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The tensile fatigue response of single crystal NiFeGa with [001], [01 1]and [123] orientations was investigated under pseudoelas-
tic conditions. The [00 1] orientation displayed a remarkably long fatigue life, exceeding 13,000 cycles, when loaded to a 10% strain
range. The [123] orientation displayed the shortest fatigue life and the [011] intermediate. Although the fatigue lives drastically
varied for all three orientations, the stabilization of the stress—strain curves was similar. The lack of residual strains and the stability

of the stress—strain curves indicate excellent fatigue resistance.
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Shape memory alloys (SMAs) experience cyclic
loading in actuation, sensing and biomedical applica-
tions. These applications often exploit the large pseudo-
elastic deformation properties of SMAs. Emerging
applications demand large cyclic strains (>5%) without
loss of recoverability. Although NiTi alloys are most
widely used, at fully reversed strains of +5% their fati-
gue lives are <1000 cycles [1]. The CuNiAl alloys exhibit
better fatigue resistance with lives of 3000 cycles under a
tensile strain range of 10% [2]. The quest for new mate-
rials with high fatigue resistance, large pseudoelastic
capability and long fatigue life is an ongoing effort,
and the current investigation is focused on this need.

Recently developed NiFeGa SMAs are promising
ferromagnetic actuating and sensing materials. The tem-
perature dependence of the tensile and compressive
response has been reported for NisyFe;9Ga,; (at.%)
[3-5]. Large, fully recoverable tensile strains greater than
10% have been measured in selective single crystal orien-
tations [4,5]. Experimental and theoretical transforma-
tion strains for NiFeGa exceed that for NiTi and most
other commercial SMAs. NiFeGa also displays com-
plete pseudoelastic recovery over a wider temperature
range (>300 °C) than has been observed for other SMAs
[5] However, the fatigue resistance or the cyclic stability
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of the stress—strain curve has not been reported for
NiFeGa.

To characterize the deformation response and in turn
the fatigue resistance we define the relevant material
parameters in Figure 1. For crystal orientations near
the [00 1] pole of the stereographic triangle, a two-stage
transformation in NiFeGa is observed in tension [4,5].
Based on our work (including extensive strain-tempera-
ture experiments [5]) we identified the “first” as A—
10M — 14M and the ‘“second” transformation as
14M — L10. We refer to cubic austenite with L21 atom-
ic order as A4, the martensite phases as 10M or 14M
(describing 5 and 7 modulation periods), and the
unmodulated tetragonal lattice as L10. The “first”
transformation will be referred to as SIM1 and the “‘sec-
ond” transition as SIM2 (where SIM refers to stress-
induced martensite). The critical stress (o) for SIM1
is defined at the onset of the transition in Figure 1.
The transformation strain (g,) for SIM1 is also shown
in Figure 1. The stress hysteresis (Ao) is defined at half
the ¢, in Figure 1 for SIM1 and SIM2 respectively. In
addition, the applied strain range (Ag) is shown in Fig-
ure 1. Previous works on other SMAs have found the
change in these material parameters to be dependent
on test temperature [6,7], alloy composition [8], crystal
orientation [9-12] and test control parameters [13]. Spe-
cifically, some researchers have cycled between fixed
stress limits [1,13], whereas others have enforced either
a fixed strain range [1,9,11,14,15] or a constant
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Figure 1. Schematic stress—strain curve defining the critical stress (o),
the stress hysteresis (Ag), the strain range (A¢) and the transformation
strain ().

maximum strain [10,12,13,16]. In the case of a cyclically
hardening material, fixed stress conditions produce a de-
crease in the applied strain and hence limit the fatigue
damage. Similarly, constant maximum strain conditions
limit fatigue damage when a material exhibits irrevers-
ible strain. The fixed strain range experiment represents
the most demanding conditions for SMA fatigue studies.

Fatigue studies in SMAs fall into two categories:
investigations of the deformation response and investi-
gations of the fatigue lives. The majority of the literature
reports on the first category, i.e. the deformation re-
sponse and its degradation with cycles. We provide a
brief review of both categories below.

Miyazaki et al. utilized a fixed strain range of 5% for
the loading of polycrystalline NiTi [14]. The o, and the
Ao decreased 10-40% and stabilized after 100 cycles
with a ratcheting strain of 0.25-0.75%. Sehitoglu and
co-workers examined fixed strain range cycling to 3%
in both tension and compression in NiTi single crystals
[11]. They observed considerable cyclic hardening,
ratchet strains of 0.6-0.9% and a decrease of o, after
90 cycles. Sade and colleagues have also noted a de-
crease of approximately 33% in the 0., and a marked in-
crease in the hardening slope for a fixed strain range of
5% in CuZnAl single crystals [9]. Kato et al. investigated
constant maximum strain cycling to near 10% in
CuAIMn [10]. They found changes up to 100% in the
a.r, but significant ratchet strain (>8%) during the exper-
iments resulted in almost purely elastic loading (elastic
shakedown) by 1000 cycles. Strnadel and co-workers
investigated differences between fixed stress (R =0)
and constant maximum strain cycling for polycrystalline
NiTi and NiTiCu [13]. A constant maximum strain of
3% or a stress range of 1.1-1.2 ., was utilized. For
either test condition, decreases in o were near 50% of
the initial values. Furthermore, both test conditions re-
sulted in ratcheting strain (thus reducing the fatigue
damage of each cycle). These results point to the need
for fixed strain range control conditions to circumvent
“elastic shakedown”.

Fewer studies were conducted under the second cate-
gory, which consists of investigating the fatigue lives.
Melton and Mercier showed that fully reversed strain
controlled cyclic experiments to +5% strain resulted in

a fatigue life of 1000 cycles for NiTi [1]. Miyazaki re-
ported fatigue lives varying from 3000 to 30,000 for
NiTi loaded to a constant maximum strain of 5% [16].
The range of fatigue lives varied depending on the heat
treatment, and ratchet strains were below 1% (producing
a strain range of 4%). In another study, Miyazaki and
colleagues conducted rotating bending tests with a max-
imum surface strain of 3.5% on polycrystalline NiTi and
NiTiCu wires; the corresponding lives were <10,000
cycles [8]. Sakamoto investigated the fatigue behavior
of CuAINi single crystals at 10% maximum strain and
found fatigue lives of <3000 cycles [2]. In summary,
the fatigue performance of SMAs are superior compared
to conventional structural materials but there is a lack of
fatigue information for strains of the order of 10%. The
present investigation considers two categories: the
stress—strain response during fixed strain range cycling,
and the fatigue lives of NiFeGa.

The investigated alloy was cast to a nominal compo-
sition of NisyFe 9Gay; (at.%). Single crystals were subse-
quently grown using the Bridgman technique in an inert
environment. Small-scale dog-bone-shaped specimens
with a 1.5x 3 mm cross section and a 21 mm gauge
length were electrodischarged machined with their load-
ing axis along the [001], [011] or [123] crystallographic
directions. Based on crystallographic considerations 8, 4
and 2 active correspondent variant pairs (CVPs) operate
in the [001], [011] or [123] cases, respectively, with cor-
responding theoretical transformation strains of 14.5%,
4.1% and 7.1% for SIM1 + SIM2 [5]. The forward and
reverse transformation temperatures (the peaks of the
differential scanning calorimetry (DSC) curves) for this
alloy were determined from DSC as 0 and 16 °C, respec-
tively [3]. All the experiments were conducted at 25 °C,
which is above the austenite reverse transformation
temperature.

The o, and the Ao of each first cycle, denoted by g
and Ag, respectively, were used to normalize subse-
quent cycles to study the stress—strain transients. This
normalization also permits a comparison between the
three orientations. The values of the elastic modulus
and the o, are based on an average of at least four mea-
surements for each orientation. The elastic modulus was
approximately 8 GPa for the [001], 30 GPa for the [011]
and 40 GPa for the [12 3] orientation. The [00 1] orienta-
tion had a lower critical stress (64 MPa) compared to the
[011] and [123] orientations (80 MPa). This was attrib-
uted to the greater resolved shear stress on the CVPs for
the [001] orientation [5].

The fatigue response of the three orientations and the
fatigue life, Ny (number of cycles to failure), are shown
in Figure 2. Samples that did not fail are indicated by
N¢=Runout. A comparatively short fatigue life of
Ny=58 was found for the [123] orientation when
loaded to a 3% strain range (shown in Fig. 2a). At a
smaller applied strain range of 1% the fatigue life was
Nr=238 and at 2% the fatigue life was Ny= 117 (not
shown). The [01 1] orientation displayed a longer fatigue
life (Ny = 6427) compared to the [123] orientation when
loaded to a 1% strain range (Fig. 2b). None of the [001]
specimens failed when loaded to strain ranges below 6%.
Cycles greater than 18,000 were obtained at a 3% strain
range without a significant change in the stress—strain
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Figure 2. Cyclic pseudoelastic stress—strain curves: (a) [123], (b) [011],
(c) [001].

response (Fig. 2c). All three orientations retained
pseudoelastic response for the majority of their fatigue
life (i.e. no ratcheting or residual strain). Additionally,
the hardening slope remains stable during cycling for
all orientations (Fig. 2).

Figure 3 shows the typical stress—strain behavior for
the [001] orientation at a 10% strain range. At applied
strain ranges >6%, the stress—strain curve displayed a
two-stage transformation. This second transformation
(SIM2) has a noticeable effect on the overall shape of
the stress—strain curve, but the strain recoverability
and the cyclic stability is retained. Although the speci-
men prematurely failed in the fillet section, a long fati-
gue life (Ny=13,579) was found at a 10% strain range
(Fig. 3). At an applied strain range of 12% the fatigue
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Figure 3. Cyclic stress—strain curve of the [001] orientation.

life was 558 cycles; again the failure was unavoidably
at the fillet. These lives should be considered lower
bounds because of failure at the fillet section.

The reduction of the o, and Ac the for the [001]
orientation is shown in Figure 4 for the 2, 3, 6, 10 and
12% strain ranges. The effect of cycling on the g, was
similar for strain ranges below 6% (indicated by the so-
lid trend line) with a decrease of approximately 16%.
The degradation of the 6. and Ao the for the [011]
and [123] overlays the data shown in Figure 4 for strain
ranges below 6% (not shown). The effect of cycling on
the Ao was in the worst case approximately a 20% de-
crease for the [001] orientation and a 10% decrease
for the [011] and [123] orientations. The o., and the
Ac became cyclically stable after 30 cycles, which is a
small life fraction for most of the experiments consid-
ered. Also, minimal cyclic hardening was observed for
all orientations and applied strains. This suggests that
the effects of cycling are generated upon the initiation
of the transformation not during the growth of the
transformation to larger strains. However, above an ap-
plied strain range of 6%, the decrease in o, occurred
more rapidly and stabilized at approximately a 25%
change (represented by the dotted black trend line).
The effects of cycling on the Ac followed the same initial
transient over a small life fraction of cycles and subse-
quently remained stable. The Ao did not seem to be
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Figure 4. Change in the g, and the Ag during cycling at the 2, 3, 6, 10
and 12% strain ranges.
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affected by the applied strain range and decreased
no more than approximately 20% until later in the
fatigue life. Also note that Aogiv» (dashed black trend
line) is as stable as Aogm (solid black trend
line).

The experiments differed from most prior research
where either a fixed stress or constant maximum strain
was maintained. Since most previously investigated
SMAs cyclically harden, maintaining fixed stress limits
causes the deformation to decrease. Similarly, maximum
strain endpoint-controlled tests would display a decreas-
ing strain range as the material ratchets. On the other
hand, the fixed strain range conditions utilized in this
study maximize fatigue damage and allow a precise
comparison of transients in the deformation response.

Complete pseudoelastic recovery was observed for
nearly the entire duration of the experiments, ruling
out the possibility of a high density of defect (disloca-
tion) generation. The lack of changes in the cyclic loop
shape and the lack of ratchet strain also suggests that
cyclic loading does not produce significant dislocation
emission or residual martensite as is commonly observed
in other SMAs [11]. Irreversibilities such as residual
martensite could interact with subsequently formed
martensites and obstruct their expansion and growth.
This would result in incomplete pseudoelasticity and
hardening of the stress—strain slope [11]; however, this
is not observed in NiFeGa.

Changes in the o, and the Ao were <16% and 20%,
respectively for strain ranges <6%. These changes
occurred over a small fraction of the life and the re-
sponse was cyclically stable thereafter. Almost no cyclic
hardening was observed in the three orientations inves-
tigated. The lack of cyclic hardening suggested minimal
interaction between CVPs and or defects [9]. The degra-
dation of the o, for the [001] orientation was found to
be dependent on the applied strain range above 6%. At
strain ranges >6%, the [001] orientation undergoes a
two-stage transformation. Although the decrease in crit-
ical stress is affected by SIM2, the Ao is not altered. Fur-
thermore, cycling through the two-stage transformation
does not appear to decrease the fatigue life. The greater
fatigue life for a given strain range in the [00 1] orienta-
tion could result from a combination of the larger num-
ber of active CVPs, the higher resolved shear stress

factor and the lower initial modulus. Additionally, the
[001] orientation is unfavorably oriented for slip [15].

In summary, this is the first time the fatigue resistance
and the fatigue life have been investigated under a strain
range of 12% in tension. Furthermore, to our knowl-
edge, this is the first report on the fatigue life of NiFeGa,
a very promising SMA. The lack of irreversible strains
and the minimal degradation of the g, and the Ac at
strain ranges of 6-12% indicate excellent fatigue
resistance.
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