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Abstract 
This study investigated the effect of nanograins size on the R-phase transformation of a 
nanocrystalline Ti-50.2at%Ni alloy. The nanometric grain size was created by severe cold 
deformation and low temperature anneal. It was found that in the recrystallized state, 
nanograin sizes (<100 nm) was effective in suppressing the B2→B19’ martensitic 
transformation and revealing the B2↔R transformation. The B2↔R transformation 
temperature was found to increase with decreasing grain size within the range of 22-155 nm. 
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1. Introduction 

It is known that near-equiatomic NiTi shape memory alloys (SMAs) exhibit three 
martensitic transformations, between a high temperature B2 phase and a trigonal phase, 
conventionally known as the R-phase (B2↔R), between the B2 phase and a monoclinic B19’ 
phase, known as the martensite (B2↔B19’), and the R↔B19’ phase transformation. The 
B2↔R transformation is characteristic of a small transformation strain (~1%) and small 
thermal hysteresis (<5 K), as compared to the B2↔B19’ martensitic transformation. The 
B2↔R transformation does not occur in defect-free binary NiTi alloys, but can be introduced 
by several means, including addition of a third element (e.g., Fe, Al [1,2]), precipitation aging 
[3] and introduction of dislocations (e.g., by cold working [4] and thermal cycling [5]). 
Previous studies have shown that the R-phase transformation temperature is much less 
sensitive to metallurgical conditions [3,6,7] compared to the B2↔B19’ transformation, 
apparently due to its relatively smaller lattice distortion. Whereas being an advantage for 
some applications, the more stable transformation temperature also implies limited ability to 
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be adjusted to suit a particular application condition. One way to alter the R-phase 
temperature is aging for Ni-rich NiTi alloys [6,7]. The reason is that the formation of Ti3Ni4 

precipitates reduces the Ni content of the NiTi matrix, and a lower Ni content (closer to the 
B2 stoichiometry) contributes to a higher R-phase transformation temperature in NiTi alloys. 
Cold deformation can reduce the temperature of the R-phase transformation by forming 
high-density defects [8]. A study by Chang et al. reported the effect of grain size on the 
R-phase transformation temperature, showing a lowered R-phase transformation temperature 
with reduced grain sizes in the surface regions of a cold rolled and annealed plate of a 
Ti-50at%Ni alloy compared to the center of the plate where the grain size is larger [9]. The 
authors attributed the effect to the influence of the relatively higher density of dislocations 
and higher volume fraction of grain boundaries in the surface regions, which suppressed the 
R-phase transformation. This hypothesis is consistent with the expectation of their effects on 
suppressing the martensitic transformation temperature. Tsuchiya et al. [16] reported a study 
of the effect of severe high pressure torsion on the mechanical and transformation behaviour 
of NiTi. In this work they observed that the B2→R transformation temperature increased 
with decreasing ageing temperature after the severe deformation, suggesting a grain size 
effect.  

Development of nanoscale actuators and sensors in recent years calls for functional 
materials with small dimensions and high strengths. High strength nanocrystalline NiTi alloys 
which experience the R-phase transformation with a small thermal hysteresis are ideal 
candidates for these applications. Nanocrystalline metals often experience drastically 
different transformation characteristics compared to their coarse-grained forms [10–19]. To 
facilitate the application of R-phase transformation in nanocrystalline NiTi alloys, it is 
necessary to characterize the effect of grain size on transformation behaviour. In this study, 
the grain size effect on the R-phase transformation temperature of a nanocrystalline 
Ti-50.2at%Ni alloy was investigated.  
 
2. Experimental details 

A Ti-50.2at%Ni alloy wire provided by the General Research Institute for Non-Ferrous 
Metals, China was used in this study. The wire was 0.82 mm in diameter in cold-drawn state. 
The wire was annealed at 750 °C for 90 s in air followed by air cooling and then cold drawn 
into a diameter of 0.43 mm, effecting an area reduction of 72.5%. Samples of the cold-drawn 
wire were annealed at 350, 400, 450 and 500 °C for 0.6 ks. Small specimens were cut from 
the annealed wire using a diamond cut-off wheel and analyzed using a Netzsch DSC 204 F1 
Phoenix differential scanning calorimeter (DSC) with a heating/cooling rate of 10 °C/min. 
Samples used for microstructure observation were mechanically polished and then ion milled 
using a Gatan 691 PIPS instrument. Transmission electron microscopic (TEM) observation 
was carried out using a FEI tecnai F20 (operating at 200 kV) equipped with a Gatan slow 
scan CCD camera. The average grain sizes were acquired by measuring 200 individual grains 
from the TEM micrographs manually using the Digital Micrograph software installed with 
the Gatan CCD camera. High-energy X-ray (HEX) diffraction measurements were performed 
at the 11-ID-C beamline of the advanced photon source at Argonne National Laboratory, 
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USA. 
 
3. Results 

Fig. 1 shows TEM micrographs revealing the microstructures of the NiTi wire before 
and after annealing. Fig. 1(a) is a bright field image and a corresponding selected-area 
electron diffraction (SAED) pattern of the cold-drawn sample. The arrow indicates the 
drawing direction of the sample. The cold-drawn NiTi wire contained nanograins embedded 
in an amorphous NiTi matrix. Fig. 1(b) is a bright field TEM image of a sample annealed at 
350 °C and its SAED pattern. The microstructure is completely nanocrystalline and the 
SAED pattern reveals no diffused ring, indicating that the amorphous phase has been fully 
crystallized after annealing. Fig. 1(c) shows grain size distribution for the sample annealed at 
350 °C. The majority (~84%) grains are smaller than 15 nm, with an average grain size of 10 
nm based on measurement of 200 grains. Fig. 1(d)–(f) show bright field TEM images and 
SAED patterns of the samples annealed at 400, 450 and 500 °C, respectively. The average 
grain sizes of these samples are determined to be 22, 56 and 155 nm, respectively. Close 
examination was carried out by TEM observation of 30 grains randomly for each of the 
samples. The bright-field TEM and SAED analysis reveal no precipitates and few 
dislocations. 

 
Fig. 1. TEM bright-field micrographs and selected-area electron diffraction patterns of 
the Ti-50.2at%Ni wire: (a) before annealing, (b) annealed at 350 °C; (c) grain size 
distribution of the sample annealed at 350 °C; (d) annealed at 400 °C; (e) annealed at 
450 °C; (f) annealed at 500 °C. 

 
Fig. 2(a) shows DSC analysis of the transformation behaviors of the annealed 
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nanocrystalline Ti-50.2at%Ni wires. It is seen that for most samples only the B2↔R 
transformation was detected within the temperature range tested, except the sample with 155 
nm of average grain size (the largest). Fig. 2(b) shows the influence of grain size on the 
B2↔R transformation peak temperatures. The B2↔R transformation temperatures increased 
continuously with decreasing grain size to 22 nm. The sample with the average grain size of 
10 nm has almost the same transformation temperature to the sample with the grain size of 22 
nm, whereas the transformation exothermic peak area is much smaller. This size effect is 
different from those of the coarse-grained NiTi alloys, in which the R-phase transformation 
temperature was found to decrease with decreasing grain size [9]. DSC analysis in Fig. 2c 
shows that the crystallization temperature is ~350°C and all samples presented in this work 
were annealed at above the crystallization temperature. TEM examination confirms that all 
samples were fully crystallized after annealing. Fig. 2d shows the one-dimensional high 
energy X-ray (HEX) diffraction spectra of the 350 and 500 ºC annealed samples. It reveals no 
Ti3Ni4 precipitate diffraction peaks. 

   
 

Fig. 2. The transformation behavior of nanocrystalline Ti-50.2at%Ni wires with 
different grain sizes: (a) DSC measurements of the samples; (b) effect of grain size on 
the peak temperatures of the R-phase transformation; (c) DSC curve of the 
crystallization of cold-drawn sample upon heating; (d) high energy X-ray diffraction 
spectra of 350 ºC and 500 ºC annealed samples. The two arrows mark out d-spacing 
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positions of two major diffraction peaks of Ti3Ni4. 
 
Fig. 3 shows HRTEM analysis of a nanograin of about 30 nm in size in the sample 

annealed at 400 °C. Fig. 3(a) is a HRTEM image of the nanograin with a beam direction 
parallel to [111]B2. The grain is divided into two regions. Region A has a fast-Fourier 
transform (FFT) pattern shown as in Fig. 3(b), and the pattern of region B is shown in Fig. 
3(c). The FFT pattern of region A shows a typical B2 parent phase structure in [111]B2 
direction. In contrast, the FFT pattern of region B shows clearly some low intensity spots at 
1/3 positions in between the fundamental spots of the B2 phase, as indicated in the figure. 
These weak spots correspond to the R-phase. Fig.3 (d) shows the FFT pattern of the whole 
grain and Fig. 3(e) shows the inverse FFT corresponding to the R-phase spots masked in 
Fig.3 (d). The interface was distinguished from the inverse FFT image (Fig. 3(e)) in which 
R-phase region shows inerratic stripes clearly. It was observed in HRTEM analysis that areas 
of region B are all close to grain boundaries. This observation implies that grain boundaries 
encourage and stabilize the R-phase. The HRTEM analysis of a grain about 20 nm in 
diameter and the corresponding inverse FFT image, shown as Fig. 3(f) and (g), reveal that 
almost the whole grain shows inerratic stripes which corresponding to R-phase spots. This 
result consists to the result of Fig. 2 that R-phase was stabilized in smaller grains. 
 

 
 

Fig. 3. HRTEM analysis of two nanograins about 30 nm and 20 nm in diameter: (a) 
HRTEM image of the nanograin about 30 nm in diameter; (b, c) fast Fourier transform 
image of the central area (region A) and the grain-boundary area (region B) of the 
nanograin shown in (a), respectively; (d) fast Fourier transform image of the whole 
grain in (a); (e) inverse FFT image corresponding to the FFT spots masked in (d); (f) 
HRTEM image of the nanograin about 20 nm in diameter; (g) inverse FFT image of (f) 
corresponding to the R-phase spot in FFT image. 

 
4. Discussion 
4.1 Exhibiting of R-phase transformation 

The occurrence of the B2→R transformation in the recrystallized nanocrystalline 
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samples, as evidenced in Fig. 2(a), is worth noting. It is known that fully annealed, 
precipitate-free binary near-equiatomic NiTi alloys do not exhibit the B2→R transformation 
and that the B2→R transformation can be induced by cold working [4], thermal cycling [5] 
or precipitation ageing [3]. The occurrence of the B2→R transformation in all the samples 
used in this study demonstrates that the nanometric grain size is another factor promoting the 
B2→R transformation. This is attributed to the effect of suppressing the martensitic 
transformation, as confirmed by several studies [10,11,17-19], revealing the B2→R 
transformation. The suppression of the B2→B19’ in nanograins is believed to be due to the 
limited space to contain enough number of martensite variants to form effective 
self-accommodation structures for the accommodation of the large lattice distortion of the 
martensite [10,11]. This is consistent with the observation that B19’ martensite is only 
observed in the sample with the largest grain size (155 nm), at a very low temperature. 

 
4.2 Grain size effect on R-phase transformation 

It is also evident in Fig. 2 that the R-phase transformation temperature has a clear 
dependence on the grain size (in the range observed), i.e., the R phase temperature increases 
with decreasing grain size. Despite the general belief, there is very limited experimental 
evidence of the effect of grain size on the R-phase transformation temperature in the 
literature. Chang et al reported that the R-phase temperature is lower in the surface regions of 
cold-rolled and then annealed Ti-50at%Ni plate, where the grain size is small, than that in the 
center of the plate, where the grain size is large [9], implying an effect opposite to what is 
reported here. Whereas unclear about the reasons of this difference, the grain sizes in Chang’s 
work are in the range of 7-72 μm whereas those in this study are 10-155 nm, 2~3 orders of 
magnitude different. Another piece of direct evidence is provided by Waitz et al [11]. In their 
investigation on the effect of grain size on the B2→B19’ martensitic transformation via TEM 
examination, they observed the appearance of the R-phase in regions of small (15~150 nm) 
grains whereas in regions of large grain sizes (>150 nm) only B19’ martensite is observed. 
This observation is consistent with the findings of this study. Summarizing the evidences 
reported in the literature, the results presented here appear to be the more considered 
correlation between nanograin size and R-phase transformation temperature through careful 
design of experiment to allow the elimination of the side effects of dislocations due to 
incomplete crystallization or precipitates caused by ageing. 

It is known [6–8] that the temperature of the B2→R transformation can be affected by 
formation of precipitates and dislocations, generally to lower the transformation temperature 
by resisting the lattice distortion of the transformation or to increase the transformation 
temperature by reducing the Ni content of the matrix. The SAED patterns shown in Fig. 1 
indicate that the annealed samples are practically precipitate-free. The TEM observation 
shows that the nanograin contains few dislocations (Fig. 1). In this regard, precipitates and 
dislocations cannot the primary factors contributing to the increase of the R-phase 
transformation temperature with reduction of grain size observed in this study. Another 
possible mechanism suggested in the literature is that grain boundary regions promote 
heterogeneous nucleation [10] and thus raise the temperature of the R-phase formation. As 
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per this hypothesis, a broad transformation peak corresponding to the transition in Gibbs free 
energy state between grain boundary and grain interior regions will be expected and changes 
in grain size will result in changes in the relative volume fractions of the two regions, thus 
the shape of the peak, but not the start transformation temperature which corresponding to 
the nucleation at grain boundary. This expectation clearly does not agree with the evidence 
presented in Fig. 2(a). Peterlechner et al. [16] tried to explain the grain size effect within a 
thermodynamic framework, and predicted that B2→R transformation may be suppressed by 
an increase of elastic strain energy, which may be caused by a reduction in grain size. 
However, our results disagree with this prediction. Considering the above, a credible 
explanation to the nanograin size dependence of the R-phase transformation temperature is 
yet to be established. 
 
5. Conclusions 
    This study has investigated the grain size effect on R-phase transformation of a 
nanocrystalline Ti-50.2at%Ni alloy. The results show that: 

(1) In the nanocrystalline NiTi alloy, nanograin sizes (<100 nm) was effective in 
suppressing the B2→B19’ martensitic transformation and revealing the B2↔R 
transformation. 

(2) The B2↔R transformation temperature was found to increase with decreasing grain 
size within the range of 22–155 nm. This size effect is independent from the 
formation of precipitates and dislocations. 
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