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Abstract 

To explore the possibility of customising the functional behaviour of NiTi shape memory alloy via 

controlling texture, binary Ni55Ti45 (wt.%) alloys were manufactured in as cast and hot swaged 

conditions, presenting contrasting initial texture and macroscopic performance. In situ time-of-flight 

neutron diffraction technique was employed to study the texture effect on the microstructural evolution 

during Shape Memory Effect (SME), and a range of properties were evaluated. It was found that (i) 

hot swaging process leads to change in grain morphology and increase in microstrain; (ii) thermal 

expansion coefficients of martensite and austenite variants were weakly affected by the texture and 

phase transformation constraint; (iii) significant texture effect on the elastic properties at both macro- 

and micro-scale was quantified by Elasto-Plastic Self-Consistent (EPSC) modelling approach, while 

the anisotropic elastic moduli lie within the range for single crystal state and twinned structure; (iv) 

texture evolution during SME is weakly related to the initial microstructure; (v) grains reoriented so 

that the <010> axis became aligned parallel to the loading direction, and retained this orientation upon 

unloading, revealing the underlying correlation between texture evolution and detwinning. Based on 

the experimental results, a multi-variant model was proposed to quantify the lattice strain evolution 

during SME. Validity of the conceptually simple and parametrically parsimonious model was 

confirmed by validation against experimental data. 
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1.Introduction and objectives 

 

Probably the most important category of shape memory materials that exhibit useful functional 

behaviour under specific stimuli, Shape Memory Alloys (SMAs) have been widely utilized in 
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applications of medical actuators, aerospace, micromechanical systems, and the elastocaloric cooling 

devices that recently come into fashion [1]. Among the three extensively developed and used alloy 

systems, namely NiTi-based, Cu-based and Fe-based, the binary NiTi always remain the first choice 

in engineering applications due to its excellent thermomechanical performance and biocompatibility. 

Two widely utilised functional types of behaviour of NiTi are Superelasticity (SE) and Shape 

Memory Effect (SME). The latter lies in the focus of interest for the present study. To induce SME, 

deformation begins at a critical temperature below Mf. When stress is applied, the martensite (M) phase 

deforms pseudo-plastically through self-accommodated twinning to detwinning process, showing 

pronounced macroscopic strain up to ~8%. After stress is withdrawn, detwinned martensite retains its 

shape until being heated above critical temperature As, at which the reverse phase transformation to 

austenite (A) initiates. The full strain recovery is reached above Af temperature. 

Over the years, numerous investigations attempted to identify and clarify the underlying 

crystallographic mechanisms that affect SME in NiTi alloys. The contribution of elastic strain was 

studied for different forms of NiTi, including single crystal and twinned structure, through ultrasonic 

measurements [2], first-principles calculations [3], and other computational modelling approaches 

[4,5]. The investigation of pseudo-plastic strain, namely the stress-induced detwinning, elucidated the 

mechanism from various aspects of energetics [6,7], microstructural characterisation [8,9,10,11], 

thermodynamics [12,13] and texture evolution [4,14]. 

These studies lay a solid foundation to the understanding of mechanisms of SME. However, 

recent research demonstrated that the actual SME performance of NiTi alloy is greatly influenced by 

thermomechanical processing methods that produce NiTi products of different shapes, dimensions and 

microstructure in terms of phase composition [12], internal strain field [15], crystallite morphology 

[16] and texture [17,18]. 

The aforementioned studies and others not reported here appear to have failed to address 

systematically the texture effect on SME from the microscopic point of view. The subject was 
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somewhat superficially investigated in a limited number of studies, most of which were based on ex 

situ rather than in situ analyses, so that the details of the microstructural evolution during SME remain 

to be explored. 

In situ time-of-flight (TOF) neutron diffraction (ND) may be the most advantageous technique in 

probing the mesoscale volume-averaged deformation response of microstructure, since neutron beams 

penetrate several millimetres deep into the material, thus providing highly reliable statistical data from 

bulk polycrystalline samples [11,14,19]. Most importantly, the technique allows the extraction of 

refined crystallographic information from diffraction spectra, including reflection-dependent lattice d-

spacings, grain orientation, and phase volume fraction evolution that is essential to evaluate the 

morphological and mechanical texture effect on the microstructural evolution during SME [20,21]. 

Furthermore, accurate quantification of macroscopic deformation response of NiTi alloy requires 

attendant and supportive models that consider various properties such as microstrain, orientation- and 

phase-dependent thermal expansion coefficients, elastic moduli, texture, and so on. However, the 

experimental data related to these factors is scarce. 

Having identified the significance of this topic and the boundary of existing knowledge, the 

objective of this work is to study the texture-dependent SME in NiTi alloy using in situ TOF neutron 

diffraction analysis. NiTi samples of contrasting initial texture were manufactured via two conditions, 

namely as cast (AC) and hot swaging (HS). Experimental efforts were aimed at evaluating grain 

morphology, microstrain, thermal expansion coefficients, lattice strain evolution, elastic properties, 

and texture evolution. Based on the experimental observations, the texture effect on lattice strain 

evolution was quantified via EPSC and a novel multi-variant model. Being the likely first attempt of 

this kind so far, the potential outcome of the present study aims to give guidance in customising the 

functional behaviour in NiTi alloy by means of controlling different textures. 

Note that in this study, the term “variant” is equivalent to hkl grain groups or hkl reflections, 

which correspond to the diffraction peaks in the ND spectrum [4,11,15,16,19]. 
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2.Experimental and analytical procedures 

 

2.1 Material processing methodology 

For raw material, nickel cubes of 4N purity and commercially pure (>99.3%) Grade 2 titanium 

were used. A polycrystalline Ni55Ti45 wt.% ϕ 20mm rod was cast into an iso-statically pressed graphite 

crucible via vacuum induction melting (VIM) at 150 Mbar under Argon atmosphere of 6N purity. 

The as cast rod was split into two pieces, one of which was subjected to hot rotary swaging at 

950°C (see Ref. [22,23] for details on manufacturing). Rotary swaging is a versatile industrially 

applicable technology that reduces diameter of the processed axisymmetric workpiece by 

incrementally imposing intensive shear strain via a set of four rotating dies, as shown in Fig. 1. The 

three swaging passes were performed and monitored by the KOMAFU S600 system developed by us 

[24,25]. With the diameter reduced to ϕ12mm, the as cast (AC) and hot swaged (HS) rods present 

contrasting texture (Fig. 12 & 13). 

 
 

 
 

Fig. 1. Three-step hot rotary swaging using four pressing dies (a). The corresponding deformation 

work of each step was recorded in unit of kJ (b). 
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2.2 DSC analysis 

To determine the deformation and recovery temperature of SME, stress-free transformation 

temperatures were measured by a TA DSC Q2000 differential scanning calorimetry (DSC) instrument 

in the wide temperature range between -90°C and 200°C to cover the complete transformation process. 

During the test, the samples were first cooled down to -90°C and stabilized for 2 min, then cycled two 

loops to ensure consistent experimental result. The ramp rates for heating / cooling were both 5°C/min. 

Result is shown in Fig. 2. 

 
 

Fig. 2. The measured values of critical phase transformation temperatures, definitions refer to the 

introduction [12]. Circles denote the temperatures at which stress-free ND measurements were 

performed. 

 

2.3 EBSD Characterization 

To assess the change in grain morphology after thermomechanical processing, electron 

backscatter diffraction (EBSD) observations were carried out in a Tescan LYRA3 system integrated 

with a SYMMETRY EBSD detector from Oxford Instruments. Samples were polished down to a final 

step of 0.25μm colloidal silica and heated to induce the cubic austenite phase. Kikuchi pattern indexing 

was performed at an accelerating voltage of 20kV, a working distance of 9mm, a step size of 0.12μm, 

and an acquisition speed of 7Hz. 
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2.4 Neutron diffraction experiments 

In situ time-of-flight (TOF) neutron diffraction experiments were conducted using the pulsed 

spallation source at ISIS, Rutherford Appleton Laboratory managed by Science & Technology 

Facilities Council (STFC) in the UK. ENGIN-X beamline is a 50m flight path instrument equipped 

with a 50kN hydraulic loading rig custom-built by Instron. The cryobox, capable of cooling and 

heating in a range of -200 to 100°C, was attached to the rig. During operation, the box chamber was 

pumped vacuum (<10-4 Pa) to ensure homogenous temperature distribution on the specimen. An 

extensometer was clamped in the middle for macroscopic strain measurement. 

The loading frame was horizontally arranged in such a way that the loading direction is 45° 

relative to the incident beam, with two opposing ∓90°detector banks whose span angular ranges ∓7° 

in both horizontal and vertical directions. The beam spot size defined by radial collimators was 4×4mm 

throughout the experiment. Setup illustration is shown in Fig. 3. Additional details in [26,27]. 

 
 

Fig. 3. Side view photograph (left). The sketch of setup from top view (right). Note that specimen 

coordinate is defined by the orthogonal AD and RD axes. 

 

Prior to the ND experiment, the rods were machined into cylindrical dog-bone specimens with a 

gauge diameter of 6mm. The scheme of stress-free thermal cyclic test is shown in Fig. 2. To ensure 

virgin state, a new sample of each type was used for SME. Samples were maintained at -35°C during 

the uniaxial tensile loading / unloading with a strain rate of 1×10-4s-1. Upon unloading to zero stress, 
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the sample was gradually heated to 85°C to induce shape recovery. At each measurement point, the 

sample was held at a constant strain for ~43 minutes to collect spectra of adequate statistical quality. 

The scheme of ND during the SME process is shown in Fig. 4. 

 
 

Fig. 4. Macroscopic SME response of both samples. Arrows denote the strain levels at which the 

samples were held for ND data acquisition. Digits in small font indicate corresponding temperatures 

during strain recovery upon heating, otherwise at -35°C. Stress relaxations of approximately 10MPa 

are considered negligible. 

 

2.5 Neutron diffraction spectra analysis 

In the first instance, data were analysed using Rietveld refinement technique [28] implemented 

in the General Structures and Analysis System (GSAS) code [29]. Based on a least-squares scheme 

that minimizes the differences between the theoretical and experimental spectra, the method allows 

the refinement of phase fractions, lattice parameters, lattice strains, texture, etc., that are averaged in 

the gauge volume. As a metric of goodness of fit, the typical χ2 value in this study is ~0.9, which is 

considered decent. The initial crystal structure for calculation of theoretical spectrum is referred to 

[30]. As shown in Fig. 14, one of the two conventions describing NiTi monoclinic structure is adopted 

in the analysis of spectra data, such that c-axis as the diad axis and γ as the non-orthogonal angle, 

consistent with [4,30,31]. An example of refined spectrum is shown in Fig. 5. 
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Fig. 5. Refined and indexed spectrum at 10°C during thermally induced phase transformation from 

austenite (A) to martensite (M) of hot swaged NiTi (AD). Peak positions for low index hkl variants 

are marked for A, M and R-phase. 

 

In the second instance, Pseudo-Voigt single peak fitting method imbedded in ENGIN-X analysis 

routine [32] was used to compute lattice strains of individual hkl variants parallel to the axial loading 

direction (AD) and radial direction (RD), as illustrated in Fig. 3. 

Furthermore, the texture evolution was captured using analysis procedures outlined in [33]. Raw 

pole figures were constructed from the refined 6th order spherical harmonics in GSAS, assuming 

cylindrical symmetry of texture produced by the symmetric rotary swaging process. The orientation 

distribution functions (ODFs) were then reconstructed using MTEX software [34]. Hence the plotted 

inverse pole figures (IPFs) enable tracking the texture in the axial (AD) and radial (RD) direction of 

the cylindrical gauge volume [4]. 

 

3.Experimental results and discussion 

 

3.1 Microstructural evolution 

3.1.1 Grain morphology 

EBSD analysis is shown in Fig. 6. The compressive and shearing force of hot swaging induces 

the heterogeneity in grain morphology in such a way that grains at the outer radius of cross section 
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were heavily deformed with their dimension along RD reduced, while the grain at the inner region 

retain the equi-axed shape analogous to the as cast rod. From a macroscopic point of view, the ovality 

of grain shape increases after hot swaging, which coincides well with observation from the EPSC 

modelling approach in section 3.3.3. 

 

 

Fig. 6. Colour-coded inverse pole figure maps on cross-section of as cast (left) and hot swaged 

(right) NiTi rods. The triangular colour key indicates grain orientations parallel to the axial direction 

(AD). Location of the two EBSD maps was carefully selected so as to exhibit the interface that 

reveals the grain morphology heterogeneity in the HS rod. 

 

3.1.2 Microstrain 

The peak profile of austenite phase of AC and HS NiTi are shown in Fig. 7a. 
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Fig. 7. (a) The comparison of peak profile of cubic austenite phase at 80°C. (b) A modified W-H 

plot, the slope of the linear fittings contain information of the microstrain in AC and HS NiTi. The 

uncertainties of FWHM2 are comparable to the size of plotted symbols. 

 

To evaluate the change in microstrain caused by hot swaging, the full width at half maximum 

(FWHM) of the observed diffraction peaks can be deconvoluted into multiple contributions from 

instrument response (Δdins), grain size (Δdsize) and microstrain (Δdε) through Fourier transformation 

[35]. Consider the strain expression as ε=Δdε/dhkl, which directly reveals the non-uniform lattice 

deformation from dhkl+δd to dhkl-δd for a specific hkl variant. Note that the microstrain induced by 

lattice defects is assumed to be homogeneously distributed among variants. The effect of elastic 

anisotropy in B2 cubic austenite phase in NiTi alloy can be eliminated via introducing the contrast 

factors C [36], so that we obtain: 

𝐹𝑊𝐻𝑀2 = ∆𝑑𝑖𝑛𝑠
2 + ∆𝑑𝑠𝑖𝑧𝑒

2 + ∆𝑑𝜀
2 = ∆𝑑𝑖𝑛𝑠

2 + ∆𝑑𝑠𝑖𝑧𝑒
2 + 𝜀2𝑑ℎ𝑘𝑙

2 𝐶,                          (1) 

where dhkl is the d-spacing of an hkl plane (peak profile centre). The calculated C values for each hkl 

are marked in Fig. 7a, details refer to [36]. Eq. (1) is a typical y=a+bx equation, a being the intercept 

and b the slope. This modified Williamson-Hall approach provides information on the microstrain (ε2) 

from the slope of the plot, as shown in Fig. 7b. The fitting parameters are listed in the inset. It can be 

qualitatively concluded that the hot swaging process brings about a significant increase in non-uniform 

lattice deformation (microstrain), which is mostly associated with lattice defects. 
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3.2 Thermal expansion of martensite & austenite 

To study the texture effect on thermal expansion, the hydraulic loading rig was set to stress control 

at 0 MPa during thermal cycling, therefore the samples can move freely in the loading direction, 

allowing the measurement of both macroscopic and microscopic phase transformation strain. The 

extensometer data shows that the variation of macroscopic shape-change strain is less than 0.1% after 

formation of nascent phase during cooling / heating. This suggests the accommodative nature of the 

twinned M phase, wherein the elastic, thermal and allotropic mismatch is minimised [37]. 

Mesoscopic thermal expansion of variants can be obtained from lattice strains, which are 

quantified via the shifts in positions of individual hkl reflections: 

𝜀ℎ𝑘𝑙 =
𝑑ℎ𝑘𝑙−𝑑0

ℎ𝑘𝑙

𝑑0
ℎ𝑘𝑙 ,                                                                 (2) 

where 𝑑0
ℎ𝑘𝑙 and 𝑑ℎ𝑘𝑙 denote the d-spacing of specific hkl at initial state and after thermomechanical 

deformation, respectively. Using Eq. (2), the lattice strains of M and A are determined, as plotted in 

Fig. 8. The relative rather than absolute strains are considered in the analyses. 
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Fig. 8. Lattice strain as a function of temperature upon heating. As cast (a) and hot swaged (b) NiTi 

martensite phase. NiTi austenite phase (c). Linear regression is performed for each variant. 

Uncertainties are displayed either as error bars or comparable to the size of plotted symbols. 

 

It is noteworthy that the thermal expansion in both M and A phases retain a good linearity 

throughout the heating process, including the phase transformation process (10-60°C, according to 

DSC). Whilst the variation in coefficient of thermal expansion in hkl variants is attributed to anisotropy 

arising from crystal symmetry, the linearity suggests the accommodative nature of M phase and its 

capability to selectively transform to A, thereby minimising the intergranular stress between M and A 

grains. 

The coefficient of thermal expansion of hkl variants can be obtained from linear fit in Fig. 8, and 
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listed in Table 1. It is also worth mentioning that unlike the significant effect of texture on elastic 

properties which is discussed in the next section, the coefficients of thermal expansion are relatively 

independent of texture, since their values are similar between AC, HS and hot-drawn [37] NiTi. 

Components of thermal expansion tensor can be further determined using the values in Table 1, details 

refer to [37]. 

The measured thermal expansion coefficients of variants are used to compensate thermal 

expansion effect in the calculation of lattice strain during shape recovery in section 3.4. 

Table 1 

Coefficient of thermal expansion of NiTi martensite and austenite variants. 

Unit:10-6/°C 011M 100M -110M -111M 002M 012M 100A 110A 

As cast 7.7 25.1 -30.2 -10.7 26.8 20.6 29.6 -9.2 

Hot swaged 7.9 25.3 -29.0 -12.7 29.3 23.7 32.3  

 

 

3.3 In situ neutron diffraction of SME 

The overview of SME ND spectra is shown in Fig. 9, the evolution of which exhibits the 

difference in microstructural behaviour between AC and HS NiTi. Detailed analyses are in the sections 

below. 
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Fig. 9. The overview of spectra of AC and HS NiTi during SME, corresponding stress, strain and 

temperature of each spectrum are recorded on the right. Detailed peak index refers to Fig. 5 and Fig. 

7a. 

 

3.3.1 Lattice strain evolution 

The shifts in positions of individual peaks can be converted into lattice strains of hkl variants 

using Eq. (2), the evolution of which is shown in Fig. 10. The lattice strain shown here are from variants 

whose hkl plane normal are parallel to the AD and RD (Fig. 3). It should be noted that these variants 

are freely distributed around the normal of scattering hkl planes since this does not interfere with the 

Bragg’s condition. This means that the strains perceived from individual peaks are peculiar average 

from a subset of all grains in the gauge volume. 

During the SME tensile loading, the integrated intensity of some reflections gradually decrease 

to zero, for example, (100), (-110) and (121) in AD of both samples. Since the integrated intensity of 

an individual peak is proportional to the number of grains involved in the diffraction, the disappearance 

of the peak is caused by the rotation of these grains and hence the interference of Bragg condition. 

This phenomenon can also be intuitively viewed from the peak profiles in Fig. 9. The general 

observation here is that the grain reorientation tend to favour those variants with either relatively low 

or high stiffness compared with the average level, for instance, AC (-110) and (012) in AD, (110), AC 

(020) and (-120) in RD, HS (121) and (002) in AD, thus interacting with the matrix and rotating. 
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Fig. 10. The lattice strain evolution of AC (a) and HS (b) martensitic NiTi during loading. Typical 

uncertainties are displayed for (011), those of other variants are of similar magnitude. EPSC 

simulation of elastic response of each variant is drawn in solid lines using the same colour. 

 

3.3.2 Elastic properties 

Apparent elastic moduli (Eapp.) were determined from the gradient of initial slopes of the tensile 

stress-strain curves. Rietveld refinement method can be used to evaluate a volume averaged elastic 

modulus (Eave.) in polycrystalline materials [4]. The elastic strain associated with a lattice plane, 𝜀ℎ𝑘𝑙, 

can be described incorporating isotropic and anisotropic contributions with two fitting parameters, 𝛼 

and 𝛽: 

𝜀ℎ𝑘𝑙 = 𝜀𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 − 𝜀𝑎𝑛𝑖𝑠𝑜𝑡𝑟𝑜𝑝𝑖𝑐 =
𝛼

𝐶
−

𝛽∙cos 𝜙

𝐶
,                                          (3) 

where 𝐶 is a diffractometer constant. 𝛼 fits peaks in spectrum by varying the lattice parameters (a, 
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b and c) such that ∆𝑎 𝑎⁄ = ∆𝑏 𝑏⁄ = ∆𝑐 𝑐⁄  , thus capturing the isotropic strain. 𝛽  accounts for the 

anisotropy component. For a given hkl, 𝜙  is the angle between the plane normal and [100] for 

martensitic NiTi. Following the refinement using Eq. (3), Eave. can be obtained by setting 𝛽 to zero. 

Theoretical elastic moduli of variants can be calculated for two extreme states of the martensite 

phase, namely the single crystal and twinned structure. Single crystal without internal twinning is 

known to possess the highest stiffness while the presence of twinned structure would significantly 

reduce the value [5]. Therefore, the twinned structure may represent the martensite at its lowest 

stiffness. For martensite NiTi, the elastic modulus Ehkl in the direction perpendicular to a hkl plane can 

be calculated using equation [38]: 

𝐸ℎ𝑘𝑙 = (𝑙1
4𝑆11 + 2𝑙1

2𝑙2
2𝑆12 + 2𝑙1

2𝑙3
2𝑆13 + 2𝑙1

3𝑙3𝑆15+𝑙2
4𝑆22 + 2𝑙2

2𝑙3
2𝑆23 + 2𝑙1𝑙2

2𝑙3𝑆25 + 𝑙3
4𝑆33 +

2𝑙1𝑙3
3𝑆35 + 𝑙2

2𝑙3
2𝑆44 + 2𝑙1𝑙2

2𝑙3𝑆46 + 𝑙1
2𝑙3

2𝑆55 + 𝑙1
2𝑙2

2𝑆66)−1,                                 (4) 

where Sij are the 13 independent compliance constants obtained through DFT simulation, given in [5] 

for both single crystal and twinned structure. 

Determined by least square linear fit of data points, values of Eapp., Eave., Ehkl are listed in Table 2. 

The experimental results from a hot drawn NiTi rod are also included for comparison. 

Table 2 

Values of Ehkl, Eapp and Eave. from both experiment and EPSC, together with Hill-average elastic moduli 

from DFT simulation are listed. Poisson ratios (v) are calculated by dividing Ehkl in RD into that in AD. 

Expt. stands for experiment. 

hkl As cast NiTi Hot swaged NiTi Hot 

drawn 

NiTi 
[4] 

Single 

crystal 

Twinned 

structure 

 𝐸ℎ𝑘𝑙 𝑣 𝐸ℎ𝑘𝑙 𝑣 𝐸ℎ𝑘𝑙 𝐸ℎ𝑘𝑙 𝐸ℎ𝑘𝑙 

 Expt. EPSC Expt. EPSC Expt. EPSC Expt. EPSC    

011 85.4 85.6 0.31 0.21 63.7 80 0.23 0.08 117.1 183.9 60.5 

100 69.2 64.4 0.18 1.2 100.5 72.7 0.59 1.34 132.2 152.6 26 

-110 52.5 69.2 0.39 0.85 78.9 74.4 0.87 0.9 78.2 169 23.4 

-111 92.2 74.2 0.95 0.89 58.2 74.7 0.23 0.76 104.7 76.2 11.2 

012 52.3 72.6 0.27 0.08 41.3 67.1 0.36 0.07 145.4 159.7 40.3 

-120 68.8 80.2 0.78 0.69     101.4 150.8 35.4 

-121 69 78.7 0.44 0.47 67.5 78.1   93.3 98 21.1 
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-112 72.9 73.5 0.23 0.4 74.8 76.6 0.27 0.41 165.1 79.4 20.2 

121 62.8 88.2 0.41 0.34 366 105.4 3.45 1.41 104.6 120.1 31.7 

Eapp. 37.8    55    50   

Eave. 99.7 96.84 0.31 0.44 107.4 98.6 0.32 0.51 134   

EDFT       180( 

𝑣 =

0.31)[

29] 

71( 

𝑣 =

0.35) [5] 

 

Eave. of HS NiTi is higher than that of AC NiTi, while the hot drawn (HD) NiTi is the highest. 

These experimental results of Eave. agree well with DFT simulation, all within the range of 71-180 GPa. 

This indicates that the AC NiTi contains the original amount of twinned structures while those in HS 

and HD samples were detwinned due to the compressive forming process. The averaged Poisson ratios 

from experiment and DFT are similar (~0.31-0.35) regardless of the microstructure. 

The values of Eapp (37.77-55 GPa) are consistent with those reported in previous studies (40-70 

GPa) and has been mistakenly considered to be the actual martensite modulus of NiTi in many 

literatures. The fact is that the real elastic modulus Eave. is more than two times the value of Eapp.. This 

confusing dilemma of elastic modulus implies that considerable amount of martensite twins are 

inelastically detwinned before the onset of stress-plateau [39,40]. 

The experimental results of Ehkl lie within the range of single crystal and twinned structure. 

However, few exceptions exist such as the E-111 of AC NiTi and E121 of HS NiTi, which suggests that 

the intergranular constraint arising in polycrystalline materials exerts non-negligible influence on the 

anisotropic elasticity. The abnormal value of Poisson ratio (>0.5) is another evidence of the effect. 

Therefore, EPSC simulation that takes into account the influence of microstructure, was carried out to 

quantify the elastic response of variant. 

 

3.3.3 EPSC quantification of elastic properties 

The Elasto-Plastic Self-Consistent (EPSC) approach was employed to simulate the effect of 

texture and grain morphology on anisotropic elastic response of variants. Based on Eshelby theory, the 

model treats each variant as an ellipsoidal inclusion embedded in a homogeneous medium. Numerical 
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implementation is described in [41]. 

Grain population files (Fig. 11) were generated consistent with the texture observed from ND. 

The simulation parameters, namely ellipsoid ratios and elastic constants were tuned to fit the 

experimental result of AC NiTi. Then the grain population file was substituted by that of HS NiTi to 

verify the texture effect. Parameters are listed in Table 3. 

 

 

Fig. 11. Orientation of 6000 grains among 12000 that used in EPSC simulation. Yellow dashed line 

highlights the enhanced fibre texture in grain population file. 

 

Table 3 

EPSC simulation parameters. 

 Ellipsoid Ratios 
C11 C12 C13 C14 C22 C23 C25 C32 C35 C44 C46 C55 C66 

 x y z 

AC 0.4 1.2 2 
35 102 120 1 135 120 27 80 7 67 5 13 52 

HS 0.4 1.2 20 

 

Most variants exhibit crooked stress-strain response above the onset of stress plateau, as indicated 

by dashed line in Fig. 10. This non-linear behaviour in the stress-strain curve is mainly attributed to 

plastic deformation of variants from twinned to detwinned structure [4], hence simulation results is 

plotted in the elastic regime. Numerical comparison between experiment and EPSC result refers to 

Table 2. 

This EPSC simulation demonstrates the texture-dependent elastic properties of variants. 

Furthermore, the effect of grain morphology was confirmed by the ellipsoid ratios in Table 3, in that 

the higher ovality of HS NiTi agrees well with the EBSD observation in Fig. 6. 
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3.3.4 Texture evolution 

Fig. 12&13 are IPFs of AC and HS NiTi, respectively. The first IPF is plotted in full spherical 

space to illustrate the symmetry arising from the monoclinic crystal structure, indicating that only half 

circle is necessary to present a full map of texture. For the sake of clarity in comparison of textures in 

different directions and samples, all figures adopt the equal range of scale bar from 0-5, in units of 

m.r.d. (multiples of random distribution). 

 
 

Fig. 12. Inverse pole figures (IPFs) of AC NiTi. The corresponding stress and strain levels are 

indicated in the middle. The hkl variant of low index are marked with pink dots. Four directions, 

namely <100> and <010> are drawn in red dots for reference. 
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Fig. 13. IPFs of HS NiTi. 

 

The initial texture of AC NiTi is weak, consistent with the low value of texture index of 1.32 (AD) 

and 1.13 (RD) obtained by Rietveld method. At virgin state, the texture distributions in two directions 

are similar that the density of (-101), (101), (001) and (010) are slightly higher. In comparison, HS 

NiTi exhibits distinct initial texture that the density of (010) in AD and (-101,101) in RD are around 

2.8 m.r.d and 1.9 m.r.d., respectively. 

With the gradual increase of applied stress, the majority of variants in AC NiTi are rearranged in 

such a way that the [010] direction (i.e. b-axis) being parallel to the axial loading direction and (-101), 

(001) and (101) being perpendicular. However, the texture rearrangement of both banks tends to 
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saturate at the stress level of 260MPa and above, corresponding to the end of stress-plateau in the 

macroscopic curve. The maximum density near [010] direction in AD merely increases from 3.7 to 3.9 

m.r.d. upon the stress increment from 260 to 540 MPa. This means that major part of texture evolution 

takes place within the region of stress plateau. It may be inferred from the phenomenon that the texture 

evolution is closely correlated to detwinning process, since the grains reorient in such a way to 

accommodate the detwinning strain of (010) compound twins and (100) compound twins in the loading 

direction, as illustrated in Fig. 14. This inference and the observation of macroscopic SME curves 

suggests that the prevalent detwinning modes are related to both the <011> Type II twin and (010) & 

(100) compound twin [42], and the rearrangement of compound twins and others (e.g. <2-10> twin) 

after the plateau may be trivial in contribution to deformation [43]. Upon unloading from maximal 

stress to zero, the evolved texture does not show an obvious evidence of recovery, implying that the 

grain reorientation is inelastic. 

 

 

Fig. 14. Schematic illustration of detwinning of the (010) & (100) compound twin structures of 

martensite B19’ NiTi. The texture information from IPFs indicate that grains reorient with the [010] 

direction parallel to the loading direction and distribute homogeneously around the [010] pole, thus 

accommodating the detwinning shear strain along the loading direction. 

 

The texture evolution of HS NiTi is very similar to that of AC NiTi, except that the density reaches 

~4.9 m.r.d. at maximal stress. Nevertheless, the higher density is attributed to the advantage of initial 

texture in HS sample rather than better adaptability of grains, since the variation in [010] density in 

AC NiTi (~2.9 m.r.d.) is higher than HS NiTi (~2.1 m.r.d.). Surprisingly, the texture evolution of AC 
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and HS samples are not only similar but also has a good agreement with those reported in other studies 

[4,44] using NiTi samples of different composition and processing methods. Hence it may be 

qualitatively assumed that the texture evolution in NiTi during SME is largely independent of initial 

microstructure. Besides, it should be noted that texture evolution takes place in AC and HS sample at 

low stress (~100 MPa), consistent with TEM studies [39,43] that the pseudo-plastic deformation starts 

in the “elastic regime” of deformation, which strongly supports the discussion in section 3.3.1 and 

3.3.2. 

 

3.4 Quantification of lattice strain evolution 

The lattice strain evolution in NiTi can be captured by a “bi-crystal model”, the concept of which 

was proposed in [16]. As illustrated in Fig. 15(a), the model is based on the assumption of anisotropic 

hybrid deformation in variants whose elongation are equally constrained by the boundary along the 

loading axis. Suppose two variants A and B having the same length (Step 1). Although both variants 

are martensite phase, they exhibit different modes of elastic and plastic deformation due to the 

anisotropy when external stress is applied (Step 2). In this case, the deformation of variant A may 

contain more inelastic component (i.e. pseudo-plastic detwinning and plastic slip) than B. Therefore, 

after unloading the difference in inelastic deformation results in the residual lattice strain distribution 

in the two grains (compression in A and tension in B), and hence the residual stress (σr) (Step 3). Upon 

heating, the detwinned martensite transforms to austenite such that the pseudo-plastic deformation 

(green colour) is recovered, causing the redistribution of lattice strain and residual stress (𝜎𝑟
′) due to 

the change of inelastic deformation in A and B (Step 4). 
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Fig. 15. The conceptual sketch of four deformation steps during SME of the bi-crystal model (a). Its 

generalized version proposed in this study (b). 

 

The bi-crystal model can be further generalized to an assemblage of N elasto-plastic hkl variants 

connected in parallel, as shown in Fig. 13(b). The deformation of each variant is comprised of three 

strain modes, namely lattice strain (i.e. elastic strain) (𝜀𝑒), plastic strain (𝜀𝑝) and pseudo-plastic strain 

(i.e. recoverable strain) (𝜀𝑟). Assuming that the total strain (𝜀𝑡) of variants are equally constrained by 

the boundary on both sides, in that 𝜀𝑡 = 𝜀𝑒 + 𝜀𝑝 + 𝜀𝑟. 𝜀𝑡 is the only independent variable, while 𝜀𝑒 

is the dependent variable that this model aims to quantify. 

The elastic strain of a variant can be given as: 𝜀𝑒 = 𝜎 𝐸ℎ𝑘𝑙⁄ , where 𝜎 and 𝐸ℎ𝑘𝑙 are the applied 

stress and elastic property of the variant in loading direction, respectively. The value of 𝜎 corresponds 

to a given 𝜀𝑡 from the macroscopic stress-strain curve (Fig. 4), whilst the value of 𝐸ℎ𝑘𝑙 is known 

from the texture-dependent EPSC results in section 3.3.2. Detwinning and phase transformation strain 

are considered to be the underlying mechanisms of shape recovery [45], whilst the latter can be 

neglected in this case because the phase transformation strain from twinned martensite to austenite is 

typically less than ~0.1%, which has been confirmed by stress-free thermal cycling in section 3.2. 

Therefore, the pseudo-plastic strain 𝜀𝑟 is equivalent to the martensite detwinning strain that can be 
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further split into two components: 

𝜀𝑟 = 𝜀𝑇𝑦𝑝𝑒 𝐼𝐼 + 𝜀𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑,                                                         (5) 

where 𝜀𝑇𝑦𝑝𝑒 𝐼𝐼  denotes the detwinning strain of <011> Type II twins and 𝜀𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑  is that of 

compound twins. Given that the twining shear strain for (010) & (100) twin systems are equivalent 

[43], only the (010) compound twin is considered in the model. Details of these dominant twinning 

modes have been elucidated in [39,42,43,45,46]. 

In the process of detwinning, one variant of the CVP (Correspondence Variant Pair, denoting a 

martensite plate contains two twin-related martensite single-crystal variants) grows in the expense of 

the other, finally resulting in a single crystal of martensite. 𝜀𝑇𝑦𝑝𝑒 𝐼𝐼 can be calculated by: 

𝜀𝑇𝑦𝑝𝑒 𝐼𝐼 = ∑ 𝜉𝑛24
𝑛=1 (𝜆𝑛 − 𝜆0

𝑛)𝑅𝐏𝑑𝑡
𝑛 𝑅𝑇,                                               (6) 

where 𝜆𝑛 is volume fraction of one variant (that of the other is 1 − 𝜆𝑛) after detwinning. 𝜆0
𝑛 is the 

initial value [47]. Hence the term 𝜆𝑛 − 𝜆0
𝑛 denotes the amount of transition between the two variants. 

𝜉𝑛 is the volume fraction of nth CVP in the matrix. RT is the transpose of R, the strain transformation 

tensor that transforms the detwinning strain tensor 𝐏𝑑𝑡
𝑛  from the original coordinate system to the 

direction of hkl normal: 

𝑅 = [

cos 𝛼 cos 𝛽 cos 𝛼 sin 𝛽 sin 𝛼
− sin 𝛼 cos 𝛽 − sin 𝛼 sin 𝛽 cos 𝛼

sin 𝛽 − cos 𝛽 0
],                                           (7) 

where 𝛼 = tan−1(ℎ 𝑘⁄ ), 𝛽 = tan−1((1.01𝑙 + 0.12ℎ) √ℎ2 + 𝑘2⁄ ). 𝐏𝑑𝑡
𝑛  can be obtained from: 

𝐏𝑑𝑡
𝑛 =

1

2
(𝒂𝑛 ⊗ 𝒘𝑛 + 𝒘𝑛 ⊗ 𝒂𝑛),                                                    (8) 

where 𝒘𝑛 is the unit normal vector of shear plane, 𝒂𝑛 is the vector of shear direction. 𝜆𝑛, 𝜆0
𝑛, 𝒂𝑛, 

𝒘𝑛 of 24 CVPs in NiTi alloy are listed in Table 4. 

 

Table 4 

g=0.5846, h=0.8133, k=0.2804, o=0, p=0.271, q=0.729, r=1. [48] 
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n 𝒘𝟏
𝒏 𝒘𝟐

𝒏 𝒘𝟑
𝒏 𝒂𝟏

𝒏 𝒂𝟐
𝒏 𝒂𝟑

𝒏 𝝀𝟎
𝒏 𝝀𝒏 

1 -g o h o k o p r 

2 o -g -h k o o p r 

3 -g o -h o k o p r 

4 o -g h k o o p r 

5 -g o -h o k o q r 

6 o -g h k o o q r 

7 -g o h o k o q r 

8 o -g -h k o o q r 

9 -h -g o o o k p r 

10 -h g o o o k q r 

11 -h o -g o k o p r 

12 -h o g o k o q r 

13 h g o o o k p r 

14 -h -g o o o k q r 

15 -h o g o k o p r 

16 -h o -g o k o q r 

17 g -h o o o k q r 

18 -g -h o o o k p r 

19 o -h -g k o o p r 

20 o -h g k o o q r 

21 -g -h o o o k q r 

22 g -h o o o k p r 

23 o -h g k o o p r 

24 o -h -g k o o q r 

 

The detwinning strain tensor of (010) compound twin 𝜀𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 can be determined by [45]: 

𝜀𝐶𝑜𝑚𝑝𝑜𝑢𝑛𝑑 = 𝜉𝜆𝑅
1

2
𝑠(𝒎 ⊗ 𝒏 + 𝒏 ⊗ 𝒎)𝑅𝑇,                                           (9) 

where m and n are unit normal vector of habit plane and unit vector of twinning direction respectively. 

𝑠 is the shear magnitude and 𝜉 is the volume fraction of the compound twin in the matrix. 𝜆 is the 

amount of transition by detwinning [47]. Details are listed in Table 5 [46]. 

 

Table 5 

𝒎𝟏 𝒎𝟐 𝒎𝟑 𝒏𝟏 𝒏𝟐 𝒏𝟑 𝒔 𝝀 

0 0 1 1 0 0 0.238 0.5 

 

Assuming the volume fraction of two detwinning modes satisfies the normalized condition: 𝜉 +

∑ 𝜉𝑛24
𝑛=1 = 1, and 𝜉𝑖 = 𝜉𝑗  (𝑖, 𝑗 = 1, 2, 3, … , 24) [48]. The value of 𝜉 and 𝜉𝑛 can be calibrated by 

fitting the average detwinning strains of the two modes, i.e. 6.79% for <011> Type II and 2.98% for 
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(001) compound [47], to the macroscopic recoverable strain of the two samples. The calibrated values 

are listed in Table 6. Thereby the pseudo-plastic strain εr can be obtained by combining Eq. 5, 6 and 9: 

𝜀𝑟 = ∑ 𝜉𝑛24
𝑛=1 (𝜆𝑛 − 𝜆0

𝑛)𝑅𝐏𝑑𝑡
𝑛 𝑅𝑇 + 𝜉𝜆𝑅

1

2
𝑠(𝒎 ⊗ 𝒏 + 𝒏 ⊗ 𝒎)𝑅𝑇.                        (10) 

The plastic strain is permanent whose value can only increase. At maximum εt, the values of εr 

and εe are known, hence the plastic strain of each variant: 𝜀𝑝 = 𝜀𝑡 − 𝜀𝑟 − 𝜀𝑒. 

Upon unloading, the lattice strain changes freely in such a way to accommodate the difference 

between total strain and other strain components: 𝜀𝑒 = 𝜀𝑡 − 𝜀𝑟 − 𝜀𝑝. 

During shape recovery, the instant pseudo-plastic strain (𝜀𝑟′) of each variant gradually recovers, 

whose value is related to the macroscopic recovered strain: 

𝜀𝑟′ = 𝜀𝑟 ∙ (
𝜀−∆𝜀

𝜀
) = 𝜀𝑟 ∙ (

𝜀−𝜀𝑚+𝜀𝑡

𝜀
),                                                  (11) 

where 𝜀𝑟  is the pseudo-plastic strain before shape recovery obtained from Eq. 10. 𝜀  is the 

macroscopic recoverable strain obtained from the macroscopic stress-strain curve (Fig. 4). ∆𝜀 is the 

change in macroscopic strain during shape recovery. 𝜀𝑚  is the macroscopic strain before shape 

recovery. Similarly, the lattice strain can be obtained from: 𝜀𝑒 = 𝜀𝑡 − 𝜀𝑟
′ − 𝜀𝑝 . Arising from grain 

boundaries and textures, the intergranular constraint is found to retard the shape recovery in 

polycrystalline NiTi [49]. Hence the gradient of lattice strain evolution is multiplied by k, representing 

the average intergranular constraint from the matrix: 

𝑑𝜀𝑒′

𝑑𝜀𝑡
= 𝑘

𝜕𝜀𝑒

𝜕𝜀𝑡
,                                                                    (12) 

where 𝜀𝑒′ is the lattice strain predicted by the model. The calibrated parameters are listed in Table 6. 

 

Table 6 

Sample 

Condition 
𝝃 𝝃𝒏 𝜺𝒎 𝜺 k 

AC 0.35 0.027 6.11 5.46 0.03 

HS 0.26 0.031 6.53 5.81 0.04 

 

The calibrated value of ξ and ξn indicates that the amount of compound twin in AC NiTi is higher 



28 
 

than that in HS NiTi, which well agrees the observation in section 3.3.4 that more grains in AC NiTi 

are reoriented with [010] parallel to the AD so as to accommodate the detwinning strain. Texture effect 

is considered in the model via the anisotropic elastic property of variant (𝐸ℎ𝑘𝑙), which is quantified by 

EPSC in section 3.3.3. The lower value of k in AC NiTi implies that random texture induces stronger 

intergranular constraint, consistent with observations from [49]. 

The comparison between experiment and proposed model are shown in Fig. 16. The loading 

process described by the model well fits the data since the elastic properties of variants are given in 

section 3.3.2. The novelty of the proposed model comes to the quantification of lattice strain evolution 

during the unloading and shape recovery. Upon unloading, lattice strain depends on the plastic and 

pseudo-plastic strain calculated at maximum stress level. During shape recovery, the instant pseudo-

plastic strain of variant is estimated, thereby the lattice strain being calculated. It can be seen that lattice 

strain evolution of variant is linear, either positive or negative. The positive ones, for instance the (100) 

variant of AC NiTi, indicate that the strain recovery of that variant is larger than the average matrix, 

so that the difference in strain between the variant and matrix has to be compensated by the increasing 

of elastic lattice strain. And vice versa. Although concise as it is, the model effectively captures the 

overall trend of the texture-dependent lattice strain evolution in different variants, particularly the 

unloading and shape recovery process. 
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Fig. 16. Lattice strain evolution: comparison between experiment and proposed model. Uncertainties 

are comparable or smaller than the size of plotted symbols. 

 

4. Summary and conclusions 

 

This work has provided insight into the effect of texture introduced by different processing 

methods on the SME behaviour of variants as they exist in bulk polycrystalline NiTi alloys. Attentions 

were drawn to various properties of NiTi alloy, namely, grain morphology, microstrain, thermal 

expansion coefficient, lattice strain evolution, elastic properties and texture evolution. Based upon the 

experimental results, a multi-variant model that quantifies the lattice strain evolution during SME was 

constructed, shedding light on the degradation of functional behaviour from a mesoscopic point of 

view. 

Conclusions are summarised as below: 

Hot swaging process brings about reduction in grain dimension along RD, increase in  

microstrain, and formation of <010> fibre texture along AD. 

The linearity of lattice strain evolution during stress-free thermal cycling suggests the 

accommodative nature of M phase to minimise the intergranular stress between M and A grains. The 

thermal expansion of M and A variants are demonstrated to be weakly affected by the texture. 
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The elastic response of variants show large extent of anisotropy. Elastic properties of both variants 

and macroscopic averaged value of AC, HS, HD samples lie within the range for single crystal state 

(the highest stiffness) and twinned structure (the lowest stiffness). Attributed to the texture effect, the 

same hkl variant in AC, HS and HD NiTi exhibits distinct elastic modulus. Texture and grain 

morphology effect on elastic properties are quantified by EPSC approach. 

Major part of texture evolution during SME takes place within the region of stress-plateau. The 

rearranged texture retained upon unloading. Although AC, HS and HD NiTi presents different 

microstructure initially, the way of texture rearrangement are similar such that the [010] direction is 

reoriented parallel to the loading axis, thus accommodating the detwinning strain of (001) & (100) 

compound twins. 

Being the likely first attempt so far, the proposed multi-variant model well captures the overall 

trend of the anisotropic lattice strain evolution during SME. The proportion of three strain modes of a 

variant largely depends on the orientation and texture. Random texture is found to induce more 

intergranular constraint during shape recovery. 

Apart from the new findings, conclusions in the present work well match those from literature. 
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