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A B S T R A C T   

NiTiHf is a class of promising high-temperature shape memory alloys (SMAs) that find many applications. 
However, their complex martensitic microstructure and attendant thermomechanical properties are not well 
understood. In this work, we used solution-treated (precipitate-free) and aged (precipitate-bearing) 
Ni50.3Ti29.7Hf20 (at.%) SMAs as a model system. We observed that the presence of precipitates refines the 
martensite plates, reduces the number of martensite variants, and changes the orientation relationship between 
the martensite plates compared with the solution-treated counterpart. Furthermore, the aged samples exhibited 
higher transformation temperatures, narrower phase transformation temperature windows, improved thermal 
stability, and retained or even improved actuation strain. The improved thermomechanical properties observed 
in the aged samples are attributed in part to the reduction of the number of martensite variants and the change in 
martensite and twin interface characteristics, both of which are induced by the presence of precipitates. The 
findings of this study offer new information on the processing-property-microstructure relationship in NiTiHf- 
based SMAs. These insights can guide future materials design efforts, facilitating the development of advanced 
SMAs tailored for specific high-temperature applications.   

1. Introduction 

Shape memory alloys (SMAs) are a group of metallic materials that 
exhibit the unique ability to return to their original shape after defor
mation, making them valuable in various applications in aerospace, 
biomedical, automotive, robotics, consumer electronics, and energy 
system industries. Among SMAs, NiTi is widely used due to its excep
tional shape memory property, superelasticity, corrosion resistance, and 
biocompatibility [1,2]. However, the limited transformation tempera
tures (<150 ◦C) of NiTi restricts its broader applications. To overcome 
this limitation, researchers have explored the addition of ternary ele
ments to the NiTi system to elevate the transformation temperatures 
(TTs). Among these alloys (e.g., NiTiHf, NiTiPt, NiTiPd, NiTiAu, etc.), 
NiTiHf emerges as a promising choice with its relatively high trans
formation temperature, favorable shape memory properties, and rela
tive cost-effectiveness [3–5]. Moreover, aging can induce second-phase 
precipitation in NiTi and NiTi-based SMAs, tailoring the matrix 

composition, martensite microstructure, and transformation behavior of 
these alloys [6–22]. The Ni-rich NiTiHf alloy contains precipitates 
known as H-phase, which was initially characterized by Han et al. in 
aged NiTiHf alloys. H-phase precipitates have been determined to have a 
face-centered orthorhombic crystal structure with a space group of F 2/d 
2/d 2/d (No. 70) [23]. Yang et al. later proposed an atomic structural 
model for the precipitation process [6]. The precipitate structure has 
been identified as a superstructure of the B2 austenite phase [6,7,23]. 
The composition of H-phase precipitation is not specific, but is Ni-rich 
and Hf-rich compared to the matrix [6,7]. At the early stage of aging, 
the H-phase nano-precipitates are coherent with the austenite matrix, 
yet, they lose some coherency with the martensite matrix due to the 
strain induced by matrix transformation and lattice mismatch [7]. 
Initially, H-phase precipitates nucleate as spherical particles and sub
sequently grow into spindle-shaped structures [24]. The precipitate size, 
volume fraction, and coherency can be tailored by varying the aging 
conditions [6–9,11,25–27]. 
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The aging process and, consequently, the precipitation formation are 
known to influence the transformation behavior, including TTs, thermal 
hysteresis, and dimensional and thermal stability in NiTiHf high- 
temperature SMAs. In Ni50.3Ti29.7Hf20, it has been observed that 
increasing the aging temperatures and times results in further growth of 
precipitates, ranging from nanometer to micron sizes. There is a general 
trend of increasing TTs for samples aged at higher temperatures or for 
longer times [11]. This is because H-phase precipitates are rich in Hf and 
Ni. As Ni content has a significantly greater effect on TTs than Hf con
tent, the removal of Ni from the matrix increases the phase trans
formation temperature [28]. Furthermore, nanometer-sized precipitates 
have been reported to improve strength, dimensional stability, thermal 
stability, work output, superelasticity, and fatigue performance [8–12, 
29]. On the contrary, coarse precipitates lead to poor thermomechanical 
properties in NiTiHf SMAs [9,11,30,31] 

Despite significant advancements in the understanding of high- 
temperature NiTiHf SMAs, there are still several unanswered questions 
regarding their property-microstructure relationship. For instance, 
previous studies have indicated that (011) type I twins are predominant 
in certain NiTiHf SMAs with precipitates [7,11,12,32–38]. However, it is 
unclear whether the twinning microstructure is influenced by aging 
condition. Additionally, there is a need to explain how the observed 
changes in thermomechanical properties are linked to the microstruc
ture. In this study, we used a nominal Ni50.3Ti27.9Hf20 (at. %) SMA as the 
model system. To obtain nano-scale diffraction information and 
generate transmission electron microscopy (TEM)-based orientation 
maps, we employ precession electron diffraction (PED), which provides 
insights not easily obtained through conventional TEM methods. Sub
sequently, we utilize the newly acquired microstructural information to 
elucidate the thermomechanical properties observed through isobaric 
thermal cycling (ITC) and differential scanning calorimetry (DSC) tests. 

2. Materials and methods 

2.1. Material processing 

A bulk sample of Ni50.3Ti29.7Hf20 (at.%) SMA was synthesized by 
vacuum induction melting high purity (99.98 % Ni, 99.95 % Ti, and 
99.9 % Hf) pellets. The material was then homogenized under vacuum at 
1050 ◦C for 72 h, air cooled and subsequently hot forged to achieve an R 
ratio of 2.35:1. Test samples were prepared by wire electrical discharge 
machining (EDM) and were vacuum sealed in a quartz tube and back
filled with Ar. Samples were then subjected to a solution heat treatment 
(SHT) at 900 ◦C for 1 h, followed by water quenching. Three different 
aging treatments were performed on the solutionized samples to grow 
precipitates of different sizes. Aging was carried out at 550 ◦C, 600 ◦C, 
and 650 ◦C for 10 h followed by air cooling. Further analysis was con
ducted on samples in all four conditions: SHT, 550 ◦C-10 h, 600 ◦C-10 h, 
and 650 ◦C-10 h. It should be noted that precipitate size and number 

density can also be engineered by holding the aging temperature con
stant and varying the aging time or by varying both temperature and 
time [27]. 

2.2. Microstructural characterization 

For TEM and PED analyses, specimens were mechanically polished to 
a nominal thickness of 100 µm using SiC paper ranging from 400 to 1200 
grit. Polished specimens were punched into 3 mm diameter discs and 
electropolished using a Tenupol-5 polishing system with a 30 % nitric 
acid in ethanol solution at − 30 ◦C. 

TEM images were captured using an FEI TECNAI G2 F20 ST FE-TEM 
equipped with a high-angle annular dark-field (HAADF) detector oper
ating at 200 keV, with the images acquired near the perforations in the 
TEM specimens. To reveal the orientation relationship between 
martensite laths and the orientation of defects within the martensite 
laths, we employed PED. The NanoMEGAS PED system records electron 
diffraction pattern for each pixel, with a resolution as low as 3 nm. The 
experimentally acquired diffraction patterns are then compared with the 
simulated diffraction patterns in the database to determine the crystal 
structure and orientation of each pixel [39–41]. In this study, we ac
quired diffraction patterns with a step size of 20 nm and a precession 
angle of 0.3◦. Before indexing the diffraction patterns, an automated 
contrast limited adaptive histogram equalization (CLAHE) algorithm 
[42] was applied to all diffraction patterns to enhance the diffraction 
signal while keeping the background low. Our previous work has 
demonstrated the diffraction pattern indexing quality dramatically 
improved after applying the auto-CLAHE algorithm [43]. The diffraction 
indexing was based on the B19′ martensite lattice parameters reported in 
previous studies by Evirgen et al. [44] and Benafan et al. [12]. When 
presenting the diffraction results in this work, the patterns were not 
rotated to offset the magnetic rotation of the instrument. 

2.3. Thermo-mechanical characterization 

A TA Instruments Q2000 DSC was used to measure the stress-free 
phase transformation temperatures of both SHT and aged samples. 
The dimensions of the DSC samples were 5 mm × 5 mm × 1 mm. The 
DSC specimens were thermally cycled 3 times with a heating and cooling 
rate of 10 ◦C/min from -50 ◦C (SHT) or 0 ◦C (aged) to 300 ◦C in the 
calorimeter. Transformation temperatures were determined from the 
DSC data using the slope line extension method [30]. Full width at half 
maximum (FWHM) was used as a measure of the spread of temperatures 
over which the phase transformation occurs. 

Isobaric thermal cycling (ITC) experiments were conducted using a 
servo-hydraulic MTS test frame on dog-bone-shaped miniature tension 
specimens with dimensions of 8 mm × 3 mm × 1.5 mm. ITC experiments 
were performed by applying a constant force to the sample and con
ducting one complete thermal cycle from an upper cycle temperature 

Fig. 1. HAADF-STEM images of Ni50.3Ti29.7Hf20 aged at (a) 550 ◦C, (b) 600 ◦C, (c) 650 ◦C for 10 h.  
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(UCT) to a lower cycle temperature (LCT) and back to the UCT. The load 
was then increased when the sample again reached the UCT and ther
mally cycled. This process was repeated for five stress levels (50, 100, 
150, 200, 300 MPa). The LCT was 50 ◦C (for SHT sample) or 100 ◦C (for 
aged samples) and the UCT was 300 ◦C for all samples. The LCTs and 
UCTs were chosen to ensure full transformation under each applied 
stress level. Strain was measured during thermal cycling using an MTS 
high-temperature extensometer directly attached to the gage section of 
the samples. The actuation strains (εact) were calculated following ASTM 
E3097-23 [45], as the difference between the strains at the LCT and the 
UCT during the heating cycle (LCT à UCT). Samples were heated and 
cooled by conduction from the tension grips. The grips were heated with 
heating bands, and cooled by circulating liquid nitrogen through copper 
tubes wrapped around the grips. The rate of heating and cooling during 
isobaric thermal cycling tests was maintained at 10 ± 2 ◦C/min, and the 
temperature was measured using a K-type thermocouple that was 
directly attached to the gage section of the samples. 

3. Results and discussions 

3.1. Microstructural characterization 

Aged Ni50.3Ti29.7Hf20 SMAs exhibit precipitates of varying sizes and 
number densities, depending on the specific aging conditions, which are 
revealed through high-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) imaging, as shown in Fig. 1. The 
observed precipitates are rich in Hf and Ni compared to the matrix, thus 
appearing bright in the HAADF-STEM images. These precipitates were 
identified to be the H-phase precipitates, like those reported in [6,23, 
24]. The micrographs were captured at the same magnifications to 
enable direct comparison. At the aging temperature of 550 ◦C, 
high-density nano-precipitates of approximately 20.9 ± 3.3 nm in length 
were observed (Fig. 1a). Increasing the aging temperature to 600 ◦C 
results in the growth of larger precipitates, approximately 59.8 ± 14.5 
nm in length, with a decreased number density (Fig. 1b). Further 
elevating the aging temperature to 650 ◦C leads to even larger pre
cipitates, approximately 161.5 ± 39.9 nm in length, and an even lower 
number density (Fig. 1c). The distribution of precipitates in all aged 
samples was observed to be uniform [25]. The volume fractions of 

precipitates were measured in the previous study as 8.5 ± 0.3 %, 9.8 ± 3 
%, and 12.9 ± 2.5 % in the 550 ◦C-aged, 600 ◦C-aged, and 650 ◦C-aged 
samples, respectively [25]. 

Regular bright-field (BF) TEM imaging was used to investigate the 
martensite microstructure in each sample (Fig. 2). The characteristic 
feature observed in all samples is the near-parallel twinned martensite 
plates, consistent with the literature [11,24]. However, the width of 
these martensite plates varies among the samples. In the SHT samples, 
the martensite plates exhibit the greatest width, ranging from 1 to 2 μm 
(Fig. 2a). With the introduction of precipitation through aging treat
ments, a significant reduction in martensite plate width is observed, 
ranging from 200 to 500 nm (Fig. 2c). When the aging temperature in
creases from 550 ◦C to 600 ◦C (while maintaining a constant aging time 
of 10 h), the width of the martensite plates further decreases to 
approximately 100 nm (Fig. 2e). However, further increasing the tem
perature to 650 ◦C did not further reduce the martensite plate width; it 
remains around 100 nm (Fig. 2g). 

Another common feature among these samples is the presence of 
(001) compound twins, which were consistently observed within the 
martensite plates in all samples. (001) compound twins have also been 
reported as inner twins in other aged NiTiHf alloys [7,11,12,32–37]. In 
this study, the (011) compound twin densities in the SHT (Fig. 2b) and 
550 ◦C-aged (Fig. 2d) samples are very high and difficult to directly 
measure from the BF-TEM images. Their densities were observed to 
decrease in the 600 ◦C-aged (Fig. 2e) and 650 ◦C-aged (Fig. 2f) samples, 
with the twin width in the range of 2.5–4 nm. 

These microstructural characteristics, in particular the interface 
types revealed by PED, are listed in Table 2 for a direct comparison. 
Small precipitates with small interparticle spacing tend to be embedded 
in martensite grains, which limits the growth of the martensite plates. 
Hence, the 550 ◦C-aged sample exhibits thinner martensite plates 
compared to the SHT samples. However, when precipitates and their 
interparticle spacing are larger (e.g., in the 650 ◦C-aged samples), the 
further refined martensite plates are formed between these precipitates, 
and the width of martensite plates is governed by the interparticle 
spacing, and large precipitates act as a barrier against martensite plate 
growth [11,46]. Similarly, the inner twin width is also affected by the 
precipitate size as shown in Fig. 2. The twin size is very small in the SHT 
case, and the twin widths increase with the precipitate size. The twin 

Fig. 2. Regular BF-TEM images of Ni50.3Ti29.7Hf20 SMAs subjected to different heat treatments show each sample’s martensite microstructure. (a) and (b) SHT, (c) 
and (d) aged at 550 ◦C, (e) and (f) 600 ◦C, (g) and (h) 650 ◦C for 10 h. (b), (d), (f), and (h) highlight the high-density inner twins in each sample with a higher 
magnification. Some precipitates in 600 ◦C and 650 ◦C-aged samples are highlighted with ellipses and the letter ‘P’. 
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widths in the 600 ◦C and 650 ◦C samples are somewhat comparable. In 
other words, while the martensite plate interface density increases with 
the precipitate size, the inner twin interface density seems to drop. The 
density of these interfaces and their mobility is expected to influence the 
martensite transformation kinetics, actuation strain, and temperature 
(or stress) range of the transformation [47]. 

Next, we utilized PED to reveal the martensite variant numbers and 
orientation relationship between the martensite plates in the SHT and 
aged samples. Fig. 3a shows the virtual bright-field (VBF) image of the 
mapped region in the SHT Ni50.3Ti29.7Hf20 sample. Fig. 3b shows the 
corresponding orientation map, which provides insights into the 
martensite variants present in the sample. Within the mapped region, 
nine martensite plates but only four martensite variants were observed. 
These variants were labeled as variant I (blue), variant II (white), variant 
III (purple), and variant IV (mixed colors). The colors were assigned 
based on the inverse pole figure color key. The diffraction patterns 
corresponding to each variant are shown in Fig. 3c–f. It is important to 
note that the low symmetry of the martensite crystals (monoclinic unit 
cell) resulted in a relatively poor indexing quality [48]. All subsequent 
orientation maps suffer from this limitation. Nevertheless, careful ex
amination and analysis were conducted to confirm the martensite 
variant numbers. Additionally, it was observed that the arrangement of 
neighboring martensite variants followed certain patterns. For instance, 
variant II could be adjacent to either variant I or variant II, while variant 
I was not found to be adjacent to variant III. Moreover, no well-defined 
twin relationship between the martensite plates was identified. For 
instance, although the (1-1-1) planes in variant II were found to be 
parallel to the (111) planes in variant III, this is not a twin relationship. 
These observations are consistent with our previous study [49]. 

In contrast, the aged samples show very different martensite variant 
numbers and orientation relationships . Fig. 4 shows the maps from two 
regions in the 550 ◦C-aged samples. In the first region, the virtual dark- 
field (VDF) map (Fig. 4a) reveals the martensite plates of width tens to a 
few hundred nanometers. The corresponding orientation map (Fig. 4b) 

combined with careful inspection shows predominantly two variants: 
variant I (white) and variant II (blue). The diffraction patterns are shown 
in Fig. 4c and d, indicating both variants were tilted to the [100] zone 
axis. The two diffraction patterns are similar in shape but have slight 
differences. To highlight the differences between them, the diffraction 
spots of (020), (002), and (022) were labeled in both patterns. Both 
diffraction patterns share the (022) diffraction spots and exhibit a twin 
relationship (Fig. 4e), indicating the (011) type I twin relationship be
tween variants I and II. 

To demonstrate the reproducibility of the result above, more regions 
were mapped and one more example is shown in Fig. 4f–l. Fig. 4f shows 
the VDF image of the mapped region, revealing the martensite plates. 
The corresponding orientation map is shown in Fig. 4g, which is mainly 
composed of two variants: variant I (blue) and variant II (white). Fig. 4h 
and i show that both variants were tilted close to the [100] zone axis. 
The (011) and (010) diffraction spots were marked. The diffraction 
patterns share the (011) reflections while displaying a twin relationship, 
indicating the type I (011) twin (top schematic in Fig. 4l). In addition, 
two more variants, variant III (green) and variant IV (pink), were 
identified in the top right corner in the orientation map. The diffraction 
patterns (Fig. 4j and k) suggest the crystals were tilted to the [01–1] zone 
axis for both variants III and IV. The (100), (011), and (111) diffraction 
spots were also marked. Variants III and IV also exhibit a twin rela
tionship and share the (011) diffraction spots, also indicating the type I 
(011) twin (bottom schematic in Fig. 4l). 

Combining the aforementioned observations of the 550 ◦C-aged 
sample, two key findings emerge. First, a significant portion of the 
material exhibits a predominant presence of two martensite variants 
arranged in a pattern of •••I II I II•••, contrasting the four martensite 
variants observed in the SHT sample. Second, the martensite plates in 
the aged sample demonstrate a well-defined type I (011) twin orienta
tion relationship, which also differs from the SHT sample. 

We further conducted PED characterization on the 600 ◦C-aged 
sample to investigate the influence of increasing precipitate size on 

Fig. 3. (a) Virtual bright-field image of the SHT sample showing a number of martensite plates. (b) The corresponding orientation map. (c–g) Diffraction patterns 
from variant I–IV in the orientation map. Red parallelograms are used to demonstrate the symmetry of each diffraction pattern. 
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martensite characteristics. Fig. 5 shows two selected regions that were 
examined. In region one, the VDF image (Fig. 5a), orientation map 
(Fig. 5b), and diffraction analyses (Fig. 5c–e) uncover two martensite 
variants: variant I (blue) and variant II (green and white). Variants I and 
II were tilted to the [10–1] (Fig. 5c) and variant II [1–10] (Fig. 5d and e) 
zone axes, respectively. In this orientation, one cannot simply derive the 

orientation relationship between the martensite variants. We note 
variant II contains two types of diffraction patterns (Fig. 5d and e), both 
aligned along the [1–10] zone axis and sharing the (001) diffraction 
spots, suggesting the (001) compound twin relationship between them. 
Similar observations were made in region II, with the VDF (Fig. 5 g) 
showing martensite plates and the orientation map (Fig. 5h) and 

Fig. 4. (a) Virtual dark-field image of the 550 ◦C 10 h sample showing a number of martensite plates. (b) The corresponding orientation map. (c, d) Diffraction 
patterns from variant I and II in the orientation map. Red parallelograms are used to demonstrate the symmetry of each diffraction pattern. (e) Comparison between 
parallelograms from the diffraction pattern of each variant in the orientation map, showing the orientation relationship between them. (f–l) correspond to (a–e) but in 
a different area of the specimen to highlight the consistency and repeatability of the variant numbers and the orientation relationship between the martensite plates. 

Fig. 5. (a) Virtual dark-field image of the 600 ◦C 10 h sample showing a number of martensite plates. (b) The corresponding orientation map. (c–e) Diffraction 
patterns from variant I, IIM and IIT in the orientation map. (f) Comparison between parallelograms from the diffraction pattern of variant IIM and IIT in the orientation 
map, showing the orientation relationship between them. Red parallelograms are used to demonstrate the symmetry of each diffraction pattern. (g–k) correspond to 
(a–f) but in a different area of the specimen to highlight the consistency and repeatability of the variant numbers and the orientation relationship between the 
martensite plates. 
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diffraction spot analyses (Fig. 5i–k) revealing the martensite variant 
numbers and orientation relationship. Both variants (variant I green and 
variant II purple) were tilted to the [11-] zone axis. Both diffraction 
patterns share the (011) diffraction spot, confirming the (011) type I 
twin relationship between the martensite variants. Thus, it can be 
concluded that, in the 600 ◦C-aged sample, the number of martensite 
variants and their orientation relationship remain consistent with those 
of the 550 ◦C sample. 

The same microscopy approaches were used to analyze samples aged 
at 650 ◦C, with micrographs presented in Fig. 6. VDF images reveal the 
presence of martensite plates (Fig. 6a and e). PED analysis showed that 
there are predominantly two variants alternating in both regions, with 
variant I (white) and variant II (blue) in region one (Fig. 6b) and variant 
I (blue) and variant II (light grey-blue) in region two (Fig. 6f). For region 
one, the diffraction patterns (Fig. 6c and d) revealed that the variants are 
oriented along the [-721] and [812] zone axes. In this diffraction con
dition, the martensite plate interfaces are not parallel to the electron 
beam, hence their characteristic cannot be determined. In contrast, for 
region two, both martensite variants were tilted to the [100] zone axis 
(Fig. 6g and h). Notably, both diffraction patterns shared the (011) plane 
and exhibited twin symmetry, confirming the type I (011) twin re
lationships between the martensite plates in this sample. 

The effect of aging on the martensitic variant characteristics in the 
Ni50.3Ti29.7Hf20 sample is noteworthy. Fig. 3 and our previous work [49] 
demonstrate that the SHT sample exhibited four martensitic variants. 
However, as depicted in Figs. 4–6, the aged Ni50.3Ti29.7Hf20 samples 
(displayed predominantly two martensitic variants. This reduction in 
number of variants was accompanied by a change in the orientation 
relationship between the variants. In the SHT Ni50.3Ti29.7Hf20 sample, 
the observed orientation relationships included (1 1 0.64) Type II twin 
boundaries, junction planes that (1 1 1)variant_I // (1 1 0.64)variant_II, as 
well as (111) type I twin boundaries [49]. In contrast, the aged samples 
exhibited a simplified orientation relationship characterized by (011) 
type I twin boundaries. Previous papers on aged NiTiHf alloys also re
ported the presence of (011) type I twins [11,12,50]. In this work, we 
mapped multiple areas and a large number of interfaces between 
martensite variants, and demonstrated the (011) type I twin boundary is 
the dominant twin boundary in precipitate-bearing Ni50.3Ti29.7Hf20 
SMAs. 

The reduction in the number of martensite variants and the change in 
orientation relationship observed in the aged samples can be attributed 
to the presence of H-phase precipitates. In the SHT sample, martensite 
nucleation and growth have more flexibility, allowing for a greater 
number of martensite variants to accommodate the geometric con
straints imposed by neighboring austenite grains. However, in samples 
with precipitates, the martensite plates tend to orient themselves in a 
way that minimizes the misfit strain between the martensite matrix and 
the non-transformable precipitates, resulting in a reduced number of 
martensite variants. Hence, the presence of precipitates imposes addi
tional constraints, leading to a lower degree of freedom in the 
martensitic transformation process. This reduction in martensite vari
ants also contributes to a decrease in the possible orientation relation
ships between the martensite plates. The prevalence of type I (011) twin 
in the aged samples is likely due to its higher coherency and lower en
ergy compared to other types of interfaces observed in the SHT sample. 

3.2. Thermomechanical properties characterization 

To explore the impact of aging and precipitation on the thermo
mechanical properties of the samples, we employed DSC to examine the 
phase transformation behavior and ITC experiments to investigate the 
shape memory effect in the NiTiHf SMAs. A correlation between the 

Fig. 6. (a) Virtual dark-field image of the 650 ◦C 10 h sample showing a number of martensite plates. (b) The corresponding orientation map. (c, d) Diffraction 
patterns for variant I and II in the orientation map. Red parallelograms are used to demonstrate the symmetry of each diffraction pattern. (e–h) correspond to (a–d) 
but in a different area of the specimen to highlight the consistency and repeatability of the variant numbers and the orientation relationship between the martensite 
plates. (i) Comparison between parallelograms from the diffraction pattern of each variant in the orientation map, showing the orientation relationship be
tween them. 

Fig. 7. DSC response of the Ni50.3Ti29.7Hf20 alloy in the SHT and 
aged conditions. 
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measured thermomechanical properties and the microstructure 
observed in the previous section is then established. 

The DSC curves of SHT and aged samples are shown in Fig. 7. The 
first three heating-cooling cycles of each sample are shown. There are 
several salient differences between the SHT and aged samples. Firstly, 
the aging treatment significantly increased the TTs of Ni50.3Ti29.7Hf20. 
Taking the DSC results of the first cycle for each sample as an example 
(Table 1), the martensitic transformation start temperature (Ms) of the 
SHT sample is 88 ◦C, then increases to 147 ◦C in the 550 ◦C-aged sample. 
The Ms further increases to 160 ◦C and 162 ◦C in the 600 ◦C-aged and 
650 ◦C-aged samples, respectively. Similar trends are also present for the 
martensitic transformation finish temperature (Mf), austenitic trans
formation starting temperature (As), and austenitic finishing tempera
ture (Af). The increase in TTs is due to the removal of Ni from the matrix 
to form the H-phase precipitates. This observation is consistent with 
previous studies on the NiTiHf of the same composition but aged under 
different conditions [11], as well as in NiTiHf of similar compositions [9, 
26] NiTiZr [51]. We also note that the TTs of the 600 ◦C-aged and 
650 ◦C-aged samples are very similar. This is because the H-phase pre
cipitates are of similar volume fractions, and the matrixes are of similar 
composition, as calculated in previous study [25]. 

Secondly, an apparent improvement in the thermal cycling stability 
of Ni50.3Ti29.7Hf20 was achieved after aging. The thermal cycling sta
bility is determined by the difference between the Ms values in the first 
and third thermal cycles (Ms3 − Ms1) (Table 1). A larger difference 

indicates poorer thermal cycling stability. For the SHT sample, this value 
is 10 ◦C. After aging at 550 ◦C for 10 h, this difference sharply decreased 
to 1.7 ◦C. In the samples aged at 600 ◦C and 650 ◦C, this value was 3.4 ◦C 
and 4.4 ◦C, respectively. The drift of TTs after thermal cycling can be 
attributed to chemical short-range ordering formed at elevated tem
peratures during DSC and/or the generation of dislocations during the 
martensite-austenite transformation [47,52]. The dispersion of the 
precipitates used up chemical short-range ordering and hardens the 
aged samples and suppresses the dislocation propagation, which im
proves the thermal cycling stability. 

Thirdly, we observed a notable change in the shape of the DSC peaks 
before and after aging. Initially, the DSC peak of the SHT sample exhibits 
a broader profile. Following aging at 550 ◦C, 600 ◦C, and 650 ◦C, the 
peak shape became much steeper. To quantify this change, we employed 
the full width at half maximum (FWHM) measurement as an indicator of 
peak shape, using the first cooling peak as an example to highlight the 
differences. The SHT sample displayed a wider peak with an FWHM of 
12.2 ◦C. The aged samples exhibited sharper profiles, with FWHM values 
of 7.8 ◦C, 8.0 ◦C, and 7.4 ◦C for the ones aged at 550 ◦C, 600 ◦C, and 
650 ◦C, respectively. A similar trend was also observed in the heating 
peaks and peaks in the second and third heating-cooling cycles. 

The variations in the DSC peak shape before and after the aging of the 
Ni50.3Ti29.7Hf20 samples can be attributed to microstructural changes. 
Although both the SHT and aged samples exhibited martensitic plates 
with the (001) compound twins, notable differences were observed in 
the number of martensite variants and their orientation relationship pre- 
and post-aging. The SHT sample displayed a higher number of 
martensitic variants and a more complex orientation relationship, 
leading to a wider temperature range for the nucleation and growth of 
each variant during the martensitic transformation. Consequently, the 
DSC cooling peak appeared broader. In contrast, the aged sample 
exhibited a reduced number of martensitic variants (two) and a uniform 
(011) type I twin orientation relationship. As a result, the DSC peaks of 
the aged sample appeared sharper compared to those of the SHT sample, 
with minimal differences in their shapes. 

ITC experiments were carried out to investigate the shape memory 
effect of the SHT and aged samples. The highest stress level we adopted 
was 300 MPa. This is because all aged samples failed below 400 MPa 
[26]. The hysteresis loops in Fig. 8 show one representative strain 
response of each sample as a function of temperature under a variety of 
stress levels ranging from 50 MPa to 300 MPa. The red and blue curves 
correspond to heating and cooling cycles, respectively. A quick inspec
tion of the figure can lead to two observations. First, the TTs in the 
load-biased condition of all the samples are consistent with the trends 
obtained from the load-free DSC experiments in Fig. 7. The SHT sample 
exhibits the lowest TTs. As aging temperature increases, the TTs 
continue increasing but plateau at 600 ◦C. Second, the SHT sample ex
hibits the lowest actuation strains in most cases, compared to the aged 
samples. 

The evolution of actuation strain has been extracted from the ITC 
results from Fig. 8 for quantitative comparisons between different 
samples (Fig. 9). In all Ni50.3Ti29.7Hf20 samples, the actuation strains 
increased with increased applied stress, which is commonly known in 
both NiTiZr and NiTiHf [19,26,53]. This is mainly because the amount 
of reoriented/detwinned martensite increases with increasing stress 
levels. Moreover, of all three aged conditions, the 600 ◦C-aged sample 
consistently exhibited the highest actuation strains, regardless of the 
applied stress; the 550 ◦C-aged sample displayed the lowest actuation 
strain. The low actuation strains in 550 ◦C-aged samples are due to the 
high-density compound twins (Fig. 2d) and the dispersion of nano-scale 
H-phase precipitates embedded in the martensite plates. These pre
cipitates can hinder the detwinning of the compound twins, reducing the 
actuation strain. In contrast, in the 600 ◦C-aged and 650 ◦C-aged sam
ples, the compound twin density is relatively lower (Fig. 2f and h) and 
the larger H-phase precipitates preferentially reside at the martensite 
plate interfaces, making the detwinning process easier, hence resulting 

Table 1 
Transformation temperatures and thermal hysteresis in the first heating cooling 
cycle, extracted from the DSC curves of Ni50.3Ti29.7Hf20 HTSMAs which are so
lution heat treated (SHT) or aged at different conditions. Thermal stability is 
calculated based on the martensite start temperatures from the first cycle (Ms1) 
and from the third cycle (Ms3). Ms: Martensite start temperature; Af: Austenite 
finish temperature.  

Condition Transformation 
temperature ( 
◦C) 

Hysteresis (Af− Ms) 
(◦C) 

Thermal stability 
(Ms1− Ms3) (◦C)  

Ms Af   

SHT 88 142 54 10 
550 ◦C 

10h 
147 180 33 1.7 

600 ◦C 
10h 

160 201 41 3.4 

650 ◦C 
10h 

162 208 46 4.4  

Table 2 
Microstructural characteristics of Ni50.3Ti29.7Hf20 HTSMAs solution heat treated 
(SHT) and aged at different conditions.  

Samples SHT 550 ◦C 10 
h 

600 ◦C 
10 h 

650 ◦C 10 
h 

Martensite 
morphology 

Parallel martensite plates 

Martensite 
thickness 

1, 2 um 200–500 
nm 

~100 nm ~100 nm 

Precipitate size 
(length) 

– 20.9 ±
3.3nm 

59.8 ±
14.5 nm 

161.5 ±
39.9 nm 

Precipitate 
volume fraction 

[25] 

– 8.5 ± 0.3 
% 

9.8 ± 3 % 12.9 ±
2.5 % 

Martensite 
variant 
numbers 

4 2 2 2 

Martensite plate 
interfaces 

(1 1 0.64) type II,  
(111)variant_I // (1 1 
0.64)variant_II,  
(111) type I 

(011) type 
I 

(011) 
type I 

(011) type 
I 

Inner twin (001) compound  
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in larger actuation strains. Additionally, the actuation strain of the SHT 
sample is generally lower than all aged samples. This observation is 
similar to what Evirgen et al. reported in Ni50.3Ti34.7Hf15 [26]. 

The increase in actuation strain in the aged Ni50.3Ti29.7Hf20 samples 
is counterintuitive. One would expect the precipitate-bearing samples to 
have lower actuation strains due to a lower transformation volume as 
the H-phase precipitates are non-transformable. The retained or even 
improved actuation strain can be attributed to two factors: (1) the 
presence of precipitates and (2) the change in martensite characteristics. 
In the presence of precipitates, the materials become harder due to 
precipitate strengthening. Finer precipitates (corresponding to small 

interparticle distance) lead to harder materials. For example, the aged 
samples generally display higher transformation strains than the SHT 
counterpart. This is because, during thermal cycling, the combination of 
microplasticity and the elevated temperature can lead to dislocation 
generation in the SHT sample. These dislocations may impede phase 
transformation and result in a lower transformation strain. In contrast, 
in the aged samples, the precipitates are expected to hinder dislocation 
multiplication and glide, leading to higher actuation strains. 

The improved transformation strains observed in the aged samples 
may also be explained by the martensite and twin characteristics. The 
SHT samples exhibit four martensite variants with complex orientation 
relationships: (1 1 0.64) type II twin (1 1 1)variant_I // (1 1 0.64)variant_II, 
and (111) type I twin. Moreover, the SHT samples consists of much 
thinner inner twins than the aged samples. All the aged samples inves
tigated in this study show predominantly two martensite variants with 
the well-defined (011) Type I twin orientation relationship. One should 
note that the changes in the number of the martensite variants and 
interface type are likely a result of minimizing elastic strain energy [54, 
55] in the presence of precipitates. It is also interesting to point out that 
the two martensite variants and (011) Type I twins are consistent among 
all aged samples investigated in this study, indicating it is a general 
observation. Hence, they should be predominant microstructural fea
tures in many other precipitate-bearing NiTiHf SMAs. We infer the 
prevalence of (011) Type I twin contribute to the increased trans
formation strain in the aged samples due to its ease of reorientation 
compared to those observed in the SHT sample [56–58]. Nonetheless, 
the direct experimental measurement of the energy required to reorient 
for specific type of twin boundary or the mobility of the twin boundaries 
in SMAs is challenging. It can be a critical area of study for 

Fig. 8. Representative strain vs. temperature responses of Ni50.3Ti29.7Hf20 HTSMA with different heat treatments in isobaric thermal cycling experiments under 
tension on the (a) SHT, (b) aged at 550 ◦C, (c) 600 ◦C, and (d) 650 ◦C for 10 h samples. The red curves indicate the heating cycles, and the blue curves indicate the 
cooling cycles. 

Fig. 9. The evolution of actuation strain as a function of applied stress, 
determined from the ITC results of Ni50.3Ti29.7Hf20 HTSMA subjected to various 
heat treatments. 
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computational materials scientists. 

4. Conclusions 

In this work, we characterized and correlated the microstructure and 
thermomechanical properties of SHT and aged Ni50.3Ti29.7Hf20 high- 
temperature SMAs (illustrated in Fig. 10), emphasizing the effects of 
precipitates and martensite variant characteristics. Aging resulted in the 
formation and growth of precipitates, and precipitates affected the 
martensite microstructure. The combined effect of precipitates and 
martensite microstructure led to changes in the transformation behavior 
of Ni50.3Ti29.7Hf20 high-temperature SMAs. The more detailed findings 
and conclusions are summarized as follows:  

• The samples remain martensitic after aging. There is a general 
reduction of martensite plate width in the aged samples, which is 
likely caused by the hindering effect of H-phase precipitates.  

• Aging has a significant impact on the number of martensite variants 
and their orientation relationships. The SHT sample exhibits four 
martensite variants, whereas the aged samples show predominantly 
two variants when mapping similar numbers of martensite plates. 
Additionally, in the SHT sample, the martensite plates are separated 
by the (1 1 0.64) type II twin boundaries, junction planes that (1 1 1) 
variant_I // (1 1 0.64)variant_II, and (111) type I twin boundaries 
[49]. All aged samples, regardless of the precipitate size investigated 
in this study, contain the (011) type I twin boundaries. This differ
ence may be explained by the strain compatibility requirement to 
accommodate the presence of the non-transformable during phase 
transformation.  

• The aged samples demonstrate different, and in many cases 
improved, thermomechanical performance compared to the SHT 
sample, with further increased TTs, improved thermal cycling sta
bility, narrower transformation temperature window, and improved 
actuation strain.  

• For the aged samples, the increase in TTs is attributed to the 
decreased Ni content due to H-phase precipitation. The improved 
thermal stability can be explained by the hardening effect of the 
dispersion of precipitates. The narrower transformation temperature 
is likely caused by the reduced martensite variant and simplification 
of the martensite plate orientation relationship. The improved 
actuation strain is attributed to (1) the presence of precipitates and 
(2) the reduced martensite variant numbers and prevalent (011) type 
I twin boundary. 

Overall, these findings shed light on the structure-property rela
tionship of high-temperature SMAs using Ni50.3Ti29.7Hf20 as the model 
system, highlighting the influence of aging and the role of H-phase 
precipitates in shaping the microstructure and thermomechanical 
properties. 
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[39] E. Rauch, M. Véron, Automated crystal orientation and phase mapping in TEM, 
Mater. Charact. 98 (2014) 1–9. 

[40] E.F. Rauch, J. Portillo, S. Nicolopoulos, D. Bultreys, S. Rouvimov, P. Moeck, 
Automated nanocrystal orientation and phase mapping in the transmission electron 
microscope on the basis of precession electron diffraction, Z. Kristallogr. 225 (2–3) 
(2010) 103–109. 

[41] P.F. Rottmann, K.J. Hemker, Experimental observations of twin formation during 
thermal annealing of nanocrystalline copper films using orientation mapping, Scr. 
Mater. 141 (2017) 76–79. 

[42] A.M. Reza, Realization of the contrast limited adaptive histogram equalization 
(CLAHE) for real-time image enhancement, J. VLSI Signal Process. Syst. Signal 
Image Video Technol. 38 (2004) 35–44. 

[43] A.L. Wang, M.H. Hansen, Y.C. Lai, J. Dong, K.Y. Xie, Improving orientation 
mapping by enhancing the diffraction signal using Auto-CLAHE in precession 
electron diffraction data, Microstructures 3 (4) (2023), 2023036. 

[44] A. Evirgen, I. Karaman, R. Santamarta, J. Pons, C. Hayrettin, R. Noebe, 
Relationship between crystallographic compatibility and thermal hysteresis in Ni- 
rich NiTiHf and NiTiZr high temperature shape memory alloys, Acta Mater. 121 
(2016) 374–383. 

[45] ASTM, Standard test method for uniaxial constant force thermal cycling of shape 
memory alloys, ASTM International, West Conshohocken, PA, 2023, p. 6. 

[46] H. Karaca, E. Acar, G. Ded, B. Basaran, H. Tobe, R. Noebe, G. Bigelow, 
Y. Chumlyakov, Shape memory behavior of high strength NiTiHfPd polycrystalline 
alloys, Acta Mater. 61 (13) (2013) 5036–5049. 

[47] R.F. Hamilton, H. Sehitoglu, Y. Chumlyakov, H. Maier, Stress dependence of the 
hysteresis in single crystal NiTi alloys, Acta Mater. 52 (11) (2004) 3383–3402. 

[48] M.H. Hansen, A.L. Wang, J. Dong, Y. Zhang, T. Umale, S. Banerjee, P. Shamberger, 
M. Pharr, I. Karaman, K.Y. Xie, Crystallographic variant mapping using precession 
electron diffraction data, Microstructures 3 (2023), 2023029. 

[49] J. Dong, T. Umale, B. Young, I. Karaman, K.Y. Xie, Structure and substructure 
characterization of solution-treated Ni50. 3Ti29. 7Hf20 high-temperature shape 
memory alloy, Scr. Mater. 219 (2022), 114888. 

[50] A. Stebner, S. Vogel, R. Noebe, T. Sisneros, B. Clausen, D. Brown, A. Garg, 
L. Brinson, Micromechanical quantification of elastic, twinning, and slip strain 
partitioning exhibited by polycrystalline, monoclinic nickel–titanium during large 
uniaxial deformations measured via in-situ neutron diffraction, J. Mech. Phys. 
Solids 61 (11) (2013) 2302–2330. 

[51] S.M. Kornegay, M. Kapoor, B.C. Hornbuckle, D. Tweddle, M.L. Weaver, O. Benafan, 
G.S. Bigelow, R.D. Noebe, G.B. Thompson, Influence of H-phase precipitation on 
the microstructure and functional and mechanical properties in a Ni-rich NiTiZr 
shape memory alloy, Mater. Sci. Eng. A 801 (2021), 140401. 
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