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Abstract: A comprehensive numerical investigation into mixed-mode delamination is presented in this study. It aims to

assess the impact of thermal and friction effects through mixed-mode flexure crack propagation testing. Finite element

analysis was employed to model the delamination process, incorporating a contact cohesive zone model. This model

couples the traction-separation law, the contact law, and the Coulomb friction law simultaneously. The thermomechanical

analysis in this study is performed using a sequentially coupled approach, implemented with the finite element software

ABAQUS. The findings underscore the importance of this study.

Keywords: delamination; mixed mode; thermal effect; friction effect; contact cohesive model

CLC number: TB303 Document code: A

0 Introduction

The delamination phenomenon is a common
occurrence in structures and materials, often arising
from mode I, mode II, or a combination of both
modes, known as mixed-mode delamination. In
practical scenarios, structures typically experience a
combination of these modes. The combined action of
forces on structures can lead to the formation of small
cracks at the interface, while pre-existing cracks may
also propagate under these operational forces.
Understanding crack formation and propagation is
1721 For this

purpose, various specimens have been proposed in the

crucial in fracture mechanics studies

literature to study mixed-mode delamination, but
many of them have practical limitations that limit their
widespread use. In these tests, a crack is initially
introduced between two materials and propagates
under a bending load "*’. Among these tests, mixed-
( MMF )
combination of pure propagation modes ( traction and

which
[4]

mode flexure stands out, utilizing a

shear ) , reliably simulate the structures

behavior
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Modeling  delamination under mixed-mode

conditions remains an active research area, with new

modeling"*’ |
7]

approaches including  phase-field

analytical modeling'®’ | fatigue delamination'’’, and
experimental investigation' ®’. Additionally, to tackle
the complexities of delamination in structures,
researchers have developed advanced techniques based
on the finite element method. Cohesive Zone
Modeling ( CZM ) has emerged as a prominent

approach for simulating the nonlinear behavior of

interfaces during delamination. It offers a more
comprehensive  understanding  of  delamination
behavior, considering various physical phenomena

such as thermal effects and friction at the interface

between delaminated layers'®’.
In this context, numerous studies have been
undertaken on the thermal effects on this mode. Ribas

et al.t '’

investigated the influence of temperature on
mixed-mode fatigue crack propagation. Kim et al. "'’
analyzed the impact of temperature on the interfacial
adhesion of electronic components using a four-point
bending test. In addition, Li et al. "'*! studied the
thermomechanical

delamination  mechanisms in

segmented multilayered high-temperature coating
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systems. Zhang et al.''*! investigated fatigue crack
propagation in the slab track interface under cyclic

4] examined the

temperature loads. Zhang et al.'
temperature effect on the fracture energy of adhesive
layers. On the other hand, most studies have used the
cohesive  element technique for delamination
simulation; however, this technique neglects interface
phenomena such as friction. To achieve more realistic
predictions, the contact cohesive technique considers
these interfacial problems. In this context, recently,

Benchekkour et al.' '’

studied the thermal effect on
the delamination process between an elastic body and
a rigid support in modes I and II, considering the
friction effect. The present study, unprecedented in its
scope, contributes novel insights by examining the
combined influence of thermal effects and delaminated
surface phenomena such as friction on mixed-mode
delamination behavior. A contact cohesive model that
couples unilateral contact and the Coulomb law of
friction is employed. For the thermal effect, a
sequential thermomechanical coupling is utilized.
Different thermal boundary conditions and friction
coefficients are used to study the delamination process

in mixed-mode flexure test.
1 Mathematical Model and Numerical Method

In the present study, a multi-physics approach is
adopted, where two distinct aspects are addressed.
Firstly, the fracture behavior of solids and the
interactions at their interfaces are simulated using a
contact cohesive zone model. This model enables the
analysis of crack initiation and propagation. Secondly,
a thermal problem is considered to account for
temperature-dependent effects on the delamination
behavior. The coupling between these two problems
occurs sequentially.

1.1 Contact Cohesive Zone Model

The complexity of the mixed mode delamination
requires the use of the contact cohesive zone model.
The current model based on two fundamental aspects
the contact mechanics and fracture mechanics. Firstly,
for contact approach, the frictional unilateral contact
problem is used. These problems are characterized by
boundary
formulated with evolutionary variational inequations or

a non-regular condition and can be

differential  inclusions. ~The unilateral contact
conditions allow for separation and no penetration

between two bodies in contact. These conditions are
..

also known as the Signorini conditions''®’ | are
expressed as follows

uw,=z0,R, =Z0,R, u,=0 (1)
u, represent the contact force and the

n n

where R
normal relative velocity respectively. In addition,
when the frictional threshold is directly proportional to
the normal contact force, the problem corresponds to

the Coulomb friction problem, and 1is typically
expressed as:
IR <m-R,,ifu =0
W (2)
IR I=-—p - R, P H,lfut #0

where R, is the friction force; u is the friction
coefficient; u, is the sliding; and u, is the sliding
velocity. In this context, the interface behavior takes
three possibilities; no contact, sticking, or sliding, as
the unilateral contact and Coulomb friction law are
combined to form a well posed problem.

In fracture modeling, numerous techniques have
been developed. CZM is
simulating  damage

particularly useful for
initiation and  propagation.
Additionally, CZM can be easily coupled with more

[9]

complex problems" . Furthermore, it describes the

relative

displacements, as shown in the pioneer works' '’ '8/

relationship between stresses and

In more detail, the delamination behavior is divided

into three stages. Firstly, the elastic behavior is

simulated up to a certain threshold o . Then,

max

subsequent softening models the degradation of
followed by

addressing frictional contact behavior in the final

material properties up to failure,
stage. This behavior is also known as the traction
separation law. Damage initiation can be determined
using various criteria. This study focuses on employing

the quadratic nominal stress criterion to define the

9
onset of damage" 19] , as follows:
< Coh Coh
a-u O-l _ 1 3
max[ Coh0 ’O_Coh() J - ( )

n t
Coh 0

n

where o°"* and o """ denote the peak values of the

nominal stress when the deformation is purely normal

to the interface or purely in the first or second shear

direction, respectively. In addition, o“" is the vector
Coh

n

of nominal traction, with o" and o"*" representing the

nominal tractions in the normal and tangential

directions, respectively. The elastic behavior is

descibed as follows' '™ .

Coh o gnh Knn Kul 8 n
o= = e lls FR @
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where K, and K represent the normal and tangential
contact stiffness, respectively, while 6, and 6, denote
the normal and tangential separations, respectively.

The damage evolution is described as shown in
Eq.(5), representing the degradation by a scalar
damage term D ;

0_(1011:(1 _D)O_m (5)

where 0" denotes the stress tensor computed in the

current increment without considering damage.
Moreover, complete separation is typically anticipated
by a linear power law expression of the necessary
energies for failure in the pure modes, as shown in

Eq.(6), where the power law exponent is o = 1.

) e = ©
G ¢l

where G, represent the work performed by tractions
and their corresponding relative displacements in the
normal direction, while G, represents the work done in
the shear direction. Similarly, G and G; denote the
critical fracture energies needed to induce failure in the
normal and shear directions, respectively.
1.2 Contact Cohesive Thermal Analysis
To analyze coupled problems, several approaches
are used. In the present study, the problem is solved
sequentially, where the stress/displacement solution
relies on a temperature field without any reverse
dependencies. In such contexts, equations are tackled
in sequence. Initially, the thermal analysis is
conducted to determine the temperature distribution.
Specifically, the heat conduction equation, under
steady-state conditions, is employed for this purpose:
2 2
a—i + 8772’ =0 (7)
0x dy
The temperature distribution allows for the
determination of the thermal relative displacement
component &, . It is determined by incorporating the
temperature change AT and the coefficient of thermal
expansion o, as follows
&, = aAT (8)
The global relative displacement & , considering
thermal effects, is expressed as:
=8, e, (9)
Then, in the cohesive contact analysis, the
cohesive model describes the behavior of the interface
prior to and during the onset of failure. Once cohesive
failure occurs, the interface can no longer sustain any
tensile or shear stress, and the contact model then
interaction between the

governs the subsequent

surfaces. The coupled cohesive contact is represented

by the sum of contact force R“™ and cohesive force
R | as illustrated :

Rlolal — Rcunl + RCUh

The mixed behavior can be

(10)
delineated into
normal and tangential behavior. For the normal
behavior, coupled cohesive unilateral conditions are as
follows :

er:nal: R+ R(riuh (11)
Similarly, the tangential behavior is expressed by

a coupled cohesive Coulomb friction law .
R™=R™+ K" (12)
Furthermore, the finite element formulation for
resolving the mixed mode, considering both thermal
and friction effects, is derived .
[KJU)=[F,] + [R™] + [R*] + [F,,] (13)
where [ K,] is the stiffness matrix, {U} is the
displacement vector, [ F g] is the global force vector,

and [ F,, | is the global thermal force vector.

2 Problem Description

This study focuses on a mixed-mode flexure
crack propagation test, integrating thermal and friction
effects. The analysis utilizes a contact cohesive model
implemented within the standard finite element
software ABAQUS. A steady-state thermal analysis is
conducted, employing a node-to-surface technique for
contact interaction. To solve coupled problems, a
Lagrange multiplier method is employed, and the
resolution scheme is sequential used. Fig. 1 shows the
geometry with the boundary conditions of MMF
t'*). This example involves utilizing a two-layer
interface. The
methodology includes conducting a three-point flexure

tes
beam previously cracked at its
test. Initially, the two layers of the beam are adhered
together, and it is subjected to a vertical load of F =
1 N over a duration of 1 s.

The linear elastic model is employed, with the
material characterized by a Young’s modulus of
70000 MPa and
Additionally, the thermal properties include a thermal
conductivity of A =230 W/(m - K) and a thermal
expansion coefficient of a,, =23 x 10™° /K. Also, the

a Poisson’s ratio of » =0.3.

cohesive parameters required for the analysis are; the
decohesion energy is 10~ mJ/mm’, the maximal
cohesive stress ( for normal and tangential directions )
is 0.00283 MPa, the initial stiffness of the interface is
10" MPa/mm, and the friction coefficient is 0.2.

. 3.



Journal of Harbin Institute of Technology ( New Series)

4 B $ 3 mm
(311111 T I S — A . \
'
« .\\!\'
WHW 60 mm 20 mm
\¢
120 mm
4 >

Fig.1 Geometry and boundary conditions of MMF test

The mesh was defined using a linear quadrilateral
( CPE4R ), while the
discretized using 110 nodes. The calculation process

element interface  was
was carried out over 1000 steps, allowing a detailed
temporal analysis of the cracking behavior. Deformed
meshes were generated at three specific time instants,
namely ¢, , ¢,, and ¢,, as shown in Fig. 2.

V

(a)£=03s
(b) 1,=0.6 s
y
zL'x (©)t=1.0s

Fig. 2 The deformed meshes

3 Results and Discussion

3.1 Thermal Effect
In this section, the influence of the presence of
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(a) Normal stress distribution along the interface for
t=03s

thermal field in mixed mode delamination is studied,
through a mixed mode flexure test. The thermal
boundary conditions closely mirror those outlined in
Ref.[15], with four states of imposed temperature on
the upper face of the upper structure (7, =25, 50,
75, and 100 C) and a constant temperature (T, =
50 C) on the right lateral edge of the upper structure.

Fig. 3 shows the evolution of the distribution of
normal and tangential stresses (o', o) along the
interface for three-time steps, with and without
we take into
account a temperature of 7, = 100 C. It can be

sup
observed from these figures that there is a significant

thermal effects. In the latter case,

generation of tangential stresses at the onset of
cracking due to the presence of the thermal field.
Then, during the second step, as crack propagation
occurs, there is a concentration of tangential and
normal stresses, particularly in the region where the
force is applied, leading to cracking followed by a
reduction in normal stresses due to separation. In the
latter stages, a regeneration of tangential and normal
stresses in the adherent part is observed due to thermal
stresses. It is easy to notice the thermal influence on
the mixed mode, especially in the tangential behavior.
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Fig. 3 Evolution of the distribution of normal and tangential stresses along the interface for three-time steps

As observed in the previous paragraph, the
behavior is affected at two main points (as shown in
Fig.1) . Point A, corresponding to the delamination
initiation, and point B, marking the concentration of
better
delamination, the behavior at these two points is

the force. To understand mixed-mode
investigated. Fig. 4 illustrates how the normal and
tangential stresses evolve as a function of debonding
(u,) and sliding (u,), respectively, at points A and
B, with and without considering the thermal effect.
In the context of normal behavior, it is essential
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(a) Evolution of normal stress as a function of
separation for point 4

to note that the thermal effect induces an acceleration
of delamination initiation at point A. Furthermore,
when the thermal gradient is higher, the separation is
rapid, caused by the elastic energy becoming larger
than the limit of decohesion energy, which poses a
Signorini problem. However, at point B, in the
middle of the interface, the thermal effect is
negligible on the delamination behavior, except in the
case where the temperatures are identical, which can
cause a delay in the separation.

— Tsup=25 T

—— =50 C
|\ 1=
1 \ ——T =100"C
\\ sup
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(b) Evolution of tangential stress as a function of
sliding for point 4
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Fig. 4 Evolution of normal and tangential stresses as a function of separation and sliding, respectively, at

points A and B

On the other hand, the tangential behavior is
more influenced by the presence of a thermal field. By
analyzing the various thermal boundary conditions, it
can easily be seen that the increase in the thermal
gradient generates greater cohesive stresses, leading to
a delay in the delamination initiation. Furthermore, by
comparing the behaviors between points A and B, it
can be observed that there is an accelerated initiation
at point B compared to A, due to the concentration of
forces at this point. Thus, a brittle fracture at point A
in relation to B is noticed, because point A represents
the crack tip.

In addition, in all cases, the elastic behavior is
similar, except at the initiation and evolution of
damage, and also in the complete failure, where the
classic friction problem is observed. In the latter case,
when the gradient is higher, the separation is faster.
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0.02F
0 " _—1»—"—-_.-. ——”.’-T_'-u‘-‘_:’—.'f—.
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(a) Evolution of sliding at a coefficient of friction equal to 0.2

Therefore, the following paragraph delves into the
influence of friction on mixed-mode delamination
behavior.
3.2 Friction Effect

The evolution of sliding at point A as a function
of the friction coefficient is depicted in Fig. 5, both
without and with the inclusion of thermal effects. In
the thermal case, T, =100 T is taken. Notably, the
influence of friction at point A appears negligible in
both scenarios, without and with thermal effects,
as this point serves as a critical location, specifically
the crack tip. However, there is a notable importance
of friction effect in the middle of the interface.
Furthermore, the impact of the thermal field remains
significant. These findings underscore the necessity

of considering thermal effects in delamination
analysis.
0.10
0.08F /=04 without thermal effect )
4=0.4 with thermal effect
006}
g
E
3 0.041
0.02r
0 "1 ! ' ! L L
0 0.2 0.4 0.6 0.8 1.0

Time (s)

(b) Evolution of sliding at a coefficient of friction equal to 0.4
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(c) Evolution of sliding at a coefficient of friction equal to 0.6

Fig.5 Evolution of sliding as a function of the coefficient of friction

4 Conclusions

The comprehensive investigation conducted in
this study on mixed-mode delamination, considering
both thermal and friction effects through a contact
in ABAQUS, underscores
highlights the
substantial impact of thermal effects on delamination

cohesive zone model

several key insights. Firstly, it
behavior, particularly evident in damage initiation and
evolution stages. Moreover, the analysis reveals that
in mixed-mode directions, the tangential behavior
experiences a more pronounced influence from
thermal effects compared to the normal behavior.
Additionally,

delaminated surface is observed to be notable in the

the significance of friction on the

interface middle but deemed negligible near the crack
tip.
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