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Abstract A cumulative energy-based damage model,
called total fatigue toughness, is proposed for fatigue life
prediction of superelastic NiTi alloys with various defor-
mation responses (i.e., transformation stresses), which also
accounts for the effects of mean strain and stress.
Mechanical response of superelastic NiTi is highly sensi-
tive to chemical composition, material processing, as well
as operating temperature; therefore, significantly different
deformation responses may be obtained for seemingly
identical NiTi specimens. In this paper, a fatigue damage
parameter is proposed that can be used for fatigue life
prediction of superelastic NiTi alloys with different
mechanical properties such as loading and unloading
transformation stresses, modulus of elasticity, and austen-
ite-to-martensite start and finish strains. Moreover, the
model is capable of capturing the effects of tensile mean
strain and stress on the fatigue behavior. Fatigue life pre-
dictions using the proposed damage parameter for speci-
mens with different cyclic stress responses, tested at
various strain ratios (R, = &min/émax) are shown to be in
very good agreement with the experimentally observed
fatigue lives.
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List of Symbols

2N; Number of reversals to failure

A — M Austenite-to-martensite transformation

En Austenite modulus of elasticity

M — A Martensite-to-austenite transformation

N Experimental number of cycles to failure

Ntp Predicted number of cycles to failure

R, Strain ratio in a cyclic loading (&min/emax)

Wy Dissipated strain-energy-density

wi Tensile austenitic strain-energy-density

W, Total strain-energy-density

&, Strain amplitude (i.e., alternating strain)

&m Mean strain

Emax Maximum strain

Emin Minimum strain

epM A — M finish strain

eMA M — A finish strain

ehM A — M start strain

O, Stress amplitude (i.e., alternating stress)

Om Mean stress

O mas Maximum stress

Omin Minimum stress

oMA M — A finish stress (i.e., unloading
transformation stress)

oM A — M start stress (i.e., loading transformation
stress)

2Wy Cumulative dissipated strain-energy-density

W, Total fatigue toughness (cumulative total strain-

energy-density)
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Introduction

Fatigue analysis has become a critical part of designing
components made of NiTi, an almost equiatomic alloy of
nickel and titanium, as they are often under cyclic service
loads. For instance, self-expanding stents made of NiTi are
under a cyclic load caused by the heartbeat, in addition to
the constant load/deformation applied by the peripheral
vessel [1]. Furthermore, in many other structural applica-
tions such as in bridges, NiTi elements are under cyclic
loading, coming from various dynamic external loads such
as moving vehicles, wind, and earthquake [2]. NiTi has
been employed for several applications in various indus-
tries such as biomedical [3, 4], aerospace and automotive
[5], for which a reliable fatigue-resistant component design
is very important. Consequently, extensive research pro-
jects have been recently conducted to investigate the fati-
gue behavior of this alloy [6-8]. Moreover, several
attempts have been made to analyze and model the fatigue
behavior of superelastic NiTi in the low-cycle fatigue
regime by means of a modified Coffin—-Manson approach
(e.g., [9, 10]).

While NiTi wire specimens under rotating bending test
setup have been mostly used to characterize the fatigue
performance of this shape memory alloy (e.g., [11-13]),
there are only a handful of studies (e.g., [14, 15]) that have
employed larger cylindrical specimens. Specimens in these
studies were circular with uniform gage section and were
subjected to uniaxial cyclic loading. Very limited studies
can be found on the experimental and modeling aspects of
more complex, yet realistic, types of loading such as tor-
sion [16] and multiaxial loading [17, 18]. Mean strains/
stresses also often exist in real-time applications of NiTi
components such as stents [19]; therefore, it is critical to
study and model their fatigue behaviors under non-zero
mean strains/stresses.

Mahtabi and Shamsaei [20] recently evaluated the
applicability of well-known mean stress fatigue models and
illustrated that the classical fatigue models do not work
appropriately for superelastic NiTi. This is mainly resulting
from the NiTi’s unique stress—strain response, driven by
the forward and backward austenite-to-martensite
(A < M) phase transformations in this material. In addi-
tion to the unique mechanical response of NiTi, fatigue
resistance of superelastic NiTi is shown to be highly sen-
sitive to tensile mean stress [15, 18, 20, 21], which makes
fatigue modeling of this material even more challenging.
They [20] proposed an energy-based damage parameter
based on the Ellyin and coworkers’ approach [22, 23] that
considers the effect of tensile austenitic strain-energy-
density on the fatigue damage. Their proposed damage
parameter, calculated based on the stable cycle of the

stress—strain response of the material, correlated well with
the experimental fatigue lives of the superelastic NiTi with
various strain ratios (R, = &min/émax).- HOwever, the data
used in their study [20] only included a number of exper-
iments that had similar stress response (i.e., comparable
transformation stresses).

The mechanical response of NiTi is highly sensitive to
the chemical composition [24] and manufacturing and
postmanufacturing [25-27] processing, which influence the
microstructural properties such as grain size, precipitation,
texture, and characteristic temperatures. The material
response is also dependent on the testing/operating condi-
tions such as temperature and strain rate [28]. Therefore,
significantly different transformation stresses (i.e., defor-
mation response) may be obtained for NiTi because of a
small difference in transformation temperatures and/or the
operating temperature [26, 29-31]. Due to these effects,
conducting a series of fatigue experiments on different
specimens may result in different deformation responses,
making the fatigue analysis of this alloy very challenging.
The main objective of this study is to propose a unified
damage model that can correlate the fatigue behavior of
superelastic NiTi with various mechanical properties such
as loading and unloading transformation stresses, austenite-
to-martensite transformation (A — M) start strain, and
modulus of elasticity. The model will also be able to
consider the effects of mean stress/strain on the fatigue
behavior of superelastic NiTi.

Background

Morrow and Halford [32, 33] showed that the required
amount of energy to cause fatigue failure in the material
increases as the number of cycles of loading to failure
increases. Halford [32] collected a large number of fatigue
data for different materials and reported a linear relationship
between what they called “Fatigue Toughness” (calculated
as the sum of the dissipated strain-energy densities of all the
cycles to failure) of materials and the number of cycles to
failure in a log—log plot. The linear equation in the log—log
scale had a positive slope indicating an increasing amount of
energy for larger number of cycles to failure (i.e., smaller
amount of cyclic load). The portion of energy considered in
Halford’s study was equal to the sum of the hysteresis
energy of the material, equivalent to the area encompassed
by loading and unloading paths (i.e., the dissipated strain-
energy-density, Wy), for all the cycles to failure.

Nip et al. [34] also used Halford’s cumulative dissipated
strain-energy-density approach for axial and bending tests
on three different types of steel and concluded that the
cumulative total dissipated energy is a suitable damage
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parameter for predicting the fatigue failure. The cumulative
dissipated strain-energy-density (plastic strain-energy-
density) has been also used to analyze the fatigue behavior
of metallic and polymeric materials by other researchers
[35-37].

The main issue of employing a fatigue damage param-
eter based on Wy is the fact that it yields a zero value in the
linear elastic region, where the loading and unloading paths
on a stress—strain response of the material overlay. How-
ever, fatigue failures have been reported for superelastic
NiTi [12] within the linear elastic region. Moreover, for
majority of the materials, mean stress effects are more
pronounced when deformation is fully elastic, probably due
to lower mean stress relaxation. Therefore, a fatigue
damage parameter based on Wy may not appropriately
account for the effects of mean stress/strain in the linear
elastic region.

Furthermore, for common metals, the movement of the
dislocations, resulting in plastic strain, and the corre-
sponding resistance to this movement (i.e., cyclic stress
response), are the two main phenomena that dissipate the
mechanical energy and form the hysteresis loop [33]. For
superelastic NiTi, however, a different mechanism is
causing the formation of the hysteresis loop and that is the
transformation of the material between austenite (B2
structure) and martensite (B19’ structure) phases during
loading and unloading. As a result, the dissipated strain-
energy-density may only represent the contribution of the
phase transformation to damage. Therefore, more terms
such as tensile austenitic strain-energy-density, W.,
[20, 23], may be needed to consider other mechanisms
contributing to the overall fatigue damage in the material.

Material and Experiments

The material used in this study was NisggTigg, (at.%),
obtained in the form of straight circular bars of 10 mm
diameter. The straight bars were machined to cylindrical
fatigue specimens with uniform gage section of ~7 mm
diameter and 17 mm length. Compared with common
metallic materials, superelastic NiTi typically exhibits
significantly longer fatigue life at a certain strain level. For
instance, while common metallic materials do not last more
than ~2000 cycles under 1% fully reversed cyclic strain-
ing, superelastic NiTi typically exhibits a fatigue life
longer than 65,000 cycles [14]. Consequently, it is possible
to run fatigue tests on NiTi specimens at relatively large
strain levels, compared with other metallic materials. For
fully-reversed tests at large strain levels, buckling of the
specimen can be the main challenge. In order to overcome
this issue, the diameter of the gage section was selected
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large enough to minimize the possibility of buckling for
fully reversed tests at larger values of strain amplitude
(e.g., 1.5%).

Heat treatment was conducted after machining the
specimens to eliminate any possible undesired effects of
machining on the residual phase transformation in the
material and to obtain austenitic NiTi specimens. The heat
treatment included a short annealing in salt bath (for
~?2 min) at 550 °C, followed by quenching in iced water.
Heat-treated specimens were then mechanically polished
using sand papers up to grit #4000, to provide a very
smooth surface finish and minimize the effects of surface
flaws on the fatigue behavior. Since mechanical properties
of NiTi, such as modulus of elasticity, loading, and
unloading transformation stresses, and A — M start strain
are very sensitive to the heat treatment and processing,
NiTi specimens with various mechanical properties were
obtained even by a slight change in the duration of the
annealing time.

Details of experimentations were similar to the authors’
previous works [14, 20]. Cyclic tests were conducted in
strain-controlled condition using an MTS servohydraulic
fatigue machine at room temperature ( ~ 24 °C). Measuring
the strain was made using an MTS uniaxial extensometer
with a gage length of 15 mm. The average strain rate of all
cyclic tests was held constant; thus, the frequency of each
test was adjusted depending on the applied strain ampli-
tude. The surface temperature of some specimens was
measured using a laser thermometer, and no significant
temperature increase was observed during fatigue testing.
The range of variations in surface temperature of the
specimens was within 1 °C. Cyclic tests were conducted at
various strain ratios such as fully-reversed (R, = —1),
pulsating (R, = 0), and tension—tension (R, > 0) using a
sinusoidal waveform. The tension—tension tests included a
set of data at R, = 0.5 and some other tests that were
designed based on various combinations of mean strain and
strain amplitude. Thus, various strain ratios were consid-
ered for the tests in the latter condition, which are referred
to here as R, = VAR.

Experimental Results

As mentioned earlier, the mechanical properties of NiTi are
highly dependent to the processing factors and a slight
change in the operating/testing temperature and/or chemi-
cal composition of NiTi can alter these properties signifi-
cantly. Among the different mechanical properties, loading
and unloading transformation stresses are the ones most
influenced by the processing. In this study, a wide range of
mechanical properties was obtained for different speci-
mens, tested at room temperature.
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Figure 1 illustrates the stress—strain response of two
selected specimens, tested in this study, demonstrating the
wide range of the mechanical behavior obtained for these
specimens. Both specimens in Fig. 1a, b were tested in
strain-controlled pulsating condition (R, = 0) and up to a
maximum strain of 2.0%. As seen, the specimen with higher
stress response (i.e., Fig. 1a) had an A — M start strain of
1.1% and a corresponding stress equal to 562 MPa. The
corresponding strain and stress values for the end of the
reverse transformation (martensite-to-austenite transfor-
mation, M — A) were ¢f'* = 0.9% and o} = 489 MPa.
On the other hand, the specimen with lower transformation
stress (i.e., Fig. 1b) had an A — M start strain and stress
values of 0.9% and 477 MPa, respectively. M — A trans-
formation ~ was finished at ¢M*=0.8% and
oMA = 409 MPa during unloading, as seen in Fig. 1b. It is
worth mentioning that the commonly used 0.2% offset for
identifying the yield point in metallic material was
employed here to determine the stress and strain values
corresponding to the phase transformation limits.

Although both specimens in Fig. 1 exhibit similar
modulus of elasticity in the linear elastic region, this is not
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Fig. 1 First-cycle stress—strain responses of selected specimens used
in this study indicating a wide range of mechanical properties: a high
transformation stress and b low transformation stress

the case for all the specimens in this study. Table 1 lists the
different deformation properties of the specimens tested in
this study. As can be seen in Table 1, there is a significant
variation in the modulus of elasticity of different speci-
mens. Specimens in this study exhibited a wide range of
mechanical properties: such as loading transformation
stress (G?M = 350-560 MPa), A — M start strain (S?M =
0.7 - 1.4%), and austenite modulus of elasticity
(Ex = 45-80 GPa).

Experimental results from fatigue tests are listed in
Table 2, which includes strain amplitude, mean strain,
stress amplitude and mean stress, as well as the different
strain-energy-densities associated with the cyclic response
of the material. The reported values for the stress amplitude
and mean stress as well as the strain-energy-densities in
this table belong to the stable cycle of the material
response, recorded near the midlife of each specimen.
Some of the data at fully-reversed, pulsating, and R, = 0.5
in this study are taken from authors’ previous work [20].
Fatigue life observations for various specimens, tested at
different strain ratios and strain amplitudes are shown in
Fig. 2. R, = VAR in this figure indicates strain ratios other
than —1, 0, and 0.5. The actual value of R, for these
experiments are listed in Table 2.

Figure 2a illustrates the strain-life data categorized
based on the strain ratio, and Fig. 2b groups the same data
based on the level of the loading transformation stress (i.e.,
o). As seen in these figures, a wide scatter exists in the
fatigue data at different strain levels. Strain-life plot of
Fig. 2a indicates a significant reduction in the fatigue life
of the superelastic NiTi in the presence of tensile mean
stress/strain [20]. Similar to common metals, this effect is
more pronounced in longer fatigue life regime as can be
noticed by comparing the data at ¢, < 1.0% in this figure.

Stress amplitudes of all fatigue experiments, reported in
Table 2, are plotted against fatigue lives shown in Fig. 3a,
b, indexed based on the strain ratio and the level of the
loading transformation stress (i.e., an), respectively. As
mentioned earlier, the stress values are obtained from the
stable cycle of the material response. Similar to the strain-
life analysis, the specimens tested in fully-reversed con-
dition exhibited significantly longer fatigue lives compared
with the non-zero mean strain/stress tests, indicating severe
detrimental effects of tensile mean strain/stress on fatigue
resistance of this material.

Fatigue Modeling

Fatigue analysis and modeling of the superelastic NiTi
specimens with different mechanical properties such as
modulus of elasticity, loading/unloading transformation
stress, and A — M start strain are discussed in this
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Table 1 Deformation properties of NiTi specimens used in this study

Test Ex (MPa) &M (%) &' (%) o™ (MPa) o}'* (MPa)
1 67,578 0.94 0.87 503 454
2 69,344 0.90 0.80 473 419
3 71,806 0.92 0.87 519 480
4 65,105 0.90 0.80 448 405
5 65,325 0.95 0.90 484 449
6 64,934 1.00 0.95 550 493
7 61,380 0.91 0.85 433 397
8 69,860 0.70 0.60 363 307
9 65,960 0.95 0.92 496 476
10 70,394 0.85 0.80 455 420
11 50,200 1.20 1.00 510 423
12 57,195 1.15 1.01 545 466
13 67,498 0.94 0.75 500 372
14 66,567 1.06 0.95 562 489
15 52,716 1.00 0.80 434 312
16 57,300 1.10 0.90 491 410
17 66,254 0.90 0.80 488 417
18 65,387 0.93 0.83 477 409
19 67,462 0.90 0.80 494 424
20 67,450 0.90 0.80 459 406
21 67,206 1.03 0.93 558 494
22 67411 1.02 0.94 554 496
23 66,408 1.02 0.94 546 490
24 70,426 0.90 0.80 487 448
25 68,649 0.72 0.63 359 298
26 61,200 1.10 - 520 -
27 66,693 0.75 0.67 364 316
28 73,416 0.90 0.80 515 429
29 79,100 0.90 0.75 515 433
30 71,595 0.90 0.80 503 460
31 73,113 0.90 0.80 500 447
32 50,159 1.20 1.10 517 453
33 79,360 0.80 0.75 498 459
34 74918 0.70 0.55 356 260
35 69,735 0.88 0.82 474 430
36 72,663 0.90 0.85 509 470
37 69,976 0.92 0.87 502 460
38 67485 0.72 0.60 349 270
39 63,910 0.99 0.90 503 445
40 80,334 0.84 0.73 516 425
41 68,696 0.73 0.61 366 282
42 68,767 0.91 0.81 486 425
43 57,828 0.98 0.83 449 360
44 45537 1.43 1.23 560 470
45 48,920 1.34 1.10 558 438

@ Springer

section. Considering the fact that fatigue models based on
only stress or strain are not appropriate candidates for
analyzing the fatigue behavior of superelastic NiTi [20],
energy-based models have been used in this study. Energy-
based fatigue models reflect the shape of the stress—strain
response of the material, and therefore, they consider the
effects of both stress and strain terms on the fatigue
behavior [15, 20]. In the following sections, fatigue
behavior of superelastic NiTi is studied by considering
various components of energy, associated with the stress—
strain response of the material, such as dissipated (W) and
tensile elastic (W) energy densities. An attempt has been
made here to develop an energy-based fatigue damage
parameter, which can correlate the fatigue data for
superelastic NiTi from specimens with different mechani-
cal properties, as shown in Fig. 1.

Dissipated Strain-Energy-Density

The dissipated strain-energy-density, Wy, is equal to the area
encompassed by loading and unloading paths on the stress—
strain responses of the material in one cycle of loading,
typically a cycle near the mid-fatigue life of the specimen
[20]. For fully-reversed tests, the stress—strain response of
the superelastic NiTi exhibits two different segments in
tension and compression. First-cycle and stable-cycle
stress—strain responses of two tests under fully-reversed
condition are shown in Fig. 4. As can be seen in this figure,
superelastic NiTi exhibits a large asymmetry in tension and
compression with the loading transformation stress in
compression being significantly larger than that in tension.
Accordingly, both segments were considered in calculating
the dissipated strain-energy-density, Wy. It should be noted
that as the loading transformation stress under compression
is larger than that in tension (due to asymmetry in tension
and compression), under strain-controlled loading, the
compressive transformation strain (i.e., amount of strain
beyond the linear elastic regime) is different from the tensile
one. The different values of transformation strains result in
different sizes of hysteresis loops in tension and compres-
sion. Thus, the effect of tension—compression asymmetry is
inherently accounted for when both tensile and compressive
dissipated strain-energy-densities (i.e., Wy) are included in
the damage parameter. In order to calculate Wy, a subroutine
was developed to calculate the area of the stress—strain curve
using the values of stress and strain obtained from midlife
cyclic data.

Figure 5 exhibits the dissipated strain-energy-density, as
the damage parameter, against the experimentally observed
fatigue lives for different tests, listed in Table 2. As seen in
this figure, there is a large scatter between different tests at



Shap. Mem. Superelasticity (2017) 3:250-263 255
Table 2 Details of fatigue experiments and analysis results for the investigated NiTi specimens
Test  2Np R, & (%) &m (%) 0 (MPa)  on (MPa) Wy (MIm’) W, (MIm®) IW, (MIm®)  IW, (MJ/m’)
1* 5170 -1 1.50 0.00 625 =73 0.46 2.72 1214 7053
2 6076 1.50 0.00 677 —131 0.52 2.67 1695 8363
3 8412 1.50 0.00 721 —109 0.49 3.09 2058 13,021
4* 11,906 1.25 0.00 602 -89 0.39 2.42 2334 14,348
5% 15,116 1.10 0.00 597 —69 0.25 2.38 1941 17,900
20,992 1.25 0.00 693 —114 0.24 2.82 1419 27,305
72,642 1.10 0.00 535 —122 0.33 1.72 12,540 60,680
119,396 1.00 0.00 495 —56 0.32 1.70 19,789 101,987
>68,726 1.00 0.00 602 —-119 0.23 1.99 7286 69,190
10* >134,878 1.00 0.00 582 —156 0.08 1.37 6146 93,995
11 1276 0 1.50 1.50 284 304 1.32 4.77 850 3039
12 1300 1.50 1.50 387 284 1.17 5.10 771 3313
13 1612 1.50 1.50 455 231 1.17 4.66 1011 3785
14 2888 1.00 1.00 338 321 0.54 3.81 801 5486
15* 2974 1.50 1.50 434 126 1.04 4.02 1636 6099
16 2978 1.50 1.50 405 167 1.76 4.61 2609 6846
17 3542 1.00 1.00 371 192 0.40 2.80 743 4987
18 3662 1.00 1.00 304 269 0.50 3.01 942 5524
19* 4666 1.00 1.00 346 223 0.34 2.74 744 6394
20 4920 1.00 1.00 278 278 0.49 2.78 1234 6827
21 5836 1.00 1.00 355 297 0.48 3.64 1436 10,648
22 18,912 0.70 0.70 305 311 0.21 3.02 2026 28,536
23 19,356 0.70 0.70 310 293 0.20 2.94 1934 28,428
24* 23212 0.50 0.50 256 249 0.09 1.90 1046 22,065
25 >210,580 0.50 0.50 245 169 0.12 1.36 12,193 144,169
26 >216,410 0.50 0.50 251 260 0.03 217 3450 234,007
27 >721,204 0.45 0.45 212 199 0.11 1.38 39,948 497,830
28* 2716 0.5 1.00 3.00 199 451 0.28 3.16 431 4373
29* 3066 1.00 3.00 179 464 0.47 3.08 759 4771
30° 8152 0.50 1.50 87 478 0.18 241 769 9834
31* 9094 0.40 1.20 66 476 0.16 2.17 725 9926
32 11,054 0.50 1.50 69 455 0.29 3.03 1575 16,824
33" 12,426 0.40 1.20 66 472 0.13 1.95 808 12,216
34 130,626 0.40 1.20 118 316 0.10 1.36 6173 87,549
35 16,638 VAR 040 0.80 110 413 0.15 2.10 1214 17,361
36 24,692 0.40 0.80 146 392 0.09 2.08 1143 25,694
37 9422 0.50 2.00 82 472 0.21 2.40 992 11,282
38 35,866 0.50 2.00 148 2717 0.15 1.49 2705 26,623
39 9066 0.50 2.50 86 456 0.21 2.51 960 11,411
40 10,740 0.50 2.50 100 456 0.14 2.06 781 11,229
41 99,016 0.40 2.20 123 288 0.10 1.33 4779 65,699
42 21,294 0.30 2.20 60 448 0.09 1.97 985 21,052
43 138,458 0.20 3.80 59 362 0.03 1.56 1922 107,784
44 255,066 0.20 3.80 56 457 0.01 2.90 1792 369,165
45 259,594 0.20 3.80 48 488 0.02 2.96 2023 380,911

? Data from Mahtabi and Shamsaei [20]
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Fig. 2 Strain-life fatigue data for superelastic NiTi with different
mechanical properties tested at different strain ratios (R,), categorized
based on a R,, and b ¢2™. Arrows indicate failure in the grip

a certain Wy. Therefore, the dissipated strain-energy-den-
sity, W4, may not be an appropriate damage parameter to
correlate data from various testing conditions and speci-
mens with different cyclic deformation responses.

Cumulative Disspated Strain-Energy-Density

As previously discussed, Halford and Morrow [32, 33]
observed that the cumulative area of the cyclic hysteresis loop
of material, XWj, can be considered as an indicator of the
fatigue damage. They calculated and reported the cumulative
dissipated strain-energy-density for several materials such as
steels, titanium, and aluminum alloys, in one plot, and the
results from their calculations illustrated a reasonable corre-
lation between the fatigue life and the amount of XWy. The
same concept is examined here to correlate the fatigue data of
superelastic NiTi with different mechanical responses and
under different loading conditions. The cumulative dissipated
strain-energy-density in this study is calculated by adding the
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Fig. 3 Stress-life fatigue data for superelastic NiTi with different
mechanical properties tested at different strain ratios (R,), categorized
based on a R,, and b ¢2™. Arrows indicate failure in the grip

dissipative strain-energy-density of every cycle of loading
until failure, as expressed by Eq. (1). For cases where there
was a gap between two recorded cycles, an interpolation was
made to calculate the cumulative strain-energy-density for
unrecorded cycles.

Nt
Wy = Z(Wd)i' (1)

i=1
Figure 6 presents the cumulative dissipated strain-energy-
density values, Wy, for different NiTi specimens and test
conditions against the experimentally observed fatigue lives.
The tests are categorized based on the loading condition in
Fig. 6a, while in Fig. 6b, the mechanical properties were the
basis of classification. As can be seen in these figures, the
correlation between the experimental data and the damage
parameter is not promising for the data under different
loading conditions and with different deformation responses.
Moreover, the scatter in the fatigue lives of the specimens, at
the same level of cumulative dissipated strain-energy-
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Fig. 4 First-cycle and stable-cycle stress—strain responses of two
tests under fully reversed condition: a ¢, = 1.5% and b ¢, = 1.25%

denisty, is large. This scatter will result in inaccurate fatigue
life predictions, as will be discussed later in this paper.

Total Strain-Energy-Density

Mahtabi and Shamsaei [20] proposed an energy-based
damage parameter based on the works by Ellyin and
coworkers [22, 23], which considers the effect of both dis-
sipated and tensile austenitic strain-energy-densities. Illus-
tration of the different strain-energy-densities considered in
their model is shown in Fig. 7. According to this figure, the
total strain-energy-density, as the indicator of the fatigue
damage, can be calculated using the following equation:

WtZWd-i-W:, (2)

where Wy, the dissipated strain-energy-density, is the same
as what was explained before. Wj , tensile austenitic strain-
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Fig. 5 Dissipated strain-energy-density, Wy, versus fatigue life for
different tests categorized based on a R, and b a?M. Arrows indicate
failure in the grip

energy-density, is an energy term, which considers the
effect of maximum tensile stress on the fatigue resistance
of superelastic NiTi. The term “tensile austenitic strain-
energy-density” should not be confused with the elastic
strain-energy-density in the material, which is related to the
effective elastic modulus of the partially or fully trans-
formed material [10]. W, is defined as the area of the
triangle generated by a hypothetical linear elastic unload-
ing of the material and can be calculated based on the
maximum stress, oy.x, and austenite modulus of elasticity,
E, using the following equation [20]:

2

+ __ max
W' = 2Ex (3)

Since, in a cyclic loading, maximum stress is equal to
the sum of the mean stress, o,,,, and the stress amplitude,
0., the tensile elastic strain-energy-density can also be
written in the form of Eq. (4), indicating the capability of
this model to account for the effect of mean stress on
fatigue resistance.
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Fig. 6 Cumulative dissipated strain-energy-density, XWy, versus life
for different tests categorized based on a R, and b ¢®™. Arrows
indicate failure in the grip

EA

Stress, ¢

E4

R

Emax

Strain, &

Fig. 7 Schematic showing the energy terms associated with the total
strain-energy-density damage parameter [20] for superelastic NiTi
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Wt = (0a+ O'm)2
¢ 2E,

(4)

It is worth mentioning that the term “total,” used for
naming this damage parameter, does not mean that the
whole area under the stress—strain curve (referred to as
tensile superelastic strain-energy-density in [20]) should be
considered for W;r . In fact, only the tensile austenitic
strain-energy-density, as illustrated in Fig. 7, should be
considered for the W} term in Eq. (2). For specimens
under fully reversed condition (R, = —1), the dissipated
strain-energy-density values in both compression and ten-
sion sides of the stress—strain curve, as seen in Fig. 4,
should be included in the damage calculation. Moreover,
the tensile austenitic strain-energy-density, W.", should be
only calculated for the tensile part of the stress—strain
response. Similar to the calculations for the dissipated
strain-energy-density, the effects of tension—compression
asymmetry in the material response is accounted for in the
Wy part of the total strain-energy-density. It is shown that
the fatigue life predictions using W, damage parameter
yielded acceptable results for superelastic NiTi specimens
with similar deformation response, but under various mean
strain loadings [20]. Although they reported satisfactory
results using either the first cycle or the stable cycle of
deformation response to calculate the energy terms, they
recommended the use of stable cycle, since it considers the
various aspects of cyclic loading, including; cyclic hard-
ening/softening, mean stress relaxation, and the evolution
of the hysteresis loop under cyclic loading. Thus, the
damage parameter used in this section is calculated based
on the stable response of the material.

Figure 8 presents the total strain-energy-density, W,
plotted against the experimental fatigue lives for all
superelastic NiTi data in this study. As seen in Fig. 8a, not
an acceptable correlation is obtained between the experi-
mental data at different strain ratios. Figure 8b shows the
same data grouped based on the level of loading transfor-
mation stress (i.e., ™M) of the material. As seen in this
figure, unlike the models previously discussed, the data
related to the specimens with comparable transformation
stresses follow a linear trend in the log-log plot, and
somewhat less scatter is observed for each set of experi-
ments having a similar transformation stress, but tested at
different strain ratios. This may indicate that although their
proposed energy model appropriately accounts for the
effects of mean stress/strain on the fatigue behavior of
superelastic NiTi, as reported in [20], its applicability may
be limited to the test specimens with comparable trans-
formation stresses (i.e., cyclic deformation response).
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Total Fatigue Toughness

The concept of cumulative dissipated strain-energy-density
under cyclic loading is extended to the fatigue analysis of
superelastic NiTi in this study based on the total strain-
energy-density damage parameter, previously proposed by
Mahtabi and Shamsaei [20], and is called total fatigue
toughness, following the notation by Halford and Morrow
[32, 33]. The total fatigue toughness, XW;, which is pro-
posed here as the damage parameter, is defined as the
summation of the total strain-energy-density at each load-
ing cycle and can be calculated as

N¢ Ny

IWe=) (W)= (Wa+ W), (5)

i=1 i=1

The total fatigue toughness, XW,, is plotted against the
experimental fatigue lives of superelastic NiTi specimens
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Fig. 9 Cumulative total strain-energy-density, W, versus fatigue
life for different tests categorized based on a R,, and b ¢?™. Arrows
indicate failure in the grip

shown in Fig. 9a, b, categorized based on the applied strain
ratio, R,, and the transformation stress of the material, a?M,
respectively. As seen in these figures, a linear relationship,
in a log-log scale, can represent the fatigue behaviors of
the tests from different conditions. This means that the
proposed damage parameter in this study very well corre-
lates with the fatigue data from different transformation
stresses and tested at different strain ratios. It should be
mentioned that similar to the cumulative dissipated strain-
energy-density, an interpolation was made to account for
the total strain-energy-densities of unrecorded cycles.

The close correlation between the data from various
material deformation responses (i.e., transformation stres-
ses) and testing conditions illustrates the capability of the
total fatigue toughness as the damage parameter for fatigue
life prediction of superelastic NiTi. Therefore, one single
equation can be used for fatigue life prediction of supere-
lastic NiTi specimens with different deformation respon-
ses, as long as the material exhibits superelastic behavior.
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Discussions

Fatigue life predictions using the different energy-based
damage parameters, explained in the previous section, are
provided in Fig. 10 in comparison to the experimentally
observed fatigue lives. The data in this figure are catego-
rized based on the applied strain ratio. In Fig. 10, a vertical
arrow indicates an infinite predicted fatigue life, and a 45°
angle arrow stands for both experimental and predicted
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fatigue lives being infinite (i.e., runout). It is also worth
mentioning that the fatigue life prediction using the
cumulative strain-energy-densities for specimens that
failed in the grip was done based on the deformation
responses up to the applied number of cycle since the
actual fatigue life of the specimen was unknown. For
fatigue life predictions, a power law fit to the fully-reversed
fatigue data was used as the prediction line, as expressed in
Figs. 5a, 6a, 7a, 8a, and 9a.
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Fig. 10 Comparison of the predicted and experimentally observed fatigue lives for specimens with different transformation stresses under
different strain ratios using various energy-based damage parameters: a Wy, b Wy, ¢ W,, and d =W,
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As seen in Fig. 10a, most of the predictions based on the
dissipated strain-energy-density, Wy, do not even fall
within prediction bands of three for materials with different
transformation stresses. The dissipated strain-energy-den-
sity parameter underestimates the fatigue damage for many
tests specifically at larger strain ratios, and therefore, very
long fatigue lives have been predicted for these specimens.
Moreover, there are two main deficiencies in using this
parameter for fatigue life analysis of superelastic NiTi.
First, the model does not predict any damage for tests
conducted in the linear elastic region, which is in contrast
to what is reported in the literature [11-13] based on the
experimental observations for superelastic NiTi.

Another disadvantage of the dissipated strain-energy-
density damage parameter is in explaining the fatigue
behavior under fully reversed loading at higher strains.
According to the experimental results from the rotating
bending fatigue testing, fatigue lives for specimens with a
maximum stress on the stress plateau (e2M < gy <epfM)
appear to be very similar [12]. However, the amount of
dissipated strain-energy-density significantly increases
with an increase in strain amplitude within the aforemen-
tioned range. While an increase in the dissipated strain-
energy-density indicates a reduction in the fatigue life, this
is not the case for superelastic NiTi as the fatigue lives
have been reported to be very similar for this range of
strain amplitudes in fully-reversed condition.

Similarly, most fatigue life predictions using the
cumulative dissipated strain-energy-density, X Wy, as
shown in Fig. 10b, are unsatisfactory and fall outside of the
prediction bands of three. On the other hand, the deficiency
of the dissipated strain-energy-density, Wy, in predicting
zero fatigue damage for linear elastic region is also
applicable to the cumulative dissipated strain-energy-den-
sity as a fatigue damage parameter.

Figure 10c compares the predicted fatigue lives based on
the total strain-energy-density damage parameter, W;, with
the experimentally observed fatigue lives. As seen in this
figure, although better fatigue life predictions are obtained
using W, parameter compared with the dissipated (Fig. 10a)
and cumulative dissipated (Fig. 10b) strain-energy-density
parameters, many data points are still outside of the pre-
diction bands of three. The inaccurate fatigue life predic-
tions using the total strain-energy-density model may be
attributed not only to the different transformation stresses of
NiTi specimens considered in this study, but also to the
differences in the loading and unloading plateaus. Since this
model, in its current form, is sensitive to the level of the
transformation stress of the material, it works well for a set
of data exhibiting comparable loading and unloading
transformation stresses as can be noticed in Fig. 8b, and also
reported in [20]. It is worth mentioning that, contrary to the

dissipated strain-energy-density, Wy, the total strain-energy-
density parameter, W,, appropriately models the similar
fatigue lives for the tests with large strain amplitudes under
fully-reversed condition. This is mainly due to the signifi-
cant contribution of the tensile austenitic strain-energy-
density, W: , to the overall damage parameter.

Figure 10d illustrates the capability of the proposed
total fatigue toughness model, XW,, for fatigue life pre-
diction of superelastic NiTi with various transformation
stresses, under different load ratios. As can be seen in
this figure, majority of the predicted fatigue lives fall
within prediction bands of 1.5. The proposed energy-
based damage parameter considers the evolution in the
cyclic response of the material, including the transient,
initial behavior. Moreover, each term in the total energy
density damage parameter (i.e., Wy and W: ) has its
physical meaning and expresses the crack initiation and
propagation stages of the material [23]. Gloanec and
coworkers [38] reported that there would be a change in
the hysteresis response of the superelastic NiTi upon
formation of a microcrack. Subsequently, the variations
in the stress—strain response will influence the fatigue
behavior of the material, which can be only captured by
a cumulative damage parameter.

One potential advantage of the energy-based fatigue
damage parameters is the fact that they consider the effects
of frequency (i.e., strain rate) on the fatigue behavior [36].
In general, for most materials, including superelastic NiTi,
the test-frequency (i.e., strain rate) effects are reflected in
the stress—strain response [28]. As a result, all the energy-
based damage models that consider the shape of the hys-
teresis loop in calculating the fatigue damage implicitly
account for the effects of test frequency. However, the
main challenge with employing an energy-based damage
parameter is the critical need for having reliable cyclic
constitutive models. On the other hand, the energy-based
damage models that simply calculate energy as a product of
stress and strain, such as Smith—Watson—Topper parameter
[39], may not accurately consider the frequency effect on
the fatigue behavior.

As seen in Fig. 9, the total fatigue toughness (cumu-
lative total strain-energy-density) against fatigue life data
for all tests (specimens with different cyclic stress
response under various strain ratios) follow a similar
trend. This trend can be presented by a linear relation-
ship between the total fatigue toughness and the fatigue
life in the log—log scale. Thus, a set of fatigue tests
(fully-reversed or with mean strain) on superelastic NiTi
specimens (regardless of cyclic deformation response)
that covers an appropriate range of fatigue lives can be
used to determine the slope and intercept of the pre-
diction line, assuming that the prediction line is a simple
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power law equation (or a linear equation in log-—log
scale). For the sake of convenience, this set of tests can
be selected such that it has fewer associated experi-
mental challenges. For example, pulsating tension tests at
different strain amplitudes can be appropriate for this
purpose to avoid buckling of specimens.

Conclusions

Strain-controlled fatigue experiments from authors’ previ-
ous works were used together with a new set of fatigue data
on superelastic NiTi specimens with different cyclic
deformation responses. The employed cyclic fatigue tests
were at different conditions, including fully reversed (i.e.,
R, = —1) and with mean strains (i.e., R, = 0, 0.33, 0.5,
0.67, 0.9). A cumulative energy-based damage parame-
ter—i.e., total fatigue toughness, > W—was proposed and
evaluated for fatigue life analysis of superelastic NiTi.
Based on the experimental observations and analysis
results, the following conclusions can be made:

1. A proposed fatigue damage parameter based on the
cumulative total strain-energy-density provides satis-
factory correlations of fatigue data from superelastic
NiTi specimens with different cyclic deformation
responses and under various mean strain/stress loading
(i.e., loading ratios).

2. While fatigue failures are reported for superelastic
NiTi in the linear elastic region, a fatigue damage
parameter based on only dissipated strain-energy-
density does not consider any fatigue damage when
deformation is fully elastic. Moreover, such a damage
parameter cannot explain the similar fatigue lives
observed for fully-reversed tests with a maximum
strain on the stress plateau (eM™ < gpax < ep™M).

3. The fatigue damage parameter based on the total strain-
energy-density, W,, considering both dissipated and
austenitic strain-energies, while providing acceptable fa-
tigue life predictions under various load ratios, its
capability is limited to specimens with comparable
stress—strain response (i.e., cyclic deformation response).

4. Fatigue damage parameters based on cumulative
strain-energy-densities are capable of considering the
transient behavior and evolution in deformation
response of the material under cyclic loading.

5. As the strain-rate effects are typically reflected in the
cyclic stress—strain response of the material, energy-
based damage parameters that consider the shape of
the hysteresis loop, such as those studied in this work,
will implicitly account for the strain-rate effects on the
fatigue behavior.
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