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a b s t r a c t

The mechanical and functional behaviors of a Ni-rich Ni50.3Ti29.7Hf20 high temperature shape memory
alloy were investigated through combined ex situ macroscopic experiments and in situ synchrotron X-ray
diffraction. Isothermal tension and compression tests were conducted between room temperature and
260 �C, while isobaric thermomechanical cycling experiments were conducted at selected stresses up to
700 MPa. Isothermal testing of the martensite phase revealed no plastic strain up to the test limit of
1 GPa and near-perfect superelastic behavior up to 3% applied strain at temperatures above the austenite
finish. Excellent dimensional stability with greater than 2.5% actuation strain without accumulation of
noticeable residual strains (at stresses less than or equal to �400 MPa) were observed during isobaric
thermal cycling experiments. The absence of residual strain accumulation during thermomechanical
cycling was confirmed by the lattice strains, determined from X-ray spectra. Even in the untrained
condition, the material exhibited little or no history or path dependence in behavior, consistent with
measurements of the bulk texture after thermomechanical cycling using synchrotron X-ray diffraction.
Post deformation cycling revealed the limited conditions under which a slight two-way shape memory
effect (TWSME) was obtained, with a maximum of 0.34% two-way shape memory strain after thermo-
mechanical cycling under �700 MPa.

Published by Elsevier Ltd.
1. Introduction

High temperature shape memory alloys (HTSMAs) have vast
potential in a wide range of applications spanning the aerospace,
automotive, and energy exploration industries, amongst others.
The majority of these applications demand large actuation capa-
bility, higher transformation temperatures (above 100 �C) and
stable responses, which restricts existing possibilities to a small
group of alloys. Of these alloys, NiTi-based HTSMAs such as NiTiPd
[1,2], NiTiPt [3,4], NiTiZr [5,6] and NiTiHf [6e12] have shown sig-
nificant scientific and technological merit in the last few years. A
comprehensive review of select HTSMAs can be found in Ref. [13].
In particular, NiTiHf has been developed as a low cost alternative
when compared to NiTi-X (X ¼ Pt, Pd, Au), and just recently, Ni-rich
x: þ1 (216) 977 7132.
nafan).
NiTiHf alloys were found to exhibit superior properties and
dimensional stability through compositional and aging control [7e
12,14,15]. This was accomplished by developing a slightly Ni-rich
composition with 20 at.% Hf, that is capable of being precipitation
strengthened when subjected to an aging heat treatment to pro-
duce fine, nanometer size precipitates. The precipitates strengthen
the alloy providing high resistance to dislocation motion while
allowing a nearly unobstructed phase transformation. Thus, it is
useful to characterize both the macroscopic and microstructural
behavior of Ni-rich NiTiHf to optimize the alloy and its processing,
and to develop an appropriate database of properties to transition
this material into engineering components.

The Ni-rich Ni50.3Ti29.7Hf20 (at.%) alloy studied in this work ex-
hibits a monoclinic B190 martensite phase at room temperature and
a cubic B2 austenite phase at 300 �C, as described in detail in Ref.
[7]. Previously, the shape memory and superelastic behaviors of
this alloy were determined under tension and compression for a
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limited number of thermomechanical/mechanical cycles [10].
Similarly, compressive testing was performed on the same alloy at
temperatures above the austenite finish (Af) temperature to study
the effect of aging on the stress-induced transformation and plas-
ticity, but also only for a few cycles [8]. In single crystal form, the
effects of applied stress and testing temperatures were evaluated
along the [111] orientation with stress levels up to 1000 MPa [9].
From amicroscopic perspective, in situ neutron diffractionwas used
to investigate the role of the fine precipitates on texture, internal
strains, and other microstructural features during tensile and
isobaric thermomechanical testing [7]. In all cases [7e10], the alloy
exhibited outstanding strength and stability (lack of residual strain)
during transformation under isothermal and isobaric conditions.
The crystal structure of the precipitate phase, responsible for these
benefits, has recently been described in detail by Yang et al. [14] and
Santamarta et al. [6] using advanced characterization techniques
and ab-initio calculations.

The promising results presented in the aforementioned refer-
ences are the motivation behind the current effort to further
examine the mechanical and functional limits of this alloy. The goal
is two-fold: first to perform thermomechanical tests to an extended
number of cycles in isothermal and isobaric modes to quantify the
durability of this material for use in longer-life applications and
second to conduct compressive thermomechanical testing using in
situ synchrotron X-ray diffraction to assess any changes in the al-
loy’s internal state and microstructure. Special attention is directed
towards quantifying the microstructural reversibility of the trans-
formation through changes in texture and lattice strains as a
function of stress.

2. Material and methods

2.1. Material

The material used in this investigation was part of a larger heat
of Ni-rich Ni50.3Ti29.7Hf20 (at.%) alloy produced by Flowserve Cor-
poration, Dayton, Ohio. The cast ingots were vacuum homogenized
at 1050 �C for 72 h, followed by extrusion at 900 �C. Mechanical test
specimens were machined from the extruded rods (HF202 and
HF206) and subjected to an aging treatment of 3 h at 550 �C fol-
lowed by furnace cooling to promote the formation of a high
density of fine precipitate phase in the microstructure. This
composition and heat treatment were selected based on previous
Fig. 1. Schematic illustration of the experimental diffraction setup.
studies [10,11], and after an extensive in-house optimization study
of different compositions and aging temperatures/times that pro-
vided the best thermomechanical properties. Various physical and
thermomechanical properties of heat-treated alloys of similar
composition are available in the literature [7e10,14].
2.2. Microstructural characterization

Microstructure of the extruded and aged material was analyzed
using optical microscopy, scanning electron microscopy (SEM), and
transmission electron microscopy (TEM) techniques. Samples for
optical and SEMwere mounted, polished and etched lightly using a
solution of 85% H2O, 12% HNO3 and 3% HF (by volume) to reveal
grain size. Transmission electron microcopy was accomplished
using a double tilt holder in a FEI CM200 microscope operating at
200 kV. Samples for TEM were prepared from a 3 mm diameter
cylinder that was electro-discharge machined from the extruded
Fig. 2. Optical micrograph showing grain size and martensite twins, (b) SEM micro-
graph showing HfO2 particles in a martensite matrix, (c) energy-dispersive X-ray
spectroscopy (EDS) of lighter particles showing enrichment of Hf and O, (d) EDS of
nearby matrix for comparison to (c).
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and aged material. Disks of w500 mm thickness were sectioned
from this cylinder, mechanically ground tow130 mm thickness, and
then electro-polished using a solution of 20% sulfuric acid and 80%
methanol (by volume) cooled to 0 �C in a Struers Tenupol-5 twin-
jet electropolisher. TEM images, diffraction patterns, and energy
dispersive spectra were collected and analyzed at room tempera-
ture to assess the initial microstructure of the extruded and aged
material.

2.3. Isothermal mechanical and isobaric thermomechanical
characterization

All ex situ mechanical testing was conducted using an MTS
servohydraulic load frame. Prior to any testing, cylindrical threaded
Fig. 3. (a & b) BF-TEM micrographs showing general morphology of the twin variants, (c) an
dark-field image showing fine precipitate phase, (f) use of electron diffraction for confirmat
lines in (c & d). (For interpretation of the references to colour in this figure legend, the rea
specimens (5.08 mm in diameter and 15.24 mm in gage length)
were subjected to two stress-free thermal cycles between 30 and
300 �C, performed on the test frame, to relieve any residual stresses
resulting from the machining operations. Macroscopic strains were
measured using a 12.7 mm gage, high-temperature extensometer,
while heating was controlled using an Ameritherm induction
heating system. In all the experiments, a heating rate of 20 �C/min
was used, and cooling was achieved through the water-cooled
grips. The transformation temperatures: martensite start (Ms),
martensite finish (Mf), austenite start (As), and austenite finish (Af)
were determined from the stress-free, strainetemperature
response and were 142, 126, 155, and 169 � 2 �C, respectively.
Isothermal tests consisted of applying tensile or compressive
stresses up to 1 GPa at temperatures from 30 to 300 �C, in strain
alysis of twin variant plates within a set, (d) analysis of twins within a variant plate, (e)
ion of the precipitate phase as H-phase. Projection of common planes is marked by red
der is referred to the web version of this article.)



Fig. 4. Stressestrainetemperature curves for the Ni50.3Ti29.7Hf20 alloy in uniaxial tension and compression. (a) Tensile stress-strain behavior, and (b) corresponding unconstrained
thermal recovery after each tensile deformation in (a), (c) compressive stressestrain behavior, and (d) corresponding unconstrained thermal recovery after each compressive
deformation in (c).

Fig. 5. First derivative of stress with respect to strain (ds/dε) for (a) tension and (b)
compression loading.
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control at a rate of 1 � 10�4 s�1. Specimens isothermally deformed
and unloaded at room temperaturewere subsequently (i) re-loaded
cyclically to 1 GPa or (ii) heated and cooled once through the phase
transformation and re-loaded.

Isobaric testing in compression consisted of thermal cycling
between 30 and 300 �C at a constant engineering stress of
0, �100 and �200 MPa for up to 100 cycles and at least 10
thermal cycles at stresses as high as �700 MPa. The loading
segment was done at room temperature in load control at a rate
of 20 MPa/min. At the end of each series of isobaric strain-
temperature tests, specimens were subjected to stress-free
thermal cycles to examine the extent of any two-way shape
memory effect (TWSME) that may have developed. In this case,
TWSME is defined as the ability to change and remember shapes
on both heating and cooling without an external biasing force.
Additionally, the same specimens were then re-loaded to a
different stress level and thermal cycling continued in order to
examine the history dependence of the material.

2.4. In situ diffraction and thermomechanical testing

In situ synchrotron X-ray diffraction experiments were per-
formed at the High Energy Materials Science (HEMS) beamline at
the German high-brilliance synchrotron radiation storage ring
PETRA III, at DESY, Hamburg. Compression specimens, 5 mm in
diameter and 10 mm in length, were deformed using a BÄHR
DIL805 dilatometer with a maximum load capability of 25 kN at
temperatures up to 1500 �C [16]. Test specimens were inductively
heated using a heating rate of 20 �C/min and cooled by flowing
argon gas around the sample environment. Diffraction mea-
surements were performed with 100 keV photon energy
(l ¼ 0.12427 �A) in transmission geometry. A beam cross section
of 500� 500 mm was used with a sample-to-detector distance of
1.572 m. DebyeeScherrer diffraction rings were recorded using a
MAR345 image plate detector (345 mm area diameter) with
100 mm pixel size. A schematic of the diffraction setup is shown
in Fig. 1.

The in situ experiments consisted of load-biased cycling be-
tween 30 and 300 �C at constant engineering stresses of
0,�100,�200MPa, and back to the unloaded condition at 0MPa. At
each stress level (2 cycles each), diffraction data was continuously
collected during the heating and cooling cycles, whichwere run at a
rate of 20 �C/min. Data processing was performed using the Fit2D
software [17], where spectra were integrated over azimuthal in-
crements of 10� into 36 slices for better grain statistics. Variations
in peak intensities and peak positions were obtained by fitting in-
dividual diffraction peaks with a pseudo-Voigt function. Lattice
strains were calculated from the peak shifts using the change in d-
spacing where the initial d-spacing was taken in the nominally
unloaded condition. The Rietveld method implemented in the
Materials Analysis Using Diffraction (MAUD) software was used for
texture analysis [18,19]. This alloy exhibits a B190 martensite phase
at room temperature and a B2 austenite phase at 300 �C, as
described in detail in Ref. [7]. Phases were best fitted using a P1121/
m monoclinic space group for B190 martensite and Pm3m cubic



Fig. 6. Room temperature cyclic stressestrain responses of Ni50.3Ti29.7Hf20 in (a) tension and (c) compression. The inset (b) indicates the specimen fracture site at the 72nd tensile
cycle.
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space group for B2 austenite. The best fit lattice parameters were
a ¼ 3.039, b ¼ 4.102, c ¼ 4.871 �A, a ¼ g ¼ 90�, b ¼ 104.1� for
monoclinic martensite, and a ¼ 3.089 �A for cubic austenite.
3. Results and discussion

3.1. Microstructure e aged material

The microstructure at room temperature was martensitic
(B190) with an average grain size of approximately 40 mm as
revealed by optical microscopy (Fig. 2a). Formation of (Hf,Ti)C, as
observed in previous versions of this alloy [7e10], was prevented
by using a water-cooled copper crucible instead of graphite
during melting. However, due to a high affinity of Hf for O2,
formation of HfO2 particles (size � 1 mm) could not be avoided
(Fig. 2bed). In the TEM, a representative martensitic morphology
was clearly visible and consisted primarily of two sets of twin
variant plates at right angles to each other (Fig. 3a), with small
areas of mosaic zig-zag twin structure (Fig. 3b). Each primary set
contained variant plates that were related to each other by {011}
Type I twins (Fig. 3c). This twinning system has been reported
earlier in both Ni-rich [20] and Ti-rich [21] NiTiHf alloys. Within
each variant plate fine twins were observed, which were iden-
tified as (001)B19’ compound twins (Fig. 3d). In addition, the
aging treatment produced very fine and highly dense precipitates
(size � 15 nm) distributed uniformly throughout the matrix
(Fig. 3e). Analysis of the selected area diffraction patterns
(Fig. 3f), confirmed this phase to be the so called “H-phase”
which has been described in detail in recent papers by Yang et al.
[14] and Santamarta et al. [6]. The “H-phase” is reported to have a
face-centered orthorhombic lattice (a ¼ 1.264 nm, b ¼ 0.882 nm,
c ¼ 2.608 nm) with a space group of F 2/d 2/d 2/d (# 70), and a
measured composition of Ni52Ti19Hf29 (at.%) [14]. It is this fine
phase that is responsible for providing the high-strength and
stability of the alloy, as described in the remaining sections of
this paper.
Fig. 7. No-load strain-temperature response for Ni50.3Ti29.7Hf20 showing ten thermal cycles
Fig. 4b.
3.2. Isothermal behavior e tension and compression

The stressestrainetemperature curves for the Ni50.3Ti29.7Hf20
alloy in uniaxial tension and compression are shown in Fig. 4. For
ease in comparison, the compression curves (Fig. 4c and d) were
plotted on the first quadrant to directly observe the tensione
compression asymmetry and the corresponding differences in
strain magnitudes and ensuing strain recoveries. The testing
sequence consisted of (i) loading to 1 GPa at room temperature (in
either tension or compression), (ii) unloading to 0 MPa, (iii) heating
to 300 �C, and (iv) cooling back to room temperature, with the
entire sequence repeated for six cycles. For both tensile and
compressive loading, room temperature stress-strain responses
(Fig. 4a and c) were identical after the first cycle (Fig. 4b and d) and
no plastic strain was observed during the initial loading to 1 GPa.
The strong tension-compression asymmetry is due to differences in
martensitic variant selection (variant reorientation and detwin-
ning) in tension and compression deformation modes as was
observed in binary NiTi alloy [22,23]. This deformation strain, 3.7%
in tension and 2.2% in compression at 1 GPa stress, is a combination
of elastic strain and inelastic martensite variant reorientation/det-
winning, but no discernible stress plateau or demarcation between
the two mechanisms was observed.

This behavior is further quantified in Fig. 5 by taking the first
derivative of stress with respect to strain (ds/dε). The first de-
rivatives, while a little “noisy”, exhibit a non-zero slope along the
entire curve during both loading and unloading, indicating the
nonlinear stressestrain response. Since this Ni-rich alloy is a two-
phase material containing a fine dispersion of second phase pre-
cipitates, an increasing externally applied stress is essential in
continuing the reorientation and detwinning process. Thus, a
distinct plateau is not observed as in some binary, equiatomic NiTi
alloys [24]. In addition, this isothermal deformation did not
generate any TWSME, likely due to the absence of permanent
plastic deformation. While acknowledging the non-linear loading
response, application of a best linear-fit through the initial loading
and unloading portions of curves in Fig. 4a and c (approximately
(at 0 MPa) for (a) an undeformed ‘virgin’ sample and (b) after deformation according to



Fig. 8. Stressestrainetemperature curves for the Ni50.3Ti29.7Hf20 alloy in uniaxial tension at different temperatures. (a) Stressestrain behavior below As, and (b) corresponding
unconstrained thermal recovery after each deformation sequence in (a) and, (c) stress-strain behavior above Af, and (d) corresponding unconstrained thermal recovery after each
deformation sequence in (c).
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through 100 MPa), results in an estimated range for the “apparent”
Young’s modulus of 58e61 GPa in tension, and 61e75 GPa in
compression over the initial loading and unloading sections of the
stressestrain curves.

Cyclic isothermal tests were also conducted at room temper-
ature in tension and compression as shown in Fig. 6. Specimens
were cyclically loaded to 1 GPa and unloaded (repeated for a
maximum of 100 cycles) to examine strain ratcheting and in-
stabilities if any. Two specimens were tested in tension and both
of them failed at the threads, the first one during the 72nd cycle
and the second one during the 85th cycle. Cyclic stressestrain
data in tension for the sample that failed at 72 cycles is shown in
Fig. 6a. An image of the actual test sample that fractured is
shown in Fig. 6b. It should be noted that no localized deforma-
tion or necking was observed in the samples’ gage sections, and
failure occurred due to defects introduced during thread
machining operations at the high stress concentration located at
the thread roots. On the other hand, samples tested in
compression (using the same geometry), did not fracture during
Fig. 9. Isobaric strainetemperature response of the Ni50.3Ti29.7Hf20 for different loading hist
indicated for each set of curves.
testing to the 100 cycle limit used in this investigation. The cyclic
compression stressestrain response is shown in Fig. 6c.

Irrespective of the testing mode, the strain evolution exhibited
similar behavior, i.e., the strain at the loaded condition (�1 GPa)
shifted T0.1 and C0.08% towards zero with cycling, and the strain
values at 0 MPa shifted T0.23 and C0.12% towards higher strainwith
cycling, where superscripts ‘T’ and ‘C’ refer to testing performed in
tension and compression, respectively. If the sample is then heated
through the transformation (only to 300 �C) and the reoriented
martensite is recovered and then the sample is deformed again at
room temperature, the stressestrain curve will once again look like
the initial cycle 1 loading curve and not retain the stiffer slope
exhibited at the higher cycles. Thus, this indicates that the stresse
strain slopes become steeper with increasing number of cycles, due
to stabilization of the favoredmartensite variants. In addition, aside
from these small strain shifts, the cyclic loops were repeatable with
no accumulation of plastic strain. Post thermal cycling at 0 MPa of
the undeformed and the isothermally cycled compression samples
(Fig. 7a and b, respectively) showed no difference in straine
ories, i.e., a-1 thru d-1 and a-2 thru d-2. The constant stress level and cycle number are
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temperature response compared to the initial starting material.
Further, this no-load thermal cycling was extended up to 100 cycles
(not shown in Fig. 7b) and no TWSME or any other change in
behavior was observed; the material performing similar to an un-
deformed ‘virgin’ material with no prior history (Fig. 7a).

Additional isothermal tests at temperatures between 30 and
260 �C were conducted to assess the effect of temperature on the
Fig. 10. Isobaric strainetemperature response of the Ni50.3Ti29.7Hf20 alloy at different stres
stress-free thermal cycles were applied before increasing to the next load.
mechanical response and stress-induced transformation behavior
of this material. The results for tensile loading are shown in Fig. 8.
These tests were performed in series, where after each load-unload
cycle (Fig. 8a and c) samples were heated and cooled once through
the phase transformation at 0 MPa (Fig. 8b and d), before heating to
the next test temperature and re-loading. Below the As temperature
(Fig. 8a and b), the stressestrain curves exhibited a lower
ses. After each set of ten isobaric thermal cycles at constant stress, an additional ten



Fig. 11. Compressive actuation strain as a function of stress for the Ni50.3Ti29.7Hf20 alloy
for the first cycle (solid symbols), and for the last cycle (10th) (open symbols).
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hardening rate with increasing temperature (Fig. 8a) and accu-
mulation of a small although permanent deformation of w0.2%
total unrecovered strain after five load-unload cycles at tempera-
tures between 30 and 140 �C. It should be noted that the amount of
permanent strain that accumulated each cycle tended to increase as
the temperature increased, although the total strain accumulation
was small.

Above the Af temperature (Fig. 8c and d), the stressestrain
curves exhibited an initial linear elastic loading of the austenite
phase followed by a stress plateau associated with the stress-
induced martensitic (SIM) transformation. Note that while the
curves in Fig. 8a were limited to 1 GPa, the curves in Fig. 8c were
limited to 3% strain, since the primary interest was in the supere-
lastic response in this case. The unrecovered strains were less than
0.02% (almost negligible) for samples deformed at 200 and 220 �C,
0.08% at 240 �C and 0.18% at 260 �C. The onset stress for the SIM
estimated using the 0.2% offset stress criterion, increased with
increasing test temperature consistent with a ClausiuseClapeyron
relationship. The average elastic moduli for the austenite phase
measured above Afwere 75 GPa in tension (from Fig. 8c) and 80 GPa
in compression (curves not shown).

A small TWSME was introduced, illustrated in Fig. 8b and d, as
the material started to accumulate unrecovered strains. Loading
Fig. 12. Transformation temperatures for the Ni50.3Ti29.7Hf20 alloy as function of
compressive stress.
below As or above Af, where the deformation was not fully revers-
ible (e.g., 140 or 260 �C test temperatures), is expected to result in
internal stress fields that can be caused by a number of sources
including dislocation arrays. However, the magnitude of the
TWSME was less than 0.2% when initiated through isothermal
deformation, which is an order of magnitude less than that
observed in binary NiTi under comparable conditions [24].

3.3. Isobaric behaviorecompression

Isobaric thermal cycles in compression are shown in Fig. 9. For
all testing, an upper cycle temperature of 300 �C (130 �C above Af)
was used to ensure complete phase transformation under load. Two
cases were considered to examine the history dependence of this
alloy: the first case (labeled a-1 through d-1) consisted of series
thermal cycling under 0 MPa, �100 MPa, �200 MPa, and back to
0 MPa in this sequence. The second case (labeled a-2 through d-2)
consisted of series thermal cycling of a new sample under
0 MPa, �200 MPa, �100 MPa, and back to 0 MPa, noting that the
second and third loading sequence was reversed in the second case
as compared to that in the first case. At each stress level, 100 cycles
were performed to enhance any effects due to thermomechanical
cycling, with a total of 400 cycles on each specimen.

From the stress-free strainetemperature response, the
martensite and austenite coefficients of thermal expansion (CTE)
were measured to be 7 � 10�6/�C and 11 � 10�6/�C, respectively.
The transformation strain of 0.17% associated with the undeformed
sample [Fig. 9(a-1)] is assumed to be due to the combined Bain
strain and lattice invariant shear.

On loading to �100 MPa [Fig. 9 (b-1)], a characteristic transient
response was observed on the first heating cycle, followed by
development of a larger induced strain on cooling under load.
Subsequent cycles were all very similar with a minor exception.
With the accumulation of cycles, the end-strain in the austenite
phase remained nearly constant over the 100 cycles, while the end-
strain in the martensite evolved to slightly higher values as more
detwinning/reorientation of the martensite phase occurred. This
evolution resulted in a growing actuation strain, determined by
taking the difference between the martensite and austenite true
end-strains. Note that when referring to the transformation strain
as opposed to actuation strain, the former is determined as the
relative true strain between the austenite finish and austenite start
intersections as demonstrated in Ref. [1], which in this case also
follows the same trend as the actuation strain. In either case, the
total increase in strain over 100 cycles was relatively minor, less
than 0.16%.

At the end of thermal cycling at �100 MPa stress, the
compressive stress was increased to�200MPa [Fig. 9 (c-1)], and an
additional 100 thermomechanical cycles followed. Similar behavior
can be observed with regard to the first transient heating curve and
the evolution of the martensite end-strain, although much smaller
evolution than the previous stress value was attained. The spec-
imen was then unloaded to 0 MPa and thermally cycled [Fig. 9 (d-
1)], where all the strains that were generated throughout the
isobaric cycling were recovered on the first heating cycle. The end-
strain in the austenite phase was identical to the initial 0 MPa
thermal cycle [Fig. 9 (a-1)], but the end-strains in the martensite
exhibited a different behavior displaying a narrower trans-
formation loop. Nonetheless, there was no TWSME developed at
the end of cycling in this scenario.

Similar observations were made from the second case shown in
Fig. 9 (a-2) through 9 (d-2). In this case, the �200 MPa stress was
applied first [Fig. 9 (c-2)] before the �100 MPa stress. The results in
Fig. 9 (c-2) indicate that strain ratcheting is taking place at both
phases, but higher evolution occurs in the martensite phase (0.17%)



Fig. 13. In situ isobaric displacement-temperature response of the Ni50.3Ti29.7Hf20 alloy at different stresses.
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versus the austenite phase (0.09%). Once the stress was reduced
to �100 MPa, the thermomechanical response was stable without
any evolution, though all SME values were similar to those shown
in Fig. 9 (b-1). Overall, comparing the two cases, the strain-
temperature responses show similar behavior indicating that
except for stabilization in the evolutionary behavior at �100 MPa
the shape memory response is essentially history independent
under this range of stresses due to insignificant levels of permanent
or plastic deformation. Furthermore, there was no TWSME present
after cycling with the current load and temperature conditions in
either case, which is also consistent with the lack of permanent
deformation during thermomechanical cycling.

Additional isobaric tests were performed at higher stresses
followed by stress free thermal cycles (Fig. 10). At each stress
level, the sample was thermomechanically cycled ten times,
followed by ten stress-free thermal cycles. Then the same sample
was reloaded to the next stress level and cycled again. Strain
evolution (strain ratcheting at both phases), while very small in
all cases, was noticeable starting at stresses of �500 MPa and
higher, and at those stresses, the TWSME started to appear
and grow with higher loads as indicated in Fig. 10. In this
testing configuration, a maximum TWSME of 0.34% was obtained
post cycling to �700 MPa. This is attributed to plastic deforma-
tion, most likely in the austenite phase, and the possibility of
retained martensite as was observed in binary NiTi [25] and
NiTiPd alloys [26]. However, relatively speaking, the load stability
of this alloy is highly remarkable, since the strain evolution is
over an order of magnitude less at stress levels twice as high as
observed in other shape memory alloys [25,26]. In addition, a
significantly reduced TWSME due to thermomechanical cycling
was observed compared to that developed in other NiTi-based
systems at a fraction of the “training” stress [27]. This can be
either a positive or negative attribute depending on the desir-
ability of TWSME in a given application.
A summary of the actuation strain as a function of stress is
shown in Fig.11. Both the actuation strains on the first and last cycle
(100 cycles for 0 to�300MPa, 20 cycles for�400 to�700 MPa) are
plotted for comparison. It was found that only a small variation
from the first to the last cyclewas obtained, and the actuation strain
appeared to reach a limit at a maximum of 2.65% in compression.

The stress dependence of the transformation temperatures is
shown in Fig. 12. From 0 to �200 MPa, the temperatures follow a
non-linear behavior with an initial shift towards lower tempera-
tures followed by near constant behavior as the stress increases. At
stresses higher than �200 MPa, the transformation temperatures
follow an expected linear trend and shift to higher temperatures
with increasing stress. Linear correlations were fit through the
stress-temperature data at stresses higher than �200 MPa as
shown in Fig. 12. It should be noted that the stressetemperature
data of Fig. 12 can also be fitted with a parabolic relationship to
capture the entire behavior. In either case, the data presented is an
actual material response and should be used in the appropriate
form when used in design or SMA model calibration.

3.4. In situ synchrotron X-ray diffraction results

Analogous to the isobaric ex situ testing presented above, in situ
testing was conducted to mimic the loading sequence of the first
case in Fig. 9, but for only 2 cycles at each load step. The corre-
sponding displacement-temperature response is presented in
Fig. 13. After two cycles at 0, �100 and �200 MPa, successively, the
sample was unloaded to 0 MPa and heated once through the phase
transformation where all the strains were recovered. Diffraction
spectra corresponding to the second cycle of each load step of
Fig. 13 are shown in Fig. 14 as the sample undergoes the phase
transformation from martensite to austenite during heating. These
patterns were obtained by integrating the full diffraction ring over
the azimuthal angle (j) defined in Fig. 1. Existing phases were
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previously identified [7] as B2 austenite at high temperature and
B190 martensite at lower temperature. The results indicate com-
plete transformation with thermal cycling under all conditions
shown in Fig. 13. There is no evidence of retained martensite above
the bulk Af, even under an isobaric stress of �200 MPa. In contrast,
residual martensite is noted in binary NiTi evenwhen cycling under
stress free conditions [28]. In addition, there is no indication of
residual austenite below the measured Mf temperature. The
transformation is complete in both directions at the representative
martensite and austenite finish temperatures.

Normalized intensities (I/I0) of select martensite peaks at room
temperature and austenite peaks at 300 �C were determined as a
Fig. 14. In situ synchrotron X-ray diffraction spectra corresponding to the second heating cyc
on heating.
function of the azimuthal angle integrated over 10� j segments,
where j ¼ 0� is the compression axis. Intensity data was plotted in
normalized scale to compare the intensity changes with cycling and
changing macroscopic stresses. Fig. 15 contains several martensite
peaks at room temperature plotted on radial 10� j segments for
various stresses. The intensities of some of the martensite planes,
particularly along the loading direction, varies as the sample was
cycled under load, indicative of the formation and reorientation of
preferred martensite variants capable of accommodating the
applied strain that takes place on constrained cooling. The in-
tensities further change from �100 to �200 MPa, which is
macroscopically manifested by additional transformation strains as
le of each load step of Fig. 13. These spectra show the martensite to austenite transition
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Fig. 16. Normalized diffraction intensities (I/I0) of select austenite peaks at 300 �C as a function of the azimuthal angle integrated over 10� j segments, where j ¼ 0� is the
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Fig. 17. Lattice strains for a select family of planes in the martensite phase at room temperature as a function of the azimuthal angle integrated over 10� j segments.
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shown in Figs. 9 and 14. Microstructurally, the (011)M, (111)M and
(103)M lattice planes preferentially orient with the loading axis,
while the (110)M and (030)M planes display only a slight variation in
intensity. Once the load was removed, the intensities of the indi-
vidual lattice planes return to their initial pre-cycling values at
0 MPa, consistent with the fully reversible macroscopic observa-
tions. The diffraction data of Fig. 15 served to provide direct evi-
dence of isobaric martensite reorientation of preferred variants in
order to accommodate the applied macroscopic strain without
permanent deformation. Although the loadwas limited at 200MPa,
the varying texture with increasing load indicates the additional
transformation strain capability of this alloy as macroscopically
shown in Fig. 11.

In a similar analysis, the normalized intensities of B2 austenite
at 300 �C are shown in Fig. 16 for various stresses. As opposed to
the changing intensities of the martensite phase, the austenite
intensities did not vary with cycling or with changing load. This
unchanging austenitic texture is also an indication that no new
or additional deformation mechanisms occur in the austenite
phase due to thermal cycling under the current conditions and
that the underlying microstructure has not been affected by prior
history. These microstructural results are fully consistent with
the lack of plastic deformation evident in the mechanical test
data under the current conditions and help explain why the
strains generated during the isobaric thermal cycling were fully
reversible.

Lattice strains for a select family of planes were calculated using
εhkl¼ Dd/d0, where d0 is the initial d-spacing of the startingmaterial
at 0 MPamacroscopic stress. Lattice strains in themartensite phase,
shown in Fig. 17, exhibited an anisotropy associated with the low
symmetry monoclinic phase. At j ¼ 0, which corresponds to the
loading axis, some lattice planes exhibited strains as high as �1.6%
in the case of the (030)M planes, while others developed an order of
magnitude less strain such as the (110)M planes. Moreover, there is
large deviation in strain magnitude over different azimuthal angles
as illustrated by the (111)M planes. Regardless of the initial
anisotropy or strain heterogeneity, all the lattice strains were
recovered after load removal consistent with the macroscopic
findings presented in previous sections.

In contrast to the martensite phase, lattice strains for the
austenite phase are mostly isotropic in nature as shown in Fig. 18.
Within the measurements error, the B2 lattice planes exhibit
similar strain behavior and magnitude (compressive along j ¼ 0,
tensile along j ¼ 90) indicating the isotropy associated with the
parent phase. Nevertheless, similar observations were made
regarding the strain reversibility after load removal with no re-
sidual lattice strain observed. The lattice strain reversibility is also
an indication of the lack of internal/residual strains that would
otherwise help drive the TWSME. Without any internal stresses,
the material, as demonstrated macroscopically, exhibited no
TWSME under the test conditions shown in Fig 14.

4. Conclusions

Basic mechanical, thermomechanical, and microstructural be-
haviors of the precipitation strengthened, Ni-rich Ni50.3Ti29.7Hf20
high temperature shape memory alloy were investigated under
isothermal and isobaric conditions. Based on the ex situ macro-
scopic and in situ synchrotron X-ray diffraction results, the
following conclusions can be made:

1. Isothermal deformation of the martensite phase at room tem-
perature resulted in no plastic deformation or other irrecover-
able strains when tested to 1 GPa uniaxial tensile and



Fig. 18. Lattice strains for a select family of planes in the austenite phase at 300 �C as a function of the azimuthal angle integrated over 10� j segments.
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compressive stresses. In addition, extended cycling at this stress
level did not introduce any permanent deformation and all
strains were transformation related and recovered upon heating
through the phase transformation.

2. A near-perfect superelastic behavior, without generation of
significant residual strain, was obtained at temperatures be-
tween 180 and 220 �C, with recoverable strains on the order of
3% upon unloading. Plastic deformation was apparent only at
temperatures higher than 220 �C, resulting in a small w0.2%
TWSME.

3. Isothermal deformation in either the martensite or austenite
phases did not yield a large and stable TWSME, mainly due to
lack of internal/residual stress fields, since plastic deformation
was not introduced under the test conditions investigated.

4. In situ diffraction data showed a complete phase transformation
between the B190 and B2 phases with no evidence of retained
martensite above Af, in both the unloaded and loaded condi-
tions. Similarly, there was no indication of residual austenite
below the measured Mf temperature.

5. Dimensionally stable responses were observed during isobaric
thermal cycling, with no prior training requirement. Stability
was also observed in the microstructure. In situ diffraction
spectra, collected during isobaric thermal cycling, revealed
preferentially oriented martensite variants that revert back to
the original microstructure upon load removal. No texture
changes were observed in the austenite phase and no evidence
for plastic deformationwas detected in the spectrawhen cycling
with stresses up to�200MPa. Similarly, measured lattice strains
were found to fully recover after load removal and stress-free
thermal cycling, leaving no residual strains. These findings are
consistent with the lack of macroscopic residual strains and the
absence of TWSME.
6. Isobaric thermal cycling at high stresses, exceeding �500 MPa,
resulted in slight dimensional instabilities and a maximum
TWSME of 0.34% after cycling at�700MPa. Isobarically, a higher
TWSME was obtained compared to the introduction of
isothermal deformation, but neither case produced significant
TWSME in this alloy.

7. The maximum actuation strain in compression seemed to
saturate at approximately 2.65%.
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