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Abstract. The main objective of this work is based on a numerical study of delamination 

behavior between an elastic body and a rigid support, taking into account the thermal effect.  

A cohesive zone model (CZM) coupling friction and adhesion is used and implemented in the 

finite element software ABAQUS which allows to gives a smooth transition from total adhesion 

to the usual Coulomb friction law with unilateral contact, where adhesion is regarded as 

interface damage. Also, a sequentially coupled thermal stress model is performed to predict the 

thermomechanical behavior assuming a steady-state thermal analysis. The influence of the 

decohesion energy, the interface initial stiffnesses, and friction coefficient are analyzed. The 

results showed that the thermal effect is not negligible and can affect the delamination process 

in failure modes I and II. The proposed numerical model is in good agreement with the results 

compared to those obtained in the literature. 
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Introduction  

Delamination problems are one of the most challenging engineering problems, and represent 

the most critical modes of damage. The presence of such problems in structures and materials 

weakens their reliability and increases the cost and time of maintenance and repair. Therefore, 

the prediction of delamination is essential to analyze the failure process. Originally, this 

problem is often confronted with more complex physical behaviors (contact, friction, and 

thermal effect.). For this complexity, we must model this multi-physical problem with an 

effective computational tool. In general, the most used approaches to solve fracture problems 
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are the cohesive zone model (CZM) and linear elastic fracture mechanics (LEFM). The CZM 

has proven a useful tool compared to linear elastic fracture mechanics LEFM methods for 

solving contact and fracture problems and can be applied to more physical coupling phenomena 

such as the thermal effect [1]. CZM describes the relationship between cohesive tractions along 

the interface (also known as the contact surface) and the displacements jump by the traction 

separation law (TSL). There are different shapes of TSL (also known as cohesive law), such as 

bi-linear, exponential, cubic polynomial, and trapezoidal shapes. The choice of TSL is 

dependent on the problem at hand, such as the type of materials and fracture process [2].  

In addition, there are three techniques to model the delamination with CZM: interface elements, 

contact elements, or a User-defined Elements (UEL) [3], these techniques are used on several 

delamination problems, such as the delamination in composite materials [4], in adhesive bond 

joints (debonding) [5,6], delamination of surfaces in contact (bi-material interface 

delamination) [7] and the damage of composite patch [8]. As we mentioned above, the 

delamination phenomena are subjected to more different physical problems in reality, such 

contact and friction behaviors after debonding. In this context, many authors have touched on 

this coupled problem between damage, contact, and friction such as [9–14]. Especially, the 

works of Raous and Terfaya on the delamination in modes I and II [15–21]. On the other hand, 

the presence of a thermal field is not negligible and can affect the delamination mechanism. So, 

it is important to take into account these phenomena for an optimal and realistic prediction of 

delamination behavior. 

According to the literature, there are several studieson the delamination behavior under 

thermal effect using the CZM approach. Li et al. [22] studied the fracture behavior of asphalt 

mixtures at low temperatures using the interface element technique. Białas et al. [23] presented 

a numerical simulation of the interfacial crack of the oxide/ceramic interface subjected to 

temperature loading. Nikolova et al. [24] analyzed a bi-material elastic isotropic plate bonded 

by an interface under thermal loading. Chen et al. [25] used a modified cohesive model to 

investigate a multi-delamination of composite T-piece specimens under mixed mode loading 

taking into account the thermal effect. Ho et al. [26] modeled the Interfacial delamination 

between the pad and the encapsulant in microelectronic packaging under thermal loading. 

Moreover, different works studied the interfacial fracture under thermal effect in Refs. [27-30]. 

Recently, Im et al. [31] predicted the progressive failure behavior to evaluate the effect 

of temperature on the adhesive joining of a domeseparated composite pressure vessel through 

Mode I, Mode II, and Mixed Mode I/II interfacial fracture toughness tests. Jiang et al. [32] 

studied the interfacial cracking between the ceramic top coat and the metallic bond coat under 

cyclic thermal loading. Na et al. [33] investigated the effect of temperature on the mechanical 

properties of adhesively bonded basalt FRP-aluminum alloy joints at different temperatures. 

Yang et al. [34] studied the Interfacial shear failure and large longitudinal displacement under 

temperature load. He et al. [35] investigated the effect of moderately elevated temperatures on 

the bond behavior of CFRP-to-steel bonded joints using different adhesives. Chen et al. [36] 

studied the interface damage between the cement concrete base plate and asphalt concrete 

waterproofing layer under temperature load via experimental and simulation analysis. Katafiasz 

et al. [37] examined the influence of temperature and moisture on the mode I of the interlaminar 

fracture of a carbon fiber/epoxy composite material, Cui et al. [38] developed a three-

dimensional (3D) finite element model to study the interface damage and the arching 

deformation of China railway track system (CRTS) II slab track under high-temperature 

conditions. Furthermore, Guo et al. [39] analyzed the effect of thermal stress on the debonding 

failure of Fiber-reinforced polymer strengthened steel beams. Also, Gong et al. [40] 

investigated the effects of temperature on the delamination growth process in mode I. The 

delamination growth behavior of curved composite laminates at elevated temperatures, 

examined by Truong et al. [41]. While in [42,43], the authors studied the damage interfacial 
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under thermal effect coupled with others techniques, such as Molecular dynamics simulations 

technique [42], and continuum damage [43]. 

For the fracture and contact problems under thermal effect, Erdogan and Wu [44] studied 

a crack/contact problem in a functionally graded material (FGM) layer under thermal stresses. 

Chen [45] investigated a 3D crack and contact analysis of advanced materials coupling between 

the temperature field and other physical fields. Based on the literature, it is noted that many 

researchers have studied the effect of temperatures on delamination behavior. However, the 

behavior of delamination in the presence of a thermal field, taking into account the unilateral 

contact and Coulomb's law of friction, has not been studied in a thorough and detailed manner. 

Therefore, the current article will cover this point and present a finite element modeling of 

interface delamination phenomena under different thermal loading using a cohesive model 

coupling contact, friction, and adhesion. This insures a continuous transition between the total 

adhesive and pure frictional states. The Coulomb friction law with unilateral contact (Signorini 

conditions) is considered. For the thermal analysis, a steady state is adopted. To simulate the 

thermal effect on delamination, sequentially thermal stress analysis was performed. The study 

was carried out on benchmarks using the FE ABAQUS software. The problem was solved by 

considering delamination in modes I and II. 

 

Mathematical formulation 

In this work, a Multiphysics coupling problem is discussed, we are interested in the contact 

two-dimensional and fracture problem in the presence of the thermal field. The contact problem 

is a Signorini problem (strictly unilateral conditions) with Coulomb friction law. The fracture 

problem modeled with the cohesive zone model coupling contact, friction, and adhesion; these 

models allow the simulation of the fracture problem of solids as well as the interfaces between 

them. These problems are characterized by a non-regular boundary condition and can be 

formulated with evolutionary variational inequations or differential inclusions. In addition, for 

the thermomechanical coupling, a weak coupling or sequentially coupled thermal-stress, is 

used. 

Unilateral contact and coulomb friction laws. In this section, most often used of contact 

and friction laws are first presented before giving the basic formulation of frictional unilateral 

contact. In the contact laws, we have unilateral and bilateral contact. Consider a system 

consisting of two solids A and B in contact. If in all the possible positions of the system there 

is contact between the solids, the liaison is said to be bilateral. If on the contrary, among the 

possible positions of the system there are positions with contact and others without; the liaison 

is said to be unilateral. We note that unilateral contact as opposed to bilateral contact. Two 

bodies in bilateral contact cannot separate, they can only slide against each other [46]. Here, we 

focus on the unilateral contact, which take into account the non penetration of the solids in 

contact. Before presenting the Signorini conditions problem, a kinematic description to 

formulate the contact problem are defined as shown at Fig. 1 [17]. Let A and B be two 

deformable solids in contact, with Гc the common contact surface. We denote 𝑥𝑛 the shortest 

magnitude of the normal coordinate between two solids in contact, and (𝑛⃗ , 𝑡 1, 𝑡 2), 𝑛⃗  denote 

respectively the local coordinate system, and the normal unit vector at point P’ to the bodies, 

directed towards A. 𝑇(𝑡1⃗⃗⃗  , 𝑡2⃗⃗  ⃗) denotes the orthogonal plane to 𝑛⃗  in 3. 
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Fig. 1. Kinematics of contact 

 

We obtain the decomposition of the contact reaction and relative velocity in the following 

form: 
𝒖̇ = 𝒖̇𝒕 + 𝑢̇𝑛𝒏
𝑹 = 𝑹𝒕 + 𝑅𝑛𝒏

, (1) 

where Rn, Rt respectively the contact force and the friction force, and 𝑢̇𝑛, 𝑢̇𝑡 respectively is the 

normal relative velocity and the sliding velocity. These variables define the unilateral contact 

conditions or known as the Signorini conditions, and which can be written as follow [20,47,48]: 

𝑥𝑛 ≥ 0; 𝑅𝑛 ≥ 0;  𝑎𝑛𝑑 𝑅𝑛𝑥𝑛 = 0. (2) 

From this expression, we have three different possible conditions: a kinematic condition 

(non-penetration xn = 0, a static condition (non-adhesion Rn ≥ 0 and mechanical 

complementarity condition (non-contact Rnxn = 0). Under consideration the initial gab h0 

between the bodies A and B, with: 

𝑥𝑛 = ℎ0 + 𝑢𝑛. (3) 

The condition of Signorini problem is written as follow: 

𝑢𝑛 ≥ 0; 𝑅𝑛 ≥ 0;  𝑎𝑛𝑑 𝑅𝑛𝑢𝑛 = 0. (4) 

When two bodies into contact with each other (un = 0), from this condition, we directly 

express the unilateral contact law (Signorini’s conditions) in terms of velocity [20,47,48]: 

𝑢̇𝑛 ≥ 0; 𝑅𝑛 ≥ 0;  𝑎𝑛𝑑 𝑅𝑛𝑢̇𝑛 = 0. (5) 

In the friction laws, there are several models in the literature, here we give the most 

frequently used, Coulomb and Tresca laws. The cause of the similarity of Tresca law with the 

corresponding plasticity law is often used. Moreover, and only when the normal pressure is 

known and constant will this law be applicable. Hence, the friction threshold is fixed in advance 

in this law. It cannot be written directly with unilateral contact because the normal force is 

unknown a priori. Therefore, we focus only on the coulomb law, where the friction threshold is 

proportional to the normal contact force. Coulomb's law is the most commonly used because it 

is simpler, more efficient, and more realistic than other laws. The coulomb model friction is 

written [20,47,48]: 

{
‖𝑅𝑡‖ ≤ 𝜇 ⋅ 𝑅𝑛   𝑖𝑓      𝑢𝑡 = 0

‖𝑅𝑡‖ = −𝜇 ⋅ 𝑅𝑛
𝑢̇𝑡

‖𝑢̇𝑡‖
  𝑖𝑓 𝑢̇𝑡 ≠ 0

 , (6) 

where µ is the friction coefficient of the coulomb law. Thus, we formulate the isotropic coulomb 

cone Kµ as shown: 

𝐾𝜇 = {𝑅 ∈ ℜ 𝑠𝑢𝑐ℎ 𝑡ℎ𝑎𝑡 𝑓(𝑅) = ‖𝑅𝑡‖ − 𝜇 𝑅𝑛 ≤ 0}. (7) 

In the case of the frictional contact law, we combine the Signorini condition to the 

coulomb law to make the problem well posed. This law describes the interface behavior and 

can be divided into two different cases. In the first, when the contact occurs, each pair of contact 

points belonging to the interface can be in one of the two states: sticking or sliding [49]. 

For the state of sticking: 

𝑅 ∈ 𝐾𝜇, ‖𝑅𝑡‖ ≤ 𝜇 𝑅𝑛 𝑎𝑛𝑑 𝑢̇ = 0. (8) 
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For the state of sliding: 

𝑅 ∈ 𝐾𝜇, 𝑎𝑛𝑑 ‖𝑅𝑡‖ = −𝜇 ⋅ 𝑅𝑛
𝑢̇𝑡

‖𝑢̇𝑡‖
  𝑖𝑓 𝑢̇𝑡 ≠ 0. (9) 

In the second case, the state of no contact, when two bodies separate: 

𝑅𝑛 = 0, 𝑎𝑛𝑑  𝑢̇𝑛 ≥ 0.                                                                                                                   (10) 

Cohesive zone modeling. Usually for solving fracture problems, two theories are 

distinguished: linear elastic fracture mechanics (LEFM) and cohesive zone models (CZM). 

LEFM is a popular tool for simulating the fracture process. However, it cannot be applicable in 

all cases due to its limitation in some complex problems. The most severe limitations of LEFM 

are its inability to predict: the crack initiation, the temporal evolution of the cracks 

(instabilities), spatial evolutions (bifurcation, branching), and not take into account the non-

linearities induced by the deformations of the crack front and also the conditions of the complex 

problem (contact, friction) on the crack surfaces [50]. This is why it is important to use CZM. 

The CZM is a very widely used to predict fracture and damage processes in materials for 

the reason of their success with a large range of materials and they can be applied to various 

fracture processes (ductile fracture, dynamic fracture, fatigue, etc..) and they can be coupled 

easily with more complex problems (contact, friction, thermal, corrosion, etc.…). Significantly, 

it is the most tool commonly used to model bi-material interface behavior. Therefore, it's used 

for interlaminar fractures such as delamination [51]. 

The CZM considers fracture formation as a gradual phenomenon, and its concept is based 

on the notion of the cohesive zone or the fracture nonlinear process zone when material damage 

is introduced. This model is described by a relation between the cohesive stresses vector σcoh 

and the displacement jump δ between the crack surfaces as shown in Fig. 2. Originally, this 

notion was introduced by Dugdale (1960) [52], Barenblatt (1962) [53]. Moreover, this behavior 

is characterized by four stages. In the first stage I of the fracture process, the material behavior 

is characterized without damage. Then, the second stage II is the initiation of a crack, when 

increasing separation δ the traction σcoh increases and reaches maximum stress (cohesive 

strength σcoh
 max). The third stage III describes the damage evolution when the traction across 

the interface decreases and eventually vanishes at the critical separation, then defines the failure 

zone or the fourth IV and last stage when creating the new crack surfaces with no traction 

forces [54].  

 
Fig. 2. Cohesive zone mode. Based on [51] 
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The traction-separation law (TSL) or the cohesive law describes irreversible phenomena 

such as damage. The form of TSL (bilinear, linear-parabolic, exponential, and trapezoidal) 

defines the initiation and the evolution of damage, and it plays a very critical role in determining 

the failure behavior [2]. In the framework of finite elements simulation, CZM is a powerful and 

efficient computational method for solving fracture problems, in this case, CZM is implemented 

numerically via commercial software ABAQUS. The separation mechanism of the two surfaces 

can be simulated using three techniques in ABAQUS: interface elements, contact elements or 

a User defined Elements (UEL). In our study, we focus on delamination phenomena along an 

interface between two solids, taking into account the problem of contact with friction. Interface 

delamination modeled with CZM using a bilinear cohesive model and contact elements 

technique. The TSL in ABAQUS describes a relationship between the traction σcoh on the 

interface and the corresponding interfacial separation or displacement jump δ. a displacement 

jump is defined as: 

𝛿 =
𝑃⋅𝐿

𝐴⋅𝐸
,                                                                                                                                    (11) 

where L the displacement of a truss of length, E elastic stiffness, and A original area due to an 

axial load P. With δ is separated into two parameters, δn normal separation and δt tangential 

separation as follow: 
𝜹𝒏 = 𝛿. 𝒏
𝜹𝒕 = 𝛿. 𝒕

.                                                                                                                                (12) 

The vector of nominal traction σcoh consists of two components in two-dimensional 

problems (σn
coh, σt

coh) the corresponding separations are denoted by δn, and δt. The elastic 

behavior can then be written as [3]: 

𝜎𝐶𝑜ℎ = {
𝜎𝐶𝑜ℎ

𝑛

𝜎𝐶𝑜ℎ
𝑡

} = (
𝐾𝑛𝑛 𝐾𝑛𝑡

𝐾𝑛𝑡 𝐾𝑡𝑡
) {

𝛿𝑛

𝛿𝑡
} = 𝐾𝛿,                                                                         (13) 

where Knn and Ktt is the normal and tangential contact stiffness. In the bilinear cohesive zone 

material model, the initial response of the interface is assumed to be linear up to the maximum 

traction stress. Then, is followed by linear softening and when the contact stress reaches zero 

value, the interface is fully damaged and one finds the classical contact laws. The area under 

the curve is the energy released due to delamination and is called the critical fracture energy, 

as shown in Fig. 3. In the finite element simulation, the critical fracture energy and the maximal 

cohesive stress are the essential parameters for defining TSL. 

 

 
 

Fig. 3. Typical Bilinear Traction-Separation response. Based on [3] 
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The damage initiation refers to the beginning of the delamination. The process of 

delamination begins when the stresses satisfy certain damage initiation criteria, several damage 

initiation criteria are available, in this case we use maximum nominal stress criterion [3]: 

𝑚𝑎𝑥 {
⟨𝜎𝐶𝑜ℎ

𝑛⟩

𝜎𝐶𝑜ℎ
𝑛 

0 ,
𝜎𝐶𝑜ℎ

𝑡

𝜎𝐶𝑜ℎ
𝑡 
0} = 1.                                                                                                           (14) 

We denote 𝜎𝐶𝑜ℎ
𝑛 

0
and 𝜎𝐶𝑜ℎ

𝑡 

0
 respectively the peak values of the nominal stress when 

the deformation is either purely normal to the interface or purely in the first or the second shear 

direction. In addition, damage evolution describes the interface degradation once the 

corresponding damage initiation criterion is reached, and defined by scalar damage 𝐷, with 𝐷 

monotonically evolves from 0 to 1, which are given as [3]: 

𝜎𝑐𝑜ℎ = (1 − 𝐷)𝜎𝑐𝑜ℎ̅̅ ̅̅ ̅̅ ,                                                                                                              (15) 

where 𝜎𝑐𝑜ℎ̅̅ ̅̅ ̅̅  denoted the stress tensor computed in the current increment without damage. 

Damage evolution is based on the displacement or energy, in the present work we use energy 

criteria. The area under the TSL curve equals the fracture energy, the power law criterion is 

given by: 

{
𝐺𝑛

𝐺𝑛
𝑐}

𝛼

+ {
𝐺𝑡

𝐺𝑡
𝑐}

𝛼

= 1.                                                                                                                  (16) 

We denote 𝐺𝑛 and 𝐺𝑡 respectively, the work done by the tractions and their conjugate 

relative displacements in the normal and shear directions, and 𝐺𝑛
𝑐 and 𝐺𝑡

𝑐 respectively, the 

critical fracture energies required to cause failure in the normal, the first, and the second shear 

directions. 

Numerically, the major difficulty of CZM is the convergence problem due to the solution 

jumps. To remedy this problem, we introduce a viscous regularization (b) [55]. 

Coupling contact, friction, and adhesion. This part is concerned with the coupling of 

contact, friction, and adhesion in interface delamination modeling such as the works of Raous 

and Terfaya [15-20]. The Signorini problem with coulomb friction law is strictly imposed and 

coupled to adhesion. The adhesion part of this coupling is inspired by the CZM using the contact 

element technique. According to this coupling model, the total force Rtotal can be expressed as 

the sum of the cohesive force Rcoh and the contact force Rcont : 

𝑅𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑐𝑜𝑛𝑡 + 𝑅𝐶𝑜ℎ.                                                                                                           (17) 

According to the previous equation, the global force can be expressed into normal and 

tangential components. 

The coupling between unilateral conditions with adhesion: 

𝑅𝑛
𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑛

𝑐𝑜𝑛𝑡 + 𝑅𝑛
𝐶𝑜ℎ.                                                                                                     (18) 

With Rn
total, Rn

cont and Rn
coh respectively the total normal force, the normal contact force 

and the cohesive normal force. We directly express the coupling between unilateral conditions 

with adhesion in terms of stresses: 

𝜎𝑛
𝑡𝑜𝑡𝑎𝑙 = 𝜎𝑛

𝑐𝑜𝑛𝑡 + 𝜎𝑛
𝐶𝑜ℎ.                                                                                                       (19) 

The coupling between coulomb friction and adhesion: 

𝑅𝑡
𝑡𝑜𝑡𝑎𝑙 = 𝑅𝑡

𝑐𝑜𝑛𝑡 + 𝑅𝑡
𝐶𝑜ℎ.                                                                                                       (20) 

Rt
total, Rt

cont and Rt
coh represent the total, the contact and the cohesive tangential forces 

respectively. And for the stresses term: 

𝜎𝑡
𝑡𝑜𝑡𝑎𝑙 = 𝜎𝑡

𝑐𝑜𝑛𝑡 + 𝜎𝑡
𝐶𝑜ℎ.                                                                                                        (21) 

Thermomechanical coupling. There are two methods for thermomechanical coupling in 

ABAQUS. In the first, the sequentially coupled thermal-stress analysis when the 

stress/displacement solution is dependent on a temperature field but there is no inverse 

dependency. In this case, the equations are solved sequentially. In the second, the fully coupled 

thermal-stress analysis when the thermal and mechanical solutions affect each other strongly, 

also known as a fully-coupled scheme, the governing equations are solved simultaneously [3]. 
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Here, we are interested in the sequentially coupled analysis (weak coupling). The heat 

conduction equation for a homogeneous and isotropic material with no internal heat source, in 

two-dimensional case and steady-state analysis is given by: 
𝜕2𝑇

𝜕𝑥2 +
𝜕2𝑇

𝜕𝑦2 = 0.                                                                                                                         (22) 

The thermal relative displacement component 𝜀𝑡ℎ is written as: 

𝜀𝑡ℎ = 𝛼𝛥𝑇,                                                                                                                              (23) 

where 𝛥𝑇  is the temperature change and 𝛼 is the coefficient of thermal expansion. The finite 

element formulation of the steady state equation is written in the following: 
[𝜆]{𝑇} = {𝐹𝑡ℎ},                                                                                                                        (24) 

where, [𝜆] is the thermal conductivity matrix and {𝐹𝑡ℎ} is the thermal force vector. The global 

relative displacement 𝜀, with take into account the thermal effects, is given by: 

𝜀 = 𝜀𝑚𝑒𝑐 + 𝜀𝑡ℎ                                                                                                                       (25) 

Moreover, the finite element formulation for the resolution of the delamination problem 

under thermal effect coupling contact, friction, and adhesion is obtained: 

[𝐾𝑔]{𝑈} = {𝐹𝑔} + {𝑅𝑡𝑜𝑡𝑎𝑙 𝑔} + {𝐹𝑡ℎ𝑔},                                                                                     (26) 

where [𝐾𝑔] , {𝑈} and {𝐹𝑔} are respectively the stiffness matrix, the displacement vector and the 

force vector. 

 

Finite element simulation 

In this article, a few benchmark problems in delamination are solved using a bilinear cohesive 

model coupling contact, friction and adhesion implemented in the standard finite element 

software ABAQUS, the node-to-surface contact interaction is used to defined the interface. A 

steady state thermal analysis is performed. In addition, for the thermo-mechanical coupling, we 

use sequential thermal-stress analysis. Therefore, the Lagrange multiplier method is used as an 

approach to solve the problem. To study and to analyze the thermal effect on delamination 

phenomena, two problems are considered. The problems considered are [15-17]: 

1. Delamination of a thin layer of aluminum submitted to vertical loading (mode I); 

2. Shear delamination of a block of aluminum (mode II).  

These problems are subjected to different thermal loading. In our study, we assume there 

is no heat exchange at the interface. For this reason and to avoid any thermal conduction, a very 

low thermal conductivity value was chosen for the rigid support. 

 

Delamination of a thin layer of aluminum submitted to vertical loading 

The first example deals with a 2D (LxH) plane strain delamination problem under thermal 

effect, this is a case of interface cracking in mode I. This example poses a delamination problem 

of a thin layer of Aluminum (Young’s modulus E = 69000 MPa, Poisson’s ratio ν = 0.333, 

Thermal Conductivity λ = 230 W/m‧k and Expansion Coefficient α = 23E-6/ K) submitted to 

incrementally vertical loading at point A, this thin layer initially adhered to a rigid support. The 

maximum value of the vertical displacement is V = 0.3 mm (in 1 sec). The geometric 

configuration and boundary conditions are shown in Fig. 4, with L = 50 mm; H = 2.5 mm. 
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Fig. 4. Geometry and boundary conditions 

 

The interface properties are summarized in Table 1, in which the interface behavior is 

considered with dissipative law (b ≠ 0). In the first instance, we suppose that we have zero 

displacement (un = ut = 0) and no damage (D = 0). 

 

Table 1. The interface properties 

Properties 

The 

decohesion 

energy w, 

mJ/mm2 

The maximal 

cohesive 

stress σcoh
max, 

MPa 

The initial 

stiffnesses of 

the interface 

Knn, Ktt, 

MPa/mm 

The 

interface 

viscosity b, 

Ns/mm 

The friction 

coefficient μ 

Interface 10E-6 0.0114 2.E+5 0.09 0.2 

 

Mesh convergence test. Due to the contact problem between a deformable body and a 

rigid foundation, the geometry has been discretized with a linear triangular element as known 

in the literature. In addition, we are interested in solving the interface problem with node-to-

surface contact interaction. For this purpose, we study the mesh convergence with a different 

number of elements (10, 32 and 40 elements) to choose the optimum mesh element that is 

capable to predict the realistic delamination mechanism. Figure 5 represents the debonding 

evolution along the interface with different finite elements numbers. 

 

 
 

Fig. 5. The debonding evolution along the interface 

 

In this study and as we mentioned above the contact is defined by node-to-surface 

interaction. Therefore, we chose a linear triangular element. For comparison purpose, we use 

the element type (CPE3:  A 3-node linear plane strain triangle). The results indicate the 

0 10 20 30 40 50

0,00

0,05

0,10

0,15

0,20

0,25

0,30

D
e

b
o

n
d

in
g

 (
m

m
)

Interface (mm)

 10 elements

 32 elements

 40 elements



Modeling of delamination process coupling contact, friction, and adhesion considering the thermal effect  155 

difference between the element number (32 and 40) is negligible, but in the case of 10 elements, 

the result is different. Therefore, CPE3 32 elements and 33 contact nodes in the interface was 

adopted as for accurate results as the work of Terfaya [15-17]. The deformed meshes is shown 

in Fig. 6 for three-time steps t1, t2, and t3. 

 

 

 
 

Fig. 6. The deformed meshes 

 

The three diagrams characterize the interfacial crack propagation under the effect of 

normal loading. At the beginning of loading, a debonding at the point B is clearly observed. 

This case is the opening mode (mode I). The interface fracture starts to increase when the 

normal total stress σn
tot decreases until equal to zero at the interface and we find Signorini's 

classic law. 

Temperature effect. In order to evaluate the temperature effect, two different cases have 

been studied: 

1. Case 1: four states of imposed temperature on the upper face of the thin layer with 

Tsup=25, 50, 75 and 100 °C and on the right lateral edge of the thin layer a temperature imposed 

constant Trght = 50 °C. 

2. Case 2: a temperature imposed constant Tsup = 50 °C on the upper face of the thin layer 

and an imposed temperature on the right lateral edge of the thin layer with Trght = 25, 50, 75 and 

100 °C, for all states. 

For the case 1, the normal displacement un along the interface with and without the 

thermal effect is shown in Fig. 7(a). One can easily notice that the debonding decreases, and 

the behavior of the interface is significantly affected by the presence of the thermal field. In 

order to enrich the study of delamination on mode I, we reported on Fig. 7(b), the evolution of 

the normal stresses σn
total at point B as a function of debonding un with and without the thermal 

effect. The influence of the temperature on the delamination behavior is reflected in the 

different thermal conditions considered. Under the imposed displacement, an adhesive 

resistance Rn
coh is mobilized, and added to the normal contact reaction (elasticity with damage). 

As long as the energy threshold (w) is unreached, adhesion stays to be complete the behavior 
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of the interface is elastic, and unaffected by the presence of thermal stress. 

The delamination starts to increase when the displacement is sufficiently large such that the 

elastic energy becomes larger than the limit of adhesion energy (w). At this stage, the thermal 

field affects the interface behavior. It can be noted that the presence of the thermal stress causes 

an accelerated delamination, expressed by the diminution of the maximal total normal stress 

σn
total 

max. This is mainly due to the slip caused by the dilatancy. When delamination is total, the 

cohesive reactions tend to zero, and the classical Signorini problem is obtained. In addition, we 

determine the delamination process parameters such as the total energy dissipated during crack 

propagation, the maximal total normal stress, the opening displacement at the maximum total 

normal stress and maximum opening displacement as illustrated in Table 2. The first 

observation is that all the delamination parameters decrease when the temperature is increased, 

which proves the delamination accelerated in the presence of a thermal field. 

 

 
                                           (a)                                                                                                (b) 

Fig. 7. The normal displacement un along the interface and the evolution of the normal 

stresses σn
total at point B as a function of debonding un for the case 1 

 

Table 2. Delamination behavior parameters for case 1 

 

Total energy 

dissipated wtot, 

mJ/mm2 

Maximal total 

normal stress 

σn
total

max, MPa 

Normal displacement 

at the maximum total 

normal stress, mm 

Maximum 

normal 

displacement, 

mm 

Without 

thermal 

effect 

70.23225 756.144 0.02418 0.3 

Tsup=25 °C 59.41112 687.066 0.02199 0.28274 

Tsup=50 °C 58.61297 681.286 0.0218 0.28129 

Tsup=75 °C 57.81588 675.507 0.02162 0.27986 

Tsup=100 °C 56.99992 669.742 0.02262 0.27842 

 

For the case 2, we have reported on Fig. 8(a) the normal displacement un along the 

interface with and without the thermal effect. Fig. 8(b) shows the evolution of the normal 

stresses σn
total at point B as a function of debonding un. 

 

0 10 20 30 40 50

0,00

0,05

0,10

0,15

0,20

0,25

0,30

Case 1

u
n
(m

m
)

Interface(mm)

 Without thermal effect

 T
sup

= 25 
0
C

 T
sup

= 50 
0
C

 T
sup

= 75 
0
C

 T
sup

= 100 
0
C

0,00 0,05 0,10 0,15 0,20 0,25 0,30

-800

-700

-600

-500

-400

-300

-200

-100

0

100

Case 1


n

to
t (M

P
a
)

u
n
(mm)

 Without thermal effect

 T
sup

= 25 
0
C

 T
sup

= 50 
0
C

 T
sup

= 75 
0
C

 T
sup

= 100 
0
C



Modeling of delamination process coupling contact, friction, and adhesion considering the thermal effect  157 

 
                                            (a)                                                                                   (b)                                                                                            

Fig. 8. The normal displacement un along the interface and the evolution of the normal 

stresses σn
total at point B as a function of Debonding un for the case 2 

 

The thermal field effect can be clearly observed. The behavior before decohesion is linear 

elastic and characterized by the value of the coefficient of initial stiffness Knn, Ktt.  For higher 

temperatures, the separation is weaker, but the behavior of the interface becomes more brittle, 

and cracking will be sharper and more advanced. The delamination of the interface remains the 

same for the various values of the imposed temperature Tright. The interface points sliding due 

to the dilatancy affects the total points debonding from the surfaces in contact. 

It should be noted here that in all the cases treated, the temperature of the upper face 

dominates the distribution of the thermal field in the vicinity of the interface. Indeed, the right-

side edge of the thin layer of aluminum is smaller compared to the upper face. This phenomenon 

is very well observed in Table 3, summarizing the delamination behavior parameters for case 2. 

 

Table 3. Delamination behavior parameters for case 2 

 

Total energy 

dissipated wtot, 

mJ/mm2 

Maximal total 

normal stress 

σn
total

max, MPa 

Normal displacement 

at the maximum total 

normal stress, mm 

Maximum 

normal 

displacement, 

mm 

Without 

thermal 

effect 

70.23225 756.144 0.02418 0.3 

Trght=25 °C 58.60954 681.286 0.0218 0.28129 

Trght=50 °C 58.61297 681.286 0.0218 0.28129 

Trght=75 °C 58.61375 681.286 0.0218 0.28129 

Trght=100 °C 58.61456 681.286 0.0218 0.28129 

 

Parametric study. The delamination process is calculated using key interface behavior 

parameters such as decohesion energy (w) and initial interface stiffnesses (Knn, Ktt). This 

relatively study consists in varying one of the parameters when the others are fixed. The 

parametric study results are presented in the form of debonding evolution un along the interface. 

The comparison will be carried out in the case (Tsup =100 °C, Trght =50 °C) of the thermal effect 

and also without the thermal effect as shown in Fig. 9. It is clear that the delamination behavior 
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is strongly influenced by the initial interface stiffnesses and the decohesion energy. It can be 

noticed that the thermal effect is more sensitive in the case of low values of stiffness or 

decohesion energy. On the other hand, it becomes negligible for higher values. 

 

 
                       (a)                                                                           (b)  

Fig. 9. Influence of the interface initial stiffnesses and the decohesion energy with (a) and 

without (b) thermal effect 

  

Increasing the stiffness of the interface leads to a brutal decohesion, localized over  

a reduced length. Likewise, an increase in the decohesion energy generates a thrust of the 

maximal total normal stress and the critical displacement. This leads, of course, to a delay in 

interface cracking. In other words, the thermal field has effects only after the damage to the 

interface begins, and we will have a progressive reduction of adhesive reactions. 

 

Shear delamination of a block of aluminum 

The aim of the second example is to study the role of friction in a 2D (LxH) plane strain 

delamination phenomena in the presence of a thermal field. In this case, an Aluminum block 

(Young’s modulus E = 69000 MPa, Poisson’s ratio ν = 0.333, Thermal conductivity 

λ = 230 W/m‧k and Expansion Coefficient α = 23E-6/K) is compressed on a rigid plane under 

different thermal fields. At the first, the structure is completely in adhesion (D=1) and zero 

displacement (un = 0, ut = 0). Then, the block is submitted to a vertical displacement on the 

upper face of block v, and a displacement is imposed on its left lateral edge u, with v = -0.5 mm 

and u = 20 mm in 10 s, with 210-time increments. The geometric configuration and boundary 

conditions are shown in Fig. 10, with L =50 mm; H = 25 mm. The interface properties are 

illustrated in Table 4. In which the interface behavior is considered with dissipative law (b ≠ 0). 

 
Fig. 10. Geometry and boundary conditions 
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Table 4. The interface properties 

Properties 

Decohesion 

energy w, 

mJ/mm2 

Maximal 

cohesive 

stress 

σcoh
max, MPa 

Initial 

stiffnesses of 

the interface 

Knn, Ktt, 

MPa/mm 

Interface 

viscosity b, 

N‧s/mm 

Friction 

coefficient μ 

Interface 5.E-4 0.001 1.E+5 0.05 0.2 

 

Mesh convergence test. Because the contact problem remains the same as in the previous 

example between deformable and rigid bodies, we consider the same finite element type. We 

discretize the domain using a linear triangular element (CPE3:  A 3-node linear plane strain 

triangle) with a different number of elements (10, 32 and 40 elements). Figure 11 comparatively 

shows the results of the element numbers test in terms of the tangential sliding along the 

interface. We can find that the difference between element numbers is negligible, in particular 

in the case of 32, 40 elements. For this reason, we chose CPE3 32 elements and 33 contact 

nodes in the interface. The deformed meshes is shown in Fig. 12 for three-time steps t1, t2, 

and t3. The tangential sliding and total tangential stresses evolution along the interface in 

Fig. 13. 

 

 
 

Fig. 11. The tangential sliding evolution along the interface 

 

 
 

Fig. 12. The deformed meshes 
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Fig. 13. The tangential sliding and total tangential stresses evolution along the interface  

 

 

Temperature effect. In the thermal effect analysis, we consider the case of four states of 

imposed temperature on the right lateral edge of the thin layer with Trght = 25, 50, 75 and 100 °C 

and on the upper face of the thin layer a temperature imposed constant Tsup=50 °C. 
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We begin by studying to see whether temperature affects the delamination in mode II, in 

terms of the total tangential stresses and tangential sliding evolution along the interface. For a 

more direct comparison, we use three-time increments, namely 70, 140 and 210, respectively 

t1 = 3.333s, t2 = 6.666s and t3 =10.00s. Figure 14 shows the tangential sliding ut and total 

tangential stresses σt
tot along the interface for the given times t1, t2, and t3 with and without 

thermal effect. 

 

 
(a)                                                                        (b) 

Fig. 14. The evolution of the total tangential stresses σt
tot at the point as a function of 

tangential sliding ut: a) Point A (at node 136); b) Point B (at node 510) 

 

The results reveal that under the presence of a thermal field (for different imposed 

temperatures), the interface generates more important adhesive reactions. This results in a 

significant decrease in the sliding of the interface nodes. 

In fact, two zones can be observed. In the vicinity of the left face and in the center of the 

interface, the nodes slip in the same way, whatever the imposed temperature. On the other hand, 

in the vicinity of the right face of the aluminum layer, where the temperatures are imposed, the 

behavior is different. This is mainly due to the temperature gradient concentrated in this zone. 

 

 
      (a)                                                                   (b) 

Fig. 15. The evolution of the total tangential stresses σt
tot at point A as a function of tangential 

sliding ut with (a) and without thermal effect (b) 
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In order to enrich this study, we plotted the evolution of the total tangential stresses σt
tot 

as a function of tangential slip ut. For this purpose, we chose two different points of the 

interface: A (at node 136) and B (at node 510), as shown in Fig. 15.  

Initially and under compression, the aluminum layer remains in adhesion with the rigid 

foundation (un = 0). As long as the tangential reaction is smaller than the sliding limit, the 

sliding does not occur. As the lateral displacement (u) progresses, an elastic sliding occurs and 

the slip limit is reached. At this stage, the interface generates an adhesive resistance, and the 

tangential behavior is elastic with damage. It should be noted here that at this stage, there is no 

influence of the thermal field. When the displacement is large enough, the elastic energy 

becomes greater than the adhesion energy limit (w) and the maximal tangential stress is reached. 

Then the interface damage gradually occurs, which implies a decrease in adhesive reactions 

until their complete disappearance, and on the other hand, friction begins to operate. 

In this stage, the thermal effect is negligible except for the case of point B where there is 

a high temperature in which the damage initiation accelerates, expressed by the diminution of 

the maximal total tangential stress σt
tot

max as shown in Fig. 15. When the adhesion is completely 

broken (D-1 = 0), the usual Coulomb friction conditions are obtained. It is remarked that the 

temperature effect is clear in the friction behavior, where there is an important sliding for the 

cases of high temperature compared to the other cases. Finally, it was concluded that the 

presence of the thermal field influences the delamination behavior in mode II significantly. 

Influence of friction coefficient. As is well known, the delamination in mode II is 

defined by shear loads. For this reason, we study the friction effect in delamination behavior 

with and without thermal effect. Concerning the friction coefficient, we consider four values of 

µ, namely 0.0, 0.2, 0.4 and 0.6.  

The thermal case considered is Tsup = 50 °C and Trght = 100 °C at point B. Figure 15 shows 

the evolution of the total tangential stresses σt
tot at point B as a function of tangential sliding ut 

for different friction coefficient. It can be noted that when the coefficient of friction μ increases, 

the decohesion threshold is slightly pushed back. However, in the presence of the thermal field, 

an increase in the coefficient of friction accelerates the delamination and causes significant slip. 

This can be justified by a large dilatancy due to the concentration of an important thermal 

gradient. It's clear that the effect of the presence of thermal stress is not negligible, and can 

influence the delamination behavior. It is therefore necessary to couple these phenomena. 

 

Conclusions 

In this research paper, the delamination behavior between an elastic body and a rigid 

support taking into account the thermal effect was studied. The behavior of the interface is 

simulated using a cohesive zone model (CZM) coupling contact, friction, and adhesion, 

implemented in the finite element software ABAQUS. Adhesion is regarded as interface 

damage is used.  It is, therefore, a model which integrates the rigidity of the interface used as a 

parameter of damage. The variations are controlled by the displacement jumps of the nodes in 

contact as well as the threshold of the energy developed at the interface (Decohesion energy 

w). 

The ability of the model is tested with a benchmark to simulate the 2D delamination 

behavior of the interface. Two examples, considering mode I (normal behavior) and mode II 

(shear behavior) have been studied in detail. Sequential stress analysis is adopted and thermal 

stresses are considered as external loads. The above results lead to the following conclusions: 

1. In all the treated cases, it was noticed that at the beginning of the loading, the interface 

behavior is unaffected by the presence of the thermal field. The behavior of the interface is 

elastic, characterized by the stiffnesses initials Knn and Ktt. Delamination only occurs when the 

elastic energy is reached a critical value (w: decohesion energy). As long as this threshold is 

not reached, adhesion remains total. 
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2. For mode I, the interface debonding decreases in the presence of the thermal field. On the 

other hand, the critical stress decreases, which accelerates delamination process. The interface 

becomes more brittle, and cracking will be sharper and more advanced. It should be noted here 

that the thermal field only has an effect if it has a temperature gradient in the vicinity of the 

interface. 

3. The interface behavior is strongly influenced by the initial stiffnesses (Knn, Ktt), and the 

decohesion energy (w). Indeed, the thermal effect is more sensitive in the case of low values of 

stiffness or energy than in the case of higher values. 

4. For the case of delamination in mode II, the presence of a strong temperature gradient 

leads to a more difficult sliding, and thus to higher tangential reactions. On the other hand, the 

interface behavior is characterized by a reduction in the threshold of the total tangential stress. 

That means an acceleration of the damage initiation. This appeared very clear in the zone of the 

higher temperature gradient. We also notice great sensitivity to the friction effect in the mode 

II delamination behavior in particular when we take into account the thermal effect. 

Finally, the thermal field effect is not negligible and can influence the delamination 

process. A thermomechanical study coupling the phenomenon of contact and friction with the 

presence of thermal stresses is, therefore, necessary. 
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