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It is well known that the achievement of high transformation strains in shape memory alloys (SMAs) has
been curtailed by plastic deformation mediated via dislocation slip. In particular, the utilization of SMAs
at high temperatures is also hindered by plastic slip. In this paper, an overview of the most important
SMAs is provided by constructing transformation strain, transformation temperature, and slip resistance
plots to put existing works in perspective. To this plots, we added results on NiTiHf alloys which impart
both high temperature capability and high slip resistance at unprecedented levels. The remarkable find-
ing is that NiTiHf alloys can undergo transformation strains near 20% and transformation temperatures
exceeding 400 �C.

� 2016 Published by Elsevier Ltd.
1. Introduction

The SMAs have been the subject of intense scientific curiosity
since their discovery more than 50 years ago. Several books have
been written which have covered the state of art in the 1980s
through the 2000s [1–5]. Many ongoing symposia on martensitic
phase transformations, such as ICOMAT (International Conference
on Martensitic Transformations) and ESOMAT (European Sympo-
sium on Martensitic Transformations), are now focused heavily
on SMA centric research. A new journal exclusively on SMA, under
the aegis of American Society of Metals International and Shape
Memory and Superelastic Technologies (SMST), was launched last
year [5]. The quest to reach higher transformation temperatures
while not compromising slip resistance is ongoing, as evidenced
from special symposia on the topic of high temperature SMAs
(HTSMAs) and many recent works. There are also advantages in
extending the transformation recoverability to high strains to
improve fatigue and fracture resistance. Despite these intense
activities in SMA research, the success in raising the transforma-
tion strain, transformation temperatures and slip resistance,
beyond 12%, 250 �C and 1 GPa respectively, has remained elusive.
In this paper we provide an overview of the current SMAs and dis-
cuss their high temperature, high strain capabilities and flow resis-
tance, before presenting results on the NiTiHf system. We then
outline conclusions and future directions.
It is instructive to define the unique behavior of SMAs with the
aid of Fig. 1. The ‘transformation strain’, the ‘slip resistance’ and the
‘transformation temperature’ parameters are all marked in Fig. 1.
The transformation strain can be obtained from three types of
experiments: strain recovery upon heating (called shape memory
effect (SME)), strain recovery upon unloading (called superelastic-
ity (SE)), and the strain recoverability upon heating and cooling
under isobaric conditions (ISME). The ‘transformation strain’ is
marked for ISME case in the schematic in Fig. 1. The transformation
strain results for all three cases should agree, in principle. At low
temperatures, martensite twinning occurs and deformation is
recovered upon heating (SME). The martensite ‘twinning stress’ is
marked in Fig. 1. In the stress induced transformation region, the
‘transformation stress’ increases with increasing temperature and
superelastic response (SE) is observed above the austenite finish
temperature. The austenite finish temperature is designated as
the ‘transformation temperature’ in Fig. 1. At high temperature,
the ‘slip stress of austenite’ decreases with increasing temperature.
The slip resistance corresponds to the critical stress level at the Md

temperature. The Md temperature is the highest temperature
above which martensite can no longer be stress-induced. Above
Md, the material flows via plastic deformation. The dislocation flow
stress of austenite (above Af ) is important, because during the
transformation processes the austenite slip at the A/M interfaces,
and in adjacent matrix domains, can render the process irreversible
at the micro-scale.

Early emphasis in SMAs focused on experimentation with cop-
per based alloys [4,6] that show excellent transformation strains
but poor plastic deformation resistance [7–9]. They are no longer
pursued vigorously because of their weak fatigue response and dis-
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Fig. 2. Transformation strain–slip resistance plot showing the most well-known
SMAs in comparison with the NiTiHf alloys. The tension results are separated from
the compression results by shading with a different color.

Fig. 1. The demonstration of the three key parameters in shape memory alloys that
are highlighted in this study. The ‘Slip Resistance’ is defined as the flow stress of
austenite, the ‘Transformation Temperature’ is defined as austenite finish temper-
ature, and the ‘Transformation Strain’ is obtained from one of three type of
experiments SME = Shape memory effect, SE = Superelasticity, and ISME = Isobaric
Shape Memory Effect.
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location slip-induced irreversibility [7,8,10,11]. The discovery of
NiTi with its remarkable properties has revolutionized the SMA
research field [12]. Not only does the NiTi exhibit good transforma-
tion strains, it has excellent plastic slip resistance imparting stable
response over many cycles [13,14]. The NiTi alloys have a maxi-
mum transformation strain of 10% and this has been viewed as a
ceiling [15,16]. There are advantages in developing SMAs that give
higher transformation strains because this will result in higher
damage tolerance and better functional properties for applications.
We also note that the use of NiTi is limited to less than 75 �C [17].
At elevated temperatures, the activation of slip and diffusional
effects impedes the reversibility of transformation [18]. The devel-
opment of higher temperature SMAs (HTSMAs) continues to
remain challenging. Ideally, higher transformation temperatures
(near 400 �C) could open significant applications in various indus-
tries. In this regard, the NiTiHf alloys permit high maximum strain,
high transformation temperature and possess excellent slip resis-
tance and is the topic of this paper.

1.1. Transformation strain-slip resistance behavior of SMAs

In Fig. 2, we provide a combined transformation strain – slip
resistance plot. The most important observation that stands out
in Fig. 2 is the ultra-high strains for the case of NiTiHf
(�50.3 at.% Ni, 13.3 at.% or 25 at.% Hf, Ti balance, designated as
NiTiHf13.3 and NiTiHf25 respectively) in tension which we expound
in the next section. We assert that the slip resistance of the B2
NiTiHf alloys exceeds other SMA materials. For NiTiHf13.3 and
NiTiHf25, we indicate the tension and compression levels (tension
versus compression denoted by –T versus –C respectively), as well
as the potential range of slip resistance associated with thermo-
mechanical treatments. The difference in tension and compression
is primarily attributed to the transformation planes having low
symmetry indices, i.e. the habit plane system [19]. The difference
between NiTiHf13.3and NiTiHf25 transformation strains is the
increased volume fraction of precipitates and the increased pres-
ence of the orthorhombic martensite domains with increasing Hf
contents.

Most ordered SMAs, such as B2, exhibit strong plastic flow
resistance [20]; the disordered alloys, such as fcc or bcc crystal
structures, have weaker slip resistance but can be strengthened
via precipitation hardening (upon aging) or ordering treatments
[21–24]. The precipitates can be used to tailor transformation
Please cite this article in press as: H. Sehitoglu et al., Shape memory strains an
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temperatures [25], reduce hysteresis [26,27], adjust the transfor-
mation stress [17] which are all beneficial. They do reduce the
transformation strains to a smaller degree [28], the benefits out-
weigh the decrease in transformation strains. The transformation
strain also depends on the composition of the alloys. Even small
changes in the alloy content in NiTi are known to have dramatic
effect on the results. This sensitivity to composition exists with
other alloys as well. As stated above, the strain levels in most SMAs
are below 10%. The alloys that have been of considerable focus in
early works include the Cu based SMAs with seemingly excellent
functionality suffer from poor plastic deformation resistance. The
Ni2FeGa and CoNiAl(Ga) alloys stand out as potentially very good
candidates as they exhibit both favorable strains and slip resis-
tance [29–31]. Their transformation strains are in the range 6–
12% for cubic to tetragonal transformation. Their transformation
behavior is highly orientation dependent and they need heavy tex-
turing which precludes their widespread application. The NiMnGa
alloys are brittle in tension and they can only be used in compres-
sion; nonetheless they have potential utility as ferro-magnetic
shape memory alloys. Other SMAs, such as Fe-based alloys have
better plastic deformation resistance but limited transformation
strains (<4%). The FeNiCoAlTi needs fine precipitates for slip resis-
tance in an fcc matrix. It exhibits limited strains and large hystere-
sis and no superelastic behavior. The new FeMnAlNi based alloys
(not shown in the figure) with bcc to fcc transformation exhibit
surprising superelasticity [32], but low plastic flow resistance
[33]. The Ti-Ta and Ti-Nb alloys exhibit moderate transformation
strains (6% max.) and good plastic slip resistance depending on
the ternary additions [34]. Further work is needed in Ti based SMAs
before their potential utilization.

The transformation strain is also influenced by the propensity of
some SMAs to show incomplete phase transformation which inhi-
bits the achievement of the theoretical values. We draw a distinc-
tion between local strain measurements utilizing high resolution
digital image correlation and the overall strain measurements
using extensometry. In NiTiHf alloys, we emphasize that the local
strain measurements are needed to gain an understanding of the
intrinsic transformation strains because of spatial non uniformity
of strains. In other SMAs, such as in high Ni (51.5%Ni) NiTi the
strain fields were also nonuniform [28] with maximum value of
4% while in �51%Ni NiTi alloys the local and overall strains are
d temperatures in the extreme, Curr. Opin. Solid State Mater. Sci. (2016),
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Fig. 3. Transformation strain–transformation temperature plot showing the most
well-known SMAs in comparison with the NiTiHf alloys.

H. Sehitoglu et al. / Current Opinion in Solid State and Materials Science xxx (2016) xxx–xxx 3
found to be much closer [35] with maximum value of 10% in 50.1%
Ni [28]. The spread of transformation strains (10–2%) in Figs. 2 and
3 for NiTi represent the results obtained from single crystals with
compositions in the range 50.1–51.8%Ni respectively.

In the case of Ni2FeGa [36] and CuZnAl alloys (unpublished), our
DIC results show that the transformation zone spreads to the entire
gage section upon large deformations, so the local and overall
strains are similar at 12 and 9% respectively. Similarly, the strains
have been found to be uniform across the gage length in Ni2MnGa
[37]. For Ni2MnGa, the results plotted in Figs. 2 and 3 correspond to
compression case because of the lack of ductility in tension. The
transformation strain results in SMAs depend on the sample crystal
orientation, therefore single crystals (or highly textured polycrys-
tals) with maximum strain capability (intrinsic values) should be
selected. These orientations are near [001] for Ni2FeGa, CuZnAl,
CoNiAl and near [111] in NiTi alloys for tension. The strain magni-
tudes given in Fig. 2 and 3 reflect these intrinsic, maximum strain
values.

We note that the calculated martensite CRSS levels using DFT
are rather high compared to austenite (for example 1.1 GPa versus
0.63 GPa for NiFeGa). This is true for most SMAs. The austenite slip
stress levels for SMAs (Ni2FeGa, Co2NiGa, Co2NiAl, NiTi, CuZn and
Ni2TiHf) which possess the L12 and B2 cubic structures were pre-
dicted with PN (Peierls-Nabarro) theory [20,38]. Interestingly, the
critical stress for CuZn, is found to be 80 MPa. This alloy suffers
from plastic deformation and exhibits the lowest levels. For auste-
nitic NiTi the most likely slip system is ð011Þ½100� with a CRSS of
0.71 GPa consistent with experiments. The theoretical calculations
for CRSS in Ni2FeGa, Co2NiGa, Co2NiA, NiTi, NiTiHf25, and CuZn
results in 0.63, 0.76, 0.72, 0.71, 0.78 and 0.08 GPa respectively
[38]. These values are consistent with corresponding experimental
values presented in [20,39–47].
1.2. Transformation strain-transformation temperature behavior of
SMAs

The transformation temperatures at 400 �C and above makes
NiTiHf alloys attractive candidates for high temperature SMA
applications. We show examples of NiTiHf13.3 and NiTiHf25 results
in Fig. 3. Previous works explored the transformation temperatures
with change in Hf contents in the range 15–20 at.% [48–50]. Trans-
formation temperatures less than 250 �C have been reported
depending on the Ni/Hf content. The transformation temperatures
for alloys with Ni content lower than 50% exhibit higher values
compared to Ni-rich compositions but do not show superelasticity.
Most recently, the use of 25 at.% Hf NiTiHf in nickel-rich polycrys-
tals [51] resulted in higher transformation temperatures. There-
fore, further presentation of experimental data on these alloys is
of considerable interest.

As stated earlier, the transformation temperatures in SMAs with
good functional properties are typically less than 100 �C for most
cases (Fig. 3). The most well-known NiTi alloys are utilized below
75 �C. Although the Ni2FeGa and CoNiGa (Al) alloys can exhibit
superelasticity at temperatures above 75 �C [30,31], their austenite
finish temperature is less than 50 �C. Therefore, they cannot be
used as an actuator at high temperatures. The CuZnAl, CuNiAl,
and FeNiCoTi alloys are limited to temperatures less than 100 �C
[2,10,11,22,52–55]. The NiMnGa which exhibits useful SMA behav-
ior at temperatures less than 100� is utilized in the martensitic
state [56,57]. Recent introduction of Nb, Ta, and Zr ternary ele-
ments [34,58] in TiTa and TiNb alloys have opened new possibili-
ties. The transformation temperatures of these alloys can
approach 300 �C, but the transformation strains have been limited.
The TiPd [59,60] and TiAu [61,62] alloys can reach higher transfor-
mation temperatures but have not been well studied, so they are
Please cite this article in press as: H. Sehitoglu et al., Shape memory strains an
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not discussed in this paper. In perspective, they can benefit from
further research to improve their mechanical properties.
2. New insights into NiTiHf alloys- towards superior SMAs

2.1. Overview of previous NiTiHf work

We provided an overview of the entire shape memory arena
summarizing the most pertinent metrics in Figs. 2 and 3. Early
work on NiTiHf alloys has given insight on the physical metallurgy
and metallurgical processing studies [63–65]. Few preliminary
studies on the mechanical behavior of different Hf contents were
made from early 2000, in particular focusing on the shape memory
response of bent plates [66–68]. Because of elastic recovery and
tension-compression symmetry it is difficult to interpret bending
results. Shape memory behavior of bent samples displayed trans-
formation strains up to 6.25% for the Ni49Ti36Hf15 composition
[69,70], even though the low Ni content of this alloy (<50%) pre-
cludes its usage as superelastic material. In the last years the inter-
est on the mechanical behavior of NiTiHf is growing, and several
studies have shown good SME, ISME and SE behaviors at tempera-
tures above 250 �C. Transformation strains up to 3.74% in polycrys-
tal were obtained for the Ni50.3Ti29.7Hf20 composition [71–75].
Remarkably, superelastic behavior was found at temperatures as
high as 240 �C [73]. In view of the promising results for the poly-
crystal, single crystals of Ni50.3Ti29.7Hf20 alloy showed only compa-
rable level of transformation strains. The Ni50.3Ti29.7Hf20 [111]
orientation was tested in isobaric compression experiments, and
transformation strains up to 3.9% were measured [72]. However,
further efforts in testing different crystal orientations ([001],
[340], [678], [011]) did not lead to higher transformation strains.
In our previous work, we selected a higher Hf content (25 at.%) in
order to explore transformation temperatures higher than 250 �C.
In compression, we obtained local transformation strains of
3.25% at temperatures higher than 265 �C [76]. Even though the
strain measurements refer to small domains in the polycrystalline
material, the results show that, potentially, along specific crystal
orientations the NiTiHf25 can promote concurrently high transfor-
mation strains and high transformation temperatures. Moreover,
the Ni content can be properly manipulated in the compositional
range of 50–51 at.% in order to adjust transformations strains, tem-
peratures and ductility. Regarding the slip resistance measure-
d temperatures in the extreme, Curr. Opin. Solid State Mater. Sci. (2016),
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Fig. 4. The stress-strain response of NiTi13Hf demonstrating recoverable strains
near 18% which is remarkably high (based on [78]).

Fig. 5. The stress-strain response of NiTi13Hf demonstrating strains above 8% with
stress levels near 1500 MPa (see also [78]).

Fig. 6. The strain-temperature response of NiTiHf25 demonstrating strains exceed-
ing 7.7% with austenite finish temperature of 420� (from reference [79]).
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ments in the literature, one needs to conduct deformation experi-
ments near the Md temperature to precisely pinpoint its value.
Such measurements were reported to be near 1000 MPa for com-
positions of 20 and 12.5Hf [44,77]. The results for the 25Hf alloys
in our work also correspond to slip stress near 1000 MPa. We note
that as the Hf increases the Md temperature shifts to higher value
which makes these alloys even more attractive as possessing
strength at high temperatures.

Now, we want to detail the new results on NiTiHf alloys which
hold considerable promise. Specifically, the emphasis will be
placed on plastic deformation resistance, transformation strains
and transformation temperatures, three major considerations that
govern the SMA response. As discussed above, the NiTiHf alloys
have the potential to exhibit ultra-high strains and also possess
high operational temperatures. We highlight these attributes with
several figures given below.

2.2. Experimental results on NiTiHf

In Figs. 4 and 5, the results display the SE+SME and the SE
behavior for the NiTiHf13.3 case for tension and compression,
respectively. The experimental techniques are provided in
Appendix A. In NiTiHf13.3, the phase transformation is a conse-
quence of cubic to monoclinic crystal lattice change under stress.
Theoretically, the lattice constants and the monoclinic angle for
NiTiHf favor high transformation strains. The first experiment in
tension is conducted at 40 �C which is slightly below the austenite
finish temperature. The material undergoes a combined SE+SME
behavior. The superelastic response (2.5%) occurs upon unloading
and the remnant strain (15%) is recovered at zero stress upon heat-
ing to a critical temperature. This recovery at zero stress is termed
the shape memory effect (SME). The total recoverable strain levels
are near 18%. We note that such a high transformation strain level
can open new applications. Other experiments on the same alloy
were conducted at higher temperatures (50 �C) with pure SE
response and at low temperatures (�35 �C) with pure SME
response [78]. The recoverable strains are in agreement with the
values presented in Fig. 4. In compression (Fig. 5), we note that
the SE response at room temperature with a recoverable strain
exceeding 7% corresponds to stress levels of 1500 MPa. To our
knowledge, SE at such high stresses combined with high strains
(>7%) is unprecedented for NiTi based alloys. In binary NiTi alloys,
the compressive strains are limited to less than 5.5%.

In Figs. 6 and 7, the results for isobaric temperature cycling
(ISME) are provided for the NiTiHf25 alloy for tension and compres-
sion, respectively. These experiments are begun by heating the
alloy to high temperature and then applying a constant stress. Dur-
ing cooling and heating the stress is maintained constant. The
images of the entire specimen surface are captured and stored
for later analysis. The strain measurements at high magnifications
represent the true transformation strains because the domains that
are undergoing elastic deformation are excluded. We note that the
strain distribution is more heterogeneous in tension compared to
compression. The results show higher transformation strains in
tension compared to compression with both values that are very
high considering that the temperatures are near 450 �C. The results
are shown for a cooling and heating cycle. Since both the transfor-
mation temperatures and the slip stresses in this alloy are high,
these figures show excellent potential of NiTiHf25. The strains
reported in Figs. 6 and 7 are near 9% and 7% in tension and com-
pression, respectively. In Fig. 6, at the martensite start tempera-
ture, the strains increase in the tensile direction. Because elastic
energy opposes the transformation, further undercooling is needed
to continue the transformation as evident from the slope of the
strain-temperature curves [26]. Upon heating, the specimen
reverts to austenite beginning at austenite start temperatures with
Please cite this article in press as: H. Sehitoglu et al., Shape memory strains and temperatures in the extreme, Curr. Opin. Solid State Mater. Sci. (2016),
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Fig. 7. The strain-temperature response of NiTiHf25 demonstrating strains of 6%
with austenite finish temperature of 420� (based on [79]).
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the transformation completing at the austenite finish temperature.
It is important to note that the thermal hysteresis associated with
the transformation remains below 60 �C despite the high operating
temperatures. This data is obtained from reference [79].
3. Discussion of results

The search and discovery of new materials that far exceed the
capabilities of the present ones must remain a tenet of research
enterprise. This is particularly true for the shape memory alloy
field because once can achieve significantly different behaviors in
transformation strains, transformation temperatures with small
changes in composition. The field evolved from Cu alloys to NiTi
based alloys to encompass materials with exceedingly high strains,
high temperatures and excellent resistance to plastic deformation.
One must continue to seek compositions that favorably change the
lattice constants hence result in large transformation strains. At
the same time the alloys must possess considerable plastic defor-
mation resistance to withstand such high strains in a thermo-
elastic deformation. The high transformation temperature SMA
NiTiHf alloys fulfill these functionalities.

A natural question that arises is why the NiTiHf exhibits such
high strengthening levels compared to other ternary additions.
Among these ternary elements, Hf has the largest atomic radius
exceeding the values for Pt, Pd, Cu and Fe. The presence of Hf
changes the bond lengths between Ni and Ti atoms within the lat-
tice elevating the fault energy curves, hence the slip stresses [80].
Another factor is the presence of precipitates that impart slip resis-
tance. The structure of precipitate has been reported by Santa-
marta et al. [30]. Essentially, the precipitate structure observed in
the present alloys has been published earlier [77]. Fig. 8 (a) and
(b) indicates that there are three sets of B190 martensite plate con-
sisting of (0 0 1)B190 compound twins marked as A, B and C. There
are also 1/3 110⁄B2 type reflections derived from precipitate
marked as P in Fig. 8(b). Further studies are needed on the role of
precipitates on the transformation stress and hysteresis in view
of their well-known influence in binary alloys.

The other question has to do with the reasons behind the large
transformation strains in NiTiHf alloys [81]. The lattice constants
for austenite and martensite and the monoclinic angle of the
martensite dictate the stretch tensors. Especially, the monocolinic
angle increase can be substantial with increasing Hf content (from
96.8� to 105.9� for 25Hf). Further work is needed for enhanced
understanding in this area. We note that one reason why the trans-
formation strains are saturating as the Hf content is increased is
Please cite this article in press as: H. Sehitoglu et al., Shape memory strains an
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due to the presence of increasing volume fraction of precipitates
constituting domains which cannot undergo transformation.

The results of this study shows that NiTiHf13.3 and NiTiHf25
exhibit ductilities as high as 22% and 10% in tension, respectively.
These tensile ductilities exceed the fracture strains of many of
the SMAs that are summarized in Figs. 2 and 3. As discussed in
early works [82], void nucleation and void coalescence at the
matrix/precipitate interfaces are precursors to fracture. Therefore,
the solutionized microstructural states may offer advantages in
addition to texturing to have favorable orientations that circum-
vent the activation of {001} and {110} cleavage planes.

As previously discussed, the recent body of work on NiTiHf
alloys [50,72,75,83] has considered both polycrystals and single
crystals for Hf contents less than 20 at.%. These recent works on
compression have shown that the transformation strains fall far
below the theoretical values [75]. A similar discrepancy has been
observed in NiTi alloys in early work [27]. However, the reported
difference between theory and experiment in NiTiHf alloys is far
more severe. The present results overcome this seeming anomaly
by making local DIC measurements and noting that there are sub-
stantial untransformed domains for both the 13.3Hf and 25Hf tern-
ary compositions. Therefore, the overall measurements with
extensometry may not be representative of the intrinsic transfor-
mation strains in SMAs with a heterogeneous microstructure.

The results underscore the advantages of studying a lower Hf
content near 13 at.% Hf to provide a better assessment of transfor-
mation strain change with increasing Hf content. The 13Hf alloy
present higher slip resistance compared to other ternary additions
and demonstrate very high strains. At the local level, the strains
can exceed 20% in experiments which points to possible role of
reversible mechanical twinning contributing to additional strains.
Unlike other SMAs the mechanical twinning is possibly reversible
in the case NiTiHf alloys with high slip resistance. Theoretical cal-
culations of twinning stress confirm its operation well below the
slip stress [80]. Further work is needed to explain the origin of such
high reversible strains.

Other measures of SMA performance can be studied but are
viewed as application specific. For example, the work output of
shape memory alloys can be an important consideration in actua-
tors. The work output is defined as stress times the transformation
strain in an ISME experiment. Work outputs exceeding 20 J/m2 are
considered to be exceptional. Another parameter is the thermal/
stress hysteresis which is an important quantity in an actuator
and in damping respectively. Thermal hysteresis is the width of
the strain-temperature curves in an ISME experiment [26]. In NiTi
the range is between 40 and 80� [26] which is similar in NiTiHf
alloys (50 �C on the average as shown in Figs. 6 and 7). The R-
Phase in NiTi is considered to have tiny hysteresis, albeit with
small transformation strains, and has found niche applications.
The NiFeGa alloys exhibit exceptionally low thermal hysteresis
[31]. There are ongoing explorations of alternative ferromagnetic
shape memory alloys (Fe and Co based) [84] to NiMnGa to achieve
functionality in tension and improve ductility. For superior ferro-
magnetic shape memory, the elastic strain energy needs to be
low while the magnetic anisotropy energy has to be high to over-
come the elastic strain energy. So far, the NiMnGa remains the best
ferromagnetic shape memory alloy. The cost of the SMAs is another
important metric. The addition of Pd, Pt, Au to binary NiTi has been
considered but these ternary elements are very expensive. The Hf
is also an expensive element and worthy of specialized high tem-
perature applications. Other alloys such as Ni2MnGa, Ni2FeGa are
also costly because of the presence of gallium. The Cu and Fe based
SMAs are less costly compared to the nickel and titanium based
alloys. More details regarding the cost analysis are left aside for
future papers. Finally, the entropy change associated with transfor-
mation can be an important consideration to maximize thermo-
d temperatures in the extreme, Curr. Opin. Solid State Mater. Sci. (2016),
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Fig. 8. (a) Bright field image and (b) corresponding electron diffraction pattern. The pattern shows three sets of (0 0 1)B190 compound twin and 1/3 110⁄B2 type from
precipitate (P) (from [77]).
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elastocaloric effects [35], ie. cooling magnitudes. The entropy
change correlates with the slope of the transformation stress-
temperature curve which is unusually high for NiTiHf13.3 alloy
opening new possibilities [77]. Among SMAs the NiTi alloys pos-
sess some of the largest entropy changes [85]. These other consid-
erations are left aside for future research reviews.

4. Conclusions and future directions

An overview of the shape memory field is given summarizing
the capabilities of the current shape memory alloys. The work sup-
ports the following:

(1) Three key parameters that govern SMA functionality were
identified. They are transformation strain, transformation
temperature and plastic slip resistance. We provide a sum-
mary of the most important SMAs highlighting these three
parameters.

(2) The current SMAs have served the community well with
transformation strain levels near 10% and transformation
temperature levels less than 75 �C. The slip resistance
(�1000 MPa) has limited the widespread utilization of a
number of SMAs where fatigue and fracture resistance is of
paramount importance.

(3) The present results underscore the need for high transfor-
mation temperatures (>400 �C) and high transformation
strains (>20%). We used a mutiscale approach to measure
the transformation strains in NiTiHf alloys precisely, demon-
strating superlative functionalities. The results are convinc-
ing and repeatable. Our results and experiments (SME, SE
and ISME behaviors) notwithstanding, we point to the need
for study of new class of SMAs.

(4) Further work is needed to optimize the compositions and
heat treatments as the NiTi alloys with ternary additions
such as NiTiHf are rather complex in their response and in
their underlying microstructure.
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Appendix A

A.1. Experimental techniques

The NiTiHf single crystals reported in this study were grown by
the Bridgman technique in He atmosphere. The rods were sec-
tioned into disks parallel to the (0 1 1) crystallographic plane using
electrical discharge machining. For the NiTiHf25 composition the
tensile specimens were successively cut along the [111] orienta-
tion, while the compression specimens along the [011] orienta-
tion. For the NiTiHf13.3 composition both the tensile and
compression specimens were cut along the [111] orientation.
The characterization of the microstructure can be found in Ref.
[77]. The tensile specimens were shaped into dog-bone geometry
with 3 mm � 1.5 mm net section and 10 mm gauge length, while
the compression specimens were sectioned into
4 mm � 4 mm � 9 mm geometry.
A.2. Digital image correlation

The strain measurements are made with advanced digital image
correlation (DIC) methods. In DIC, images of the deformed region of
interest are correlated to a reference image (of the same region
prior to deformation) to make full-field measurements of displace-
ments. The in-plane strain fields are calculated, afterwards,
through differentiation of the vertical and horizontal displacement
fields [86]. The resolution of the strain field depends on the magni-
fication at which reference and deformed images are captured [87].
For the experiments presented in this work, the compression and
tension specimens were initially polished with abrasive paper up
to 1800 grit. The speckle pattern for DIC strain measurements
was deposited using an Iwata Micron B airbrush and a black paint
for high temperature applications. The images were successively
captured with a resolution ranging between 2 lm/px and 3 lm/
px. The DIC contour plots in Figs. 4–7 always display the axial com-
ponent (parallel to the load direction) of the strain tensor. By con-
sidering single crystals and using digital image correlation it is
possible to make measurements without the grain boundary
effects that can produce superfluous strain gradients.
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Prior to loading, the orientations of the specimens were verified
with X-ray diffraction performed on a Philips Xpert 2 diffractome-
ter using Cu Ka radiation. For the NiTiHf25 alloy, the X-ray diffrac-
tion orientation data were acquired at 500 �C in the fully austenitic
phase.
A.3. Tension and compression experiments

The tension and compression experiments were conducted on a
servo-hydraulic machine under quasi-static conditions. The load
frame was controlled with a customized Labview program. For
both tension and compression isothermal experiments the loading
was conducted under displacement control and unloading was
performed under stress control providing an average strain rate
of 10�3 s�1. The specimen surface images were obtained syn-
chronously with the load data and stored for later analysis. During
isothermal deformation the images were captured every 2 s. The
temperature of the specimens was measured using a Epsilon laser
based measurement system. The specimens were heated with a
Lepel 2.5 kW Induction Heater. Specimen cooling was obtained in
air for the high temperature NiTiHf25 alloy, while we used liquid
nitrogen in order to cool the grips for the experiments on the
NiTiHf13.3 alloy.

During isobaric experiments one initial reference image was
captured at the maximum temperature and at zero stress. At the
maximum temperature the constant stress was successively
applied and a second image captured. Successively, the images
for DIC were manually captured every 5 �C. To input the NiTiHf
results into Figs. 2 and 3 we conducted in excess of 75 experiments
in total.
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