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Fatigue behavior of superelastic NiTi (i.e. Nitinol) is experimentally investigated and an energy-based
fatigue model is proposed to account for the effects of tensile mean strain and stress on fatigue re-
sistance. Several zero and nonzero mean strain tests at various strain amplitudes were conducted on
cylindrical fatigue specimens with uniform gage sections. Experimental results revealed significant
detrimental effects of the tensile mean stress on the fatigue life of the superelastic NiTi. On the stress
plateau, where a change in the mean strain did not significantly influence the stress value, fatigue lives
were observed to be similar. A modified energy-based model is proposed to account for the effects of
mean stress and strain on the fatigue behavior of superelastic NiTi. Among all the models investigated in
this study, the proposed energy approach was able to better correlate the fatigue data with and without
mean strains/stresses.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

NiTi (also known as Nitinol), an almost equiatomic alloy of
nickel and titanium, has gained significant popularity in several
applications due to its unique properties such as superelasticity
and shape memory effects, as well as high resistance to severe
environmental conditions. In civil engineering applications, NiTi
alloys have been used as energy dissipation tools in bridges and
earthquake resistant structures [1]. NiTi has also been employed
widely as actuators in automotive [2] and aerospace [3] industries.
In particular, superelastic NiTi is used as a biomaterial for many
devices such as endovascular stents, vena cava filters, endodontic
files and implants, where a combination of biocompatibility,
strength, deformation tolerance and fatigue resistance is needed.

In many applications, NiTi components are under cyclic loading
which makes them prone to fatigue failure. Accordingly, fatigue of
NiTi has been studied and more complexities as compared to other
metals have been reported [4,5]. The complex behavior arises from
several phase transformations in NiTi under thermal and/or me-
chanical loading. Pelton et al. [6] conducted a large number of
uniaxial fatigue tests on superelastic NiTi using the standard ro-
tating bending fatigue test setup [7] and reported a multi-linear
strain-life (i.e. ε-N) behavior in the log-log scale. They reported
ei).
less sensitivity of the fatigue life to the strain amplitudes on the
stress plateau, where strain amplitude falls between austenite to
martensite start and finish strains, i.e. ε ε< ε <s

AM
a f

AM . Mahtabi
et al. [4] explained such a behavior to be related to the almost
constant stress amplitude acting on the specimen on the plateau,
and thus, concluded stress to be a more influential parameter than
strain on the fatigue behavior of superelastic NiTi.

NiTi components may also experience some constant loading in
addition to the cyclic one in certain applications. For instance, NiTi
stents are under a nonzero mean strain cyclic deformation at a
frequency of human’s heartbeat, i.e. �1 Hz. There is an almost
constant load together with a cyclic load acting on these compo-
nents as the heart pumps the blood into the vessel. It should be
mentioned that mean stresses/strains can also appear in a com-
ponent as a result of residual stresses due to the manufacturing
and/or post-manufacturing processes. In addition, superelastic
NiTi exhibits a higher stress plateau in compression than in ten-
sion that results in an asymmetric tension-compression de-
formation response. Under strain-controlled tests, when the strain
amplitude is larger than A-M start strain, εs

AM , there is a com-
pressive mean stress acting on the material, and thus, a fully re-
versed strain-controlled test is indeed a nonzero mean stress test.

Mean strain is known to be ineffective on the fatigue resistance
unless it results in some mean stress during cyclic loading. For
superelastic NiTi, however, the mean stress in nonzero mean strain
tests appears not to relax much. Several studies, therefore, have
considered the effects of mean strain and stress on fatigue
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Nomenclature

2Nf number of reversals to failure
A-M austenite to martensite transformation
b fatigue strength exponent
c fatigue ductility/superelasticity exponent
EA austenite modulus
EFRSA Equivalent Fully Reversed Stress Amplitude
EM stress-induced martensite modulus
HCF high-cycle fatigue
LCF low-cycle fatigue
M-A martensite to austenite transformation
Neq,M equivalent fully reversed number of cycles to failure
Nf experimental number of cycles to failure
Rε strain ratio in a cyclic loading (εmin/εmax)
Rs stress ratio in a cyclic loading (smin/smax)

εa strain amplitude
εmax maximum strain
εmin minimum strain
ε′f fatigue ductility/superelasticity coefficient
εf
AM A-M finish strain

εs
AM A-M start strain

sa stress amplitude (i.e. alternating stress)
se fatigue stress limit (fatigue endurance stress)
seq,M equivalent fully reversed stress
sm mean stress
smax maximum stress
smin minimum stress
s′f fatigue strength coefficient
σs
AM A-M start stress (i.e. start of loading plateau stress)

su ultimate stress

Fig. 1. Solid circular fatigue specimen used in strain-controlled tests: (a) a picture
of the actual specimen, and (b) drawing of the specimen (all dimensions are in
mm).
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behavior of superelastic NiTi. Tolomeo et al. [8] and Pelton et al. [9]
studied the fatigue behavior of NiTi diamond-shaped components
under displacement-controlled condition. The finite element
analyses conducted in their studies illustrated the existence of
mean strains/stresses at the critical location of the component.
Based on the finite element simulations together with experi-
mental results, constant-life diagrams were generated for a certain
run-out life (e.g., Nf¼106 or 107 cycles). These diagrams revealed
some beneficial effects of tensile mean strain on the fatigue be-
havior of superelastic NiTi, where the mean strain was between
martensite start and finish strains, i.e. εs

AM and εf
AM . More speci-

fically, both studies reported larger tolerable strain amplitudes at
run-out for mean strains around 3% as compared to, for example,
1% mean strain, indicating a higher fatigue resistance in presence
of a larger tensile mean strain. Beneficial effects of tensile mean
strains were also reported by Morgan and co-workers [10], who
conducted strain-controlled fatigue tests on straight wire speci-
mens at 2%, 4% and 6% tensile mean strains and strain amplitudes
of 0.5–3.0%. They reported longer fatigue lives for superelastic NiTi
by an increase in tensile mean strain. Based on their results, the
effect of tensile mean strain was more pronounced in high-cycle
fatigue (HCF) regime and almost no effect was reported in low-
cycle fatigue (LCF) regime, indicating less sensitivity of the fatigue
resistance to mean strain in LCF, as typically observed for most
metallic materials. This observation becomes even more interest-
ing knowing that superelastic NiTi does not exhibit any plastic
deformation, and most likely not much mean stress relaxation, in
the investigated strain range.

Mean stress effect on the fatigue behavior of superelastic NiTi
was also studied by Moumni et al. [11]. They conducted several
force-controlled fatigue tests on superelastic NiTi with different
stress ratios (Rs) and reported significantly shorter fatigue lives for
specimens under tensile mean stress. Results from Moumni et al.
[11] indicate the high sensitivity of superelastic NiTi to tensile
mean stress.

Due to the presence of mean strains in many applications of
superelastic NiTi, there is a critical need for experimental and
analytical research on the effects of mean strain/stress on the fa-
tigue behavior of this alloy. Such an understanding is also required
for fatigue life analysis of NiTi alloys under variable amplitude
and/or multiaxial [12] loadings, as more realistic loading condi-
tions for many components and structures. Moreover, due to the
lack of comprehensive experimental data, there is not a robust
model in the literature for the effects of mean strain/stress on the
fatigue behavior of NiTi. In this study, nonzero mean strain fatigue
experiments are conducted on superelastic NiTi and several mean
stress correction models are evaluated to explain the effects of
mean stress/strain on uniaxial fatigue behavior of this material.
2. Material and experimental setup

Straight bars of Ni50.8Ti49.2 (atomic %) composition were ma-
chined to cylindrical fatigue specimens with uniform gage section.
Specimens had a 10 mm diameter at the grip section and a 7 mm
diameter at the gage section to minimize the possibility of failure
outside the gage section. Designed geometry and an image of a
fatigue specimen are shown in Fig. 1. The specimen geometry for
strain-controlled testing is designed to facilitate testing and pre-
vent buckling in fully reversed fatigue tests at large strain ampli-
tudes. As a result, the geometry and dimension of the specimens
do not completely fulfill the requirements of ASTM standard [13].
Surface of the specimens were mechanically polished to a very fine
level, equivalent to grit #4000, to reduce the possibility of cracks
initiating from the machining marks on the surface. A heat treat-
ment, including short annealing followed by quenching in iced
water, was conducted on the machined specimens. This rapid
cooling step provided superelastic NiTi specimens at room tem-
perature. It is worth mentioning that the heat treatment was se-
lected based on the recommendations made by Pelton et al. [14]
and some trial-and-error to determine the suitable time and
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temperature.
Both monotonic and cyclic tests were carried out at room

temperature (�24 °C). Tensile properties of the material was de-
termined based on two strain-controlled tensile tests using Instron
5882 electro-mechanical machine at a strain rate of 10�3 s�1 up to
6.5% strain. Strain-controlled cyclic tests were conducted using an
MTS 810 servo-hydraulic fatigue machine at various strain am-
plitudes (i.e. εa¼0.4%, 0.5%, 1%, 1.1%, 1.25% and 1.5%) and three
different strain ratios (Rε¼εmin/εmax), including fully reversed
(Rε¼�1), pulsating (Rε¼0), and tension-tension (Rε¼0.5). The
considered large mean strains in this study were to simulate the
loading condition in some applications, such as self-expanding
NiTi stents, where a large mean strain is applied in addition to the
cyclic strain [15]. An MTS uniaxial extensometer with a 15 mm
gage length was used to measure and control the strain during
fatigue tests. In order to protect the surface of the specimen,
multiple layers of clear tape were placed on the gage section
where the extensometer’s knife edges were touching it. Different
frequencies for different strain ranges were used to obtain a nearly
constant average strain rate of 0.1 s�1 for all the cyclic tests.
Table 1
Mechanical properties of Ni50.8Ti49.2 used in this study [16].

Property Value

Austenite modulus, EA (GPa) 73
Stress-induced martensite modulus, EM (GPa) 22
Ultimate stress, su (MPa) 1,040

A-M start stress, σs
AM (MPa) 515

A-M start strain, εs
AM (%) 1.0

A-M finish strain, εf
AM (%) 3.4
3. Experimental results

3.1. Monotonic behavior

Stress-strain responses of the material, obtained from two
monotonic tensile tests, are presented in Fig. 2 and the average
tensile properties are listed in Table 1. It should be mentioned that
all the stress and strain values in this study are engineering values
calculated based on the initial geometry of the specimens. As can
be seen from this figure, this NiTi alloy has a starting modulus (i.e.
austenite modulus, EA) of around 73 GPa. A stress plateau of
�500 MPa, starting at a strain level of �1%, where the material
starts transforming from austenite to martensite (A-M), can be
clearly noticed in Fig. 2. As a result of stress-induced phase
transformation, the stress plateau continues up to ε ¼3.4%, where
the material becomes fully martensitic. Beyond this strain level,
there is a linear relation between stress and strain variations with
a lower modulus (i.e. stress-induced martensite modulus, EM) of
22 GPa.
Fig. 2. Tensile stress-strain response of NiTi from two different monotonic tests
[16].
3.2. Cyclic behavior

Cyclic behavior of superelastic NiTi with and without mean
strains as well as the corresponding properties were previously
reported and discussed in [16]. Initial reductions in A-M start
stress and the area enclosed by the hysteresis loop under cyclic
loads were observed for this superelastic NiTi [16]. However, the
material response was found to reach a stable state after a limited
number of cycles, similar to the observations by Miyazaki et al.
[17]. Furthermore, a significantly higher plateau stress in com-
pression than in tension was observed [16]. Such asymmetry in
stress response, and therefore, the resulted compressive mean
stress where εa 4 εs

AM may be beneficial to the fatigue life of
superelastic NiTi under fully reversed strain-controlled conditions.
Unstraining from a strain level on the stress plateau was observed
to occur at a slope between the austenite modulus (EA) and the
stress-induced martensite modulus (EM) [16], which was also in
agreement with other studies [18]. Moreover, an initial cyclic
hardening behavior together with mean stress relaxation was
noticed for the superelastic NiTi in strain-controlled cyclic tests
[16].

Details of different fatigue tests are presented in Table 2 and
strain-life data from strain-controlled fatigue experiments are
presented in Fig. 3. The arrow in this figure indicates grip failure,
implying a longer fatigue life for the specimen. The observed fa-
tigue life for the specimen with grip failure, which corresponds to
the material in austenitic region, indicates a significant increase in
the fatigue life when the maximum strain is smaller than the A-
M start strain (i.e. εmaxo εs

AM). The abrupt reduction in the fatigue
life for strain amplitudes larger than εs

AM may be attributed to the
Table 2
Details of fatigue experiments and analysis results for the investigated Ni50.8Ti49.2.

Rε εa εm 2Nf seq,G seq, SWT seq,W seq,K Wt
Stable Wt

First

(%) (%) (Rev.) (MPa) (MPa) (MPa) (MPa) MJ/m3 MJ/m3

�1 1.00 0.00 4134,878 581 581 581 581 0.11 0.16
1.10 0.00 15,116 594 594 594 594 0.26 0.31
1.25 0.00 11,906 599 599 599 599 0.39 0.41
1.25 0.00 9,164 634 634 634 634 0.21 0.38
1.50 0.00 6,076 675 675 675 675 0.51 0.90
1.50 0.00 5,170 626 626 626 626 0.45 0.62

0 0.40 0.40 59,392 268 304 331 331 0.04 0.06
0.50 0.50 23,212 339 362 387 418 0.09 0.15
0.50 0.50 31,516 264 303 335 337 0.12 0.06
1.00 1.00 4,666 437 441 464 526 0.34 1.09
1.00 1.00 3,542 456 458 477 536 0.39 0.76
1.00 1.00 4,920 371 385 417 472 0.50 0.60
1.50 1.50 2,542 394 403 434 501 1.28 1.43
1.50 1.50 2,978 488 486 502 563 1.06 2.32
1.50 1.50 2,974 509 506 519 573 1.01 2.13

0.5 0.40 1.20 12,426 120 187 231 162 0.13 0.21
0.40 1.20 9,094 121 188 233 163 0.16 0.24
0.50 1.50 8,152 157 219 264 213 0.18 0.29
0.50 1.50 11,054 124 191 234 167 0.29 0.32
1.00 3.00 3,066 323 339 386 437 0.46 1.13
1.00 3.00 2,716 350 359 404 473 0.28 1.24



Fig. 3. Strain-life fatigue data for different strain ratios (Rε) [16]. Arrow indicates
failure in the grip.
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detrimental effects of stress-induced phase transformation on the
fatigue behavior of this material. Studies [6,19] have shown that
the fatigue response of superelastic NiTi may be presented better
by a bilinear/multilinear relation, which differentiates between the
high- and mid-cycle fatigue regimes. Thus, the test that failed at
the grip may belong to the high-cycle regime, which does not
follow the same trend as the other test data. As seen in Fig. 3 for a
constant strain amplitude, shorter fatigue lives are observed for
specimens with larger tensile mean strains, indicating a high
sensitivity of the fatigue life of superelastic NiTi to tensile mean
stress. Moreover, the strain-life fatigue data for a constant
Rε¼εmin/εmax can be expressed by a linear relationship in a log-log
plot, indicating a power-law relation between strain amplitude
and number of reversals to failure, 2Nf, for the life regimes in-
vestigated in this study. However, this linear relation only exists up
to the run-out strain level for the fully reversed test condition
(Rε¼�1).
Fig. 4. Stress-life data for fully reversed strain-controlled tests used to calculate the
prediction line and stress-life fatigue parameters; s′f and b.
4. Fatigue analysis and modeling

In this section, mean stress correction models are briefly re-
viewed and their applicability in correlating zero and nonzero
mean stress fatigue data for superelastic NiTi is evaluated. Ana-
lyses are conducted in stress-life and strain-life methods as well as
energy approaches.

4.1. Stress-life analysis

Stress-based mean stress correction models, such as Goodman
[20], basically provide an approximation of an equivalent fully
reversed stress amplitude (EFRSA) that yields similar effects on
fatigue life as compared to those resulted from a combination of
both mean stress and stress amplitude. The general procedure to
employ these models is to calculate the EFRSA for each test and
plot them against experimentally observed fatigue lives of speci-
mens. The prediction line for each model can be approximated as a
power-law equation with a general form as Eq. (1):

( )σ σ= ′ ( )N2 1eq f f
b

where seq is the EFRSA, Nf is the number of cycles to failure and
2Nf is the number of reversals to failure. s′f and b are fatigue
strength coefficient and exponent, respectively, which are derived
based on the fully reversed force-controlled test data (i.e. sm¼0).
In other words, the fully reversed test data are used as the base-
line and the fit to this set of data is considered as the prediction
line. The attempt is then to shift the nonzero mean stress test data
on the stress axis toward the prediction line by finding an ap-
propriate EFRSA. A comprehensive discussion on the effects of
mean stress on fatigue behavior of metallic materials can be found
in [21].

Generating an appropriate set of fatigue parameters (i.e. σ′f and
b) for the stress-life analysis requires a set of experimental data
under fully reversed force (stress)-controlled condition, which was
not available in this study. Therefore, the fatigue coefficient and
exponent for the prediction line are calculated from fully reversed
strain-controlled fatigue tests, where there may exist a compres-
sive mean stress as a result of asymmetry in the stress-strain re-
sponse of the material. Subsequently, the estimated fatigue para-
meters (i.e. σ′f and b) in this study may not be the most accurate
ones.

For each strain-controlled test, maximum and minimum
stresses, and subsequently, mean stress and stress amplitude, were
determined based on the stress-strain response (i.e. hysteresis
loop) of the material near the mid-life. It is worth mentioning that
the stress-strain response of the superelastic NiTi reaches a stable
condition after a limited number (�100–200) of cycles [16,17,22].
Thus, the mid-life stress response of the material can be fairly
accurately considered as the stable stress response. In order to
calculate the prediction line in absence of fully reversed force-
controlled tests, the stress amplitude versus the number of re-
versals to failure for all the fully reversed strain-controlled tests
was plotted in semi-log scale, as presented in Fig. 4. A power
function in the form of Eq. (1) was fitted to the data and then used
to determine σ′f and b. It should be noted again that in all the
stress-life analyses for mean stress correction in this study, the
horizontal axis is the experimentally observed number of reversals
to failure, 2Nf, and the vertical axis is the EFRSA, which varies
according to the employed mean stress correction model.

4.1.1. Goodman model
Goodman relation is presented by a constant-life diagram for

different combinations of mean stress and stress amplitude that
result in a certain fatigue life, Nf, and is expressed as:



M.J. Mahtabi, N. Shamsaei / International Journal of Mechanical Sciences 117 (2016) 321–333 325
σ
σ

σ
σ

+ =
( )

1
2

a

e

m

u

where sa and sm are stress amplitude and mean stress, respec-
tively. su is the ultimate tensile stress of the material and se is the
fatigue limit (i.e. endurance limit) for a certain “run-out” life in a
fully reversed force-controlled test. This equation determines
combinations of mean stress and stress amplitude under which
the material has the same life as the se in fully reversed condition.
In cases where samples fail in lives shorter than the “run-out” life,
an equivalent fatigue strength, seq,G (where subscript G indicates
Goodman relation), should be calculated using the following
equation:

σ
σ
σ σ

=
− ( )1 / 3eq G

a

m u
,

This equivalent stress should then be combined with the fati-
gue life prediction equation (i.e. Eq. (1)) from fully reversed data to
calculate the fatigue life that accounts for mean stress effects.

4.1.2. SWT model
The original Smith-Watson-Topper (SWT) damage model [23]

is a strain-stress-based parameter that considers the effects of
mean stress on fatigue behavior. For stress-life analysis, SWT
equivalent fully reversed stress, seq,SWT is calculated using the
following equation [21] based on the stress amplitude, sa, and
maximum stress, smax:
Fig. 5. Equivalent fully reversed stress amplitude (EFRSA) versus experimental fatigue liv
(c) Walker, and (d) Kwofie.
σ σ σ= ( )4eq SWT a max,

This equivalent stress was used to calculate the predicted fa-
tigue life, using SWT model, along with equation Eq. (1).

4.1.3. Walker model
The Walker damage parameter [24] can be considered as the

general form of the SWT model that adjusts the contribution of
maximum stress and stress amplitude to the fatigue damage. For
stress-life analysis purposes, the Walker equivalent fully reversed
stress, seq,W can be calculated using the following equation [21]:

σ σ σ= ( )γ γ−
5eq W a max,

1

where γ is a fitting constant, adjustable based on the sensitivity of
the material to mean stress. The value of γ¼0.4 for the Walker
model was used in the analyses, as suggested by Dowling et al. [21]
for materials with high sensitivity to mean stress.

4.1.4. Kwofie model
Kwofie [25] proposed a mean stress correction model that

considers an exponential form for the fully reversed equivalent
stress amplitude (EFRSA). The EFRSA based on the Kwofie model is
expressed as:

σ σ= ( )α
σ
σe 6eq K a,
m
u

where sm and sa are the mean stress and stress amplitude, re-
spectively, and su is the ultimate tensile stress of the material. In
es for different stress-based mean stress correction models: (a) Goodman, (b) SWT,



Fig. 6. Fatigue coefficients and exponents calculated based on the strain decom-
position of fully reversed fatigue data.
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the Kwofie model, α accounts for the sensitivity of the fatigue life
to mean stress and α¼2.0 was used in this study (as suggested by
Kwofie for materials with high sensitivity to mean stress) to cor-
relate fatigue lives from tests with and without mean stress/strain.

Calculated equivalent fully reversed stress amplitudes (EFRSAs)
for different models are listed in Table 2 and plotted against the
experimentally observed fatigue lives in Fig. 5. As can be seen in
this figure for the stress-life analysis, none of the considered mean
stress correction models provided satisfactory results. Among
other stress-based approaches, Gerber model has been shown not
to be very effective for mean stress correction of common metals
[21]. Morrow’s stress-based model [20] requires knowing sf which
was not available for the superelastic NiTi, and thus, was also ex-
cluded from this study.

4.2. Strain-life analysis

One approach in strain-based fatigue analysis of nonzero mean
strain/stress data, as Dowling [26] explains, is to relate the strain
amplitude to an equivalent fully reversed fatigue life using a Cof-
fin-Manson-type equation as:

( ) ( )ε
σ

ε=
′

+ ′ ( )E
N N2 2 7a

f
eq

b
f eq

c

where σ′f is the fatigue strength coefficient, ε′f is the fatigue duc-
tility coefficient, b is the fatigue strength exponent and c is the
fatigue ductility exponent, which are all determined based on the
fully reversed strain-controlled fatigue data. Neq in this equation is
the equivalent fully reversed fatigue life (2Neq is the equivalent
number of reversals to failure), which is calculated based on the
employed mean stress correction model and corresponds to the
case of sm¼0.

It should be noted that ε′f and c in Eq. (7) may be related to
superelasticity behavior, rather than ductility (i.e. plastic de-
formation) for superelastic NiTi, as its deformation can still be
recoverable beyond the linear elastic region (i.e. start of plateau
stress). Therefore, ε′f and c may be defined as superelasticity
coefficient and exponent, respectively.

To calculate the fatigue strength and superelasticity para-
meters, the strain amplitude of each fully reversed fatigue test is
decomposed into two different portions: elastic strain amplitude,
εa,e, and transformation strain amplitude, εa,tr, using the following
equation [27]:

ε ε ε ε
σ

ε= Δ = + = + ( )E2 8a a e a tr
a

a tr, , ,

Thus, the transformation strain amplitude can be calculated as:

ε ε
σ

= − ( )E 9a tr a
a

,

Based on the least square fit to the fully reversed fatigue data
generated in this study, the fatigue strength and superelasticity
parameters are calculated to be σ′f ¼1355 MPa, b¼�0.085, ε′f ¼2.11
and c¼�0.679 , as presented in Fig. 6. It is worth mentioning that
the relatively large ε′f and c, obtained in this study, may be re-
sulting from the significant reduction in the fatigue life for strain
levels larger than A-M start strain, εs

AM , affecting the slope, and
therefore, the intercept of the transformation strain-life curve.

In the following sections, strain amplitudes of the nonzero
mean strain/stress data are plotted against the equivalent fully
reversed fatigue lives, calculated based on different strain-based
mean stress correction models. The prediction line for all the
employed models was obtained by fitting the Coffin-Manson-type
equation to the fully reversed strain-controlled fatigue data. For
nonzero mean strain tests, the prediction line is used to calculate
the equivalent fully reversed fatigue life, Neq, for a selected strain
amplitude. The predicted fatigue life, Nf, can then be calculated
using the relation between Nf (i.e. predicted fatigue life) and Neq

(i.e. equivalent fully reversed fatigue life) based on the selected
strain-based mean stress correction model.

4.2.1. Goodman model
Based on the original Goodman mean stress correction equa-

tion, the relationship between the Goodman equivalent fully re-
versed life, N ,eq G, of the nonzero mean strain/stress data and the
experimentally observed fatigue life, N ,f can be written as [26]:

σ
σ

= −
( )

⎛
⎝⎜

⎞
⎠⎟N N 1

10
eq G f

m

u

b

,

1/

where σm is mean stress, σu is the ultimate tensile stress of the
material and b is the fatigue strength exponent.

4.2.2. SWT model
The relationship between the Smith-Watson-Topper (SWT)

equivalent fully reversed fatigue life, Neq,SWT, for the nonzero mean
strain/stress data and the experimentally observed fatigue life, Nf,
can be written as [26]:

=
−

( )
σ⎛

⎝⎜
⎞
⎠⎟N N

R1
2 11eq SWT f

b

,

1/2

Using Eq. (11), the SWT equivalent fully reversed fatigue lives
were determined based on the experimental fatigue lives and the
stress response at the stable cycle.

4.2.3. Walker model
The relationship between the Walker equivalent fully reversed

fatigue life, Neq,W, for the nonzero mean strain/stress data and the
experimentally expected fatigue life, Nf, can be written as [26]:

=
−

( )
σ

γ( − )⎛
⎝⎜

⎞
⎠⎟N N

R1
2 12eq W f

b

,

1 /

where Rs is the stress ratio and b is the fatigue strength exponent
that holds the same value as that in Eq. (7). γ is a fitting constant,
which is adjustable based on the sensitivity of the material to
mean stress. Similar to the stress-life analysis, a value of γ¼0.4
was used in Eq. (12).



(a) Goodman model 

(c) Walker model 

(e) SWT  parameter 

(b) SWT  model 

(d) Kwofie model 

Fig. 7. Strain amplitude versus equivalent fully reversed fatigue lives for different strain-based mean stress correction models: (a) Goodman, (b) SWT, (c) Walker, (d) Kwofie,
and (e) SWT parameter.
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4.2.4. Kwofie model
The relationship between the Kwofie equivalent fully reversed

fatigue life, N ,eq K, for the nonzero mean strain/stress data and the
experimentally expected fatigue life, N ,f can be written as [25]:

( )= ( )
α

σ
σ−N N e 13eq K f

b
,

/m
u

where α accounts for the sensitivity of the fatigue life to mean
stress. Similar to the stress-life analysis, a value of α¼2.0 was
considered in Eq. (13).
Strain amplitudes are plotted against equivalent fully reversed

fatigue lives based on Goodman, SWT, Walker, and Kwofie models
in Fig. 7(a)–(d), respectively. In these figures, the Coffin-Manson fit
to the fully reversed data is used as the prediction line to calculate
the equivalent fully reversed fatigue life, Neq. The predicted fatigue
life, Nf, can then be calculated based on Neq using Eqs. (10)–(13) for
each model. As can be seen in Fig. 7(a)–(d), none of the employed



Fig. 8. Different energies associated with cyclic response of superelastic NiTi:
(a) dissipated and tensile superelastic energy density, and (b) dissipated and elastic
energy density.
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mean stress correction models provided close correlation between
zero and nonzero mean strain/stress test data. In the LCF regime
(i.e. large strain amplitudes), however, the results based on strain-
life analysis are slightly improved as compared to the stress-life
analysis.

4.2.5. Morrow model
In Morrow’s strain-based mean stress correction model, the

mean stress effects on fatigue life is accounted for by replacing the
σ′f in the Coffin-Manson equation (i.e. Eq. (7)) with σ σ′ −f m.
Therefore, the Morrow’s model for mean stress correction can be
written as [20]:

( ) ( )ε
σ σ

ε=
′ −

+ ′ ( )E
N N2 2 14a

f m
f

b
f f

c

where the coefficients and exponents are similar to those in Eq.
(7) and sm is mean stress. For the Morrow model, however, it is not
possible to generate a strain-life plot, and therefore, the results
will be discussed in a life-life plot later.

4.2.6. SWT parameter
The SWT damage parameter, defined as the product of the

strain amplitude and maximum stress, i.e. εasmax, can also be
utilized directly to consider the effects of mean stress on the fa-
tigue behavior. The relation between the damage parameter and
the fatigue life of a specimen with εa and smax (obtained from the
stable cycle response) can be expressed as [19]:

( ) ( )ε σ
σ

σ ε=
( ′ )

+ ′ ′ ( )
+

E
N N2 2 15a max

f
f

b
f f f

b c
2

2

The corresponding SWT damage parameter for tests at differ-
ent strain ratios are plotted against the experimental fatigue lives
in Fig. 7(e). As seen, the SWT model underestimates detrimental
effects of the tensile mean stress on the fatigue behavior. Based on
Fig. 7, none of the employed mean stress correction models in
strain-life analysis provided satisfactory results for superelastic
NiTi.

4.3. A modified energy-based approach

Energy methods have been developed for fatigue analysis of
various materials under uniaxial [28,29] and multiaxial loading
[30–32]. Moumni et al. [11] employed an energy damage para-
meter, equal to the area inside stress-strain response, and corre-
lated fatigue lives of superelastic NiTi specimens with different
stress ratios (Rs) fairly well. As the energy-based damage para-
meter utilized by Moumni et al. is equal to the area of the hys-
teresis loop of loading and unloading curve, it does not consider
the effects of tensile mean stress separately. Therefore, it assigns
the same damage parameter for two tests with different maximum
stresses as long as the hysteretic areas are the same. Moreover,
their proposed model does not assign any fatigue damage for the
cyclic tests in the linear elastic regime, while experimental ob-
servations [6] have revealed fatigue failure in this range.

In this study, the energy method proposed by Ellyin and co-
authors [33–35] has been adopted with some modifications to
correlate fatigue data of superelastic NiTi with and without mean
strains/stresses. The energy approach employed in this study can
be explained by considering different energies associated with
cyclic response of the superelastic NiTi, presented in Fig. 8. In this
figure, Wd is the dissipated energy density of one cycle, equivalent
to the area encompassed by the loading and unloading curves. Of
course, for fully reversed tests Wd should be calculated for both
tension and compression portions of the stress-strain response.
Fig. 8(a) schematically presents the dissipated strain energy
density,Wd, and the superelastic energy density, +Wse (equivalent to
the elastic energy density for common metals) that takes into
account the effect of tensile mean stress on the fatigue damage.
However, the deformation on the stress plateau (where
εs
AMoεmaxo εf

AM) is mostly driven by the phase transformation in
superelastic NiTi, and thus, should be excluded from the damage
parameter. Therefore, only the dissipated energy density, Wd, and
the tensile elastic energy density, +We , should be included in the
damage parameter, as presented in Fig. 8(b). It is worth men-
tioning that +We represents the portion of tensile deformation,
which is driven by external loading (i.e. tensile stress). The tensile
elastic energy density, +We , in Fig. 8(b) can be calculated using the
following equation:

σ
=

( )
+W

E2 16e
max

A

2

where smax is the maximum stress and EA is the austenite modulus
of the material. Since smax¼smþsa, +We accounts for the effects of
tensile mean stress (i.e. the static portion of the loading) on the
fatigue damage [28,33]. In both Ellyin and the proposed energy-
based damage parameters, the compressive elastic energy density
is not considered in the models, as it is known that the com-
pressive mean stress does not affect the fatigue behavior.

Therefore, the total energy density, Wt , considered as the da-
mage parameter in this study, is the sum of dissipated energy
density, W ,d and tensile elastic energy density, +We :
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The proposed damage parameter, equal to the total strain en-
ergy density for the superelastic NiTi, is calculated for each test,
based on the stable cycle of the stress-strain response, and listed
in Table 2 and presented in Fig. 9(a) against the experimental fa-
tigue life. As can be seen from this figure, the proposed energy
approach provides reasonable correlations among the fatigue data
for various strain ratios considered in this study. The prediction
line in Fig. 9(a), is obtained by a power-law equation fit to the
pulsating fatigue test data (i.e. Rε¼0), since a wider range of strain
amplitudes was available for this set of data.

Another attempt was made in this study to evaluate the ap-
plicability of the energy approach using the stress-strain response
of the first cycle instead of the stable response.

The calculated energy damage parameter based on the first
cycle for each test is listed in Table 2 and plotted against the ex-
perimental fatigue life in Fig. 9(b). The correlation of fatigue data
from various strain ratios based on the first cycle energy para-
meter is almost as good as the one based on the stable response,
which can be noticed by comparing the results in Fig. 9(a) and (b).
(a) Stable cycle energy parameter 

(b) First cycle energy parameter 

Fig. 9. Correlation of the proposed energy-based damage parameters with ex-
perimental data: (a) stable cycle and (b) first cycle damage parameters.
5. Discussions on prediction models

Predicted fatigue lives, using different approaches considered
in this study, are compared to experimental fatigue lives for all
strain ratios in Fig. 10. For all the plots in this figure, the horizontal
and vertical axes are experimentally observed and predicted re-
versals to failure (i.e. 2Nf), respectively. In all the life-life plots, a
vertical arrow means a predicted infinite life, a horizontal arrow
depicts an experimentally observed infinite life (i.e. run-out), and a
45° arrow indicates that both predicted and experimental lives are
infinite.

Predicted fatigue lives using various mean stress correction
models in stress-life approach are presented against the experi-
mentally observed fatigue lives in Fig. 10(a)–(d). One important
conclusion based on the these figures is the fact that predictions
based on stress-life methods are non-conservative and result in
significant underestimation of fatigue damage in presence of
tensile mean stress/strain. This may indicate higher sensitivity of
the superelastic NiTi to tensile mean stress as compared to some
other typical metallic materials.

As can be seen in Fig. 5, in stress-life analysis, all the employed
mean stress correction models assign a very small EFRSA to the
nonzero mean strain tests, which is less than the EFRSA of the run-
out fully reversed test. As a result, infinite fatigue lives are pre-
dicted for nonzero mean strain tests, as can be seen in Fig. 10(a)–
(d). Very small EFRSA, calculated by all the mean stress correction
models in the stress-life approach, may be explained by the su-
perelasticity, i.e. the stress plateaus in stress-strain response, of
the superelastic NiTi. For fatigue tests with a maximum strain
between the A-M start and finish strains, the maximum stress
response does not change, and is almost constant, resulting in the
same stress amplitude and mean stress for a wide range of strains.
Consequently, the equivalent stress will be the same for tests at
the strain levels corresponding to the stress plateau region, im-
plying the same fatigue damage, while experiments show differ-
ences in fatigue lives for tests in this strain range.

This is even more evident for Rε¼0.5 condition, where the
strain range falls on the stress plateau region. In this case, stress
range is almost constant and cannot exceed the difference of
loading and unloading stress plateaus, regardless of the strain
range. Now, let us consider two different tests in Fig. 11 with the
same strain amplitude, but different strain ratios of Rε¼0 and 0.5.
Although both tests have the same strain amplitude, the stress
range is significantly larger for the test with Rε¼0 (indicated by
the solid line in Fig. 11). Consequently, using classical mean stress
models in stress-life analysis, a larger EFRSA is calculated for Rε¼0
test; therefore, a shorter fatigue life is predicted for this test as
compared to the life predicted for the test with Rε¼0.5 (indicated
by the dashed line in Fig. 11). This is, however, in contrast with
experimental observations that the Rε¼0.5 test had significantly
shorter fatigue life than the Rε¼0 test.

Predicted fatigue lives, employing different mean stress cor-
rection models in strain-life approach, are compared to the ex-
perimentally observed fatigue lives in Fig. 10(e)–(i). As can be seen
in these figures while fatigue life predictions are slightly better
than the ones obtained in stress-life approach, especially in LCF
regime (i.e. larger strain amplitudes), most predicted finite fatigue
lives even do not fall within prediction bands of hundred (i.e.
�100 lines). In strain-life analysis based on the equivalent fully
reversed fatigue life, none of the mean stress correction models
predict fatigue failure for small strain amplitudes (i.e. εao1.0%),
regardless of the amount of mean stress. For these tests, the strain
amplitudes fall below the strain endurance limit (strain at which
the fatigue life was very long under fully reversed loading); thus,
infinite fatigue lives are predicted (see Fig. 7), while finite fatigue
lives were experimentally observed.



Fig. 10. Comparison of the predicted and experimental fatigue lives using (a)–(d) stress-based models, (e)–(i) strain-based models, (j) SWT parameter, (k) and (l) proposed
energy-based parameter. In all the figures, the horizontal axis is the experimental number of reversals to failure and the vertical axis is the predicted number of reversals to
failure. Dotted lines indicate different prediction bands.
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Fig. 11. Schematic representation of two tests with the same strain amplitude and
different strain ratios of Rε¼0 and 0.5.
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Moreover, none of the discussed mean stress/strain correction
models, consider the special shape of the stress-strain hysteresis
response of superelastic NiTi. As a result of the loading and un-
loading stress plateaus in the superelastic regime, not a major
change in stress occurs in response to a significant change in
strain. In other words, for the tests where the strain range falls on
the stress plateau, the strain variations are not directly reflected in
the stress response of the material. Thus, mean stress correction
models based on only mean or maximum stress terms cannot fully
account for the effect of mean strain and phase change on the
fatigue resistance of superelastic NiTi. For example, using the SWT
or Walker models the same damage will be calculated for both test
conditions illustrated in Fig. 11, having the same strain amplitudes
and approximately similar maximum stresses. As a result, similar
fatigue lives will be predicted for both tests, while experiments
have shown significantly shorter fatigue lives for Rε¼0.5 tests. The
effects of the unique stress-strain shape of the superelastic NiTi
cannot then be completely captured by the “classical” fatigue
theories for mean stress/strain effects, as also reported elsewhere
[36].

Among the strain-life mean stress correction approaches em-
ployed, the Morrow model provides somewhat more reasonable
fatigue life predictions, as seen in Fig. 10(i). All the predicted fa-
tigue lives, fall within prediction bands of twenty-five from the
experimental fatigue lives using Morrow model. For this model, a
predicted fatigue life was considered infinite when it was longer
than the set run-out life. For all the previously discussed models,
however, fatigue life for a strain amplitude smaller than the fati-
gue strain endurance was predicted as infinite. This may explain
the better fatigue life predictions obtained by Morrow as com-
pared to the other models.

Comparison of the predicted and experimental fatigue lives
using SWT parameter is presented in Fig. 10(j). As can be seen in
this figure, the SWT parameter underestimates the fatigue damage
in presence of tensile mean strain in both LCF and HCF regimes;
thus, predicts non-conservative fatigue lives. Similar to strain-life
analysis, an infinite fatigue life is predicted when the SWT damage
parameter is smaller than the one for the run-out test (see Fig. 7
(e)). Predicted finite fatigue lives using SWT parameter are
somewhat more reasonable, as the data fall within prediction
bands of ten. It should be mentioned that the SWT parameter can
be considered as an energy model, which is based on the elastic
energy density on a critical plane within the material [37,38].

Although different fatigue lives were observed for specimens
with the same strain amplitude, but different strain ratios of Rε¼0
and 0.5 (as seen in Fig. 3), almost identical SWT damage values are
calculated for these tests. This is mainly as a result of stress plateau
in superelastic NiTi, keeping the smax constant at strains larger
than εs

AM¼1.0%. In other words, as the maximum strains for these
specimens fall between the A-M start and finish strains, the
maximum stress is almost constant [16]. Consequently, similar
SWT damage values are calculated for these specimens resulting in
similar predicted fatigue lives. Nevertheless, this is against our
experimental observations that the presence of tensile mean
strains can significantly reduce the fatigue resistance of super-
elastic NiTi. Thus, one may conclude that the SWT parameter may
not be the most appropriate model to account for the effects of
tensile mean strain/stress on the fatigue behavior of superelastic
NiTi alloys.

Predicted fatigue lives using the proposed energy-based da-
mage parameter are plotted against the experimental fatigue lives
in Fig. 10(k) and (l), based on the stable and first cycles of the
stress-strain response, respectively, for all superelastic NiTi data in
this study. According to these figures, the predicted fatigue lives
fall within prediction bands of two from experimental fatigue lives
using either stable cycle or first cycle damage parameters, illus-
trating a robust prediction capability using the proposed fatigue
model. As can be seen from Fig. 9, the proposed model assigns the
smallest value for the specimen that failed in the grip, indicating a
longer fatigue life, which is consistent with experimental
observations.

It should be noted that although the predictions using the first
cycle damage parameter are close to those obtained based on the
stable cycle, the first cycle predictions exhibit a lower R2 value.
This may be due to the fact that the stable cycle damage para-
meter, calculated based on the stable cycle of the stress strain
response, considers the cyclic characteristics of the material re-
sponse such as the hysteresis loop evolution, cyclic hardening/
softening, etc. On the other hand, although the cyclic hardening/
softening as well as mean stress relaxation effects on fatigue be-
havior are ignored by using the first cycle strain energy densities,
this will eliminate the need for conducting extensive fatigue/cyclic
experiments, which are typically time and cost consuming. In or-
der to calculate the damage parameter based on the first cycle, one
straining-unstraining cycle up to the end of the stress plateau for
each Rε (and at the same strain rate as the cyclic tests) will be
adequate. This facilitates calculating strain energy densities as long
as the maximum applied strain is within the superelastic region.

One advantage of the proposed energy-based approach over
the stress-life and strain-life mean stress correction models is the
fact that the proposed energy approach accounts for the con-
stitutive response of the material, and thus, the shape of the
stress-strain curve (i.e. hysteresis loop). In other words, the pro-
posed energy model is able to consider the unique stress-strain
response of superelastic NiTi by incorporating the stress-strain
path during loading and unloading into the model. On the other
hand, this indicates a need for developing cyclic constitutive
models for superelastic NiTi [39,40] that take into account various
aspects of cyclic loading, such as strain rate, mean stress relaxa-
tion, and strain hardening/softening, to be able to calculate strain
energy densities for the stable stress-strain response of the
material.

In order to illustrate the correlation between fatigue lives of
superelastic NiTi specimens and the energy parameter, the mid-
life (i.e. stable) hysteresis loop of three different specimens with
different strain ratios (Rε¼�1, 0, and 0.5) tested at the same strain
amplitudes (εa¼1.0%) are compared in Fig. 12. As can be seen from
this figure, the specimen tested in fully reversed condition, with a
fatigue life greater than 67,000 cycles, exhibits very small amounts
of dissipated and tensile elastic energy densities when compared
to other tests. Thus, the energy-based damage parameter for this
test, calculated by Eq. (17), is much smaller than the ones with



Fig. 12. Stable cycle (mid-life) hysteresis curves of three different tests with the
same strain amplitude and different strain ratios.
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Rε¼0, and 0.5; thus, correctly predicting a much longer fatigue life
for the fully reversed test. Nevertheless, the specimen tested at
Rε¼0.5 has a large hysteresis loop (i.e. dissipated energy density)
and tensile elastic energy density, leading to a larger total strain
energy density. Therefore, the fatigue life of this specimen
(Nf¼1,533 cycles) is the shortest of the three tests. The pulsating
test has a total strain energy density, as the employed damage
parameter, between those for the fully reversed (Rε¼�1) and
tension-tension (Rε¼0.5) tests, and therefore, the specimen’s fa-
tigue life (Nf¼2,333 cycles) falls between the ones from the other
two tests.
6. Conclusions

Strain-controlled fatigue experiments with and without mean
strains (Rε¼�1, 0, and 0.5) were conducted to evaluate the ap-
plicability of various mean stress/strain correction models for fa-
tigue life analysis of superelastic NiTi. Based on the experimental
observations and analysis results, the following conclusions can be
made:

1. As a result of loading and unloading stress plateaus in the su-
perelastic NiTi, the variations of the strain range is not always
reflected in the stress response. Therefore, classical mean stress
correction models, such as Goodman or SWT parameters, are
not appropriate for the fatigue analysis of this material.

2. An energy-based approach based on the sum of the dissipated
and tensile elastic strain energy densities, accounting for the
unique shape of the superelastic NiTi hysteresis loop, could
fairly correlate the experimental fatigue data under different
mean strain/stress conditions.

3. There is a critical need for developing cyclic constitutive rela-
tions for superelastic NiTi as a requirement for energy-based
fatigue analysis. The constitutive equation should be able to
predict various aspects of cyclic behavior of the material such as
cyclic hardening/softening, strain rate effects, mean stress re-
laxation, etc.

4. Although the energy-based damage parameter based on the
first cycle response is easier to obtain and provides reasonable
predictions, the stable cycle response accounts for the various
aspects of cyclic behavior such as cyclic hardening, hysteresis
loop evolution and mean stress relaxation.
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