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Abstract: Shape memory alloys (SMAs) belong to smart materials which can recover their shape when subjected to an
appropriate thermomechanical field. These materials can be used in several applications considering different fields
including biomedical, automotive, aerospace, civil engineering, and robotics, many of which involve cyclic loading
conditions. In this regard, the fatigue phenomenon is an important subject that needs to be investigated. In general,
SMAs exhibit two kinds of fatigue: functional fatigue related to the reduction of functional properties; and structural
fatigue associated with the material failure due to the growth and propagation of microcracks. This contribution presents
a numerical investigation of fatigue on shape memory alloys. A macroscopic three-dimensional constitutive model with
internal variables is employed to describe functional and structural fatigue adopting a continuum damage perspective.
The proposed model considers several phenomena related to SMAs, including transformation induced plasticity (TRIP),
classical plasticity, phase transformation plasticity coupling, pseudoelasticity, and shape memory effect (SME), allowing
an appropriate representation of the main aspects of the thermomechanical behavior of shape memory alloys. An
equivalent critical damage is proposed to define the fatigue life of SMAs, considering different behaviors of martensitic
and austenitic phases. In order to demonstrate the capabilities of the model, numerical simulations are compared with
experimental data. Results show that the model responses are in close agreement with experimental data, including
fatigue life predictions and loss of performance. In addition, numerical simulations considering different peak stress are
proposed to evaluate the degradation of the functional parameters. Conclusions point out that the increase of the
maximum stress promotes a reduction of the functional properties of the material due to the evolution of the TRIP strain
and fatigue. These results are qualitatively similar to experimental results available in the literature, attesting to the
model capability to describe the evolution of functional and structural fatigue in SMAs.
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1. INTRODUCTION

Shape memory alloys are smart materials that have been used in many applications in different fields including
biomedical, aerospace, automotive, among others, due to their remarkable properties related to martensitic phase
transformations (Machado and Savi, 2003; Hartl and Lagoudas, 2007; Jani et al., 2014; Nematollahi et al., 2019). In many
of these applications, SMAs are subjected to cyclic loading that induces fatigue. Therefore, fatigue of shape memory
alloys is an important issue responsible for the loss of actuation performance and failure. SMA fatigue can be classified
into two different ways: functional fatigue and structural fatigue, as suggested by Eggeler et al. (2004). Functional fatigue
can be defined as the reduction of functional properties during cyclic loading. On the other hand, structural fatigue can
be characterized by the accumulation of microstructural damage during cyclic loading that can cause failure, similar to
other engineering materials.

The literature of SMA fatigue can be split into experimental and theoretical-numerical approaches. From the
experimental point of view, different phenomena related to SMAs were analyzed to quantify the influence of functional
and structural fatigue. For instance, Dornelas et al. (2021) proposed an experimental investigation to evaluate the main
characteristics of functional and structural fatigue in nickel-titanium alloys (NiTi) subjected to different load conditions.
Predki et al. (2006) studied the functional and structural fatigue of NiTi alloys subjected to torsion loads, showing that
the fatigue occurs similarly as observed with axial loads. Zhao et al. (2020) conducted uniaxial fatigue tests to study the
cyclic degradation of the one-way shape memory effect of nickel-titanium alloys. Results show a cyclic degradation of
the shape memory effect, being dependent on stress rate and stress level, becoming more evident with the decrease of the
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stress rate and the increase of the stress level. Other interesting studies available in the literature considering an
experimental approach are Ramos et al. (2018), Jaureguizahar et al. (2018), Qiu et al. (2019), Qin et al. (2019), and Tyc
et al. (2020).

Concerning the theoretical/numerical point of view, the constitutive modeling of shape memory alloys is an important
subject that allows a proper understanding of fatigue phenomenon. In this regard, Hartl et al. (2014) developed a three-
dimensional constitutive model based on the continuum damage mechanics, where the damage evolution is described
through a function of both the stress state and the magnitude of the transformation strain, while the complete or partial
nature of the transformation cycles is considered by experimental observations. Chemisky et al. (2018) proposed a three-
dimensional constitutive model to describe functional and structural damage considering the coupling between the
accumulation of damage and the transformation induced plasticity.

Mohammadzadeh et al. (2019) proposed a one-dimensional constitutive model to study the effects of the torsional
low-cycle fatigue of superelastic SMAs considering high loading frequencies. Petrini and Bertine (2020) developed a
three-dimensional phenomenological model to analyze the accumulation of inelastic strains due to fatigue and plasticity
exploiting the pseudoelasticity and shape memory effect.

Dornelas et al. (2020) presented a three-dimensional constitutive model to describe functional fatigue in shape
memory alloys considering a continuous damage perspective. This model is an extension of the one presented by Oliveira
et al. (2016, 2018). Dornelas et al. (2021) incorporated structural damage to the previous model and proposed an
equivalent critical damage to estimate the fatigue life of SMAs. Other constitutive models for the description of functional
and structural fatigue on SMAs available in the literature are Barrera et al. (2014), Phillips et al. (2019), Liu et al. (2020a),
and Liu et al. (2020b).

This paper presents a numerical investigation of functional and structural fatigue on shape memory alloys employing
the three-dimensional model proposed by Dornelas et al. (2021). In order to verify the ability of the model to describe the
SMA fatigue, a comparison with experimental data is conducted showing a good agreement including the fatigue life
estimation. Afterward, numerical simulations are proposed to evaluate the degradation of the functional parameters during
pseudoelastic cyclic loadings, including, the energy dissipation capacity, which can be calculated from the area
surrounded by the stress-strain curve for each cycle (Kang et al., 2012). The reduction of this functional parameter
quantifies the loss of actuation performance over the cycles due to functional and structural fatigue. After this introduction,
this paper is structured as follows. The constitutive model to describe functional and structural fatigue on shape memory
alloys is summarized in Section 2. Section 3 presents the numerical simulations. The conclusions are presented in Section
4,

2. CONSTITUTIVE MODEL

This section summarizes the three-dimensional constitutive model proposed by Dornelas et al. (2020, 2021). The
model is performed through the formalism of Generalized Standard Materials as proposed by Lemaitre and Chaboche
(1990), and Halphen and Nguyen (1975). Under this assumption, the thermomechanical behavior of the material can be
described by the Helmholtz free energy density, ¥, and the pseudo-potential of dissipation, @. This approach assures that
the second law of thermodynamics is satisfied, avoiding inconsistent behaviors. The procedure for obtaining the
constitutive equations is discussed in more detail by Dornelas et al. (2020).

A macroscopic description based on local continuum damage perspective is proposed to describe functional and
structural fatigue on shape memory alloys, using internal variables. Therefore, functional damage is represented by the
loss of functional actuation, Dy; and structural damage is described by the degree of deterioration of the material, D,.
Based on that, consider that o;; is the stress tensor, &, is the elastic strain tensor, and T is the temperature. In addition,
four macroscopic phases are of concern, represented by their volume fraction: g+ and g~ are associated with detwinned
martensitic variants (M* induced by positive stress, and M~ induced by negative stress, respectively); B is associated
with twinned martensite (M), and 4 is related to the austenitic phase (4). Since M =1 — T — B~ — B4, only three
volume fractions are enough to describe the phase transformations. The description of classical plasticity is made through
the plastic strain tensor, sipj, isotropic hardening, 9 , and kinematic hardening ¢;;. On the other hand, transformation
induced plasticity, defined as the plastic strain arising from phase transformation processes involving volume and/or shape

changes without reaching the yield surface (Oliveira et al., 2018), is described considering the TRIP strain, sfj””, and
saturation variables for each phase, ¥, £~ and &£4. Under these assumptions, the thermomechanical behavior of SMAs,
including functional and structural fatigue are presented in the sequence.

Stress—strain—temperature relation:

aij = (1 = Do) (Egjiueia) + awy (B~ — B*) — 0j(T = Tp) (1)
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Evolution equations for the volume fractions:
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Evolution equations for plasticity:
D _ . Bij=Sij
= Y oy ©)
6= [Byen (B +4 -4 ©
CI.]= l]+7h](.8++ﬁ__BA) (7)
Evolution equations for TRIP:
mp = 2011{(M13ﬁ+ + M3y BT + (Mspf™ + My BB~ + [Mysf4 + M, (1-BF — B~ — ﬁA)]BA} (8)
&t = =gl & =p ©
Evolution equation for functional damage:
Dy = (C, + CIOS(|B*| + 87| + |84]) (10)
Evolution equation for structural damage:
De = (Cy + CsTO) €| + (C7 + CaI )| €T, (11)
Yield surface and its conditions:
f =165 =gyl - \E(ny - K9) (12)
y=0; f<Oand yf =0, yf=0if f=0 (13)

In these equations, I = %e,ik + g./3]§sign(s,§k) is the equivalent strain field that combines volumetric, &f,, and

deviatoric, J¢, effects; k. (8%, 8~,64) and Ky = KX(B+,B‘,BA) are related to phase transformation constraints being
defined from sub-differential of indications functions. The internal dissipation during the phase transformation is
represented by the parameters n™(m = +, —, A) as follows:

S+

U]

+ if '>0 (n4=nf ifrl
{n+ 1 {77 ny 1 >0 (14)
n—-=n

if <0’ (nA=nf if <o

SH
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The parameters n;, n;, 5, ny, nit and ni are obtained considering fourth-order tensors, assuming the isotropy of
the material. Thus, consider a general formulation defined from the symbol N that represents each of the previous
parameters, as follows:

{(N) =1 (N)ijuatia if T7 # 0 (15)
(W) = (W) otherwise
where (V) is given by:
My My —WN)s M)y — Mg 0 0 0
M)y —WV)s M)y M)y — WV)s 0 0 0
~ _{MMy=@)s Ny — V) ™) 0 0 0
MNijrar = ! 0 ’ ! 0 ’ 0 ' 2(M)s 0 0 (16)
0 0 0 0 2(V)s 0
0 0 0 0 0 2(N)g

where (W) and (W) represents normal and shear components of the specific parameter, respectively. Moreover, I'? is
the equivalent stress field; its definition is similar to the one employed for the equivalent strain field.

In addition, ai’}kl is a fourth-order tensor that controls the stress-strain hysteresis loop width represented by a matrix
(assuming the hypothesis of symmetry), considering the parameters af and af, related to normal and shear behaviors
respectively, like the isotropic elastic tensor.

al alf —al al—al 0 0 0]
al —al al al—al 0 0 0
L = alf —al alf —al al 0 0 0 17)
Lkl 0 0 0 al 0 0
0 0 0 0 af 0
0 0 0 0 0 all

Furthermore, 1y, is a symmetric second-order tensor associated with the loading history:

+1,  ifoy >0
Tt = 0, ifakl =0 (18)
—1, ifakl <0

Considering non-simultaneous multiaxial loadings, the parameter 7, is calculated for the subsequent loadings
(assuming stress driving cases), as written below:

= JK t#0 “#0
Tkt = |S,r(rl1ax| 1 ﬂ Ol‘ﬁ (19)
where S;%* is the maximum value of the mechanical loading that can be a stress or a strain. Moreover, note that ISg"gXI =
kil
0 if SHax = 0.
Temperature functions, A and A%, define the critical stress value for the phase transformation level.
Lt
_JE (T —TMY M
A=24AM = L0+TM(T T)lfT>T (20)
-Lg ifT <T™
LA
—JA 4+ —_TMY ; M
AR =AM 4 f4 = L0+TM(T T)lfT>T (21)
—14 ifT<T™

where TV is the temperature below which the martensitic phase becomes stable for a stress-free state; 4™ and A4 are the
stress phase transformation values for martensite and austenite, respectively.
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Moreover, a is a parameter that controls the height of the stress-strain hysteresis loop. The parameters as a, L}, L7,
L4, L*, L™, L4, also presents a saturation characteristic as follows:

(22)

where n is used to obtain an appropriate adjustment, and m( ? is a saturation parameter.
Considering the thermoelastic parameters, E;j, is the elastic tensor; £2;; is related to the thermal expansion coefficient
can be represented by the same general form: E;ju; = Elfy + BA(Ef — Elf); iy = 21 + pA(2f — 217). Concerning

classical plasticity parameters, K is the plastic modulus; H is the kinematic hardening modulus. These parameters can be
defined considering a rule of mixture: K = K™ + pA(K4 — KM) and %z HLM + B4 (H—lA - HLM) In addition, &;; is the
deviatoric stress tensor; y is the plastic multiplier; T, is a reference temperature in a stress-free state.

Additionally, n’ defines the coupling between phase transformation and isotropic hardening; 775 defines the coupling

between phase transformation and kinematic hardening:

1 1 1
ni =0k [1 1 1] (23)
1 1 1

The yield surface is defined by the yield stress gy that has different values for austenitic and martensitic phases.

{ay=a}9” if T<T™
M(TA Al M
oy T =T)+oy'(T-T") ., M
1ay= o if TM <T<T 24)
Ai (TF Af A
oy (T" =T)+o,  (T—-T") ., -
ko'y= TF—TA if T <T<T

where T4 is the temperature above which the austenitic phase is stable; T* is a reference temperature for the determination
of the yield stress for high temperatures; ¢} is yield stress of the martensitic phase; o* and a,ff define the thermal
variation of the yield stress of the austenitic phase.

The TRIP effect is represented by the parameters M3, M3y, Mp3, M3y, M3, and M,;, defined by M;; =
Mijexp(—mei), where m™ is a saturation parameter. To control the amount of TRIP strain at different temperatures,
the following expressions are written:

0 o fT<TE?
(TF — Tt‘rlp)

M;; = (25)

ifT > Ttriv

where Mf is a reference value of M;; at T = T and T*"*? is a temperature below which TRIP should not occur.

Finally, w;; and P™(m = +,—, A) are auxiliary variables. More details about model parameters can be found in
Dornelas et al. (2021).

Damage description is inspired on the classical theory of continuous damage proposed by Lemaitre and Chaboche
(1990). Therefore, the function (C, + C,I")%3 is proposed to define the relationship between accumulated phase
transformation and functional damage. Besides, the functions (C, + CsI'?)% and (C, + CgI'?)%° are defined to represent
the elastic and elastoplastic fatigue, respectively. These functions consider the parameters C,_5 to control the evolution
of functional damage and C,_q to control the evolution of structural damage. The fatigue life of SMAs is estimated by the
constitutive model through the definition of the equivalent critical damage, D,, that takes into account the effects caused
by the functional and structural damage.

D =[¢"B* + ¢*B* + {7B71D, + Dy (26)

where ¢4, {* and ¢{~are parameters that represent the austenite and martensite structural fatigue strength. In this sense,
the failure occurs when the equivalent critical damage reaches a critical value, DS, which can be calculated through
experimental tests.
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3. NUMERICAL SIMULATIONS

Initially, this section presents a comparison between numerical simulations and experimental results obtained by
Dornelas et al. (2021), where a pseudoelastic NiTi SMA wire is subjected to cyclic tension with peak stress (a{3%*) of
750 MPa, and a frequency of 0.25 Hz. Afterward, numerical simulations are performed to quantify the influence of the
peak stress on the loss of actuation performance. Parameters presented in Tab. 1 are employed in all simulations.

Figure 1(a) shows the numerical-experimental comparison considering the first ten cycles. Figure 1(b) shows the
numerical-experimental comparison between cycles 1308 — 2308 (experimental) and 1308 — 2284 (last predicted cycles).
The TRIP strain and the accumulation of functional and structural damage promote a loss of actuation performance with
the increase of the number of cycles. It should be pointed out the good agreement between numerical and experimental
results, showing the model capability to describe the evolution of TRIP strain and fatigue during the cyclic loading
process.

Figure 2(a) shows the evolution of dissipated energy per unit volume (MJ/ m®). This functional parameter quantifies
the material's ability to dissipate energy during the phase transformation process. The first cycles are essentially
characterized by the stabilization of the TRIP strain, where a reduction in the hysteresis loop occurs. This aspect can be
observed in Fig. 2(a), where a reduction of the dissipated energy from 10.5 (MJ/ m?) to approximately 4.5 (MJ/ m®) takes
place. After this point, there is a reduction of the dissipated energy throughout the cycles due to the evolution of functional
and structural fatigue. During the loading process, there is approximately 70% of dissipated energy. Figure 2(b) shows
the evolution of the maximum value of austenite volume fraction during the cyclic loading process. In the first cycles, the
material has 100% of its performance capacity, and this percentage progressively decreases due to the evolution of
damage, until reaching approximately 60% in the last cycle before the failure.

Table 1. Parameters identified from experimental results performed by Dornelas et al. (2021).

E*(GPa) EM(GPa) QN (MPa/K) OM (MPa/K) al (MPa) a (MPa)
58.0 36.0 0.74 0.17 0.028 100.0
L (MPa) I* (MPa) L4 (MPa) L4 (MPa) (m)y (MPa.s) (ny)y (MPa.s)
6.00 5.00 0.60 105.50 0.10 0.80
()y (MPa.s) (ng)y (MPa.s) ™(K) TA(K) To(K) ay' (GPa)
0.10 0.80 266.0 297.0 300.0 0.30
oAt (GPa) o7 (GPa) KA (GPa) KM (GPa) HA (GPa) HM (GPa)
1.15 0.60 1.4 0.4 4.0 1.1
n' n* TF (K) M3 (GPa™") M3 (GPa™) M, (GPa™)
-0.01 -0.01 423.0 0.85 0.05 0.85
M,; (GPa™) TP (K) m® mt mM n
0.05 297.0 1.0x10* 0.1 0.4 0.7
Gy G, Cs Cy Cs Ce
5.0x10° 5.5x10712 1.58 5.0x101? 8.9x1012 1.58
(A (+ Dé:rit
3.38 0.87 0.16
1000 1ace Cycle 1-2284 Numerical
Cycle 1-2284 Numerical 5 :
800 1 — Cycle 1-10 Experimental 8004 —gyc:e }ggg;ggi Expenme:ﬂal
—— Cycle 1-10 Numerical A ; Hmerice
& 600 & 600-
s =
= 400 = 400
9 ©
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Figure 1. Pseudoelastic behavior for NiTi wires during fatigue tests, Dornelas et al. (2021), 675 = 750 MPa, 0.25
Hz. Numerical-experimental comparative for different cycles: (a) cycle 1 — 10; (b) cycle 1308 — 2308
(experimental) and cycle 1308 — 2284 (numerical).
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Figure 2. Loss of actuation performance. (a) dissipated energy evolution; (b) maximum value of austenite volume
fraction during cyclic loading.

Figure 3(a) presents the evolution of TRIP strain during the first 50 cycles showing that the material undergoes a rapid
stabilization, around 10 cycles. Figure 3(b) presents the evolution of functional and structural damage. After 2284 cycles,
the functional damage reaches a value of approximately 12%, causing the loss of actuation performance. On the other
hand, the structural damage reaches a value of approximately 2% in the last cycle before the rupture. Finally, Fig. 3(c)
shows the evolution of critical damage over the cycles until reaching DS = 0.16. By considering the numerical-
experimental comparison, it should be pointed out that there was a good fatigue life prediction with a variation of 1%
between experimental tests and results predicted by the model.
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Figure 3. TRIP strain and damage evolution during fatigue tests. (a) TRIP evolution; (b) functional and
structural damage evolution; (c) critical damage evolution.

The influence of the peak stress on the loss of actuation performance is now of concern considering two numerical
simulations with a frequency of 0.25 Hz and different peak stress values. Two thousand cycles are analyzed in both tests.
Figures 4(a), (c), (e), and (g) present results obtained for a/7** = 650 MPa and Figs. 4(b), (d), (f), and (h) consider results
obtained for ¢{1** = 950 MPa.

Figures 4 (a) and (b) present the stress-strain curves showing that the increase of the applied stress is associated with
a stabilization of the TRIP strain that promotes a greater loss of performance during the first cycles, and there is a greater
reduction of the hysteresis loop in the last cycle due to the loss of material functionality. Figures 4(c) and (d) show the
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evolution of dissipated energy per unit volume (MJ/ m3), where it is observed that increasing the applied stress, a more
pronounced decrease of the dissipated energy capacity occurs.

1000 1000
Cycle 1-2000 Cycle 1-2000 / y
- = Cycle 1 - — Cycle 1 / /i
800 _._ cycle 2000 8001 _._ cycle 2000 Yy i
/
—_ _ — | y
& 600+ ,I ——————— / ,/ D“z 600 ' I/ /
é / /I / \Ef II Ly
= 4004 —_— l:32400— lI —=
© [ ———— / =
[ | / [ ,_,.J
2004/ / = / 2004/ / =4
/ / / - i / =
. ! =" / ==
0 . : ; 0 T - r
0.00 0.02 0.04 0.06 0.08 0.00 0.02 0.04 0.06 0.08
g1 €n
(@ (b)
12 12
E E
=2 -5
S0 S 9
> >
2 2
o @
w6+ o 6
o o
L K}
g g
B 3 S 34
L L2
a a
0 T v - - 0 T T r '
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
N-Cycle N-Cycle
(c) (d)
1.0 Austenite (A) 1.04

Austenite (A)

o
oo
1
o
(o]

!

2
o
!
O,
o
"

o
»
:

Volume Fraction
o
D

Volume Fraction

=)

N
)

e

N
A

0.0+ T T T T 0.0+ r : : ;
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
N-Cycle N-Cycle
() ()
0.16 0.16
—— Functional Damage —— Functional Damage
- - Structural Damage - — Structural Damage
0.12+ 0.12-
S S
© @©
£ 0.08+ € 0.08+
© ©
o (m}
0.04 0.04
0.00 s i s e T ) T e L .
0 400 800 1200 1600 2000 0 400 800 1200 1600 2000
N-Cycle N-Cycle
() (h)

Figure 4. Influence of the peak stress on the loss of actuation performance. (a) stress-strain evolution, o7%* =
650 MPa; (b) stress-strain evolution, a77* = 950 MPa; (c) dissipated energy evolution, a7f* = 650 MPa; (d)
dissipated energy evolution, 675 = 950 MPa; (¢) maximum value of austenite volume fraction, 677* = 650
MPa; (f) maximum value of austenite volume fraction, o175 = 950 MPa; (g) functional and structural damage
evolution, a7%* = 650 MPa; (h) functional and structural damage evolution, a7%* = 950 MPa.
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Figures 4(e) and (f) present the evolution of the maximum value of austenite volume fraction during the cyclic loading
process. Initially, it is observed that the material has 100% of its phase transformation capacity for both applied loading.
After a few cycles, a rapid decrease of the phase transformation capacity of the material subjected to ¢3** = 950 MPa
take place. Considering the last cycle of the test, the material subjected to o{1** = 650 MPa has 70% of its phase
transformation capacity. On the other hand, the material subjected to o{1** = 950 MPa has approximately 50% of its
phase transformation capacity. This result indicates that by increasing the applied stress from 650 MPa to 950 MPa,
keeping the same test conditions, the material loses approximately 20% of its phase transformation capacity.

Finally, Figs. 4(h) and (g) show the evolution of functional and structural damage. Note that the increase of the applied
stress promotes a more severe functional property change in the first cycles of the test, promoting a reduction of the rate
of evolution of functional damage. On the other hand, the increase of applied stress promotes a more pronounced
accumulation of structural damage.

4. CONCLUSIONS

This paper presents a numerical investigation of the influence of functional and structural fatigue of shape memory
alloys. The three-dimensional model proposed by Dornelas et al. (2021) is employed to perform numerical simulations.
Initially, numerical results are compared with experimental data considering a cyclic tension test. It is observed that the
TRIP strain associated with the functional and structural damage promotes a loss of actuation performance with the
increase of the number of cycles. Results show that the model responses are in close agreement with experimental data,
including fatigue life predictions. After the model verification, numerical simulations considering different levels of peak
stress are proposed to evaluate the degradation of the functional aspects. Results show that the increase of the peak stress
promotes a more pronounced loss of actuation performance of the material due to the evolution of the TRIP strain and
fatigue. Numerical results are qualitatively similar to experimental data available in the literature, confirming the model
capability to describe the SMA fatigue phenomenon.
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