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Nickel-rich NiTiHf high-temperature shape memory alloys continue to garner significant interest for actuator
applications. One issue impeding their widespread use is the question of actuation fatigue lifetime under high
loads. This paper describes how these fatigue challenges can be overcome by partial thermomechanical cycling.
By limiting actuation strain to less than the maximum value that is attainable with full transformation, actuation
life cycles can be significantly extended. Strain-controlled cycling is achieved by limiting the upper cycle tem-

perature during heating and stopping each cycle short of the austenite finish temperature. Four compositions of
NiTiHf were tested to three levels of transformation. Strain-controlled cycling increased the actuation fatigue
lifetimes of all compositions. However, specimens resistant to dislocation plasticity attained longer lives during
full transformation cycling, but during partial cycling, they failed earlier than samples with higher resistance to
plasticity. This highlights the importance of the competition between functional and structural fatigue.

Nickel-rich NiTiHf high-temperature shape memory alloys
(HTSMAs) are better alternatives to the conventional binary NiTi alloys
in solid-state actuator applications due to their higher transformation
temperatures (TTs), increased work output, and improved stability.
Increased work output stems from the higher strength and stability of Ni-
rich NiTiHf HTSMAs permitting larger service loads. However, this
comes at the expense of the number of actuation cycles to failure. Many
studies have focused on solving the short-lifetime issue by fine-tuning
the microstructure during alloy fabrication and processing [1-6].
Although this is a viable approach, consistent SMA fabrication in general
is difficult and this difficulty is compounded by the compositional
sensitivity of Ni-rich NiTiHf alloys [6,7]. As an alternative to the diffi-
culty of composition and processing control for an extended actuation
lifecycle, this study focuses on developing a fundamental understanding
of the effects of various operational conditions and cycling parameters
on the actuation fatigue response. This provides an approach to optimize
the actuation performance across multiple compositions compensating
for variations in material fabrication and processing. In NiTiHf HTSMAs,
the effects of applied load [8] and operating temperature [9], and in
NiTi SMAs, the effects of heating/cooling rates [10,11] and heating
waveform [12] on actuation fatigue responses have been well docu-
mented for full transformation cycling. Yet the effects of
strain-controlled actuation fatigue response of SMAs, in general, have
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not been studied in detail, let alone NiTiHf HTSMAs. This is becoming
more important with the increasing number of proposed implementa-
tions and applications for SMA actuators. In many SMA actuator appli-
cations, strain-controlled thermomechanical cycling can be used to meet
all the operational load and displacement requirements, while avoiding
the detrimental effects of full transformation cycling.

To the best of the authors’ knowledge, there are only a few in-
vestigations on the strain-controlled (also known as partial) thermo-
mechanical fatigue cycling of SMAs with only two of these on NiTiHf
HTSMAs [11,13-18]. In these studies, no experiments were conducted
to see if the strain-controlled actuation fatigue responses differ across
various compositions. Hence, this work is focused on determining the
compositional effects on strain-controlled actuation fatigue of Ni-rich
NiTiHf HTSMAs, with a special emphasis on the competition between
functional and structural fatigue responses. Structural fatigue is the
development of irrevocable damage leading to crack generation and
eventually rupture, whereas functional fatigue is described by the cyclic
evolution or degradation of transformation characteristics (e.g. trans-
formation temperatures, strains and hysteresis) beyond a usable limit
[19].

Four materials were used in this investigation with the following
nominal compositions: Nisg5Tiss3sHf16, NisgeTiso.4Hf19, and two
different production lots or batches of Nigg3Tizg7Hfoo (in atomic
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Fig. 1. DSC curves for the four NiTiHf HTSMAs used in this work after a
900 °C-1hr WQ solution heat treatment (blue) and 550 °C-3hr AC (red) aging
heat treatment.

percent). The Nisg 5Tis3 sHf16 and Nisg ¢Tizg 4Hf19 alloys, referred to as
Hf16 and Hf19 herein, were both melted by plasma arc melting and hot
extruded at 900 °C to a 9:1 area reduction ratio. The Nisg 3Tizg 7Hf2q
alloys, referred to as Hf20a and Hf20b, were both vacuum induction
skull melted and hot extruded at 900 °C to a 6:1 area reduction ratio.
Although the Hf20a and Hf20b alloys were intended to have the same
composition and the raw element feedstocks were mixed to the same
ratio, they were melted in different batches and have been shown in
previous studies [1] to have different final compositions.

The transformation temperatures of each material were measured
using a TA Instruments Q2000 differential scanning calorimeter (DSC)
with a heating/cooling rate of 10 °C/min. Small 3 mm diameter DSC
samples were cut using wire electrical discharge machining (EDM). The
results are shown in Fig. 1 for solutionized (blue) and aged (red) sam-
ples, and the measured TTs from these curves are given in Table 1.
Solutionizing was performed at 900 °C-1hr followed by water quenching
(WQ). To prevent oxidation, these samples were sealed in evacuated
quartz tubes with a Ti sponge oxygen getter and back filled with high
purity argon. The purpose of this treatment is to produce precipitate free
material so that the TTs measured via DSC are indicative of the actual
relative compositions which are known to vary considerably from their
nominal values when producing large melts of NiTiHf material [1,20].

It is known that higher Hf content increases TTs whereas higher Ni
content decreases them, and variations in Ni content have a much
greater impact on TTs than Hf [7]. It can be inferred that any differences
in actual composition from nominal composition, as indicated by shifted
DSC curves (as demonstrated by Hf20a and Hf20b), are primarily due to
differences in Ni content. Hence, assuming the Hf content of each batch

Table 1
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is close to the nominal composition Hf20b has more Ni than Hf20a.
Likewise, Hf19 has a lower Ni content than that of Hf20a as the Hf
contents are somewhat similar. As Hf16 has a significantly lower Hf
content, the decrease in TTs may be simply due to the lower Hf content,
thus, Ni content in Hf16 is either the same or slightly lower than that of
Hf19. Comparing the solutionized M; temperatures to those presented in
the systematic study on the effects of Ni and Hf content on TTs by Umale
et al. [7] the actual Ni contents of Hf16, Hf19, Hf20a, and Hf 20b are
likely closer to 50.55 at.%, 50.68 at.%, 50.84 at.%, and 50.92 at.%,
respectively. Before actuation fatigue testing the samples were peak
aged at 550 °C for 3hr in air and air cooled (AC) to precipitate strengthen
the alloys and the aged TTs are listed in Table 1.

Characterization of impurities was carried out using a Tescan LYRA-
3 Model GMH scanning electron microscope (SEM). SEM samples were
mechanically polished to 1200 grit followed by a 3 um silica slurry. Back
scattered electron (BSE) images were taken of the samples and analyzed
in FIJI [21] to determine the amount of non-metallic inclusions (NMIs)
in each material. The BSE SEM images in Fig. 2a show relative size and
distribution of the impurities found in each material. The analysis of
these images is given in Fig. 2b detailing the relative area fraction of
impurities and their mean particle size from each alloy. One can see that
Hf16 had the highest level of large inclusions at ~0.6 area% with an
average size of ~1.2 um?. Hf19, Hf20a and Hf20b were similar to each
other with a significantly lower inclusion fraction (~0.2 area%). How-
ever, Hf20a and Hf20b had an average inclusion size of ~0.9 ym? and
Hf19 had the smallest inclusions with the size of ~0.5 um? Energy
dispersive X-ray spectroscopy (EDS) was employed to examine the
chemical composition of the observed impurities which were deter-
mined to be a mixture of HfO, (white particles) and (Ti+Hf)4NizOx
(black particles). Note that the amount of NMIs affects the actuation
fatigue lives NiTiHf HTSMAs by impacting their structural fatigue
response [1,18].

Transmission electron microscopy (TEM) was performed using an
FEI Tecnai F20 ST FEG instrument to determine the size and distribution
of H-phase precipitates after aging (Fig. 2c). Fig. 2d represents the
calculated mean precipitate length and width in each aged composition.
It can be seen in these figures that Hf16 has a sparse heterogenous dis-
tribution of larger precipitates (~32 pm long and ~15 um wide),
whereas those in Hf19, Hf20a, and Hf20b are all homogenously
distributed with a similar small size (~15 pm long and ~7 um wide). In
Fig. 2c the H-phase content of Hf20b appears more numerous and
densely packed than the other alloys. H-phase precipitates are rich in Ni
and Hf and poor in Ti as compared to the precipitate free matrix
composition [22,23]. It has been shown that nucleation of these pre-
cipitates is governed by Ni diffusion and precipitate coarsening depends
on Hf diffusion [24-26]. Hence, a higher Ni-content results in higher
number of H-phase particles as is demonstrated in the Hf20 alloys with
the most precipitates and highest Ni content. Conversely, Hf16 has the
lowest amount of Ni and Hf resulting in nucleating and preferentially
growing only a few precipitates.

Transformation temperatures after a solution heat treatment of 900 °C-1hr water quenched and aging heat treatment of 550 °C-3hr air cooled for the four NiTiHf alloys

used in this study.

Material Heat Treatment Transformation Temperatures [°C] Hysteresis [°C]
M¢ M, A A¢ As_M;
Hf16 900 °C-1hr WQ 88 98 138 151 53
550 °C-3hr AC 99 116 145 169 53
Hf19 900 °C-1hr WQ 106 133 156 168 35
550 °C-3hr AC 144 161 182 195 34
Hf20a 900 °C-1hr WQ 83 95 122 131 36
550 °C-3hr AC 126 140 157 168 28
Hf20b 900 °C-1hr WQ 44 54 89 103 49
550 °C-3hr AC 98 116 130 146 30
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Fig. 2. Material characterization results showing: (a) Back scattered electron (BSE) SEM images showing the HfO, and (Ti+Hf)4Ni>Oy (black) particles present in
each material (emphasized by white arrows). (b) The area fraction (solid circles) and average particle size (hollow diamonds) of non-metallic inclusions for the four
materials calculated from the BSE images of multiple regions of each specimen. (c) the bright-field TEM images showing the dark H-phase precipitates (emphasized
by white arrows) present in each NiTiHf composition after aging at 550 °C-3 h. (d) The mean H-phase precipitate length and width measured from the TEM images.

Actuation fatigue dog bone samples were wire EDM cut from each of
the materials, aged at 550 °C-3 hrs in air followed by air cooling, and
tested in a custom tensile actuation fatigue frame [18]. The details of the
experimental set up and how the actuation fatigue experiments per-
formed can be found in [1,18]. All samples were tested under a constant
force with an initial stress of 300 MPa up to three different degrees of
transformation: 100-0 % martensite volume fraction (MVF), 100-25 %
MVF, and 100-50 % MVF. Fig. 3 defines full transformation cycling
(100-0 % MVF) versus partial transformation cycling (100-X% MVF).
Full transformation cycles were performed by cycling samples between a
lower cycle temperature (LCT) below martensite finish (My) and an
upper cycle temperature (UCT) above austenite finish (Ag). For each test,
the samples were initially run for 100 cycles at 300 MPa under full
transformation (below Mg to above Ay) to stabilize actuation and deter-
mine the maximum attainable actuation strain (e,c). After 100 cycles
the samples were cooled to the LCT and for all subsequent cycles they
were heated to a partial upper cycle temperature (PUCT) until the
desired fraction of maximum ¢e,.; was reached (75 % or 50 %), labelled
epyct- They were then cycled to failure while holding the ey level
constant by limiting the maximum sample temperature on each cycle.
Actuation strain is the difference between the strain measured at the LCT
(eLct) and that at the UCT (eycr) or ercr - €pucr for partial cycles. As the
samples were cycled, the upper temperature for each cycle tended to
increase as the test frame maintained a constant e,.. To ensure the
validity of the results each condition was repeated at least twice. Each
test took between 10 and 26 days to complete.

The fatigue lives for each material and test case are summarized in
Fig. 4 with 100-0 %, 100-25 %, and 100-50 % MVF represented by
blue, green, and orange bars correspondingly. Under full transformation
(100-0 % MVF) Hf16 survived the longest at 4500 + 515 cycles. The
other materials only lasted 3264 + 364 cycles, 2265 + 372 cycles, and
1420 + 194 cycles in Hf19, Hf20a and Hf20b respectively. An initial
assumption prior to strain-controlled partial cycling was that alloys with
the longest actuation lifetime during full cycling would also have the
longest partial cycling actuation lifetime. However, as can be seen in
Fig. 4, this is not the case. In fact, the alloys with the shortest fatigue
lives under full transformation, Hf20a and Hf20b, had the greatest in-
crease in life due to the strain-controlled actuation fatigue testing. At 50
% transformation, Hf20a had a 15x increase and Hf20b had a 20x in-
crease in lifetime from that attained under full cycling, compared to
Hf16 and Hf19 which had a mere 4x and 7x rise in lifetime at 50 %
actuation.

Fig. 5 displays the cyclic evolution of the actuation strain (eac) (i)
and LCT strain (g;cr) (ii) for all materials at the three tested levels of full
and partial transformation (a. 100 %, b. 75 %, and c. 50 %). Irrecover-
able strain (UCT strain) is not shown since the partially cycled samples
are not heated above As. However, ¢t evolution can also indicate the
evolution of transformation induced plasticity (TRIP). TRIP is known to
contribute to the formation of cracks during actuation fatigue [27-29].
Typically, NiTiHf with less resistance to dislocations (“soft” alloys) have
a greater initial accumulation of TRIP leading to longer actuation fatigue
lives by postponing the structural fatigue damage (crack) accumulation.
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constant force. The blue lines correspond to cooling from austenite to
martensite and the red lines correspond to heating from martensite to austenite.
The dashed lines are representative of full cycling between a lower cycle tem-
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a partial heating cycle, heating from the LCT to a partial heating UCT (PHUCT)
until the desired fraction of actuation is attained. Mg, M, A, and A¢ correspond
to the transformation temperatures at the applied load o. The actuation strain
during full cycling and partial cycling are calculated as the difference between
the strain at the LCT and the UCT or PHUCT during heating.
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Fig. 4. Summary of the actuation fatigue lives of each of the four tested NiTiHf
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and 50 %).

Lifet

This is because the build-up of plastic deformation creates regions of
retained martensite which reduces the total transforming volume
resulting in less €,¢ and more functional fatigue. With a smaller volume
to further generate dislocations there are fewer high stress regions for
crack nucleation. Because the UCT remains constant in the 100-0 %
MVF (full transformation) condition there is no subsequent increase in
driving force to compel these retained areas to transform. This is illus-
trated by the steep increase in e cr and longer lifetimes under full
transformation (Fig. 5aii) for the Hf16 and Hf19 samples.

Conversely, materials with a high resistance to plastic deformation
do not generate TRIP readily and create less retained martensite
providing better functional fatigue than soft alloys. However, high
resistance to plastic deformation promotes more complete trans-
formation under full cycling (with a fixed UCT) which increases the
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amount of high stress regions for crack nucleation reducing structural
fatigue. This is indicated by the relatively smaller increases in & cr
evolution but shorter lifetimes (Fig. 5aii) for the Hf20a and Hf20b
specimens.

Strain-controlled actuation cycling increases fatigue lives (as
compared to full cycling) by reducing the amount of crack initiation and
reducing the structural fatigue damage accumulation. The reduction in
crack initiation is caused by a shift in transformation regions as dislo-
cations accumulate in preferential areas and impede transformation to a
point that alternate zones become preferential transformation regions
[18]. NiTiHf HTSMAs that are less resistance to plastic deformation
accelerate the process of moving preferential transformation zones
developing a larger number of interfaces (austenite/martensite and
martensite/martensite) for damage to occur. In addition, the more
rapidly raising required global transformation driving force present in
softer materials (i.e. higher UCT as compared to compositions with
higher plasticity resistance) forces transformation in high TRIP regions
further promoting crack nucleation. Hence, Hf16 and Hf19 have an
increased lifetime under strain-controlled actuation fatigue experiments
but not as significantly as Hf20a and Hf20b.

NiTiHf HTSMAs exhibit solution strengthening as larger Hf atoms
substitute Ti atoms in the Ti sub-lattice [30] and precipitate strength-
ening due to the formation of H-phase precipitates upon aging [23].
Hf16 had the least resistance to plastic deformation due to its low Ni and
Hf content and sparse heterogenous distribution of H-phase not
providing optimal solution or precipitate strengthening. Hf19 had the
second lowest plastic deformation resistance due to lower Ni content
and sparser H-phase than Hf20a and Hf20b. Hf20a and Hf20b are very
similar, however, the lower fatigue life observed in Hf20b could be
attributed to being highly Ni-rich and having very dense precipitation
which both make the alloy more susceptible to rapid crack growth and
rupture.

The amounts of NMIs in the tested alloys do not appear to have
impacted the observed actuation fatigue results substantially. Hf16 had
the highest impurity content, yet, it was the softest of the alloys and it
has been shown that actuation fatigue is less affected by inclusions in
softer materials [1]. Further evidence is that Hf19, Hf20a, and Hf20b all
had a similar and very low impurity area fraction and Hf19 still had a
poorer partial cycling actuation fatigue life than the Hf20 alloys.

In summary, the effects of composition on the strain-controlled
actuation fatigue response of Ni-rich NiTiHf HTSMAs were investi-
gated in the present study. Main findings and conclusions can be sum-
marized as follows:

e Strain controlled actuation fatigue experiments via partial austenite
transformation increases the actuation fatigue lifetimes of Ni-rich
NiTiHf HTSMAs as compared to those for full austenite
transformation.

e Lower Ni, Hf, and H-phase contents decrease the resistance to

dislocation plasticity in NiTiHf HTSMAs leading to extensive TRIP,

which positively impacts the structural fatigue response under full
transformation cycles but leads to a poor functional fatigue response
and substantial deterioration of actuation strain.

Lower resistance to dislocation plasticity in Hf16 and Hf19 alloys

reduces the benefits of strain-controlled actuation fatigue testing (i.e.

partial austenite transformation) by causing a more rapid evolution

of the transforming volume during partial cycling which increases
the required global transformation driving force as well as the
number of interfaces which act as crack nucleation sites.
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Fig. 5. Cyclic evolution of (i) actuation strain (e,ct), and (ii) LCT strain (e1cr) until sample rupture. The €, and €;cr evolutions are compared between the three test

conditions; (a) 100-0 % MVF, (b) 100-25 % MVF, and (c¢) 100-50 % MVF.

e The detrimental effect of non-metallic inclusions is less severe in
compositions with a lower resistance to dislocation plasticity or
compositions undergoing partial austenite thermal cycling.
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