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Abstract The transformation behavior of NiTiHf alloys
is intriguing. In NiTiHf alloys, the experimental transfor-
mation strains have been reported to be considerably lower
than theoretical transformation strains. In this study, the
transformation strain is established with very careful strain
measurements at small scales in isobaric and isothermal
experiments. Because of the heterogeneity of strain distri-
butions, the results depend on the sub-region considered.
The measured local transformation strain can be as high as
6.0 % in compression which is in very good agreement
with theoretical calculations for NiTil2.5Hf. The compre-
hension of NiTil2.5Hf alloy was furthered upon extensive
microstructural characterization including high-resolution
electron microscopy, establishing the volume fractions of
precipitates and twin type. The volume fraction of pre-
cipitates is similar to that of Ni-rich binary NiTi alloys.
Meanwhile, the twinning modes in the martensite are
compound and Type I twins which were used in the the-
oretical calculations of transformation strains. This mate-
rial also generates a high work output and represents a
foundation for understanding higher Hf compositions.
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Introduction

NiTi alloys undergo reversible phase transformations with
exceptional shape memory and pseudoelastic behaviors
which allow their utilization for a wide range of biomedical
and industrial applications [1, 2]. The ternary additions
(such as Hf, Cu, Fe, Pd, and others) can improve the
functionality of shape memory alloys [3, 4] via changing
transformation temperatures. However, in most cases, the
addition of ternary elements (Cu, Fe, Pd) has reduced the
transformation strain magnitudes compared to binary NiTi.
Experimental results on NiTi20 Hf [5-8] also exhibit lower
transformation strain than binary NiTi alloys [9]. In view of
the inferior NiTiHf transformation strains measured at
macroscale compared to the theoretical values, the question
remains whether better agreement can be achieved if
experimental strain measurements were made at smaller
length scales. In addition, high Hf compositions are often
tested at high temperatures where slip-induced plasticity
may curtail the transformation. Studying a lower Hf con-
tent such as 12.5 at.% Hf could provide a better assessment
of transformation strain change with increasing Hf content.
Moreover, precise characterization of the NiTiHf
microstructure (precipitate volume fraction and twin
modes) is needed. For complete study, the SMA experi-
ments must consider both isobaric temperature cycling
(shape memory), and isothermal pseudoelasticity. The
strain levels for the two cases may differ because of the
ease of plastic flow (or fracture) in pseudoelasticity
experiments at higher strains. In this work, we undertake a
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thorough investigation following a multi-scale approach
with the aim to provide a better understanding of the
transformation strain in NiTil12.5Hf alloy.

The most recent publications in Hf alloyed NiTi have
been focused primarily on 20 at.% Hf [8] and recently on
25 at.% Hf compositions [10]. The experimental transfor-
mation strains for 20 at.% Hf are less than 4 % in most
cases compared to theoretical values at 8 %. To our
knowledge, in the case of NiTil2.5Hf composition, such
comparisons have not been reported. Experiments on 12.5
at.% Hf are undertaken in the present work, and theoretical
strain values are determined. The theoretical transforma-
tion strains were established utilizing energy minimization
and lattice deformation theories (LDT), and a straightfor-
ward comparison between theoretical and measured trans-
formation strains is then presented.

Previous works provided macroscopic strain measure-
ments in NiTiHf over a large domain (mm) measured with
an extensometer. The measured transformation strain is
thus averaged over a large specimen area containing a large
number of grains. These grains are expected to show dif-
ferent transformation strains which are highly orientation-
dependent in NiTiHf-based alloys. Large strain hetero-
geneities are thus expected in the polycrystalline alloy, but
such heterogeneous nature cannot be captured with clas-
sical strain measurement techniques. In this study, we
measured transformation strain via digital image correla-
tion (DIC) in order to determine its magnitude at small
scales [10]. Local strain measurements via DIC [11] focus
only on the grains (or a group of grains) in which trans-
formation develops. The response in this region provides
insight into the intrinsic transformation behavior as the
surrounding domains remain largely untransformed. In
addition to DIC, at smaller length scales, the characteri-
zation of the microstructure was achieved by utilizing
SEM, TEM, and scanning transmission electron micro-
scopy (STEM) including high-resolution observations to
precisely determine the precipitate volume fraction and the
type of twin planes.

Because of the importance of precipitation in NiTiHf
alloys, we characterize the precipitate volume fraction with
three-dimensional microscopy techniques. We also inves-
tigate the influence of different aging treatments on the
transformation temperatures and transformation strains to
achieve the most favorable transformation strain condi-
tions. We focus most of our results on a particular aging
treatment and aging temperature (600 °C/100 h) that
results in austenite peak temperatures near 90 °C and
precipitate size of 200 nm. The precipitate morphologies
and twin interfaces were characterized through high-reso-
lution transmission microscopy. Based on the twin-type
observed microscopically (Type I-2 and compound twins),
the theoretical transformation strains are computed.
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Importantly, with the addition of Hf, the elevation of
transformation strains in compression compared to the
stoichiometric NiTi is primarily due to the monoclinic
angle increase from 97° for NiTi to 99° for the NiTil12.5Hf
case [12]. The observed localized transformation strains in
the present study (near 6 % in compression) confirm this
finding. Therefore, it is important to use the NiTi12.5Hf as
a foundation for studies of Hf-modified NiTi alloys.

Experiments

The Nis;TizgsHfj25 alloy investigated in this work was
produced by plasma arc melting. The ingots were sec-
tioned into 4 mm x 4 mm x 8 mm compression samples
by electrical-discharged machine. The samples were
homogenized in the vacuum chamber for 4 h at 1000 °C,
followed by solution treatment at 900 °C for 1 h and
quenching in iced water. The samples were successively
aged at various temperatures for different time periods.
Thin NiTi12.5Hf foils, 40-50 mg, were cut by a low-speed
diamond saw for differential scanning calorimetry (DSC)
analysis. The surface of the compression specimens was
polished by 600- and 1200-grit SiC paper. A fine speckle
pattern was then airbrushed onto the surface of the com-
pression specimens for DIC strain measurements. The
isothermal and isobaric compression experiments were
both conducted on a MTS servo hydraulic load frame.
During isothermal experiments, the compression speci-
mens were deformed in displacement control at a strain
rate of approximately 10™*s. The load frame was con-
trolled by customized LabView software and images were
automatically captured during loading and unloading by an
IMB-202FT CCD camera and Navitar optical lens pro-
viding a final image resolution of 2 pm/pixel. The tem-
perature was controlled by Lepel induction generator
through induction coils. The grips were cooled by means
of copper wires connected with a liquid nitrogen tank
allowing sub-zero cooling. A Raytek infrared sensor was
used to monitor the temperature of the specimen. In order
to explore the shape memory properties in the isothermal
condition, the sample was heated above the austenite finish
temperature (Af) to ensure complete transformation into
austenite state. Subsequently, the temperature was gradu-
ally decreased to the test temperature. In isobaric test,
images were manually captured during heating and cooling
with a temperature step of 5 °C. During the isobaric test
for the long-aged heat treatment, the temperature was
cycled between 0 and 140 °C. The axial strain fields
obtained from these experiments through DIC were used to
characterize stress—strain and strain—temperature behaviors
of the material.



Shap. Mem. Superelasticity (2015) 1:387-397

389

Specimens for TEM and SEM were electro-polished by
the twin-jet method in an electrolyte solution of HNO5 and
methanol (1:5, v/v) at about 255 K. The SEM observations
were conducted on a Carl Zeiss Ultra 55 system. The
focused ion beam slicing and SEM observation were
repeatedly performed on a FEI Scios DualBeam system.
A FIB slicing interval was set to 5 nm. The successive
tomographic images were analyzed with the software
Amira (Maxnet, Inc.). Selected-area electron diffraction
experiments and TEM observations were carried out on a
JEM-2000EX system operated at 200 kV. High-angle
annular dark-field (HAADF)-STEM observations were
performed on a JEM-ARM200F system (Cs-corrected
200 kV STEM). The electron probe size and current were
0.10 nm and 20 pA, respectively. For the HAADF-STEM
imaging, the convergence semi angle was fixed to 22 mrad.
The collection semi angle was set between 90 and 170
mrad.
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Fig. 1 a DSC curves showing the influence of the most significant
heat treatments on the phase transformation temperatures, and b effect
of aging time on austenite (Apr) and martensite peak temperatures
(Mpr)

Experimental Results

The most important DSC results are shown in Fig. la.
Compared to the homogenized case, the transformation
temperatures decreased upon solution treatment and sub-
sequent aging at 637 °C for 1 h. In addition, for the case of
605 °C/4 h and 665 °C/4 h heat treatments, the transfor-
mation temperatures are still similar to those of the
homogenized case. Increment of the transformation tem-
perature can be observed in the long-time aging cases, i.e.,
637 °C/11 h and 637 °C/100 h. In order to investigate the
shape memory behavior at the highest temperatures pos-
sible, long aging times were chosen (the gray curve in
Fig. 1a). In Fig. 1b, the influence of the aging time on the
Apr and Mpr temperatures is presented for a fixed aging
temperature 637 °C. Both Apt and Mpt increase from 1 to
15 h of aging. Mpr increases faster than Apt resulting in a
big drop of hysteresis, Apr—Mpr, at the lower aging time
range. The hysteresis, Apr—Mpr, shows a minimum at 10 h
aging and increases slightly with further aging time.

In Fig. 2, precipitation in the material matrix for the
case of 637 °C/100 h was captured through SEM. Based on
the volume fraction of particle in grains 1 and 2, the overall
volume fraction was calculated to be approximately 20 %.
The cross-section shape of the precipitate is oblate spindle
like as shown in (b) and (c), which is also similar to the one
reported for Ti-rich NiTiHf after 150 h of aging [13].
However, the overall shape of the precipitate can be more
complicated as shown in Fig. 3. The size of the precipitate
is measured as approximately 200 nm. These facts are also
confirmed by three-dimensional visualization of the

Particle Volume Fraction 0.20

Fig. 2 a Secondary electron image showing precipitation distribution
in Nis;Tize sHf 5 aged at 637 °C/100 h. b and ¢ Enlarged images
captured from the framed areas in a

@ Springer



390

Shap. Mem. Superelasticity (2015) 1:387-397

precipitate structure (movie is included as a supplement) in
Fig. 3.

Isobaric experiments (Fig. 4) were conducted under
different applied compressive loads. In Fig. 4, we also
report the strain fields at the minimum temperature of each
thermal cycle under the specific compressive stress. The
strain fields were obtained using the reference image cap-
tured at the maximum temperature and zero stress. The

Fig. 3 Three-dimensional visualization of the precipitate structure
(movie is included as a supplement)

solid line was determined averaging the axial strain fields
over all DIC region (4 mm x 3 mm). It is worth pointing
out the heterogeneous nature of the strain fields where low
and high strains are exhibited at small scales. The
heterogeneity of the strain distribution is mainly due to
the fact that finite volumes retain their austenitic structure.
This observation is further confirmed with X-ray diffrac-
tion of the samples based on the B2 peaks. In order to
quantify the maximum transformation strain in the strain—
temperature plots, we also include the curve representing
the local temperature—strain behavior of the region that
displays the largest strain localization (dashed line). The
area which was used to collect localized data is shown in
the strain contour plots by a black box. Besides, the red
line and blue line represent heating and cooling, respec-
tively. From 0 to 500 MPa applied stress, negligible
irreversibility was measured either for the averaged
strains over the DIC region or for the local. The maxi-
mum local transformation strain was obtained to be 5.5 %
at 500 MPa. The hysteresis was found to be approxi-
mately 40 °C. In addition, the transformation tempera-
tures will also tend to increase with increasing of applied
stress. According to Fig. 4, when the applied stress is
0 MPa, M;, M, A,, and A; are 20, 35, 50, and 70 °C,
respectively. All the temperatures increase by 15 °C when
a 500 MPa stress is applied. The trend matches with the
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Fig. 4 Isobaric tests at various compressive stresses for the Nis;.
TisesHf 55 alloys aged at 637 °C/100 h. The corresponding DIC
results at each stress level show the strain contour at the minimum
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temperature of the thermal cycle. The boxes displayed in the DIC
strain fields indicate the region used to calculate the local strains and
the corresponding strain—temperature curves (dashed line)
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Fig. 7 Pseudoelastic behaviors of the Nis TizgsHf25 alloy at
various temperatures after the 637 °C/4 h aging treatment. The local
in situ DIC strain measurement is shown in blue curve
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Fig. 5 Stress and strain relationship at various temperatures in which
a shape memory effect (SME) dominates and b pseudoelasticity (PE)
and plasticity (PLS) dominate. The local in situ strain measurement
(blue curves) was extracted from the strain fields delimitated by the
boxes displayed in the DIC images
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Fig. 6 Flow stress as a function of temperature when the Nis;Ti3¢ 5.
Hf, 5 is heat treated at 637 °C/100 h and 637 °C/92 h. The inset
shows NiTi and NiTiCug for comparison

other experimental results published in the literature [7].

However, the thermal hysteresis stays relatively stable at
a level of 40 °C.
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Fig. 8 Pseudoelastic behavior for three different aging treatments for
the Nis;Tizg sHf 5 5 alloy. The local in situ DIC strain measurement is
shown in blue curve. This figure is significant because it points the
high work output in these alloys near 50 J/em®
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Fig. 9 The last load step at 55 °C for the Nis; Tizq sHf 5 5 alloys aged
at 637 °C/4 h with DIC results showing strain contours at both
maximum and minimum loads under compression. The local in situ
DIC strain measurement is shown in blue curve

In Fig. 5, we report the stress—strain curves obtained
during isothermal experiments in the temperature interval
between pure martensite deformation and pure austenite
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Fig. 10 a Three-dimensional illustration of the strain contour at the peak stress, ¢ = —1200 MPa, for 637 °C/4 h aging, and b strain as a

function of position in X direction at the maximum and minimum load in A

deformation (slip). To gain more insight into strain
heterogeneity, the black curve indicates the averaged strain
over a large area on the sample (4 mm x 3 mm), while the
blue curve indicates the local stress—strain behavior. It is
important to note that transformation is localized at small
scales. The red lines underneath the stress—strain curves
indicate the recoverability after the thermal cycle following
heating and cooling to the test temperature at zero load. At
the martensite start temperature, 40 °C, the yield stress
displays a minimum. The corresponding residual local
strain (3 %) was then fully recovered after the heat-
ing/cooling thermal cycle. At temperatures where stress-
induced martensite can be obtained (85-100 °C), good
pseudoelasticity is found and shown in Fig. 5b. Based on
these results, the maximum work output can be estimated
using a stress level of 1200 MPa and a strain level of 4.4 %
as 50 J/cm®. This magnitude exceeds the work output
levels observed for other NiTiHf alloys.

The relationship between 0.1 % offset flow stress and
temperature is plotted in Fig. 6. A linear relationship with a
slope of 14.5 MPa/°C between flow strength and temper-
ature is shown. The stress corresponding to the M, tem-
perature is nearly 1200 MPa which is substantial. The
transformation temperatures are marked in the figure. In the
inset, similar relationships for NiTi [14] and NiTiCug [15]
are presented to provide an insight into the comparison of
flow stress among the three materials.

The pseudoelastic behavior for shorter aging treatment
times, 637 °C/4 h and 637 °C/2 h, was also investigated.
The stress—strain characterizations obtained through
isothermal tests are shown in Fig. 7. As shown, when a 4 h
aging treatment is implemented, near-perfect pseudoelastic
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behavior was obtained at relatively lower temperatures.
Perfect pseudoelastic behavior is captured at both 40 and
55 °C for 637 °C/4 h heat treatment. At 70 °C, irrecover-
able processes (slip of austenite and/or slip of transformed
martensite) occur and small residual strains were measured
upon unloading. The shape memory effect is obtained at
room temperature for this heat treatment. It is also inter-
esting to observe that pseudoelastic behavior is captured at
40 °C which is below austenite finish temperature,
approximately 60 °C.

In Fig. 8, the pseudoelastic behaviors for different
aging treatments at different load steps were reported and
compared. The temperatures selected for the tests were all
at A¢-5 °C. In all three cases, pseudoelasticity was cap-
tured at a relatively high stress level above 800 MPa. The
overall strains recovered at a same stress level are similar
for all three cases. When a compressive stress of
1200 MPa is applied, maximum total strain in the order of
5 and 5.5 % are recovered locally upon unloading for the
637 °C/2 h and 637 °C/4 h aging, respectively. For these
aging treatments, the transformation strain is determined
to be 3.5 and 4.2 % as shown in Fig. 8. No apparent
irreversibility was observed as well. On the other hand, at
the similar stress level, obvious plastic strain, 0.5 %, is
accumulated locally for the 637 °C/100 h aging. The
plastic strain accumulation due to long-time aging also
verifies the fact that over-aging would deteriorate the
pseudoelasticity.

The strain contour plots captured at the maximum and
minimum load are shown in Fig. 9 for the 637 °C/4 h aging
treatment. The amount of total strain in the order of 4.4 % is
fully recovered, while 3.3 % of which is due to phase
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Fig. 11 The stereographic [111]
triangle of the a CVP, b LDT

strains, ¢ bright field image,

d corresponding electron

diffraction pattern showing Type I-2 CVP Strain
(011)g, Type I twin and four Compression
variants of precipitate (P), NiTi-12.5Hf
e HAADF-STEM image, and

f its inverse fast Fourier
transformed image showing
mirror symmetry of lattice
planes with respect to (011)g,o

[001] [011]

[111]

LDT Strain
Compression
NiTi-12.5Hf

[001] ’ [011]

transformation. In addition to the pseudoelastic behavior, the ~ explicitly, a three-dimensional illustration of the axial strain
hysteresis is found to be the lowest for the 637 °C/4 h case  contour is reconstructed into Fig. 10a. At the maximum and
among all. In the DIC images that are shown in Figs. 5,7,  minimum load, an averaged strain over the peak area A is
and 9, the transformation strain distribution in this materialis ~ plotted as a function of positions in X direction in Fig. 10b.
not uniform. In order to appreciate such phenomenon  The local strains pointwise reach 6 % levels.
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Fig. 12 a Bright field image
and b corresponding electron
diffraction pattern showing
three sets of (001)g,y
compound twin and 1/3 110y,
type reflections derived from
precipitate (P)

[001] [011]

Fig. 13 The measured polycrystalline texture in NiTil2.5Hf. The measured texture favors (011) aligned grains in the loading direction (Z axis)

Calculations of Transformation Strains and High-
Resolution Electron Microscopy

To gain further insight into the NiTi12.5Hf transformation
behavior, the theoretical transformation strains were cal-
culated using the following lattice constants. For austenite
ag = 0.3075 nm, and for the monoclinic martensite
a=0.2970 nm, b = 04060 nm, c¢ = 0.4770 nm, and
monoclinic angle = 98.9° [12]. The correspondence vari-
ant pair (CVP) formation strain (for Type I-2 twinning) and
the LDT strains were established using similar procedures
as outlined in [9]. Figure 11a, b provides the transforma-
tion strains for CVP and LDT, respectively. The results
show maximum transformation strains of 7 %. Figure 11c
shows the bright field image and Fig. 11d illustrates its
corresponding electron diffraction pattern in the Nis;.
Tize sHf12.5 aged at 637 °C for 100 h. The pattern consists
of two sets of [100], reflections with the (011)g,o Type I
twin relation. Since the sharp line contrast between alter-
nate platelets in (c) is parallel to the trace of (011)g,y, the
platelets are in (011)5,o Type I twin relation. This twin
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relation is clearly confirmed in HAADF-STEM and its
inverse fast Fourier transformed images in (e) and (f),
respectively. From the electron diffraction experiments, the
structure of precipitate is the same as that reported by
Santamarta et al. [16]. There are four sets of precipitate
marked as 1, 2, 3, and 4 around 010,, and 0017 spots in the
enlarged pattern inserted in the upper right corner in (d)
[16]. Figure 12a, b indicates that there are three sets of
B19" martensite plate consisting of (001)g,s compound
twins marked as A, B, and C. There are also 1/3 1105, type
reflections derived from precipitate marked as P in (b). The
interfaces between three martensite plates are not straight
and sharp in comparison to those in Nisq;Tizg 3Hf> alloy
furnace cooled from 1000 °C.

The X-ray diffraction results are shown in Fig. 13 where
the Z direction represents the loading axis of the specimen.
The results show a preferential texture with a higher vol-
ume fraction of grains in (011) direction. The local trans-
formation strain measured through experiment (~6 %
considering the uncertainty of the strain measurements, as
reported in Table 1) is in a good agreement with theoretical
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Table 1 Comparison of experimental and theoretical transformation strains for NiTi12.5Hf

Material (polycrystalline)

Experimental compressive transformation strain

Theoretical compressive transformation strain

NiTil12.5Hf 5.5 £ 0.5 % (Local DIC area)

6.8 % (Local, (011) pole)

The results show that the local strain measurements and theory are close to each other while the entire DIC area gives a smaller average strain

compared to theory (CVP strain)
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Fig. 14 The variation of transformation strain in [011] direction as a
function of Hf content in NiTiHf alloys. The result of the present
material 12.5 at.%. Hf is shown with a blue marker. Note that lattice
constants from several investigators are utilized to calculate the
strains. The 6.25 and 12.5 at.% Hf lattice constants are obtained from
DFT calculations

calculation of transformation strain for the (011) pole,
which is 6.8 %. Theoretical values are still difficult to be
matched as the DIC strain measurements provided in this
study do not reach the nano-scales. Such resolution would
be required in order to avoid the effect of the non-trans-
forming precipitates. As stated earlier, the NiTiHf alloys
attain higher transformation strains based on theoretical
calculations compared to the binary NiTi case. This is
illustrated in Fig. 14 where the transformation strains are
shown as a function of increasing Hf content. The results
for [011] compression are computed because this is the
pole that produces higher strains in compression compared
to others. In Fig. 14, the lattice constants (cubic austenite
and monoclinic martensite crystals) are either obtained
from X-ray diffraction in previous studies or from density
functional theory [6-9, 12, 17]. We note that the 12.5 at.%
Hf represents a median strain in the range of alloys in
Fig. 14. Three transformation strains, CVP strain and
CVP + detwin strain, LDT theory strains, have been
computed. The results shown in Fig. 14 represent the
transformation strain calculated from the LDT theory. The
differences between these three strain measures are not
high in compression [9]. The straight line in Fig. 14 is
drawn to aid the eye.

Summary and Discussion of Results

The work explored the underpinnings of NiTil2.5Hf trans-
formation strains with experiments and theory. Precise local
measurements are needed during the experiments to gain a
true measurement of the transformation strains. Because of
large domains of untransformed material, the overall trans-
formation strains could be lower than theory, while the local
levels are in agreement with theory. The maximum local
measured strain levels reached 7 % (Fig. 10) which exceeds
the level in other NiTiHf studies. The results also point to the
importance of characterization of the microstructure estab-
lishing the type of twinning of the martensite and the volume
fraction of precipitates. This knowledge represents an
important step to make comparisons between theory and
experiment. Since the precipitates cannot transform, the
measured strain levels can be lower than expected.

The shape memory and pseudoelasticity response of the
new shape memory alloy Nis TisqsHf 55 were chosen
because it permitted studies of shape memory and pseu-
doelasticity without premature fracture. Hence, the flow
stress behavior (Fig. 4) near the My temperatures can be
measured readily and compared to binary NiTi and other
NiTiX alloys. As pointed earlier, the Hf provides a stronger
strengthening element compared to Fe, Cu, and Pd [12].
The flow stress levels were near 1200 MPa for the
NiTil2.5Hf alloy and using a macroscopic strain of 3.5 %
results in a high work output (near 50 J/cm?®) which is
likely the highest among transforming alloys. While the
NiTi alloys with high Ni contents [18] also exhibit high
flow stresses, the transformation strains are less than 3.5 %
in those cases.

During studies on shape memory alloys, it is important
to seek treatments to achieve the optimum levels of
transformation strains, transformation temperatures, and
temperature hysteresis. We note that transformation tem-
peratures of this material were investigated with various
aging treatments (637 °C) ranging from 1 to 100 h. We
observe that the transformation temperatures rapidly
increase with aging time from 1 to 10 h, reaching satura-
tion at longer aging times beyond 10 h (see Fig. la, b for
details) with austenite peak temperatures near 100 °C.

For the heat treatment at 637 °C for 100 h, the shape
memory property was investigated during isobaric experi-
ments at different stress levels. The material possessed
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small residual strain up to —500 MPa. In Fig. 4, the
maximum strain was in the order of 7 % locally and later
fully recovered upon heating. This is comparable to the
strain level predicted based on the LDT theory utilizing the
lattice constants of austenite and martensite phases. It was
clear from the DIC results that the grains which yield the
highest transformation strain do not extend to the entire
specimen. The shape memory effect and pseudoelasticity
were also investigated via isothermal compression tests at
different temperatures as shown in Fig. 5. Pseudoelasticity
extended to 115 °C in this class of alloys. As the temper-
ature increases, excellent pseudoelastic behavior was found
at 85 and 100 °C. The plastic irreversible strains developed
beyond 115 °C. Similarly, further efforts are required to
capture sub-grain deformation which would enable strain
measurements at higher resolution and potentially match
with theoretical transformation strains levels in other
NiTiHf alloys.

As shown in Fig. 10, the strain distribution is inhomo-
geneous with maximum localized strains exceeding 6 %.
Higher transformation strains are favored near the [011]
pole with much lower strain near [001] with [111] being
the intermediate (Fig. 11a, b). Measurements with X-ray
diffraction on our samples confirm the preference for
grains in (011) direction. It is important to note that for the
case of increasing hafnium, the monoclinic angle increases
(from 96.8° for NiTi to 98.9° for NiTil12.5Hf) which in turn
increases the transformation strains. In general, the high
compressive strain values relative to the binary NiTi could
be an important advantage of the high Hf-rich alloys in
addition to the elevated temperature capability. We note,
however, the results point to a large reduction in strains at
the macroscale, i.e., polycrystalline experimental strains
are near 3.5 %. This is attributed to the presence of
untransforming domains.

Comparing NiTiHf alloys to other ternary shape mem-
ory alloys, the strengthening associated with Hf is signifi-
cant. In fact, the flow stress rises with increasing Hf content
and reaches a saturation at higher Hf contents [12] (see
Fig. 7). Therefore, the flow stress and transformation strain
combination appear to be very attractive for lower Hf
contents such as 12.5 at.% Hf though the choice of Hf
could depend on the application. The predicted transfor-
mation strains for NiTiHf alloys, are higher than NiTiCu
[18] and NiTiFe alloys, and also with higher temperature
capability as discussed above.

We provided a comparison of the transformation strain
calculations for compression in Fig. 14 for the (011)
direction. The results show unequivocally the elevation of
the transformation strains with increasing Hf content. Such
an increase can be exploited to design potentially NiTiHf
compositions with higher transformation strain levels by
modifications in crystallographic texture and Hf contents.
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One of the issues is clearly the heterogeneity in the trans-
formation at the macroscale which needs to be further
explored in other Hf alloys.

Overall, the work underscores the need for a multi-
faceted approach combining (i) precise determination of
the values of lattice constants with diffraction methods or
electronic structure calculations, (ii) high-resolution
microcopy to identify twin types and volume fraction of
precipitates, (iii) measurements of local strains in a
heterogeneous environment, and (iv) phenomenological
martensite strain calculations to gain a stronger under-
standing of the behavior of NiTiHf alloys. The results point
to the need for a better understanding of transformation
strain progression during transition from small to large
scales in future studies and to ascertain the role of grain
boundaries on the advance of transformation fronts in
NiTiHf class of alloys.

Conclusions

The work demonstrated the following conditions:

(1) In NiTil2.5Hf alloy, local strain measurements with
DIC result in high transformation strains and provide
an intrinsic measure of transformation since domains
of transformed and untransformed material co-exist
in NiTiHf alloys. At the local level, the strains can
reach 6 % in experiments which agrees with trans-
formation strain predictions near the (011) pole
(~6.7 %). When larger volumes are considered, the
measured transformation strains fall to 3.5 %.

(2) In the NiTil2.5Hf alloy, the transformation stress
levels approached 1200 MPa in compression, and
with macroscopic strain levels of 3.5 %, the work
output of such alloys is near 50 J/cm®. This level of
work output exceeds the higher Hf alloys where the
stresses are similar while the experimental strains are
much smaller. Compared to binary NiTi alloys, the
work output is also higher in compression.

(3) A thorough microstructural characterization utilizing
(SEM), (TEM), (STEM), and X-ray diffraction was
undertaken to gain a better understanding of the
NiTil2.5Hf. The X-ray diffraction studies pin-
pointed the strong preference for (011) grains
supporting the high strain measurements locally.
The microscopy observations provided quantitative
insight into the precipitate volume fraction and the
twinning type in this alloy.
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