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Abstract: High-pressure torsion (HPT) was applied for the Niyg ¢Tiz5 4Hf15 (at.%) alloy up to 1/4, 2
and 16 turns under a pressure of 4.0 GPa. The samples were examined using X-ray diffraction (XRD),
transmission electron microscope (TEM) and microhardness measurements. The results indicate
that the mixture of an amorphous and nanocrystalline microstructure developed in the investigated
NiTiHf alloy as the number of HPT turns was increased to two. The average hardness of the samples
increased from 330 Hv to 500 Hv after 16 turns of HPT. Very fine martensite developed when the
HPT-processed samples were annealed at 550 °C and the finer microstructures were attained with
higher HPT turns. Differential scanning calorimetry (DSC) tests were performed in the post-HPT
annealing samples to clarify the transformation behavior after severe plastic deformation in HPT
and subsequent annealing, so as to provide an experimental basis for the application of the shape
memory alloy. The transformation temperature of the alloy decreased remarkably when the number
of turns of HPT reached 16. It is suggested that the deformation extent and annealing temperatures
should be considered in order to maintain a high transformation temperature while utilizing the
strengthening effect of HPT in the NiTiHf alloy.

Keywords: NiTiHf alloy; high-pressure torsion; microstructure; mechanical property; transformation
behavior

1. Introduction

In recent years, research into shape memory alloys has aroused much attention due
to their application as potential materials in the field of sensors and actuators. NiTi alloys
exhibit unique superelasticity and shape memory effects, being the most well-known shape
memory alloys (SMAs), and they are the most widely used and commercially available
SMAs. The main disadvantage of these alloys is that they demonstrate low dislocation shear
stresses due to their volume effects during martensite transformation [1]. Severe plastic
deformation (SPD) is an efficient way to refine the microstructure of metallic materials and
grain refinement can effectively enhance the strengths of materials [2]. Among different
SPD methods, high-pressure torsion (HPT) can afford the highest strain on the processed
materials and has been successfully utilized in NiTi SMA processing. The microstructures,
mechanical properties and transformation behavior of the materials can be tailored by
combining post-HPT annealing treatment with HPT [3-9].

NiTi alloys exhibit a very desirable shape memory effect; however, their transformation
temperatures are often lower than 100 °C, which limits their applications. In order to raise
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the transformation temperatures of the NiTi alloys, ternary elements have been suggested
such as Pd, Au, Pt, Hf and Zr [10-16]. In comparison to alloying with Au and Pt, NiTiHf
high-temperature shape memory alloys have attracted much attention as they possess
higher transformation temperatures and exhibit considerable shape memory effects and
superelasticity at lower costs [15,16]. However, one of the disadvantages in TiNiHf alloys
is their low dislocation shear stress [17,18]. Recently, some HPT works have been carried
out in TiNiHf alloys for the purpose of enhancing their strength. Shuitcev et al. processed
Tizg 7Nisp 3sHfo shape memory alloys via HPT with turns of 1/2, 1 and 3 and investigated
the microstructures of the samples with post-HPT annealing [17]. They reported the
formation of nanocrystalline and ultrafine grains after HPT and annealing and applied
the Hall-Petch relationship to describe the relationship between the strength and grain
size of the material. Ren et al. investigated the role of temperature in the microstructural
evolution of HPT-processed NiTiHf shape memory alloys and discussed the difference in
the microstructures developed with different HPT processing temperatures [18].

Although there have been several studies into the ternary NiTiHf SMAs processed
via HPT, there is little research into the relationship between transformation behavior and
microstructure after HPT plus PDA (post-deformation annealing). In particular, there have
been no reports on the effects of large HPT turns on the transformation behaviors of ternary
NiTiHf SMAs. Therefore, it is very important to clarify the effects of the extent of deforma-
tion on microstructural evolution and transformation behavior for practical applications
of NiTiHf SMAs. In the present work, NiTiHf SMA samples were processed via different
numbers of HPT turns plus PDA. The microstructures were characterized via XRD and
TEM. In addition, DSC examinations were carried out to study the transformation behavior
of the alloy. By exploring the effect of HPT plus the PDA process on the microstructural
evolution and transformation behavior of the materials, it will be possible to provide new
insights into the design of SPD schedules and subsequent annealing treatment for the
fabrication of NiTiHf ternary SMA materials with high performance.

2. Experimental

Previous research has indicated that the transformation temperature can be elevated
only when the Hf concentration in NiTiHf alloys is higher than 10% [19]. Hence, a NiTiHf
alloy with a nominal composition of 49.6Ni-35.4Ti-15Hf (at.%) was chosen in the present
work. The material was prepared using a vacuum induction furnace. The ingot was
homogenized at 850 °C for 12 h. The disk samples for HPT processing were cut into 10 mm
in diameter and 0.7~0.8 mm in thickness using a wire cutting machine. The samples were
processed via HPT up to 1/4, 2 and 16 turns at room temperature under a pressure of
4.0 GPa. The principle of the HPT processing [20] is illustrated schematically in Figure 1.
To perform HPT testing, a sample was placed in the depression on the upper surface of
the lower anvil, the anvils were brought together to impose a pressure, P, and torsional
straining was then achieved by rotating the lower anvil at a rotational speed of 1 rpm [20].

———
—_—

Figure 1. Schematic diagram of processing in HPT [20].
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The equivalent strain could then be determined as [21] follows:

_ 2N7r
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where r is the distance from the disk sample center, N is the number of revolutions, - is the
shear strain and / is the final thickness of the sample. The equivalent strains of the experi-
mental samples with different numbers of HPT turns along the radius direction are plotted
in Figure 2. The equivalent strain increased as the radius of the sample increased. Moreover,
it could be found that the equivalent strain increased with the increasing HPT turns.
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Figure 2. Equivalent strain distribution of the experimental samples with different numbers of HPT

turns along the radius direction.

The samples after HPT were annealed at 450 °C, 500 °C and 550 °C for 2 h, respectively,
and then water quenched.

Differential scanning calorimetry (DSC) experiments were carried out on a TA DSC25
instrument in an atmosphere of helium. The as-homogenized and HPT + PDA samples
were heated with a heating rate of 15 °C/min from 25 °C to 350 °C, held for 3 min and then
cooled with a cooling rate of 15 °C/min to room temperature.

Vickers microhardness was measured using a FM-700 tester. The load of the indenter
was 0.5 kg and the loading time was 10 s.

The samples for XRD examination were extracted from the disk samples using a wire
cutting machine and then mechanically ground. The XRD examination was conducted
using Smart Lab 9 kW with a target of Cu. The angle of X-ray diffraction was 10°-90° and
the XRD scanning speed was 5°/min.

The transmission electron microscope (TEM) samples of 3 mm in diameter were
cut off from the HPT samples using a wire cutting machine. The samples were ground
to a thickness of 50 um and then processed via twin-jet electropolishing using Struers
TenuPol-5 equipment. The electropolishing solution was HCIO4:CoHs0H = 1:9. After
twin-jet electropolishing, the samples were carefully polished via an ion beam using Gatan
695 equipment. The samples were firstly polished with the 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 via TEM using FEI G
20 equipment.
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3. Results and Discussion
3.1. Microhardness

Figure 3 shows the microhardness evolution in the as-homogenized and HPT-processed
samples. The microhardness (Hv) distributions along the radius of the HPT-processed disk
samples showed that the maximum value of Hv was attained at the edge and the minimum
value was attained in the center part of the samples. The microhardness of the samples
increased from 350 Hv of the as-homogenized state (denoted as Turn 0 in Figure 3) to the
average value of 447 Hv after 1/4 turns, and then to 478 Hv after 2 turns with a moderate
enhancement. With the further increase in HPT turns to 16, the average hardness increased
to over 500 Hv.
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Figure 3. Microhardness distributions along the radius of disks.

Table 1 shows the microhardness values of the samples with different numbers of HPT
turns at disk center, half-radius and edge. It is noticed that the microhardness difference
between the half-radius and the edge obviously decreases in the 16-turns sample.

Table 1. Microhardness values at disk center, half-radius and edge.

Microhardness
(Hv)
N Area
Center Half-Radius Edge

0 330.17 £+ 4.97 332.95 £+ 0.86 337.12 £ 0.77
1/4 420.48 £+ 11.06 447.36 £ 1.92 489.73 £+ 9.69
2 442.37 +7.00 473.67 + 8.35 518.69 + 4.90
16 488.03 £ 2.90 526.17 £ 9.90 558.28 & 3.97

3.2. Microstructures

Figure 4 shows the XRD patterns of the as-homogenized sample and samples after HPT
processing. The as-homogenized microstructure was mainly martensite, including (002)y1,
(11-1)p and so on.After HPT processing, a broadening in part of the diffraction reflections
of the material can be observed. During the HPT process, the densities of dislocations
and grain boundaries increased and the grains were refined. The lattice structures were
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highly distorted and the samples after HPT were in a non-equilibrium state. The increase
in the dislocations and the grain refinement could make contributions to the broadening
of the diffraction peaks [4]. As the number of HPT turns increased, the broadening of the
diffraction became more obvious. It could also be found that amorphization occurred in the
two-turns sample. The fraction of the amorphous phase increased further in the 16-turns
sample, showing an obviously higher (100)g, peak.
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Figure 4. XRD patterns before and after HPT. (a) As-homogenized; (b) after HPT.

The microstructures after HPT processing were characterized using TEM, as shown in
Figure 5. Before HPT processing, the as-homogenized material showed a fully martensitic
microstructure (Figure 5a). The microstructure after 1/4 turns of HPT treatment is given in
Figure 5b. The SAED pattern confirmed that the martensitic microstructure was retained.
Moreover, the sample demonstrated a deformed microstructure with a high density of
dislocations. As the number of HPT turns increased to 2 and 16, a majority of amorphous
microstructures developed in the investigated samples due to the accumulation of a high
equivalent strain, as confirmed via the halo diffuse ring in the SAED pattern. In addition, a
small amount of nanocrystalline microstructures were also found, which could be verified
via the crystalline diffraction patterns in the SAED pattern.

During severe plastic deformation such as ECAP and HPT, bulk amorphous NiTi
was produced, and it was assumed that the periodicity of the atom arrangement could be
destroyed and the formation of the amorphous phase was caused by the increase in defects,
such as dislocations and grain boundaries; at the same time, the relaxation processes were
difficult [22]. Both dislocations and grain boundaries can store energies, which drive the
formation of the crystalline-to-amorphous transformation in NiTi-based alloys.

Several investigations have shown that HPT deformation led to the amorphization in
binary TiNi alloys [3-6,8,9]. In some cases, the amorphization was complete [3,8], while
nanocrystals were embedded in an amorphous matrix in other cases [4-6,9]. In NiTiHf SMA,
there is a report that the amorphous phase formed in an HPT-processed Tiyg 7Niso 3Hfpg
alloy after three turns of HPT processing [17] and a mixture of the amorphous phase
and nanocrystalline microstructure was attained. It was revealed that the tendency of
the ternary NiTiHf alloy to form an amorphous microstructure under HPT was higher
than that of a binary TiNi alloy due to the more defective structure of martensite in the
as-homogenized material [17]. It was estimated that both the energy stored in dislocations
and at grain boundaries contribute significantly to driving the crystalline-to-amorphous
transformation in NiTi alloys [23], which also implies that martensite is more suitable for
amorphization than that of austenite due to its higher defect density. In the present case,
the microstructure before HPT was mainly martensite and amorphous phase formed when
the HPT turns increased to two, which is similar to the results reported in Ref. [17].
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Figure 5. Microstructures of the Niyg ¢ Tizs5 4Hf5 alloy prior to and after HPT: (a) as-homogenized;
(b) HPT (N =1/4); (c) HPT (N = 2); (d) HPT (N = 16).

As the formation of the amorphous phase is important for the formation of nanocrys-
talline grains in the subsequent annealing processes, it is significant to reveal the dynamic
feature of the amorphization process. There are some reports to reflect the amorphization
process in TiNi alloys in the view of dynamics [24]. The fractions of amorphous phase via
DSC and TEM for a TiNi binary alloy in cold rolling were investigated and it was revealed
that the volume fraction of the amorphous phase increased linearly with strains [24]. The
strain here was not very high (~2.0). XRD results were also used to study the extent of
the amorphous phase and {110}g; X-ray line half-width vs. the number of revolutions
N to reveal the dynamic feature of amorphization in the HPT process of the TiNi binary
alloy [5]. However, there have been no reports on amorphization in the HPT-processed
TiNiHf ternary alloy. In order to reveal the amorphous transformation of the experimental
material during HPT processes, the volume fractions of crystalline were examined via
XRD. The volume fraction of crystalline vs. the applied HPT turns is given in Figure 6.
The results showed that the volume fraction of crystalline decreased as the applied HPT
turns increased. To be explicit, the sample without HPT processing exhibited an amount
of ~97% in the volume fraction of crystalline, showing an almost fully crystallized mi-
crostructure after initial annealing at 850 °C for 12 h on the as-received ingot. There existed
a remarkable decrease in the volume fraction of crystalline after 1/4 turns. This was be-
cause the equivalent strain of 1/4 turns was 1.952, which facilitated the occurrence of the
amorphous transformation. The corresponding TEM result (Figure 5b) showed a deformed
microstructure with a high density of dislocations in the sample with 1/4 HPT turns,
revealing that severe plastic deformation occurred, and consequently led to the formation
of an amorphous microstructure. When the number of HPT turns was increased to two,
a remarkable further decrease could be seen in the volume fraction of crystalline. Given
that the equivalent strain of two turns increased to 4.313, the accumulation of the applied
strain was high enough to distort the lattice structure. Therefore, the dramatic amorphous
transformation occurred in the sample after two turns, which is in accordance with the
TEM result (Figure 5c) showing that an obvious halo diffuse ring could be observed in the
SAED pattern. It is noteworthy that when the number of HPT turns was increased to 16,
the sample exhibited a slight decrease in the volume fraction of crystalline. Since a large
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amount of amorphous transformation was achieved in the sample with less HPT turns,
the sample processed with 16 turns demonstrated an exhaustion in the further amorphous
transformation, although the equivalent strain of 16 turns was 6.714.

1.0 F
0.8 |
>
£ 06F
S
[
@)
04+
02 F
1 1 1 1 1
0 4 8 12 16
Turns

Figure 6. The volume fraction of crystalline with different numbers of HPT turns.

Amorphous phase is a meta-stabilized state and its Gibbs energy is high. In suitable
conditions, crystallization would occur. Generally, amorphization plus annealing is a
method for gaining an ultrafine microstructure in severe plastic deformation processes and
subsequent heat treatment. TEM micrographs of the investigated samples after annealing
at 550 °C with different numbers of HPT turns are given in Figure 7. The results show that
a nano-scaled martensite microstructure was obtained in all of the investigated samples. In
comparison to the sample with 1/4 turns, the samples with 2 and 16 turns exhibited a more-
refined microstructure, which can be ascribed to their more significant recrystallization
during the annealing processes as a result of the higher equivalent strains induced via HPT.

3.3. Transformation Behavior

The DSC curves of the as-homogenized TiNiHf alloy annealed at different tempera-
tures are shown in Figure 8. The transition temperature were noticed in Figure 8. Tangential
points are phase transition temperature. It is indicated that the annealing temperatures
exert no obvious influence on the transformation behavior of the as-homogenized samples.
The M, Mg, Ag and A of the TiNiHf alloys are 198, 164, 230 and 260 °C, respectively. In the
49.5% NiTi binary alloy [25], Ms, Mg, As and Ag were 78, 55, 83 and 107 °C, respectively.
Therefore, it is demonstrated that the transformation temperatures in the TiNiHf alloy were
much higher than the ones in the NiTi binary alloy.
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200 nm

Figure 7. Microstructures of the Niyg ¢Tizs5 4Hf5 alloy after HPT and post-HPT annealing (550 °C):
(a,b) HPT (N = 1/4); (c,d) HPT (N = 2); (e,f) HPT (N = 16).
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Figure 8. DSC results obtained for the as-homogenized TiNiHf alloy.
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Figure 9 shows the DSC results obtained for the TiNiHf alloy after HPT (N =1/4, 2,
16) + PDA (post-HPT annealing) and Table 2 lists the corresponding temperatures and
enthalpies of the transformation. The transition temperature were noticed in Figure 9. From
Table 2, there is a decrease in transformation temperature with the turns of HPT increasing,
which indicates the suppression of martensite transformation. It can be found that the
values of transition enthalpy decreased as the HPT turns increased, which was connected
with the decrease in transformation temperatures in the investigated alloy as well.

g M/pN’l s Cooling
S 11.39J/g
E N=16
5
0
=
=4 N=2
z 18.94)/g 4,
‘E‘ As Ap
5
T
23.16J/g
N N=1/4
- As f
A
= Heating Myg
1 " 1 M 1 M 1 " 1 M 1
50 100 150 200 250 300
Temperature(°C)

Figure 9. DSC results obtained for TiNiHf alloy after HPT (N = 1/4, 2, 16) + PDA (annealing at
550 °C).

Table 2. Transformation behavior of NiTiHf samples after HPT (N = 1/4, 2, 16) plus PDA (annealing
at 550 °C).

o Transition i
N Temperature (°C) Hysteresis (°C) Transition Enthalpy, H (J/g)
M, Mg A, A M, A, A¢-M; B2 — B19Y’ B19 — B2
1/4 170.76 7491 133.10 229.53 122.37 199.34 58.77 23.26 —24.13
2 130.69 62.13 96.67 201.91 93.02 162.52 71.22 16.04 —18.94
16 95.49 30.73 81.90 175.19 66.57 134.24 79.70 11.39 —15.85

There have been a lot of investigations into the effect of microstructure on the phase
transformation behavior of NiTi binary alloys. Waitz [4] processed Ni-50.3 at% Ti using HPT
at room temperature and investigated the size effects on martensitic phase transformations
in nanocrystalline NiTi shape memory alloys. For comparison, they also studied the coarse-
grained NiTi alloy with the same compositions. It was found that the transformation to
martensite was suppressed in the nanocrystalline microstructure of NiTi alloys after HPT
and heat treatment. In the coarse-grained NiTi alloy, Ms was 57 °C and Ag was 65 °C,
whereas the M decreased to 46 °C and the Ag decreased to 17 °C in the nanocrystalline NiTi
alloy. It was concluded that in a nanocrystalline NiTi alloy, the martensitic transformation
could be suppressed in different ways: via the introduction of elastic strains, via lattice
defects or via crystal refinement [26]. It was suggested that the high density of grain
boundaries obstructed the growth of martensite and the increase in interface energy was
also a cause for the suppression of martensite formation in the nanograins [27].
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For the NiTiHf alloy, there are reports on microstructural evolution only related to a
small number of turns of HPT processing (one turn in [18] and three turns in [17]), and
the transformation behavior after HPT plus PDA (post-deformation annealing) has not
been properly investigated. In the present work, it is clearly indicated that the martensite
transformation temperature of the TiNiHf alloy decreased with the increase in the number
of HPT turns. There is a substantial decrease in the martensite transformation start temper-
ature (M;) from about 200 °C in the as-homogenized sample to about 95 °C in the sample,
with 16 turns of HPT in the NiTiHf alloy (shown in Figure 8 and Table 2), which is just a little
higher than the one reported in the 49.5% NiTi binary alloy with an M of 78 °C [25]. Based
on the results of the TEM analysis in Figure 5, very fine microstructures were achieved after
HPT processing, especially in large turns. The decrease in the transformation temperature
must be related to the fine microstructure.

It is revealed in Table 2 that the transition hysteresis width increased with the increase
in revolutions of HPT. It is suggested that there are two key energy dissipative processes
that govern the hysteresis in martensite transformation [28]. One is energy dissipated in
the form of friction work, and the other is the dissipation of elastic energy. The magnitude
of the total energy dissipation could be reflected in the thermal or stress hysteresis.

It is suggested that the factors influencing the transition hysteresis width include alloy-
ing elements, microstructure and extent of pre-deformation [29]. The transition hysteresis
width is very sensitive to the compositions in NiTi alloys. It was reported in [30] that the
transition hysteresis width was about 17 °C with the Ni concentration being 50.1 at%. When
the Ni concentration increased to 51.5 at%, the transition hysteresis width increased to
43 °C, which was caused by the increase in the phase transformation temperature due to the
increase in Ni concentrations and the decrease in resistance to the martensite transforma-
tion. Different grain sizes were obtained in Niag 7, Tis 39, via hot rolling and equal-channel
angular extrusion [31]. The transition hysteresis width was about 36 °C when the grain size
was large (40 um), whereas it was 45~52 °C when the grain size decreased to 0.1~0.3 um.
Therefore, the decrease in grain size resulted in an enlargement of transition hysteresis.
Generally, the transition hysteresis width of TiNiHf alloys is relatively large (>50 °C) [28].
It can be deduced that the increase in transition hysteresis width in the samples with a
large HPT strain in the present work is due to the refined microstructure.

From the above results, it is clearly indicated that the martensite transformation
temperature of the TiNiHf alloy decreased substantially when the number of turns of HPT
was high. Our results also show that the decrease in the transformation temperature is
much smaller when the annealing temperatures after HPT in the TiNiHf alloy are lower. It
is suggested that the combination of HPT and annealing schedules should be optimized to
tailor the mechanical properties while maintaining the characteristics of a high-temperature
shape memory NiTiHf alloy.

4. Conclusions

In summary, the effects of high-pressure torsion and subsequent annealing on the mi-
crostructures, microhardness and phase transformation behavior of a ternary TiNiHf shape
memory alloy were investigated. The results from XRD, TEM, DSC and microhardness
analysis led to the following conclusions:

(1) The hardness evolution of the HPT-processed samples shows that the hardness values
increase with the number of HPT turns. The average microhardness in the HPT-
processed 16-turns sample was over 500 Hv, which is much higher than that in the
as-homogenized sample (~330 Hv).

(2) The XRD and TEM results reveal that HPT processing at room temperature leads to
the formation of an amorphous—nanocrystalline mixture in the investigated TiNiHf
alloy. Significantly refined martensite was attained when the HPT-processed samples
were annealed at 550 °C. Finer microstructures could be obtained with increasing
HPT turns.
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(8) For the TiNiHf alloy after HPT plus PDA, the martensite transformation tempera-
ture decreased, the transition hysteresis width increased and the transition enthalpy
decreased with the increase in HPT revolutions. When the HPT turns increased to
16, the martensite transformation temperature decreased remarkably (with Ms being
less than 100 °C). HPT and annealing schedules need to be optimized to enhance
the mechanical properties and simultaneously maintain the good characteristics of
high-temperature TiNiHf alloys.
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