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ABSTRACT

An alloy with the composition of 49.6Ni-35.4Ti-9Hf-6Ta (at%) was processed by high-pressure torsion (HPT) and post-
HPT annealing treatment. The microhardness of HPT-processed samples increased obviously, and amorphous feature
appeared in 2 turns sample. The microhardness further increased and amorhozation was enhanced in 16 turns sample. After
annealing at 750 °C for 3h, almost full crystallization occurs in 16 turns sample. In-situ high temperature X-ray diffraction
experiment reveals that martensite to austenite transformation took place, indicating the alloy would exhibit SMA effect.
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1. INTRODUCTION

NiTi alloys possess good superelasiticity and shape memory effect as well as high corrosion resistance and have received
much attention in research fields and industries [1]. Binary NiTi shape memory alloys (SMAs) are the most widely used
and commercially available ones, but one disadvantage of these alloys is that their transformation temperatures are lower
than 100°C, which limits their applications [2]. Recently, a lot of work has been done on the development of ternary Ni-
Ti-Hf shape memory alloy as a high temperature SMA [3-7]. However, it was reported that the cold workability of Ni-Ti-
Hf alloys is not good enough and the thermal stability of the alloys is not satisfying. Prasad et al designed a new high
temperature NiTiHfTa SMA and characterized the microstructures and phase transformation behavior of the alloy [8].

Severe plastic deformation(SPD) has been introduced to SMAs to enhance the strength of the materials and shape
memory effect as well [9-11]. Among SPD methods, high-pressure torsion (HPT) is the most efficient way to refine grain
sizes of materials and has been utilized in tailoring the microstructures and properties of NiTiHf SMAs [12, 13]. However,
there are no reports on the SPD work on NiTiHfTa alloys. In the present work, HPT and post-HPT annealing were applied
on a NiTiHfTa alloy, and the microhardness was measured and phase constituents were characterized in order to provide
experimental basis for tailoring microstructures of NiTiHfTa alloys.

2. EXPERIMENTAL

A NiTiHfTa ingot with a nominal composition of 49.6Ni-35.4Ti-9Hf-6Ta (at%) was prepared using a vacuum induction
furnace. The ingot was subjected to homogenizing annealing at 1100°C for 12 hr. The homogenized NiTiHfTa ingot is
noted as the as-received material. The disk samples for HPT processing were cut by a wire cutting machine with 10 mm
in diameter and 0.7~0.8mm in thickness. Pure Ti foils with a thickness of 0.1mm were cut into thin disks with a diameter
of 10mm. One Ti foil disk was put on the top of the NiTiHfTa disk and the other Ti foil disk was put beneath the disk to
form a sample with packed Ti, NiTiHfTa, Ti disks for HPT processing. The samples made up of packed disks were
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processed by HPT up to 1/4, 2 and 16 turns at room temperature under a pressure of 4.0 GPa. The HPT-processed samples
were annealed at 750°C for 3h respectively and then water quenched.

Vickers microhardness of the NiTiHfTa alloy was measured by using a FM-700 tester. The load on the indenter was
0.5kg with a loading time of 10s. The microstructures of the samples were characterized by an OLYMPUS-DSX500 optical
microscope and X-ray diffraction (X Pertpro, Cu-Ka radiation). And the sample subjected to HPT processing and post-
HPT annealing were investigated by a Smart Lab 9Kw for in-situ high temperature diffraction. In-situ X-ray diffraction
was used to study the martensitic transformation behavior of NiTiHfTa alloy, which revealed that it has good shape
memory effect.

3. RESULTS AND DISCUSSION

3.1 As-received microstructure

The as received microstructure is shown in Figure 1 and lath-like structure is mainly martensite.
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Figure 1 Optical microstructure of the as-received alloy
3.2 Microhardness analysis

Figure 2 shows the microhardness evolution from the as-received to the HPT-processed samples. HPT-processed
samples exhibit a substantial increase in microhardness as compared with that of the as-received sample. It can be seen
that the microhardness increases obviously in 1/4 turns sample and it doesn’t change much when the number of turn
increases from 1/4 to 2. The microhardness increases remarkably as the number of turn increase from 2 to 16.
Measurements of the microhardness (Hv) distribution along radius in the HPT-processed samples show that Hv has the
maximum value at the edge area and the minimum value in the center area of the samples. The increase in microhardness
with the number of turn is resulted from gain refinement and the increased density of lattice defects during HPT [10]. Table
1 summarizes the microhardness results of different samples at the center, half-radius and edge areas.
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Figure 2. Microhardness distribution along diameter of the disks

Table 1. Microhardness of SMA samples at initial and deformed states

Microhardness

N (HV)
area
center half-radius edge
0 391.00+5.81 382.97+8.40 384.76+8.70
1/4 475.10£9.12 492.16+10.04 543.21+10.96
2 483.06+14.60 497.58+4.50 582.79£17.76
16 532.66+4.12 566.29+1.40 627.49+9.80

3.3 X-ray diffraction analysis

Figure 3 shows the XRD patterns of the as-received sample and HPT-processed sampels. The microstructure of as-
received sample mainly consists of martensite and some austenite exists. XRD result shows that HPT leads to a broadening
of martensite lines after 1/4 turn of HPT, resulting from the grain refinement. The half-width of (100)s increases in 2 turns
sample, which is an indication of the formation of amorphous phase. It is well known that cold SPD leads to the transition
of the material into a non-equilibrium state due to the formation of densely populated lattice defects such as vacancies and
dislocations [13]. The periodicity of atomic arrangement could be destroyed, and the formation of amorphous phase
induced. Armophization has been reported in NiTi and NiTiHf SMAs during HPT [11, 12]. In the present HPT-processed
NiTiHfTa alloy, the amorphous feature appears in 2 turns samples and the extent of armophization increases as the number
of turns increases to 16.
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Figure 3. X-ray patterns of the (a) as-received and (b) HPT-processed samples

NiTi and NiTiHf alloys with amorphous structure after HPT can only exhibit SMA effect after crystallization in
annealing [10, 11, 13]. From Fig.4, it can be seen that matensite is the major phase and some austenite coexists with
marteniste in 16 turns sample after post-HPT annealing at 550°C and 750°C for 3 h, indicating that crystallization has
occurred. The peak of B-Ta phase can also be seen. The results of in-situ XRD results are shown in Fig.5. Compared with
the XRD result at room temperature (Fig.5(a)), the fraction of austenite increases obviously at the temperature of 400°C,
with the newly formed (110) and (012) austenite peaks being quite high (Fig.5(b)), which reveals the occurrence of
martensite to austenite phase transformation during the heating process and the NiTiHfTa alloy subjected to HPT and
subsequent annealing could exhibit SMA effect. And with the increase of temperature, the fraction of austenite did not
change significantly, which reveals that the transformation from martensite to austenite was basically completed at 150°C.
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Figure 4. X-ray patterns of the samples with post-HPT annealing

Compared with the coarse grained SMA, the TiNi alloy with a ultrafine grained microstructure exhibits better
properties such as better thermal cycling stability [14, 15], higher recovery strain and stress [16], lower stress hysteresis
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and higher superelsticity [17] and higher radiation resistant capability [18] so that the application ranges of TiNi products
could be enlarged. In severe plastic deformed TiNi and TiNiHf alloys, amorphous microstructures are generally attained
and ultrafine microstructures could be achieved by post deformation annealing. Combining HPT and subsequent annealing
treatments, one can tune the grain size and as a result the properties of the material can be controlled [11, 12]. The X-ray
results mentioned above demonstrate that samples subjected to HPT processing and subsequent annealing underwent the
processes of amorphization and crystallization. Therefore, it can be deduced that the processed quaternary 49.6Ni-35.4Ti-
9Hf-6Ta (at%) alloy in the present work would exhibit good functional properties. Fine microstructure characterizations
are in process.
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Figure 5. In-situ X-ray patterns of the HPT-processed sample (N=16) subjected to annealing (750°C/3h)
(a) room temperature; (b) heating up from 150°C to 400°C

4. CONCLUSIONS

HPT and subsequent annealing treatment were applied to 49.6Ni-35.4Ti-9Hf-6Ta (at%) alloy. The microharness values of
the samples after HPT increase substantially, especially in a large turn of 16. During HPT, amorphous phase appears after
2 turns of HPT processing and more amorphous phase forms as the number of HPT turns increases. To achieve a better
crystallization effect, annealing at 750°C was chosen in the 16 turns sample. In-situ X-ray diffraction at 150°C reveals the

occurrence of martensite to austenite transformation, indicating that the alloy could exhibit SMA effect.
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