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The paper aims to present a finite element model for the bonding process of metals at the 
microscale. To accomplish this, first, the mechanism of joining by plastic deformation at 
the microscopic level is explained. Then, based on the film theory of bonding, a finite 
element model is developed, which enables to simulate the bonding process between 
metallic layers subjected to large plastic deformation. The model presented in this paper 
takes into account the most important physical micro-mechanisms taking place during 
the bond formation process, i.e. (1) the breakage of the brittle oxide layer above the 
metallic surfaces, (2) the decohesion process occurring between the oxide layer and the 
metal substrate, (3) the extrusion of the substrate into the created cracks under large 
plastic deformations, and (4) the bond formation in between the fractured oxide layers. 
In addition, an extended version of a cohesive zone model is proposed to describe the 
bond formation between the metal surfaces. Finally, it is shown that the model can be 
used to provide a description regarding bond strength evolution. In this context, the effects 
of influencing factors, such as the degree of deformation and the thickness of the oxide 
layer, are numerically investigated. The presented finite element model can be regarded as 
a useful tool to characterize the key factors in joining processes such as roll bonding and 
cold forging.

© 2018 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Joining by plastic deformation can be regarded as a solid-state welding process, in which two metallic surfaces are joined 
together using a relatively high normal pressure at a temperature below the melting point. In the absence of oxidation, if 
two smooth and corrosion-free metallic surfaces are intensively pressed together, the metal crystal grains join each other 
along the interface and create metallurgical bonding. However, in atmospheric conditions, the metallic surfaces are always 
covered by a thin layer of oxide and of other contaminants. In this case, the oxide film is a barrier to bond formation. 
Unlike the metal substrate, which exhibits ductile behavior, the oxide layer is of brittle nature. Therefore, it breaks up under 
large plastic deformation. In this way, the virgin metal can extrude into the channels created due to the fracturing of the 
brittle layer. Then, the two opposing substrates come into contact, and metallurgical bonding is established between them. 
In general, the mechanism of joining by plastic deformation is well described by the so-called “film theory” of bonding 
[1]. During the recent years, a number of studies have been conducted in an attempt to describe the mechanism of bond 
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Fig. 1. Schematic representation of the bonding process based on film theory [7].

formation for metals. Among them, the models proposed by Zhang and Bay (1997) [2] and Cooper and Allwood (2014) [3]
are especially worth to be mentioned. In each of these studies, first, the micro-mechanisms of bonding were simplified. Then, 
an analytical model was developed to predict bond strength evolution. On the other hand, only a few authors have used 
the finite element method to investigate the process of bond formation. Recently, Bambach et al. (2014) [4] have proposed 
a finite element framework for the evolution of bond strength in cold welding processes. In this framework, the bonding 
model of Zhang and Bay (1997) [2,5] was implemented into a contact subroutine of ABAQUS/Standard to describe the joining 
in cold roll-bonding processes. In the same line of thought, Kebriaei et al. (2014) [6] proposed a bonding interface element 
in ABAQUS/Standard based on the cohesive zone modeling technique. However, both studies were specifically performed to 
describe the bond formation process at the macroscale. The purpose of this paper is twofold, as follows.

• A finite element model is developed to describe the metal bonding process at the microscale. The model accounts for 
the most important micro-mechanisms occurring during the bond formation process. Moreover, the required constitutive 
models to describe the interaction between different components of the model are explained in detail.

• Many factors, such as the degree of deformation, the properties of the oxide layer, the rate of loading or the applied 
temperature may play an important role in the development of bonding between metallic components. In this paper, 
the effects of two influencing factors on bond formation, namely the degree of deformation and the thickness of the 
oxide layers, are numerically investigated.

To accomplish this, first, the mechanism of joining by plastic deformation is explained in Section 2. In addition, a theoret-
ical model is briefly introduced to describe bond strength evolution. Then, a finite element model to describe the bonding 
mechanism at the microscale level is presented in Section 3. Additionally, the constitutive models implemented by the 
authors are summarized. These constitutive models were implemented in the nonlinear finite element code FEAP [8] to 
describe the interaction between the components of the model. Finally, in Section 4, several numerical examples are pre-
sented to demonstrate the capabilities of the introduced model. It is shown how the influencing factors such as the degree 
of deformation and the thickness of the oxide layer may affect bond strength evolution.

2. Bond strength evolution in cold welding process

The process of joining by plastic deformation is also known as “cold welding process”. This process has been investigated 
experimentally by many researchers (e.g., see [9–11]). For example, Conrad and Rice [12] performed a series of tests to 
understand the relation between the bond strength and the compression load applied during the joining process. They 
performed the experiments under ultra-high vacuum conditions on very clean and smooth metal surfaces. According to 
their findings, under such conditions, the bond strength σB is almost equal to the normal stress pn (i.e. pressure) applied to 
the surfaces participating in joining. That is:

σB ∼ pn (1)

However, as explained before, the surface of a metal in atmospheric conditions is always covered by a thin layer of oxide 
and other contaminants. Fig. 1 is a schematic representation for the bonding process in the presence of oxide layers. The 
brittle oxide layers above the metallic surfaces can break up when the metals experience large plastic deformations under a 
high normal pressure. The fracturing of oxide layers creates open spaces between the oxide fragments. Then, the clean metal 
substrate is able to extrude into the cracks and form the bonding. However, the effective bonding area established along the 
joint interface is just a fraction of the total area. Therefore, to satisfy the macroscopic force equilibrium, the obtained bond 
strength has to be proportional to the applied pressure through a surface expansion factor ψ as follows:

σB = ψ pn (2)
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Fig. 2. Simplified geometry for the bond formation between two metallic layers subjected to a large plastic deformation.

Fig. 3. The decohesion process taking place along the oxide–substrate interface [13].

The surface expansion factor indicates the effective area of bonding along the joint interface. Theoretically, the value of ψ
may range from 0 to 1, depending on the degree of deformation along the joint interface. Eq. (2) is the basic equation for 
bond strength evolution in joining by plastic deformation. This means, having determined the surface expansion ψ and the 
normal stress pn, that the bond strength can be estimated by using Eq. (2). The surface expansion ψ is defined as the ratio 
between the area of the uncovered metal to the total surface area of the joint interface. The surface expansion ψ is given 
by

ψ = A − A0

A
(3)

where A0 and A are the areas of the joint interface for undeformed and deformed configurations, respectively. Under the 
condition of plane strain, the surface expansion factor can be described through the elongation of the joint interface as 
follows:

ψ = L − L0

L
(4)

Here, as illustrated in Fig. 1, L0 and L are the lengths of the joint interface in their undeformed and deformed configurations, 
respectively. The surface expansion factor ψ is therefore a quantity allowing one to characterize the degree of deformation. 
In the following section, a numerical model is presented to simulate bond formation at the microscale level. In this context, 
the contact pressure and the surface expansion factor are calculated using finite element modeling. Finally, based on these 
two quantities, bond strength evolution is obtained.

3. Finite element modeling of the joining process at the microscale level

3.1. Description of the model

The objective of this numerical simulation is to describe the microscopic processes taking place when bonding is formed 
between two metallic layers subjected to large plastic deformations. To this end, the film theory explained in Section 2 is 
first simplified as shown in Fig. 2. As it is seen in this figure, both metal substrates are covered by a thin layer of oxide. 
Each oxide layer consists of several segments connected to each other through the oxide–oxide interfaces. For the sake of 
simplicity, each oxide fragment is modeled as a rectangular block. During the joining process, the substrates may experience 
large plastic deformations, when they are pressed together. Under such conditions, cracking occurs along the oxide–oxide 
interfaces. As the cracks are opened, the metal substrates have the possibility to extrude into the open spaces between the 
oxide fragments and establish bonding. However, before metal extrusion, the existing bonding between the oxide layer and 
the metal substrate has to be broken. The decohesioning process occurring along the oxide–substrate interface is another 
important physical phenomenon that has been considered in this study. The decohesioning between the oxide layer and the 
substrate is due to the generated shear forces along the oxide–substrate interface. This process is shown in Fig. 3.
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Fig. 4. Geometry and boundary conditions of the finite element model.

Finally, when the two opposing bulk metals come into contact, bonding is established along the substrate–substrate 
interface. The simplified model shown in Fig. 2 consists of a chain of oxide fragments with a repetitive pattern. As depicted 
in Fig. 4, many symmetry lines, i.e. S1, S2, . . . , Sn , can be defined for the model. Therefore, it would be computationally 
more efficient to analyze only half of the cracked oxide segment located between the symmetry lines Sk and Sk+1. The 
geometry of the model and the applied boundary conditions are shown in Fig. 4. It should be noted that the model is 
constraint in x-direction along the line Sk , while, the symmetry line Sk+1 can move in x-direction. This has been achieved 
by linking together the x-displacement of all nodes along the axis Sk+1. In other words, all the nodes along this axis 
have the same x-displacement value. The substrates have initially a height of H0 and a width of L0. However, after the 
joining process, their height reduces to H and their width increases to L. The deformation is calculated based on the plane 
strain condition. In addition, it is assumed that the oxide fragments are much stiffer than the metal substrates. Therefore, 
the lateral deformation of the oxide blocks can be neglected. The metal substrates show both elasto-plastic behavior with 
isotropic hardening. A von Mises plasticity model has been employed to describe the mechanical behavior of the metals. 
The plastic yield function is given by

φp = ‖σ dev‖ −
√

2

3
(σY + Hpε

p
eq) (5)

where εp
eq is the equivalent plastic strain, σ dev the deviatoric part of the Cauchy stress tensor, σY the initial yield stress, and 

Hp represents the isotropic hardening modulus.
It is important to note that, because of the large deformations occurring during the joining process, it is inevitable to use 

a geometrically non-linear formulation in the presented finite element model. Therefore, the finite element calculations in 
this study are geometrically non-linear. In order to model the horizontal contact between the two oxide layers, the existing 
contact model in FEAP has been employed (for more details, see [14]). Other interfaces introduced between the components 
of the model, i.e. (1) the oxide–oxide interface, (2) the oxide–substrate interface, and (3) the substrate–substrate interface, 
are shown in Fig. 5.

However, in order to characterize the bonding and debonding processes in this numerical example, it is required to 
introduce user-defined constitutive models. In this numerical analysis, two models implemented by the authors have been 
employed to describe the interactions between different components of the model. The user-defined models in this paper 
are as follows.

• A bilinear cohesive zone model to describe the behavior of both the oxide–substrate and the oxide–oxide interfaces. 
This model has been included in a zero-thickness interface element to represent both the interfacial decohesion process 
occurring between the oxide layer and the substrate, and the fracturing of the oxide layer itself.

• An extended version of the bilinear cohesive zone model to describe both bonding and debonding processes along the 
substrate–substrate interface. This model is essentially a cohesive zone model that accounts for the development of 
bonding as well.

The following sections describe the above-mentioned models in more detail.
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Fig. 5. The introduced interfaces between the components of the model, i.e. (a) the oxide–oxide interface, (b) the oxide–substrate interface, and (c) the 
substrate–substrate interface.

Fig. 6. An interface between two materials with a gap vector g and a traction vector t between two points; note the influence of the parameter β on the 
traction vector.

3.2. Modeling of the oxide–oxide and substrate–oxide behavior

In this paper, a cohesive zone model is employed to describe both the fracturing of the oxide layers and the deco-
hesioning along the substrate–oxide interface. During the recent decades, cohesive zone modeling has been recognized 
as a powerful tool for describing the non-linear fracture in different engineering applications. These applications cover 
several engineering fields such as modeling of crack growth in composite materials [15,16], modeling of crystal-coating 
interface degradation [17], modeling of delamination processes with fiber bridging [18,19], modeling of cracking in rock 
joints [20] or fiber-reinforced concrete [21]. In general, the cohesive zone method provides a relation between the trac-
tion vector t = (tn, ts) and the gap vector g = (gn, gs) within the interface. The gap vector is a quantity that represents 
the relative displacement between two points on both sides of the interface. Fig. 6 is a schematic representation of these 
vectors. Depending on the modeling requirements, numerous definitions have been suggested in the literature to describe 
the traction-separation relation. Among them, bi-linear, tri-linear, polynomial, and exponential models are worth to be men-
tioned (e.g., see [22]). In this paper, a bi-linear cohesive zone model introduced in Rezaei et al. (2017) [23] has been applied 
to describe the fracturing of the oxide layer as well as the interfacial decohesion along the substrate–oxide interface. Based 
on this model, the traction between two layers that are connected through an interface increases linearly by increasing 
the interfacial separation. However, when the separation across the interface is larger than a threshold value, the traction 
starts to reduce because of the growth of damage along the interface. Therefore, further separation results in the strength 
reduction of the interface. Finally, when damage reaches its maximum value, the traction becomes zero, indicating complete 
separation. Accordingly, the traction–separation law for the applied cohesive zone model is given by

tn = (1 − d)k0
〈
gn

〉
(6)

ts = (1 − d)k0 gs β2 (7)

where gn and gs are the normal and tangential components of the gap vector along the interface, respectively. The gap 
vector g = (gn, gs) is defined based on the relative displacement between the two bodies �1 and �2, as illustrated in Fig. 6. 
Moreover, tn and ts indicate the normal and tangential components of the traction vector. In addition, k0 and d are the 
interface stiffness and the damage variable, respectively. The parameter β is a scalar that controls the contribution of the 
shear components in the traction vector. Fig. 6 shows how the traction vector may change using different values of β . The 
damage evolution in this model is related to the effective separation λ as follows:

d =
⎧⎨
⎩

0, λ < λ0
λf

λf−λ0

λ−λ0
λ

, λ0 < λ < λf

1, λ < λ

(8)
f
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Fig. 7. (a) The bilinear traction–separation law for the oxide–substrate interface and the evolution of damage with respect to the tangential separation gs; 
(b) the bilinear traction–separation law for the oxide–oxide interface and the evolution of damage with respect to the normal separation gn.

Here, λ represents the effective separation, λ0 indicates the threshold for damage initiation, and λf is the value of effective 
separation at which the complete decohesioning takes place. Both λ0 and λf are material parameters of the model. The 
effective traction tcz and the effective separation λ can be defined by

tcz =
√

t2
n + β−2t2

s = (1 − d)k0 λ (9)

λ =
√

〈gn〉2 + β2g2
s (10)

respectively. In the presented finite element model, the cracking along the oxide–oxide interface is caused by the normal 
separation (i.e. gs = 0, λ = gn, β = 1), whereas the interfacial decohesion along the oxide–substrate interface is due to 
tangential separation (i.e. gn = 0, λ = gs, β = 1). Figs. 7a and 7b represent the traction–separation relation for the oxide–
substrate interface and the oxide–oxide interface, respectively. As seen in both cases, the traction has a maximum indicated 
by σB. This quantity is a material parameter for the cohesive zone model that shows the maximum achievable traction 
within the interface before the initiation of damage.

3.3. Modeling of the substrate–substrate behavior

In this section, bond formation along the substrate–substrate interface is modeled using an extended version of the 
introduced cohesive zone model. The cohesive zone model introduced in the previous section describes only the process 
of debonding. This means that it is assumed that the interface introduced between the two surfaces has already a defined 
bond strength (i.e. σB > 0). Therefore, it shows a resistance force against separation. In this section, the cohesive zone 
model is modified, such that it accounts for the development of bonding between the two substrates. To achieve this goal, 
it is assumed that the substrate–substrate interface has initially no resistance against separation (i.e. σB = 0). When the 
two surfaces come into contact between the cracked oxide segments, the normal pressure increases along their contact 
area. Therefore, this quantity can contribute to the creation of bonding according to the explanations given in Section 2. 
In the following, the modeling of bond formation is explained in a systematic manner. The following subsections explain 
the behavior of the interface in three possible situations, namely (1) before contact, (2) during contact, and (3) during 
separation.

3.3.1. Substrate–substrate interface before contact
Fig. 8a shows two substrates with no initial contact because of the presence of the oxide layers. A cohesive zone model 

with zero bond strength is assigned to the interface between the two substrates along their possible contact areas. Since 
the initial value of bond strength σB is equal to zero, the defined interface does not play any role in the development of 
stress and strain inside the two substrates. In other words, there is no direct interaction between the two substrates. Thus, 
based on the traction–separation law, the parameter k0 in Eqs. (6) and (7) becomes zero. That is:

k0 = σB

λ0
= 0 (11)

To determine the contact between the two substrates, the normal distance between the opposing nodes of the defined 
interface element has to be checked. When this distance is zero, the contact is initiated.
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Fig. 8. Three possible situations encountered in the modeling of the substrate–substrate interface, (a) before contact (no contact pressure between the two 
substrates, i.e. pn = 0); (b) under compression (the contact pressure pn increases along the contact area using Eq. (12) and the bonding is established); 
(c) during separation (the bonding has been established, the substrate–substrate interface shows the traction tn).

3.3.2. Substrate–substrate interface during compression
Fig. 8b shows a situation in which the two metal substrates have extruded into the cracked oxide layer. Under such 

conditions, the virgin substrates come into contact and the normal distance between the surfaces along the contact area be-
comes zero. Therefore, the interface is activated along the contact area. When the substrates are pressed together, a contact 
pressure is developed between the bulk metals. In this paper, the contact pressure in normal direction is defined through 
an empirical hyperbolic model for the pressure–overclosure relationship, as follows [20]:

pn = kp
e〈−gn〉

e + 〈−gn〉 (12)

Here, 〈x〉 = (x + |x|)/2 is the Macauley bracket, kp indicates a penalty factor and e is a negative input parameter, which 
shows the maximum allowable value for overclosure 〈−gn〉. The values of kp and e have to be selected so that, on the one 
hand, overclosure 〈−gn〉 remains sufficiently small in comparison to the size of the model (i.e. negligible penetration) and, 
on the other hand, convergence problems are avoided.

Another important step during compression time is to update the bond strength value along the substrate–substrate 
interface. To this end, the value of the bond strength σB is calculated using the explanations given in Section 2. Since the 
contact has been established between the virgin metals, the bond strength σB is equal to the maximum normal stress pn

applied to the surfaces during the compression time [12]. That is:

σB = pn (13)

3.3.3. Substrate–substrate interface during separation
Fig. 8c shows a situation in which the substrates are subjected to tensile forces. If the bonding is not formed during 

the compression time, the bond strength is still zero along the substrate–substrate interface. Therefore, the metallic layers 
are separated from each other without any resisting force from the interface. However, if bonding is established, the value 
of the bond strength σB is not zero anymore. Therefore, the parameter k0 in Eqs. (6) and (7) takes a positive value (i.e. 
k0 = σB/λ0 > 0). In this case, the behavior of the substrate–substrate interface is controlled by a bilinear cohesive zone 
model, as explained before.

4. Results and discussion

For the sake of simplicity, it is assumed that two similar metals are supposed to be joined. In general, the model can be 
applied to dissimilar metals as well. However, in case of dissimilar metals, the number of material parameters is doubled. 
The initial thickness of each metal substrate in this numerical example is H0 = 10 μm. Its initial length is assumed to 
be L0 = 5 μm. Moreover, each oxide layer has a thickness of δ = 0.5 μm. In reality, the oxide fragment length and the 
fracturing pattern in the oxide layer are not arbitrary. The oxide fragment length might be a function of different factors, 
such as (1) the degree of surface expansion (or strain), (2) the tensile strength of the oxide layer, (3) the thickness of the 
oxide layer, (4) the shear strength of the oxide/metal interface, and (5) the presence of local defects. Any changes in these 
factors may affect the crack density within the brittle oxide layer. Subsequently, the crack spacing and the pressure required 
for the micro-extrusion of the metal are affected by these changes. During the recent decades, numerous experimental and 
theoretical studies have been conducted to understand the mechanism of crack growth in coatings at the microscale (e.g., 
see [24,25]). Moreover, a number of analytical and numerical analyses can be found in the literature to predict the length 
of fragments and the crack spacing (e.g., see [26,27]). However, in this paper, a predetermined size is assumed for the 
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Table 1
Material parameters used in the numerical example for modeling the bulk material.

E [GPa] ν [–] σY [MPa] Hp [MPa]

Oxide film 200 0.3 400 0
Metal substrate 59 0.3 130 50

Table 2
Material parameters used in the numerical example for the interfaces.

Oxide–oxide interface Oxide–substrate interface Substrate–substrate interface

λ0 [μm] σB [MPa] λf [μm] λ0 [μm] σB [MPa] λf [μm] λ0 [μm] kp [MPa] λf [μm] e [μm]

0.01 150 0.27 0.05 80 0.3 0.01 105 0.2 −0.05

oxide fragment and the focus lies especially on the modeling of micro-mechanisms taking place during the bond formation 
process. A promising solution to overcome this deficiency is to apply the modeling approach suggested by the authors 
in [28]. This approach has been essentially developed to predict the fracturing mechanisms in hard coatings. In this method, 
the coating layer consists of several small grains surrounded by randomly distributed cohesive zone elements. In this way, 
depending on the loading conditions and the material properties of both coating and substrate, the cracking pattern and 
the size of fragments can be estimated, and the most probable crack paths can be identified. Nevertheless, this approach 
is out of the scope of the present paper. The material parameters related to the bulk material and the defined interfaces 
are shown in Tables 1 and 2, respectively. This numerical simulation consists of two main steps, i.e. (1) the modeling of 
bond formation under compressive loading, and (2) the modeling of debonding under tensile loading. During the first step, 
the two metallic substrates are pressed together by applying the predefined vertical displacements to the both ends of the 
model. Fig. 9 shows the contour plot of the normal stress during the compression time when the thickness of each substrate 
reduces from 10 μm to 4 μm. During the first stages of the simulation, the damage parameter increases rapidly along the 
oxide–oxide interface because of the induced lateral deformation. When the damage parameter in the oxide–oxide interface 
reaches its maximum value, the interface can not carry the stresses anymore. Therefore, cracking occurs along this interface. 
The complete decohesioning of the oxide–oxide interface is experienced at a surface expansion of almost 5%. Fig. 9a is 
related to the first stages of the simulation, in which oxide–oxide bonding has been already broken. As the compressive 
loading continues, the space between the fractured oxide segments increases, and the metal substrates have the possibility 
to extrude into the created crack. At the same time, decohesioning takes place along the oxide–substrate interface. The 
process of interfacial decohesion between the oxide and the substrates starts from the edge of the oxide fragment and 
moves toward its center line during the compression time. This step is shown in Fig. 9b. The extrusion of metal into the 
created crack and the delamination process along the oxide–substrate interface have been demonstrated in Fig. 10 as well. 
In this figure, the displacement vectors are plotted. As it is seen, there is a relative tangential displacement between the 
oxide and the substrates close to the edge of the oxide fragment, indicating interfacial decohesioning. Finally, as shown in 
Fig. 9c, the metal substrates come into contact after a certain level of compression (about a surface expansion of 20% in this 
example). By continuing the deformation, the normal stress (i.e. pressure) increases along the substrate–substrate contact 
area, which indicates the formation of bonding. Fig. 9d shows the last step of the compression, in which the thickness 
of the metal substrates has reduced to 4 μm (i.e. equal to a surface expansion of almost 60%). In this example, bonding 
has been successfully established between the two layers. The second step of the simulation deals with the modeling of 
debonding under tensile loading. In this step, the bonded metallic layers are separated as shown in Fig. 11. This figure shows 
how debonding takes place between the already bonded metals. By applying a tensile load, debonding develops along the 
substrate–substrate interface. At the end, the substrate metals become completely debonded.

4.1. Force–displacement curve during bonding and debonding

In this section, the force applied to the upper boundary of the model is computed and plotted versus the vertical 
displacement to quantify bond strength formation. The force–displacement relations during the bonding and debonding 
processes are shown in Fig. 12. As it is observed, first, the compressive force increases linearly from point O to A. The 
deformation in this stage is purely elastic. Then, at point A, the plastic deformation is initiated. From A to B, the upper 
boundary of the model experiences a vertical displacement of 6 μm that ends up with a surface expansion of almost 60%. 
Accordingly, the width of the model increases to L = 12.5 μm at the end of the compression step. Assuming a width of 1 m 
for the model, the compressive force increases significantly to almost F max

com = −1900 N during the compression time. At the 
end of this stage, the bonding is successfully established between the metal substrates. From B to C, the metallic layers are 
elastically unloaded. Therefore, the reaction force reduces to zero. The next step, i.e. from C to D, deals with the modeling 
of debonding under the tensile loading. In this step, the normal traction force between the bonded metals increases linearly 
to almost F com

ten = 850 N. This value corresponds to the bond strength of the joint interface. That is:
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Fig. 9. Modeling of the bonding process at the microscale level: (a) the oxide–oxide interface is debonded, a crack starts to open; (b) the crack is opened 
and the metal substrate extrude into the crack under the applied pressure; (c) the virgin metals come into contact and the bonding is initiated; (d) the 
metal substrates are successfully bonded.
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Fig. 10. Extrusion of metal substrates into the created crack and delamination process along the oxide–substrate interface; the arrows indicate the displace-
ment vector.

Fig. 11. Modeling of the debonding process under tensile loading: (a) the substrate–substrate interface shows a resistance against separation; (b) debonding 
has been developed along the substrate–substrate interface.

σB = F max
ten

A
= 850

12.5 μm × 1 m
= 68 [MPa] (14)

However, by increasing the separation, the applied force reduces because of the damage evolution along the substrate–
substrate interface. The rate of force reduction increases at point E, because the bonding area reduces rapidly. Finally, at 
point F, the complete debonding is observed along the substrate–substrate interface.

4.2. Influence of the plastic deformation

In the aforementioned example, the surface expansion of each metal substrate after compression was about 60%. In this 
section, the effect of this factor on the development of bonding is shown. The surface expansion factor ψ , introduced in 
Section 2, can be also regarded as a quantity to characterize the degree of deformation. This factor has a significant influence 
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Fig. 12. Force–displacement curve during the bonding and debonding processes.

Fig. 13. (a) Force–displacement curves during tensile loading for different values of surface expansion; (b) evolution of the bond strength with respect to 
surface expansion.

on the obtained bond strength. The more the surface expansion takes place, the stronger is the obtained bonding. Higher 
surface expansions are equivalent to higher plastic deformations within the metallic layers. The influence of the surface 
expansion factor on bond strength can be observed in Fig. 13a. This figure shows the force–displacement curves during the 
tensile loading for different values of surface expansion. As it can be seen, the maximum point in these curves increases 
significantly by increasing the degree of deformation. The evolution of the bond strength after compression with respect to 
the surface expansion is shown in Fig. 13b. As it is observed, up to a surface expansion of 20%, the bond strength value is 
zero. This is because the plastic deformation is insufficient for the metal substrates to join together in the created cracks. 
Therefore, the threshold value of the surface expansion at which the bonding is initiated is about 20% for this numerical 
example. When surface expansion is larger than the threshold value, the bond strength increases rapidly by increasing 
plastic deformation.

4.3. Influence of the thickness of the oxide layer

The effect of the surface oxide film on the bond strength can be characterized by its thickness/length ratio (i.e. δ/L0 , see 
Fig. 4). When this factor increases, more plastic deformation is needed to initiate the bonding between the fractured oxide 
layers. In other words, this parameter can be regarded as an indicator for the cleanness of the metallic surfaces. In this 
section, the effect of parameter δ/L0 on bond formation is investigated. Fig. 14 represents the force–displacement curves 
during tensile loading considering three different values of δ/L0, namely 0.1, 0.15 and 0.2. In all three cases, the final surface 
expansion at the end of the compression process is almost 60%. As seen, the maximum point, which corresponds to the 
bond strength of the joint interface, reduces significantly by increasing the thickness of the oxide film. As explained before, 
if the contact surface between metallic layers is not sufficiently clean, bonding may not be established, even if relatively 
large deformations take place.
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Fig. 14. Force–displacement curves during the tensile loading for different values of δ/L0.

Fig. 15. Force–displacement curves during the tensile loading for different values of H .

4.4. Influence of the substrate thickness

The main challenge in this study is how to define the suitable boundary conditions and the proper dimensions for the 
model. In this paper, the thickness of the bulk metal is selected such that the local stresses resulting from micro-extrusion 
do not influence the stress state along the upper boundary of the model. A series of finite element analyses were first 
performed to find the proper thickness of the substrate. It was found that, when the metal thickness is less than a certain 
value (about 5 μm in this example), the stresses along the upper boundary are not uniform anymore. On the other hand, by 
increasing substrate thickness, the number of elements and the computation cost increase. In order to evaluate the effect of 
metal thickness on the obtained bond strength, different values of the substrate thickness are tested in this section (i.e. H =
6, 10, and 15 μm). The degree of surface expansion ψ and the material properties are similar in all three cases. Fig. 15 shows 
the force–displacement curves during tensile loading for different substrate thicknesses. As seen, the maximum tensile force 
required to separate the metals does not change significantly (i.e. it is around 850 N). Therefore, the bond strength σB
is not affected by the selected thickness if the same values of the surface expansion are applied. However, the post-peak 
behavior of the curves changes clearly with changing the bulk metal thickness. The reason for this difference is due to the 
deformation taking place in the bulk metal itself during tensile loading. As the thickness changes, the deformation carried 
by the bulk metal changes. This can affect the total separation along the interface.

5. Conclusions

In this paper, a finite element model has been developed to describe the metal bonding process at the microscale level. 
On this basis, the physical mechanisms taking place during the process of joining by plastic deformation have been numer-
ically modeled. Moreover, the constitutive models employed to describe the interfaces between different components of the 
model were introduced. In the numerical example, the effects of two important factors, such as the degree of deformation 
and the thickness of the oxide film on bond formation have been investigated. The results of the given numerical exam-
ples demonstrate that, during the bonding process, bonding is not obtained until a threshold surface expansion is reached. 
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Beyond this threshold value, the bond strength increases rapidly with increasing the plastic deformation. In addition, insuf-
ficient surface expansion and surface cleanness may result in unsuccessful bonding. The finite element model introduced in 
this paper may be considered as a useful tool to identify the key parameters affecting the bond formations.
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