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a b s t r a c t

Structural fatigue of NiTi shape memory alloys is a key issue that should be solved in order to promote
their engineering applications and utilize their unique shape memory effect and super-elasticity more
sufficiently. In this paper, the latest progresses made in experimental and theoretical analyses for the
structural fatigue features of NiTi shapememory alloys are reviewed. First, macroscopic experimental ob-
servations to the pure mechanical and thermo-mechanical fatigue features of the alloys are summarized;
then the state-of-arts in the mechanism analysis of fatigue rupture are addressed; further, advances in
the construction of fatigue failure models are provided; finally, summary and future topics are outlined.
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1. Introduction

Since NiTi shape memory alloys (SMAs) present unique super-
elasticity and shape memory effect and good biological compat-
ibility and wear resistance, they have been widely used in the
areas of aeronautic, civil, microelectronic, and biomedical engi-
neering as reviewed recently in Refs. [1–3] (2014, 2010). Such com-
ponents and devices are often subjected to a cyclic loading, and
then the cyclic deformation and fatigue failure of NiTi SMAs are
key issues in assessing the fatigue life and reliability of them. For
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the thermo-mechanical cyclic deformation of NiTi SMAs, many ex-
perimental observations and constitutive models were performed
and constructed in the last decades, respectively, as reviewed by
Lagoudas [4] (2008) and Kang [5,6] (2013, 2011) and more re-
cently in Refs. [7–14] (2008, 2009, 2011, 2012, 2013, 2014, 2015).
The state-of-arts of thermo-mechanical cyclic deformation of NiTi
SMAs can be referred to the reviewed papersmentioned above and
the referred literature there.

As summarized by Eggeler et al. [15] (2004), the fatigue of NiTi
SMAs consists of two groups, i.e., structural fatigue and functional
fatigue. The structural fatigue represents the physical failure (or
fracture) of NiTi SMAs with a life-time of cyclic loading; while
the functional fatigue addresses the degradation of super-elasticity
and shapememory effect occurred during the cyclic deformation of
NiTi SMAs. When the super-elasticity and shape memory effect of
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NiTi SMAs are degraded to a certain degree, the SMA components
and devices lose their functional capability, i.e., the functional
fatigue occurs. For examples,Wagner et al. [16] (2008) set a critical
residual strain as a criterion representing the functional fatigue of
super-elastic NiTi SMAs occurred during the cyclic loading; Predki
et al. [17] (2006), Dunand-Châtellet and Moumni [18] (2012), and
Song et al. [19] (2014) took a critical dissipation energy per cycle
(e.g., decreased to 4% of the value presented in the first cycle) as a
criterion of functional fatigue. Since after certain cycles a stabilized
state is often reached to for the degradation of super-elasticity and
shape memory effect, and no fracture occurs when the functional
fatigue of NiTi SMAs takes place, studies on the functional fatigue
are often combined with that on the cyclic deformation of NiTi
SMAs, which can be referred to the reviews done by Eggeler
et al. [15] (2004) and Mahtabi et al. [20] (2015).

Therefore, in this paper, only the structural fatigue of NiTi
SMAs (where, fatigue rupture is caused by a constant or cyclic
mechanical loading) is addressed. Firstly, the macroscopic and
microscopic observations to the structural fatigue of NiTi SMAs
are summarized; secondly, advances in the mechanism of fatigue
rupture and the fatigue failure models are discussed; finally,
summary and future topics are outlined for the structural fatigue
of NiTi SMAs.

2. Experimental observations

Since the cyclic martensite transformation of NiTi SMAs can be
caused by cyclic stress (or strain) and temperature, respectively,
the macroscopic experimental observations to the structural
fatigue of NiTi SMAs are summarized as two parts, i.e., one for the
mechanical fatigue caused by cyclic stress (or strain) and the other
for the thermo-mechanical fatigue caused by cyclic temperature
with a constant stress. After then, the microscopic observations
to the fracture surfaces of NiTi SMAs (by scanning electron
microscope (SEM)) and the formation and evolution of dislocations
(by transmission electron microscope (TEM)) are addressed in
order to analyze the micro-mechanism of fatigue rupture.

2.1. Macroscopic experimental observations

2.1.1. Mechanical fatigue
For the NiTi SMAs, somany researches have been done to inves-

tigate their fatigue failure caused by the stress- or strain-controlled
cyclic loading, which is denoted as the mechanical fatigue of NiTi
SMAs here. Since the NiTi SMAs were first used mainly in a form of
wire, the early studies on themechanical fatigue of NiTi SMAswere
focused on the bending and rotating–bending fatigue failures of the
NiTi SMAwires under the strain- or displacement-controlled cyclic
loading conditions. The representative researches are those done
byMikuriya et al. [21] (1999), Tobushi et al. [22] (2000), Sawaguchi
et al. [23] (2003), Wagner et al. [24] (2004), Matsui et al. [25]
(2004), Yan et al. [26] (2007), Cheung et al. [27] (2008), Figueiredo
et al. [28] (2009), Bernard et al. [29] (2011), Chan et al. [30] (2013),
and Kollerov et al. [31] (2013), and so on. For examples, Tobushi
et al. [22] (2000) studied the low-cycle fatigue of the NiTi SMA
wires by performing the rotating–bending fatigue tests in air, wa-
ter and silicon oil, respectively, and discussed the effects of fatigue-
test temperature, shape memory processing temperature and
ambient media on the fatigue life. Finally, they concluded that in
the region of low-cycle fatigue, the corrosion caused by the water
and the processing temperature hardly influence the fatigue life of
the NiTi SMAwires as shown in Fig. 1, and the fatigue life obtained
at an elevated temperature in air is the same as that at the iden-
tical temperature in water. Sawaguchi et al. [23] (2003) also per-
formed the rotating–bending fatigue tests of NiTi SMA wires with
different bending radii and wire diameters (i.e., 1.0 mm, 1.2 mm,
101

100

10-1

102

101

100

10-1

102 103 104 105 106

102 103 104 105 106

Fig. 1. Strain amplitude vs. fatigue life: (a) inwater and in silicone oil; (b) at various
test temperatures in water.
Source: Redrawn from Tobushi et al. [22] (2000).

and 1.4 mm), as well as at different rotational speeds, and then
demonstrated that fatigue lives were related to the maximum ten-
sile and compressive strain amplitudes (εa) in the surface of NiTi
SMAwires. The results show that the obtained εa–Nf curves can be
subdivided into three phases as shown in Fig. 2. In phase 1 (for εa >
1%), fatigue rupture occurs early (i.e., with a low fatigue lifeNf) and
the fatigue failure characteristics depend strongly on the applied
strain amplitude εa and rotational speed; in phase 2 (for 0.75% <
εa < 1%), fatigue lives remarkably increase and are characterized
by a significant statistical scatter; in phase 3 (for εa < 0.75%), no
fatigue rupture occurs up to 106 cycles. More recently, Figueiredo
et al. [28] (2009) analyzed the low-cycle fatigue of super-elastic
NiTi SMA wires by the strain-controlled rotating–bending tests
with the applied strain amplitudes from 0.6% to 12%, and found a
‘‘Z-shaped’’ εa–Nf curve as shown in Fig. 3 by the triangles, which
demonstrated an increasing fatigue lifewith the increase in the ap-
plied strain amplitude within a specific range of strain amplitudes.

Although Duerig et al. [32] (1999) showed that the experi-
mental data of rotating–bending fatigue had a good predictive
potential for other types of fatigue loading, at present, the fa-
tigue tests of NiTi SMAs have been extended into the uniaxial
and pure shear strain- (stress-) controlled cyclic loading condi-
tions, where the solid-bar, tubular and wire specimens with rela-
tively large size are employed, respectively, as done byMelton and
Mercier [33] (1979), Moumni et al. [34] (2005), Predki et al. [17]
(2006), Dunand-Châtellet andMoumni [18] (2012), Kang et al. [35]
(2012), Maletta et al. [36–38] (2012, 2014), Robertson et al. [39]
(2012), andMammano and Dragoni [40] (2014), and so on. In these
researches, the effects of strain (or stress) amplitude, mean strain
(or stress), strain (or stress) rate and test temperature on the fa-
tigue life of NiTi SMAs were discussed. For examples, Moumni
et al. [34] (2005) investigated the uniaxial stress-controlled ten-
sile–compressive fatigue features of super-elastic NiTi SMA at 50°C
by using the dog-bone shaped specimens, and discussed the ef-
fects of stress amplitude andmean stress (i.e., with different stress
ratios R) on the fatigue life, as shown in Fig. 4, which illustrates
that a compressive mean stress has a beneficial effect on the fa-
tigue behavior of the alloy because it tends to close the microfis-
sures, whereas a traction mean stress gives the inverse effect.
Kang et al. [35] (2012) also performed the stress-controlled ten-
sile–compressive fatigue tests of super-elastic NiTi SMA bars to ad-
dress the evolution of transformation ratchetting (defined by Kang
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Fig. 2. Strain amplitude vs. fatigue life: (a) for three different wire diameters at a rotational speed of 200 rpm; (b) at different rotational speeds from 100 rpm to 800 rpm.
Source: Redrawn from Sawaguchi et al. [23] (2003).
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Fig. 3. Strain amplitude vs. fatigue life for three kinds of NiTiwire (the data denoted
by triangles from super-elastic NiTi wires).
Source: Redrawn from Figueiredo et al. [28] (2009).
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Fig. 4. Stress amplitude vs. fatigue life.
Source: Redrawn from Moumni et al. [34] (2005).

et al. [41] (2009)) during the whole fatigue life (as shown in Fig. 5)
and its effect on the fatigue life. The results show that the occur-
rence of transformation ratchetting greatly reduces the fatigue life
of super-elastic NiTi SMAs, which should be considered in the con-
struction of fatigue failure models. Maletta et al. [36,37] (2012,
2014) conducted the strain-controlled uniaxial tensile-unloading
fatigue tests of super-elastic NiTi SMA plates with different maxi-
mum axial strains ranged from 0.75% to 4.5%, and then discussed
the evolution of so-called strain ratchetting and the relationship
between the applied maximum strain and fatigue life, as shown in
Fig. 6.

As mentioned above, the wire, plate, solid-bar, and tube
specimens of NiTi SMAs with relatively large sizes are used in the
fatigue tests. However, the fatigue failure of the NiTi specimens
with very small geometric sizes, such as the micro-tubes used
in endovascular stents, is not investigated there. Referring to the
results reported by Robertson et al. [39] (2012), since the wall
thickness of the NiTi micro-tubes (less than 400 µm) is smaller
than the physical length of the macro-crack (1 mm) in a NiTi
SMA, the macro-crack propagation does not occur in the fatigue
failure of the NiTi SMA micro-tubes, which is quite different from
that discussed above. Then, a non-conservative prediction will be
obtained if the fatigue life of NiTi SMA micro-tubes is evaluated
directly from the data obtained by the specimens with large sizes.
Thus, it is necessary to investigate the fatigue failure of the NiTi
microtubes and then provide more reliable fatigue data for the
design of medical NiTi devices. To this end, Song et al. [42] (2015)
investigated the uniaxial fatigue failure features of super-elastic
NiTi SMA micro-tubes by performing a series of stress-controlled
tensile–compressive fatigue tests at 37°C. They concluded that
the degree of martensite transformation occurred during the
cyclic deformation greatly influences the uniaxial fatigue failure
of super-elastic NiTi SMA micro-tubes, and the fatigue life with
more complete martensite transformation is shorter than that
with incomplete one. It means that a good balance between fully
utilizing the martensite transformation and improving the fatigue
life of super-elastic NiTi SMAs should be achieved in the design of
super-elastic NiTi SMA devices.

Besides the fatigue analysis under the cyclic tension–
compression and rotating–bending tests, the torsional fatigue of
NiTi SMA tubes was also investigated by Runciman et al. [43]
(2011) and the effects of mean shear strain and shear strain am-
plitude on the torsional fatigue life was discussed and compared
with the data from cyclic bending and tension tests, as shown in
Fig. 7. As commented by Robertson et al. [39] (2012) and Runci-
man et al. [43] (2011), a complicated stress condition, e.g., multi-
axial one is often encountered in the service process of implanted
stents at the human’s joints. Thus, it is extremely necessary to
perform multiaxial tests to observe the multiaxial cyclic deforma-
tion and fatigue failure of super-elastic NiTi SMAs. Based on the
studies on the multiaxial cyclic deformation of super-elastic NiTi
SMAs done by Wang et al. [44] (2010) and Song et al. [45] (2014),
Song et al. [46] (2015) conducted a detailed experimental obser-
vation to the stress-controlled multiaxial fatigue of the NiTi SMA
micro-tubes by employing five kinds of multiaxial loading paths,
i.e., square, hourglass-typed, butterfly-typed, rhombic, and octag-
onal ones shown in Fig. 8. It is concluded from Song et al. [46]
(2015) that themultiaxial fatigue lives of theNiTi SMAmicro-tubes
are much shorter than the corresponding uniaxial ones due to the
quicker evolution ofmultiaxial transformation ratchetting, and de-
pend greatly on themultiaxial loading paths and the applied stress
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Source: Redrawn from Maletta et al. [37] (2014).

levels simultaneously; in general, the fatigue lives with the loading
paths containing certain peak/valley stress holds are shorter than
that with the paths containing no peak/valley holds; the larger the
transformation ratchetting and the saturated dissipation energy,
the shorter the fatigue lives are, as shown in Fig. 9.

2.1.2. Thermo-mechanical fatigue
Since the actuators made from NiTi SMAs often undergo a

thermally activated cyclic transformation and are employed to
overcome a bias force, which can be constant or variable during the
operation, the degradation of shape memory effect (i.e., functional
fatigue denoted by Barrera et al. [47] (2014)) and the structural
fatigue rupture are also the main failure modes of NiTi SMAs in
thermal cycling. Thus, it is necessary to understand the thermo-
mechanical fatigue behavior of NiTi SMAs under different applied
stress conditions. Bigeon and Morin [48] (1996) first conducted
an experimental observation to the thermo-mechanical fatigue
failure of NiTi SMA wires experienced cyclic temperature induced
martensite transformation. Recently, based on the construction
of thermo-mechanical fatigue experimental set-up (shown in
Fig. 10(a)), Lagoudas and his co-workers [49–51] (2000, 2009),
Pappas et al. [52] (2007), Demers et al. [53] (2009), and Karhu
and Lindroos [54,55] (2010, 2012) performed some thermo-
mechanical fatigue tests of NiTi SMA wires and plates subjected
a thermal cycling with a constant axial stress or strain, and then
discussed the effects of constant stress (or strain), degree of
transformation during the thermal cycling, applied temperature
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Fig. 7. Strain amplitude vs. fatigue life for cyclic torsion, bending and tension.
Source: Redrawn from Runciman et al. [43] (2011).

amplitude and heat-treatment on the cyclically accumulated
residual strain and fatigue life of NiTi SMAs. The results show that
during the thermal cycling with a constant axial stress, the peak
and valley strains gradually increase with the increasing number
of thermal cycles, and become more remarkable with the increase
in constant axial stress; while the start temperature of martensite
transformation decreases with the increasing number of cycles,
which implies that the driving force of martensite transformation
will increase during the thermal cycling and the martensite
transformation becomes more and more difficult. Meanwhile, the
thermo-mechanical fatigue life of NiTi SMAs strongly depends on
the applied constant axial stress and temperature amplitude, and
monotonically decreases with the increase in axial stress as shown
in Fig. 10(b) and the temperature amplitude (which determines
whether a complete or partial transformation occurs during the
thermal cycling).

2.2. Microscopic mechanism analysis

Moumni et al. [34] (2005) and Kang et al. [35] (2012) found that
after the cyclic stress–strain responses are stabilized, no apparent
variation could be observed for the stress–strain hysteresis loops
till the rupture of the specimens suddenly took place, as shown in
Fig. 5. It is different from that of ordinary ductile metals, where the
hysteresis loops and unloading elastic modulus change obviously
before the low-cycle fatigue rupture occurs. Thus, it is worth
investigating the microscopic mechanism of fatigue failure of NiTi
SMAs in detail.
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Fig. 8. Schematic diagrams of multiaxial loading paths: (a) square; (b) hourglass-typed; (c) butterfly-typed; (d) rhombus; (e) octagon.
Source: From Song et al. [46] (2015).
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Fig. 11. Microscopic observations to the micro-morphology of NiTi SMAs: (a) SEM fractograph (from Wang et al. [59] (2014)); (b) TEM micrograph for martensite and
dislocation (from Liu et al. [65] (1998)).
To this aim, many microscopic observations were conducted
to analyze the fatigue rupture mechanism of NiTi SMAs. Kasuga
et al. [56] (2005), Figueiredo et al. [28] (2009), Morgan et al. [57]
(2004), Predki et al. [17] (2006), McKelvey and Ritchie [58] (1999),
Wang et al. [59] (2014), Gall et al. [60] (2008), Robertson et al. [61]
(2005), Robertson and Ritchie [62] (2007), Cocco et al. [63] (2014),
and Maletta et al. [37] (2014) observed the morphology of fracture
surfaces by SEM after the fatigue rupture of NiTi SMA specimens.
It is seen that the fatigue fracture surfaces are almost identical for
the super-elastic austenite and shape memory thermal martensite
NiTi alloys, fromwhich obvious fatigue striations, secondary cracks
and river-like cleavage patterns are simultaneously observed as
shown in Fig. 11(a), besides some large and shallow dimples. From
the SEM observations to the fracture surfaces of NiTi SMAs, it is
concluded that the fatigue rupture of NiTi SMAs consists of two
stages, i.e., crack initiation and crack propagation ones, while the
stable crack growth resulting from fatigue loads and the ductile
overload fractures denoted by large and shallow dimples co-exist
during the fatigue rupture.

Charkaluk et al. [66,67] (2000, 2002), Dunand-Châtellet and
Moumni [18] (2012) and Skelton et al. [68–70] (1991, 1993, 1998)
demonstrated that for most of metals and alloys including the
NiTi SMAs, the moment when the stable stress–strain responses
were reached to could be taken as the transition point from the
dislocation-dominated micro-crack initiation stage to the micro-
crack propagation one. It means that for the fatigue failure of
NiTi SMAs, the number of cycles at which the transition from the
micro-crack initiation stage to themicro-crack propagation one oc-
curs can be obtained directly from the macroscopic stress–strain
responses. However, the transition from the micro-crack propa-
gation to macroscopic crack propagation cannot be determined
directly from the macroscopic stress–strain responses, and then
the crack initiation life and crack propagation one cannot be distin-
guished from the total fatigue life too. It makes the theoretical pre-
diction of fatigue life very difficult for the NiTi SMAs. On the other
hand, Stankiewicz et al. [71] (2007) found that during the cyclic
deformation of NiTi SMAs, the stress induced martensite vari-
ants might accommodate themselves to the overall deformation of
the alloys, which could reduce the stress-concentration caused by
the unmatched inelastic deformation between the austenite and
martensite phases, and then delay the crack initiation. Further-
more, Wagner et al. [72] (2010) and Olsen et al. [73] (2011) ad-
dressed that the stress induced martensite phases at the crack tip
and two ends of crack wake could be taken as the inclusions in
the austenite matrix, which might retard the crack propagation;
Brinson et al. [74] (2004) concluded that a higher stress intensity
at the crack-tip would restrain the reverse transformation from
induced martensite to austenite phase, and then pin the induced
martensite phase. Thus, two above-mentioned features make the
NiTi SMAs possess the slowest crack propagation rate among all
the alloys, as commented by McKelvey and Ritchie [75] (2001). It
means that the crack propagation life of NiTi SMAs plays an im-
portant role in the total fatigue life, which makes the fatigue life of
NiTi SMAs remarkably depend on the geometric size of specimens.
Thus, as demonstrated by Robertson et al. [39] (2012), the fatigue
life obtained from the specimens with relatively large geometric
size cannot be directly used to assess the fatigue behavior of NiTi
SMAswith small size, such as the NiTi SMAmicro-tubes used in the
endovascular stents.

To analyze the initiationmechanism of micro-cracks during the
fatigue failure of NiTi SMAs, the formation and growth of micro-
scopic defects such as dislocations were observed by TEM, as done
by Hamilton et al. [76] (2004), Norfleet et al. [77] (2009), Pelton
et al. [78,79] (2011, 2012), Delville et al. [80,64] (2010, 2011), Liu
et al. [65] (1998), and Xie et al. [81] (1998). The obtained results
show that dislocations are formed and aggregated mainly near the
interfaces between austenite and induced martensite phases and
the interfaces between themartensite variants with different crys-
tallographic orientations as shown in Fig. 11(b), and around the
precipitates and inclusions. However, the dislocations can be ob-
served only in the NiTi SMAs with large grain size (e.g., larger than
300 µm), and the dislocation aggregation cannot be formed in a
large scale in the NiTi SMAs with small grain size due to the re-
tardness of grain boundary to the dislocation movement [82,83]
(2013, 2014).

2.3. Fatigue failure model

Based on the experimental observations to the fatigue failure
of NiTi SMAs, some fatigue failure models have been established
to predict the fatigue life, as done by Tobushi et al. [22] (2000),
Lagoudas et al. [50] (2009), Runciman et al. [43] (2011), Maletta
et al. [36,37] (2012, 2014), Moumni et al. [34] (2005), Kan et al. [84]
(2012), and Song et al. [85] (2015).

From the low-cycle fatigue data of NiTi SMA wires obtained in
the rotating–bending tests in air, water and silicon oil, Tobushi
et al. [22] (2000) calibrated them by using an equation similar
to the Manson–Coffin relationship for normal metals in low-cycle
fatigue, i.e., the equation listed as follows:

εa · Nβ

f = α, (1)

where εa is the strain amplitude, Nf is the number of cycles to
fatigue failure, and α, β are the parameters representing εa with
Nf = 1 and the slope of the lg εa–lg Nf curve, respectively. To
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Fig. 12. Comparison of experimental fatigue lives and predicted ones by two energy-based models.
Source: From Kan et al. [84] (2012).
consider the dependence of fatigue life on the test temperature,
the parameter α is further set as:

α = 8.56 × 10−0.012(T−Ms), (2)

where T is the test temperature andMs is the start temperature of
martensite transformation. Setting β = 0.5, the calculated results
are shown in Fig. 1(b), from which a good consistence is observed.

As commented by Maletta et al. [36,37] (2012, 2014), the
fatigue failure model such as Eq. (1) cannot take into account
the unique martensite transformation features of super-elastic
SMAs. To overcome such shortcomings, Maletta et al. [36,37]
(2012, 2014) proposed amodifiedManson–Coffinmodel to predict
the fatigue life of NiTi SMAs under the stress-controlled cyclic
loading conditions, which takes into account the different strain
mechanisms involved during the stress-induced transformation in
super-elastic NiTi SMAs, and is listed as follows:

εa = εae + εai = C(2Nf)
c
+ D(2Nf)

d, (3)

where εa, εae and εai are the total, elastic and inelastic strain
amplitudes, respectively. The inelastic strain amplitude, εai, can
be regarded as the super-elastic strain, i.e., it can be attributed
to the reversible stress-induced phase transformation, and can be
obtained from the measured total strain amplitude, εa, and the
elastic strain amplitude, εae, calculated from a specific procedure
proposed by Maletta et al. [36,37] (2012, 2014). The coefficients
C and D and the exponents c and d can be obtained from the
experimental data. The predictions of the proposed model can be
referred to Fig. 6.

For the thermo-mechanical fatigue failure of NiTiCu SMAs,
Lagoudas et al. [50] (2009) proposed another kind of modified
Manson–Coffin relationship between the number of cycles to
failure (Nf) and the accumulated plastic strain (εp) as follows:

εp
= α · Nβ

f . (4)

The parameters α and β are called the fatigue ductility coefficient
and the fatigue ductility exponent, respectively. These material
parameters are derived by fitting the fatigue test data of NiTiCu
SMAs as shown in Fig. 10(c). Furthermore, Runciman et al. [43]
(2011) extended themodifiedManson–Coffinmodel to predict the
torsional fatigue life of NiTi SMAs by using the equivalent strain
amplitude instead of the accumulated plastic strain in Eq. (4), as
shown in Fig. 7. It should be noted that the basic variables used in
the modified Manson–Coffin models are the strain amplitude and
equivalent strain amplitude, which are taken from the stable cyclic
stress–strain hysteresis loops of NiTi SMAs.

On the other hand, some fatigue failure models are established
by taking the dissipation energy at the stabilized cycle as the basic
variable. Using the saturated dissipation energy,Moumni et al. [34]
(2005) proposed an empirical energy-based fatigue failure model
(Eq. (5)) to predict the fatigue life of super-elastic NiTi SMAs.
After then, Kan et al. [84] (2012) modified the Moumni’s model
by replacing the power-law equation by a logarithmic one (i.e., Eq.
(6)), and confirmed the improvement of prediction capability in
the modified model by comparing the predicted lives with the
experimental ones fromKang et al. [35] (2012), as shown in Fig. 12.

D = α · Nβ

f , (5)

where D is the dissipated energy at the stabilized cycle, Nf is the
number of cycles at failure, and α and β are material parameters.

Nf = α ln

Wsat

β


, (6)

where Wsat is the dissipated energy at the stabilized cycle and
Nf is the number of cycles at failure, and α and β are material
parameters.

It should be noted that the fatigue failure models discussed
above were established directly from the experimental data of fa-
tigue life, no physical nature of fatigue rupture was involved there,
and the different contributions of crack initiation and propagation
lives to the total fatigue life were not touched yet. Recently, based
on the experimental investigations to the uniaxialwhole-life trans-
formation ratchetting and fatigue failure of NiTi SMAmicro-tubes,
Song et al. [85] (2015) proposed a new damage-based fatigue fail-
ure model by dividing the total damage sources into three parts,
i.e., micro-crack initiation, micro-crack propagation and marten-
site transformation induceddamage. Song et al. [85] (2015) defined
the damage variable as the ratio of the accumulated dissipation en-
ergy after a prescribed number of cycles N to that obtained at the
failure life Nf, i.e.,

D =

N
i=1

Wi

Nf
i=1

Wi

. (7)

Such definition of damage variable takes the effect of cyclic de-
formation on the fatigue life of the alloys before the stabilized cy-
cle is reached to. Based on the experimentally obtained evolution
curves of damage variable D vs. the number of cycles as shown in
Fig. 13(a), the damage-based fatigue failure model is proposed as

Nf = Nsat + 1 +

1 −


g1 + g3

 Nsat
0 WNdN


g2 + Wsat g3

, (8)
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where Nsat is the number of cycles at which the stabilized cycle is
reached to, Wsat is the dissipation energy at the stabilized cycle,
and WN is the dissipation energy at the N-th cycle. g1, g2, and g3
are constants which can be obtained from the experimental data.
It is seen from Fig. 13(b) that all the points are located with the
1.5-times error-bands, and the model predicts the uniaxial stress-
controlled fatigue life of super-elastic NiTi SMA micro-tubes very
well.

3. Summary and future topics

The state-of-arts of macroscopic experimental observations to
the fatigue failure of the NiTi SMAs can be summarized as follows:
(1) the observations are mainly focused on the mechanical fatigue
of NiTi SMAs, where the cyclic transformation is induced by stress-
or strain-controlled cyclic loading, but the thermo-mechanical
fatigue failures caused by the thermal cycling are investigated in-
sufficiently, only the one undergoing the thermal cycling with a
constant axial stress or strain is conducted as reviewed above;
(2) most fatigue tests are performed under the cyclic uniaxial,
bending and torsional loading conditions, much effort should be
paid to the non-proportionally multiaxial fatigue of NiTi SMAs;
(3) existing researches only address the fatigue of NiTi SMAs with
constant stress or strain amplitude and at constant temperature
and loading rate, the studies with varied stress or strain amplitude
and at varied temperature and loading rate are insufficient; (4) al-
though some existing researches have discussed the effect of the
extent of martensite transformation on the thermo-mechanical fa-
tigue of NiTi SMAs,more systematic experimental observations are
necessary to reveal the interaction of fatigue damage and marten-
site transformation in NiTi SMAs; (5) most of fatigue tests are con-
ducted under the strain-controlled cyclic loading conditions, the
interaction of fatigue damage and transformation ratchetting oc-
curred in the NiTi SMAs under the stress-controlled cyclic loading
conditions has not been investigated thoroughly.

The micro-mechanism of fatigue failure of NiTi SMAs has been
studied tentatively by some researchers; however, much effort
should be paid for this topic in the future due to the complexity
caused by the interaction of fatigue damage and martensite
transformation. The future studies should at least include the
following issues:

(1) The fatigue failure of NiTi SMAs with small geometric size
such as the micro-tubes used in the endovascular stents.
The existing results for the NiTi SMAs with relatively large
geometric sizes demonstrated the important role of crack
propagation life in the total fatigue life; however, the physical
size ofmacro-cracks observed there is larger than the thickness
of micro-tubes. So, the process of fatigue rupture occurred in
the NiTi SMAs with small size should be different from that
with large size and should be investigated further.

(2) The mechanism of multiaxial fatigue failure. Since the evolu-
tions of microstructure and fatigue damage during the fatigue
loading have not been observed in situ, the effect of multi-
axial loading path on the crack initiation and propagation is
not reasonably investigated. Much more detailed microscopic
observations by SEM and TEM are necessary in the future to
summarize the micro-mechanism of mechanical and thermo-
mechanical fatigue of NiTi SMAs.

For the fatigue failuremodels of NiTi SMAs,most of thembelong
to phenomenological and semi-empirical ones, which do not
consider sufficient physical natures of fatigue damage and failure,
especially for the multiaxial one. Although some in-situ measures
can be used to observe microscopically and straightforwardly
the microstructure evolution during the cyclic deformation of
ordinary metals, such observations are very difficult for the NiTi
SMAs due to their unique stress (or strain) and temperature
inducedmartensite transformation. Therefore, to reveal themicro-
mechanisms of fatigue damage and construct the mechanism-
based failure models, some numerical simulation methods in the
microscopic scale, such as molecular dynamic simulation (Kastner
et al. [86] (2011), Zhang et al. [87] (2013)), phase-field method (Jin
et al. [88] (2001), Zhong and Zhu [89] (2014)), and phase-field-
based finite element analysis (Grandi et al. [90] (2012)) should be
used in the future studies.

Acknowledgment

This work was supported by the National Natural Science
Foundation of China (11532010).

References

[1] J. Mohd-Jani, M. Levy, A. Subic, et al., A review of shapememory alloy research,
applications and opportunities, Mater. Des. 56 (2014) 1078–1113.

[2] S. Barbarino, E. Saavedra-Flores, R. Ajaj, et al., A reviewon shapememory alloys
with applications tomorphing aircraft, SmartMater. Struct. 23 (2014) 063001.

[3] A. Nespoli, S. Besseghini, S. Pittaccio, et al., The high potential of shape
memory alloys in developing miniature mechanical devices: A review on
shape memory alloy mini-actuator, Sensors Actuators A 158 (2010) 149–160.

[4] D.C. Lagoudas, ShapeMemory Alloys: Modeling and Engineering Applications,
Springer, University College Station TX, USA, 2008.

[5] G.Z. Kang, Advances in transformation ratcheting and ratcheting-fatigue
interaction of NiTi shape memory alloy, Acta Mech. Solida Sin. 26 (2013)
221–236.

[6] G.Z. Kang, Research progress in cyclic deformation of super-elastic NiTi shape
memory alloy, J. Southwest Jiaotong Univ. 46 (2011) 355–364. (in Chinese).

http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref1
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref2
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref3
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref4
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref5
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref6


G. Kang, D. Song / Theoretical and Applied Mechanics Letters 5 (2015) 245–254 253
[7] X. Peng, W. Pi, J. Fan, A microstructure-based constitutive model for the
pseudoelastic behavior of NiTi SMAs, Int. J. Plast. 24 (2008) 966–990.

[8] L. Saint-Sulpice, S.A. Chirani, S. Calloch, A 3D super-elastic model for shape
memory alloys taking into account progressive strain under cyclic loadings,
Mech. Mater. 41 (2009) 12–26.

[9] Y. Chemisky, A. Duval, E. Patoor, et al., Constitutive model for shape memory
alloys including phase transformation, martensitic reorientation and twins
accommodation, Mech. Mater. 43 (2011) 361–376.

[10] A.F. Saleeb, S.A. Padula II, A. Kumar, A multi-axial, multimechanism based
constitutive model for the comprehensive representation of the evolutionary
response of SMAs under general thermomechanical loading conditions, Int. J.
Plast. 27 (2011) 655–687.

[11] D.C. Lagoudas, D. Hartl, Y. Chemisky, et al., Constitutive model for the
numerical analysis of phase transformation in polycrystalline shape memory
alloys, Int. J. Plast. 32 (2012) 155–183.

[12] C. Yu, G.Z. Kang, Q. Kan, et al., A micromechanical constitutive model based
on crystal plasticity for thermo-mechanical cyclic deformation of NiTi shape
memory alloys, Int. J. Plast. 44 (2013) 161–191.

[13] C. Yu, G.Z. Kang, Q. Kan, A physical mechanism based constitutive model
for temperature-dependent transformation ratchetting of NiTi shapememory
alloy: One-dimensional model, Mech. Mater. 78 (2014) 1–10.

[14] C. Yu, G.Z. Kang, D. Song, et al., Effect of martensite reorientation and
reorientation-induced plasticity on multiaxial transformation ratchetting of
super-elastic NiTi shape memory alloy: new consideration in constitutive
model, Int. J. Plast. 67 (2015) 69–101.

[15] G. Eggeler, E. Hornbogen, A. Yawny, et al., Structural and functional fatigue of
NiTi shape memory alloys, Mater. Sci. Eng. A 378 (2004) 24–33.

[16] M.F.Wagner, N. Nayan, U. Ramamurty, Healing of fatigue damage inNiTi shape
memory alloys, J. Phys. D 41 (2008) 185408.

[17] W. Predki, M. Klönne, A. Knopik, Cyclic torsional loading of pseudoelastic NiTi
shape memory alloys: Damping and fatigue failure, Mater. Sci. Eng. A 417
(2006) 182–189.

[18] C. Dunand-Châtellet, Z. Moumni, Experimental analysis of the fatigue of shape
memory alloys through power-law statistics, Int. J. Fatigue 36 (2012) 163–170.

[19] D. Song, G. Kang, Q. Kan, et al., The effect of martensite plasticity on the cyclic
deformation of super-elastic NiTi shapememory alloy, SmartMater. Struct. 23
(2014) 015008.

[20] M.J. Mahtabi, N. Shamsaei, M.R. Mitchell, Fatigue of Nitinol: The state-of-the-
art and ongoing challenges, J. Mech. Behav. Biomed.Mater. 50 (2015) 228–254.

[21] S. Mikuriya, T. Nakahara, H. Tobushi, et al., The estimation of temperature rise
on low cycle fatigue of TiNi shape memory alloy, Trans. Japan Soc. Mech. Eng.
A 65 (1999) 1099–1104.

[22] H. Tobushi, T. Nakahara, Y. Shimeno, et al., Low-cycle fatigue of TiNi shape
memory alloy and formulation of fatigue life, ASME J. Eng. Mater. Technol. 122
(2000) 186–191.

[23] T. Sawagushi, G. Kaustrater, A. Yawny, et al., Crack initiation and propagation
in 50.9 At. pct Ni–Ti pseudoelastic shape-memory wires in bending-rotation
fatigue, Metall. Mater. Trans. A 34 (2003) 2847–2860.

[24] M. Wagner, T. Sawaguchi, G. Kausträter, et al., Structural fatigue of
pseudoelastic NiTi shape memory wires, Mater. Sci. Eng. A 378 (2004)
105–109.

[25] R. Matsui, H. Tobushi, Y. Furuichi, et al., Tensile deformation and rotating-
bending fatigue properties of a highelastic thin wire, a superelastic thin wire,
and a superelastic thin tube of NiTi alloys, ASME J. Eng. Mater. Technol. 126
(2004) 384–391.

[26] X.J. Yan, D.Z. Yang, X.P. Liu, Corrosion behavior of a laser-welded NiTi shape
memory alloy, Mater. Charact. 58 (2007) 623–628.

[27] G.S. Cheung, B.W. Darvell, Low-cycle fatigue of rotary NiTi endodontic
instruments in hypochlorite solution, Dental Mater. 24 (2008) 753–759.

[28] A.M. Figueiredo, P. Modenesi, V. Buono, Low-cycle fatigue life of superelastic
NiTi wires, Int. J. Fatigue 31 (2009) 751–758.

[29] S. Bernard, V.K. Balla, S. Bose, et al., Rotating bending fatigue response of laser
processed porous NiTi alloy, Mater. Sci. Eng. C 31 (2011) 815–820.

[30] C.W. Chan, H.C. Man, F.T. Cheng, Fatigue behavior of laser-welded NiTi wires
in small-strain cyclic bending, Mater. Sci. Eng. A 559 (2013) 407–415.

[31] M. Kollerov, E. Lukina, D. Gusev, et al., Impact of material structure on the
fatigue behaviour of NiTi leading to a modified Coffin–Manson equation,
Mater. Sci. Eng. A 585 (2013) 356–362.

[32] T. Duerig, A. Pelton, D. Stockel, An overview of nitinol medical applications,
Mater. Sci. Eng. A 273–275 (1999) 149–160.

[33] K.N.Melton, O.Mercier, Fatigue of NiTi thermoelasticmartensites, ActaMetall.
27 (1979) 137–144.

[34] Z.Moumni, A. VanHerpen, P. Riberty, Fatigue analysis of shapememory alloys:
energy approach, Smart Mater. Struct. 14 (2005) S287–S292.

[35] G.Z. Kang, Q. Kan, C. Yu, et al., Whole-life transformation ratchetting and
fatigue of super-elastic NiTi Alloy under uniaxial stress-controlled cyclic
loading, Mater. Sci. Eng. A 535 (2012) 228–234.

[36] C. Maletta, E. Sgambitterra, F. Furgiuele, et al., Fatigue of pseudoelastic NiTi
within the stress-induced transformation regime: a modified Coffin–Manson
approach, Smart Mater. Struct. 21 (2012) 112001.

[37] C. Maletta, E. Sgambitterra, F. Furgiuele, et al., Fatigue properties of a
pseudoelastic NiTi alloy: Strain ratcheting and hysteresis under cyclic tensile
loading, Int. J. Fatigue 66 (2014) 78–85.

[38] C. Maletta, L. Bruno, P. Corigliano, et al., Crack-tip thermal and mechanical
hysteresis in shape memory alloys under fatigue loading, Mater. Sci. Eng. A
616 (2014) 281–287.
[39] S.W. Robertson, A.R. Pelton, R.O. Ritchie, Mechanical fatigue and fracture of
Nitinol, Int. Mater. Rev. 57 (2012) 1–36.

[40] G.S. Mammano, E. Dragoni, Functional fatigue of Ni–Ti shape memory wires
under various loading conditions, Int. J. Fatigue 69 (2014) 71–83.

[41] G.Z. Kang, Q. Kan, L. Qian, et al., Ratcheting deformation of super-elastic and
shape-memory NiTi alloys, Mech. Mater. 41 (2009) 139–153.

[42] D. Song, G.Z. Kang, Q. Kan, et al., Experimental observations on uniaxial whole-
life transformation ratchetting and low-cycle stress fatigue of super-elastic
NiTi shape memory alloy micro-tubes, Smart Mater. Struct. 24 (2015) 075004.

[43] A. Runciman, D. Xu, A.R. Pelton, et al., An equivalent strain/Coffin–
Manson approach to multiaxial fatigue and life prediction in superelastic
Nitinol medical devices, Biomaterials 32 (2011) 4987–4993.

[44] X. Wang, Y. Wang, Z. Lu, et al., An experimental study of the superelastic
behavior in NiTi shape memory alloys under biaxial proportional and non-
proportional cyclic loadings, Mech. Mater. 42 (2010) 365–373.

[45] D. Song, G. Kang, Q. Kan, et al., Non-proportionally multiaxial transformation
ratchetting of super-elastic NiTi shape memory alloy: experimental observa-
tions, Mech. Mater. 70 (2014) 94–105.

[46] D. Song, G. Kang, Q. Kan, et al., Non-proportional multiaxial whole-life
transformation ratchetting and fatigue failure of super-elastic NiTi shape
memory alloy micro-tubes, Int. J. Fatigue 80 (2015) 372–380.

[47] N. Barrera, P. Biscari, M.F. Urbano, Macroscopic modeling of functional fatigue
in shape memory alloys, Eur. J. Mech. A 45 (2014) 101–109.

[48] M.J. Bigeon, M. Morin, Thermomechanical study of the stress assisted two
way memory effect fatigue in TiNi and CuZnAl wires, Scr. Mater. 35 (1996)
1373–1378.

[49] D.C. Lagoudas, C. Li, D.A. Miller, et al., Thermomechanical transformation
fatigue of SMA actuators, Proc. SPIE 3992 (2000) 420–429.

[50] D.C. Lagoudas, D.A. Miller, L. Rong, et al., Thermomechanical fatigue of shape
memory alloys, Smart Mater. Struct. 18 (2009) 085021.

[51] O.W. Bertacchini, J. Schick, D.C. Lagoudas, Parametric study and characteriza-
tion of the isobaric thermomechanical transformation fatigue of nickel-rich
NiTi SMA actuators, Proc. SPIE (2009) 72890P.

[52] P. Pappas, D. Bollas, J. Parthenios, et al., Transformation fatigue and stress
relaxation of shape memory alloy wires, Smart Mater. Struct. 16 (2007)
2560–2570.

[53] V. Demers, V. Brailovski, S.D. Prokoshkin, et al., Thermomechanical fatigue
of nanostructured Ti-Ni shape memory alloys, Mater. Sci. Eng. A 513 (2009)
185–196.

[54] M. Karhu, T. Lindroos, Long-term behaviour of binary Ti–49.7 Ni (at.%) SMA
actuators-the fatigue lives and evolution of strains on thermal cycling, Smart
Mater. Struct. 19 (2010) 115019.

[55] M. Karhu, T. Lindroos, Microstructure analysis and damage patterns of
thermally cycled Ti–49.7 Ni (at.%) wires, Smart Mater. Struct. 21 (2012)
035008.

[56] J. Kasuga, T. Yoneyama, E. Kobayashi, et al., Fatigue property of super-elastic
Ti-Ni alloy dental castings, Mater. Trans. 46 (2005) 1555–1563.

[57] N.B. Morgan, J. Painter, A. Moffat, Mean strain effects and microstructural
observations during in vitro fatigue testing of NiTi, in: Proceedings of the
International Conference on Shape Memory and Superelastic Technologies,
Pacific Grove, CA, 2004, pp. 303–310.

[58] A.L. McKelvey, R.O. Ritchie, Fatigue-crack propagation in Nitinol, a shape-
memory and superelastic endovascular stent material, J. Biomed. Mater. Res.
47 (1999) 301–308.

[59] X. Wang, W. Cao, C. Deng, et al., The effect of notches on the fatigue behavior
in NiTi shape memory alloys, Mater. Sci. Eng. A 610 (2014) 188–196.

[60] K. Gall, J. Tyber, G. Wilkesanders, et al., Effect of microstructure on the fatigue
of hot-rolled and cold-drawn NiTi shapememory alloys, Mater. Sci. Eng. A 486
(2008) 389–403.

[61] S.W. Robertson, V. Imbeni, H.R. Wenk, et al., Crystallographic texture for tube
and plate of the superelastic shapememory alloy Nitinol used for endovascular
stents, J. Biomed. Mater. Res. Part A 72 (2005) 190–199.

[62] S.W. Robertson, R. O Ritchie, In vitro fatigue-crack growth and fracture
toughness behavior of thin-walled superelastic Nitinol tube for endovascular
stents: a basis for defining the effect of crack-like defects, Biomaterials 28
(2007) 700–709.

[63] V.D. Cocco, F. Iacoviello, C. Maletta, et al., Cyclic microstructural transitions
and fracture micromechanisms in a near equiatomic NiTi alloy, Int. J. Fatigue
58 (2014) 136–143.

[64] Y. Liu, Z. Xie, J. Van Humbeeck, Asymmetry of stress–strain curves under
tension and compression for NiTi shape memory alloys, Acta Mater. 46 (1998)
4325–4338.

[65] E. Charkaluk, A. Bignonnet, An energetic approach in thermomechanical
fatigue for silicon molybdenum cast iron, Mater. High Temp. 17 (2000)
373–380.

[66] E. Charkaluk, A. Bignonnet, A. Constantinescu, et al., Fatigue design of
structures under thermomechanical loadings, Fatigue Fract. Eng.Mater. Struct.
25 (2002) 1199–1206.

[67] R.P. Skelton, Energy criterion for high temperature low cycle fatigue failure,
Mater. Sci. Technol. 7 (1991) 427–440.

[68] R.P. Skelton, Cyclic hardening, softening, and crack growth during high
temperature fatigue, Mater. Sci. Technol. 9 (1993) 1001–1008.

[69] R.P. Skelton, T. Vilhelmsen, G.A. Webster, Energy criteria and cumulative
damage during fatigue crack growth, Int. J. Fatigue 20 (1998) 641–649.

[70] J.M. Stankiewicz, S.W. Robertson, R.O. Ritchie, Fatigue-crack growth properties
of thin-walled superelastic austenitic Nitinol tube for endovascular stents,
J. Biomed. Mater. Res. Part A 81 (2007) 685–691.

http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref7
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref8
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref9
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref10
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref11
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref12
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref13
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref14
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref15
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref16
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref17
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref18
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref19
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref20
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref21
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref22
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref23
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref24
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref25
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref26
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref27
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref28
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref29
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref30
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref31
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref32
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref33
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref34
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref35
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref36
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref37
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref38
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref39
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref40
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref41
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref42
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref43
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref44
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref45
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref46
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref47
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref48
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref49
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref50
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref51
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref52
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref53
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref54
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref55
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref56
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref58
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref59
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref60
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref61
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref62
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref63
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref64
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref65
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref66
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref67
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref68
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref69
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref70


254 G. Kang, D. Song / Theoretical and Applied Mechanics Letters 5 (2015) 245–254
[71] M.Wagner, S.R. Dey, H. Gugel, et al., Effect of low-temperature precipitation on
the transformation characteristics of Ni-rich NiTi shapememory alloys during
thermal cycling, Intermetallics 18 (2010) 1172–1179.

[72] J.S. Olsen, Z.L. Zhang, J.K. Hals, et al., Effect of notches on the behavior
of superelastic round-bar NiTi-specimens, Smart Mater. Struct. 20 (2011)
025014.

[73] L.C. Brinson, I. Schmidt, R. Lammering, Stress-induced transformationbehavior
of a polycrystalline NiTi shape memory alloy: micro and macromechanical
investigations via in situ optical microscopy, J. Mech. Phys. Solids 52 (2004)
1549–1571.

[74] A.L. McKelvey, R.O. Ritchie, Fatigue-crack growth behavior in the superelastic
and shape-memory alloy Nitinol, Metall. Mater. Trans. A 32 (2001) 731–743.

[75] R.F. Hamilton, H. Sehitoglu, Y. Chumlyakov, et al., Stress dependence of the
hysteresis in single crystal NiTi alloys, Acta Mater. 52 (2004) 3383–3402.

[76] D.M. Norfleet, P.M. Sarosi, S. Manchiraju, et al., Transformation-induced
plasticity during pseudoelastic deformation in Ni–Ti microcrystals, Acta
Mater. 57 (2009) 3549–3561.

[77] A.R. Pelton, Nitinol fatigue: a review of microstructures and mechanisms,
J. Mater. Eng. Perform. 20 (2011) 613–617.

[78] A.R. Pelton, G.H. Huang, P. Moine, et al., Effects of thermal cycling on
microstructure and properties in Nitinol, Mater. Sci. Eng. A 532 (2012)
130–138.

[79] R. Delville, B. Malard, J. Pilch, et al., Microstructure changes during
non-conventional heat treatment of thin Ni–Ti wires by pulsed electric
current studied by transmission electron microscopy, Acta Mater. 58 (2010)
4503–4515.

[80] R. Delville, B. Malard, J. Pilch, et al., Transmission electron microscopy
investigation of dislocation slip during superelastic cycling of Ni–Ti wires, Int.
J. Plast. 27 (2011) 282–297.
[81] Z. Xie, Y. Liu, J. Van Humbeeck, Microstructure of NiTi shape memory
alloy due to tension–compression cyclic deformation, Acta Mater. 46 (1998)
1989–2000.

[82] A. Ahadi, Q. Sun, Stress hysteresis and temperature dependence of phase
transition stress in nanostructured NiTi Effects of grain size, Appl. Phys. Lett.
103 (2013) 021902.

[83] A. Ahadi, Q. Sun, Effects of grain size on the rate-dependent thermomechanical
responses of nanostructured superelastic NiTi, Acta Mater. 76 (2014)
186–197.

[84] Q. Kan, G. Kang,W. Yan, et al., An energy-based fatigue failuremodel for super-
elastic NiTi alloys under pure mechanical cyclic loading, Proc. SPIE (2012)
84090F.

[85] D. Song, G. Kang, Q. Kan, et al., Damage-based life predictionmodel for uniaxial
low-cycle stress fatigue of super-elastic NiTi shape memory alloy microtubes,
Smart Mater. Struct. 24 (2015) 085007.

[86] O. Kastner, G. Eggeler, W. Weiss, et al., Molecular dynamics simulation
study of microstructure evolution during cyclic martensite transformation,
J. Mech. Phys. Solids 59 (2011) 1888–1908.

[87] Z. Zhang, X. Ding, J. Sun, et al., Nonhysteretic superelasticity of shape memory
alloys at the nanoscale, Phys. Rev. Lett. 111 (2013) 145701.

[88] Y. Jin, A. Artemev, A. Khachaturyan, Three-dimensional phase field model of
proper martensitic transformation, Acta Mater. 49 (2001) 2309–2320.

[89] Y. Zhong, T. Zhu, Phase-field modeling of martensitic microstructure in NiTi
shape memory alloys, Acta Mater. 75 (2014) 337–347.

[90] D. Grandi, M. Maraldi, L. Molari, A macroscale phase-field model for shape
memory alloys with non-isothermal effects: Influence of strain rate and
environmental conditions on the mechanical response, Acta Mater. 60 (2012)
179–191.

http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref71
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref72
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref73
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref74
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref75
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref76
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref77
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref78
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref79
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref80
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref81
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref82
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref83
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref84
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref85
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref86
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref87
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref88
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref89
http://refhub.elsevier.com/S2095-0349(15)00093-8/sbref90

	Review on structural fatigue of NiTi shape memory alloys: Pure mechanical and thermo-mechanical ones
	Introduction
	Experimental observations
	Macroscopic experimental observations
	Mechanical fatigue
	Thermo-mechanical fatigue

	Microscopic mechanism analysis
	Fatigue failure model

	Summary and future topics
	Acknowledgment
	References


