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Abstract: 

This thesis deals with numerical simulation of a peel test with an Aluminium 
foil and Low Density Poly-Ethylene (LDPE) laminate. This work 
investigates the effects of the substrate thickness and studies the influences 
of interfacial strength and fracture energy of the cohesive zone between the 
Aluminium and LDPE. This study evaluates the proper guidelines for 
defining cohesive properties. 

A numerical cohesive zone model was created in ABAQUS. Continuum 
tensile tests were performed to extract LDPE material properties. The 
aluminium properties were found in literature. After acquiring material 
parameters, the simulation continued with studying the effects of changing 
interfacial strength, geometric parameters and fracture energy. The results 
were obtained in the form of root rotations and the force displacement 
response was studied carefully. It was validated by comparison to the traction 
separation curve.  

Keywords: 

ABAQUS, Aluminium Foil, Cohesive Zone Modelling, Fracture Energy, 
Laminate, LDPE, Peel Test. 
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1 Notation 

A Area of crack surface  

C Compliance 

 Damage variable of the material 

E Young’s modulus 

G Energy release rate 

P Load 

 Traction 

U Displacement 

 Non-dimensional function 

 Stress 

 Fracture stress 
2  Process variance 

 Strain 

Δ, δ Separation 

KI Stress intensity factor for mode I 

KIC Fracture toughness 

 Original thickness of the cohesive elements 

 Interlaminar tractions  

 Maximum interfacial strength 

 Input energy 

 Elastically stored energy 

 Kinetic energy 

 Ionization potentials 
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 Material properties related to damage evolution 

, ,  Nominal tractions  

, ,  Peak values of nominal tractions 

, ,  Stress components without damage 

, ,  Nominal strains 

, ,  Peak values of nominal strain 
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Al Aluminium 

CD Cross Direction 

CTOD Crack Tip Opening Displacement 

EPFM Elastic Plastic Fracture Mechanics 

FEM Finite Element Method 

LDPE Low-Density Polyethylene 

MD Machine Direction 

MSYS Modified Strip Yield Model 

NLFM Nonlinear Fracture Mechanics 

OPP Oriented Polypropylene  

OPET Oriented Polyethylene Terephthalate  

PE Polyethylene 

TSL Traction Separation Law 
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2 Introduction 

 Background 

An ideal package should protect the product from mechanical, climate and 
chemical hazards. To obtain this, the packaging material should have 
strength and should act as a barrier to harmful gases, light and moisture. A 
single layer material cannot achieve this, so the package needs to combine 
different materials. Adhesion techniques are used to combine these materials. 
During the manufacturing process, these packages experience different load 
conditions, this may lead to fracture between laminate layers. This fracture 
leads to loss of stiffness and affect the shape of the package. In a positive 
way, it can lead to stress relief and help to delay the final failure of the 
structure. 

Aluminium foil is used in the packaging industries for its good properties as 
moisture and oxygen barrier. It is often combined with other materials 
because of its poor flex crack resistance, instability to form a hermetic seal 
and high-cost factor. For these reasons, aluminium is often combined with 
OPET (Oriented Polyethylene Terephthalate), OPP (Oriented Polypropylene) 
and PE (Polyethylene). Commonly used combinations in the packaging 
industries are the following [1]. 

Paper/LDPE/Al/LDPE 

OPP/primer/LDPE/Al/LDPE 

OPET/primer/LDPE/Al/LDPE. 

Most packaging industries use two layers of LDPE, in which the first layer 
imparts adhesion to the foil and another layer is used for sealing. Other 
materials like paper and OPP are used for providing stiffness and serve as a 
surface for printing. LDPE is most commonly used as resin to bond with 
aluminium foil.  The extrusion coating or lamination process is mainly 
preferable for assembling process [2]. In multilayer packages, fracture 
mostly occurs in the adhesion layer. Molten LDPE is used as adhesion in 
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most of the packaging materials. In this thesis, the study is carried out on 
laminate layers and on adhesion layers, with the help of a fixed arm peel test 
to study the influences of various parameters on substrates. The laminates 
used for this thesis are thin and flexible. Due to this reason the fixed arm peel 
test is used. 

 

     

 Objective 

The main purposes and reasons to carry out this thesis are to study the 
characteristic changes that occur due to geometrical changes and to study the 
influences of interfacial strength and fracture energy. This will evaluate a 
proper guideline for cohesive element parameters of the bilinear cohesive 
zone model in the simulation. It is carried out by building numerical models 
in ABAQUS of the peel test to analyse the effect on force displacement 
response and traction separation response of cohesive zone parameters. The 
study of material behaviour leads to analyses of the effects on the stiffness of 
the system during the peel test simulation with changing peel angle [3]. 
Conducting this type of study helps to gain knowledge on adhesion behaviour 
and helps to build reliable and cost effective structures.  

 

 

 Problem Statement 

1. What are the effects on force displacement response while changing 
the thickness of substrates and cohesive layer? 

2a. What is the range of influences on output force displacement 
response for a varying energy release rate of a cohesive law? 

2b. What is the range of effects for varying the interfacial strength of a 
cohesive law with fixed fracture energy? 
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2c. What are effects of varying the fracture energy on root rotation, with 
a corresponding change in peel angle? 

 

 

 Scope 

This thesis mainly deals with numerical simulation of the peel test. First, the 
delamination between the substrates in a cohesive zone is simulated by using 
the finite element method in ABAQUS. Then a simplified model is built with 
incomplete material parametric properties and then after the model is 
strengthened by investigating the full material behaviour for simulation. 

A parametric study for both substrates and interface layers is done through 
simulation using ABAQUS. The material properties of LDPE and 
Aluminium were given as input to the simulation under the material module. 
For LDPE, the material properties are obtained from the continuum tensile 
test. For aluminium, the properties are found in a literature study. The 
cohesive properties were examined by conducting trial and error tests.  

After acquiring material parameters for two substrates and for the cohesive 
layer, the simulation is continued by studying the effects of interfacial 
strength and fracture energy. After this, the study continued with the 
influences of root rotation and varying geometric parameters on force 
displacement response. It is validated by evaluating the traction separation 
curve. This study will be useful to give a proper range of guidelines for 
cohesive element parameters in bilinear cohesive zone model simulations. 
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3 Theory of Fracture Mechanics 

Theory of fracture mechanics deals with the behaviour of solids or material 
structures with geometrical disruption at the scale of the structure. The 
disruptions may be a line or a surface disruption [4]. Nowadays, the theory 
of fracture mechanics is used in different areas like adhesive joints, cohesive 
fracture and dynamic fracture problems. The theory fracture mechanics is 
divided into two types, linear elastic fracture mechanics and elastic-plastic 
fracture mechanics. The assumptions of structural failures are occurred not 
by the limitations of its strength, but due to inherent flaws in the structure or 
the flaws that occur due to critical dimensions during the operation [5]. In 
Figure 3.1, it shows the scope of fracture mechanics in the engineering field. 

 

  
                          Figure 3.1. The scope of Fracture Mechanics [5]. 
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 Modes of Fracture 

A crack can be loaded in three different modes of deformation. These modes 
are defined by the movements of the upper and lower crack surfaces with 
respect to each other, See the Figure 3.2 [6]. 

 Mode I:  Mode I is also known as the opening mode or the tensile 
mode. It is created by the opening force or by the peel force. This is 
one of the most common fractures and it can be used in the fracture 
toughness test. The critical value of stress intensity determined for 
this mode is KIC.  

 Mode II:  Mode II is also known as the shear mode or sliding mode, 
which refers to the applied shear stress along a plane direction. A 
shear stress is applied normal to the leading edge of the crack but in 
direction of the plane of crack.  

 Mode III:  Mode III is also known as the shear mode or tearing mode, 
which refers to the applied shear stress in out of plane direction. 
Applied shear stress is parallel to the leading edge of the crack. 

 

 
Figure 3.2. Modes of Fracture [6]. 
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 From the Figure 3.2, the pictures on the right indicate the displacements of 
atoms on a plane normal to the crack near the crack tip [6]. Displacements 
occur in the XY-plane for mode I and mode II, while for mode III, it occurs 
in the Z-direction. If adhesive bonds are coming into play, loading is 
frequently applied in combined-mode between three modes. Due to these 
loads, cracks are usually applied to the adhesive layer or along the interface.                   

 

 Linear Elastic Fracture Mechanics (LEFM) 

The fundamental assumption of Linear Elastic Fracture Mechanics is that the 
crack behaviour (i.e. either crack grow or not and how fast crack grows) is 
determined only by the stress intensity factor [7]. In LEFM, there are two 
methods to study the crack propagation, one is Energy balance criteria and 
the other is stress intensity approach. Using energy balance approach the 
crack growth criterion said to be global since a quite large volume around the 
crack tip is studied. A stress intensity factor is used in another method where 
only the small volume around the crack tip is studied [3]. 
 

 Design Criteria in LEFM 

3.3.1 Energy balance approach 

In 1920, Griffith criteria were the first attempt to originate a linear elastic 
fracture theory for crack propagation. Based on the first law of 
thermodynamics, when a system changes from no equilibrium state to 
equilibrium state, there is a net loss in the energy. Griffith applied this to the 
crack formation. The energy balance equation states that a crack can be 
formed (or a crack can grow) only if such a process that causes the total 
energy to decrease or constant [8]. In 1956 Irwin modified the theory by 
replacing with the energy release rate G.  

The energy release rate G, which is defined as  
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                                 G =    (3.1) 

 

This definition is valid for the both linear and nonlinear elastic deformation 
of the body. G is a function of crack length. 

The energy balance for the constant volume can be written as: 
 

                     G =  (3.2) 

 

Where  = Input energy 

            = elastically stored energy 

            = kinetic energy 

             = area for crack propagation 

When G reaches the critical value of and 0 crack propagation is 
initiated. Energy balance approach is used to judge the value of   
independent of crack location.  
 

                           =  (3.3) 

 

Where  = compliance = u/P 

            u = material displacement 

The above equation is valid as well as in fixed extension and constant load 
cases. The energy balance approach makes it easy for the calculation of 
unambiguous value , either at the interface or in the adhesive layer. 
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3.3.2 Stress intensity approach 

There are two cases to analyse the stress field at the crack tip to predict the 
crack growth in stress intensity approach; one case is that the crack is located 
near the interface and the other that it is far from the interface. Irwin stated 
that the stress field in the region of the crack tip always looked like the same 
form in two-dimensional crack problems. 
 

  (3.4) 

 

Where  is a stress field component at the point  near the crack tip 
and the origin of the polar coordinates  at the crack tip  have the 
trigonometric function. When the coordinate  reaches zero; leading term 
will dominate and other terms tend to be a constant or zero. Irwin derived the 
relation between stress intensity factor and energy release rate by considering 
the elastic work near the crack tip. 
                 

  (3.5) 
 

According to the theory of LEFM is that the crack propagation is controlled 
by the stress field at the tip of the crack, it follows that the crack propagation 
will be defined by the parameter K [7]. 
 

  (3.6) 
 

Where  

σ = stress 

 = crack length 

 = non-dimensional function of the geometry 
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The stress at the crack tip for Mode I 
 

  (3.7) 

 

 
     

 
(3.8) 

 

  (3.9) 

 

When a crack located near to the interface, stress state is much more 
complicated to explain. If the joint subjected to a tensile load, it is easy to get 
the normal stress and shear stress at the crack tip. More information about 
this method is provided on [3].   

 

 

 Non-Linear Fracture Mechanics (NLFM) 

Non-Linear Fracture Mechanics is the theory of ductile fracture. When the 
behaviour of the material is essentially nonlinear or when the plastic zone is 
too large at the crack tip, for such cases non-linear fracture mechanics or 
elastic-plastic fracture shows new concepts to analyse the cracks behaviour. 
Non-linear fracture mechanics or elastic-plastic fracture mechanics theory 
can be derived in two ways, one is CTOD and another one is J-integral. 
 
3.4.1 Crack tip open displacement (CTOD) 

In 1961, Wells is attempted to calculate the KIC values in several structural 
sheets of steel. He concluded that these materials are hard to be characterised 
by LEFM. While observations and experiments, he noticed that the faces of 
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a crack had moved one side prior to fracture i.e. plastic deformation, as 
illustrated in Figure 3.3. This research led to propose the opening at the crack 
tip as a measure of fracture toughness[8]. In linear elastic fracture mechanics, 
the CTOD can be relevant to the stress intensity factor and energy release 
rate G. In non-linear fracture mechanics, the CTOD is a calculation of the 
deformation at the crack tip and it can be compared to a critical value in the 
process of crack growth, this value may depend upon the temperature and 
strain rate. In linear elastic fracture mechanics, the CTOD can be relevant to 
the stress intensity factor and the energy release rate G. More about CTOD 
by Irwin approach will be showed in the below Figure 3.4 

 

 
Figure 3.3. CTOD, Sharp crack with plastic deformation, (δ) a finite 

displacement at the tip of crack [8]. 

 

 
Figure 3.4. Irwin plastic zone correction, Estimation of CTOD from the 

displacement of the effective crack [8]. 
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3.4.2 J-integral 

In 1968, Rice proposed the path-independent J-Integral method, which 
explains the key parametric role for non-linear materials. In NLFM, this 
method is used to characterise the stress-strain field at the crack tip by a 
contour integral path taken adequately away from the tip of a crack [9]. This 
can be resolved elastically and substituted for the region of non-elastic near 
to the crack tip. In some cases, noticeable yielding may happen near the crack 
tip and also away for the crack tip region, which is analysed elastically and 
the behaviour of the crack tip region is concluded.  

In an elastic stress-strain behaviour, even the stress-strain curve is going to 
be non-linear. This technique can be used to extend the concepts of fracture 
mechanics from linear elastic to elastic-plastic behaviour. For linear elastic 
case, j-integral is identical to energy release rate. 
 

         (3.10) 

 

 
Figure 3.5. Comparison of non-linear and elastic-plastic materials of 

stress-strain behaviour [8]. 
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3.4.3 Crack propagation 

The singular behaviour of the stress field at the crack tip region is not the 
only factor to explain the crack growth phenomenon. It includes the infinite 
stress that can lead the material to develop unstable crack growth resulting in 
a final failure when the load is increased than the applied load. In 1921, 
Griffith is assumed that the crack will propagate when the total energy of the 
body is lowered. Further, he said that a crack to propagate under the applied 
stress field, the energy absorbed by the new fracture surface must be less than 
the elastic strain energy created by the increment of crack extension [4]. 

According to Griffith, conditions for the crack propagation is                                      

                            ≥   (3.11) 

Where,  = Elastic strain energy 

 = Energy required for crack growth 

 = Area of crack surface 

 = Crack extension force 

 = Crack resistance 

Where  is the elastic strain energy,  is the energy required for crack 
growth,  is the Area of crack surface and  is the Crack extension force, GC 
is the Crack resistance. In linear elastic fracture mechanics, energy release 
rate and stress intensity factor play the same role as well, it can be expressed 
in this way also. 

         (3.12) 

Here  is the fracture toughness of the material. 

 

 

3.4.4 Plastic zone 

It is identified that plastic deformation will appear at the crack tip is a result 
of the peak stresses that are created by the stress concentration. The linear 
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elastic fracture mechanic theory is applicable, if the plastic deformation is 
small (small scale yielding), but some corrections of LEFM presented by 
Irwin [10]. Stress modes are the reason for size and shape of the plastic 
deformation zone at the crack tip. Irwin represented the yield strength in the 
y-direction and stress along the x-axis and calculated for the radius. The 
radius value determined, where stress along the x- axis perpendicular to the 
direction of crack would be equal to yield strength of the material [11]. 

The prediction of extent plastic deformation was, see Figure 3.6 
                     

                                                   (3.13) 

 

 

                      
Figure 3.6. Irwin approach: First estimation of plastic zone [12]. 

 

Here, r=ry is a first prediction of the length of the plastic deformation at the 
crack tip. However, yielding will give a recirculation of the stress field in 
front of crack tip [10].    

         (3.14) 
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Figure 3.7. Irwin approach: second estimation of plastic zone [12]. 

 

Here  is the length of the plastic deformation along the x- axis  

        (3.15) 

The second prediction of extent plastic deformation was, see Figure 3.7 

  (3.16) 

 

    (3.17) 

 

The strip yield model, it was proposed by Dugdale and Barenblatt, and there 
are assumed a large plastic zone at the crack tip. In 1960, Dugdale idea is to 
consider a crack of length (a+ρ), because there is a deformation of material 
at crack tip pulling two crack surfaces together. Those surfaces are loaded 
with tensional stress  at the region (a) to (a+ρ), See Figure 3.8 [12]. 

The length of plastic deformation was 

                     for <<  (3.18) 
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Figure 3.8. Strip yield model by Dugdale-Barenblatt [12]. 
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4 Adhesion  

Adhesion is usually defined as a specific interfacial attraction produced when 
the intermolecular forces between the substances are in contact. There is no 
such definition or a theory that defines adhesion. Many people refer adhesion 
as the phenomenon of substance glued or bind to the surface of another 
substance. Adhesion always depends on the sum of intermolecular forces 
may be chemical, physical or mechanical forces acting on the substances. 
Some theories proposed that adhesion is the tendency of same or different 
substrate bind together by adhesives [13]. Initially, adhesives were obtained 
from plants and animals and later polymers were taken into account. An 
adhesive is termed as a substrate before using in bonding and is called as an 
adherent when used in liquid form.  The adhesive strength changes with 
respect to time depending on the environmental conditions. Adhesive 
strength also depends on intermolecular forces. The basic structure of 
adhesive joint shown in Figure 4.1. 

 

 
                       Figure 4.1. The basic structure of the adhesive joint. 

 

In most of the cases, the intermolecular forces bonding the atoms are Vander 
Waal’s forces. If the intermolecular forces are confined to a material the 
cohesion occurs. Intermolecular forces not only help in holding the bonds, 
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these forces also break the bonds. If the forces help in holding the bonds, the 
criterion is termed as fundamental adhesion and for breaking it is termed as 
a practical adhesion. The scope of our thesis limits practical adhesion and an 
intense study on its application is shown in the further sections.  

 

 

 Determination of Adhesion 

Adhesion depends on fracture energy and fracture stress. Energy may be 
released during holding the atoms or breaking the atoms. Stress is released 
when the atoms collide.  

Fundamental and practical adhesion are correlated using: 

  (4.1) 
 

Where G is practical adhesion, G0 is fundamental adhesion and Ѱ is 
Collection of energy. The fundamental adhesion may be due to adhesive or 
even cohesive forces. In this criterion, even the surface energy has quite some 
influence on the adhesion property. The adhesive and cohesive surface 
energies are represented by Dupre equation as 

Work of Adhesion: 

  (4.2) 
 

Work of Cohesion: 

  (4.3) 

And  are surface energies of two materials and  is the interfacial 
energy. When the adhesives are bonded, the energy released cannot be 
reversed. So, this theory cannot be applied for fundamental adhesion. A joint 
fracture can occur at the interface of the substances or the substrate, or 
sometimes in the adhesive itself. So, the fundamental fracture can be 
represented as: 
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  (4.4) 
 

Where  are area fractions, According to the collection of all the 
energies involved in the process of breaking an adhesive bond is equal to , 
and it is depends on the rate of crack growth, temperature and the strain level 
[14]. It can be expressed as:  
 

  (4.5) 
 

From the basic equation, it is shown that fundamental, practical and energy 
levels are coupled and are proportional to each other. But, the adhesion work 
depends on the fluid medium where the experiment has been conducted. The 
medium is usually air but if the medium contains any vapour the surface 
energy of the adherent will decrease. In equilibrium, this reduction is known 
as equilibrium spreading.  

Practical adhesion can be expressed in terms of fracture stress as: 
 

  (4.6) 

 

Where  is fracture stress, k is a constant,  is length of the crack and E is 
effective modulus. 

 

 

 Mechanisms of Adhesion 

Adhesion depends on the material type used and henceforth there is no 
unique theory that defines it. Usually, adhesion relies on attractive forces 
acting practically.  The forces acting are referred to as adsorption forces, 
which are many in number and so are the mechanisms. Some theories like 
Kinloch mentions mechanical interlocking, diffusion theory and Electrostatic 
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theory. Other theories like chemical bonding and weak layer boundary 
theories are explained by J. Comyn. Apart from these theories some forces 
like spreading and wetting of substrate also exist. Various theories of 
adhesion are presented below [15]. 

 

 

4.2.1 Adsorption theory 

If the attractive forces are in terms of physical, chemical and molecular 
properties at the interface, then adsorption theory comes into act. The bonds 
can be of a secondary or primary type. The relative strength of the secondary 
bond is lower when compared to that of the primary bond. This theory is 
valid if any one property of the force is in arranged in an orderly manner. 
Vander Waal’s forces are the most recurring forces in this case. These forces 
exhibit orientation, induction and dispersion effects. Vander Waal’s forces 
are divided into dispersion and polarisation forces. 

The interaction energy for the dispersion is given by London equation as: 
 

  (4.7) 

 

Where are the polarizability of the molecules and are the 
ionization potential. London’s equation cannot be applied to asymmetric 
structures like polymers and also molecules with large diameter. In that case, 
polarization forces arise between dipoles. This is called Keesom orientation 
and the potential energy is represented as: 
 

  (4.8) 

μ1 and μ2 are the dipole moments, ε0 is the permittivity of vacuum,  is 
Boltzmann’s constant and T is absolute temperature. Debye forces or 
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Polarization forces act between an induced dipole and permanent dipole 
expressed as: 
 

  (4.9) 

Where μ1 is the moment of the dipole, E is an electric field and α is 
polarizability. Vander Waal’s forces are a combination of the above-
mentioned forces and are known as a secondary bond. The attraction between 
the dipoles, dispersion forces are produced. These are even known as London 
forces. When a large molecule within a polar and a nonpolar group bounded 
separately join at the interface, the dielectric constant will change itself and 
movement occurs.  The movement results in displacing the nonpolar group 
to the lower dielectric region and polar to the higher dielectric region. 

 

 

4.2.2  Mechanical theory 

 If the material is porous, then due to irregular surface the adhesive enters the 
surface before hardening of the adhesive is initiated. Unlike a smooth 
surface, a rough surface has less neighbouring bonding atoms. The research 
conducted earlier proved that bonding between a smooth and a rough surface 
is unreliable. But if the surface is wet, then a stronger joint is obtained and 
the materials are interlocked in a perfect manner. This procedure is termed 
as mechanical pre-treatment. Mechanical pre-treatment reduces the particle 
size and increases the required surface area. This increased surface area 
results in increasing the contact between the substrate. Care should be taken 
that the surface doesn’t become too weak. 
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Figure 4.2. Mechanisms of adhesion. 

 

 

4.2.3 Electrostatic theory 

When the intermolecular forces produced are electrostatic, then this theory is 
applicable. The electrostatic theory was first formed in 1940’s. The interface 
of the substrates is considered as an electrical capacitor. An electric double 
layer appears at the end of each boundary of individual groups. This 
boundary acts as adhesion and is resistant to separation. 

The energy required for breaking the bonds is given by 
 

  (4.10) 

 

Where is discharge potential at discharge gap and  and are dielectric 
constants. 

Usually, in peel testing, the viscous and viscoelastic response of the material 
is not considered and hence the value of A0 is sometimes large. Peel energy 
is dependent on the rate of separation of substrates which in turn is dependent 
on the gas pressure of the capacitor. The electrostatic theory is not applicable 
for large sized structures and also for polymers. Since polymers are 
insulators, the charged particles are influenced and are precipitated.  
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4.2.4 Chemical bonding 

Chemical bonds are the strongest bonds of adhesive bonding formed due to 
the covalent bonding between the adhesive and the surface molecules. There 
are two types of chemical bonds, primary and secondary bonds. If the bond 
occurs between the molecules through electron sharing, a primary bond 
exists. In other words, a primary chemical bond exists along the interface of 
the substrate. A secondary bond depends on the linking mechanism of a 
substrate and an adhesive. In some cases, both these chemical bonds 
contribute to intrinsic adhesion.   

   

 

4.2.5 Diffusion bonding 

A bond that exists due to the compatibility of the movement of polymer 
chains and the polymer can be termed as diffusion model. A strong mix up 
can take place when the polymer chains are in hand to hand. This mix up can 
result in a partial penetration that helps in adhesion. Molecular weight is used 
to determine the mobility and level of penetration. A short polymer chain has 
higher mobility than a long polymer chain. Rouse and repetition model helps 
in giving a detailed structure of diffusion bonding that occurs between 
polymeric materials. 

  

 

4.2.6 Weak boundary layer theory 

A weak joint is formed due to contaminants. Contamination is present in 
mostly all the substrates used for bonding, in spite of cleaning them 
thoroughly. Such defects can cause higher surface and fracture energies and 
hence pre-treatment is often carried out. Pre-treatment may not remove the 
contaminants but it makes increases the strength of the bond. [15]. In the case 
of polymers, additives are used to change the material’s properties. An 
additive can break the structure of the polymer due to its instability and 
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compatibility. When a molecule with less molecular weight is used for 
bonding, the adhesive may solidify and form a weak boundary layer at the 
interface. A weak boundary layer can also be formed of a polymer during 
bonding. 

Bikerman proposed that a weak boundary layer is widespread and is of 
cohesive type close to the substrate-adhesive interface. Later a conclusion 
was drawn that adhesive failure occur but are rare and that cohesive failure 
can also exist without a weak boundary layer. 

 

 

 Failure of Adhesive Joints 

Failure of adhesive joints is commonly said to be either adhesive failure or 
cohesive failure. The combination of these two is also possible. An adhesive 
joint failure occurs between the interface of adhesives and adherent. The 
cohesive failure is a failure that occurs in the largest part of the adhesive layer 
and usually desired mode of failure. If the adhesives and adherents have the 
different thermal-mechanical properties, it is going to be a failure without 
additional load [13].  The surface of the structure also affects the location 
failure, either smooth surface or a rough surface (See Figure 4.3). 
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                   Figure 4.3. Failures types in adhesive joint.  

 

 

  Fracture of Heat Seals 

     Nowadays, peelable heat sealants can provide a consistent seal strength 
nearly unaffected by pressure, temperature and time; because of new 
chemistry options and as well as resin technology developments. Basically, 
there are three different heat seal mechanisms in the peelable heat seals [16]. 

 Adhesive peel 

In adhesive peel, the fracture occurs between the interfaces of the two webs 
being heat sealed together. According to this, sealants with adhesive peel can 
provide poor seal indicators with the opposite web. It shows in the below 
Figure 4.4.[3]. 

The materials of seal strength are created to have adhesive peels also tend to 
be more sensitive to the variation of sealing parameter. As well as, there is a 
lot of change in the pressure, temperature, and seal strength with remaining 
two mechanisms. 
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                                  Figure 4.4. Adhesive peel [3].              

 

 Cohesive peel 

In cohesive peel, the sealant will split when peeling occurs. Some part of the 
sealant contact with the opposing web while remaining part will be in contact 
with the actual web. According to this, it provides perfect seal indicators with 
the opposite web. It shows in the below figure. In cohesive peel, the seal 
strength depends upon the amount of contaminant blended into the sealant. 

 

 
                              Figure 4.5. Cohesive peel [3]. 

 

 Delamination peel 
In delamination peel, the sealant will be delaminated. When peeling occurs, 
the bonding between the sealant layer and remaining the web is less than the 
interface and the internal bond of sealant, see Figure 4.6.[3]. 
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                           Figure 4.6. Delamination peel [3]. 

                               

As a result, stringing and webbing are main concerns of this mechanism. It 
is also called as the interlinear peel. 
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5 Packaging Materials 

 Material Design 

In packaging material design, there are several material layers with 
different material properties. 

 The top layer, which forms the external layer of the package, it is 
made up of plastic and used to protect the package from the moisture 
and seal corners damage. This is also known as decor layer. 

 The paperboard layer is used for strength and durability. This is also 
the thicker layer in the packaging material. 

The structure of the material design is shown below in Figure 5.1.[3]. 

 

 
Figure 5.1. Packaging Material Design [3]. 

 

 The laminate layer is made up of a polymer and is used in the product 
for adhesion. This layer is attached to the paperboard layer. It is very 
difficult to separate these two layers because the adhesion strength in 
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the laminate layer is stronger than the internal strength of the 
paperboard layer. 

 The next layer in the product is the aluminium foil. The main purpose 
of this layer is to prevent the light and oxygen from affected the layers 
of packaging in the product. 

 Another adhesion layer is incorporated between the aluminium foil 
and the first layer. The strength of this layer is weaker than the first 
adhesion layer.  

 The final layer is the first layer, which is a plastic layer. It seals and 
protects the products from pollution. 

 

 

  Manufacturing Process 

In this process, all the layers are combined into a certain package with the 
help of many manufacturing steps. The production rate is faster when there 
is constant moving material. After the completion of each production cycle, 
a hundred-meter strip is obtained. In this manufacturing process, an 
additional polymer leads to different properties in the machine direction and 
cross direction. 

In this paper, LDPE is bonded with the aluminium layer through heat 
laminate. Heat lamination is a process that using a coating or hot-melt 
adhesives supplied as a solid, and it can be carried out on the surface of a 
heated middle drum 180-250°C, where a tensioned continuous pressure 
blanket come into play and it held the materials stick together. In this paper, 
hot melt adhesives (LDPE) are thermoplastics and it can melt or softened 
through heat. In heat lamination, when spread on the fabric in the hot state 
and there exactly lamination happens with aluminium foil as the coating 
cools down, See Figure 5.2. 
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Figure 5.2. Heat lamination manufacturing process. 

 

 In packaging, LDPE is one of the simplest and most inexpensive 
plastic, commonly made by copolymerization of ethylene. LDPE 
have lowest softening and melt point. Low density polyethene is 
flexible, transparent, easy to seal and fair moisture barrier. It is used 
in the applications where heat sealing is necessary.  

 Lamination of packaging involves the bonding of aluminium foil to 
plastic or paper film to improve the resistance of the barrier. Although 
lamination to plastic enables heat sealability, the seal does not 
completely resist the moisture and air. These types of laminated films 
are expensive compared to the metallized films. 

 

 

 Machine Direction & Cross Direction. 

The performance of the process varies for different material directions. The 
machine direction and cross direction differs significantly depending on the 
characteristics like stiffness and tensile strength. In the machine direction, 
there is high tensile strength and tear resistance.  The characteristics in both 
cases (Machine Direction & Cross Direction), there is little difference in all 
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layers except the paperboard layer. To produce the packaging containers in 
the manufacturing process, the packaging material layer should go through 
series of fast rate process to combine the material layer together to produce 
the product. 

In the process of manufacturing, the initial and final material possess 
different material properties. This change takes place during manufacturing, 
the initially loaded material act as typical laboratory material which behaves 
like isotropic material and it is material changes to the anisotropic material 
at the end of the process. This end product material will have higher tensile 
strength and higher stiffness which is the advantageous property for the end 
product. This is due to shifting of polymer chains from randomly oriented 
chain to long aligned polymer chain in any one direction this direction is 
known as machine direction. This is a reason why the material properties 
vary to the machine direction and cross direction, see Figure 5.3.  

 

 
                               Figure 5.3. Material Direction. 

 

In this paper, the properties of LDPE are obtained by experimentation. The 
experiment of continuum test carried out to obtain the material properties of 
LDPE in the machine direction as well as in the cross direction. The 
dimensions of LDPE sheet are length 230 mm, width 95 mm and 14 μm 
thickness. Eight trials are made for this specimen in the tensile test machine, 
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see Figure 5.4. The LDPE sheet is placed in the pair of clamps at top and 
bottom of the tensile test machine. The upper one is movable while the 
bottom one is stationary. The load cell of 2.5 KN was used for this continuum 
test and the tensile load is acted along the length of the specimen, see Figure 
5.4. The specimen is observed through uniformly distributed loading till it 
breaks. The overall experiment is controlled digitally and the speed of the 
test was set as 10mm/min. The results of this experiment are shown in Figure 
5.5 and in Figure 5.6.  

 

 
Figure 5.4. Tensile test machine at BTH laboratory. 

 

By observing results of continuum tensile test, it is observed that the 
elongation is more in the machine direction compare to the cross 
direction, by this confirmation, it states that the plasticity is large in the 
machine direction. Stress is much more in machine direction compare to 
the cross direction with respective strain. 
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 Force displacement response in MD&CD of test specimen 

Force displacement response of the material LDPE in MD shown in 
Figure 5.5. 

 

 
Figure 5.5. Force Displacement response of LDPE in the machine 

direction. 

Force displacement response of LDPE material in CD shown in Figure 5.6. 
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Figure 5.6. Force Displacement response of LDPE in Cross Direction. 

 Comparison of CD & MD 

A single specimen is selected from each direction and plotted for 
comparison in between cross direction and machine direction. The 
specimen with maximum displacement is considered as a suitable 
specimen because it is considered that it undergoes maximum 
deformation, which means it may have gone through less experimental 
errors. So, in this way, the first specimen in the machine direction and 
third specimen in the cross direction is selected as a suitable specimen, 
because it is undergone maximum displacement with minimum 
experiment error.  

The young’s modulus obtained in the machine direction is 128.08 ± 1.26 
MPa and in the cross direction, the young’s modulus is nearly 120.08 
MPa. Comparison between machine direction and cross direction shown 
in Figure 5.7. And the comparison between cross direction and machine 
direction in terms Engineering stress-strain and in true stress-strain is 
shown in Appendix (A): Cross direction and Machine direction 
additional graphs.   
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Figure 5.7. Force Displacement response comparison of CD & MD. 

 

 

  Standard Testing 

The adhesive strength between the laminates is an utmost important factor 
for the packaging industries. In some cases, the package has to maximise the 
strength of the adhesive and minimise according to their uses, overall it is 
important to control the adhesive strength. For this cases, standard testing is 
preferable. 

Due to low stiffness, it is very hard to perform the adhesion test to a specimen 
of the laminate which is small in dimensions. More ever there will not be the 
same strength of the adhesive bond between the laminates with all specimens 
used in throughout the experiment.   
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5.4.1 Peel Test 

In the most of the literature studies, peel test is a preferable test to determine 
the adhesive properties, because it is easy to step up and it is simply to run 
the experiment test.  And in the theoretically, adhesion strength is also termed 
as peel strength. To evaluate the adhesion properties, obtaining the peel 
resistances is the key. It implicates the peel strength, where the forces acting 
per unit width of the laminates and this also measures the required energy for 
the peeling of the laminates. By understanding and studying about peel 
strength, it is possible to evaluate the energy distribution at the time of 
deformation. 

By the way, peel test is also used to assess the knowledge about the effects 
of parameters like peel angle, a number of ingrained adhesion effects in 
between the laminates, thickness of the laminates and the rate of the test. The 
temperature also plays a major role in the analysis, but it is avoided by 
running the test in the constant temperature.  Following test are used for the 
determination of adhesive strength, peel test is mostly popular among them 
to examining the properties of the adhesive bond between the thin layers. In 
cases like when one part is very thin, peel test is a most familiar test to do for 
the better adhesive properties compared to remaining tests like blade wedge 
test, scratch test etc. Different types of bending and peel tests are shown in 
Figure 5.8.[3].  
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Figure 5.8. Bending and Peel Tests [3]. 

 

In peel test, the laminates stuck together during the lamination process, are 
peeled away by using one of laminate with the peel force “P” with enveloping 
of peel angle “ ”. The laminate which is peeled off is called peel arm and the 
dimensions of peel arm are width “B” and thickness “h” as shown in the 
following Figure 5.9. 

 

 
Figure 5.9. Peel Test Analysis. 
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The main reason to do this work is to define the adhesion fracture energy 
from peel test, which will help to gain the ideology about fracture that takes 
place in the laminate. The adhesive fracture energy “Ga” in theatrically 
assumed to be a geometry-independent parameter. The following procedure 
helps to find out the value of Ga. 

 The strain energy that is stored in the peel arm. 
 The dissipated energy while peel arm encounters tensile deformation. 
 The dissipated energy while peel arm experiences bending 

deformation.  

 

 Experimentation on Compact Heat Laminating 
Machine 

By conducting heat lamination experiment on the compact machine, it helped 
to study and experience the bonding between the aluminium and LDPE. The 
heat lamination experiment is carried out with a different combination of 
materials to get the better knowledge of adhesion properties between the 
materials. The initial temperature is taken as 40oC with the combination of 
LDPE and aluminium, the adhesion bond is weak as it takes only 25minutes 
to get the natural de-bond. The experiment is further carried out with 
increasing temperature and number of rolls to obtain the laminate bond. By 
observing the trails 2 and 3, it states that the bond between the materials is 
improved with the increasing number of rolls and temperature. All 
experiments are conducted in Blekinge Institute of Technology, See Figure 
5.10. 
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Figure 5.10. Compact heat laminating machine. 

 

After several trails with different temperature, LDPE is allowed to bond with 
the Aluminium material. After reaching certain temperature 90oC, LDPE is 
found out in the position of melting. To avoid the melting, the experiment is 
carried out with a new combination of Al/LDPE/Al materials. In this case, 
rough side of LDPE is showing better bonding with the rough side of 
Aluminium compared to the smooth side. By observing trials 6 and 7 with 
higher temperatures and a higher number of rolls, it shows the promising 
results with the combination of materials and it concludes that the 
combination of these shows the optimal bonding choice for the packaging 
industries as well. 

 

By observing several trails, there were be some errors like lamination 
wrinkles and tunnelling. These errors were playing the role in bonding 
between the materials. There are two different forms of wrinkles, one is 
formed in lamination nip and another one is formed after some time of 
lamination (Post-lamination wrinkles). Tunnelling happened because of the 
improper web tension of the two substrates. The study on compact heat 
lamination is mention in Table 5.1. 

 

Table 5.1. Study of Heat Lamination Machine. 
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Trial 
no 

Temperature Combination of 
materials 

Number 
of rolls 

Time taken for 
self-debond 

1 40oc LDPE/Al 2 25mins 

2 40oc LDPE/Al 6 45mins 

3 65oc LDPE/Al 2 46mins 

4 90oc LDPE/Al 1 LDPE melted 

5 90oc Al/LDPE/Al 2 2hrs 

6 100oc Paper/LDPE/Al 8 24hrs 

7 110oc Paper/LDPE/Al 8 36hrs 

 

 

Due to improper bonding between laminates, the peel test experiment has 
been called off. The reason behind, is that lamination process during 
manufacturing in industries is a highly controlled process, the lamination is 
controlled with a specific temperature, contract time and speed of the rolling 
in industries, this quality of lamination cannot be achieved with the compact 
lamination process, which was tried in this thesis. 
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6 Cohesive Zone Modelling  

Cohesive zone modelling is a possible efficient method for the numerical 
simulation of delamination. Damage mechanics is the suitable way to treat 
the delamination and adhesion in ABAQUS. This is a general numerical 
method that can characterise the initiation and evolution of a crack in non-
arbitrary geometries. 

This approach is based on Dugdale and Barenblatt’s cohesive model theory, 
explains that the stress is limited to the yield stress and that the plastic zone 
in front of the crack tip is strip-shaped. Brarenblatt proposed cohesive forces 
on a molecular scale to solve the equilibrium problem in elastic cracks. Later, 
Hillerborg’s modified the Barenblatt’s model with the concept of tensile 
strength, it can explain the initiation of new cracks. Cohesive zone models 
have more advantages than fracture mechanics approach because this 
approach is good with the prediction of both crack initiation and propagation. 

 

 

 Traction-separation laws 

Before creating new surfaces in the crack propagation process, the two 
adherent surfaces are grip held together with the traction, this traction 
between the adherent will only vary with the separation of two adherent or 
displacement between two adherents. This relative phenomenon is called 
traction separation law (TSL). It is also called the cohesive law because this 
whole describe phenomena occur in the cohesive zone. So, this is the reason 
that the Cohesive Zone Modelling (CZM) is the great tool to analyse the 
Inter-laminar damage before it takes place. 

The Traction Separation Law can be used for better understanding intrinsic 
material properties with corresponding adhesive material which are used by 
packaging industries. This Traction Separation Law is enough up to a certain 
point for prediction and analysing of crack initiation and crack growth. 
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Limitation 

Although this cohesive law as a broad range of possible applications in 
fracture analysis. It is also had some major drawbacks; those are high chances 
of varying fracture toughness while crack propagations. And this cohesive 
law can’t seize the whole propagation phenomena.  

And the adhesive properties may vary from specimen to specimen. So, for 
this reason, the calibration values for evaluating the adhesive properties 
should be considering of a single specimen. But the repeated experiment 
conducted on similar specimens can be used for measuring the variability. 

 

 

6.1.1 Selection of traction separation law 

As per literature study there are many authors proposed varies traction 
separation law, as one can see in below Figure 6.1 there are various cohesive 
laws, So, one has to select suitable traction separation law depending on the 
abilities to study the fracture properties and behaviour of the certain material 
that are used during the experiment. But in ABAQUS the traction separation 
law models classified into bilinear and exponential and there is another 
additional model which depends on additional parameters δ1 and δ2. This 
third type of model (c) is much similar with Tvergaard and Hutchinson, in 
this the curve when it reaches the maximum traction the value stays at that 
point up to certain separation which is denoted by δ1 and δ2. 
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Figure 6.1. Different types of traction-separation [17].  

 

The symbol “Γ0” represent the cohesive energy or dissipate energy that is 
amount energy release during separation and in ideology, the same amount 
of energy is used for the creation of the two surface and for calculating the 
energy release rate the following equation is used. 

 

                            Γ0  (6.1) 

 

The important parameters for the description traction separation law are 
maximum traction and maximum separation. In the realistic test, stiffness 
also acts as a parameter that is directly implemented in curve inform of slope 
which describes the damage initiation. In case, if the slope is miscalculated 
then it alters the displacement or separation in the curve which leads to a 
misunderstanding of material properties [3].                                  
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Figure 6.2. Traction-Separation in Abaqus a) Bilinear b) Exponential c) 

Tabular [17].                                                                   

 

Bilinear traction-separation law and exponential traction-separation laws are 
used in the simulation of damage initiation and damage evolution. Bilinear 
traction-separation law, where the softening after damage initiation is linear, 
see Figure 6.3. In Exponential traction-separation law, where the softening 
after damage initiation is explained by an exponential function, see Figure 
6.4. For both models, the maximum traction is maintained at a certain level 
by the cohesive element, tn, is needed. 

For this cohesive zone model, there are two ways to implement the input 
information into a simulation. Discrete inter-element cracks and discrete 
intra-element cracks. The first strategy discrete inter-element cracks are 
related to the cohesive element approach, where the crack extends between 
the elements and it is used in the simulation of delamination in multi-layered 
materials using interface kind of cases. Re-meshing is needed for this kind of 
approach when the crack extends between the elements. For cohesive crack 
growth in concrete and in ductile materials are modelled by this approach as 
well. 
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Figure 6.3. Bilinear Traction-Separation law [18]. 

 

`  

Figure 6.4. Exponential Traction-Separation Law [18]. 
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The intra-element approaches are needed to add the extra sets of the degree 
of freedom for mesh and these determines the magnitude of displacement 
field jump and that can be lead to the result of the crack. The introduction of 
strong discontinuity kinematic in a continuum medium leads to the 
incorporation of a discontinuous mode on an element level. This introduction 
gives the fulfilled traction-displacement laws at a discrete set of propagating 
cohesive surfaces. This strategy is hard to implement because of extra 
degrees of freedom and this approach is based on the strong discontinuity 
approach. 

 

 Linear Elastic Traction-Separation Behaviour 

In this paper, the traction-separation model behaviour assumes initially linear 
elastic continued by the damage initiation and damage evolution. For 
cohesive elements, the elasticity can be defined directly in terms of the 
nominal tractions and nominal strains. Uncoupled and coupled behaviour 
cases are considered when uncoupled three components of stiffness matrix   

,   have to de defined, in coupled behaviour all nine components 
have to be defined. For uncoupled case, the cohesive behaviour acts only in 
the contact normal direction, if  is set as zero. And if  is set to 
zero the normal separation will not be constrained. 

 For uncoupled traction-separation behaviour, the stress-strain relations are 
in local element is 
 

  (6.2) 

 

For coupled traction-separation behaviour, the stress-strain relations are in 
three dimensions 
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  (6.3) 

 

  (6.4) 
 

Where t is the nominal stress vector, K is the stiffness matrix and ε is the 
nominal strain vector. The components , ,  are represent the nominal 
tractions and  , ,  are represent the nominal strains.  

The nominal stress, the force on the object divided by the original area at 
integration points. The nominal strain is the separations divided by the 
original thickness at integration points. For a traction-separation response, 
the constitutive thickness of the cohesive element is typically close to zero, 
it is different from the geometric thickness. The nominal strains can be 
defined as  

                  ,   ,     (6.5) 

 

Whereas  are the separations and  is the original thickeness of the 
cohesive elements. 

 

 

6.2.1 Damage initiation 

Damage initiation refers to the degradation response of a material point; the 
process of degradation starts when the stresses or strains satisfy the specific 
damage initiation process, which is specified. For cohesive elements, there 
are several ways to define the damage initiation criteria.  

Maximum nominal stress 

Damage is initiated, when the nominal stress ratios value reaches one. It can 
be represented as 
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  (6.6) 

 

Maximum nominal strain 

Damage is initiated, when the nominal strain ratios value reaches one. It can 
be represented as 
 

  (6.7) 

 

 

 

Quadratic nominal stress 

Damage is initiated, when the quadratic sum of the nominal stress ratios 
value reaches one. It can be represented as 
 

  (6.8) 

 

Quadratic nominal stress 

Damage is initiated, when the quadratic sum of the nominal strain ratios 
value reaches one. It can be represented as 
 

  (6.9) 

 

Where , ,  represent the peak of the nominal stress values, when the 
deformation is entirely normal to the interface or entirely in the first or the 
second shear direction. Same as above quantities , ,  are represent the 
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peak of the nominal strain values, when the deformation is entirely normal 
to the interface or entirely in the first or the second shear direction. 

 

 

6.2.2  Damage evolution 

After the damage initiation, the damage evolution law describes the traction-
separation behaviour. Damage evolution is either displacement driven or 
energy driven. There are different definitions for damage evolution based on 
displacement or energy it can be linear form, exponential form and tabular 
form. The simulations were made energy driven and it can specify the 
fracture energy per unit area, , to be energy dissipated during the damage 
process directly. The damage variable, , represents the complete damage in 
the material and catch the effects of all running mechanisms. It has the value 
of 0 until the initiation occurs and after that it, evolves 0 to 1 upon further 
loading. The stress components effected by the damage according to 

        
 
  

        =  (6.10) 

  

  (6.11) 
 

  (6.12) 
 

Where , ,  are the stress components without damage. When, the 
combination of normal and shear deformation is coming into play, the 
effective displacement can be used and is given by  
 

  (6.13) 
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Pure mode loading  

                  In case of pure mode loadings, damage initiation occurs when the 
inter-laminar traction ( ) is equal to its maximum interfacial strength ( ). 
Damage propagation will occur when the energy release rate ( ) equals the 
respective fracture toughness of the material ( ). 

 

Mixed-mode loading 

                   In the case of mixed mode loadings, damage initiation occurs 
when a scalar function of the interlaminar stress reaches the maximum for 
the undamaged interface, here, the coupling effects between modes are taken 
into account. 

  (6.14) 

 

Where  is damage initiation critieria and  is norm of the 
tractions and the damage criteria for propagation is formulated independent 
of the damage initiation.  
 

  (6.15) 
 

Where  is damage initiation critieria and  is norm of the 
tractions    

 

 

6.2.3  Mixed-mode behaviour 

The mixed mode is called to mention the relative proportion between shear 
and normal deformation in the cohesive zone. Basically, there are two 
measures of mode mix in simulation part, one is energy based and another 
one is traction based. When the energy come into play, the expression is  
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   (6.16) 
 

                        ,  (6.17) 

 

Where and are the work done by the tractions and their relative 
displacement in the normal and two shear directions.  and  are the 
material properties related to damage evolution. 

In case, damage evolution can be defined through energy that is dissipated as 
a result of the fracture energy. This energy is equal to the area under the 
traction-separation curve, see Figure 6.3. The dependence of the fracture 
energy on the mixed mode behaviour can be specified in several forms. 

 Tabular form, this is the easiest way to implement the dependence of 
fracture energy into as a function of the mode mix. 

 The power law, this is the most widely used criterion to predict the 
delamination propagation under mode mix and it is established in 
terms of an interaction between the energy release rates. 
 

         (6.18) 

 

If energy release rate is equal in all directions, it satisfies how the energies 
from the failure in normal and shear direction interacts were held. 

       

 Benzeggagh and Kenane criterion is expressed as the function of the 
mixed mode fracture toughness, and the critical fracture energies 
during deformation completely along the same shear directions. 

                    +  (6.19) 

 

Where η is a material parameter. 
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  (6.20) 
 

 Linear damage evolution, it gives a realistic stress distribution in the 
peel front when the damage initiation occurs. For linear softening, the 
evolution of damage variable , reduces to    
 

                                   (6.21) 

 

Where  as the effective traction at damage 
initiation, as the maximum effective displacement. 

 

 Root Rotation in peel test 

The total work done for the fracture to occur is a product of plastic work and 
cohesive energy. So, in order to analyse the cohesive energy accurately, the 
plastic work has to estimate properly. The plastic work during peel test can 
be estimated properly with help of root rotation measurement. The root 
rotation is an angle, developed in between un-deformed peel arm to deformed 
peel arm axis as shown below. 

 
Figure 6.5. Root rotation on the peel arm [19]. 
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From Figure 6.5, the laminate layer with thickness h is peeled off with peel 
angle of θ with creating a radius of curvature of value R0 for applied peel 
force of P and creating root rotation of θo. The root rotation is formed from 
the maximum traction point with intersecting both deformed and un-
deformed middle line of peel arm. 

The formula for the root rotation is given as 

 

  (7.22) 

 
    

The root rotation can be calculated if the actual radius of curvature is known. 
It is done by measuring the width of 2h/3 from the maximum traction point 
of peel front, and joining the centre of the peel curvature of actual radius of 
curvature R0 and making an angle with maximum traction point from peel 
front. This is clearly being shown in Figure 6.5. As this thesis deals with 
numerical simulation the root rotation is measured in ABAQUS. In 
ABAQUS the root rotation is measured by using query tool at the 
visualisation. The shows the way root rotation is measured in the ABAQUS. 
This measurement in ABAQUS is clearly shown in Figure 6.6.  

In this thesis, root rotation is measured to examine the influences of varying 
geometrical parameter, varying fracture energy and for varying peel angle 
with varying fracture energy.  
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Figure 6.6. Root rotation in ABAQUS. 
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7 Numerical Model 

Many packaging companies are very eager to develop a new packaging 
design for every now and then to attract the customers and withstand the 
completion from their competitive companies. To develop new designs in 
packages, the most of the reputational companies establish Research and 
develop departments in the company. The main aim of this departments is to 
develop the new packaging designs, and manufacturing techniques. This is 
done by conducting various studies with developing of prototypes and 
establish physical test on the various materials. Due to this, the fixed cost of 
the manufacturing product increases in the production scale. Which leads to 
increase in the price of the final product. The cost and time can be saved by 
using the Finite Element Analysis simulation software as an alternative for 
prototype testing at the initial stages of studies while developing. It helps to 
build a rapid number of models with numerous number application to study 
the effects of the research parameters on the final output.  

Delamination 

Delamination of laminated composite structures has been thoroughly 
scrutinised in both cases, experimental and numerical. Because it can result 
in a local failure, sometimes it becomes a sudden collapse.  The numerical 
simulation of the delamination can be divided into two groups, one is the 
direct application of fracture mechanics and another one is the framework of 
damage mechanics, or softening plasticity. LEFM provides quite effective 
methods in predicting the delamination growth of one or more cracks. The 
procedure of virtual crack closure, stiffness derivative and J-integral are 
promising techniques these days.  For two-dimensional case, the 
implementation of these methods is uncomplicated because the crack front 
propagates in only one direction. In this model of crack propagation, the basic 
assumption is made that the delamination satisfies the condition of the 
associated energy release rate is greater than or equal to a critical value, 
which is act as a mechanical interface parameter.   
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 Implementation in ABAQUS 

To analysis a numerical model in an area of fracture mechanics, the 
ABAQUS is considered as one of most reliable software. Because it covers 
the most part of continuum and fracture mechanics to implement it in 
cohesive zone model simulation. To carry out a complete calculation the 
following steps must be followed. 

First, the model is designed in a single part later it is partitioned into three 
layer and material properties are assign to it. In the simulation, the 
ABAQUS/standard is used because it had a higher credibility and most 
reliable than the ABAQUS/Explicit. During the part design, the millimetres 
(mm) units are used instead of meters (m), which will give access for a higher 
precision during modelling. In the simulation for peel arm, the displacement 
control used instead of load control, the reason behind this is, if the load 
control used in the simulation, after reaching plateau force the model will fail 
and abort at very initial stage. The undeformed model of the test specimen 
was shown in Figure 7.1. 

 

 
Figure 7.1. Unscaled peel test model dimensions used in the simulation. 

 

Cohesive behaviour can assign in two different ways in ABAQUS. One is 
with modelling the cohesive zone as surface interaction and another one is 
which is used in this thesis by assigning the cohesive element between two 
continuum materials at the interface. The length of the extended peel arm is 
taken as 20 mm. Due to large extension of peel arm will help to capture the 
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bending of the peel arm and peel arm attach with adhesive for peel is about 
1 mm. In this thesis, the Aluminium foil is considered as peel arm and LDPE 
is considered as a base layer. The material properties of the Aluminium layer, 
cohesive layer and Base Layer is mentioned in Appendix (B): Material 
properties.  

The output force displacement response is obtained from ABAQUS. The 
force displacement response is evaluated for the pulling nodes, which will be 
similar to the real-time experiment. Step to step procedure of implementation 
in ABAQUS is shown in Appendix (c): Implementation in ABAQUS.  

 

 

 Meshing 

Meshing is a procedure that helps to divide the complete model into small 
elements. It helps to get the better accuracy in simulation and how smaller 
these elements are the more time simulation will be. In this case, adhesion 
transition zone plays the vital role in delamination part, See Figure 7.1. In 
peel arm and base part, meshing is done through single bias using seeds and 
edges. Cohesive zone modelling is a very important process to achieve the 
delamination between composite layers. Using cohesive elements in fracture 
simulation needs compiling maturity to handle the complex mesh 
requirements and it helps to describe the traction-separation law. Cohesive 
zone meshing part will be clearly explained in the results as well. Figure 7.2 
shows the mesh that made in simulation for this model. 
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Figure 7.2. Meshing for Peel arm, cohesive layer and base material. 

 

 

 Cohesive Element 

The cohesive elements are used to model adhesives between two deformable 
or rigid surfaces. Cohesive elements have several advantages in simulation 
compared to cohesive surfaces, because these surfaces were visually easier 
to evaluate the stresses and shape of the peel front and because of cohesive 
elements have better denser mesh. For cohesive element, there are several 
models for defining the mechanical constitutive behaviour for a cohesive 
element, traction-separation, which was used in this paper. 

In the simulation, the cohesive element layer is must be one element layer 
thick in between the regions where the crack is to advance, it can be used 
directly for modelling the constitutive response of the cohesive zone. For 
two-dimensional loading, the four-node cohesive element  is 
used. It can elaborate as  cohesive element in ) two-dimensional 
with 4 nodes and  means pore pressure in the element. And, the four-node 
plain strain element  is used for peel arm and base layer. There is a 
reason for choosing the plain strain element over plain stress element. Plain 
strain deals with a situation, where the dimension of the structure in one 
direction (z coordinate) is very large compared to the other two dimensions 
of the structure (x and y coordinate) and this definition is more familiar to 
this problem. In plain stress, it is deals with situation where the dimension of 
the structure in one direction is very much smaller than the other directions.  
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 ABAQUS output 

In this section, the general results from ABAQUS are presented. The Full 
90°peel test analysis is shown in Figure 7.3. In Figure 7.4 and Figure 7.5 is 
the magnified picture at the peel front of the 90° peel test simulation. Figure 
7.5 shows the SDEG output result for same Figure 7.4.  SDEG (Scalar 
stiffness degradation) is the damage variable of cohesive elements. To obtain 
the SDEG results, it should be pre-selected in the field output request module. 
The value of SDEG damage variable varies in between 0 to 1. If the SDEG 
value reaches 1, then it is considered that the cohesive element is fully 
damaged. In uncrack structure, SDEG variable is useful to observe the 
delamination in the cohesive zone.    

 
Figure 7.3. Full 90° peel test simulation result. 
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Figure 7.4. Zoom-in at peel front of peel test analysis. 

 
Figure 7.5. SDEG output result at the peel front. 

 

In a similar way as 90° peel simulation, the 120° and 45° simulations is 
carried out. The Figure 7.6 shows the 120° peel test simulation and Figure 
7.7 shows the 45° peel test simulation.  
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Figure 7.6. 120° Peel test simulation result. 

 

Figure 7.7. 45° Peel test simulation. 

The 45° and 120° peel angle is achieved by creating separate steps with 
separate boundary conditions in ABAQUS. Initially, a separate step is 
created with aim of setting the peel arm with desire peel angle and in a later 
step, it is aimed to maintain at that particular angle and pull the peel arm to 
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perform peel test in a numerical way. The different angles are achieved with 
using periodic amplitude in the amplitude module.       
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8 Results 

 Effects of Changing Geometrical parameters on 
Force Displacement response 

The below results are obtained by varying the thickness of peel arm, cohesive 
layer and base layer. This part of the study is useful to investigate the 
influences of material thickness in packages during loading. To obtain these 
results a 90° peel test simulation is carried out in ABAQUS, by considering 
aluminium as peel arm and LDPE as a base layer. 

The first phase of the simulation is carried out for varying peel arm thickness. 
The thickness considered for peel arm is 9 μm, 18 μm and 29 μm. In these 
simulations, only the thickness of the peel arm is changed and the remaining 
structure of simulation module is maintained same for all thicknesses. The 
thickness of the cohesive layer and the base layer is kept constant with a 
value of 9 μm and 14 μm respectively for all varying thickness of peel arm.  
From this simulation, the force displacement response is acquired for all three 
thickness values from ABAQUS and was compared in the same plot. 

 
Figure 8.1. Force Displacement response for varying thickness of peel arm. 
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From Figure 8.1, it is observed that higher thickness of the peel arm results 
in higher peel force response. It is also observed that, when the thickness of 
peel arm is doubled, the peel force is increased by two times.  

Root rotation should also be considered as one of the major factors that 
influence the peel arm for higher peel force response. Root rotation formula 
from Section 6.3 indicates its relationship with the thickness of peel arm. 

  

Table 8.1. Root rotation for changing peel arm thickness. 

Peel arm Thickness (h) Root Rotations ( ) Maximum    

Peel Force (Pmax) 

0.009 mm 0.52180 0.329 N 

0.018 mm 0.37060 0.764 N 

0.029 mm 0.22810 1.411 N 

 

From the simulation, the root rotation values are acquired for varying 
thickness of the peel arm by using a query tool in ABAQUS visualisation. 
Table 8.1 presents the results of root rotation to increase in thickness of the 
peel arm with obtained peel force. It is noticed that for the higher thickness 
of peel arm, the lower root rotation is produced, with higher peel force.  

From Figure 8.2, Figure 8.3 and Figure 8.4, it is observed that as the peel 
arm thickness increases the fracture damage zone length also increases, it 
means for lower root rotation the fracture damage zone length is large. So, it 
could be a possible reason for lower root rotation of the higher thickness peel 
arm. And it can be assumed that large amount of store strain energy of peel 
arm is likely to be dissipated for lower root rotation of higher thickness of 
peel arm, and this may reason for a larger fracture damage zone for higher 
peel arm thickness  
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Figure 8.2. Fracture damage zone for 0.009 mm thickness of peel arm. 

 
Figure 8.3. Fracture damage zone for 0.018 mm thickness of peel arm. 

 
Figure 8.4. Fracture damage zone for 0.029 mm thickness for peel arm. 
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In a similar way as peel arm, the simulation is carried out for the cohesive 
layer. The thickness considered for the cohesive layer is 0 μm, 4.5 μm and 9 
μm. In these simulations, only the thickness of the cohesive layer is changed 
and the remaining structure of simulation module is maintained same for all 
thicknesses. The thickness of peel arm and the base layer is kept constant 
with a value of 9 μm and 14 μm respectively for all varying thickness of the 
cohesive layer. The force displacement response is acquired from ABAQUS 
for these simulations and plotted on the same graph for comparison. 

 

 
Figure 8.5. Force Displacement response for varying thickness of the 

cohesive zone. 

 

From Figure 8.5, it is observed that peel force is increased by 10 % even on 
100% increment in cohesive layer thickness. As similar to peel arm the root 
rotation plays a crucial role for cohesive layer thickness. 
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Table 8.2. Root Rotation for varying cohesive zone thickness 

Cohesive Thickness (h) Root Rotations ( ) Maximum 

Peel Force (Pmax) 

0 mm 0.60790 0.291 N 

0.0045 mm 0.57210 0.306 N 

0.009 mm 0.52180 0.329 N 

 

Table 8.2, represents the correlation between the thickness of cohesive layer 
with respect to root rotation and peel force. As the thickness increases, root 
rotation at the peel front also increases with respect to maximum peel force. 
When large deformations are observed for cohesive elements, root rotation 
is found to be higher. This indicates that a large amount of stored strain 
energy is used for delamination in the interfacial region. 

 
Figure 8.6. Fracture damage zone for 0 mm thickness for the cohesive 

layer. 
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Figure 8.7. Fracture damage zone for 0.0045 mm thickness for the cohesive 

layer. 

 
Figure 8.8. Fracture damage zone for 0.009 mm thickness for the cohesive 

layer. 

In a similar way as peel arm, as the cohesive layer thickness increases the 
fracture damage zone length also increases with decreases in root rotation.it 
can be seen in Figure 8.6, Figure 8.7and Figure 8.8. So, by this observation, 
it can be said that the fracture damage zone length as its effects on root 
rotations.  
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For the base layer, the thicknesses considered are 7 μm, 14 μm and 28 μm. 
And the thickness of peel arm and the cohesive layer is kept constant at 9 μm 
and 9 μm respectively, for all varying thickness of the base layer. The force 
displacement response is acquired from ABAQUS and is plotted on the same 
graph for comparison. 

  

 
Figure 8.9. Force Displacement response for varying of the base material. 

 

From Figure 8.9, it is observed that the peel force response is not affected by 
varying the thickness of the base layer. So, it can be concluded that innermost 
layer of packaging is safer than the outer layer. From previous observations 
with peel arm and cohesive layer, it is observed that with a change in 
magnitude of force and displacement response the root rotation value varies. 
For the base layer, the force displacement response is same for all three 
thickness. So, here it is expected that it doesn’t affect the fracture damage 
zone length and the root rotation for all three thickness changes for the base 
layer.  
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 Effects of Varying Fracture Energy   

The influence of fracture energy is studied for peel test, by simulating it in 
ABAQUS. This simulation is carried out by varying the fracture energy 
(0.024 J/mm2, 0.048 J/mm2 and 0.096 J/mm2) and keeping nominal strength 
constant. This simulation is carried out for 90° peel test with aluminium as 
peel arm and LDPE as a base material. Figure 8.10 represents the results for 
comparisons of force displacement response for varying fracture energies. 

 

 
Figure 8.10. Force Displacement response for varying fracture energy. 

 

By seeing Figure 8.10, one can say that for higher fracture energy, higher 
peel force is obtained when compared with lower fracture energy. And it is 
also observed that when the fracture energy is increased then the force 
displacement response also increases.  The higher fracture energy indicates 
that more energy is needed to do the work in order to create a new surface. 
So, one can intuitively predict that more peel force is needed to delaminate 
and produce a damage at the interface in order to create a new surface. 
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Figure 8.11. Traction separation curve for varying Fracture Energy. 

 

From Figure 8.11 increase in Fracture energy alters the failure displacement, 
but it does not affect the maximum traction. This is because the interfacial 
strength of the cohesive layer is kept constant for all simulations and only 
fracture energy is varied. It is clearly noticed that fracture energy does not 
affect the damage initiation and time of damage, but it affects the damage 
evolution. By this, it can be concluded that a change in fracture energy 
prolongs to a change in terms of failure separation.  

From Section 8.1, the root rotation is affected by the change in thickness of 
substrates, it is explained in the form of dissipated strain energy. By this, it 
was keen to know about the root rotation at the time of varying Fracture 
energy. 

Figure 8.12 represents a graph between root rotation and energy release rate. 
By studying this, it concluded that as fracture energy increases the root 
rotation also increases. Higher the dissipation of stored fracture energy, the 
higher is the tendency of root rotation.  
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Figure 8.12. Change in root rotation for varying fracture energy. 

  

 

 Effects of Varying Cohesive Adhesion strength. 

The Traction-separation relation is characterised by the work of adhesion and 
maximum separation stress. A traction-separation relation can be considered 
as the interfacial strength under normal loading. In this case, the research is 
carried on with the varying interfacial strength to investigate its effects on 
force displacement response and on the traction-separation response. In the 
simulation, the interfacial strength is 1.2 MPa, 0.6 MPa and 0.3 MPa 
respectively, for constant energy release rate.  

From Figure 8.13, it is observed that the force displacement response for 
higher interfacial strength will possess higher force response. Interfacial 
strength indicates the strength of the adhesion bond between the substrates 
of composite structures. As interfacial strength is high, it means the adhesion 
bond between the two substrates is high. From Figure 8.13, it is noticed that, 
when the interfacial strength is increased by two times, then the peel force is 
increased by 20%. 
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Figure 8.13.  Force Displacement response for varying interfacial strength. 

From Figure 8.14, it is observed that higher traction possesses low separation 
and lower traction possesses high separation. This is because the fracture 
energy is kept constant in the simulation and the area under the curve 
represent the fracture energy. So, the area under all curves will be constantly 
equal. Hence, the failure separation will constantly change with a change in 
the interfacial strength.  

  
Figure 8.14. Traction Separation Curve for Interfacial Strength. 
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 Effects on root rotation with changing fracture 
energy and peel angle 

To obtain the cohesive energy accurately, plastic energy dissipation should 
be separated from the total energy. Plastic energy dissipation can be 
examined by using root rotation on the peel front during the peel test. One 
should accurately calculate the root rotation to carry on with analysis 
successfully. But in ABAQUS simulation, the cohesive energy is obtained 
readily. So, it is unnecessary to calculate the root rotation for simulation, but 
it is necessary to study for better understanding.  

In this section, an investigation is conducted on the effects of root rotation 
with changing fracture energy. The fracture energy is changed in the 
simulation for varying peel angle of 45°, 90° and 120°. From this simulation 
study, the root rotation is measured for varying fracture energy for all three 
angles and compared. By this process, the root rotation for varying fracture 
energy for all three angles is extracted and plotted in Figure 8.15.   

 

 
Figure 8.15. Change in Root Rotation for Varying Fracture Energy with 

Peel Angle. 
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From Figure 8.15, it is observed that, as fracture energy increases the root 
rotation also increases correspondingly. And it is also noticed that, for any 
particular fracture energy, as a peel angle increases the root rotation is 
increased.  

The relations of root rotation with fracture energy and peel angle can be 
explained in three possible cases that are following. 

Case I 

At θo=0°, No sign of root rotation. 

In this case, the fracture energy that is required to produce final failure 
damage is transferred to the interfacial region through peel arm bending. This 
suggests that total energy is wasted. 

Case II 

At 0°< θo< θ, root rotation will occur. 

In this case, some energy is consumed in the peeling process in creating a 
fracture and some amount of energy may be transmitted to interfacial region. 

Case III 

θo=θ, root rotation will occur. 

In this case, the root rotation equals to peel angle. It will be only possible 
when the peel arm behaves as a pure string without any bending modulus 
acting on it. The energy required for peel process is directly transmitted to 
the interfacial region without interferences with peel arm bending. 

From the cases, I, II & III, the energy transmitted to the interfacial region is 
the dissipated energy. The second case can be used while simulating. It is 
concluded that, as the peel angle increases the more amount of energy is used 
for peel process.  

 



 

 

86 

 Effects of Fracture Energy Definitions of 
Cohesive law 

The results shown below is procured from the analysis on different fracture 
energy definitions for the cohesive law. The analysis is carried out with the 
evaluation of force displacement response for three fracture energy criteria 
with fixed value of fracture energy. This study is conducted to know if 
changing various fracture energy definitions will have any influences on the 
results.     

 

 
Figure 8.16. Force Displacement response for different fracture energy 

definitions. 

 

From Figure 8.16, it is observed that there are no significant influences on 
the force displacement response with changing fracture energy definitions. 
One can clearly observe that the initiation and evolution for all three fracture 
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energy criteria are closely comparable. But BK criteria is mainly preferable 
when the deformation purely act on the first and second shear direction. 
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9  Conclusion 

The entire structure of the computational model is built in ABAQUS for 
simulation. The simulation first aimed to get a reliable delamination with the 
steady force displacement response. Then the aim is shifted onto a parametric 
study on the laminate thickness. The geometrical thickness of the material 
structure is varied to study the effects in the terms of force displacement 
response and in root rotation. From the results, it was observed that the 
changing thickness of substrates and adhesive layer has a clear effect on the 
packages. The peel arm is the most affected layer, followed by the cohesive 
layer. It was also noticed that base layer is not affected by thickness change, 
when the base is much stiffer than peel arm. This concludes that the 
innermost layer of the package, meaning the layer closest to the product, is 
much more protective than the outermost layer. The relationship between the 
fracture damage zone and the root rotation is also studied and it is observed 
that, as the fracture damage zone length of the cohesive layer increases, it 
tends to obtain a lower root rotation value. 

Next, the simulation is continued with the cohesive zone, and to study its 
effects on the force displacement response, this is validated by evaluating the 
traction separation curve. This study on the cohesive zone is done with 
varying fracture energy and interfacial strength of cohesive zone. In 
simulation, it shows the clear effects on the force displacement response with 
increase in force by 20% for a doubled interfacial strength and a 50% 
increment of force response for a doubled fracture energy.  Finally, the 
effects of root rotation are studied with varying fracture energy for three peel 
angle (45°,90° and 120°) and it is concluded that as the peel angle increases, 
it was seen that the fracture damage level of the cohesive layer is low. So, it 
tends to create higher root rotation at the peel front. 

Initially, due to improper bonding between laminates, the peel test 
experiment was cancelled. A lamination process during manufacturing in 
industries is a highly controlled process, the lamination is controlled with 
proper temperature, contact time and speed of the rolling in industries. This 
quality of lamination cannot be achieved with the compact lamination 
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process tried in this thesis. So, it is advised that in future experiments, it is 
preferable to take the lamination sheet directly from the manufacturing 
process to avoid complications with bonding.  
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10  Future work 

One can conduct experiments on the varying geometrical parameters with 
varying peel angles and study the response in term of root rotation. 

It is also possible to conduct the study by considering micro-cracks in the 
cohesive layer of the numerical simulation and study the influences of micro-
cracks on the strength and stiffness of the thin and flexible composite 
laminate structure.  

One can conduct a detailed study on the fracture process using a microscopic 
for a meso-mechanical analysis while conducting experiments. Three-
dimensional meso-mechanical studies can provide an additional 
understanding on the plasticity per length scale, which will contribute to the 
study of fracture energy for different load cases. 

In the future, it is recommended to conduct experimental studies and 
simulations on the influences of cyclic loading on the packaging materials. 

It also recommended to study the influences of temperature on the energy 
release and on other numerical parameters during delamination.  

Finally, one should conduct experiments and simulations on all standard peel 
test procedures with varying geometrical parameters and changes in angles.   
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12  Appendix 

  Appendix (A): Cross direction and Machine 
direction additional graphs. 
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  Appendix (B): Material properties. 

Aluminium Material Properties 

 

 

 

  

S. No Yield Stress Plastic Strain 

1 36.2 0 

2 42.54 0.00011 

3 45.12 0.000211 

4 48.13 0.000304 

5 51.16 0.000463 

6 54.11 0.000701 

7 57.38 0.001147 

8 60.35 0.00182 

9 62.95 0.003004 

10 64.77 0.004132 

11 66.56 0.005547 

12 68.58 0.007468 

13 70.63 0.009318 

14 72.12 0.01117 

15 73 0.01246 
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LDPE Material Properties 

 

 

  

S. 
No 

Yield Stress Plastic Strain 

1 3.06101 0 

2 8.43085 0.0589561 

3 10.7262 0.105974 

4 12.4617 0.152621 

5 13.9557 0.194896 

6 15.6848 0.235851 

7 17.1183 0.272988 

8 18.6290 0.310287 

9 19.8953 0.344951 

10 21.2079 0.415137 

11 23.7079 0.526137 

12 26.2079 0.637137 

13 28.7079 0.748137 

14 31.2079 0.859137 

15 33.7079 0.970137 
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Cohesive Zone Properties 
Quads Damage 

Nominal Stress 
Normal-only Mode 

Nominal Stress First 
Direction 

Nominal Stress 
Second Direction 

0.6 MPa 1.2 MPa 1.2 MPa 

Damage Evolution, 

Mixed mode behaviour: BK, Mode mix ratio: Energy 

Normal Mode 
Fracture Energy 

Shear Mode Fracture 
Energy First Direction 

Shear Mode 
Fracture Energy 

Second Direction 

0.048 J/mm2 0.096 J/mm2 0.096 J/mm2 

Elastic 

E/Enn G1/Ess G2/Ett 

60×105 N/mm2 120×105 N/mm2 120×105 N/mm2 
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  Appendix (c): Implementation in ABAQUS. 

PART DESIGN 
First, by using section sketch the model is built with appropriate dimensions  

 
PARTITIONS 
Partitions were created to separate the cohesive layer and base layer from 
peel arm. This is done in  

Tools>Partitions>Create Partitions>Type>Face>Sketch 

 
MATERIALS 
Enter material properties for peel arm and base material in the normal way. 
For cohesive layer see figure shown below 
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SECTION 
Induce the material properties for created sections. 
For peel arm and base layer, the type of the section 
is given as solid, Homogeneous. But for the 
cohesive material, the section type is given as 
Cohesive. The figure () shows the section module 
for the cohesive zone  

 

 
 
 
MESH 
 

The mesh is an utmost important part 
of the simulation in ABAQUS. The 
local seeds are used, to give input 
such as a number of elements with 
bias ratio for single bias. 

The single bias is used to concentrate 
the maximum number elements in a 
certain direction. The use of single 
bias can see in figure  

 

 
 

 
STEPS 
In the step module, the Dynamic Implicit is selected and incriminations for 
this sub-module is shown in the figure. In the same corresponding step, the 
boundary conditions are allotted with respective amplitudes as shown in the 
figure.    
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Boundary Conditions 
The boundary conditions given for the whole specimen can be seen in below 
figure. 
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