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ABSTRACT

Bimetallic shape memory alloy composites, consisting of an active layer of shape memory alloy and a metallic
elastoplastic passive layer, are used for designing the sensors and actuators. Delamination analysis in SMA/
elastoplastic bimaterial composites is numerically investigated in this study due to the important effects of
interface cracks on failure and load bearing response of such composites. It is known that homogeneous elas-
toplastic material and shape memory alloy show different path-dependent behaviors for prediction of energy
release rate near the crack tip. Therefore, evaluation of J-integral for an interface crack between SMA and
elastoplastic layers remains a highly complex issue in fracture analysis of such bimaterials. Presuming small-
scale phase transformation and yielding zones, path dependency of J-integral for this composite is investigated
for a range of mixed-mode loading conditions, and the elastoplastic material properties including the Young’s
modulus, hardening slope and yield stress. In addition, the maximum transformation strain within the frame-
work of J, plasticity for the elastoplastic material and the thermo-mechanical coupling model of Boyd and
Lagoudas for the shape memory alloy are studied. Finally, the influence of mixed-mode loading rates on the

crack tip fields is comprehensively assessed.

1. Introduction

Nowadays, the demand for new smart materials is increasing due to
their outstanding properties and more importantly, in recovering the
original characteristics in extreme conditions. Among them, shape
memory alloys (SMAs) show excellent behaviors in the forms of pseu-
doelasticity and shape memory effect [1]. Pseudoelasticity allows for
these materials to recover the deformations from a different stress—
strain path during the mechanical unloading, which results in, for in-
stance, an increased fatigue resistance [2]. In addition, the shape
memory effect allows for recovering of permanent deformations in a
free force state subject to temperature variations [1,3].

SMAs play a key role in producing advanced composites such as
multilayer thin films [4], shape memory alloy fiber-reinforced compo-
sites [5-7], self-adaptive/ healing damage controller in smart structures
[8,9] and embedded SMA foils in laminates [10,11]. Furthermore, SMA
strips can well perform as an active layer in laminated composite ma-
terials. For instance, Lagoudas et al. [12] considered the adaptive be-
havior of SMA as smart actuators with aluminum cores in electro-me-
chanical devices under the thermal condition.

Defects and cracking in materials constitute a major source of
failure. Several novel computational approaches have been developed
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to numerically model fracture behavior of homogenous materials and
bimaterial composites; including the extended finite element method
[13-21], the isogeometric analysis (IGA) [22-24], the phase field
model [25-27], and the minimum energy approach [28-30].

Menk and Bordas proposed an XFEM approach to numerically in-
troduce crack tip enrichments as a function of the order of crack tip
singularity 4 and an angular function () for a cracked anisotropic
polycrystalline material [31]. While the extended finite element
method has been one of the main computational techniques in dealing
with general discontinuity and interface crack problems, the isogeo-
metric analysis, based on Non-Uniform Rational B-spline (NURBS), has
proved to be a powerful computational method for delamination ana-
lysis of bimaterial composites [23,24] in order to capture the deriva-
tives with higher continuity and to define complex geometries more
accurately. For instance, Nguyen et al. presented an isogeometric ana-
lysis method based on higher order cohesive elements for modelling
delamination in 2D L-shaped bimaterial composites and 3D laminated
beams [23].

Moreover, the phase field model has been developed as a suitable
approach to various crack propagation problems, covering brittle and
ductile fracture, dynamic crack propagation, cohesive fracture, soft-
tissue fracture, and interface cracks in bimaterial composites [25-27].
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Furthermore, Sutula et al. [28-30] presented the minimum energy
approach, based on minimizing the total energy of the system, to pre-
dict the angle and onset of crack propagation for stable, unstable and
partially stable crack growths. However, there is no report of applica-
tion of these methods for fracture analysis of SMAs.

Due to defects and failures in SMA-based devices, such as sensors
and actuators, investigation of facture behavior of SMAs has become an
important issue for researchers in recent years. In addition to the ana-
lytical and experimental studies on crack analysis in homogenous SMAs
[32-43], several numerical studies have addressed the fracture of
homogenous SMAs. For example, the finite element method (FEM) was
employed by Stam and van der Giessen [44] to investigate the rever-
sibility of phase transformation on the rate of increase of toughness,
while Wang et al. [45] studied the stress induced martensitic trans-
formation in the vicinity of sharp pre-cracked models. Later, Freed and
Banks-Sills [46] utilized a cohesive zone model to determine crack
growth and its influence on toughening behavior of SMAs. Moreover,
Jape et al. [47,48] presented a crack growth model for a pre-cracked
SMA subjected to thermal variations and constant mechanical loading
and investigated the impact of transformation-induced plasticity on
fracture parameters of SMA and the shielding effect of transformation
behind the crack tip. More recently, the extended finite element method
(XFEM), as an efficient computational method for modeling arbitrary
discontinuities, was employed by Hatefi Ardakani et al. [49,50] to
study the rate of loading, the direction of crack propagation and the
mixed mode crack tip parameters of pseudoelastic SMAs.

So far, many attempts have been made to study the behavior of
interface cracks in SMA composite bimaterials. Freed et al. [51] used a
cohesive zone model to study the significant transformation toughening
behavior for interface cracks in SMA composite bimaterials and to
correlate the size of transformation zone with the phase angle. On
mode-I crack closure, Jin and Bao [52] described an analytical model to
control crack opening by optimal position of SMA fibers. Chi et al. [53]
interpreted the ductile interfacial debonding by the phase transforma-
tion of SMA fibers in the matrix and suggested a method based on the
energy balance analysis. Moreover, the pull-out test in SMA hybrid
composites with elliptical holes were carried out by Conte et al. [54] to
capture failure mechanisms and to evaluate the overall interfacial
strength. More recently, Afshar et al. [55] employed a numerical
boundary layer approach to examine the influence of loading rate and
material characteristics on an interface crack between SMA and elastic
material. They illustrated that the energy release rate of the SMA/
elastic bimaterial would remain path-dependent.

Bimetallic shape memory alloy composites, consisting of an active
shape memory alloy layer and a passive metallic elastoplastic layer, are
used for designing the sensors and actuators [56,57]. Due to the ex-
istence of interface cracks, investigation of their failure mechanisms is
important. The problem becomes more complex because both the phase
transformation and the elastoplastic responses show a path-dependent
behavior for the energy release rate near the crack tip [58]. Therefore,
this study, as an extension to an earlier work [55], focuses on delami-
nation analysis of SMA/elastoplastic bimaterials, as schematically illu-
strated in Fig. 1. Variations of fracture parameters, including the path
dependent J-integral, are examined by changing the material proper-
ties, such as the hardening slope and the Young’s modulus. The results
are presented in detail and in the form of energy release rate, effective
plastic strain and phase transformation contours, as well as the angular
distribution of temperature.

2. SMA constitutive model

Shape memory alloys are among the metallic materials, which can
fully recover the induced deformation. This behavior is due to the phase
transformation from the austenite to the martensite phase during
thermomechanical loading and unloading, induced by stress and
heating processes, respectively.
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The constitutive law for SMA is briefly discussed here [1,59]. As-
suming the austenite phase as the reference configuration and the Gibbs
free energy as the thermodynamical potential, the constitutive law for
SMA is presented. First, an additive decomposition of the total strain
sij"’“l into an elastic strain ¢, a thermo elastic strain sij-” and an inelastic
strain ¢/ is performed:

Ei;ota[ - Ei; + El-]t-h + Ei;n (1)

The inelastic strain generally includes both the transformation and
the plastic-type deformations. In the present study, however, only the
transformation strain (sij- = ai}") is considered for the SMA inelastic re-
sponse.

For defining the thermodynamical framework, the Gibbs energy is
considered in the additive form of the free elastic energy and the
thermal energy (dummy indicesi, j, k, | are used based on the Einstein
notation) [1]:

G

1 1
= =50 Pumo = 2y oy (T = To) + &5] + ¢

[(T— T) — Tln(z)} — ST+ Uy + lg(§)
T P

0

(2

where Dy, is the fourth order elastic compliance tensor, and «; is the
second order effective expansion tensor. Moreover, ¢, Sy and U, are the
effective specific heat, the entropy and the internal energy at the re-
ference state, respectively. The reference state is stress-free (gj; = 0) and
Ty is the reference temperature of material (T = Tp). The transformation
hardening function g(&) is chosen in a polynomial form [1], and the
effective material properties are defined by a linear summation of
austenite and martensite volume fractions (£), as follows:

Dyu(§) = Dju + §(Djia — Djia) ©)]
oy (§) = o' + § (e’ — o @
So(€) = So™ + E(SoM — So*) (5)
uo (&) = uo? + & e — ue*) (6)
c@=cr+ECM—-c (7)

where the austenite and martensite phases are denoted by A and M
superscripts, respectively. & is set to 0 and 1 for the austenite and
martensite phases, respectively.

Using the Gibbs free energy, the total infinitesimal strain can be
found as [1],

aG,
¢ = Dijklakl + aj (T-T) + El-;
oy (8

Eijz—p

Changes in the martensite volume fraction may lead to different
material responses. Accordingly, a relation must be defined to compute
the evolution of transformation strain from the martensite volume
fraction:

&= Ayt ©)

where Aj; shows the transformation strain direction, defined for both
forward and reverse transformations as,

(10)

Emaxdenotes the maximum transformation strain. In addition, £/~ is
the transformation strain at the reverse point. For a forward procedure,
the transformation surface © can be defined by the general thermo-

dynamic force conjugate of the martensite volume fraction [1],
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Fig. 2. Typical one-dimensional elastoplastic response.
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where s and f subscripts denote the starting and finishing tempera-
tures, respectively. The forward transformation takes place when:

®=0 12)

3. Elastoplastic constitutive model

The elastoplastic layer is assumed to follow the von Mises yield
criterion, and its nonlinear responses in the processes of overloading
and unloading are studied [60].

The total strain in an elastoplastic analysis can be written in terms of

the elastic strain sij, the plastic strain z,-J‘-’ and the thermal effects si?' (see
Fig. 2):

- h
g =¢f +ef + ¢ (13)
and the corresponding stress can be calculated by:

0 = Ejugh = Eya(ea — &8 — &) 14)

where Ej is the Young’s modulus of the elastoplastic material (E, for
material 2). The von Mises yield criterion is utilized to control the
yielding state in terms of the von Mises equivalent stress o,

G = %\/(Ul —0)* + (0, — 03)* + (03 — 0)? (15)

The yielding function f, is then defined as

2 _dev _d
fy=0-o= 3079 — % 16)

1 . .
where qj»iw: 0j — 30u Tepresents the deviatoric stress tensor. The
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Fig. 3. Boundary layer model (a) K-dominant region, (b) finite element mesh.
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Fig. 4. A homogenous perfect plastic problem.

Composite Structures 225 (2019) 111149

Table 1

Elastoplastic material properties.
Material parameters Values
E, (GPa) 70
v 0.30
H (GPa) 0
gy (MPa) 243

1.04 T T T T
1k
0961 Present study i
3
5 = = =Reference (Carka and Landis [58])
QD: 0921 B
~N
&}
0.88 i
0.84 h 1
08 Il Il Il Il Il Il Il L Il
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r/R
3

Fig. 5. Variations of normalized energy release rate for the fully perfect plastic
problem in the case of crack mode L.

yielding criterion can be described as:

f, < 0: Elasticdeformation
f, = 0: Plasticdeormation a7

4. Thermo-mechanical coupling effects

The heat equation should fully be coupled with the mechanical
equation to take into account the thermomechanical coupling effects
[49,61]:

Mechanical equation: o ; + f; = 0 (18)
. . . 1
Heat equation: Ta;6; + pcT — | oA\ + Eq-jADU-klakl + o Aay;

(T-Ty) — pAC[(T - ) - Tln(%)] - PAU, — g—g)g = —Qy

19

where the heat flow Q; is defined as
Qi = —kT; (20)

and k is the thermal conductivity. These coupled equations are itera-
tively solved by the Newton-Raphson method, as described in detail in
[49,61]. It should be noted that no thermo-mechanical coupling is
considered for elastoplastic deformations, and Eq. (19) is simplified to
pcT = (kT ;); for this layer.

5. Fracture mechanics of bimaterial cracks

Existance of a bimaterial interface crack has always been a chal-
lenge for engineers studying layered bimaterial problems. The key
fracture mechanics parameter for these problems is to evaluate the
stress intensity factor K. The complex form of K for bimaterial problems
is defined as [62]:

K= KI + iKII =~ 271'r_i5(c722 + i0'12)6:0 (21)



S. Hatefi Ardakani, et al.

— Reference

Composite Structures 225 (2019) 111149

=— Reference

— Reference

Fig. 6. Plastic zone shapes for three different crack modes (a) mode I, (b) mode II, and (c) mixed mode K; = Kj;

Table 2

SMA properties.
Material parameters Values Material parameters Values
Ep (GPa) 47 TA (°C) 12
Eyv (GPa) 24 TfA °C) 26
N 0.33 Ca (MPa °C "1y 8.4
UM 0.33 Cv (MPa °C -1y 6.7
ehax 0.05 c(Jkg LK"Y 837
T (°C) 35 k (W.m~L K1) 18.3
™ (°C) -29 o (kgm ~3) 6500
M 0) 3

where the bimaterial constant ¢ is calculated in terms of the second
Dunder’s parameter § [62]

]_ —
€= iln( ﬁ)
2t \1+8 (22)
with
x1—211 x1—2v
=1E2 1-1 " 1-vy
2 Ef + E5 (23)

where E; for the plane strain condition is defined as

—i=12
1 - 24)

where E; and v; are the Young’s modulus and the Poison’s ratio, re-
spectively. The phase angle ¥ is adopted to quantify the mode-mixity of



S. Hatefi Ardakani, et al.

1.04 T T T T T T T T T
1+ I _—
0.96 1
3 0.921 wooo |
5 o.ssl — =15 ]
[ 0.88 ¥Y=15
@ 3 — =30
0.84H 4
—y=45°
0.8 ¥ =60°| 4
—¥=75
0.76 1k 4
¥ =90°
072 ; : : ; ; ; : : ;
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
r/R
3
1127 T T T T T T T T T
1.1 — =0 | {
— =15
1.08 ol 1
—¥=30
1.06 —p—45°|
'§ ()
3 1.04 ¥=60"|
o — =75
® 5 ' w=90°| |
1 — -
0.98 1
0.96 4
094 ; : : ; ; ; : : ;
0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1

r/Rg

Fig. 7. Effect of mode mixity on the energy release rate near the crack tip (a)
H=0, (b) H=10GPa

the crack tip

Y= tan‘l(&)
K (25)

To evaluate the energy release rate, G, which can be used for non-
linear fracture problems, a contour integral (J-integral) approach is
adopted:

G=J= ‘/; (niojuj, — Wny)ds (26)
where the strain energy W is defined as

€
W= odey @)
and T is a crack-closed contour with the normal vector n;. The
equivalent domain integral (EDI) form of (25) can be written as
[14,49]:

G

J
_/; (q;05u1 — Wq, + a0y T 1q)dA — ‘/; (fiuinq)
dA— [, (twq)de 28)

where g is an arbitrary smooth function with 0 and 1 values on outer
and inner boundaries of the domain, respectively.

In this study, t; and f; are set to zero, since the problem is assumed
with traction-free crack and no body forces f,.

Despite the fact that the J-integral was originally introduced for
linear elastic materials, this technique has been frequently used for
fracture analysis in elastoplastic materials [58] and SMAs [49,55,63].
While linear and nonlinear elastic materials, as non-dissipative mate-
rials, ensure a path-independent J-integral near the crack tip, it be-
comes contour dependent in dissipative mechanisms, such as elasto-
plastic materials and SMAs.
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6. Boundary layer approach

The boundary layer approach is adopted to investigate the dis-
placement fields around the crack tip for the plane strain cracked SMA/
elastoplastic bimaterial problem (see Fig. 3a). Mixed mode crack tip
fields are generated by displacement control boundary conditions on
the K-dominant region, which is considered 100 times larger than the
phase transformation zone to ensure the assumptions of small-scale
phase transformation and yielding zones. Accordingly, the displace-
ment of the region can be defined by the asymptotic expansion

(uapplied) J
14w jr 151 el
- -~ {Re [Kapplied r ]uj (@, g, Vl) + Im [Kapplied r ]uj
E, 2
6, &v)}(=12 (29
where
Kﬂpplied = (Kl)applied + i(KH)applied (30)

~II

More details on ﬁ} and i; can be found in [55]. The corresponding

applied energy release rate Gyypiieq is defined by

1 |Kapplied|2
Gapplied = =N
E cosh?(7e) (31
where
2 1 1
E E; E, (32)

Numerical predictions of energy release rate near the crack tip will
be normalized by G,ppiieq in section 7.

Considering a crack located along the interface, with the center of
coordinate system located at the crack tip, a radial finite element mesh
(5289 four-noded elements) is used to model the problem (see Fig. 3b).

7. Results and discussions

In this section, a mixed mode interface crack in a thermomechanical
SMA/elastoplastic bimaterial problem is studied to investigate the
phase transformation, temperature distribution and energy release rate.
At first, homogenous cracked models are verified for both homogenous
SMA and elastoplastic materials. Afterwards, simulations for a plane
strain SMA/elastoplastic bimaterial problem is conducted to investigate
the interface crack tip parameters in the isothermal condition. Finally,
the thermomechanical coupling effects on fracture parameters are
comprehensively studied.

7.1. Fully plastic problem

Homogenous SMA problems have been thoroughly examined in
previous work [49]. For the case of fully plastic problem, a homogenous
perfect plastic problem (see Fig. 4) with material properties of Table 1
is considered and the results are compared with reference [58].

Normalized fracture energy (in terms of the J-value) for different J-
integral radii is displayed in Fig. 5. It is observed that the results are
consistent with the reference report [58].

Moreover, Fig. 6 illustrates the plastic zone shape for three different
crack modes (pure modes I and II, and the mixed mode K; = Kj).
Clearly, the shape and size of the plastic zone is identical with that of
the plastic zone reported in reference [58].

7.2. An interface crack in an SMA/elastoplastic composite in isothermal
conditions

Geometry and boundary conditions of the bimaterial composite are
assumed to be similar to Fig. 3. It consists of an SMA upper layer
(material 1) and an elastoplastic lower material (material 2). The
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Fig. 8. Distribution of phase transformation around the crack tip for different phase angles

mechanical properties of the upper layer (SMA) and lower layer (elas-
toplastic material) are presented in Tables 2 and 1, respectively. Con-
sidering small-scale phase transformation and yielding zones, a plane
strain finite element analysis is performed.

It should be mentioned that for each phase angle, K; and Kj; are
selected in a way that leads to the same value of R; = 0.03. Then, the
applied energy release rate Gyppjiq is determined from the values of K;
and Ky by Eq. (31).

For each phase angle, which specifies the mixed mode condition, the
energy release rate is calculated. The results are depicted in Fig. 7 for
two cases of hardening slope (H = 0 and H = 10 GPa). The maximum
and minimum values are related to phase angles ¥ = 0° and ¥ = 90°,
respectively. In regions far from the transformation field, the J-integral
has the same value as the applied energy release rate (Gyppiiea) It is
evident from the results that the perfect plastic case (H = 0) is not in-
fluenced by the phase angle changes. In contrast, for H = 10 GPa, the
phase angle has a great effect on the results in such a way that even the
trend of variations of energy release rate differs for different phase
angles. Furthermore, it is observed that the normalized energy release
rate experiences values more than one for the case of H = 10 GPa,
whereas the perfect plastic case is limited to the unity.

According to Figs. 8 and 9, contours of phase transformation and

effective plastic strain are presented for seven different phase angles.
Clearly, the phase transformation occurs in the upper layer and the
plastic deformation is limited to the lower layer. Moreover, it can be
observed that the mode mixity has a major effect on the shapes of phase
transformation and effective plastic strain zones.

In order to examine the mesh independency of the results, five
different finite element meshes (1415, 3293, 5289, 8834, and 12,209
elements) are utilized to solve the problem of SMA/elastoplastic com-
posite with an interface crack in the mixed mode condition ¥ = 0°. The
energy release rate at two different distances near the crack tip
(r/R¢ = 0.05, 0.1) is calculated. Fig. 10 illustrates the error of G/Gyppiica
(defined in Eq. (33)) at the mentioned distances. Clearly, a converged
solution is obtained for the energy release rate as the mesh is refined.

G/ Gyppiiea — G/ Gappii
applied applied, (finest mesh) % 100

G/Gapplied, (finest mesh) (33)

Error =

Moreover, the sensitivity of the solution near a crack tip is examined
by comparing the austenitic and the martensitic boundaries around the
crack tip for three fine meshes (5289, 8834, and 12,209 elements). It is
clearly observed from Fig. 11 that the austenitic and martensitic
boundaries (£ = 0 and £ = 1, respectively) remain the same for all three
meshes; an indication of mesh insensitivity and good convergence of
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Fig. 9. Distribution of effective plastic strain around the crack tip for different phase angles

—_— - -

6 - - - T T 2.4

Error (%)
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0.8}
0.41
0 g 0 »>
1400 3400 5400 7400 9400 11400 13400 1400 3400 5400 7400 9400 11400 13400
Number of elements Number of elements
(@ (b)
Fig. 10. Error of G/Ggppiiea versus five different meshes at two different distances near the crack tip, a) r/R¢ = 0.05 and b) r/R; = 0.1.
the local crack tip solution. release rate is discussed, as depicted in Fig. 12. It is apparent that when
Now, the properties of SMA material is kept constant while the the lower material is perfect plastic, plasticity plays a key factor in the
properties of lower material (elastoplastic material) are changed for values of energy release rate, and as a result, the trend of response tends
each simulation. First, the effect of hardening slope (H) on energy to become similar a homogenous cracked elastoplastic material.
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Austenitic boundary (&= 0)

—— 5289 elements
—— 8834 elements
—— 12209 elements

Crack (@)

~=_____

Fig. 11. Austenitic and martensitic boundaries around the crack tip for three
fine meshes

Martensitic boundary (& =1)

—H=0
——H=1GPa
——H=2GPa
——H=5GPa |
H =10 GPa
——H =20 GPa

~——H =200 GPa

07 1 1 1 1 1 1 1 T T
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

r/Ri

Fig. 12. Effect of hardening slope on the energy release rate

— =)

= H =200 GPa r/Ry=0,
[

Fig. 13. Plastic zone for two values of H

By increasing H, the trend of results for the SMA/elastoplastic
composite becomes noticeably similar to homogenous cracked SMA
material. In other words, plasticity loses its effect with larger values of
H because they generate smaller plastic strain zones in the vicinity of
crack tip, resulting in the reduction of energy release rate. This is better

Composite Structures 225 (2019) 111149

o | 1 ; ; ] | ; ] |
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
r/R
13
11
1.08 —% |1
—20
1.06 R
—_— 35y0
3 1.04 s, 1
2
oS 102 0| A
® 3

0.1 02 03 04 05 06 07 08 09 1
r/R
9
11
— O
1.08 Y04
20‘}*()
1.06 — E
3cy0
< 104 —do,| |
= 50
=
0
S 1.02}] SAA
(© [

0.94 ! i ! ! 1 ! ! 1 L
0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1

r/Ri

Fig. 14. Effect of initial yield stress on the energy release rate for three hard-
ening slopes (a) H = 0, (b) H = 10 GPa and (c) H = 20 GPa
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Fig. 15. Effect of E,on the energy release rate for H = 20 GPa

observed in Fig. 13 which illustrates the size of plastic zone for two
maximum and minimum values of H (H=0 and H = 200 GPa).
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Fig. 16. Effect of maximum transformation strain on the energy release rate for
a hardening slope equal to 10 GPa

Table 3
Applied loading rates.
G N ¥ =0° =15 v = 30° W = 45° ¥ = 60° ¥ = 90°
applied m)
Loading rate A 0.248 0.284 0.179 0.152 0.148 0.187
Loading rate B 2.48 2.84 1.79 1.52 1.48 1.87
Loading rate C ~ 24.8 28.4 17.9 15.2 14.8 18.7
1.04
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1.02- Coupled - loading rate A | |
Coupled - loading rate B
< Coupled - loading rate C
S:
@ 3 oot
0.96
0.94 1 I I 1 . 1 I
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
r/R,
S
1.05 T
Uncoupled
1.041 . B
Coupled - loading rate A
L3k Coupled - loading rate B | |
Coupled - loading rate C
=
.\:E 1.021 T
(b) 3 LO1| 4
1k i
0.99 i
0.98 L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6
r/R,
s

Fig. 17. The effect of applied loading rate on the J-integral near the crack tip
for the elastoplastic material with H = 10 GPa, (a) ¥ = 0°, (b) ¥ = 60°

Increase of H from 0 to 200 GPa results in 26% decrease of the radius of
plastic zone, indicating the lower effect of plasticity.

For three different values of H (0, 10 GPa, and 20 GPa), the influ-
ence of initial yield stress on the fracture behavior of composite is
presented in Fig. 14. It is important to point out that with the increase
of initial yield stress, the size of plastic region becomes smaller, and
consequently, the trend of response becomes more closer to a crack in
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fully SMA model than a crack in fully elastoplastic model. Furthermore,
it is worth to mention that as the value of H increases, the sensitivity of
the results to the variations of initial yield stress becomes less sig-
nificant.

Now, the effect of Young’s modulus of elastoplastic material (E,) on
the energy release rate distribution near the crack tip is studied for a
specific hardening slope. According to Fig. 15, it can be concluded that
the increase of E, has no significant effect on the distribution of energy
release rate for distances very close to the crack tip. However, at a
specific distance of about r/R; = 0.025 from the crack tip, a consider-
able difference between the results starts to appear and continues up to
r/R¢ = 0.6, where the effect of E, on the energy release rate is lost.

The effect of maximum transformation strain (g),,,), as an important
parameter of SMA, on the energy release rate is investigated in Fig. 16.
It is observed that the effect of maximum transformation strain becomes
insignificant at distances greater than r/R; = 0.1.

7.3. Thermomechanical coupling conditions

Now, the same SMA/elastoplastic composite simulated in the pre-
vious section is used to investigate the thermomechanical coupling ef-
fects on the crack tip fields. The thermal boundary condition is applied
on the perimeter of the circle in the form of prescribed ambient tem-
perature.

Thermomechanical coupling effects in the forward phase transfor-
mation of SMAs produce some latent heat which cannot be ignored in
the study of an existing crack. The magnitude of loading rate and the
applied time span are among the most important parameters in the
analysis of crack tip fields. It is well known that increasing the rate of
loading generates more heat around the crack tip [49,55]. To study
these noticeable effects, different simulations are now carried out by
changing the loading rates, defined as the ratio of applied energy re-
lease rate to the total loading time (G‘applied = Gopplied/ total loading time).
For each mode mixity, three ratios are assumed, as presented in Table 3.
Low, medium and high stain rates are termed as the loading rates A, B
and C, respectively.

The thermomechanical coupled equations (18) and (19) are nu-
merically solved. The results of the energy release rate, illustrated in
Fig. 17, reveal that the generated latent heat in the crack tip induces a
reduction in the energy release rate of coupled simulations. In addition,
the specific distance [49,55], where the coupling effect is remarkable,
differs for the two phase angles ¥ = 0° and ¥ = 60°. In other words, the
curves associated to ¥ = 0° converge at r/R; = 0.06, while the con-
vergence is achieved at r/R; = 0.5 for ¥ = 60°.

The angle describing the orientation of maximum temperature zone
(), where the heat is locally concentrated, is measured for each ¥. The
results, illustrated in Fig. 18, indicate that by varying the mode mixity
between 0° and 45°, the angle gradually decreases from 90° to 33°.
However, the angle remains constant for ¥ greater than 45°. Further
details of temperature distributions around the crack tip can be fol-
lowed in Fig. 18.

In order to investigate the effect of loading rate on local phenomena
around the crack tip, the angular temperature distribution on a specific
circular path is illustrated for different mixed mode conditions (see
Fig. 19). It should be noted that the path for determining the angular
temperature distribution is assumed to be a circle, whose radius is equal
to the distance from the crack tip to the point of occurrence of max-
imum temperature, as depicted by white circles in Fig. 18.

Results in Fig. 19 suggest that for the uncoupled problem, the
temperatures of all points on the circular path are similar and equal to
the reference temperature (7). However, as the loading rate increases,
the trend of temperature distribution near the crack tip changes dra-
matically. Specifically, increasing the loading rate leads to more latent
heat generation, resulting in generation of higher temperatures.

It should be noted that the latent heat produced by SMA (upper
layer) is distributed into the lower layer due to the heat conductivity of
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Fig. 18. Rotation of the temperature zone by varying the phase angles ¥

elastoplastic material. This phenomenon is clearly observed in Fig. 19,
in which the values of temperature, for angles below the zero degree,
are greater than the ambient temperature.

Moreover, inspection of Fig. 19 indicates that the maximum tem-
perature for ¥ = 0° appears in an angle close to 90°. The maximum
temperature zone rotates to angles smaller than 90° by increasing the
phase angle. For example, the maximum temperature occurs at angles
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67° and 48° for ¥ = 15° and ¥ = 30°, respectively. In addition, as men-
tioned before in Fig. 18, the orientation of maximum temperature zone
(a) follows a decreasing trend for the phase angles below 45°(¥ < 45°)
while it remains constant for phase angles higher than 45° (¥ > 45°).
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Fig. 19. Effect of applied loading rate on the angular temperature distribution for different phase angles (a) ¥ = 0°, (b) ¥ = 15°, (¢) ¥ = 30°, (d) ¥ = 45°, (e) ¥ = 60°,

¥ =90°

8. Conclusion

Delamination analysis in layered composites consisting of shape
memory alloy and elastoplastic layers is numerically addressed by
considering the thermo-mechanical coupling model for SMA and the J,
plasticity for elastoplastic material. Small-scale phase transformation
and yielding zones are presumed. The path dependency of J-integral is
investigated for a range of mixed-mode loading conditions, the Young’s
modulus of elastoplastic material, the hardening slope, the yield stress,
the maximum transformation strain, and the loading rate. It is observed
that for the hardening slope of 10 GPa, the mode mixity has a great
effect on the energy release rate near the crack tip in such a way that
even the trend of variations of energy release rate differs for different
phase angles, whereas the results of the perfect plastic case are not
influenced by changes of the phase angle. Moreover, it is shown that by
increasing H, plasticity loses its effect on distribution of the energy
release rate. As a result, for larger values of H, the trend of results for
cracked SMA/elastoplastic composite becomes noticeably similar to

12

homogenous cracked SMA material. In addition, an increase in energy
release rate is observed by the increase of the initial yield stress (ay)
and the maximum transformation strain (g.,,). Moreover, it is illu-
strated that the generated latent heat in the crack tip induces a re-
duction in the energy release rate of coupled simulations. Finally, it can
be concluded that while the temperature around the crack tip for the
uncoupled problem remains equal to the reference temperature (1), the
trend of temperature distribution near the crack tip dramatically
changes as the loading rate increases.
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