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Abstract 

This study investigated the mechanisms and temperature dependence of the R phase variant 
reorientation deformation in a nanocrystalline NiTi wire by means of in-situ synchrotron high-
energy X-ray diffraction technique during tensile deformation. The NiTi wire exhibited a single 
stage B2→ R transformation upon cooling with the R→ B19' martensitic transformation 
completely suppressed down to the liquid nitrogen temperature. The R phase variant 
reorientation deformation in tension was revealed to proceed in a Lüders-manner, as evidenced 
by sudden increases of lattice elastic strains of the R phase during the deformation. This is 
attributed to the internal load transfer among the different crystallographic variants during the 
R phase reorientation. The variant reorientation obeys the principles to yield maximum 
crystallographic strain in the direction of the applied load. Thus, the variants with directions of 
larger d-spacing values aligned to the axis of tension grew at the expense of those of lower d-
spacing values. The crystallographic strain of R phase reorientation was found to increase with 
decreasing the deformation temperature. This corresponds directly to the continued evolution 
of the structure of the R phase of increased structural distortion relative the B2 phase with 
decreasing the temperature. This reflects the second order nature of the R phase. 
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1. Introduction 

NiTi shape memory alloys (SMAs), owing to their unique shape memory effect, superelasticity 
[1], good biocompatibility [2] and high corrosion resistance [3], have been used in many 
applications in aerospace and automobile industries, in consumer goods and in medical 
technology, as fasteners, actuators, stents, and medical guidewires, to name a few [4–8]. The 
unique shape memory properties are due to the martensitic transformations in these alloys. For 
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binary NiTi, there exist two kinds of martensite that can be formed from the B2 parent phase, 
the B19' monoclinic martensite and the R triclinic martensite. The B19' martensite has a large 
lattice distortion relative to the B2 parent phase, and consequently the B2→B19' transformation 
exhibits large transformation strains, typically 6~8% [4,9]. In comparison, the R phase has a 
smaller lattice distortion from the B2 phase and the B2→R transformation exhibits smaller 
transformation strains, typically ~1% [10,11]. 
 
The B2→B19' transformation is considered the “native” or intrinsic transformation of the 
alloys [4,12,13]. Its high reliability, large transformation strains and high work output have 
made it very attractive for application, particularly as actuators. For exactly the same reason, it 
has been extensively studied. In comparison, the B2→R transformation is not native and can 
only be introduced under certain conditions, including third element doping (e.g. Fe, Al) 
[14,15], aging to introduce Ti3Ni4 precipitates [11,16], cold working [11] or thermal 
transformation cycling [17] to introduce crystalline defects, and nanocrystallization [18–20]. It 
is generally understood that the B2→R transformation occurs when the B2→B19' 
transformation is suppressed [11,20], in particular by the structural defects, including 
dislocations, dispersed fine precipitates and grain boundaries in nanograined structures, that 
hinder the large lattice distortion of the B19' martensite. In this case the R phase, which has a 
much smaller lattice distortion from the B2 phase, stands a much higher chance to form. 
Because of its relatively low transformation strain and low work output, and more the 
illusiveness of its occurrence, the B2→R transformation is much less studied and understood 
in the literature. 
 
The crystal structure of the R phase can be derived from that of B2 structure by stretching along 
a <111>B2 direction. The structure of the R phase was initially considered as a rhombohedral 
distortion from the B2 structure [10]. The rhombohedral angle α of the R phase has been shown 
to decrease continuously with decreasing temperature after its formation in a single crystal 
study conducted by the Miyazaki et al. [21]. They have also characterized the four twinning 
types of the R phase variants in self-accommodation structure before deformation and found 
that there was only one favourable will be formed by reorientation deformation. In practice, to 
better describe the orthogonality of the unit cell, the rhombohedral lattice structure is usually 
expressed in a trigonal hexagonal lattice. Sitepu et al. settled the crystallographic space group 
of the R phase as P3 trigonal system [22]. 
 
Miyazaki et al. studied the deformation behaviour of R phase in polycrystalline coarse grained 
NiTi (CC-NiTi) alloys, and found that both of the critical stress for and the strain of R phase 
reorientation increase with decreasing temperature [11]. They attributed the change in 
reorientation strain to the temperature dependence of structure. Stachowiak and McCormick 
studied the stress-induced B2→R transformation in polycrystalline NiTi [23], and determined 
the Clausius-Clapeyron relationship between the stress and temperature. Waitz et al. studied 
the twin morphology of the R phase in nanocrystalline NiTi (NC-NiTi) alloys using a 
transmission electron microscope (TEM) and found that the variant quantity and twin type vary 
with the grain size of the sample [18,19].   
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Most of the previous studies have focused on the global mechanical and thermal behaviours of 
the R phase, and relatively very little knowledge has been accumulated on the microscopic 
mechanisms of the transformation and reorientation processes of the R phase, such as variant 
textures, twining mechanisms for variant reorientation, load sharing and transfer among the 
variants during reorientation.  
 
This study was designed to investigate the micro-mechanisms of the R phase variant 
reorientation during deformation. To achieve the B2→R transformation without the 
interference of the B19' martensite and other structural defects, a NC-NiTi wire was used. The 
study focused on the variant reorientation process, texture evolution and lattice strains of the R 
phase during deformation, and the effect of temperature on the crystal structure and 
reorientation strain of the R phase. 
 

2. Experimental details 

A commercial Ni50Ti50 (at.%) wire of 0.75 mm in diameter was obtained from JiYi Materials 
Co. Ltd. The as-received wire was first annealed at 750 °C for 10 min and then cold drawn into 
a thinner wire of 0.40 mm in diameter at room temperature without intermediate annealing, 
corresponding to 72% cross sectional area reduction. The test samples were cut from the cold-
drawn wire and subsequently annealed in a muffle furnace at 350 °C for 10 min followed by 
air cooling. 
 
The microstructure of the wire was examined using a FEI Tecnai F20 transmission electron 
microscope (TEM) operated at 200 kV. The TEM sample was prepared by mechanical 
polishing followed by ion-beam milling using a Gatan 691 PIPS instrument. The 
transformation behaviour of the wire was characterized using a Q20-2503 differential scanning 
calorimeter (DSC) from TA Instruments with a heating/cooling rate of 5 °C/min. The NiTi wire 
thus processes has a nanocrystalline microstructure. 
 
Uniaxial tensile tests were performed on the NC-NiTi wire samples at a strain rate of 5×10-4 s-

1 using an Instron universal testing machine at to characterise the deformation behaviour at 
20 ℃, -60 ℃, -100 ℃ and -135 ℃. In-situ synchrotron high energy X-ray diffraction (HE-
XRD) measurements were carried out to study the microstructure and microscopic mechanisms 
of the stress-induced deformation in the NC-NiTi wire during tensile deformation. The HE-
XRD measurements were performed on the 11-ID-C beam line of the Advanced Photon Source 
at the Argonne National Laboratory, USA. High-energy X-rays with an energy level of 105.6 
keV, a wavelength of 0.1173 Å and a beam size 0.5×0.5 mm2 were diffracted in transmission 
geometry towards a Perkin-Elmer large area detector to obtain two-dimensional (2D) 
diffraction patterns. Fig. 1 depicts the experimental set-up for the in-situ HE-XRD 
measurement. In this set-up, azimuth angle 90° represents the axial direction to the wire, which 
is also the tensile loading direction, and 0° represents the transverse direction to the wire. The 
high-energy X-ray measurements were conducted at a fixed position of the wire sample in-situ 
during tensile deformation. 
 
For data analysis, fully integrated one-dimensional (1D) HE-XRD spectrums were obtained by 
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integrating the 2D HE-XRD patterns from 0° to 360° azimuth angles using software Fit 2D. In 
addition, 1D HE-XRD spectrums at 90° and 0° azimuth angles were also obtained by 
integrating the 2D patterns within ±5° of the 90° or 0° angles, respectively. The diffraction 
peaks in the 1D spectrum were fitted using Gauss distribution function after removing the 
background to determine the d-spacings. The d-spacing strain was calculated as |dhkl - d0

hkl|/d0
hkl, 

where dhkl is the d-spacing under a given load and d0
hkl is the d-spacing in the “unstressed” state. 

The relative peak intensity is defined as Ihkl/I0
hkl, where Ihkl and I0

hkl are the integrated peak area 
intensities under a given load and in the “unstressed” state, respectively. 
 

 
Fig. 1. Schematic illustration of the experimental set-up for in-situ HE-XRD and tensile 

deformation testing. 
 

3. Results 

3.1 Microstructure and transformation behaviour of the NC-NiTi wire 

Fig. 2 presents the microstructure and transformation behaviour of the NC-NiTi wire in as-
annealed state. Fig. 2(a) shows a TEM bright-field micrograph of a sample. The microstructure 
consists of nanocrystalline grains with a mean grain size of 15 nm. Fig. 2(b) shows a DSC 
measurement of the transformation behaviour of a sample. The sample exhibited a single stage 
B2→R transformation on cooling and a single stage R→B2 transformation on heating. The 
B2↔R transformation occurred over a broad temperature range from 60 ℃ (Rs) to roughly -
30 ℃ (Rf). The wide temperature window of 90 ℃ for the B2↔R transformation is ~10 times 
of that commonly observed in coarse grained NiTi alloys. This is attributed to the nanograined 
microstructure of the wire, which imposes severe mechanical resistance to the lattice distortion 
of the B2→ R transformation, thus incurs a high stored elastic energy. This forces the 
transformation to occur progressively with continuously increased thermodynamic driving 
force upon cooling. The latent heat of the B2→R transformation, as determined from 60 ℃ to 
-30 ℃, is 7 J/g. The transformation hysteresis, as measured between the peak temperatures of 
the forward and reverse processes, is 6 ℃. 
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Fig. 2. Microstructure and transformation behaviour of the NC-NiTi wire in annealed state. (a) 
TEM bright-field image of the nanograined microstructure. (b) Transformation behaviour of 
the NC-NiTi wire measured by DSC. (c) A 0-360º integrated 1D diffraction pattern collected 
at 20 ℃. (d) A 0-360º integrated 1D diffraction pattern collected at -135 ℃. 
 
Fig. 2(c) presents a 1D HE-XRD pattern collected at 20 ℃. It is seen that the sample had a 
mixed microstructure of the B2 and the R phases, implying that the B2→R transformation is 
incomplete at this temperature. This is consistent with the DSC measurement shown in Fig. 
2(b). Fig. 2(d) shows another 1D HE-XRD pattern collected at -135 ℃. It is fully indexed to 
the R phase. This evidence demonstrates that both the B2→B19' and the R→B19' martensitic 
transformations have been fully suppressed to below -135 ℃. It is a general knowledge that 
the B19' martensite is prohibited in nanograined microstructures due to the difficulty to form 
self-accommodation structures and the excessively high mechanical resistance to the large 
lattice distortions of the B19' martensite [19]. In this regard, the nanograined structure provides 
a unique opportunity to experimentally isolate the B2→R transformation from the interference 
of the B2→B19' and R→B19' transformations. 
 

3.2 Lüders-type deformation of R phase variant reorientation 

Fig. 3 shows the deformation behaviour of the NC-NiTi wire during tensile loading at -60 ℃ 
and in-situ HE-XRD analysis. The sample is in R phase at this temperature. Fig. 3(a) displays 
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the initial stage of the stress-stain curve of the tensile deformation. The inset shows the full 
stress-strain curve of the sample. The sample exhibited a two-stage yielding behaviour at two 
Lüders-type stress plateaus, corresponding to the R-phase variant reorientation at the lower 
plateau and the stress-induced R→B19' transformation at the higher plateau. 
 
This study investigates the R phase reorientation process at the first stress plateau. The stress-
strain curve associated with the R phase reorientation may be divided into four sub-stages. 
Stage O-A corresponds to the initial elastic deformation of the R phase. Stage A-B is associated 
with the R phase reorientation in uniform manner in the sample, with a progressively increasing 
stress. Stage B-D is also the R phase reorientation, but propagating in a Lüders manner through 
the sample over a stress plateau. Stage D-E is the apparent “elastic” deformation of the 
reoriented R phase. 
 

 

Fig. 3. Lüders-type deformation behaviour and in-situ HE-XRD analysis of the NC-NiTi wire 
at -60 ℃. (a) Tensile stress-strain curve of yielding associated with R phase variant 
reorientation. The inset shows the full stress-strain curve. (b) 1D HE-XRD patterns collected 
at different stages of the tensile deformation. The 1D patterns presented are integrated from the 
2D patterns within ±5º of the wire axial direction (φ=90º). (c) Evolutions of relative intensities 
of diffraction peaks of the R phase in the axial direction (φ=90º) during the tensile deformation. 
(d) Evolutions of d-spacing lattice strains of the R phase in the axial direction (φ=90º) during 
the tensile deformation.  



7 
 

 
Fig. 3(b) shows 1D HE-XRD patterns of the sample along the wire axial direction (φ=90º) 
collected at different stages during the R phase reorientation deformation. Labels O to E in the 
figure correspond to the positions marked on the stress-strain curve shown in Fig. 3(a). An 
abrupt change in the pattern is seen between point C and C', corresponding to the arrival of the 
front of Lüders band of R phase reorientation at the x-ray observation point. 
 
Fig. 3(c) illustrates the evolutions of relative intensities of several R phase diffraction peaks at 
φ=90º. It is seen that in stage O-A the relative intensities of the diffraction peaks showed little 
change. In stage A-B, the intensities of (114), (102) and (104) increased moderately with the 
global strain whereas those of (330), (210) and (223) decreased. This is indicative progressive 
and uniform reorientation of the R phase variants during this initial stage of deformation. In 
stage B-C, the rates of the increase and decrease of the relative intensities of all the diffraction 
peaks appeared to be reduced slightly. This is due to the commencement of the Lüders band 
deformation in the sample, at locations away from the x-ray observation point. At point C, the 
intensities of (114), (102) and (104) increased abruptly and those of (330), (210) and (223) 
decreased abruptly to near distinction over a very short range of global strain in C-C'. This 
obviously corresponds to the arrival of the propagating Lüders band at the x-ray observation 
point. This observation indicates that (114), (102) and (104) are the preferred orientations of 
the R phase relative to the applied tensile load (the red area in the figure), whereas (330), (210) 
and (223) are not (the blue area in the figure). During further deformation in stage D-E, the 
relative peak intensities of the preferred orientations continue to increase slightly with reducing 
rates, indicating further reorientation beyond the Lüders band stress plateau and the 
diminishing contribution of R phase reorientation to the deformation in this stage. 

 
Fig. 3(d) shows the evolutions of the d-spacing strains of several lattice planes, including both 
the preferred and the non-preferred orientations, of the R phase as functions of the global strain 
during tensile deformation at -60 ℃. The lattice strains of (210) and (223) are only shown up 
to point C, because their peak intensities after point C' are too low to allow reliable 
measurement. It is seen that the lattice strains of all planes increased continuously with the 
global strain during the initial stage O-A, indicating the elastic deformation of the sample. In 
stage A-B, the rates of increase for all reduced slightly, explicitly implying the participation of 
other deformation mechanisms than elasticity, i.e. R phase reorientation. The lattice strains 
remained almost unchanged during B-C, apparently waiting for the propagation of the Lüders 
band to arrive at the x-ray observation point. At C-C', all of lattice strains showed sudden 
increases, including both the preferred and the non-preferred orientations. In stage C'-D, all the 
lattice strains remained almost unchanged, awaiting the propagation of the Lüders band to cross 
the rest of the sample length. After the completion of the Lüders band deformation, the lattice 
strains of the planes increased again with further deformation in stage D-E, indicating the 
elastic deformation of the reoriented R phase. It is also obvious that magnitude of the increase 
of elastic lattice stain is much smaller than the increment of the global strain. This implies non-
elastic contributions to the global deformation in this stage, possibly plastic deformation. 
Another point of notice is the difference among the 𝑑𝑑-spacing strains of the lattice planes. This 
is attributed to the difference in the elastic constants of the lattice planes [24,25]. 
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Therefore, combining the observations presented in Fig. 3(c) and Fig. 3(d), it can be concluded 
that stage O-A is elastic deformation. Stage A-B is a mixed stage of elastic deformation and R 
phase variant reorientation in a uniform manner. Stage B-D is R phase variant reorientation via 
Lüders band propagation. Stage D-E is a mixed process of elastic deformation of the oriented 
R phase, minor contribution of further reorientation of the R phase variants at a diminishing 
rate, and plastic deformation. 
 
Fig. 4 shows the HE-XRD measurement in the transverse direction (φ=0º) at -60 ℃. Fig. 4(a) 
shows 1D HE-XRD patterns displaying (330), (114), (210) and (102) diffraction peaks. It is 
seen that the intensity of the (210) peak increased progressively with deformation, implying 
that it is a preferred orientation in the transverse direction. In comparison, the intensity of (330) 
decreased during deformation, implying that it is an unfavoured orientation in the transverse 
direction. Fig. 4(b) plots the evolution of the d-spacing strains of these two planes as functions 
of the global strain. The intensities of (114) and (102) peaks are too weak to allow reliable 
determination of lattice strains. It is seen that both lattice strains decreased with deformation, 
apparently due to the Poisson’s effect to the elastic elongation in the axial direction. The 
variations of the d-spacing strains in different stages of deformation appear to correspond well 
with those in the axial direction (Fig. 3(d)). It is apparent that the magnitudes of the two d-
spacing strains are drastically different. This is possibly related the difference between the 
elastic constants of the two directions. Comparing with the d-spacing strains in the axial 
direction shown in Fig. 3(d), it is also seen that the d-spacing strains in the transverse direction 
are smaller, which is in general conformity with the expectation of the Poisson’s law for variant 
reorientation (υ=0.5). 
 

 
Fig. 4. R phase reorientation deformation in the transverse direction (φ=0º) at -60 ℃. (a) 1D 
HE-XRD patterns of the NC-NiTi wire collected in the transverse direction (φ=0º). The 1D 
patterns presented are integrated from the 2D patterns within ±5º of the wire transverse 
direction (φ=0º). (b) Evolutions of (210) and (330) lattice strains during tensile deformation.  

 

3.3 Crystallographic orientation evolution of R phase during reorientation 

Fig. 5 shows 360 °-expanded 2D HE-XRD patterns of the NC-NiTi wire at -60 ℃. Fig. 5(a) is 
a pattern recorded before deformation (corresponding to point O on the stress-stain curve 
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shown in Fig. 3(a)). It is seen that the thermally-formed self-accommodating R phase in the 
NC-NiTi wire had some clear crystallographic textures. To assist identifying these textures, 
intensity distributions along the Debye ring of eight crystallographic planes are extracted from 
the 2D diffraction pattern and are presented in Fig. 6. The strongest are the (222) and (122) 
preferential orientations at 90±50º (and 270±50º, here after the reciprocal orientations will not 
be mentioned to avoid repetition), as indicated by the green dashed lines. The (202) exhibited 
preferential orientations at 90±40º. Along the wire axial direction at φ=90º, (210), (102), (104), 
(114) and (330) exhibited preferential distributions. In addition, (210) also showed preferred 
orientation at 0º/180º and (330) had a weaker preference at 0±15º. 
 

 
Fig. 5. 2D HE-XRD patterns of the NC-NiTi wire sample presented in 360 ° expansion on 
azimuth angle. (a) A pattern collected at -60 ℃ before deformation; (b) A pattern collected at -
60 ℃ after the R phase variant reorientation deformation. 
 
Fig. 5(b) is a pattern recorded at -60 ℃ after the R phase reorientation deformation in tension 
(corresponding to point D on the stress-stain curve shown in Fig. 3(a)). It is seen that the 
diffraction ‘lines” are curved along the azimuth angle (the Debye ring), reflecting the elastic 
strain anisotropy under the influence of the uniaxial tensile stress in the wire axial direction. In 
addition, some changes in crystallographic anisotropy are also seen. To reveal these changes, 
the intensity distributions along the Debye ring of some crystallographic planes after the 
deformation are presented in Fig. 6. It is seen that after the deformation, (222) at 90±50º 
remained largely unchanged, (122) at 90±50º, (202) at 90±40º and (102), (104), and (114) at 
90º intensified, (210) at 90º decreased but (210) at 0º intensified, and (330) at 90º decreased 
but (330) at 0±15º intensified.   
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Fig. 6. Diffraction intensity distribution of several R phase lattice planes along the full Debye 
circle (azimuth angle 0º to 360º) before and after reorientation, for (222), (202), (102), (210), 
(330), (114), (104), (232) and (202) diffractions. 
 

3.4 R phase reorientation deformation at different temperatures 

Fig. 7 shows the mechanical behaviour of the R phase at different temperatures. Fig. 7a shows 
the tensile stress-strain curves of the NC-NiTi wire at 20 ℃, -60 ℃, -100 ℃ and -135 ℃ for 
the early stage of deformation where the R phase reorientation occurred. The three samples 
tested at the low temperatures exhibit clear stress plateaus for the R phase reorientation and the 
sample tested at 20 ℃ showed a progressively increasing stress during the process of R phase 
reorientation. At 20 ℃, the NC-NiTi wire contains both the B2 phase and R phase in its 
microstructure (as shown in Fig. 2c), thus the observed yielding at this temperature is 
associated with both the stress-induced B2→R transformation and the R phase reorientation 
[28]. The plateau stress and the R phase strain of the samples are plotted in Fig. 7b against the 
testing temperature. For the sample tested at 20 ℃ the stress in the middle the R phase 
deformation (point “a”) is used in the plot. It is seen that both the plateau stress and the R 
phased strain increased with decreasing the testing temperature.  

 
Fig. 7c plots the evolution of the (102) d-spacing strain, one of the four preferred orientations 
in the axial direction, during tensile deformation at the four different testing temperatures. 
These curves also exhibit stress “plateaus”. Interestingly, the (102) d-spacing strain over the 
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stress plateau also increases with decreasing temperature, as shown in Fig. 7d. 
 

 

Fig. 7. Mechanical behaviour of the R phase at different temperatures. (a) Stress-strain curves 
of the NC-NiTi wire during first yielding at 20 ℃, -60 ℃, -100 ℃ and -135 ℃. (b) Effect of 
temperature on the plateau strain of the first yielding. (c) Evolutions of (102) d-spacing strains 
during deformation at different temperatures. (d) Effect of testing temperature on the d-spacing 
strain over stress plateau. 
 

3.5 Effect of temperature on the structure of the R phase  

Fig. 8 shows the effect of temperature on the structure of the R phase. Fig. 8a shows the 0-360° 
integrated 1D diffraction patterns of the R phase at the four testing temperatures. The effect of 
temperature on the relative change of d-spacing values of several lattice planes of the R phase, 

defined as (𝑑𝑑𝑇𝑇(℃)
ℎ𝑘𝑘𝑘𝑘 − 𝑑𝑑20℃ℎ𝑘𝑘𝑘𝑘 ) 𝑑𝑑20℃ℎ𝑘𝑘𝑘𝑘� , is shown in Fig. 8b. It is seen that for all the planes the d-

spacing values showed continuous changes with decreasing temperature, demonstrating a 
continuous change of the crystal structure of the R phase with temperature. For some of the 
planes, the d-spacing values increased whereas for some other planes they decreased with 
decreasing temperature. Using these values, the lattice parameters of the R phase can be 
determined. 
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Fig. 8. Effect of temperature on the structure of the R phase. (a) 0-360° integrated 1D 
diffraction patterns for the R phase at different temperatures. (b) Effect of temperature on the 
d-spacing of several lattice planes of the R phase, expressed as the relative change of d-spacing, 

(𝑑𝑑𝑇𝑇(℃)
ℎ𝑘𝑘𝑘𝑘 − 𝑑𝑑20℃ℎ𝑘𝑘𝑘𝑘 ) 𝑑𝑑20℃ℎ𝑘𝑘𝑘𝑘� . (c) Effect of temperature on the corresponding parameters 𝑐𝑐𝑅𝑅 √3⁄  and 

𝑎𝑎𝑅𝑅 √6⁄  of the R phase, which evolve from the 𝑎𝑎𝑃𝑃 of the B2 parent phase, and 𝑐𝑐𝑅𝑅/𝑎𝑎𝑅𝑅 ratio 

of the R phase, which expresses the lattice distortion of the R phase form the B2 parent phase. 
(d) Trigonal lattice structure of the R phase (α=β=90°, γ=120°) displaying the lattice planes 
shown in (b). 
 
In this study, the structure of the R phase is described in hexagonal lattice and the 𝑐𝑐𝑅𝑅/𝑎𝑎𝑅𝑅 ratio 
is used to indicate the degree of hexagonal distortion of the R phase structure relative to the B2 
lattice. The lattice parameters of 𝑎𝑎𝑅𝑅 and 𝑐𝑐𝑅𝑅 can be determined from the d-spacing values of 
two non-parallel lattice planes of the R phase as per equation (1): 
 

1/𝑑𝑑ℎ𝑘𝑘𝑘𝑘2 = 4(ℎ2 + 𝑘𝑘2 + ℎ𝑘𝑘)/(3𝑎𝑎𝑅𝑅2) + 𝑙𝑙2/(𝑐𝑐𝑅𝑅2)   (1) 
 
The 𝑐𝑐𝑅𝑅  and 𝑎𝑎𝑅𝑅  axes correspond to the [001] and [100] crystallographic directions of the 

hexagonal structure of the R-phase, respectively. They are related to the 1
√3

[111] and 1
√6

[112] 

directions of the B2 parent phase, respectively [4]. Thus the 𝑐𝑐𝑅𝑅 √3⁄  and 𝑎𝑎𝑅𝑅 √6⁄  correspond 

to the 𝑎𝑎𝑃𝑃 in the parent phase, and the c/a ratio for the B2 phase is the length ratio of [111]B2 
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and [112]B2 [27]. 
 
Table 1 summarizes the lattice parameters a and c, c/a ratio and atomic volume (volume per 
atom) of the unit cell of the R phase at different temperatures. The lattice parameters are 
determined using the (102) and (210) d-spacing values. The corresponding data for the B2 
phase is also presented for comparison. It is evident that the structure of the R phase changed 
continuously with decreasing temperature, with a continuous elongation of the c-axis and 
shortening of the a-axis, and a continuous shrinkage of the unit cell volume. 

 
Table 1. Lattice parameters of the R phase at different temperatures 

Phase T (℃) 𝑐𝑐 (Å) 𝑎𝑎 (Å) 𝑐𝑐/𝑎𝑎 𝑣𝑣 (Å3/𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎) 
B2 20 5.2221 7.3852 0.7071 13.7035 

R 

20 5.2517 7.3691 0.7127 13.7210 
-60 5.2845 7.3336 0.7206 13.6740 
-100 5.2945 7.3174 0.7236 13.6397 
-135 5.2989 7.3045 0.7254 13.6029 

 

Fig. 8(c) plots 𝑐𝑐𝑅𝑅 √3⁄  and 𝑎𝑎𝑅𝑅 √6⁄  and 𝑐𝑐𝑅𝑅/𝑎𝑎𝑅𝑅 ratio of the R phase at different temperatures. 

It is seen that the structure distortion of the R phase relative to the B2 phase in the NC-NiTi 
wire increases with decreasing temperature. This implies increase of the transformation (or 
reorientation) strain of the R phase. Figs. 8(d) and (e) reveal the positions of the lattice planes 
presented in Fig. 8(b) in the trigonal unit cell of the R phase, with (d) presenting the planes 
whose d-spacing values increased upon cooling and (e) presenting the planes whose d-spacing 
values decreased upon cooling. It is seen that the lattice planes with increased d-spacings during 
cooling are almost perpendicular to the c-axis, whereas the lattice planes with reduced d-
spacings are almost perpendicular to the a-axis. Thus, the d-spacing of lattice plane almost 
perpendicular to the c-axis increases with the elongation of the c-axis, and lattice plane almost 
perpendicular to the a-axis is reverse. This obviously explains the observation of the increases 
and decreases of d-spacings presented in Fig. 8(b). 
 

4. Discussion 

4.1 Lüders-type deformation of R phase reorientation 

It is evident in Fig. 3, the R phase reorientation deformation proceeded in a Lüders-type manner, 
as manifested in the sudden changes of the diffraction peak intensities and the d-spacing strains. 
This is the first time Lüders-type deformation of the R phase has been experimentally 
demonstrated. For stress-induced B2→R transformation, Olbricht et al. observed using infrared 
thermal imaging technique that the transformation process in an ultrafine-grained NiTi wire 
occurred uniformly across the sample [28]. For R phase reorientation, Sittner et al. found by 
in-situ neutron diffraction method that the intensities of the R phase diffraction peaks changed 
continuously during deformation, indicating a uniform deformation behaviour of R phase [29]. 
Macroscopically, small “plateau-like” shoulders on the stress-strain curves have been recorded 
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for both the stress-induced B2→R transformation and the R phase reorientation [11,14,23], but 
no evidence of the Lüders-type localisation of the macroscopic deformation or the sudden 
change of lattice strains at the microscopic scale has been reported in the literature. 
  
It is well known that the reorientation and the stress-induced transformation of the B19' 
martensite in NiTi often proceed in Lüders manner [12]. The R phase is in effect another 
martensite, but with a different crystal structure and lattice strain. In this regard, it is natural to 
expect that the stress-induced B2→R transformation and the R phase reorientation to proceed 
also in Lüders manner. However, due to the small deformation strain of the R phase, the 
occurrence of the Lüders-type deformation is often overwhelmed by other factors, such as 
structural defects, and concurrent deformation processes, such as plasticity [1,30,31]. In this 
work, the NiTi wire was heavily cold worked into amorphous state and then annealed. The fully 
crystallized nanograins are defect free, thus permitting the occurrence of the Lüders-type 
deformation of R phase reorientation [31]. 
 

4.2 Deformation-induced texture changes 

The NC-NiTi wire showed some obvious crystallographic textures of the thermally formed R 
phase, including (222) and (122) at ~90±50º, (202) at ~90±40º, (102), (104) and (114) at ~90º, 
(210) at ~90º and ~0º, and (330) at ~90º and ~0±15º, as evident in Figs. 5 and 6. These textures 
in the R phase are a consequence of the pre-existing texture(s) in the B2 phase. In this work, 
the NC-NiTi wire was severely cold-drawn into amorphous state and then annealed for 
crystallization. It has been reported that NiTi wire crystallized from largely amorphous state 
induced by cold wire drawing contains a [111]B2 fibre texture around the wire axial direction 
[32]. 
 
Fig. 9a shows the 360°-expanded 2D HE-XRD pattern of the NC-NiTi wire recorded at 100 ℃ 
in the fully B2 parent phase state. For BCC structure, (111) diffraction is extinct. The weak 
(111)B2 diffraction observed is the superlattice intensity of the B2 structure. Detailed analysis 
shows that the [111]B2 preferential orientation occurs at ~90±15°. It is clear that (200)B2 had 
strong preferential orientations at ~90±50° (also with a ±15° split for each peak). The (110)B2 
plane also had preferential orientations at ~90±30° and ~0º. These preferential orientations are 
associated with the [111]B2 texture at ±15° of the axial direction (90°). 
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Fig. 9. 2D HE-XRD pattern of the NC-NiTi wire sample in B2 parent phase state. 

 
As is known, the R phase twins have two lattice correspondences with the B2 phase [4], 
including (111)R//(100)B2 and (112)R//(110)B2. To verify their correspondence, the diffraction 
intensity distributions along the Debye circle of (222)R (from Fig. 5a) and (200)B2 (from Fig. 
9a) are plotted together in Fig. 9b and those of (112)R (from Fig. 5a) and (110)B2 (from Fig. 9a) 
are plotted in Fig. 9c. It is seen that the (222)R preferential orientations overlap well with those 
of (200)B2 and those (112)R correspond well with those of (110)B2. These observations 
demonstrate that the R phase domains with (222)R in 90±50° are twins formed from (200)B2 
and those with (112)R at ~90±30º and ~0 are formed from (110)B2. This also implies that the 
other preferential orientations of the R phase are associated orientations with the (222)R texture 
twins at 90±50° and (112)R twins at ~90±30º and ~0º. 
 
It is evident in Figs. 5 and 6 that the deformation has caused changes in the crystallographic 
texture of the R phase in the NC-NiTi wire. No change is observed for the strong (222) and 
(122) textures at 90±50°. The (114), (104) and (102) fibre textures in the axial direction 
intensified whereas the (210), (330) and textures in the axial direction disappeared. These 
changes are clear related to the R phase variant reorientation. 
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4.3 Deformation-induced R phase variant reorientation  

It is evident in Fig. 3c that the deformation of the R phase caused some changes in diffraction 
intensities of certain crystallographic planes in the axial direction (direction of tensile 
deformation), including the intensification of (114), (102) and (104) orientations and 
weakening of (330), (210) and (232) diffraction, demonstrating variant reorientation. The 
reason for variant reorientation is to provide the maximum crystallographic strain in the 
direction of the applied load, in this case elongation in the wire axial direction. Crystallographic 
strains are generated by aligning directions of larger d-spacing values in the tensile direction at 
the expense of those of lower d-spacing values. Table 2 presents the d-spacing values of the six 
planes that had preferential orientations in the wire axial direction. Also indicated in the table 
are the experimental observation of the changes of their diffraction intensities in the axial 
direction.  

 
Table 2. The d-spacing values of selected crystallographic planes of the R phase at -60℃. 

 
These planes appear conveniently in pairs of proximity in d-spacing, with one increasing and 
the other decreasing as a result of the deformation. It is evident in Table 2 that within each pair, 
the d-spacing of the plane that increased in diffraction intensity in the axial direction is larger 
than that of the plane that decreased in diffraction intensity after the deformation. This is 
consistent with the principle for variant reorientation expressed above, i.e. to yield maximum 
crystallographic distortion (strain) in the direction of the applied load. This implies that (330) 
and (114), (210) and (102), and (232) and (104) observed in the wire axial direction are 
interrelated pairs in one twin each. The crystallographic strains (𝜀𝜀𝑐𝑐𝑐𝑐𝑐𝑐) between these pairs of 
crystallographic orientations are also presented in Table 2. They are all within 1~2%, consistent 
with the expectation [10] and experimental observations [11] of the transformation strains of 
the R phase.  
 
It is also seen in Fig. 3d that the lattice elastic strains (𝜀𝜀𝑘𝑘𝑙𝑙𝑙𝑙𝑙𝑙) of the examined planes all increased 
during the deformation. This is apparently related to the continued increase of the applied load. 
It is interesting to note that d-spacing strains are different for the different crystallographic 
planes, even though under the same applied stress. This is most probably related to the different 
elastic modulus of the different crystallographic directions in the R phase, however, no such 
knowledge seems to have been established in the literature. 
 

Crystallographic 
plane (114) (330) (104) (232) (102) (210) 

d-spacing (Å) 1.2447 1.2256 1.2916 1.2779 2.4439 2.4003 
Crystallographic 

strain (%) 1.56 1.57 1.81 

Change of diffraction 
intensity in axial 

direction 
↑ ↓ ↑ ↓ ↑ ↓ 
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It is also seen in Fig. 3d that the lattice elastic strains increased abruptly in the axial direction 
and decreased abruptly in the lateral direction in response to the Lüders deformation despite 
that there is no increase in the applied stress. This implies explicitly an internal load transfer 
among the different crystallographic orientations during the R phase reorientation. This is 
reasonable to understand that whilst some variants are reoriented “away”, the loads born by 
them will be transferred over to the surviving variants remaining in the axial direction. The 
lattice elastic strains in the lateral direction echoed the abrupt changes in the axial direction, 
but in the negative direction, as seen in Fig. 4b. This is clearly a Poisson’s response to the 
increases in the axial direction. 
 

4.4 Effect of temperature on the plateau strain and d-spacing strain 

It is evident in Figs. 7 and 8 that temperature has direct influences on both the crystal structure 
and the mechanical behaviour of the R phase, including the critical stress and the strain of the 
R phase reorientation. Fig. 8c shows that the lattice parameters change continuously with 
lowering temperature. This represents a second order transition nature of the trigonal structure 
of the R phase in addition to the first order nature of the transformation from the B2 to the 
trigonal structure. This is consistent with earlier observations reported in the literature [11]. 
The changes in lattice parameters can be described by the c/a ratio of the hexagonal lattice as 
an indicator of the lattice distortion from the more symmetric B2 structure. It is seen that the 
c/a ratio increased with decreasing temperature, moving continuously away from that of the B2 
phase. This implies increase of the crystallographic strain of the R phase, either via stress-
induced R phased transformation or R phase reorientation. Fig. 10 plots the crystallographic 
strains of the three pairs of R phase reorientation discussed above as functions of temperature. 
This is clear that the crystallographic strains of all three orientation pairs increase with 
decreasing temperature. The increase of the R phase strain with decreasing of the temperature 
has been reported in the literature [11,21] and also observed in this study (Fig. 7d). 
  

 
Fig. 10. Effect of temperature on the reorientation strains of the pairs of orientations (330) to 
(114), (300) to (112) and (210) to (102) for the R phase reorientation. 
 
The increase of the critical stress for the R phase reorientation deformation with decreasing 
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temperature is attributed to the negative temperature dependence of general resistance to 
deformation of metals due to lowered atomic vibration. This may include the increase of the 
resistance to twin boundary movement [33], increase of the resistance to dislocation activation, 
and increase of elastic modulus [34]. All these may contribute to an increased global stress for 
deformation via variant reorientation of the R phase. 
 

5. Conclusions 

This study investigated the crystallographic mechanisms of R phase variant reorientation 
deformation and the temperature dependence of the R phase structure in a nanocrystalline NiTi 
wire by means of in-situ HE-XRD in this study. The experimental evidence and the discussions 
present above allow the following conclusions to be reached: 
(1) The thermally formed R phase in the nanocrystalline NiTi wire has clear crystallographic 

textures. These textures in the R phase are a result of the pre-existing [111]B2 90±15° 
texture of the B2 parent phase. The R phase variants with (222)R in 90±50° are twins 
formed from (200)B2 and those with (112)R at ~90±30º and ~0 are formed from (110)B2. 
Other preferential orientations of the R phase are associated with these two twins. The B2 
texture is believed to be inherited from the cold working texture of the raw material, though 
the nanocrystalline microstructure was formed by crystallization from a largely amorphous 
structure caused by severe cold working. 

(2) The stress-induced R phase variant reorientation in the nanocrystalline NiTi wire caused 
increase of certain crystallographic orientations at the expense of others in the tensile axial 
direction in twin pairs, including the increase of (114) and the decrease of (330), increase 
of (104) and decrease of (232), and increase of (102) and decrease of (210). These twin 
reorientations are driven by the principle to align crystallographic directions of the largest 
d-spacings, thus to yield the maximum crystallographic strains in the loading direction.  

(3) The stress-induced R phase variant reorientation is found to occur in a Lüders manner. The 
lattice elastic strains increased abruptly in the axial direction and decreased abruptly in the 
lateral direction in response to the Lüders deformation despite that there is no increase in 
the applied stress. This also implies internal load transfer among the different 
crystallographic orientations during the R phase reorientation. 

(4) The structure of the R phase was found to change continuously with decreasing 
temperature after its formation. This demonstrates the second order nature of the 
transformation. This includes a continuous extension of the c-axis and contraction of the 
a-axis, thus a continuously increasing c/a ratio, which can be used as a measure of the 
crystallographic lattice distortion of the R phase from the B2 phase. This increased lattice 
distortion serves as a basis of the increased crystallographic strain of the R phase 
reorientation (or transformation) during deformation. 
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