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Abstract

Vastly used due to their functional properties, NiTi shape memory alloys have mechanical properties and fatigue resist-
ance known to be strongly affected by their thermomechanical state. In this work, the goal was to evaluate the fatigue
resistance of near equiatomic Ni-rich NiTi heat treated wires in different tests temperature. In this manner, it was possible
to evaluate the phase constitution effect on the fatigue resistance with a fixed thermomechanical condition. For that,
a heat treatment at 500 °C for 30 min was performed in initially superelastic wires in an argon atmosphere. DSC tests
were performed in order to obtain the transformation temperatures and there different fatigue test temperatures were
chosen according to the phase stability ranges. Rotating-bending fatigue tests took place in proper equipment at 4%
maximum strain, evaluating the properties of structures constituted by the R-phase, austenite and R-phase + austenite,
in each selected test temperature. The results showed that the R-phase presents higher low-cycle fatigue resistance than

austenite and a fatigue mechanism was proposed.
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1 Introduction

Near equiatomic NiTi alloys are attractive shape memory
alloys due to the combination of their mechanical proper-
ties with their functional capabilities, being suitable to a
wide range of engineering and medical applications [1].
Within these applications, NiTi wires are commonly sub-
jected to substantial fluctuating stresses and strains, being
prone to failure by fatigue. In cyclic conditions, NiTi wires
can fail by functional fatigue, i.e., by losing their functional
properties with an increasing number of cycles or by struc-
tural fatigue, i.e, damage accumulation during cyclic load-
ing [2, 3]. The fatigue resistance of these alloys depends
on the microstructure, the transformation temperatures
and on the thermomechanical state. However, its complex
structure and structure variations with the heat treatment

parameters and the thermomechanical history make
fatigue behavior hard to understand and to predict [4-7].

In this context, recent studies have been made to evalu-
ate some microstructural effects on the crack growth and
fatigue life such as the effect of downsizing inclusions [8],
grain size [9] and grain orientation around stress concen-
trators [10] as well as attempts to obtain analytical mod-
els to describe the non-linear fatigue behavior of these
materials [11, 12]. Previous works by these authors [13,
14] have studied the effect of heat- treatments in differ-
ent temperatures in a commercially available superelastic
wire and it has been observed that the ones that promote
precipitation of coherent Ti;Ni, particles and the formation
of the R-phase in the working temperature provide good
fatigue resistance in low-cycle fatigue. However, during a
heat-treatment, other microstructural changes can take
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place such as recovery and recrystallization processes,
modifying the thermomechanical state of wires treated
in different temperatures. In this manner, in the present
study, the goal is to evaluate the effect of the different
initial phases on the fatigue NiTi wires with a fixed ther-
momechanical history and the same surface condition,
evaluating the effect of the present phases during cycling.
For this purpose, fatigue tests were performed at different
temperatures for wires with the same initial condition.

2 Materials and methods

The material used in this study was a 1 mm diameter
51 at% Ni-49 at% Ti commercially available superelastic
wire heat-treated at 500 °C in a tubular furnace with an
argon controlled-atmosphere for 30 min and then water
cooled. The superelastic wire is drawn and pickled in its
initial state, being in a strain-hardened condition, as previ-
ously noted in Ref. [14].

The heat-treated wires were firstly characterized at
22 °C by means of X-ray diffractometry (XRD) analy-
ses and tensile tests from the water cooled samples.
Hence, the obtained properties refer to a microstructure
obtained by cooling from high temperatures. The XRD
tests were performed for phase identification using Cu-Ka
(A=0.15418 nm) radiation and a scan speed of 0.02/s. The
peaks were identified by comparison with patterns from
the ICSD database and spectra available in the literature
[15-18].

The tensile tests took place in an Instron 5582 testing
machine in order to evaluate the mechanical behavior of
the wires. In accordance to ASTM F2516-14 standard [19],
tests until rupture were performed at a crosshead speed
of 12 mm/min and, in a different specimen, loading and
unloading up to 6% deformation at a crosshead speed
of 1.2 mm/min. The tested specimens presented useful
lengths of 60 mm, resulting in strain rates of 3.33x 1073 s™"
and 3.33x107*s™ for the rupture and loading/unloading
tests respectively. The experiments were repeated three
times and the strains were determined via mechanical
extensometer.

Differential scanning calorimetry was performed to
determinate the direct and reverse martensitic transforma-
tion temperatures and, thus, the phase stability range, in
a Shimadzu DSC-60 calorimeter at a cooling/heating rate
of 10 °C from — 100 to 100 °C. The tests were performed in
triplicate by cooling each specimen from room tempera-
ture to — 100 °C, following by heating to 100 °C, cooling it
back to — 100 °C and heating to room temperature. The
reverse transformation temperatures were determined in
the interval from — 100 to 100 °C, while the direct ones on
the subsequent cooling step.
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Then, the fatigue test temperatures were selected to
evaluate the wire’s performance with different phases. It
is worth pointing out that the wires had the same surface
condition, constituted by a thin layer of oxide resultant
from the heat-treatment that could be observed by a sur-
face coloring distinct from the wires in the initial condition,
but it was not detected on the XRD analyses. The fatigue
tests took place in proper flexural fatigue machine (Fig. 1)
at 4% maximum strain in water baths at the chosen tem-
peratures. During these rotating-bending fatigue test, the
stress state changes continually along the wire's diameter,
reaching maximum compression strains in the interior of
the arc and maximum tensions strains at the exterior of
the arg, similarly to other fatigue test apparatus present
in the literature [20, 21].

The fractured surfaces of the samples subjected to
the fatigue tests were analyzed in an FEl—inspect 550
scanning electron microscope (SEM) operating at 15 kV
using secondary electrons. Additionally, the longitudinal
sections of the samples fractured in one-phase regions
(10 °Cand 55 °C) were polished and analyzed in the SEM
unetched.

3 Results

The diffractogram obtained for the heat-treated wires at
room temperature (XRD) indicates the presence of the
R-phase and of austenite. The R-phase was identified, as
it can be seen in Fig. 2 [15, 22, 23]. However, the R-phase
peak splitting is not well defined, as it is exemplified in
Fig. 2b. This is an indication that austenite is also present at
this temperature. The presence of precipitates Ti;Ni, could
also be noted [24].

The mechanical behavior of the specimens in the ten-
sile tests is presented in Fig. 3. In the rupture curve, rep-
resented as a full line, the stress plateau was reached at

[CEEEEEEETEREEERRRRRE

[ UNIDADE DE ENSAIO \

MAQUINA DE FLEXAO ROTATIVA

Fig. 1 Rotating-bending fatigue test apparatus
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Fig.3 Representative tensile stress x strain rupture (full line) and
loading/unloading curves (dashed line) obtained in the tension test
of the heat-treated sample at room temperature

around 350 MPa with a corresponding maximum strain
of around 6%. A mean rupture stress of 1280 MPa was
observed with a deviation smaller than 2% and an appar-
ent Young Modulus of 48 GPa was obtained. In the loading/
unloading curve, represented as a dashed line, the stress
at which the plateau is reached is around 300 MPa. The
difference between the value obtained from the rupture
curve and the loading/unloading curve can be explained
by the different strain rates used in each test. Moreover, a
large residual strain was observed during unloading and a
full shape recovery could be achieved by heating.

Figure 4 presents the obtained DSC chart. Two peaks
were detected during cooling and during heating, charac-
terizing a symmetric R-phase transformation [25]. Marten-
sitic transformations involving the R-phase are common
on heat-treated samples. The R-phase is a pre-martensitic

1 1 T 17 T T T T
100 -80 60 -40 -20 O 20 40 60 80 100
Temperature (°C)

Fig.4 DSC chart obtained for the heat treated wire, where the
selected fatigue test temperatures T1, T2 and T3 are highlighted

trigonal phase that involves transformation lattices distor-
tions much smaller than the martensitic direct transfor-
mations. Coherent precipitates formed during heat-treat-
ments generate lattice distortions that favor the R-phase
formation and, thus, two-step transformations [26]. Hence,
the formation of coherent Ti;Ni, particles can be inferred,
in accordance to the observed XRD Ti;Ni, peak.

In this manner, the detected DSC peaks are identified
on the chartin accordance to Refs. [14, 17, 25, 27]. During
cooling, the first peak refers to austenite (A) — R-phase (R)
transformation and the second to the R-phase (R) — mar-
tensite (M) transformation. During heating, the first peak
refers to an M — R transformation and the second, toan R
— A transformation. Note that there is a small hysteresis
between the R <> A transformations during cooling and
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Table 1 Temperatures selected after de DSC analyses for the
fatigue test and the respective inferred phase constitution

Temperature Phase constitution in
stress free condition
T, 10°C R-phase
T, 33°C R-phase +austenite
T, 55°C Austenite
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Fig.5 Mean number of cycles to failure at 4% maximum strain
rotating-bending fatigue tests in each test temperature

heating and that these peaks have a characteristic sharp
profile like pointed out by Wang [17].

Considering the heat-treated wires are kept at room
temperature (~ 22 °C), three different temperatures were
selected to perform the fatigue tests and are presented
inTable 1.T1 is in a region where the R-phase is predomi-
nant on the cooling curve, which can be obtained by cool-
ing the heat-treated samples. T3 is in an austenitic region
and T2, in a two-phase austenitic+ R-phase region on the
heating curve, since both of these temperatures are above
room temperature and can be obtained by heating the
heat-treated samples.

The mean numbers of cycles to failure in each tem-
perature are presented in Fig. 5. The highest fatigue life
was observed on the structure initially constituted by the
R-phase (10 °C) and the lowest, on the austenite (55 °C).
The initially two-phase structure at 33 °C presented an
intermediate behavior.

The fracture surfaces of the fatigue tested samples
(Fig. 6) presented two different regions: a slow fatigue
crack propagation region (region 1 in Fig. 6) and a ductile
final rupture region (region 3 in Fig. 6). Between these two
regions, a transition zone can be observed, identified as
the region 2. While the crack nucleation and slow propaga-
tion region, shown in detail in Fig. 5b, e, h, is characterized
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by the presence of fatigue striations, the ductile fracture
region, shown in Fig. 5¢, f, i, is characterized by the pres-
ence of dimples. It is possible to notice in Fig. 5 (a, d and
g) that the area corresponding to the final ductile fracture
is larger in the sample initially constituted by austenite
(55 °C) in such way that the slow crack propagation region
is larger in samples initially constituted by the R-phase.
Also, multiple crack nucleation sites could be observed,
as there were multiple secondary slow crack propagation
regions, delimited in region 3.

It is worth noting that microcracks could be observed
through the striations in the slow propagation area of the
samples tested at 33 °C and 55 °C, as it can be noted in
Fig. 7. These types of microcracks were not observed in
the samples tested at 10 °C.

In the longitudinal sections of the samples, transverse
cracks were observed along the length of the fractured
wires. The longest cracks found in the samples tested at
10°Cand 55 °Careillustrated in Fig. 8. It is possible to note
that the cracks are longer in the sample tested at 10 °C
than in sample tested at 55 °C.

4 Discussion

The highest number of cycles to failure was obtained at
10 °C, in the initially R-phase structure and the lowest at
55 °C, in the initially austenitic structure. The samples with
an initially dual-phase structure presented intermediate
fatigue resistance. These results are in agreement with
previous tests at 4 °C for samples heat-treated in different
conditions [14]: the samples initially constituted by the
R-phase presented much higher fatigue resistance at 4%
strain than an initially austenitic structure.

While in the studies performed in Ref. [14], the samples
with different microstructures were obtained by heat-
treatment in different temperatures—and hence, having
different thermic histories, in this study the different initial
microstructures were obtained by using different test tem-
peratures. In such case, the effect of the test temperature
must also be considered.

In shape memory alloys, besides determining the phase
constitution, the working/testing temperature may also
have effects in the fatigue mechanisms. In fact, it has been
previously observed [28] that the unrecovered strains and
plastic deformation increase exponentially with increasing
temperature in superelastic wires.

During cycling in a fatigue regime, cracks nucleate on
stress concentration regions and go through a process of
growing and blunting up until a point where the predomi-
nant crack reaches a critical size and propagates unstably,
causing the component’s fracture. In high stress/strain
amplitudes, the crack propagation is an essential aspect
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Fig.6 Fracture analysis of samples tested in fatigue at a-c 10 °C; d—f 33 °C; and g-i 55 °C

of the fatigue resistance, since it prevails in low-cycle
fatigue in NiTi alloys, as reported in the literature [29-32].
The aggressive strain amplitude applied to the wires favors
fast crack nucleation, as it can be related to the various
fatigue initiation sites along the fracture surfaces in Fig. 6,
making crack propagation predominant on the fatigue life.

Since the majority of the fatigue life is related to crack
propagation and samples initially constituted by the
R-phase presented the highest number of cycles to fail-
ure, it can be assumed that crack propagation in this situ-
ation requires amounts of energy higher than at an initially
austenitic structure, resulting in slower propagation and
higher number of cycles to failure. The smaller fraction of
ductile fracture area in the sample tested at 10 °C frac-
tography and apparent smaller striation spacing are evi-
dence of the statement above. Additionally, the presence
of longer cracks in the longitudinal section of the initially
R-phase structure can also be related to the longer time

required to propagate the predominant crack, giving time
for secondary cracks in other planes to grow. Besides, the
longer size of this cracks when compared to the initially
austenitic wires could be an indication that this structure
bares longer cracks.

Unlike in conventional materials, the crack propagation
in low-cycle fatigue of NiTi seems to be deeply related to
the martensitic induced transformation rather than by the
existence of a plastic region around the crack tip [33, 34].
In both microstructures, the induced martensitic transfor-
mation is expected to occur during loading on cycling, but
while the reverse transformation occurs during unloading
in the austenite, it probably does not occur in the R-phase,
as it was observed in the tensile tests at room temperature
in Fig. 3. This observation is endorsed by previous stud-
ies [13, 14], where it was observed that the R-phase does
not undergo significant reverse transformation at room
temperature. Additionally, it is worth pointing out that it
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Fig.8 Polished longitudinal section of wires tested and fractured at a 10 °C, in the R-phase region and at b 55 °C, in the austenitic region
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has been observed that biphasic structures tested in ten-
sion at 37 °C presented significant shape recovery through
reverse transformation.

Hence, to propose a fatigue mechanism, it can be
assumed that the initially R-phase structure goes through
an induced martensitic transformation, which in term
occurs in tensions lower than the ones required to induce
this transformation in the austenitic wires in higher test
temperatures. The biphasic structure can be assumed
to undergo induced transformation and partial reverse
transformation. The austenitic structure can be assumed
to undergo elastic and reverse martensitic transformation.

On the one hand, the induced martensitic transforma-
tion from austenite is reported [28, 35, 36] to be associated
with a high amount of generated dislocations. The high
amount of microcracks through the striations in the sam-
ples tested at 55 °C and 33 °C (Figs. 5h, 6) can be related to
a local stress concentration due to the dislocations gener-
ated during the induced and reverse martensitic transfor-
mation. Besides, the high test temperature can be related
to high amounts of unrecovered strains, as it has been
observed by [28]. This fact can also be an explanation for
why there is a higher amount of microcracks in samples
the tested at 55 °C than at 33 °C.

On the other hand, while in the initially austenitic struc-
ture cracks propagate generating a high amount of defects
on the crack tip and where stress-induced martensitic
transformation occurs, in the R-phase, where martensite
is formed in the regions of maximum strain amplitudes
and around cracks nucleated along the wire, the marten-
sitic structure is the predominant phase in these regions
and it is the main phase that bares the fatigue damage
accumulation. In this case, it has been previously stated [7]
that on the R-phase/martensite structure, the variant inter-
faces give the crack multiple paths to propagate, inducing
crack branching with high energy dispersion. This can be
the reason why fine striation spacing is observed in the
fractured surface of the specimens with the initial R-phase
structure, indicating that small increments on the fatigue
crack size take place during cycling.

Additionally, while the wire in the austenitic state is
expected to present superelastic behavior, in wires in the
R-phase/martensitic structure, it is expected that the mar-
tensite undergoes cyclic reorientation during cycling. In
this manner, the tensions involved during cycling in the
initially austenitic state are expected to be higher than in
the initially R-phase state. This can also be a contributing
factor to the lowest fatigue life observed at 55 °C.

In summary, the results of this study showed that the
relative fatigue slow propagation area is larger in the
R-phase initial condition, as compared to the initially
austenitic. It was also observed that the longitudinal

section of wires tested in the R-phase region presented
longer cracks along the wire transverse section than in
wires tested in the austenitic region. These results lead
to the conclusion that in an initially R-phase structure,
there is high energy dispersion during propagation
when compared to the austenite.

To explain this behavior, it is proposed that, during
cycling, the austenite presents superelastic behavior
while the R-phase transforms into martensite, which in
turn undergoes cyclic reorientation. Besides that, the
stress-induced and reverse martensitic transformations
are reported to be associated with a high amount of gen-
erated defects along with the occurrence of localized
plastic deformation due to the high test temperature,
while in the initially R-phase structure, lower stresses
are involved during cycling, related to martensitic
reorientation.

5 Conclusions

In this paper, bending-rotating fatigue tests at 4% maxi-
mum strain amplitude were performed at 10 °C, 33 °C
and 55 °C in NiTi heat-treated wires. At 10 °C, the wires
should be initially constituted by the R-phase, at 33 °C by
a dual-phase austenite + R-phase, and at 55 °C by austen-
ite. The highest number of cycles to failure was obtained
in the R-phase structure. This result can be related to
the fact that, during cycling, the R-phase/martensitic
structure undergoes martensitic reorientation and the
cracks propagate with high energy dispersion. In the
austenitic structure, on the other hand, a high amount
of defects associated with the stress-induced martensitic
and reverse transformations during cycling is expected
to be generated, hindering its fatigue resistance when
compared to the initial R-phase state. Additionally, the
presence of different phases in different test/working
temperature may be the explanation for the decrease in
the fatigue life with increasing temperature in the low-
cycle fatigue life of NiTi along with the increase of local-
ized plastic deformation with temperature.
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