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There is remarkable interest in ternary NiTi-based
shape memory alloys (SMAs) for high-temperature applica-
tions [1]. The addition of a ternary element (Hf, Zr, Pd, Pt,
and Au) increases the transformation temperatures extend-
ing the use of NiTi-based SMAs to high temperatures
(above 100 °C). Among the potential ternary alloying ele-
ments, Zr and Hf are the most attractive candidates due to
their low price compared to others. In particular, Hf is
generally preferred to Zr for two reasons. First of all at the
same concentrations, the transformation temperatures are
higher in the case of Hf addition. Secondly, the addition of
Hf leads to higher transformation strains which are pre-
ferred for industrial applications (e.g. in actuators). While
more work has been done for NiTiHf SMAs with Hf con-
tent lower than 20 at.%, much less interest has been dedi-
cated to higher Hf content (>20%). In this paper we present
a preliminary study on the Nisg ¢Tix4 4Hf>5, alloy focusing
on the specific aging treatments which lead to the high
temperature shape memory and superelastic behaviors.

Since its early appearance [2], the addition of Hf in NiTi-
based shape memory alloys has attracted researchers as the
transformation temperatures are easily increased from
approximately 100 °C (NiTi alloys) up to 600 °C (addition
of Hf 30 at.%) for near-equiatomic Ni content (50 at.%) [3].
Though such high temperatures are undoubtedly desirable
for industrial applications, high Hf percentages are gener-
ally detrimental for some important mechanical character-
istics, i.e. ductility [1]. Researchers were then encouraged to
work with typical Hf concentrations from 15% to 20%,
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while less interest has been dedicated to lower Hf levels [4-6]
since the low increment of the transformation temper-atures.
Different research studies have been dedicated to the
NiTiHf;s alloy [7-11], and many others to the NiTiHf, alloy
[12-20]. On the other hand, very few works have been
published on NiTiHf alloys with Hf concentrations higher
than 20%. However, the few results published confirm that
the transformation temperatures are further increased [3,21—
23], and that these alloys are worth to be investigated.
Transformation temperatures and the mechanical behavior
of NiTiHf alloys can also be improved by cold rolling +
annealing, and aging. While cold rolling is not desirable for
the industrial applications, Meng. and coworkers [18] have
shown that with a proper precipitation induced by aging, the
shape memory properties and the strength of the NiTiHf
alloys can be further improved and stabilized. Several studies
have successfully demonstrated the effect of the precipitation
process on the functional behavior of the nickel-rich NiTiHf
alloys, in particular focusing on the isobaric/isothermal
shape memory and superelastic behaviors. Perfect
superelasticity in NiTiHf,, was discovered at high
temperatures: at 210 °C by Coughlin et al. [14], at 220 °C by
Bigelow et al., and at 240 ° C by Benafan et al. [24] and
Karaca et al. [16]. In this paper we investigate the shape
memory and pseudo-elastic behavior of the Nisg ¢Tiz4 4Hf>50
alloy which has not yet been explored. Transformation
temperatures have been determined for a wide range of aging
temperatures and times. Contrary to other studies, no hot/
cold extrusion was adopted for improving shape memory
and pseudoelastic behaviors. Moreover, using high
resolution strain mea-surements via Digital Image
Correlation (DIC) technique we provide the stress—strain
behavior in compression
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showing perfect high temperature superelastic behavior up
to 300 °C.

The new high-temperature shape memory alloy with a
target composition of NisgeTizg4Hf>50 (at.%) was pro-
duced by plasma melting. The ingots were successively sec-
tioned into 4 mm x 4 mm x 10 mm compression specimen
by electro-discharged machining. The average grain size
was measured as approximately 300 um. Specimens were
homogenized at 1000 °C for 4 h under vacuum and then
slowly cooled into the furnace. Some of the specimens were
further cut using a low speed diamond saw into small flat
pieces with an average weight of 40—50 mgr suited for Dif-
ferential Scanning Calorimetry (DSC) measurements. All
homogenized specimens were successively solution-treated
for 1h at 900°C and then quenched into iced water.
DSC specimens were aged at temperatures ranging from
400 °C and 700 °C, and for different aging times from 1 h
to 12 h. All DSC samples were successively polished using
SiC paper in order to remove the thin oxidized layer formed
after solutionizing and aging treatments. Transformation
temperatures were determined using a Perking Elmer Pyris
1 differential scanning calorimeter with a heating/cooling
rate of 40 °C/min. Heat flow data were obtained from room
temperature up to 500 °C. The transformation tempera-
tures are herein indicated as the Austenite peak tempera-
ture (Apt) and the Martensite peak temperature (Mpr).

The isothermal compression experiments were con-
ducted using an MTS servo hydraulic load frame. Speci-
mens were deformed in displacement control at an
average strain rate of 107 s~'. A Lepel induction generator
and an induction coil were used to heat the compression
grips. The temperature of the specimen was measured with
a Raytek infrared temperature sensor. Strain data for con-
structing the stress—strain curves were obtained with in situ
DIC. Images were captured using an IMI model IMB-202
FT CCD camera (1600 x 1200 pixels) with a Navitar opti-
cal lens, providing a resolution of 3.0 um/pixel. The speckle
pattern for DIC was obtained using black paint and an
Iwata Micron B airbrush. Prior to load, all specimens were
heated and held for 30 min at the maximum temperature
(approximately Apr +70°C) in order to stabilize the
speckle pattern and complete the Martensite-to-Austenite
phase transformation. The test temperature was succes-
sively reached by slowly cooling the specimen from Apt
+70 °C. At the selected temperature, a reference image of
the sample surface was captured at zero stress, and the
deformed images of the same area every 2 s during loading.
Images were successively correlated and the axial strains
were used to construct the stress—strain curves.

The most important DSC curves are shown in Figure 1.
After homogenization, the NisggTizg4Hf>50 alloy shows
the higher Apy and Mpr compared to other aging temper-
atures and time combination adopted in this study. Precip-
itation occurs during the slow cooling from 1000 °C to
room temperature and moves the Apr and Mpr to high
temperatures, respectively 354 °C and 288 °C. For the solu-
tion-treated case the transformation temperatures decrease
to Apr =255 °C and Mpt = 204 °C leading to a peak-to-
peak temperature difference of (Apr—Mpr)Hom = 66 °C
and (Apt—Mpt)sor =51 °C. The aging between 400 °C
and 500 °C for 1h further decreases the Apt, meanwhile
the Mpr shows a different trend which causes the
(Apt— Mpt) to have a maximum between the two aging
temperatures. Increasing the aging temperature (>500 °C)
moves the transformation temperatures close to the
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Figure 1. DSC curves showing the effect of aging on the transforma-
tion temperatures for the Nisg¢Tir4 4Hf>5 alloy. Depending on the
aging treatment (temperature and time), the transformation temper-
atures can increase or decrease than the solution-treated case.

homogenized case. It is worthwhile to remark that during
the slow cooling following homogenization (2 °C/min),
the sample remains for sufficient time in the temperature
interval (400-500 °C) which, for the solution-treated case,
decreases the transition temperatures. Since the transition
temperatures between the homogenized case and the
700 °C/4 h aging case are not significantly different, we
can conclude that aging at very high temperatures also sta-
bilizes the transition temperatures.

Figure 2 shows a summary of the most important DSC
data acquired in this study for the aged samples after ana-
lyzing approx. 30 combinations of aging temperature and
time. For the 500 °C/4 h aging we found a minimum in
the peak-to-peak difference (Apr—MpT)soocc/an =29 °C.
For the same temperature, a shorter aging time produces
lower Arp and Mtp temperatures but a peak-to-peak differ-
ence similar to the 4h aging time (Apt—MpT)s00°c/
1n = 31 °C. Decreasing the aging temperature from 500 °C
to 400 °C (at the fixed aging time of 1h), the Apt slowly
decreases, while the Mpr shows a minimum between
500 °C and 400 °C. At aging temperatures higher than
500 °C the Apr increases faster than the Mpr producing
an increment of the (Apy—Mpr) difference. A further
increase in the aging time (12 h at 650 °C) does not provide
a significant increment of the transformation temperatures.
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Figure 2. Effect of the aging temperature and time on the Martensite
and Austenite peaks temperatures (Mpt, Apr). Transformation tem-
peratures and peak-to-peak difference (4pt— Mpt) both increase with
aging temperature and time above 500 °C aging temperature.



Stress—strain curves obtained for the NisgTizgsHfs
alloy are illustrated in Figure 3. The black stress—strain
curves are calculated averaging the axial strain over the
entire DIC region (3.8 mm x 2.6 mm) of the specimen’s
surface, while the blue curves refer to local strain measure-
ments obtained averaging the axial strains in the DIC
sub-region of the maximum local strain. Local strain mea-
surements indicate the region of the specimen where locally
a large region is subjected to the reversible martensite trans-
formation. For the solution-treated specimen, the initial
test temperatures (205 © C and 220 ° C) were chosen
across the Mg temperature. In these cases the total
deformation can be subdivided into three components:
elastic deforma-tion, stress-induced martensitic
transformation of the aus-tenite, and deformation of
the martensite. Elastic deformation and the stress-
induced martensitic transforma-tion are recovered upon
unloading  (superelasticity, SE), while the strain
component due to the martensite deforma-tion is
recovered upon heating the unstressed specimen (shape
memory SM, Fig. 3). The solution-treated case shows
almost perfect pseudoelastic behavior in the range of
temperatures (230 °© C-260 ° C). Locally, the measured
strains are higher: at 245 ° C the average strain measured
over the entire DIC region is "¢ = 1.93% and negligible
residual strains, while locally we measured an average local
strain of &, = 2.74% and a residual strain of &%, = 0.28%.
Aging at 500 ° C for 4 h results in an excellent superelas-tic
behavior up to the temperatures of 300 ° C(Fig. 3b). Per-fect
pseudoelasticity occurs between 255 ° C and 300 °C. For
this particular aging treatment, the NisygTiz44Hf>50 alloy
also displays local perfect pseudoelasticity, e.g. at the test
temperature of 270 °C we measured over the entire
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Figure 3. Influence of the aging temperature and test temperature on
the isothermal behavior of the Nisg ¢Ti,4 4Hf>5¢ alloy under compres-
sion. Aging at 500 °C/4 h leads to superelasticity at higher tempera-
tures (between 255 and 300 °C) than the solution-treated case, while
aging at 400 °C/4 h inhibits the pseudoelasticity.

DIC region a maximum average strain of ¢ = 1.89% and
negligible residual strains, while locally we measured an
average local strain of ¢,. = 3.67% and a residual strain
of &/ = 0.11%. Unrecovered residual plastic strains appear
at temperatures higher than 315 °C. Aging at 400 °C for 4 h
produces shape memory behavior (Fig. 3c). In the test tem-
perature range (190-220)°C, the residual strains are com-
pletely recovered upon heating at zero stress above the
Ap temperature.

The superelastic behavior of the 500 °C/4 h aged speci-
men was further investigated by loading the specimen at
different stress levels in a multiple load-step experiment at
the test temperature of 265 ° C. Figure 4 shows the four
stress—strain curves along with the DIC strain measure-
ments captured during each of the load steps. The strain
maps reported refer to the axial strains in the load direc-
tion During load step A the maximum stress was
o, =821 Mpa and the maximum average axial strain
was ¢, = 2.25%. During the same load step A, locally
the Nisgg¢Tizg4Hf>59 alloy shows strains up to
enloc = 4.11% which were fully recovered &X' =0.08%
upon unloading. Durlng the second load step B, the maxi-
mum stress reached 68 =907 Mpa with an average axial
strain of ¢8 =2. 56%. Locally, the strains are extremely
high, el =4.58% and upon loading only a negligible

max

residual strain is measured £3!°¢ = 0.13%. With further load
steps, residual strains or onset of instability develops. Addi-
tional experiments (herein omitted for brevity) show that
the average failure strain is e = 3.91% with strain local-
ization up to &%, = 6.01%

In summary, we presented preliminary results on the
characterization of the new high-temperature shape mem-
ory Nisg¢Ti344Hf>50 alloy. Transformation temperatures
were determined for different combinations of aging tem-
peratures and times. Stress—strain curves were then obtained
for temperatures close to the austenite peak tem-perature
(Apr) for the solution-treated material, and for two different
aging conditions: 400 °C/4 h and 500 °C/4 h. As expected
[18], the precipitation by aging shifts the trans-formation
temperatures to high temperatures. For the pres-ent
Nisg ¢ Ti34.4Hf,5 o alloy, aging temperatures higher than 500 °
C combined with a minimum aging time of 1 h set con-
ditions that differ considerably from the solution-treated
case (Fig. 2). In addition to this we observe that with aging
in the temperature interval (400-500)°C the peak-to-peak
difference (Apr—MTp) displays a minima of 29 °C corre-
sponding to 500 °C/4 h aging case. Moreover we also note
for the 400 °C/4 h aging a degradation of the superelastic
response suggesting that a minimum aging temperature of
500 °C and a minimum aging time of 1 h are necessary in
order to maximize the superelastic behavior of the
Nisg.¢Ti344Hf>5,0 alloy. A similar decrease in the transfor-
mation temperature for short-term aging between 450 °C
and 500 ° C was already observed for the NiTiHf5 alloy
[16,25] and explained with the small interparticle spacing
induced by fine precipitates.

Near perfect superelastic behavior was obtained with
500 °C/4 h aging for specimens tested in the temperature
range (255-300)°C. These temperatures exceed the observa-
tions of superelasticity in the literature at lower tempera-
tures. At a temperature of 265 °C average local strains of
4.11% (maximum local transformation strains of 3.25%)
at a maximum stress of 821 MPa were fully recovered upon
unloading (Fig. 4). In perspective, the measurement of such
high local strains is promising for future research on the
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Figure 4. Influence of the maximum applied stress for the Nisg ¢Tizg 4Hf25 alloy aged at 500 °C/4 h and tested at 265 °C under compression at a
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s, Local in situ DIC strain measurements (blue curve) show a complete local strain recovery during load step A

(ex9s. = 4.11%). DIC strain fields indicate the increment of the irrecoverable strain with the applied stress from load step B. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

Nisg ¢Ti34 4Hf>5¢ single crystals. Superelastic behavior was
also observed for the solution-treated case, while aging at
400 °C/4 h suppressed the superelastic response. Prelimin-
ary results on higher aging temperatures (not reported here
for brevity) show that also with further increasing the aging
temperature over 600 °C the superelasticity is partially
inhibited. These results indicate that the calibration of NiT-
iHf alloys for obtaining the desired shape memory and
superelastic behaviors requires the definition of an opti-
mum aging temperature. The choice of the correct aging
temperature and time has to consider the type of precipitate
(composition and coherency of the precipitate), the size and
the interparticle distance since these parameters strongly
influence the transformation temperatures and the func-
tionality of NiTiHf alloys. Further analyses will provide
insights for the preliminary observations reported.
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