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Modelling of joining processes with application to roll bonding of alloys 
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Abstract. A cohesive zone element formulation is developed for the bonding and debonding based on a traction-

separation law, where the focus is on the bonding and joining process due to plastic interface deformations. 

Regarding the strength of the interface bonding, a model correlating the interface bonding strength and interface 

stretch during roll bonding is proposed. Simulations have been done for roll bonding and a peeling test immediately 

after that. It is shown that the deeper the sheets get rolled, larger forces are necessary to peel them afterwards.  

1 Introduction  

The roll bonding process is an approach for 
manufacturing metal composites with enhanced 

mechanical properties. Mori et al [1] first presented the 

potential for a new manufacturing process for bonding of 

metal sheets. The joined structures are manufactured in 

different geometric form such as e.g. plates, strips, foils, 

tubes, rods and wire shapes. Joining of different kinds of  

foils and strips by using shot peening was first proposed 

by Harada et al. [2]. Weddeling et al. [3] made a 

discussion about the process chain. Bay [4] investigated 

the improved mechanisms of mechanical welding of 

metallic sheets. Bay [5] developed a numerical method 
describing the bonding behavior by cold roll bonding 

following these investigations. 

Dugdale [6] and Barenblatt [7] first introduced 

cohesive zone elements for predicting crack propagation 

along an interface. The cohesive zone elements are 

devised based on a traction-separation relation, which 

reveals the fact that by increasing the interfacial 

separation, the interface traction force first reaches its 

maximum value and then decreases to zero which 

corresponds to a complete decohesion. This behavior is 

seen in Tvergaard [8] and Camacho and Ortiz [9]. For the 

modeling of interface behaviour, Chaboche et al. [10] and 
Abdul-Baqi et al. [11] put forward some other 

constitutive laws for cohesive zone elements. One 

follows here the works of Konchakova et al. [12], Paggi 

and Wriggers [13] and develops a bilinear cohesive zone 

element formulation for joining of aluminium sheets.  

The cohesive zone model of Needleman [14] is 

further developed to be applicable to the cohesive 

interface in the joining process and to enable the 

correlation between the bonding strength and the 

interface stretch. A simple cohesive law  by Camacho and 

Ortiz [9] is adopted which accounts for coupling between 
tension and shear by the introduction of an effective 

opening displacement. In the calculations, decohesion 

occurs only along the interface elements.  Initially, all 
cohesive zone elements are perfectly coherent. When a 

tensile stress is applied, the cohesive element then 

governs the opening of the cohesive surface.   

There are many studies on the numerical simulation 

of roll bonding of metals. Bambach et al. [15] have 

presented a finite element framework, in which the 

evolution of bonding is simulated by using an adapted 

contact formulation, which enables the evaluation of 

bonding strength as a function of local factors. Lilleby et 

al. [16] studied the divergent extrusion process in 

simulating cold pressure welding. The situation existing 
both before and after cold bonding is reproduced using 

finite element modelling correctly. Kebriaei et al. [17] 

first studied the roll bonding of aluminium sheets with 

the cohesive zone method. 

However, to the knowledge of the authors, no 

research on modelling and simulation by the cohesive 

zone element and correlating interface stretch and 

strength has been done yet. In the current study, a 

cohesive zone model is presented for the study of the 

bonding and debonding of aluminium sheets. Based on 

the cohesive zone element for the interface, a model 

correlating the interface strength and the interface stretch 
is proposed for the roll bonding process and a damage 

model is put forward for the debonding process. 

2 Cohesive zone modelling  

The main features of the cohesive law used in the 

calculations is summarized here for completeness and 

later reference. The cohesive zone model (CZM) is 

realized by an interface element, which is embedded 

between the solid elements of the discretization. One 
follows the studies of Segurado and Llorca [18] in which 

the material body S was divided into the three parts:     ,                                                                                   

and     (cohesive zone). In the 2D case, the cohesive zone 
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element is an element with four nodes and zero thickness 

(Fig. 1).  For the cohesive zone element, a local and a 

global coordinate system are set up separately. The vector 

of coordinate and displacement of the four nodes are 

expressed as 

 

 

 
 

Then the midsurface coordinate is calculated by the 

interpolation of the top and bottom nodes, 

 
 

 

Figure 1. Interface element in 2D. 
 

 

Figure 2. Separation of the body    into three parts     ,      and          
 
 

The element displacement in local and global 

coordinate system is connected by the rotation matrix,  

 
The equilibrium is obtained in terms of the principle of 

virtual work for the body S (Fig. 2), 

 
where  is the Cauchy stress tensor and  denotes the 

traction. For the separation of the interface, a bilinear 

cohesive zone element is applied. A simple type of 

cohesive laws of mixed-mode accounting for coupling 
between tension and shear is obtained by the introduction 

of an effective opening. One defines an effective 

separation opening as 

 

 
 

      and       are separation in normal and shear direction, 

respectively. 

A damage parameter is defined with which the 

constitutive law is modified correspondingly.  

The damage parameter is defined as 

 

 
 

where  is the maximum value of   in history. 

The traction vector has one normal and one tangential 

component, 

 

 

 
 

It is seen that the bonding stiffness is weakened as the 

damage parameter gets larger. For the influence of rolling 

bonding process on the surface bonding strength,  some 

experimental results reveal that the larger the interface 

area becomes after the rolling,  the stronger the interface 

bonding is. Since the sheets are exposed to the air, the 
oxidation of the surface of aluminium is inevitable. 

Therefore, only for a certain degree of rolling, the 

oxide layer on the surface can be broken, the aluminium 

from both sides can come into contact and the bonding is 

possible. An empirical formula to describe the 

relationship between interface extension and bonding 

strength is proposed here, i. e., 

 

 
 

where     is the initial length of the interface element and                                                                                                                                                                                                                                                                   

      is the largest length that the element has reached, 

which is defined as a history variable in the ABAQUS 

UEL. The parameter values are a=40.13MPa, 

b=19.82MPa, p=1.0, which are obtained by fitting to 

experimental data. For the bulk materials, finite strain 
formulation is applied with von Mises yield criterion. 

Young’s module, yield stress and yield strain are 59GPa, 

123MPa, 0.51%, separately.  
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Figure 3. The aluminium sheets before, during and after 
the roll bonding. 

 

The finite element simulation of a 2D roll bonding 

process is conducted. Each sheet has a length of 20mm 

and a thickness of 1mm. The rollers are modelled as rigid 

bodies in the simulation. As a computational example, 
two aluminium sheets are rolled (Fig. 3). As boundary 

condition, the two sheets are totally free, except for their 

contact to the rollers. Initially, the upper and lower rollers 

have some distance to the sheets. The upper roller moves 

downwards and the lower one moves upwards to come 

into contact with the sheets. The rollers are pushed into 

the sheets and a certain degree of rolling is achieved. The 

rollers roll over the sheets, whereas the sheets stand still.  
It is seen from Fig. 3 that especially near the rollers 

the von Mises stress is extremely high.  Therefore, the 

interface is then extended correspondingly, a bonding on 

the interface is established and a certain bonding strength 

is obtained. The friction coefficient between the sheets 

and the rollers is set to 0.3. Different deformation 

amplitudes are investigated. To measure the bonding 

strength of the rolled structure, a peel test is conducted 
immediately after the roll bonding, as illustrated in Fig. 4. 

 

 
 

 

 

 
 

 

 
 

Figure 4. Peeling of bonded aluminium sheets after roll 

bonding. 

 

It is seen in Fig. 5 that the force necessary to peel the 

sheets first increases and then decreases with time. The 

larger the deformation the rolling introduces, the larger 

the interface area enlargement is induced and a larger 
force is necessary to peel the sheets (Fig. 4, 5).  

 
Figure 5. Force vs. time for differential degree of rolling 

for the peel test. 

 3 Summary 

As a summary, a cohesive zone model for bonding and 

debonding of aluminium sheets is put forward. The roll 

bonding and peeling of two aluminium alloy sheets are 

simulated. In the future, the relationship between the 

interface enlargement and the strength increase will be 
further investigated. In the current simulation, no asperity 

of the interface and no details on the behaviour of the 

oxide layers are taken into account. The surface 

roughness, chemistry and thermodynamics of the 

interface will also be considered. 
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