys with the average grain size of 105 nm after the LTA of 48 h and the 

grain circled by dash line is with grain size of about 150 nm; (e) the magnified 

micrograph of the circled grain in which the morphology of Ni4Ti3 are clearly 
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observed; (f) the SAED pattern of the circled grain in (e), which clearly shows 

the diffractions of B2 phase, R-phase, and Ni4Ti3 phase; (g) the TEM micrograph 

of the NiTi alloy with the average grain size of 2190 nm after the LTA of 48 h; 

(h) the magnified micrograph in grain boundary region around where 

nanoprecipitates also exist; and (i) the SAED pattern of (g) which proves the 

existence of B2 phase, R-phase, and coherent Ni4Ti3 phase. 

The aforementioned effect of nanograin size on Ni4Ti3 precipitation explains the 

discrepancies of the influences of LTA on phase transformation characteristics of 

the NiTi alloys with different grain sizes. Combining with the results shown in Fig. 

4.8, it can be seen that the B2↔R transformation temperatures are affected by both 

grain size and LTA. Therefore, if it is assumed that the effect of LTA is not 

affected by grain size, the B2↔R transformation temperatures of each LTA time 

should be a monotonic downward curve with grain size, which should be as similar 

as those before LTA, as shown in Fig. 4.2. However, the actual B2↔R 

transformation temperatures of the NC NiTi alloys are lower than those assumed, 

and there is a critical grain size, i.e., around 105 nm, makes the variations of 

B2↔R transformation temperatures with grain size not monotonic. When the grain 

size is larger than this critical value, B2↔R transformation temperatures decrease 

with the increasing grain size, which is mainly due to the effect of grain size on 

B2↔R transformation. When the grain size is smaller than this critical value, LTA 

is only able to induce Ni4Ti3 precipitates within the small portion of ultrafine 

grains in the NC NiTi matrix, while it is unable to precipitate Ni4Ti3 in the 

dominant nanograins. This finally leads to the result that B2↔R transformation 

temperatures do not elevate as much as assumed. 
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It is as early as in chapter 3 that the nanograin size is found suppressing the Ni4Ti3 

precipitation, where the LTA was carried out by short-time DERHT. It can thus 

be known that, combined with the results of this chapter, nanograin size induces 

suppression of Ni4Ti3 precipitation during LTA, no matter in short-time (0-600 s) 

or long-time (2-48 h). 

 

The studies about this phenomenon are very limited, and only a few studies pointed 

out similar phenomena at non-LTA conditions. For instances, Egor A. Prokofiev 

et al. [142] applied the aging of 673 K to the NiTi alloys of NC, UFG, and CG 

grain sizes. They found that Ni4Ti3 precipitates with size of 70-140 nm exist in the 

CG samples, Ni4Ti3 precipitates with size of 50-90 nm exist in the UFG samples, 

and no Ni4Ti3 precipitates are found in the NC samples. Abbasi-Chianeh et al. 

carried out aging of 723 K-0.75 h to the NiTi alloys with the severe plastic strain 

of 0.4 and 0.6. They found that the NiTi alloys with the strain of 0.4 present CG 

microstructure and contained Ni4Ti3 precipitates, while the NiTi alloys with the 

strain of 0.6 present NC microstructure and did not contain Ni4Ti3 precipitates. 

Besides grain size, Jiang et al [210] applied the aging of 873 K-1 h to the severe 

deformed NiTi alloys. They found that the interfaces produced from the severe 

deformation with intervals of tens of nanometers also suppress Ni4Ti3 precipitation. 

The findings of this study proves that such suppression was not only happened 

under non-LTA conditions, but it also happens under the LTA condition. Although 

LTA produces Ni4Ti3 with size of 7-15 nm in the UFG and CG NiTi alloys, the 

nanograin size can suppress their precipitation in the NC NiTi alloys. 
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Based on the results of chapter 2, 3, and the present chapter, regarding the 

nanograin size induced suppression of Ni4Ti3 precipitation during LTA. The 

mechanisms leading to such phenomenon are analyzed as follows: 1) the study of 

Waitz.T et. al. [123] proves the nanograin size provided higher resistance of lattice 

deformation, and it is known that the coherent Ni4Ti3 inevitably induces elastic 

strain in the lattice [144]. Therefore, it is more difficult to precipitate Ni4Ti3 in the 

nanograin inner than in the coarse grain inner. 2) the formation of Ni4Ti3 

precipitates requires Ni atom diffusion and aggregation [50]. In coarse grains, the 

impediments within the grain inner are little, thus it is easy for the Ni atom to 

aggregate and form Ni4Ti3; in nanograins, however, due to the high volume 

fraction of grain boundaries and the high vacancy volume fraction in grain 

boundaries [211], the Ni atom tends to move along grain boundaries after they 

diffused to grain boundaries rather than to diffuse across the grain boundaries. 3) 

per the study of K. Lu et. al. [212], the grain boundary segregation happens during 

LTA in nanocrystalline materials with saturated solute atoms. The NiTi alloy 

studied in the present study is nanocrystalline one and the Ni atom was saturated 

in the matrix, thus the LTA can lead the segregation of Ni in the grain boundaries, 

which consequently leads to the difficulty for the precipitation of Ni4Ti3 within the 

nanograins. In summary, per the results of this study, the nanograin size induces 

suppression of Ni4Ti3 precipitation during LTA is led by one or multiple 

aforementioned mechanisms, which calls for more advanced experimental 

methods and apparatus for further study. 
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4.5.4 Corroborative evidence of the microstructural evolution 

based on the variation of hardness 

The Variations of hardness with LTA time and grain size are shown in Fig. 4.13. 

Before LTA, the hardness of the NiTi alloys decreases with the increasing grain 

size which presents typical Hall-Petch relation [213]. After LTA, within grain size 

range of 217-8021 nm, the LTA of 2 h remarkably elevates hardness, which is due 

to precipitation strengthening. Further increasing LTA time, the hardness shows 

no obvious elevation, which indicates that, though the density of the Ni4Ti3 

precipitates increased, the elevation of dislocation slip resistance is barely further 

improved. By contrast, within grain size range of 34-105 nm, LTA does not lead 

to precipitation strengthening, which is consistent with the TEM results. Therefore, 

the variation of hardness corroborates the aforementioned conclusion that 

nanograin size induces suppression of Ni4Ti3 precipitation during LTA. 

 

Fig. 4.13 Variations of hardness with LTA time and grain size. 
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4.6 B2→R transformation temperature model 

considering the effect of LTA time and grain size 

To determine of B2→R transformation temperature is the basis of the design of 

NiTi functional devices based on B2↔R transformation. According to the 

experimental results, the B2↔R transformation temperature varies with not only 

the grain size but also the LTA time. This variation challenges the design and 

applications, when LTA is used as the transformation temperature adjustment 

method. Thus, the B2→R transformation temperature model that consider the two 

factors is required. 

 

As per the experimental results, the B2→R transformation temperatures were 50 

data points in total regarding different grain sizes (34-8021 nm) and LTA time (2-

48 h). The data points are divided, by random, into the modeling dataset (38 data 

points in total) and the verification dataset (12 data points). The detailed division 

is shown in Table 4.4. 

Table 4.4 Division of modeling dataset and verification dataset 

LTA time (h) 
Grain size (nm) 

34 40 51 105 217 523 1106 2190 4972 8021 
2 ○ ○ ○ (1) ○ ○ ○ ○ ○ (2) 
4 ○ ○ (3) ○ ○ (4) ○ ○ ○ ○ 
8 (5) ○ ○ ○ (6) ○ ○ (7) ○ ○ 

24 ○ (8) ○ ○ ○ ○ (9) ○ ○ (10) 
48 ○ ○ (11) ○ ○ ○ ○ ○ (12) ○ 

○ Modeling dataset; (1)~(12) Verification dataset 

 

Firstly, at each LTA time, the variations of B2→R transformation temperature 

presented “s” shape with the increasing grain size. Therefore, according to the 

superposition principle [214], the basic functions shown in Fig. 4.14(a)-(c) can be 
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used for superposition to establish the function of the B2→R transformation 

temperature about grain size at certain LTA time. The obtained function is shown 

in Eq. (4.1) and the function graph is shown in Fig. 4.14(d). 

 

Fig. 4.14 B2→R transformation temperature as a function of grain size, at certain 

LTA time: basic function graphs of (a) 𝑎 ∙ 𝑠𝑖𝑛(𝑐(𝑥 − 𝑏)); (b) 𝑒𝑥𝑝(−(𝑐(𝑥 −

𝑏)) ); (c) 𝑎 ∙ 𝑎𝑟𝑐𝑡𝑎𝑛 𝑐(𝑥 − 𝑏) ; and (d) the established function graph of 𝑎 ∙

𝑠𝑖𝑛 𝑐 ∙ (𝑥 − 𝑏) 𝑒𝑥𝑝 − 𝑐 ∙ (𝑥 − 𝑏) − 𝑑 ∙ 𝑎𝑟𝑐𝑡𝑎𝑛 𝑐 ∙ (𝑥 − 𝑏) + 𝑔 
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where ART  represents the B2→R transformation temperature, LTAt  represents 

the LTA time, D  represents grain size, a , b , c , d , and g   are the 

parameters of Eq. (4.1) which are also the function of LTAt . At certain LTA time, 

the values of a , b , c , d , and g  are of certain values. 
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Based on the modeling dataset, the B2→R transformation temperature function at 

each LTA time (2-48 h) are respectively obtained according to Eq. (4.1), which 

are respectively shown in Eq. (4.2)-(4.6). 
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Based on the obtained values of a , b , c , d , and g  at different LTA time, 

the functions of a , b , c , d , and g  about LTAt  are established as shown in 

Eq. (4.7). 
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The B2→R transformation temperature model considering the effects of LTA time 

and grain size is thus obtained, which is represented by Eq. (4.1) and (4.7). The 

parameters of the model are shown in Table 4.5. The surface of the obtained TAR 

function is shown in Fig. 4.15(a). The model can be used to calculate the B2→R 

transformation temperature at different grain sizes and LTA time. The correlation 
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relationship of the calculated values and the experimental values of the verification 

dataset is shown in Fig. 4.15(b). The correlation coefficient R was 0.99875, and 

the AARE(%) was 0.09%. 

 

The comparison of the experimental values and the calculated values of the 

verification dataset is shown in Fig. 4.16. Among the 12 data points, the maximum 

absolute error was 0.53 K, and the maximum relative error was 0.17%. Therefore, 

this model can be used to calculate B2→R transformation temperature within grain 

size of 34-8021 nm and LTA time of 2-48 h. 

 

Fig. 4.15 The obtained TAR model: (a) modeling dataset, verification dataset, and 

the surface of the obtained TAR function; (b) the correlation between the 

calculated values and the experimental values of the verification dataset. 
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Table 4.5 The values of the parameters of the TAR model 

Parameter Value Parameter Value 

1a  16.33 3c  2.15 

2a  0.55 1d  -4.49 

3a  -0.69 2d  13.66 

1b  0.84 3d  -5.54 

2b  1.75 1g  24.50 

3b  1.64 2g  1.37 

1c  1.58 3g  321.38 

2c  1.56   

 

Fig. 4.16 Comparison of the experimental values and the calculated values of the 

verification dataset of B2→R transformation temperature 

4.7 Summary 

This chapter studies the effect of LTA at 573 K in 0-48 h on the phase 

transformation characteristics of NiTi alloys with grain size of 34-8021 nm. The 

following concluding remarks can thus be drawn: 

 

(1) Before LTA, grain size itself affectes the phase transformation characteristics 

of the NiTi alloys. Within grain size of 34-217 nm, B2↔R transformation is 
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activated, R↔B19’ transformation is suppressed, and B2↔R transformation 

temperature decreases with the increasing grain size. Within grain size of 523-

8021 nm, B2↔R transformation disappeares, B2↔B19’ transformation is 

activated, and B2↔B19’ transformation temperature increases with grain size. 

 

(2) After the LTA of 2 h, within grain size of 34-217 nm, B2↔R transformation 

is preserved. B2↔R transformation temperatures are elevated compared with 

those before LTA and decreases with the increasing grain size. R↔B19’ 

transformation keeps suppressed. Within grain size of 523-8021 nm, B2↔R 

transformation is elevated, and B2↔R transformation temperature decreases 

with increasing grain size. The R↔B19’ transformation is impeded, which 

represents suppression within grain size of 523-1106 nm and represents the 

decrease of transformation temperature decrease and the increase of thermal 

hysteresis within grain size of 2190-8021 nm. 

 

(3) With the increasing LTA time from 2 h to 48 h, B2↔R transformation 

temperature increases regardless of grain size. Under the same LTA time, 

B2↔R transformation temperatures elevation induced by the LTA are 

different with different grain sizes. In the NC NiTi alloys, the elevation 

amplitudes of B2↔R transformation temperature increase with grain size. In 

the UFG NiTi alloys, B2↔R transformation temperature decreases with the 

increasing grain size. In the CG NiTi alloys, B2↔R transformation 

temperature is generally unchanged with the increasing grain size. The NiTi 

alloys with grain size of 105 nm present the highest elevation of B2↔R 

transformation temperature, which is as much 62.0 K at the LTA of 48 h. With 
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respect to R↔B19’ transformation, it is suppressed within grain size of 34-

1106 nm, and its temperature increases with LTA time within grain size of 

2190-8021 nm. 

 

(4) Grain size affectes Ni4Ti3 precipitation. In the CG NiTi alloys, the LTA of 2 

h precipitates Ni4Ti3 with grain size of 7-15 nm and gap of 5-15 nm. Further 

increasing LTA time from 2 h to 48 h, the size of the Ni4Ti3 precipitates is 

unchanged while their density increases. In the NiTi matrix of average grain 

size of 34 nm, Ni4Ti3 is not observed in the dominant nanograins, even though 

the LTA time reaches 48 h. By contrast, Ni4Ti3 is clearly observed in ultrafine 

grains with grain size about 150 nm, which presents similar size of precipitates 

as those found in the CG NiTi alloys. Therefore, there is a critical grain size, 

less than 150 nm, can affect the suppression of Ni4Ti3: when grain size is 

larger than this critical value, Ni4Ti3 precipitation will proceed; when grain 

size is smaller than this critical value, Ni4Ti3 precipitation will be suppressed. 

 

(5) The underlying mechanisms for the LTA presenting different effects on the 

phase transformation characteristics of the NiTi alloys with different grain 

sizes are as follows: 1) LTA preserves the original grain size, which maintains 

the effect of grain size on phase transformation during LTA; 2) LTA induces 

densely distributed Ni4Ti3 nanoprecipitates with size of 7-15 nm in UFG and 

CG matrix, of which the size of precipitates does not increase but the density 

increases with the LTA time; 3) nanograin size suppresses the Ni4Ti3 

precipitation during LTA. 
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(6) The B2→R transformation temperature model considering the effects of LTA 

time and grain size is provided, which can be used to calculate B2→R 

transformation temperature of the NiTi alloys with grain size of 34-8021 nm 

and LTA time of 2-48. The model may provide a reference for the design of 

NiTi functional devices which are based on B2↔R transformation. 
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Chapter 5 Influence of low-temperature 

aging on the superelasticity of NiTi alloys 

with different grain sizes 

5.1 Introduction 

Superelasticity is one of the most extensively used functional properties, and a lot 

of applications of the NiTi alloys are based on superelasticity [11]. On one hand, 

the previous studies [48, 49] point out that, LTA remarkably varies the 

superelasticity of CG NiTi alloys. On the other hand, as per the results of chapter 

2 and 3, it is known that the LTA presents different influences on superelasticity 

of the NC and CG NiTi alloys. Therefore, it is necessary to study the influence of 

LTA on the superelasticity of the NiTi alloys with different grain sizes. 

 

During superelastic deformation, NiTi alloys may sometimes be unloaded within 

plateau deformation stage and sometimes within the post-plateau stage, which 

depends on specific service conditions. As pointed out in the previous studies, 

whether the NiTi alloys experience post-plateau deformation stage substantially 

influenced superelasticity. For NiTi alloys, the maximum applied strains of 3% 

and 9% representatively correspond to the unloading within plateau deformation 

stage and post-plateau deformation stage. Therefore, this chapter studies the 

influence of LTA on superelasticity of the NiTi alloys with different grain sizes by 

using the maximum applied strains of 3% and 9%, which is used to investigate the 
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individual influence of post-plateau deformation stage on superelasticity of the 

NiTi alloys with different LTA time and grain sizes. 

 

5.2 Effect of grain size on superelasticity before LTA 

As pointed out from the previous studies [44-46, 129], even without LTA, grain 

size itself affects the superelasticity of NiTi alloys. Thus, to investigate the 

individual effect of grain size on superelasticity before LTA is the basis of the 

study of the influence of LTA on superelasticity of NiTi alloys with different grain 

sizes. 

5.2.1 Superelasticity under the maximum applied strain of 3% 

before LTA 

Before LTA, the superelastic stress-strain curves of the NiTi alloys with grain size 

of 34-8021 nm under the maximum applied strain of 3% are shown in Fig. 5.1. All 

of the NiTi alloys present typical superelasticity and unload within the plateau 

deformation stage. With the grain size increasing from 34 nm to 8021 nm, loading 

and unloading plateau stress decrease, residual strain increases, and the initial 

elastic modulus increases. For the NC and UFG NiTi alloys, the B2↔R 

transformation related deformation involves, and the grain boundary volume 

fraction is larger than that of the CG NiTi alloys. Thus, the initial elastic 

deformation consists of stress-induced B2↔R transformation, R-phase 

reorientation, and the elastic deformations of R-phase and grain boundaries. As 

can be seen from Fig. 5.1, when the grain size increases to above 523 nm, further 

increasing grain size hardly increases the elastic modulus, which is attributed to 
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the disappearance of B2↔R transformation with the increasing grain size. This 

result is consistent with the corresponding phase transformation variations as 

analyzed in chapter 4. 

 

Fig. 5.1 Superelastic stress-strain curves of the NiTi alloys with different grain 

sizes under the maximum applied strain of 3% before LTA 

5.2.2 Superelasticity under the maximum applied strain of 9% 

before LTA 

According to the previous study [215], even unloaded within post-plateau 

deformation stage, the NC NiTi alloys still present excellent superelasticity, and 

the recoverable strain and damping ability are improved. This reflects the 

advantages of NC NiTi alloys over CG NiTi alloys. Therefore, this section studies 

the superelasticity of the NiTi with different grain sizes under the maximum 

applied strain of 9%, of which the superelastic stress-strain curves are shown in 

Fig. 5.2. 
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Fig. 5.2 Superelastic stress-strain curves of the NiTi alloys with different grain 

sizes under the maximum applied strain of 9% before LTA 

It can be seen in the figure, under the maximum applied strain of 9%, all of the 

NiTi alloys still present typical superelasticity. The initial elastic modulus and 

loading plateau stress are as similar as those under the maximum applied strain of 

3%, which is due to the partly same loading paths. However, the unloading paths 

are different from those under the maximum applied strain of 3%. For the CG NiTi 

alloys, residual strain obviously increases with the increase of maximum applied 

strain. For the NC NiTi alloys, the residual strain is still small. Post-plateau 

deformation stage happens in the NiTi alloys with the grain size less than 217 nm, 

which further increases the maximum loading stress. Therefore, the B2 austenite 

phase and R-phase needs to be nucleated in the NiTi matrix of B19’ martensite 

phase, which leads to the stress jumps at the beginning of unloading plateau. With 

the increasing grain size, unloading plateau stress is first elevated and then 

decreased, and stress hysteresis first decreases and then increases, of which the 

grain size of 217 nm is the turning point. 
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5.2.3 Variations of superelastic indices with grain size before 

LTA 

Variations of the superelastic indices with grain size under the maximum applied 

strains of 3% and 9% are shown in Fig. 5.3. With the increasing grain size, elastic 

modulus increases while loading plateau stress decreases. They present nearly the 

same variations under the maximum applied strains of 3% and 9%, which indicates 

that these two indices are not affected by the maximum applied strain. Under the 

maximum applied strain of 3%, the unloading plateau stress increases with grain 

size. Under the maximum applied strain of 9%, the unloading plateau stress 

increases from the grain size of 34 nm to 217 nm and decreases from the grain size 

of 217 nm to 8021 nm.  

 

The variations of stress hysteresis with grain size are shown in Fig. 5.3(d). Under 

the maximum applied strain of 3%, stress hysteresis decreases with grain size 

increasing from 34 nm to 217 nm. This is consistent with the results of the previous 

study [46]. With the increasing grain size, grain boundary volume fraction 

decreases. Therefore, the energy dissipation of the phase transformation frontiers 

passing through the grain boundaries decreases, and the grain boundaries volume 

fraction that involved the accommodation deformation also decreases. These two 

factors cooperatively decrease the stress hysteresis. With the grain size increasing 

from 217 nm to 8021 nm, stress hysteresis increases. Under the maximum applied 

strain of 9%, stress hysteresis also decreases with the grain size increasing from 

34 nm to 217 nm, and the decreasing amplitude is larger than that under the 

maximum applied strain of 3%. This indicates that the post-plateau deformation, 

besides the grain boundary volume fraction, also increases the stress hysteresis. 



146 

With grain size further increasing from 217 nm to 8021 nm, stress hysteresis also 

increases, which is of the same increase amplitude as that under the maximum 

applied strain of 3%. Such increase is due to the dislocation slip. 

 

The variations of residual strain with grain size are shown in Fig. 5.3(e). Residual 

strain increased with grain size no matter under 3% or the maximum applied strain 

of 9%. The amplitude of increase under the maximum applied strain of 9% is 

higher than that under the maximum applied strain of 3%. When the grain size 

increases to above 217 nm, residual strain increases more prominent. This is due 

to the fact that 200 nm is critical grain size for dislocation slip in NiTi alloys [199]. 

If the grain size is smaller than 200 nm, dislocation slip seldom happen. If the grain 

size is larger than 200 nm, the dislocation slip increases with grain size. Thus, 

residual strain increases with grain size more remarkably when grain size is larger 

than 217 nm. The increasing dislocation slip activities also enhance the energy 

dissipation during phase transformation. This thus explains why the stress 

hysteresis increases with grain size after the grain size increasing to above 217 nm. 

 

The variations of plateau strain with grain size are shown in Fig. 5.3(f). As shown 

in Fig. 5.2 that, under the maximum applied strain of 9%, the NiTi alloys with 

grain size of 34-217 nm finish the plateau deformation, which is shown by the 

circled data points in Fig. 5.3(f). The other data points reflect the strains from the 

plateau beginning to the maximum applied strain. It can be seen that the plateau 

strain increases with grain size. 
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Fig. 5.3 Variations of superelastic indices with grain size before LTA: (a) elastic 

modulus; (b) loading plateau stress; (c) unloading plateau stress; (d) stress 

hysteresis; (e) residual strain; and (f) plateau strain (the data points circled by 

dash line were obtained when plateau deformation stage was finished). 
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5.3 Effect of LTA on the superelasticity of the NiTi alloys 

with different grain sizes 

5.3.1 Superelasticity under the maximum applied strain of 3% 

after LTA 

After LTA, under the maximum applied strain of 3%, the variations of superelastic 

stress-strain curves of the NiTi alloys with different LTA time and grain sizes are 

shown in Fig. 5.4. All of the NiTi alloys present typical superelasticity and obvious 

initial B2↔R transformation related deformation. With the increasing LTA time, 

the plateau stress of B2↔R transformation decreases, while its plateau strain 

increases. This is because that the plateau stress and strain of stress-induced 

B2↔R transformation depend on its B2↔R transformation temperature [189, 

216]: the higher B2→R transformation temperature leads to lower plateau stress 

and larger plateau strain. As known from Chapter 4, B2→R transformation 

temperature of the NiTi alloys increases with LTA time, which is consistent with 

the above mentioned B2↔R transformation related deformation in this chapter. 

When the B2→R transformation plateaus are finished, the elastic modulus of the 

R-phase seldom changes with LTA time and grain size. 
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Fig. 5.4 Under the maximum applied strain of 3%, the variations of superelastic 

stress-strain curves with LTA time of 0-48 h and grain size of (a) 34 nm; (b) 40 
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nm; (c) 51 nm; (d) 105 nm; (e) 217 nm; (f) 523 nm; (g) 1106 nm; (h) 2190 nm; 

(i) 4972 nm; and (j) 8021 nm. 

5.3.2 Superelasticity under the maximum applied strain of 9% 

after LTA 

After LTA, under the maximum applied strain of 9%, the variations of superelastic 

stress-strain curves of the NiTi alloys with different LTA time and grain sizes are 

shown in Fig. 5.5. Some of them present typical superelasticity, which experience 

loading and unloading plateau deformation stages, respectively. The others do not 

experience unloading plateau deformation stage even when the applied stress 

decreases to 0 MPa. After LTA, under the maximum applied strain of 9%, all of 

the curves finish plateau deformation stage and enter post-plateau deformation 

stage, and the maximum loading stress thus increases. Under the maximum applied 

strain of 3%, however, the maximum loading stress should be the plateau stress, if 

the stress jump induces by the start of Lüders-like deformation is neglected. Under 

the maximum applied strain of 9%, the stress-strain relationships within B2↔R 

transformation related deformation stage and plateau deformation stage are the 

same as those under the maximum applied strain of 3%, which indicates that the 

two deformation stages are independent of the maximum applied strain. 
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Fig. 5.5 Under the maximum applied strain of 9%, variations of superelastic 

stress-strain curves with LTA time of 0-48 h and grain size of (a) 34 nm; (b) 40 

nm; (c) 51 nm; (d) 105 nm; (e) 217 nm; (f) 523 nm; (g) 1106 nm; (h) 2190 nm; 

(i) 4972 nm; and (j) 8021 nm. 

Plateau strain, the elastic modulus of post-plateau deformation, unloading plateau 

stress, and residual strain under the maximum applied strain of 9% are different 

with those under the maximum applied strain of 3%. Under the maximum applied 

strain of 9%, plateau strain decreases with LTA time. The elastic modulus of post-

plateau deformation decreases with grain size while it generally does not change 

with LTA time. Unloading plateau stress decreases with the increasing LTA time, 

and the decrease is more remarkable than that under the maximum applied strain 

of 3%. After the LTA of 48 h, the NiTi alloys with grain size of 40-2190 nm do 

not finish the unloading plateau deformation, and larger residual strains are left. 

For the other NiTi alloys, even if the unloading plateau deformation is finished, 

the residual strains are still higher than those under the maximum applied strain of 

3%. 
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5.3.3 Variations of superelasticity indices with LTA time and 

grain size 

Since the superelasticity indices are important in practical applications for 

different functional usages, this section discusses the variations of the indices with 

grain size and LTA time. 

5.3.3.1 Loading plateau stress 

As shown in Fig. 5.6, the loading plateau stress decreases with grain size 

regardless of the variation of LTA time. Before LTA, the decrease is slight with 

the increasing grain size. After the LTA of 2 h, the loading plateau stress decreases 

drastically with the grain size increasing from 34 nm to 1106 nm, while it decreases 

slightly with the grain size increasing from 1106 nm to 8021 nm. After LTA of 4-

48 h, the variations of loading plateau stress with grain size are similar to that after 

the LTA of 2 h. 

 

As shown in Fig. 5.6(b), the loading plateau stress decreases with LTA time 

regardless of the variations of grain size. The variation within grain size of 105-

1106 nm and LTA time of 0-2 h are most remarkable. 
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Fig. 5.6 Variations of loading plateau stress with (a) grain size and (b) LTA time. 

5.3.3.2 Plateau strain 

After LTA, all the NiTi alloys finish the plateau deformation stage under the 

maximum applied strain of 9%, whilst that is not the case under the maximum 

applied strain of 3%. Thus, the data under the maximum applied strain of 9% is 

used to discuss the plateau strain, as shown in Fig. 5.7. It is noteworthy that, before 

LTA, the NiTi alloys with grain size of 1106-8021 nm do not finish the plateau 

deformation stage. Thus, larger applied strains are used to obtain the plateau strain, 

which is also shown in Fig. 5.7. 

 

As shown in Fig. 5.7(a), before LTA, the plateau strain increases from 5.2% to 

10.3 % with the grain size increasing from 34 nm to 8021 nm. After LTA, plateau 

strains obviously decrease than those before LTA. Within grain size of 34-217 nm, 

plateau strain slightly decreases with the increasing grain size and is generally 

maintained within 4%-5.5%. Within grain size of 217-8021 nm, it increases with 

grain size. The smallest plateau strain emerges within grain size of 105-217 nm.  
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As shown in Fig. 5.7(b), the plateau strain decreases with the increasing LTA time. 

The amplitude of decrease is obvious within 0-8 h, whilst it becomes gentle within 

8-48 h. This decrease is more remarkable in UFG and CG NiTi alloys. 

 

Fig. 5.7 Variations of plateau strain with (a) grain size and (b) LTA time. 

5.3.3.3 Unloading plateau stress 

Since the unloading stress-strain paths are different between the maximum applied 

strains of 3% and 9%, the variations of unloading plateau stress with grain size 

and LTA time under the two maximum applied strains are respectively shown in 

Fig. 5.8. 

 

Under the maximum applied strain of 3%, as shown in Fig. 5.8(a), before LTA, 

the unloading plateau stress decreases with the increasing grain size. After LTA, 

the unloading plateau stress decreases with grain size from 34 nm to 105 nm, whilst 

it increases with grain size from 105 nm to 8021 nm. 

 

As shown in Fig. 5.8(b), within grain size of 34-523 nm, the unloading plateau 

stress decreases with the increasing LTA time. Within grain size of 1105-8021 nm, 

the unloading plateau stresses after the LTA of 2 h are higher than those before 
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LTA. After that, the unloading plateau stress decreases from the LTA of 2 h to 48 

h. This decrease is most remarkable in UFG NiTi alloys. 

 

Fig. 5.8 Variations of unloading plateau stress with (a) grain size and (b) LTA 

time under the maximum applied strain of 3%, and that with (c) grain size and 

(d) LTA time under the maximum applied strain of 9%. 

Under the maximum applied strain of 9%, since a part of the NiTi alloys does not 

finish the plateau deformation stage, Fig. 5.8(c) and (d) only depict the unloading 

plateau stress of those finished the plateau deformation stage. As shown in Fig. 

5.8(c), before LTA, the unloading plateau stress first increases and then decreases, 

which arrives its maximum at the grain size of 217 nm. After LTA, the variations 

of unloading plateau stress with grain size are similar to those under the maximum 

applied strain of 3%. 
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As shown in Fig. 5.8(d), within grain size of 34-1106 nm, unloading plateau stress 

decreases with the increasing grain size. Within grain size of 1106-8021 nm, the 

unloading plateau stress increases after the LTA of 2 h, whilst they decrease with 

the LTA time further increasing from 2 h to 48 h. Within the UFG grain size scale, 

the unloading plateau stress decreases most obviously, which is similar to the case 

under the maximum applied strain of 3%. 

5.3.3.4 Stress hysteresis 

Since the stress hysteresis variations with grain size and LTA time are different 

between the maximum applied strains of 3% and 9%, they are respectively 

discussed as shown in Fig. 5.9. 

 

Under the maximum applied strain of 3%, the NiTi alloys are unloaded within the 

plateau deformation stage, thus their stress hysteresis is independent of the post-

plateau deformation. As shown in Fig. 5.9(a), before LTA, stress hysteresis first 

decreases then increases with the increasing grain size, and it reaches its minimum 

at grain size of 217 nm. After LTA, the stress hysteresis first increases and then 

decreases with the increasing grain size, and it reaches its maximum at grain size 

of 105 nm. 

 

As shown in Fig. 5.9(b), within grain size of 34-217 nm, stress hysteresis increases 

with LTA time. Within grain size of 523-8021 nm, stress hysteresis first reaches 

its minimum at the LTA of 2 h, and then increases with the increasing LTA time 

from 2 h to 48 h. 
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It is noteworthy that the LTA effectively expands the variation range of stress 

hysteresis. Before LTA, the variation range of stress hysteresis is relatively small, 

which is about 275-313 MPa. After LTA, the variation range of stress hysteresis 

is expanded, which is about 225-400 MPa. That is to say, the variation range is 

expanded from 38 MPa to 175 MPa, which is increased by 460%. This indicates 

that the LTA induces the increase of stress hysteresis variation range has the 

potential to facilitate the applications of NiTi alloys from the damping perspective. 

 

Taking civil engineering as an instance, the vibration of a suspension bridge 

caused by winds leads to the fatigue of the bridge cable during cyclic loading-

unloading deformation [24, 217]; the vibration of an architecture caused by an 

earthquake may leads to collapse of the whole building if the vibration is not 

suppressed [26, 27]. By using NiTi alloys as damping material, the stress 

hysteresis of the alloys is worked as damping, which leads to the energy 

transformation from kinetic energy to heat. The bridge cable and building were 

thus protected and strengthened since the vibration energy is absorbed and 

dissipated. The larger the hysteresis is, and the more is transformed from kinetic 

energy to heat. In this thesis, the increase of hysteresis adjustment range (from 38 

MPa (275-313 MPa) to 175 MPa (225-400 MPa),) can be used to increase the 

hysteresis from 313 MPa to 400 MPa, which remarkably increases the damping. 

This will increase the energy absorption and dissipation in civil engineering, i.e. 

facilitates the engineering application. 

 

As shown in Fig. 5.9(c) and (d), the variations of stress hysteresis with grain size 

and LTA time under the maximum applied strain of 9% are similar to those under 
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the maximum applied strain of 3%. However, the variations of stress hysteresis 

under the maximum applied strain of 9% are additionally influenced by post-

plateau deformation. Therefore, they are generally higher than those under the 

maximum applied strain of 3%. As similar to those under the maximum applied 

strain of 3%, the LTA under the maximum applied strain of 9% still can obviously 

expand the variation range of stress hysteresis (expanding from 270-405 MPa 

before LTA to 250-490 MPa after LTA). 

 

Stress hysteresis reaches its minimum after the LTA of 2 h at grain size of 217 nm 

(under the maximum applied strain of 3%) and 1106 nm (under the maximum 

applied strain of 9%). This is because the LTA effectively suppresses the 

dislocation slip and consequently decreases the increase of stress hysteresis 

induced by dislocation activities. 
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Fig. 5.9 Variations of stress hysteresis with (a) grain size and (b) LTA time 

under the maximum applied strain of 3%, and that with (c) grain size and (d) 

LTA time under the maximum applied strain of 9%. 

5.3.3.5 Residual strain 

The residual strain of NiTi alloys after subjected to loading-unloading deformation 

usually consists of dislocation slip, R-phase reorientation, incomplete stress-

induced R→B2 transformation, incomplete stress-induced B19’→B2(R) 

transformation. The variations of residual strain with grain size and LTA time 

under 3% and the maximum applied strain of 9% are shown in Fig. 5.10. 

 

Fig. 5.10 Variations of residual strain with (a) grain size and (b) LTA time under 

the maximum applied strain of 3%, and that with (c) grain size and (d) LTA time 

under the maximum applied strain of 9%. 
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As shown in Fig. 5.10(a), under the maximum applied strain of 3%, before LTA, 

the residual strain increases with grain size. After LTA, the residual strain of a part 

of CG NiTi alloys decreases, which is attributed to the suppression of dislocation 

slip induced by LTA. The rest of the NiTi alloys increases residual strain, which 

is due to the incomplete stress-induced R→B2 transformation during unloading. 

The residual strain first increases and then decreases with the increasing grain size, 

which reaches its maximum within grain size of 105-217 nm. This is because of 

the incomplete stress-induced B19’→R transformation plateau deformation during 

unloading. As shown in Fig. 5.10(b), the residual strain increases with LTA time, 

which is due to the increasing R→B2 transformation temperature with LTA time 

(The larger R→B2 transformation temperature than the superelasticity testing 

temperature they present, the less stress-induced R→B2 transformation they 

proceed during unloading, and consequently the larger residual strain they show). 

 

Under the maximum applied strain of 9%, the NiTi alloys are subjected to post-

plateau deformation stage after LTA, and the stress hysteresis consequently 

remarkably increases. Some of the NiTi alloys do not finish the unloading plateau 

deformation, thus they present larger residual stains than those under the maximum 

applied strain of 3%, as shown in Fig. 5.10(c). On the other hand, for the NiTi 

alloys with the same grain size, residual strain increases with LTA time, as shown 

in Fig. 5.10(d). 

5.3.3.6 Elastic modulus of post-plateau deformation 

Under the maximum applied strain of 9%, the NiTi alloys are subjected to post-

plateau deformation after LTA, and this deformation can be approximately 

regarded as linear deformation. Therefore, the stress-strain curves of post-plateau 
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deformation stage are linearly fitted, and the slope of the linear fitting is regarded 

as the elastic modulus of post-plateau deformation, as shown in the figure 

“Schematic plot of superelastic indices” at the beginning of this study. 

 

As shown in Fig. 5.11(a) and (b), the elastic modulus of post-plateau deformation 

is sensitive to grain size whilst insensitive to LTA time. Within grain size of 34-

105 nm, the elastic modulus of post-plateau deformation remains at a relatively 

high level, which is about 21000-22000 MPa. Within grain size of 105-8021 nm, 

the elastic modulus of post-plateau deformation rapidly decreases with the 

increasing grain size.  

 

Fig. 5.11 Variation of the elastic modulus of post-plateau deformation with (a) 

grain size and (b) LTA time. 

When grain size is within NC scale, dislocation activities are generally suppressed 

[199, 218], the post-plateau deformation mainly consists of elastic deformation of 

grain boundaries and the elastic deformation of B19’ martensite phase [46]. The 

elastic modulus of the elastic deformation of grain boundaries can be referred by 

the elastic modulus of the amorphous phase, which is about 93000 MPa [35]. Thus, 

the value is larger than that of B19’ martensite phase, which is about 18000 MPa 



163 

[219]. Therefore, the combination of the elastic deformation of grain boundaries 

and B19’ martensite phase presented larger elastic modulus than that of the pure 

B19’ martensite phase. As the grain size further increases from NC to UFG and to 

CG scale, the grain boundary volume fraction drastically decreases, and the 

influence of the elastic deformation of grain boundaries is consequently weakened. 

Therefore, the elastic modulus of post-plateau deformation mainly reflects the 

influence of elastic deformation and reorientation of B19’ martensite phase, and 

the further transformation of residual B2 and R-phase, which leads to the decrease 

of the elastic modulus of post-plateau deformation with the increasing grain size. 

5.4 Mechanisms of the influence of LTA on 

superelasticity 

The LTA presents different influences on the superelasticity of the NiTi alloys of 

different grain sizes. The underlying mechanisms can be explained by the different 

microstructural evolutions, as shown in Fig. 5.12. 

 

In the NC NiTi alloys, the matrix mainly consists of nanograins. The nanograin 

size suppresses the Ni4Ti3 precipitation during LTA. In the meanwhile, a small 

portion of ultrafine grains also exists in the NiTi matrix, and Ni4Ti3 can precipitate 

in these UFG grains, as shown in Fig. 5.12. As the average grain size increases, 

the volume fraction of these grains increases, and the suppression of Ni4Ti3 

precipitation is consequently weakened. The influence of the Ni4Ti3 

nanoprecipitates on superelasticity gradually increases. In addition, grain 

boundaries segregation of the solution atoms happen in NiTi alloys [220]. The high 

grain boundary volume fraction of NC matrix is beneficial for the segregation of 
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the saturated Ni on the grain boundaries [212]. Therefore, the Ni content increases 

on the grain boundaries whilst decreases within the grain inners with the increasing 

LTA time. In the NC NiTi alloys, the grain boundary segregation stabilizes the 

grain boundaries [212], which increases the energy dissipation when the phase 

transformation frontiers pass through the grain boundaries. Therefore, the loading 

plateau stress and plateau strain decrease whilst the stress hysteresis increases with 

LTA time. 

 

Within the UFG NiTi alloys, it can be obviously observed the Ni4Ti3 

nanoprecipitates in grains with size above 150 nm, and the corresponding SAED 

pattern verifies this observation, as shown in Fig. 4.12. Therefore, it can be 

concluded that there is a critical grain size, smaller than 150 nm, which suppresses 

Ni4Ti3 precipitation if grain size is smaller than this value whilst permits Ni4Ti3 

precipitation if grain size is larger than this value. This further indicates that within 

the most of UFG grain size scale, LTA can induce Ni4Ti3 precipitation. Such 

precipitation, on one hand, reduces the Ni concentration in the NiTi fraction, and, 

on the other hand, reduces the volume fraction of transformable material. In the 

meanwhile, the UFG grain size is preserved after LTA, which leads to that the 

propagations of phase transformation frontiers are impeded by both the high 

volume fraction of grain boundary and the densely distributed Ni4Ti3 

nanoprecipitates within grain inners, and consequently elevate the dissipated 

energy. The superelasticity of UFG NiTi alloys presents the most remarkable 

variations after LTA, which presents the largest decrease of loading plateau stress, 

the smallest plateau strain, and the largest stress hysteresis. 
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Within the CG NiTi alloys, the density and the volume fraction of grain boundary 

are the lowest compared with those in NC and UFG NiTi alloys. After LTA, 

numerous Ni4Ti3 nanoprecipitates with size of 7-15 nm emerge in the NiTi matrix. 

The size of the precipitates does not show an obvious increase, whilst the density 

of the precipitates increases with LTA time. The nanoprecipitates are always 

coherent with the NiTi matrix, as shown in Fig. 4.12. Such nanoprecipitates can 

effectively reduce the Ni concentration within NiTi matrix [143], and introduce 

elastic strain field around the precipitates [144]. This leads to the decrease of 

loading plateau stress and the variation of stress-induced phase transformation 

sequence from B2↔B19’ to B2↔R↔B19’. Such nanoprecipitates can also 

effectively elevate the resistance of dislocation activities [48], which leads to the 

decrease of stress hysteresis and residual strain after LTA. With the increasing 

LTA time, the density of Ni4Ti3 increases, which elevates the energy dissipation 

during superelastic deformation and consequently leads to the increase of stress 

hysteresis. 
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Fig. 5.12 Comparisons of the mechanisms for the influences of LTA on 

superelasticity of the NiTi alloys with different grain sizes. 

5.5 Increase of the maximum loading stress and stress 

hysteresis 

It can be found from the experimental results that, regardless of grain size or LTA 

time, the increase of the maximum loading stress inevitably decreases the 

unloading plateau stress and increases the stress hysteresis, as schematically 

shown in Fig. 5.13 (where lps  is loading plateau stress, ulps0  is the unloading 

plateau stress when it unloads within plateau deformation stage, hysteresis0  is the 

stress hysteresis when it unloads within plateau deformation stage, max  is the 

maximum loading stress). If the unloading happens within the plateau deformation 

stage, the unloading plateau stress is ulps0 , then the stress hysteresis keeps 
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unchanged ( hysteresis0 lps ulps0    ). If the unloading happens within the post-plateau 

deformation stage, with the maximum loading stress increasing to max1 , max2 , 

and max3  respectively, the stress hysteresis then correspondingly increases to 

hysteresis1 , hysteresis2 , and hysteresis3  respectively. The previous studies [192, 215, 221, 

222] also found similar phenomena in NiTi alloys under different grain sizes and 

aging conditions, which indicates its ubiquity during superelastic deformation. 

 

This study investigates the unloading deformation under 3% and the maximum 

applied strain of 9%, i.e., unloading within plateau deformation stage and post-

plateau deformation stage, respectively, and it covers the grain size from NC to 

CG scale and LTA time range from 0 h to 48 h. This section analyzes the 

relationship among the four indices including the maximum loading stress, the 

loading plateau stress, the unloading plateau stress, and the stress hysteresis. The 

experimental results show that the increment of the maximum loading stress (the 

difference between the maximum loading stress max  and the loading plateau 

stress lps ) presents approximate linear relation with the increment of stress 

hysteresis (the decrease of unloading plateau stress ( ulps0 ulps  )), as shown in Fig. 

5.14. 
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Fig. 5.13 Schematically illustration of the relationship between the increase of 

the maximum loading stress and the increase of stress hysteresis 

 

Fig. 5.14 The approximate linear relation between the stress hysteresis increment 

and the maximum loading stress increment 

This approximate linear relation is expressed as Eq. (5.1) of which the correlation 

coefficient R was 0.99905. 

    max lpsulps ulps0 mf max0.186       9%            (5.1) 

where ulps  is the unloading plateau stress that unloads within post-plateau 

deformation stage, ulps0  is the unloading plateau stress that unloads within 
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plateau deformation stage, max  is the maximum loading stress, lps  is the 

loading plateau stress, max  is the maximum applied strain, mf  is the strain at 

which plateau deformation finished. It is obvious that Eq. (5.1) is fit for the 

unloading within the post-plateau stage. Based on the current experimental results 

and those from previous studies [192, 215, 221, 222], if the unloading happens 

within plateau deformation stage, the unloading plateau stress generally keeps 

unchanged according to the characteristics of Lüders-like deformation. Therefore, 

it can be obtained combining with Eq. (5.1) that 

 
   

 

max lps ulps0 mf max

ulps

ulps0 ms max mf

0.186       9%

                                             

    


   

     
  

  (5.2) 

where ms  is the strain at which the plateau deformation starts. Because stress 

hysteresis is the difference between loading plateau stress and unloading plateau 

stress, Eq. (5.2) can thus be obtained as: 

 
   

 

max lpslps ulps0 mf max

hysteresis lps ulps

lps ulps0 ms max mf

0.186       9%

                                        

    
  

    

        
   

  (5.3) 

Then the relationship between the increment of stress hysteresis and the increment 

of the maximum loading stress is obtained as follows: 

 
   

 

max lps mf max

hysteresis hysteresis hysteresis0

ms max mf

0.186       9%

0                                  

   
  

  

       
  

  (5.4) 

Thus, it can be obtained from Eq. (5.2) and (5.4) that, if it unloads within plateau 

deformation stage, the unloading plateau stress and stress hysteresis keeps 

unchanged. However, when it unloads within the post-plateau deformation stage, 

the difference between the maximum loading stress and the loading plateau stress 

increasing per 1 MPa, then the unloading plateau stress will decrease about 0.186 
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MPa, and the stress hysteresis will consequently decreases about 0.186 MPa. The 

function of Eq. (5.2) and (5.4) may facilitate the design and application of NiTi 

components and parts that based on stress hysteresis. 

5.6 Stress hysteresis model considering the effect of LTA 

time and grain size 

The stress hysteresis reflects the energy dissipation during superelastic 

deformation, which represents the damping capacity of the materials during 

loading-unloading deformation. This superelastic index is widely used in civil 

engineering [223, 224]. As shown in Fig. 5.9, before LTA, even though the grain 

size is varied, the corresponding variation of stress hysteresis is within a narrow 

range. After LTA, however, the stress hysteresis can be adjusted within a much 

larger range. Under the maximum applied strain of 3%, all the NiTi alloys present 

complete superelasticity after LTA and unload within the plateau deformation 

stage. Considering the Lüders-like deformation characteristics, the stress 

hysteresis generally keeps unchanged as long as the unloading happened within 

plateau deformation stage. Therefore, the stress hysteresis under the maximum 

applied strain of 3% can be regarded as the stress hysteresis that after the unloading 

within plateau deformation stage. Thus, the model of such stress hysteresis 

considering the effect of grain size and LTA time is to be established as follows: 

    hysteresis ms max mfLTA       ,  f D t        (5.5) 

where hysteresis  is the stress hysteresis unloading within plateau deformation stage, 

D  is grain size, and LTAt  is the LTA time at 573 K. 
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The data points of stress hysteresis under the maximum applied strain of 3% are 

divided into two datasets, by random, i.e., the modeling dataset (45 data points) 

and the verification dataset (15 data points), and the detailed division is shown in 

Table 5.1. 

Table 5.1 Division of modeling dataset and verification dataset 

LTA time (h) 
Grain size (nm) 

34 40 51 105 217 523 1106 2190 4972 8021 
0 ○ (3) ○ ○ ○ (9) ○ ○ ○ ○ 
2 ○ ○ ○ (7) ○ (10) ○ ○ (13) ○ 
4 (1) ○ ○ ○ ○ ○ ○ ○ (14) ○ 
8 ○ (4) ○ ○ (8) ○ ○ ○ ○ (15) 

24 (2) ○ (6) ○ ○ ○ ○ (12) ○ ○ 
48 ○ (5) ○ ○ ○ ○ (11) ○ ○ ○ 

○ Modeling dataset; (1)~(15) Verification dataset 

 

According to the modeling dataset, by using the method described in section 4.6 

of chapter 4, based on the superposition principle [214], the model is constructed 

as follows: 

 
         

       
 LTA LTA

hysteresis ms max mf

LTA LTA

    2 2 48
   

      2 0 2

n Da ct tD D

k ct tD D
   

      
    

  (5.6) 

where  a D ,  n D ,  c D , and  k D  are the functions of grain size D , 

they are respectively as follows: 

     31 2exp aa log aa DD      (5.7) 

   2
1 2 10 3 10n n log n logn D DD       (5.8) 

  
    

     

1 2 3

4 32

exp c c c       log 2.02 105 8021 nm

c exp c         clog 2.02 34 105 nm

D D
c D

D D

       
     

  (5.9) 

  
    

     

1 2 3

4 32

exp k k k       log 2.02 105 8021 nm

k exp k         klog 2.02 34 105 nm

D D
k D

D D

       
     

  (5.10) 
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where 1 3a ~a , 1 3n ~n , 1 4c ~c , and 1 4k ~k  are the parameters of the model, the 

values of these parameters are shown in Table 5.2. 

 

The surface of the obtained model is shown in Fig. 5.15(a), and the model can 

depict the variations of the stress hysteresis with the increasing grain size and LTA 

time. The correlation between the calculated values and the experimental values 

of the verification dataset is shown in Fig. 5.15(b) where the correlation coefficient 

R is 0.99444 and the AARE(%) is 1.40%. Fig. 5.16 depicts the comparison of the 

experimental values and the calculated values of the verification dataset of the 

stress hysteresis. Within the stress hysteresis range of 226.91 to 392.67 MPa, the 

maximum absolute error is 12.37 MPa, and the maximum relative error is 3.15%. 

It thus can be summarized that the obtained model can be used to calculate the 

stress hysteresis, unloaded within plateau deformation stage, of the NiTi alloys 

with grain size from 34 nm to 8021 nm and LTA time from 0 h to 48 h 

Table 5.2 The values of the parameters of the stress hysteresis model 

Parameter Value Parameter Value 

1a  2.14 1n  -0.30 

2a  -6.35 2n  0.72 

3a  6.14 3n  -0.14 

1c  1.86 1k  1.30 

2c  5.02 2k  4.47 

3c  216.10 3k  -48.01 

4c  58.58 4k  51.04 
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Fig. 5.15 The obtained stress hysteresis model: (a) modeling dataset, verification 

dataset, and the surface of the stress hysteresis model; (b) the correlation between 

the calculated values and the experimental values of the verification dataset. 

 

Fig. 5.16 Comparison of the experimental values and the calculated values of the 

verification dataset of the stress hysteresis 
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5.7 Summary 

This chapter studies the influence of LTA of 0-48 h on the superelasticity of the 

NiTi with grain size of 34-8021 nm under the maximum applied strain of 3%-9%. 

The following concluding remarks can thus be drawn: 

 

(1) Before LTA, with the increasing grain size, the elastic modulus increases, the 

loading plateau stress decreases, the residual strain increases, and the stress 

hysteresis first increases and then decreases of which the critical grain size 

was 217 nm. The underlying reasons are that, with the increasing grain size, 

the stress-induced B2→R transformation related deformation disappears, the 

grain size induced suppression of B2(R)→B19’ transformation weakens, and 

the dislocation activities increase. 

 

(2) After LTA, under the maximum applied strain of 3%, all the NiTi alloys 

unload within plateau deformation stage. With the increasing LTA time, the 

loading and unloading plateau stress decrease, the stress hysteresis increases, 

the strain of B2→R transformation related deformation increases, and the 

residual strain increases. These variations are more remarkable within in the 

UFG NiTi alloys. Under the maximum applied strain of 9%, all the NiTi alloys 

unload within post-plateau deformation stage. With the increasing LTA time, 

the loading and unloading plateau stress decrease, the plateau strain decreases, 

the post-plateau strain increases, which further increases the stress hysteresis 

and consequently leads to the incomplete unloading plateau deformation of a 

part of the NiTi alloys. Similarly, these variations are more prominent in the 

UFG NiTi alloys. 
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(3) LTA presents different effects on superelasticity of the NiTi alloys with 

different grain sizes, and the underlying reasons are the different 

microstructural evolutions. The NC NiTi alloys are mainly influenced by the 

high grain boundary volume fraction. Ni4Ti3 precipitation is suppressed by 

nanograin size, and the grain boundary segregation is enhanced. Only a few 

ultrafine grains within the NC matrix can precipitate Ni4Ti3. The UFG NiTi 

alloys are simultaneously influenced by the high grain boundary volume 

fraction and the densely distributed Ni4Ti3 nanoprecipitates with size of 7-15 

nm. The volume fraction of transformable material decreases and 

consequently leads to the shortest plateau strain. The relatively high grain 

boundary volume fraction and the numerous Ni4Ti3 nanoprecipitates 

remarkably increases the energy dissipation of stress-induced B2(R)↔B19’ 

transformation, which leads to the UFG NiTi alloys presenting highest stress 

hysteresis. The CG NiTi alloys present lower grain boundary volume fraction, 

which is mainly influenced by the precipitates. The precipitates suppress 

dislocation activities within the grain inner and consequently decrease the 

stress hysteresis and residual strain. As the LTA time increases, the density of 

the precipitates increase, which increases the energy dissipation during 

superelastic deformation and consequently the stress hysteresis. 

 

(4) According to the experimental findings, the increment of the maximum 

loading stress presents approximate linear relation with the increment of stress 

hysteresis. The function of these two variables is thus obtained. When the NiTi 

alloys unload within the post-plateau deformation stage, the maximum 
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loading stress increases per 1 MPa, then the stress hysteresis correspondingly 

increases 0.186 MPa. This function may facilitate the design and application 

of the NiTi functional parts and components based on stress hysteresis. 

 

(5) LTA remarkably expands the adjustment range of stress hysteresis. Unloading 

within plateau deformation stage, the adjustment range of stress hysteresis 

increases from 38 MPa (275-313 MPa) to 175 MPa (225-400 MPa), which 

increases by 460%. This finding may facilitate the engineering application of 

NiTi alloys from the aspect of damping. Hereby, the stress hysteresis model 

considering the effects of grain size and LTA time is obtained. The model can 

be used to calculate the stress hysteresis, unloaded within plateau deformation 

stage, of the NiTi alloys with grain size of 34-8021 nm under the LTA time of 

0-48 h, which may also facilitate the design and application of NiTi parts and 

components based on stress hysteresis. 
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Chapter 6 Superelastic stress-strain 

model considering the effects of LTA and 

grain size 

6.1 Introduction 

Based on the results of chapter 5, the superelasticity of the NiTi alloys remarkably 

varies with LTA time and grain size, and the variations of superelasticity indices 

are complicated with the two factors. Therefore, based on Graesser superelastic 

stress-strain model, this chapter is to establish a superelastic stress-strain model 

that considering the effect of LTA time and grain size. The model is to be used for 

the calculation of superelastic stress-strain curves of the NiTi alloys with different 

grain sizes and LTA time, which may facilitate the design and adjustment of the 

superelastic stress-strain relations of the NiTi parts and components with different 

grain sizes under LTA. 

6.2 Graesser model 

Among numerous superelastic stress-strain model, Graesser model is one of the 

macroscopic phenomenological models with the characteristics of classical 

viscoplasticity theory [170]. The model is with relative simple mathematical 

structure, which induces the concept of back stress to describe the Stress-strain 

hysteresis. The parameters of the model are relatively easy for calibration. It is 

thus widely used in civil engineering [225, 226]. Some scholars have modified the 
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model [225, 227-229] and established modified models that described the post-

plateau deformation [228], functional degeneration [225], and the effect of strain 

rate [229], etc. Since the superelastic indices of the NiTi alloys present 

complicated variations with grain size and LTA time, Graesser model is chosen as 

the model framework and is used to establish the modified model that can describe 

superelastic stress-strain relation under certain grain size and LTA time. After that, 

the parameters of the modified Graesser model are regarded as functions of grain 

size and LTA time, and they are formulated based on the modeling dataset from 

the experimental results of chapter 5. Finally, the superelastic stress-strain model 

that considering the effects of LTA time and grain size is obtained by substituting 

the parameter functions into the main framework. 

6.2.1 Mathematical formulation of the Graesser model 

The mathematical structure of Graesser model [170] is as follows:  

 A=
n

E
Y

   
    

   
   (6.1) 

where   is engineering stress rate,   is engineering strain rate, AE  is the 

elastic modulus of austenite phase,   is one dimension back stress, Y  is the 

nominal yield stress (the stress required for activating B2→B19’ transformation), 

and n  is a material constant (the value was prescribed as a positive odd number). 

It is worth noting that, though the Graesser model is written as rate form, this is 

for calculation but not for the description of the relationship between 

superelasticity and strain rate [170]. 

 

The expression of   in Eq. (6.1) is as follows [170]: 
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    A
A

= erf
c

E ft a u
E

     
 

     
 

  (6.2) 

where  AM A AME E E   , AME  is the modulus of B2(R)→B19’ 

transformation plateau. Thus, when the slope of the plateau is nearly equal to 0 as 

the case of this study,   can be prescribed as a small positive number 

representing the small modulus. fT, c, a  are material constants.  erf x  and 

 u x  represent the error function and unit step function respectively of which the 

expressions are as follows: 

   2

0

2 x terf x e dt


    (6.3) 

  
1 0

     
0 0

x
u x

x


  

  (6.4) 

Besides, it is prescribed the applied stress was 0 when the strain is 0, as shown in 

Eq. (6.5): 

 00     (6.5) 

The superelastic stress-strain curve calculated by this model is shown in Fig. 6.1. 

As can be seen in the figure, Graesser can also describe the superelasticity when 

the strain is negative. According to Eq. (6.1) and (6.2), it can be known that at a 

given strain increment, the corresponding stress increment is mainly influenced by 

AE ,  , and  . The stress-strain hysteresis during loading-unloading is described 

by the term    T erf
c

f a u      in Eq. (6.2). According to Eq. (6.4), this 

term equal to 0 during loading, and equal to  T erf
c

f a   during unloading. 

Therefore, based on Eq. (6.2), the back stress   is larger during unloading than 



180 

that during loading, which consequently realizes the description of stress-strain 

hysteresis during loading-unloading deformation. 

 

Fig. 6.1 The superelastic stress-strain curves calculated by Graesser model [170]. 

6.2.2 Influence of the parameters of the Graesser model on 

superelastic stress-strain curves 

The Grasser model includes four main material parameters, which are fT, n, c, and 

a respectively. Based on the study of Z.H. Zhang et al [228], the influences of the 

four parameters on the superelastic stress-strain curve are shown in Fig. 6.2. The 

fT determines the magnitude of stress hysteresis; the n describes the transition 

between elastic deformation stage to plateau deformation stage (the smaller the n 

was; the smoother the transition is, and the faster the calculation speed of this 

model is); the c determines the unloading plateau stress and the slope of unloading 

plateau (the larger the c is, the smaller unloading plateau stress and the larger slope 

of the unloading plateau it is); the a determines the finish of unloading plateau 

deformation which affects the residual strain after unloading (the larger the a is, 

the smaller residual strain it is). 
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Besides, though the influences of other parameters of the Graesser model on 

superelasticity are not provided here in Fig. 6.2, however, according to Eq. (6.1) 

and (6.2), it is not difficult to know that other parameters also greatly affect the 

superelasticity. The AE  not only affects the elastic modulus during loading and 

unloading stage, but it also affects the slopes of loading and unloading plateau. 

The   not only affects the slopes of the loading and unloading plateau, but it also 

varies the unloading plateau stress. The Y not only affects the loading plateau stress, 

but it also affects the unloading plateau stress (the larger the Y is, the larger loading 

and unloading plateau stresses it is). 

 

Fig. 6.2 Influence of the parameters on superelastic stress-strain curve [228]: (a) 

fT; (b) n; (c) c; and (d) a. 

It can be known from the above analyses that the influences of the parameters, 

including fT, n, c, a, AE ,  , and Y , on superelastic stress-strain curves are not 
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independently, e.g., fT and c can both affect the unloading plateau stress. Therefore, 

it is difficult to obtain the one-to-one relationship between the superelastic indices 

and the parameters. 

6.2.3 Limitation of the Graesser model 

Though the relative simple mathematical structure and the small number of 

parameters, the Graesser model exists some limitations: 

(1) The influences of the parameters of the Graesser model on superelastic indices 

are not independent, which is difficult for the calibration of parameters when 

an actual superelastic stress-strain is given. 

(2) The Graesser model is only fit for unloading within plateau deformation stage, 

which cannot describe the loading within the post-plateau deformation and the 

corresponding unloading, as shown in Fig. 6.3. 

(3) The Graesser model is only fit for the superelasticity based on stress-induced 

B2↔B19’ transformation of which the initial elastic deformation is generally 

linear. However, in practical scenarios, superelasticity based on B2↔R↔B19’ 

transformation also exists no matter it is induced by coherent Ni4Ti3 

precipitates or by nanograin size, as shown in Fig. 6.3. The B2↔R 

transformation related deformation before reaching B2(R)↔B19’ 

transformation plateau is generally non-linear, which is consequently difficult 

to be described by the Graesser model. 

(4) The Graesser model cannot describe the influences of grain size and LTA time 

on superelastic stress-strain curve. 
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Therefore, this study is to suggest a modified Graesser model which is to avoid the 

aforementioned disadvantages and finally establishes a superelastic stress-strain 

model considering the effects of grain size and LTA time. 

 

Fig. 6.3 The representative actual superelastic stress-strain curve. 

6.3 The modified Graesser model 

Based on the Graesser model, a modified model is suggested in this section to 

describe the superelastic stress-strain curve under certain given LTA time and 

grain size, which is prepared for the final establishment of the superelastic stress-

strain model considering the effects of LTA time and grain size. 

6.3.1 Mathematical formulation of the modified Graesser model 

To overcome the aforementioned disadvantages, the following improvements are 

conducted: 

(1) The superelastic deformation is separated into two individual sections, i.e., the 

loading section and unloading section as referred by the previous study [228]. 
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Additional parameters are used to make each parameter influence the 

corresponding superelasticity index respectively. This is for the preparation of 

the final model establishment. 

(2) Using an additional linear function to approximately represent the complicated 

B2↔R related non-linear deformations before the elastic deformation of B2 or 

R-phase during loading and after the elastic deformation of B2 or R-phase 

during unloading. 

(3) Using an additional linear function to approximately represent the loading 

stress-strain curves of the post-plateau deformation stage, as inspired by the 

previous study [228]. 

 

The detailed modifications are as follows. The loading section is further divided 

into (1) B2→R transformation related deformation stage, (2) B2 or R phase elastic 

deformation plus plateau deformation stage, and (3) post-plateau deformation 

stage. The corresponding mathematic structures are as follows: 

(1) B2→R transformation related deformation stage: 

 rreqE     (6.6) 

where   is engineering stress rate,   is engineering strain rage, rreqE  is the 

effective elastic modulus of B2↔R transformation related deformation (the slope 

of the approximate linear function). It is noteworthy that the model is modified 

from Graesser model, thus the rate form expression is only for the ease of 

calculation, which does not mean that the model can describe the relation between 

superelastic stress-strain curve and strain rate. 

(2) B2 or R phase elastic deformation plus plateau deformation stage: 
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where preE  is the elastic modulus of B2 or R phase, which have experienced the 

B2↔R transformation related deformation,   is engineering stress,   is 

engineering strain, α , n, and Y are material constants. 

(3) Post-plateau deformation stage: 

 postE     (6.8) 

where Epost is the elastic modulus of post-plateau deformation. 

 

As similar as the loading section, the unloading section is further divided to (1) 

B19’ phase elastic unloading deformation stage plus unloading plateau 

deformation stage, (2) B2 or R phase elastic unloading deformation stage, and (3) 

unloading R→B2 transformation related deformation stage. The corresponding 

mathematic structures were as follows: 

(1) B19’ phase elastic unloading deformation stage plus unloading plateau 

deformation stage: 
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   (6.9) 

where Em is the elastic modulus of B19’ during unloading, Em0, fT, c, a, and Yb are 

material constants. 

(2) B2 or R phase elastic unloading deformation stage: 

 pre=E    (6.10) 
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(3) unloading R→B2 transformation related deformation stage: 

 rreq=E    (6.11) 

The unit step function  u x  is adopted to differentiate the loading and unloading 

sections. Based on Eq. (6.4),  u   is 1 during loading and 0 during unloading, 

while  u    is 0 during loading and 1 during unloading. As inspired by the 

previous study [228], the state function U  is adopted to differentiate different 

stages during loading and unloading. Thus, 1U , 2U , and 3U  are used to 

distinguish the three stages during loading, and 4U , 5U , and 6U  are used to 

distinguish the three stages during unloading, which are schematically shown in 

Fig. 6.4. 

 

Fig. 6.4 Schematic illustration of the state functions of U1~U6 and the 

corresponding superelastic stress-strain curve. 
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The expressions of 1U , 2U , and 3U  are shown in Eq. (6.12): 
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  (6.12) 

where rrf  represents the strain at which the B2→R transformation related 

deformation finished, mf  is the strain at which B2(R)→B19’ transformation 

plateau is complete, max  is the maximum applied strain. According to the 

experimental results of chapter 5, the B2→R transformation plateau stress is 

smaller than 100 MPa. Since linear function is adopted in this study to 

approximately represent B2↔R related deformation, 100 MPa is set as the critical 

stress. Below this critical stress, Eq. (6.6) is used to describe B2→R 

transformation related deformation; above this critical stress, Eq. (6.7) is used to 

describe the elastic deformation of B2 and R-phase, thus rrf rreq=100 E  is 

obtained. 

 

It can be known from Eq. (6.12) that 1U  is 1 within B2→R transformation 

related deformation stage, and it is 0 within other deformation stages; 2U  is 1 

within B2 or R phase elastic deformation plus plateau deformation stage, and it is 

0 within other deformation stages; 3U  is 1 within post-plateau deformation stage, 

and it is 0 within other deformation stages. Hereby, by combining Eq. (6.12), 

(6.4), and (6.6)~(6.8), the loading section of the modified model is obtained as 

follows: 
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        (6.13) 

During unloading, based on the experimental results of chapter 5, if the residual 

strain is smaller than B2→R transformation strain, it indicates that the proceeding 

of R→B2 transformation. By contrast, if the residual strain is larger than B2→R 

transformation strain, it indicates that the R→B2 transformation does not proceed 

(when the R→B2 transformation temperature is higher than the superelasticity 

testing temperature, the R-phase cannot transform back to B2 phase after 

unloading). Thus, the unloading deformation only consists elastic deformation of 

R-phase other than the R→B2 transformation related deformation. Therefore, the 

relationship of 4U , 5U , and 6U  is determined into two situations: 

When risd rrf  , 
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and when risd rrf  , 
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where risd  is residual strain. 4U  is 1 within B19’ phase elastic unloading 

deformation stage plus unloading plateau deformation stage, and it is 0 within 

other deformation stages; 5U  is 1 within B2 or R phase elastic unloading 

deformation stage, and it is 0 within other deformation stages; 6U  is 1 within 

unloading R→B2 transformation related deformation stage, and it is 0 within other 

deformation stages. Hereby, by combining Eq. (6.14), (6.15), and (6.9)~(6.11), 

the unloading section of the modified model is obtained as follows: 
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  (6.16) 

Then, by combining Eq. (6.15) and (6.16), the complete modified Graesser 

model is obtained as shown by Eq. (6.17): 
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 (6.17) 

where   2

0

2
erf

x tx e dt


   and  
1 0

     
0 0

x
u x

x


  

, which are error function and 

unit step function, respectively, as shown in Eq. (6.3) and (6.4). The related state 

functions are Eq. (6.12), (6.14), and (6.15) respectively. 

 

Since the stress is 0 MPa before superelastic deformation, the following initial 

value is prescribed: 

 00     (6.18) 

By using the above established modified model to calculated superelastic stress-

strain curve via programming in Matlab, a representative superelastic stress-strain 

curve is obtained as shown in Fig. 6.5. This indicates that the obtained model is 

able to describe the superelastic stress-strain curves considering the B2↔R 

transformation related deformation stage and the post-deformation stage, as 

compared with Fig. 6.3. 
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Fig. 6.5 The superelastic stress-strain curve calculated by the modified Graesser 

model. 

6.3.2 Parameters of the modified Graesser model 

In the above modified Graesser model, there are some parameters and material 

constants, which are Yb, n, a, c, α , Em0, Erreq, Epre, Y, mf , postE , mE , fT, and 

risd . Among them, Yb, n, a, c, α , and Em0 are material constants of which the 

values are shown in Table 6.1. The Erreq, Epre, Y, mf , postE , mE , fT, and risd are 

parameters of the model of which the values can independently affect the shape of 

each section of the superelastic stress-strain curves, and the corresponding relation 

is shown in Fig. 6.6. When the grain size, LTA time, and the maximum applied 

strain are given, the values of the above model parameters are determined, and 

consequently the superelastic stress-strain curves. 
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Table 6.1 The list of the values and the prescribed functions of material 

constants and parameters of the modified Graesser model 

Model constants / parameter Value / function 
Yb 2000 

n 

max

max

max

11      (0 0.03)

n 9       (0.03 0.06)

7       (0.06 0.09)







 
  


 

 

a 2000 

c 0.0001 [225] 

α  0.0001 

Em0 26233.159 [227] 

Erreq  Arreq rre LTq  = ,E D tE
 

Epre  Apre pre LT = ,E D tE
 

Y  LTA,  = D tY Y  

mf
 

 mf mf LTA= ,  D t   

postE
 

 post post LTA= ,  D tEE  

mE
 

 m m LTA= ,,   E tDE   

ft  
 LTA= ,  ,  ft ft D t   

risd
 

 risd risd LTA,  ,  D t    

 

 

Fig. 6.6 Schematic illustration of the relationship between each section of 

superelastic stress-strain curves and the corresponding model parameters. 
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This chapter is to establish the superelastic stress-strain model considering the 

effect of LTA time and grain size, thus it can be realized by firstly establishing the 

functions of Erreq, Epre, Y, mf , postE , mE , fT, and risd  about the two variables of 

LTA time tLTA and Grain size D, as shown in Table 6.1 (Since the maximum 

applied strain remarkably affected unloading elastic modulus, stress hysteresis, 

and residual strain, the parameters of mE , fT, and risd  are not only affected by 

LTA time and grain size, but they are also influenced by the maximum applied 

strain. Thus, mE , fT, and risd   are additionally as the functions of strain   .). 

Secondly, by substituting these parameter functions into Eq. (6.17), the final 

superelastic stress-strain model considering the effects of LTA time and grain size 

can be finally obtained. 

6.4 Superelastic stress-strain model considering the 

effects of LTA time and grain size 

Based on the experimental results, the parameter functions (Erreq, Epre, Y, mf , 

postE , mE , fT, and risd ) about LTA time tLTA and grain size D are to be established. 

There are respectively 60 independent stress-strain curves under the maximum 

applied strains of 3% and 9%. They are randomly divided into the modeling dataset 

(45 stress-strain curves under each maximum applied strain) and the verification 

dataset (15 stress-strain curves under each maximum applied strain). The detailed 

division of the modeling dataset and verification dataset is shown in Table 6.2. 
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Based on the modeling dataset, the parameter functions of Erreq, Epre, Y, mf , postE , 

mE , fT, and risd  about LTA time, grain size, and strain are respectively established 

as shown in the following subsections. 

Table 6.2 Division of the modeling dataset and the verification dataset 

LTA time (h) 
Grain size (nm) 

34 40 51 105 217 523 1106 2190 4972 8021 
0 ○ (3) ○ ○ ○ (9) ○ ○ ○ ○ 
2 ○ ○ ○ (7) ○ (10) ○ ○ (13) ○ 
4 (1) ○ ○ ○ ○ ○ ○ ○ (14) ○ 
8 ○ (4) ○ ○ (8) ○ ○ ○ ○ (15) 

24 (2) ○ (6) ○ ○ ○ ○ (12) ○ ○ 
48 ○ (5) ○ ○ ○ ○ (11) ○ ○ ○ 

○ Modeling dataset; (1)~(15) Verification dataset. 

 

6.4.1 Erreq function 

The Erreq function about grain size D and LTA time tLTA is to be established, as 

shown by Eq. (6.19). Based on the superelastic stress-strain curves in chapter 5, 

the modeling dataset and verification dataset of Erreq are respectively calculated, 

as shown in Fig. 6.7(a). As per the modeling dataset, based on the superposition 

principle [214], the function  Arreq LT,  D tE  is obtained as shown by Eq. (6.20) 

and (6.21). The values of the parameters of Erreq function are shown in Table 6.3. 

The surface of Erreq function is shown in Fig. 6.7(a). The verification dataset is 

used to verify the correlation and accuracy of the calculation results from Erreq 

function. The correlation coefficient R is 0.99928, and the AARE(%) is 1.82%, as 

shown in Fig. 6.7(b). This indicates that the obtained function can effectively 

calculate the parameter of Erreq. 

  Arreq rre LTq  = ,E D tE   (6.19) 
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  (6.21) 

Table 6.3 The values of the parameters of Erreq function 

Parameter Value Parameter Value 

Erreq1a  -9.95 Erreq2c  -4.45 

Erreq2a  -2.01 Erreq3c  13899.74 

Erreq3a  -0.98 Erreq4c  0.93 

Erreq4a  0.19 Erreq5c  5.65 

Erreq1b  -4.66 Erreq6c  2.02 

Erreq2b  -1.82 Erreq1k  0.73 

Erreq3b  -0.45 Erreq2k  11.12 

Erreq4b  8.93 Erreq3k  -30439.73 

Erreq1c  -3.22 Erreq4k  1.17 
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Fig. 6.7 The obtained Erreq function: (a) modeling dataset, verification dataset, 

and the surface of Erreq function; (b) the correlation between the calculated values 

and the experimental values of the verification dataset. 

6.4.2 Epre function 

The Epre function about grain size D and LTA time tLTA is to be established, as 

shown by Eq. (6.22). Based on the superelastic stress-strain curves in chapter 5, 

the modeling dataset and verification dataset of Epre are respectively calculated, as 

shown in Fig. 6.8(a). As per the modeling dataset, based on the superposition 

principle [214], the function  Apre LT,  D tE  is obtained as shown by Eq. (6.23) 

and (6.24). The values of the parameters of Epre function are shown in Table 6.4. 

The surface of Epre function is shown in Fig. 6.8(a). The verification dataset is used 

to verify the correlation and accuracy of the calculation results from Epre function. 

The correlation coefficient R is 0.99811, and the AARE(%) is 0.30%, as shown in 

Fig. 6.8(b). This indicates that the obtained function can effectively calculate the 

parameter of Epre. 

 

  Apre pre LT = ,E D tE   (6.22) 
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       ELTApre pre Epre pre LTA Epre Epre= e d, xp c bE E a tD t D       (6.23) 

  Epre Epre1 10 10 Epre2 Epre3a log log a aa D     (6.24) 

Table 6.4 The values of the parameters of Epre function 

Parameter Value Parameter Value 

Epre1a
 

36240.04 Epreb
 

1.13 

Epre2a
 

-1.26 Eprec
 

59970.97 

Epre3a
 

3667.36   

 

 

Fig. 6.8 The obtained Epre function: (a) modeling dataset, verification dataset, 

and the surface of Epre function; (b) the correlation between the calculated values 

and the experimental values of the verification dataset. 

6.4.3 Y function 

The Y function about grain size D and LTA time tLTA is to be established, as shown 

by Eq. (6.25). Based on the loading plateau stress shown in section 5.3.3.1, the 

modeling dataset and verification dataset of Y are respectively obtained, as shown 

in Fig. 6.9(a). As per the modeling dataset, based on the superposition principle 

[214], the function  LTA,  Y D t  is obtained as shown by Eq. (6.26) and (6.27). 
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The values of the parameters of Y function are shown in Table 6.5. The surface of 

Y function is shown in Fig. 6.9(a). The verification dataset is used to verify the 

correlation and accuracy of the calculation results from Y function. The correlation 

coefficient R is 0.99749, and the AARE(%) is 0.98%, as shown in Fig. 6.9(b). This 

indicates that the obtained function can effectively calculate the parameter of Y. 

  ,  LTAY Y D t  (6.25) 

    Y Y 10 Y,  exp logLTAY D t a b D c       (6.26) 
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 (6.27) 

Table 6.5 The values of the parameters of Y function 

Parameter Value Parameter Value 

Y1a  -5917.19 Y3b  3.18 

Y2a  -31552.83 Y4b  0.75 

Y3a  15010.63 Y1c  -35.74 

Y4a  2.65 Y2c  -26.58 

Y1b  -0.63 Y3c  405.30 

Y2b  -2.27 Y4c  0.09 
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Fig. 6.9 The obtained Y function: (a) modeling dataset, verification dataset, and 

the surface of Y function; (b) the correlation between the calculated values and 

the experimental values of the verification dataset. 

6.4.4 εmf function 

The εmf function about grain size D and LTA time tLTA is to be established, as 

shown by Eq. (6.28). Based on the plateau deformation finishing strain as shown 

in section 5.3.2, the modeling dataset and verification dataset of εmf are 

respectively obtained, as shown in Fig. 6.10(a). As per the modeling dataset, based 

on the superposition principle [214], the function  mf LTA,  D t  is obtained as 

shown by Eq. (6.29). The values of the parameters of εmf function are shown in 

Table 6.6. The surface of εmf function is shown in Fig. 6.10(a). The verification 

dataset is used to verify the correlation and accuracy of the calculation results from 

εmf function. The correlation coefficient R is 0.96590, and the AARE(%) is 1.29%, 

as shown in Fig. 6.10(b). This indicates that the obtained function can effectively 

calculate the parameter of εmf. 

 

  mf mf ,  LTAD t   (6.28) 
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Table 6.6 The values of the parameters of εmf function 

Parameter Value Parameter Value 

εmf1a  -3.42 εmf3b  0.57 

εmf2a  3.15 εmf4b  1.38 

εmf3a  0.97 εmf1c  0.35 

εmf4a  0.66 εmf2c  -3.07 

εmf1b  -0.66 εmf3c  6.19 

εmf2b  0.38 εmf4c  1.79 

 

 

Fig. 6.10 The obtained εmf function: (a) modeling dataset, verification dataset, 

and the surface of εmf function; (b) the correlation between the calculated values 

and the experimental values of the verification dataset. 

6.4.5 Epost function 

The Epost function about grain size D and LTA time tLTA is to be established, as 

shown by Eq. (6.30). Based on the post-plateau deformation elastic modulus as 

shown in section 5.3.3.6, the modeling dataset and verification dataset of Epost are 
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respectively measured, as shown in Fig. 6.11(a). As per the modeling dataset, 

based on the superposition principle [214], the function  post LTA,  E D t  is 

obtained as shown by Eq. (6.31). The values of the parameters of Epost function 

are shown in Table 6.7. The surface of Epost function is shown in Fig. 6.11(a). The 

verification dataset is used to verify the correlation and accuracy of the calculation 

results from Epost function. The correlation coefficient R is 0.99963, and the 

AARE(%) is 0.76%, as shown in Fig. 6.11(b). This indicates that the obtained 

function can effectively calculate the parameter of Epost. 

  post post ,  LTAE E D t   (6.30) 

 post Epost Epost 10 Epost Eposta sin d (log b ) cE D       (6.31) 

Table 6.7 The values of the parameters of Epost function 

Parameter Value Parameter Value 

Eposta  6005.37 Epostc  15433.88 

Epostb  -0.84 Epostd  1.61 

 

 

Fig. 6.11 The obtained Epost function: (a) modeling dataset, verification dataset, 

and the surface of Epost function; (b) the correlation between the calculated values 

and the experimental values of the verification dataset. 
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6.4.6 Em function 

Based on the study [228]，the Em presents linear relation with the maximum 

applied strain. The smaller the maximum applied strain is, the value of Em is closer 

to that of Epre. Therefore, in order to establish Em function about strain  , grain 

size D, and LTA time tLTA, The Em0 function (the Em function under the maximum 

applied strain of 9% was prescribed as Em0) about grain size D and LTA time tLTA 

should be first established. Then the Em function about Em0 and   is established, 

as shown by Eq. (6.32). 

 

Based on the stress-strain curves under the maximum applied strain of 9% as 

shown in section 5.3.2, the modeling dataset and verification dataset of Em0 are 

respectively measured, as shown in Fig. 6.12(a). As per the modeling dataset, 

based on the superposition principle [214], the function  Am0 LT,  E D t  is obtained 

as shown by Eq. (6.33). The values of the parameters of Em0 function are shown 

in Table 6.8. The surface of Em0 function is shown in Fig. 6.12(a). The verification 

dataset is used to verify the correlation and accuracy of the calculation results from 

Em0 function. The correlation coefficient R is 0.99918, and the AARE(%) is 1.05%, 

as shown in Fig. 6.12(b). This indicates that the obtained function can effectively 

calculate the parameter of Em0. 

     m m LTA m m0 LTA,  ,  = ,  ,  E E D t E E D t    (6.32) 
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  (6.33) 
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Table 6.8 The values of the parameters of Em0 function 

Parameter Value Parameter Value 

Em1a  -0.03 Em1c  -5.60 

Em2a  -2.49 Em2c  44502.68 

Em1b  0.08 Em1d  105.66 

Em2b  6.67 Em2d  -22673.51 

 

 

Fig. 6.12 The obtained Em0 function: (a) modeling dataset, verification dataset, 

and the surface of Em0 function; (b) the correlation between the calculated values 

and the experimental values of the verification dataset. 

Based on the obtained Em0 function, further establish Em function about Em0 and 

 . As aforementioned, Em presents linear relation with the maximum applied 

strain [228], the Em is finally obtained as shown in Eq. (6.34): 

        m0 LTA pre LTA
m LTA pre LTA

,  ,  
,  ,  + ,  

0.09

E D t E D t
E D t E D t 


    (6.34) 

where  m0 LTA,  E D t  and  pre LTA,  E D t  are respectively shown in Eq. (6.33) and 

(6.23). 
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6.4.7 fT function 

6.4.7.1 The relation between fT and σulps 

In this model, when the material constants Yb, α, and c are determined, the fT can 

independently control the unloading plateau stress of the superelastic stress-strain 

curves. It is noteworthy that fT itself is not the unloading plateau stress σulps, but it 

is a function of σulps, as shown in Fig. 6.13, and the function is shown by Eq. (6.35): 

  T ulps ulps ulpsk b 0.382 762.51ft f           (6.35) 

Therefore, to establish fT function about  , D, and tLTA, it first needs to establish 

σulps function about  , D, and tLTA. 

 

Fig. 6.13 Relation between fT and σulps: (a) σulps increased from 19.63 MPa to 

543.79 MPa with fT increasing from 770 to 970; (b) linear relation between fT 

and σulps. 

6.4.7.2 σulps function about D, tLTA, and ε 

Based on the experimental results of chapter 5 and Eq. (5.2), when the unloading 

happens within the plateau deformation stage, the unloading plateau stress keeps 

unchanged with strain; when the unloading happens within the post-plateau 
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deformation stage, unloading plateau stress decreases with increasing maximum 

loading stress. After reaching the plateau deformation stage, the maximum loading 

stress is the function of  , Y, and Epost, as shown by Eq. (6.36): 

 
   

 

post mf maxmf

max

ms mf
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Y E

Y

  


  

     
  

  (6.36) 

where, ms  is the starting strain of the plateau deformation stage. By combining 

Eq. (5.2) and (6.36), the following equation can be obtained: 
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  (6.37) 

where σulps0 is the unloading plateau stress unloaded within plateau deformation 

stage, which is the function of D, tLTA, and . Therefore, to establish σulps function 

about  , D, and tLTA, it first needs to establish σulps0 function about D, and tLTA, as 

shown in Eq. (6.38). 

     ulps LTA ulps ulps0 LTA,  ,  ,  ,  D t D t       (6.38) 

According to the unloading plateau stress under the maximum applied strain of 3% 

(corresponding to unloading within plateau deformation stage) shown in section 

5.3.3.3., the modeling dataset and verification dataset of σulps0 are respectively 

measured, as shown in Fig. 6.14(a). As per the modeling dataset, based on the 

superposition principle [214], the function  Lulps0 TA,  D t  is obtained as shown 

by Eq. (6.39) and (6.40). The values of the parameters of σulps0 function are shown 

in Table 6.9. The surface of σulps0 function is shown in Fig. 6.14(a). The 

verification dataset is used to verify the correlation and accuracy of the calculation 

results from σulps0 function. The correlation coefficient R is 0.99831, and the 
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AARE(%) is 2.27%, as shown in Fig. 6.14(b). This indicates that the obtained 

function can effectively calculate the parameter of σulps0. 
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Table 6.9 The values of the parameters of σulps0 function 

Parameter Value Parameter Value 

ft1a
 2.95 ft1c

 0.26 

ft2a
 -1.81 ft2c

 -3.02 

ft3a
 2.06 ft3c

 6.45 

ft4a
 0.13 ft4c

 357.95 

ft5a
 -0.11 ft5c

 1.77 

ft1b
 0.29 ft1k

 0.78 

ft2b
 -3.17 ft2k

 -3.68 

ft3b
 0.81 ft3k

 0.97 

ft4b
 3.81 ft4k

 -20.01 

ft5b
 1.78 ft5k

 54.43 
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Fig. 6.14 The obtained σulps0 function: (a) modeling dataset, verification dataset, 

and the surface of σulps0 function; (b) the correlation between the calculated 

values and the experimental values of the verification dataset. 

6.4.7.3 fT function about D, tLTA, and ε 

By combining Eq. (6.35), (6.37), (6.39), and (6.40), the fT function about  , D 

and tLTA is obtained as shown by Eq. (6.41): 
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  (6.41) 

where  ulps0 LTA,  D t  is shown by Eq. (6.39) and (6.40), and  post LTA,  E D t  

is shown by Eq. (6.31). 

6.4.8 εrisd function 

Based on Fig. 2.14(b) and related previous studies [215, 222], it is known that the 

residual strain increases with the maximum applied strain which appropriately 

presents linear relation. This is because the stress-induced phase transformation of 

NiTi alloys generally presents Lüders-like deformation behavior [44], thus the 
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residual strain proportionally increases with the maximum applied strain. 

Therefore, the εrisd as a function of    and εrisd0 (the residual strain at the 

prescribed applied strain of 3%) can be obtained, as shown in Eq. (6.42): 

        risd LTA risd LTA risd0 LTA,  ,  ,  0.03 , D t k D t D t         (6.42) 

where  risd LTA,  k D t  is the slope of  risd LTA,  ,  D t  , which is a function of D 

and tLTA but irrelevant to   ;  risd0 LTA,  D t  is the function of D and tLTA and 

irrelevant to  . Based on Eq. (6.42), it is necessary to establish  risd0 LTA,  D t  

and  risd LTA,  k D t  functions firstly in order to finally establish  risd LTA,  ,  D t   

function. 

6.4.8.1 εrisd0 function under certain maximum applied strain 

Based on the residual strain under the maximum applied strain of 3% as shown in 

section 5.3.3.5, the modeling dataset and verification dataset of εrisd0 are 

respectively obtained, as shown in Fig. 6.15(a). As per the modeling dataset, based 

on the superposition principle [214], the function  risd0 LTA,  D t  is obtained as 

shown by Eq. (6.43) and (6.44). The values of the parameters of εrisd0 function 

are shown in Table 6.10. The surface of εrisd0 function is shown in Fig. 6.15 (a). 

The verification dataset is used to verify the correlation and accuracy of the 

calculation results from εrisd0 function. The correlation coefficient R is 0.99747, 

and the AARE(%) is 3.24%, as shown in Fig. 6.15 (b). This indicates that the 

obtained function can effectively calculate the parameter of εrisd0. 
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Fig. 6.15 The obtained εrisd0 function: (a) modeling dataset, verification dataset, 

and the surface of εrisd0 function; (b) the correlation between the calculated 

values and the experimental values of the verification dataset. 
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Table 6.10 The values of the parameters of εrisd0 function 

Parameter Value Parameter Value 

risd0-1a
 -0.48 risd0-2c

 1.85 

risd0-2a
 1.64 risd0-3c

 1.71 

risd0-3a
 3.05 risd0-4c

 5.89 

risd0-4a
 -2.61 risd0-5c

 0.15 

risd0-5a
 0.03 risd0-6c

 1.56 

risd0-6a
 0.08 risd 0-1n

 -0.06 

risd0-1b
 3.11 risd 0-2n

 0.66 

risd0 -2b
 1.48 risd 0-1k

 12.12 

risd0 -3b
 2.10 risd 0-2k

 -6.95 

risd0 -4b
 -2.40 risd 0-3k

 1.70 

risd0 -5b
 1.21 risd 0-4k

 -0.15 

risd0 -6b
 1.69 risd 0-5k

 -7.41 

ris d 0 -1c
 1.47   

 

6.4.8.2 krisd function 

Based on the residual strain under the maximum applied strains of 3% and 9% as 

shown in section 5.3.3.5, the modeling dataset and verification dataset of krisd are 

respectively calculated, as shown in Fig. 6.16(a). As per the modeling dataset, 

based on the superposition principle [214], the function  risd LTA,  k D t  is 

obtained as shown by Eq. (6.45) and (6.46). The values of the parameters of krisd 

function are shown in Table 6.11. The surface of krisd function is shown in Fig. 

6.16(a). The verification dataset is used to verify the correlation and accuracy of 

the calculation results from krisd function. The correlation coefficient R is 0.99678, 

and the AARE(%) is 6.24%, as shown in Fig. 6.16(b). This indicates that the 

obtained function can effectively calculate the parameter of krisd. 
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Table 6.11 The values of the parameters of krisd function 

Parameter Value Parameter Value 

krisd1a  -0.06 krisd1c  0.01 

krisd2a  0.34 krisd2c  2.30 

krisd3a  -0.08 krisd3c  -3.34 

krisd1b  -0.58 krisd4c  0.05 

krisd2b  3.82 krisd1k  1.10 

krisd3b  -3.69 krisd2k  -5.79 

krisd4b  -4.49 krisd3k  0.03 

 

Fig. 6.16 The obtained krisd function: (a) modeling dataset, verification dataset, 

and the surface of krisd function; (b) the correlation between the calculated values 

and the experimental values of the verification dataset. 

Based on the obtained  risd0 LTA,  D t  and  risd LTA,  k D t  functions, the 

 risd LTA,  ,  D t   function is obtained based on Eq. (6.42). 
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Finally, by substituting the above-obtained functions, including  Arreq LT,  D tE , 

 Apre LT,  D tE ,  ,  LTAY D t ,  mf ,  LTAD t ,  post ,  LTAE D t ,  m LTA,  ,  E D t  , 

 T LTA,  ,  f D t  , and  risd LTA,  ,  D t  , into the main model as shown by Eq. 

(6.17), the superelastic stress-strain model considering the effects of LTA time and 

grain size is obtained. This model can be used to calculate superelastic stress-strain 

curves of the NiTi alloys with grain size of 34-8021 nm under LTA of 0-48 h at 

573 K and under the maximum applied strains of 3%-9%. 

6.5 Model validation and verification 

By using Matlab, the established superelastic stress-strain model considering the 

effects of LTA time and grain size is validated and verified in terms of 

effectiveness and accuracy respectively. 

6.5.1 Effectiveness validation 

The following LTA time and grain size conditions are representatively adopted to 

validate the effectiveness of the suggested model. 

1) The superelastic stress-strain curves of the NiTi alloys with grain size of 34-

8021 nm are calculated, under the maximum applied strain of 3% and before 

LTA, as shown in Fig. 6.17(a). The corresponding experimental results are 

shown in Fig. 5.1. 

2) The superelastic stress-strain curves of the NiTi alloys with grain size of 40 

nm are calculated, under the maximum applied strain of 9% and after LTA 

time of 0-48 h, as shown in Fig. 6.17(b). The corresponding experimental 

results are shown in Fig. 5.5(b). 
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3) The superelastic stress-strain curves of the NiTi alloys with grain size of 51 

nm are calculated, under the maximum applied strains of 3% and 9% and 

before LTA, as shown in Fig. 6.17(a). The variations of the calculated results 

are similar to those of Fig. 2.13. 

 

Fig. 6.17 The calculated superelastic stress-strain curves: (a) under the maximum 

applied strain of 3%, before LTA, within grain size of 34-8021 nm; (b) under the 

maximum applied strain of 9%, after LTA time of 0-48 h; with grain size of 40 

nm; (c) under the maximum applied strains of 3% and 9%, before LTA, with 

grain size of 51 nm. 

As shown in the figures, the model can effectively calculate the superelastic stress-

strain curves of the NiTi alloys with different grain sizes, under different LTA time, 

and under different applied strains. In addition, it can effectively reflect the effects 
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of grain size, LTA time, and the maximum applied strain on the superelasticity of 

NiTi alloys, thus the effectiveness of the model was validated. 

6.5.2 Accuracy verification 

The superelastic stress-strain curves of the verification dataset under the maximum 

applied strains of 3% and 9% are respectively calculated by the model. The 

calculated results are compared with the experimental results, as shown in Fig. 

6.18 and Fig. 6.19. 

 

Fig. 6.18 Under the maximum applied strain of 3%, the comparison of the 

calculated and experimental superelastic stress-strain curves with grain size of: 

(a) 34-40 nm; (b) 51-523 nm; (c) 1106-8021 nm. 



215 

 

Fig. 6.19 Under the maximum applied strain of 9%, the comparison of the 

calculated and experimental superelastic stress-strain curves with grain size of: 

(a) 34-40 nm; (b) 51-523 nm; (c) 1106-8021 nm. 

As shown by the figures, regardless of the maximum applied strain, the calculated 

results are generally consistent with those of experiment results, which indicates 

that the suggested model is able to calculate the superelastic stress-strain curves of 

the verification dataset. At the same time, several details of the comparison 

indicate the space for further improvements in the future: 

(1) The stress jumps of the start of the loading and unloading plateau are not 

reflected. Since this factor is not considered in the modeling stage, this 

deformation behavior is not described and consequently leads to certain errors. 

(2) The transition stage between the elastic unloading deformation of B19’ phase 

and the unloading plateau is not precise enough. This is because the parameter 
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n can only with values of positive odd number, i.e., 7, 9, 11, …, thus the 

description of the transition stage cannot be continuously adjusted, which 

causes certain errors. 

(3) The approximation of the B2↔R related loading and unloading deformations 

is with systematic inaccuracy, which is non-linear per experimental results but 

is approximated by linear function during modeling. This also leads to certain 

errors. 

For further verifying the accuracy of the suggested model quantitatively, the 

superelastic loading-unloading energy dissipation of the verification dataset, as 

schematically illustrated in Fig. 6.20, is calculated. The calculated results are 

compared with experimental results, as shown in Fig. 6.21. 

 Ediss = ∮ σdε (6.47) 

 

Fig. 6.20 Schematic illustration of superelastic loading-unloading energy 

dissipation 
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Fig. 6.21 The superelastic loading-unloading energy dissipation of the 

verification dataset: (a) the comparison of the experimental and calculated values 

under the maximum applied strain of 3%; (b) the comparison of the experimental 

and calculated values under the maximum applied strain of 9%; (c) correlation 

between experimental and calculated values under the maximum applied strain 

of 3%; and (d) correlation between experimental and calculated values under the 

maximum applied strain of 9%. 

As shown in Fig. 6.21, under the maximum applied strain of 3%, the maximum 

absolute and relative errors are 0.88 MPa and 10.9% respectively, and the 

corresponding correlation coefficient R is 0.97770 and AARE(%) is 3.26%. Under 

the maximum applied strain of 9%, the maximum absolute and relative errors are 

2.2 MPa and 6.4% respectively, and the corresponding correlation coefficient R is 
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0.99378 and the AARE(%) is 3.53%. This indicates that the suggested model is 

able to relatively accurately calculate the superelastic loading-unloading energy 

dissipation of NiTi alloys with different grain sizes and LTA time. 

6.6 Summary 

Based on the experimental results of chapter 5 and Graesser superelastic stress-

strain model, this chapter establishes the modified Graesser superelastic stress-

strain model of NiTi alloys considering the effects of LTA time and grain size. 

The following concluding remarks can thus be drawn: 

 

(1) Graesser model [170] is modified to determine the mathematical framework 

for the superelastic stress-strain curve under certain given LTA time and grain 

size. The modified model realizes: 1) the linearly approximate description of 

B2↔R transformation related deformation; 2) the linear approximation of the 

post-plateau deformation. By using this model, superelastic stress-strain 

relation with B2↔R transformation related deformation and post-plateau 

deformation is able to be described, which helps to enlarge the application 

scope of Graesser model. 

 

(2) The model is further modified by adding parameters and constants. After the 

modification, every parameter of the model can independently control the 

shape of the stress-strain curve of a certain section. This is prepared for the 

establishment of the final model that considers the effects of LTA time and 

grain size. 
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(3) By establishing the parameter functions about LTA time and grain size of the 

modified Graesser model, it is further able to describe the effects of LTA time 

and grain size on superelastic stress-strain curves. Though the model is a 

phenomenological-empirical model, it simultaneously considers the effects of 

the two factors, i.e., LTA time and grain size, on superelasticity. 

 

(4) This study suggests a superelastic stress-strain model considering the effects 

of LTA time and grain size, which can be used to relatively accurately 

calculate the superelastic stress-strain curve of Ni 50.8 at.%-Ti alloys within 

grain size of 34-8021 nm, LTA time 0-48 h at 573 K under the maximum 

applied strain of 3%-9%. This model may facilitate the design and adjustment 

of the superelasticity of the NiTi parts and components with different grain 

sizes and under different LTA time. 
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Chapter 7 Conclusions and suggestions 

for future research 

7.1 Conclusions 

The present study preliminarily investigates the influence of low-temperature 

aging (LTA) on phase transformation characteristics and superelasticity of NiTi 

alloys with different grain sizes. The variations of the phase transformation 

characteristics and superelasticity with the increasing LTA time and Grain size are 

obtained. By observing the corresponding microstructural evolution and hardness 

variation, the underlying mechanisms for the variations of phase transformation 

characteristics and superelasticity are understood. Based on the experimental 

results, the models of transformation temperature, stress hysteresis, and 

superelastic stress-strain relation are respectively established which consider the 

effects of LTA time and grain size. This study provides experimental evidences 

and theoretical references for the functional property tailoring of NiTi alloys via 

LTA, which are beneficial for realizing functional properties alteration without 

changing the desired grain size. Based on the present study, some conclusions can 

be drawn. 

 

(1) The different influences of LTA on NC and CG NiTi alloys are identified 

regarding precipitation behavior, phase transformation characteristics, and 

superelasticity. The feasibility that alteration functional properties without 

changing grain size is confirmed. It is known from the experimental results 
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that the LTA of 573 K successfully avoids further grain growth of the NC and 

CG NiTi alloys and simultaneously changes the phase transformation 

characteristics and superelasticity. The effect of LTA is different depending 

on grain size. For NC NiTi alloys, LTA keeps B2→B19’ transformation 

suppressed and elevates B2→R transformation temperature; for CG NiTi 

alloys, LTA activates B2→R transformation. After LTA, R→B19’ 

transformation stress hysteresis and residual strain increases in NC NiTi alloys 

but decreases in CG ones. The above difference is due to LTA induced 

different Ni4Ti3 precipitation behavior as well as the grain size and precipitates 

induced variations of dislocation activates, which indicates that the knowledge 

of LTA obtained from CG NiTi alloys is not completely fit for the NC ones. 

In addition, for NC NiTi alloys, thermally induced R→B19’ transformation is 

suppressed while stress-induced R→B19’ transformation is able to proceed; 

for CG NiTi alloys, the thermal hysteresis increases, whilst the stress 

hysteresis decreases after LTA. These differences between thermally-induced 

and stress-induced phase transformation further indicates that the judgment of 

superelasticity cannot only depend on phase transformation characteristics, 

whilst the microstructural features such as grain size, precipitates, dislocations, 

etc. should also be considered. 

 

(2) The influence of direct electrical resistance heat treatment (DERHT) on 

microstructures, phase transformation characteristics, superelasticity of the 

NiTi alloy with different grain sizes and aging conditions is studied. The grain 

size induced suppression of Ni4Ti3 precipitation during DERHT is reported. 

The grain size adjustment models based on DERHT are suggested, which can 
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be used to rapidly obtain NiTi alloys with grain size from NC to CG scale. As 

per the experimental results, for the NiTi alloys with 1 mm diameter, DERHT 

of 12 A can dissolve the previously LTA induced Ni4Ti3 nanoprecipitates in 

10 s, and that can enlarge grain size from 34 nm to 2 μm in 25 s. DERHT of 

8 A can precipitate or enlarge Ni4Ti3 to 15-25 nm in size and 15-30 nm in gap 

in the solution treated or previously LTAed CG NiTi alloys, respectively. By 

contrast, in NC NiTi alloys, Ni4Ti3 precipitates are not observed after the 

DERHT of 8 A and the nanograin size is well preserved. This proves that 

nanograin size can induce suppression of Ni4Ti3 during DERHT. Based on the 

grain growth during DERHT, the grain size adjustment models via the 

alteration of heating time and direct current magnitude are respectively 

obtained, which can be used for the rapid obtaining of the NiTi alloys with 

grain size from 34 nm to 8021 nm. 

 

(3) The variations of phase transformation characteristics with grain size from 34 

nm to 8021 nm and LTA time from 0 h to 48 h at 573 K are obtained. 

Nanograin size induced suppression of Ni4Ti3 precipitation during LTA is 

found with microstructural and hardness evidence. The B2→R transformation 

temperature model considering the effect of LTA time and grain size is 

suggested, which may facilitate the design and application of NiTi functional 

parts and components based on B2↔R transformation. It is known from the 

experimental results that, before LTA, within grain size of 34-217 nm, B2↔R 

transformation is activated, R↔B19’ transformation is suppressed, and 

B2↔R transformation temperature decreases with the increasing grain size. 

Within grain size of 523-8021 nm, B2↔R transformation disappears, 
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B2↔B19’ transformation is activated, and B2↔B19’ transformation 

temperature increases with grain size. After LTA, B2↔R transformation 

temperature of all the NiTi alloys increases with LTA time. Under the same 

LTA time, the amplitude of variation of B2↔R transformation temperature 

increases with grain size in NC NiTi alloys; B2↔R transformation 

temperature decreases with grain size in UFG NiTi alloys; the temperature 

generally keeps unchanged in CG NiTi alloys. Within grain size of 34-1106 

nm, R↔B19’ transformation keeps suppressed; within grain size of 2190-

8021 nm, R↔B19’ transformation temperature increases with LT time. There 

is a critical grain size (<150 nm) below which Ni4Ti3 precipitation is 

suppressed. Such suppression combining with the effect of grain size on phase 

transformation characteristics are the fundamental reasons for the LTA 

induced transformation temperature variations being different regarding 

different grain sizes. Based on experimental results, B2→R transformation 

temperature model considering the effects of LTA time and grain size is 

suggested, which is able to calculate the B2→R transformation temperature 

of the NiTi alloys with grain size of 34-8021 nm and LTA time of 2-48 h. 

 

(4) The variations of superelasticity with grain size from 34 nm to 8021 nm and 

LTA from 0 h to 48 h at 573 K and under the maximum applied strains of 3% 

and 9% are respectively obtained. LTA can remarkably increase stress 

hysteresis adjustment range. The function of stress hysteresis increment and 

maximum loading stress increment during post-plateau deformation is 

obtained, and the stress hysteresis model considering the effects of LTA time 

and grain size is suggested, which may facilitate the design and application of 
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NiTi functional parts and components based on the stress hysteresis of 

B2(R)↔B19’ transformation. As per the experimental results, before LTA, 

loading plateau stress decreases while stress hysteresis and residual strain 

increase with the increasing grain size. After LTA, the loading and unloading 

plateau stress decrease while the stress hysteresis and residual strain increase 

with LTA time. Among the NiTi alloys, UFG ones vary most remarkably after 

LTA, because they are simultaneously affected by Ni4Ti3 precipitates and the 

high grain boundary volume fraction; NC ones are mainly affected by the high 

grain boundary volume fraction, because nanograin size induces suppression 

of Ni4Ti3 precipitation and consequently weakens the influence of the 

precipitates; CG ones are mainly affected by Ni4Ti3 precipitates, because grain 

size presents limited influence on CG NiTi alloys. Under the maximum 

applied strain of 3%, unloading happens within plateau deformation stage; 

under the maximum applied strain of 9%, unloading happens within post-

plateau deformation stage. Post-plateau strain increases with LTA time, which 

leads to the further increase of stress hysteresis. Within post-plateau 

deformation stage, the increment of stress hysteresis is found of nearly linear 

relation with the increment of the maximum loading stress regardless of grain 

size and aging state, thus a function is suggested to describe such relation. As 

per the function, the maximum loading stress increased per 1 MPa, and the 

stress hysteresis correspondingly increased 0.186 MPa. LTA is found able to 

increase stress hysteresis adjustment range: unloading within plateau 

deformation stage, stress hysteresis adjustment range is expended from 38 

MPa (275-313 MPa) to 175 MPa (225-400 MPa), which is enlarged by 460%. 

Based on this finding, stress hysteresis model considering the effects of LTA 
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time and grain size was suggested, which can be used to calculate the stress 

hysteresis with grain size of 34-8021 nm and LTA time of 0-48 h (unloading 

within plateau deformation stage). 

 

(5) A superelastic stress-strain model considering the effects of LTA time and 

grain size is established. The model is able to calculate superelastic stress-

strain curves of the NiTi alloys with grain size of 34-8021 nm, after LTA time 

of 0-48 h at 573 K, and under the maximum applied strain of 3%-9%, which 

may facilitate the superelasticity design and adjustment of the NiTi alloys with 

different grain sizes and LTA time. The model is modified from Graesser 

model: B2↔R transformation related deformation stage and post-plateau 

deformation stage are linearly approximated, which expands the application 

scope of Graesser model; the superelastic deformation is separated to loading 

and unloading sections; each of the model parameters can independently 

control the shape of the stress-strain curve of the corresponding section. 

Furthermore, the functions of the model parameters about LTA time, grain 

size, and strain are established based on the modeling dataset of the 

experimental results. These functions are substituting to the main modified 

Graesser model, then the superelastic stress-strain model considering the 

effects of LTA time and grain size is consequently obtained. Based on the 

verification, the model is able to relatively accurately calculate the 

superelastic stress-strain curves and the superelastic energy dissipation of the 

NiTi alloys with grain size of 34-8021 nm, after LTA time of 0-48 h at 573 K, 

and under maximum applied strain of 3%-9%. 
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7.2 Suggestions for future research 

This study preliminary investigates the influence of LTA on the phase 

transformation characteristics and superelasticity of NiTi alloys with different 

grain sizes, which provides experimental evidence and theoretical references for 

the LTA induced functional property adjustment of nanocrystalline and ultrafine-

grained NiTi alloys. Some details are suggested to be improved in future studies: 

 

(1) The LTA induced precipitation behavior of different LTA temperatures is 

suggested to be further explored. The present study mainly conducts LTA at 

573 K. It successfully realizes the alteration of phase transformation 

characteristics and superelasticity without changing the original grain size of 

the NiTi alloys with grain size of 34-8021 nm. Nevertheless, 573 K is not the 

exclusive LTA temperature. Different LTA temperatures leads to different 

precipitation behaviors, which brings about different influences on the 

properties of NiTi alloys. 

 

(2) Effect of LTA on the NiTi alloys with grain size below 34 nm is suggested to 

be further investigated. The grain size range of this study is 34-8021 nm, while 

the effect of LTA on the NiTi alloys with grain size under 34 nm deserves to 

be further studied. 

 

(3) The effect of LTA on the phase transformation characteristics under external 

load is suggested to be further studied. The present work studies the phase 

transformation characteristics by using DSC of which the samples are free of 

external loads. Future study may investigate the phase transformation 
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characteristics under external loads by using dynamic thermomechanical 

analysis, which is beneficial for the further understanding of the effect of LTA 

on phase transformation characteristics of the NiTi alloys. 

 

(4) The engineering application of this study is anticipated. This study is in the 

preliminary stage of the method that using LTA to realize functional property 

adjustment of NiTi alloys with different grain sizes without changing grain 

size. The current results provide experimental evidences and theoretical 

references for the engineering applications of NiTi alloys from the aspect of 

B2→R transformation, stress hysteresis, and superelastic stress-strain relation. 

In the future studies, the functions and models suggested in this study are 

anticipated to be used in engineering applications regarding the application of 

LTA. 
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