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The processing - phase transformation - deformation response relationship of NisgTi3sHf;s high temperature
shape memory alloy was studied. As the material was hot extruded and further underwent wire drawing, the
phase transformation temperatures decreased and the strength levels increased, yet the initial brittle response
was replaced by near-perfect superelastic response above the austenite finish temperature. Moreover, the

NisoTissHf; s wires exhibited a remarkably stable cyclic actuation response under 300 MPa, as compared to the
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Shape memory alloys (SMAs), and in particular nickel-titanium
(NiTi), continue to be the material of choice in a variety of applications
owing to their superior functional properties facilitated by thermo-elas-
tic martensitic transformation [1,2]. However, the current SMAs are not
suitable for high temperature applications: NiTi and many NiTi-based
SMAs possess martensitic transformation temperatures (TTs) below
100 °C, which warrants the development of high temperature SMAs
(HTSMAs) operating at elevated temperatures [2,3]. In order to preserve
the superior thermo-mechanical properties of NiTi while increasing
the TTs, ternary alloying of NiTi with Pd, Pt and Au has proven successful
[2]. However, the high cost of these ternary elements led the SMA
community to seek other alternatives, and Ni-rich ternary alloys con-
taining Hf or Zr have recently gained significant attention [3-18]. Specif-
ically, the NiTiHf alloys with less than 25 at.% Hf undergo B2-to-B19’
martensitic transformation similar to NiTi [19], and a Hf content of
more than 10 at.% leads to a significant increase in TTs [2]. Consequently,
NiTiHf HTSMAs containing 10-20 at.% Hf have received recent interest
[2,4-13,16-18,20,21], and the thermo-mechanical and shape
memory characteristics of the Ni-rich NiTiHf alloys have been well
established.

One important obstacle against the utility of NiTiHf alloys in practical
forms is the fact that the reversible martensitic transformation in stoi-
chiometric or Ti-rich alloys is relatively poor [2,15]. This obstacle
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demands modifications of the microstructure in order to control or sup-
press plastic deformation that deteriorates the reversibility of martens-
itic transformation. However, there is a very limited volume of work on
the thermo-mechanical processing, grain size refinement, and work
hardening of HTSMAs, in particular NiTiHf [15,22] that would improve
the reversibility of the transformation. Their B2 structure in austenite,
and thus inherent brittleness, sensitivity to carbon and oxygen impuri-
ties, and carbide or oxide formation leads to the difficulty of processing
of these materials. The Ni-rich compositions can form nano-precipitates
and exhibit more stable reversible martensitic transformation [4,20,21],
however; the excess Ni increases the strength and make these alloys
more brittle, hindering Ni-rich alloys to be formed into different forms
[2].

Consequently, the focus has been limited to the characterization of
standard laboratory samples in single- or polycrystalline forms of NiTiHf
alloys, and to the best of the authors' knowledge, shape memory charac-
teristics of these alloys in practical forms, particularly as wires, have not
been explored. The work presented herein was undertaken with the
aim of addressing this issue: we report on the temperature and training
dependent tensile response of a NiTiHf HTSMA, which was studied in
the form of a 0.75 mm diameter wire. Even though NiTi SMA wires
have been studied to assess their utility for various applications [23-
30], the present work constitutes the first report on the thermo-me-
chanical characterization of NiTiHf HTSMA wires, which are promising
candidates for several aerospace applications, including the active clear-
ance control in jet propulsion engines [2]. Since such applications neces-
sitate superior actuation response and cyclic stability, we also report on
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the actuation response and thermo-mechanical cyclic stability of the
NiTiHf HTSMA wires.

For this purpose, a NiTiHf alloy with a nominal composition of
NisoTissHf;5 (at.%) was studied. The stoichiometric NisgTizsHfy5 alloy
was chosen in order to avoid the aforementioned difficulties related to
the processing of non-stoichiometric compositions. The material was
initially fabricated into the 200 mm long as-cast and hot isostatic
pressed cylindrical bars with a diameter of 12.7 mm. The wires were ob-
tained by further hot extrusion of these bars followed by the subsequent
wire drawing. In order to assure that the intermediate processing step
(hot extrusion) has been successfully completed, the thermo-mechani-
cal properties of the hot-extruded material were also studied and
reported.

The TTs of the samples were determined using differential scanning
calorimetry (DSC) with a heating/cooling rate of 10 °C/min. The dogbone
shaped samples with the gage section of 3 mm x 8 mm x 1.5 mm were cut
from the initial NisoTizsHf;5 bars using wire electrical discharge ma-
chining (EDM), and then deformed under tensile loading with a strain
rate of 1 x 1074 s~ ! on a servohydraulic MTS test frame equipped
with a high-temperature extensometer. The thermo-mechanical
cycling/training of the bulk samples was carried out on 95 mm long
flat dog-bone shaped tensile specimens with 1 mm thickness, 40 mm
length, and 2.5 mm width in the gage section, which were also cut
from the initial bars using wire EDM. During the thermo-mechanical
cycling, electric current was passed through the specimens to heat
them above the austenite finish temperature (A¢), and cooling down
to below martensite finish temperature (M¢) was achieved through
convection utilizing a slow speed electric fan.

Prior to wire drawing, the 200 mm long NisTi3sHf;5 bars were fur-
ther hot extruded with a 6.35:1 reduction in diameter to obtain 1.5 m
long and 2 mm diameter wires. This hot extrusion was carried out at
900 °C and in two steps, such that a 2:1 diameter reduction was im-
posed during the first step, and the intermediate product was then sep-
arately hot extruded down to a final diameter of 2 mm. The materials
were sealed in stainless steel jackets to prevent oxidation during the
hot extrusion. The final product of 2 mm NisTi3sHf;5 wires were de-
formed under tensile loading on an electro-mechanical test setup
equipped with special grips and a laser extensometer.

Final wire drawing was carried out in five steps, and the output of
each step was furnace annealed at 700 °C in argon to yield a final prod-
uct of 12 m long and 0.75 mm diameter wire. The quality of the
NisoTi3sHf; 5 wires was monitored utilizing a FEI Quanta 600 scanning
electron microscope (SEM) prior to the experiments, assuring the ab-
sence of any undesired cracks or flaws that would deteriorate the prop-
erties during the training. Energy-dispersive X-ray spectroscopy (EDX)
was carried out on the as-is bulk, hot extruded 2 mm wire and the
0.75 mm wire samples in order to reveal the compositional differences
between the observed particles and the matrix after each processing
step. Furthermore, the average size of the particles in the initial bulk,
hot extruded 2 mm wire and the 0.75 mm wire samples were measured.

In order to evaluate the cyclic stability of the actuation response and
determine the role of training on the resulting mechanical properties,
the 0.75 mm wires were thermo-mechanically cycled/trained for
200 cycles under 300 MPa constant stress utilizing the custom-built
SMA thermo-mechanical cycling setup. The chosen stress level of
300 MPa is beyond the operating stress levels for many SMA actuators,
while 200 cycles was selected in order to assess the effects of cycling at
early stages. Utilizing the thermo-mechanical cycling setup, 200 mm
long wire samples were heated up by Joule heating with a programma-
ble power source, and the voltage and data acquisition were controlled
by a Labview program. Temperature was measured using K-type ther-
mocouples connected to a data acquisition board, while the displace-
ment was measured using a laser displacement sensor. The input
voltage and current remained below 4 V and 5 A, respectively, under
the applied direct current. 60 mm long samples were then cut from
the trained wires, and they were tested on a screw-driven MTS test

frame equipped with a laser extensometer and special grips for wire
testing.

The initial tensile test results showed that the initial bulk material
exhibited relatively low ductility of about 5% strain (Fig. 1) when de-
formed at M¢ (170 °C, Fig. 2), while loading at 10 °C above the Ay, i.e.
270 °C, led to a constant-stress plateau up to 8% strain and 3.2%
superelastic strain upon unloading. After the hot extrusion, the resulting
2 mm wires were still brittle under tension in martensite and the wires
failed at about 5.4% strain at 170 °C. However, the strength levels
attained at the failure were about two-fold higher as compared to
the bulk material (Fig. 1), although the TTs decreased by only about
10-15 °C (Fig. 2). The alteration of TTs was more prominent after
the final wire drawing step (Fig. 2). The A¢ decreased from 260 °C to
220 °C and the M changed from 170 °C to 120 °C after the 0.75 mm
Nis5oTizsHf;5 wires were drawn from the 2 mm wires. The decrease of
TTs upon hot extrusion and wire drawing (Fig. 2) is associated with
the deformation of the material in austenitic state, i.e. so-called
ausforming [15]. Both processes were carried out above the A, and the
corresponding formation of dislocation substructures, as well as the
resulting structural refinement, further stabilize the austenite [15].

In order to assess the role of the aforementioned processing on the
cyclic stability and actuation performance of NisoTissHf;5s HTSMA, the
thermal cyclic response of the 0.75 mm wire under a constant stress
level (300 MPa) was compared with that of the bulk material (Fig. 3).
The bulk material exhibited an actuation strain of about 5%, which
slightly decreased upon cycling, whereas the 0.75 mm wire exhibited
about 3% actuation strain, which remained constant throughout the
training. The reduction of the actuation strain in the wire is attributed
to the microstructural refinement and possible crystallographic texture
in the wire as a result of the relatively high level of deformation upon
wire drawing. More importantly, the wire drawing of the NisgTizsHf;5
HTSMA into a 0.75 wire brought about a more stable actuation response
as compared to the bulk material. In particular, the 0.75 mm wire sam-
ples exhibited only less than 2% irrecoverable strain in 200 cycles while
the bulk material showed more than one order of magnitude higher ir-
recoverable strain level (more than 25% strain), under the same number
of cycles.

Following the training, the martensite start (M) temperature for
the trained 0.75 mm wires was determined as 192 °C, while the M,
was 150 °C for the as-drawn 0.75 mm wires (Fig.2). The Ar of
the 0.75 mm wires, on the other hand, remained unchanged (220 °C)
upon training, demonstrating that the training significantly
decreased the transformation hysteresis (Af — Ms): from about 70 °C
to about 28 °C following training. Clearly, training of the NisoTissHf;s
wires proved effective in tailoring the hysteresis. The decreased hysteresis
is associated with the stabilization of the NiTiHf microstructure by
ausforming during hot extrusion and wire drawing, such that further dislo-
cation generation during the transformation is hindered, leading to smaller
thermal hysteresis [20]. In addition, the significant improvement in the cy-
clic stability shown in Fig. 3 is associated with the decrease in temperature
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Fig. 1. Tensile deformation response of the bulk and hot extruded wire samples of
NisoTi3sHf;s HTSMAs. The black cross at the end of a curve indicates failure of the
corresponding sample.
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Fig. 2. DSC results of the NisoTi3sHf;5s HTSMA, demonstrating the phase transformation behavior of the bulk samples in comparison with the 2 mm diameter hot extruded and 0.75 mm
diameter wires (only the second cycles of each DSC analysis is presented). A continuous 12 m long spool of the 0.75 mm wire was obtained upon drawing, and the surface quality was
monitored with SEM. The precipitate size and composition were also determined utilizing SEM/EDX.

hysteresis upon cycling, as well as the microstructural refinement and work
hardening as a result of the wire drawing, which suppresses extensive plas-
tic deformation accompanying martensitic transformation.

In order to reveal the role of temperature on the deformation re-
sponse, the NisoTissHf ;5 wires were deformed to 4% tensile strain at
RT, M and A¢ + 10 °C (Fig. 4) after the thermo-mechanical training
shown in Fig. 3. As the test temperature increased, the irrecoverable
strain upon unloading decreased significantly, such that near perfect
superelasticity was attained at 230 °C in a NiTiHf HTSMA wire for the
first time. This trend in irrecoverable strain is expected: the behavior
at Ms (192 °C) constitutes martensite reorientation, possibly its small
permanent deformation, and the corresponding rubber back effect
upon unloading, while the conventional superelasticity is observed

above A;. Furthermore, the strength levels decreased significantly
when the temperature was increased from RT to Mg, due to the role of
increasing temperature in enhancing multi-variant martensite forma-
tion upon loading. Above A¢ (at 230 °C), an almost flat stress plateau
was exhibited by the trained wires, and as compared to the bulk mate-
rial (Fig. 1), despite increasing strength levels, a near perfect
superelasticity was attained after the training (Fig. 4). Specifically, dislo-
cations that formed during ausforming and those forming at the phase
front during thermo-mechanical cycling are rearranged during the
training process, such that only a limited number of new dislocations
form upon loading of the trained samples (Fig. 4), where reversible mar-
tensitic transformation is not notably interfered with these new disloca-
tions. This is also evident from the very stable phase transformation
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Fig. 3. The custom-built wire training setup utilized in the training of the 0.75 mm diameter NisoTi3sHf; 5 wires, and the corresponding strain-temperature response of the material during
training for 200 cycles under 300 MPa. The insets show the resulting austenite, martensite and actuation strain evolutions (left), as well as the input voltage and the corresponding
temperature changes with time (right) throughout the training process. The results of the training on the NisgTizsHf;5 bulk samples is also provided for comparison. Please note the

difference in the y-scales of strain-temperature and strain-cycles plots.

response exhibited by the wires during thermal cycling under constant
stress (Fig. 3).

The wire drawing has also improved the ductility of NisgTizsHf;5
HTSMA as it can be seen by comparing the responses in martensite in
Figs. 1 and 4. To better understand the reasons for this improvement,
the size and type of the particles in the microstructure have been iden-
tified. The particles shown in Fig. 2 was found to be (Ti,Hf),Ni

precipitates. The average size of the (Ti,Hf),Ni precipitates decreased
from 3.1 um to 2.0 um upon hot extrusion, and further down to 1.8 pm
following the drawing, leading to the observed improvement in the
ductility in martensite.

Overall, the findings presented herein not only constitute the first
set of experimental dataset on the shape memory characteristics of
NisoTi3sHf;5 HTSMA wires, in addition to introducing in detail how to
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Fig. 4. Tensile deformation response of the trained 0.75 mm diameter NisoTi3sHf;5 SMA wires, and the special grips utilized to test the wires at various temperatures.

successfully process NiTiHf wires, but also demonstrate the roles of the
test temperature and training on the deformation response of
NisoTissHf; s wires. In particular, hot extrusion followed by wire draw-
ing yields an increase in strength levels, yet the brittleness of the bulk
material is replaced by near perfect superelastic response above Ay. Fur-
thermore, training has proven successful in decreasing the temperature
hysteresis and improving the thermo-mechanical cyclic stability, in-
creasing the potential of this HTSMA wires for use in various
applications.
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