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Abstract: High-pressure torsion (HPT) was applied to the Ni50.6Ti49.4 (at. %) alloy ingot up to
1/4, 2, 16, 32 and 48 turns under a pressure of 6.0 GPa. The samples were examined by X-ray
diffraction (XRD), transmission electron microscope (TEM) and microhardness measurement. The
results indicate that martensitic transformation and formation of amorphous phase occurred during
the HPT process. As the HPT turns increased, the more the amorphous phase formed. The fraction of
amorphization was analyzed based on the X-ray results. The microhardness increased with the HPT
turns, which may be related to strain-induced martensite transformation, formation of the amorphous
phase, increased dislocation densities and grain refinement. Differential scanning calorimetry (DSC)
test revealed that shape memory alloys can be produced by HPT and post-HPT annealing from a
NiTi ingot.
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1. Introduction

Shape memory alloy (SMAs) possess many good properties such as dimensional
stability, shape memory properties, ductility and workability [1-4]. NiTi alloys are the
most commercially viable SMAs and have been widely used in many practical applications.
Since plastic deformation, such as dislocation slip and twinning, is irreversible, these plastic
strains cannot be restored by heating. Therefore, it is important to increase the critical stress
for slip to produce stronger SMAs. Among several methods to increase the strength of
materials, such as grain refinement, work hardening and precipitation hardening, grain
refinement is an effective way to improve both mechanical and functional properties of
NiTi alloys [5].

There are some reports on the substantial grain refinement in NiTi alloys by severe
plastic deformation (SPD) [6-17]. Among various SPD methods, high-pressure torsion
(HPT) is the most effective technique to achieve grain refinement [12-17]. In recent years,
many works were reported on the microstructural evolution during HPT processing of NiTi
alloys. Pushin et al. [13] investigated the phase and structural transformation in Niso 5Tig9 5
alloy with a metastable B2-austenite structure during HPT. It was found that stress induced
martensite transformation occurred during HPT processing. The fine structure of the B19’
martensite and its evolution into nanocrystalline and, subsequently, amorphous state with
different HPT turns was characterized. Prolpshkim et al. reported the weak stress-induced
transformation in an equiatomic NiTi alloy during HPT [14]. However, there are no reports
on stress-induced transformation in several NiTi alloys with austenite B2 structures under
HPT [15-17].
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In all reported works on HPT processing of NiTi SMAs, amorphous phase formed due
to the severe plastic strains. In some cases, complete amorphization was observed [16,17],
whereas partial amorphization was observed at the same strain in other cases [13,18]. The
amorphization of NiTi alloys during HPT plays a significant role on the mechanical prop-
erty enhancement of the alloys because the grain sizes developed from an amorphous state
and crystallization during HPT are much smaller than those achieved by other deformation
methods. It was revealed that initial microstructures of NiTi alloys exert marked effects on
the microstructural evolution during the HPT processes [14]. In addition, alloying com-
positions, deformation temperature and pressure all affect the microstructure evolutions
of NiTi alloys in SPD process [14,19]. There are some published works on the dynamic
characteristics of amorphization during deformation processes in NiTi alloys. DSC and
TEM methods were adopted to investigate a cold rolled NiTi binary alloy, and it was
revealed that the volume fraction of the amorphous phase increased linearly with strains,
where the strain was not very high (~2.0) [20]. XRD results were used to reveal the dynamic
feature of amorphization in a NiTi binary alloy during HPT processing [14].

All published research on HPT processing of NiTi binary alloys has focused on the
microstructure evolution of materials subjected to prior plastic deformation before HPT.
There is no systematic study on the microstructure development in NiTi ingots, i.e., materi-
als without any prior plastic deformation before HPT. Therefore, in this research, we aim to
utilize the NiTi ingot as a starting material as we want to develop a new manufacturing
route, such as the route from ingot directly to HPT processing and subsequent annealing
(with the advantages of less procedures and short production time), for producing shape
memory material. Furthermore, the coexistence of stress-induced transformation and
amorphization during HPT processing are worth being investigated. And it is important to
clarify the dynamics of amorphization in NiTi alloys as amorphization is a very important
process for producing ultrafine-grained SMA alloy in the subsequent annealing process.

In the present work, NiTi alloy ingot was subjected to HPT processing up to 48 turns
in order to obtain an ultrafine-grained microstructure after the post-HPT annealing. The
occurrence of stress-induced transformation during HPT was investigated, and the dynam-
ics of amorphization were evaluated quantitatively. The microhardness of the samples
was measured and correlated with microstructure development. Through HPT processing
and post-HPT annealing on the initial NiTi ingot, the processed NiTi alloy exhibits the
transformation behavior.

2. Experimental Material and Procedures

A NiTi alloy with a nominal composition of Nisp¢Tisg4 (at. %) was chosen in the
present work. The material was prepared using a vacuum induction furnace. After melting,
the ingot was homogenized at 850 °C for 12 h. The as-homogenized state is denoted as
as-received state in the following part of the manuscript. The NiTi disks for HPT processing
were cut by a wire cutting machine with 10 mm in diameter and 0.7~0.8 mm in thickness.
Pure Ti disk shape foils with a thickness of 0.1 mm were put on top and beneath the NiTi
disk before loading them as a whole piece into HPT anvils. HPT processing was conducted
at room temperature under a pressure of 6.0 GPa and with a rotational speed of 1 rpm. NiTi
ingot samples were processed up to 1/4, 2, 16, 32 and 48 turns. The equivalent strain in
processed samples can be estimated using the following two equations [21]:

B 2Nmr
T h
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where r is the distance from the disk sample center, N is the number of revolutions, v and ¢
are the shear strain and equivalent strain, respectively, and # is the final thickness of the
HPT-processed sample. The calculated equivalent strains of samples with different HPT
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turns along the disk sample radius direction are plotted in Figure 1. The equivalent strain
increased from the disk sample’s center to the edge area. Moreover, the equivalent strain
increased with increasing HPT turns.

32 turn

16 turn
7 L
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5 F 2 turn
T ///

Equivalent strain

1/4 turn

Distance from center/mm

Figure 1. Calculated equivalent strain distribution along the radius direction in samples with different
HPT turns.

Following HPT processing, annealing (450 °C for 2 h) was applied to the HPT-
processed NiTi samples and then water quenched.

The samples for XRD examination were extracted from the disk samples by a wire-
cutting machine and then mechanically ground. The XRD examination was conducted on
Smart Lab 9 kW with a target of Cu. The angle of X-ray diffraction profiles was recorded
through 0-20 scans from 10° to 90°, and the XRD scanning speed was 5° /min. The multi-
peak fitting using the Gaussian peak function was processed and the second iteration
carried out until the convergence was reached, full width at half maximum (FWHM) values
of B2 (110) peak being attained.

Vickers microhardness of NiTi samples was measured using an FM-700 tester, with a
load of 0.5 kg force and dwell time of 10 s [22].

The transmission electron microscope (TEM) samples with 3 mm in diameter were
cut off from the HPT samples by a wire-cutting machine. The samples were ground
to a thickness of 50 um and then processed by the twin-jet electropolishing equipment
TenuPol-5 (Struers). The electropolishing solution was HC1O4:CoHsOH = 1:9. After twin-jet
electropolishing, the samples were carefully polished by ion beam using the equipment
Gatan 695. The samples were firstly polished with an angle of £5° at the working voltage
of 4.5 keV; and then, with the angle of +4.5° at the working voltage of 4.2 keV. The
microstructures of the HPT-processed samples were examined by TEM equipment FEI G
20 (ThermoFisher Scientific, Waltham, MA USA).

3. Results
3.1. Microstructure Characterization

Figure 2 shows the XRD patterns of the as-received sample and samples after different
turns of HPT processing. The as-received microstructure was basically austenite. The main
peak is (110), and other austenite peaks are (200), (211) and (220), . New martensite
peak (111)y appeared near the main peak as the HPT turns increased to 2, which means
the martensite B2-B 19’ transformation arose. It was noticed that after HPT processing,
line broadening of diffraction peaks occurred. In the as-received (denoted as N = 0 in
Figure 2) and 1/4-turn samples, the XRD peaks are quite sharp, while the broadening of the
diffraction peak becomes more obvious as the number of HPT turns increases, indicating
the grain refinement and the increment of amorphous phase.
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Figure 2. XRD spectrum of Nisg ¢ Tisg 4 alloy prior to and after HPT.

The deformed microstructure in the 2-turns HPT sample is shown in Figure 3a. We
can observe the dense dislocations in Figure 3a due to severe shear strain induced by HPT
processing. The selective area electron diffraction (SAED) pattern in Figure 3b can verify
the existence of austenite. It should be noted that the intermediate martensite, i.e., R phase,
can also be verified by the SAED pattern in Figure 3b, showing that deformation-induced
martensitic transformation occurred during HPT process. Meanwhile, the halo rings in
the SAED in Figure 3b demonstrate the formation of the amorphous phase in the 2-turns
HPT sample.

O B2 phase

B=[111]

Figure 3. TEM microstructures of 2-turns HPT-processed Nisg ¢ Tisg 4 sample. (a) Bright field image;
(b) SAED.

The deformed microstructure in the 2-turns HPT sample is shown in Figure 3a. We
can observe the dense dislocations in Figure 3a due to severe shear strain induced by
HPT processing. The selective area diffraction pattern (SAED) in Figure 3b can verify the
existence of austenite. Meanwhile, the halo rings in the SAED in Figure 3b (marked by
the yellow arrow) demonstrate the formation of the amorphous phase in the 2-turns HPT
sample. In fact, XRD results in Figure 2 also indicate the formation of martensite in the
2-turns HPT sample.

Figure 4 shows the microstructure development in the 16-turns HPT sample. The
microstructure of position A in Figure 4a and the corresponding SAED pattern in Figure 4b
show the deformed austenite along with dense dislocations. In addition, because of the
severe plastic strain introduced by 16-turns HPT, the formation of the amorphous phase
is verified by the halo in the diffraction patterns (Figure 4b, marked by the yellow arrow).



Metals 2024, 14, 184

50f12

The microstructure of position B in Figure 4a and the corresponding SAED pattern in
Figure 4c demonstrate that deformation-induced martensite transformation occurred in
the 16-turns HPT sample and the martensite at position B has the feature of nano-scaled
lath-typed microstructure.

g Position B
002 2
® 2

B=[100]

Figure 4. TEM microstructures of the 16-turns HPT-processed Nisg ¢ Tig9 4 sample. (a) Bright image;
(b) SAED of area A; (c) SAED of area B.

After 32 turns of HPT, more nano-scaled martensite lath can be observed (Figure 5a,
marked by the red arrow) and more amorphous phase is exhibited according to the SAED
pattern (Figure 5b, marked by the yellow arrow).

500 nm

Figure 5. TEM microstructures of the 32-turns HPT-processed Nisg ¢ Tigg 4 sample. (a) Bright field
image; (b) SAED.
3.2. Microhardness Evolution

Figure 6 shows the microhardness evolution in the as-received and HPT-processed
samples. The microhardness of the as-received sample is about 290 HV (denoted as
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0 turns in Figure 6). The microhardness of the samples increases with HPT turns. The
microhardness (HV) distributions along the radius of HPT-processed disk samples showed
that the maximum value of HV is attained at the edge and the minimum value in the center
part of the samples. The microhardness of the 1/4-turn sample increased to the average
value of 355 HV, with 311.4 HV in the center and 465.4 HV at the edge. After 16 turns of
processing, the sample had an average value of 398 HV, with 486.4 HV at the edge and
354.7 HV in the center. When the HPT turn increased to 48, the average value reached
442.1 HV, in which the microhardness at the edge and in the center was 546.26 HV and
368.69 HV, respectively.
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Figure 6. Microhardness of the samples prior to and after HPT.

3.3. Microstructure after Post-HPT Annealing

The microstructures of samples subjected to 1/4- and 16-turns HPT and post-HPT an-
nealing are shown in Figures 7 and 8, respectively. Figure 7a shows lath-like microstructure
features presented in the sample with 1/4-turn + post-HPT annealing, and the SAED pat-
tern in Figure 7b confirms these are austenite grains. These lath-like austenite might result
from the reverse martensite to austenite transformation during the post-HPT annealing
process. In addition, the R phase can also be verified by the SAED pattern in Figure 7b,
and the results show that B2 and R dual phases co-exist after 1/4-turn HPT + post-HPT
annealing. After 16-turns HPT and subsequent annealing, refined and equiaxed grains
in nano-scale formed, as shown in Figure 8a,c. Meanwhile, Figure 8b,d demonstrate that

there still exists an R phase and lath-like austenite, which can also be evidenced by the DSC
results in Figure 9.

O B2 phase

Figure 7. TEM microstructure of the Nisg ¢ Tisg 4 sample after 1/4-turn HPT and subsequent annealing
(450 °C for 2 h). (a) Bright field image; (b) SAED pattern.
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2 phase
B=[001] O B2 phase

Figure 8. TEM microstructures of the Nisg ¢ Tisg 4 sample after 16-turns HPT and subsequent annealing
(450 °C for 2 h). (a) Refined microstructure; (b) lath-like austenite; (c) SAED of area A; (d) SAED of
area B.
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Figure 9. DSC results of Nisg 4Tis9 4 sample after 16-turns HPT and subsequent annealing (450 °C for
2 h).

3.4. Phase Transformation Behavior

Figure 9 shows the DSC results of the 16-turns HPT sample with post-HPT annealing at
450 °C for 2 h. It can be seen that the B19’—R—B2 two-step phase transformation presented
in the heating process, whereas the B2—R—B19’ two-step phase transformation occurred
during the cooling process. It is noticed that B19’—R and R—B2 stages are not separated,
but proceed continuously, and correspondingly, overlapping of their endothermic peaks
is clearly observed in the DSC heating curve. The existence of an R phase could also be
confirmed by the TEM results in Figure 8.
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4. Discussions
4.1. Microstructural Evolution during HPT Processing

In severe plastic deformation, materials deviate from equilibrium states and various
microstructural evolution features appear. Stress-induced martensite transformation and
amorphization are the two processes that can occur in SPD-processed NiTi alloys.

In the present case, it was noticed that martensite transformation occurred in the
2-turns HPT sample when the shear strain was relatively small (deduced from the XRD
results in Figure 2). In the 16- and 32-turns samples, a certain amount of martensite can
be observed from the TEM observations (Figures 3 and 4), indicating the stress-induced
transformation was quite active. The factors influencing the stability of austenite include
compositions, grain size, grain morphology and densities of lattice defects. The containment
of martensite in samples with relatively high HPT turns may be partly due to the large
grain size of the initial material which was only homogenized without further plastic
working. As the strains increased, a long-range stress field was built up by the high
density of dislocations, which stabilized the B2 phase with respect to B19’ martensite,
and then deformation would concentrate in the austenite phase [23]. It is interesting
to note that the intermediate R phase appears during HPT, which is seldom reported.
As an intermediate phase, R-phase usually forms during cooling processes. R-phase
transformation is a martensite transformation itself which competes with the subsequent
martensite transformation. It is necessary to conduct a further investigation in the formation
mechanism of the R phase of NiTi SMA in severe plastic deformation.

NiTi alloy is known to be susceptible to amorphization under shear deformation. The
structural refinement by heavy deformation and amorphization combined with adequate
heat treatment could lead to the improvement of shape memory characteristics [24,25].

The variations of amorphous volume fractions with true strain were investigated
by DSC and TEM in NiTi alloys [20]. It was revealed that for equal nominal strain, the
amorphous volume fractions were different for compression and cold rolling, and the
linear relationship was demonstrated for both cases. It should be pointed out that dynamic
features of amorphous transformation might not obey the linear relationship when the
strains are large during SPD processes. However, there is a lack of quantitative description
about the dynamic feature of amorphization during heavy deformation of NiTi alloys.

The measurement of X-ray line width allows an integral estimation of the structure [14].
The {110}, X-ray line half-width B vs. N and ¢ are shown in Table 1. If we adopt the half-
width of the {110}, X-ray line as the indication of the amorphization of the material during
HPT, it can be clearly seen that the fraction of the amorphous phase increases with strain.
Furthermore, the kinetics of B change with strain is in a non-linear style, shown in Figure 10.
When the strain was less than 4.3, the quick amorphization was exhibited while the rate of
amorphization decreased afterwards.

Table 1. Values of FWHM of the diffraction peak corresponding to B2(110) plane of NiTi alloy with
different conditions.

Number of Revolutions, N Equivalent Strain, ¢ (1/2 Radius) FWHM, 20 °
0 0 0.15
1/4 1.952 0.59
2 4313 0.85
16 6.714 0.95
32 7.514 1.04

48 7.983 1.22
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Figure 10. Variations of values of FWHM of the diffraction peak corresponding to B2(110) plane of
NiTi alloy with number of revolutions.

The amorphization of NiTi alloys with different initial structures during HPT has been
compared. Khmelevskaya et al. [19] found that the characteristics of structure formation
in HPT-processed Ti-Ni-based alloys depend on widely varied composition, deformation
temperature and pressure. They pointed out that the tendency to form an amorphous
structure during SPD depends on relative positions of Ms and deformation temperature,
and easier amorphization of martensite than austenite is due to the former having more
lattice defects. They reported that the sample with martensite matrix exhibits the highest
fraction of amorphous phase, the one with austenite matrix the least, and the one with
a metastable microstructure is in the middle. As aforementioned, both stress-induced
transformation and amorphization occurred in the present case. As seen from the XRD
results (Figure 2), it seems that the amount of martensite phase increased from 2 to 32 turns
and decreased when the HPT turn reached 48 turns. The formation of stress-induced
martensite might cause stress concentration, which increases the stability of austenite, so
that the transformation was limited to some extent. Increased dislocation density and
refined grain boundaries both provide the energies for the initiation of amorphization [17].
With the increase in HPT turns, the accumulated dense dislocations provide the driving
force for the amorphization process. As it is easy for amorphization to occur in martensite,
the amorphous phase might also nucleate in the newly formed martensite. Therefore,
the fraction of martensite no longer increased but even decreased when the strain was
especially large.

Generally, the extent of amorphization is related to grain structures in the as-received
state, alloy compositions, and processing parameters. It is noticeable that the amorphization
during the HPT process in the current research is not very severe compared with the ones in
other alloys with similar compositions under HPT [14-17]. The energy stored in the grain
boundaries was estimated, and it was concluded that the grain boundaries and dislocations
both contribute significantly to driving the crystalline to amorphous transformation [15].
This can explain why the amorphization is not severe in the present homogenized NiTi
ingot with less boundaries and not many dislocations before HPT.

It can be seen from Figure 6 that the microhardness of the investigated NiTi alloy
increases obviously after HPT processing. There are several factors which affect the me-
chanical properties of the investigated material. Strain-induced martensite transformation,
introduction of densely populated dislocations, the formation of amorphous phase and
microstructural refinement all contribute to the enhancement of the microhardness of
the material.
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In most HPT studies in NiTi alloys, amorphization has been paid much attention,
while strain-induced martensite transformation was not emphasized to some extent. Since
the as-received material in the present case is a homogenized ingot, amorphization is not as
important as in the materials with fine initial microstructure, the strain-induced martensite
and dislocations induced during the severe plastic deformation may have played important
roles in the increase of mechanical properties during HPT.

4.2. Microstructural Evolution after Post-Deformation Annealing

In previous studies, the as-received materials are mostly deformed microstructure
with an austenite size of 30~50 pm [13,16]. In the present study, the original one was a
homogenized ingot. It was revealed that the gains were refined substantially after HPT
processing and annealing treatment. Therefore, the combination of HPT and annealing is a
very powerful way to gain fine-grain structures. The DSC results indicate that NiTi SMA
can be produced by HPT and post-deformation annealing from an ingot.

The crystallization processes in amorphous materials provide interesting aspects of
solid-state transformation under non-equilibrium conditions. The crystallization of an
amorphous NiTi alloy should include nucleation and growth process, which is dependent
on the annealing temperature and time. Two conditions should be met in order to obtain
fine-grain structures, i.e., high nucleation rate and low growth rate. In HPT processing,
there exist residual high-density defects which could provide sites for nucleation. The
stored energy could be released during the annealing process and fine grains could be
formed. Nano-scale structure with crystallization was achieved after post-HPT annealing
(Figure 8). As seen in Figures 4 and 5, martensite laths formed during HPT and reverse
transformation occurred during the annealing process (Figure 8). As the width of martensite
laths was quite small, the reversed one was also quite fine. During the heat treatment,
recrystallization also occurred as the temperature was in the recrystallization range of the
alloy. Due to the large strains in the process and the high stored energy induced in HPT, the
recrystallized grains must be quite small. An intermediate phase, R-phase, was also found.
Multiple mechanisms appear in the HPT process; therefore, the microstructural evolution
during the annealing process is complex in the investigated material.

4.3. Transformation Behavior

Transformation temperature of NiTi alloys depends mainly on compositions and grain
sizes of the materials. In the present work, the 16-turns sample was annealed to study the
transformation behavior. In both heating and cooling processes, two-step transformation
was found, R phase being exhibited. It was indicated that R phase appears as an intermedi-
ate phase, which was reported in many previous studies [26-30]. As the lattice distortion
associated with the R-phase transformation (around 1%) is much less than the associated
with B19’ transformation (around 10%), the transformation path sometimes changes from
B2—B19’ into B2—-R—B19’, minimizing the transformation strain and interface energies
that are opposing the transformation [27,29]. The R-phase transformation can be induced
by various treatments, including thermal cycling, post-deformation annealing, aging and
addition of ternary elements [26]. In coarse-grained structures, a single step transforma-
tion from B2 austenite to monoclinic B19” martensite is exhibited [27], whereas two-step
martensite transformation usually occurs in cooling processes in nano-NiTi alloys [29,30].
In the present case, although the grain size of the initial microstructure was quite large,
the microstructure was substantially refined after HPT. Therefore, two-step transformation
appeared in the samples after the annealing treatment.

Severe plastic strains and heat treatment schedules have obvious impacts on the trans-
formation behavior of NiTi-based alloys. A good balance of mechanical property and
transformation behavior could be achieved by proper control of the deformation and an-
nealing schedule. In the present study, NiTi SMA with an ultrafine-grained microstructure
was successfully conducted via HPT and post-annealing on the NiTi ingot, which provides
a more efficient route to fabricated ultrafine-grained NiTi SMA. Meanwhile, it should be
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noted that if the microstructure of the as-received ingots is refined and homogenized to
some extent, the mechanical properties of the NiTi SMA could be further increased.

5. Conclusions

1.  During HPT processing of Nisg ¢ Tis9 4 (at.%) alloy, stress-induced phase transforma-
tion and amorphization occurred. As the HPT turns increased, the fraction of the
amorphous phase increased with a non-linear style. In the early stage of HPT, the rate
of amorphization was quite fast, whereas it became moderate after 2 turns.

2. The microhardness was 290 HV in the as-received status. After 1/4-turn HPT, the
average microhardness increased to 355 HV, and it increased to 398 HV when the
HPT turns were 16. The increment of microhardness is due to the contributions from
the strain-induced martensite transformation, the formation of the amorphous phase,
increased dislocations and grain refinement.

3. After the HPT-processed 16-turns sample was annealed at 450 °C for 2 h, nano-scale
grains were formed. DSC results revealed that SMA effect was exhibited in the post-
HPT-annealed 16-turns sample. The results in the present work indicate that NiTi
SMA can be produced directly from ingot by HPT and post-HPT annealing, which is a
feasible processing route. The future direction is to achieve refined and homogeneous
microstructure in NiTi ingots through HPT so that better mechanical properties can
be achieved.
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