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Abstract. Cohesive Zone Modelling (CZM) and eXtended Finite Element Modelling
(XFEM) available in Abaqus® are used together to simulate the behaviour and
strength of a single-lap adhesively bonded joint. A distinct CZM model is also used.
The variation of the peeling and shearing stresses in the process zone is shown and
explained before and after damage initiation. Shearing and peeling stress fields along
the overlap of the single-lap joint are compared by using both the XFEM-cohesive model
and the cohesive model at damage initiation and propagation for two different thicknesses
of the aluminium adherends. The two simulation models were tested successfully.
However the XFEM-cohesive model is recommended only for particular applications.
The cohesive model proved to be more accurate and easier to be used.

Key words: single-lap joint, cohesive zone model, extended finite element method,
process zone, aluminium adherends.

1. INTRODUCTION

Without a better understanding of progressive failure, the fracture criteria and
predictive capabilities will be limited. Interface cracking is generally a mixed mode
cracking, as both normal and shear stresses develop just ahead of the crack tip [1, 2].
Experiments have shown that fracture energy can depend on mode mixity, [3-5].
A comprehensive literature review on the types of tests used for adhesive joints for
single and mixed-mode fracture, underlining their advantages and disadvantages,
was done by Chavez et al. [6]. They concluded that there is no general agreement
about the test suitability for mixed-mode fracture assessment of adhesive joints.

During the crack growth process, two new surfaces are created. Before the
physical crack is formed, these two surfaces are held together by traction within a
cohesive zone. The traction varies in relation to the relative displacement of the
surfaces, and a cohesive law describes the phenomena in the cohesive zone in
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terms of the traction and the separation of the surfaces to be formed under the
fracture process. A cohesive law is also denoted as a traction-separation law. The
concept to describe the cohesive phenomena before fracture has been established
for almost half a century ago. The concept of cohesive zones [7, 8] has revived
interest and the cohesive zone modelling (CZM) approach has emerged as a
powerful analytical tool for nonlinear fracture processes. This model considers the
relation between the traction and separation that are normal to the fracture surfaces,
and the unphysical stress singularity at the crack tip in the traditional linear elastic
fracture mechanics is removed. The cohesive models were later extended to the
mode II fracture process, in which the tangential traction and separation are considered
instead. As Hogberg mentions in [9], experimental observations show distinctive
characteristics of the micromechanical failure mechanisms in peel and shear
fracture, thus the cohesive behaviour is expected to be mode dependent [10—-12].

Cohesive zone models have particularly been used to analyze composite
delamination problems. Cohesive strength and fracture energy are believed to have
greater importance with respect to the specific shape chosen for the cohesive model.
Most damage models, such as the Progressive Damage Model for Composites
provided in Abaqus” [13] and typical cohesive elements [14—16], represent the
evolution of damage with linear softening laws that are described by a maximum
traction and a critical energy release rate.

As discussed by Davila et al. [16] the shape of the softening law, e.g., linear
or exponential, is generally assumed to be inconsequential for the prediction of fracture
for small-scale bridging conditions, but plays a fundamental role in the prediction
of fracture under large-scale bridging conditions, where the process zone length
may be large relative to other length scales in the problem.

FEM analyses of single-lap joints were performed in [17] using a CZM
approach and allowing the cohesive properties of the interface and plastic deformation
of the adherends to be included in the analysis by means of a traction—separation
law with a trapezoidal shape. Using cohesive-zone parameters determined for the
particular combination of materials, the numerical predictions for different bonded
shapes were confirmed by the experimental observations. The numerical models
predicted accurately the failure loads, displacements and deformations of the joints.
Also, Campilho et al. [18] evaluated the tensile behaviour of adhesively bonded
single-strap repairs on laminated composites as a function of the overlap length and
the patch thickness. A CZM with a trapezoidal shape in pure modes I and II was
used to simulate a thin ductile adhesive layer. An excellent agreement was found
between the experiments and the simulations.

Cohesive laws are usually associated with cohesive zone modelling in the
numerical simulation of the fracture process. Applications to material systems such
as adhesively bonded joints, bimaterial interfaces, and the dynamic fracture of
homogeneous materials have also been very successful.
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2. XFEM AND COHESIVE ELEMENT APPROACH

The recently developed eXtended Finite Element Method (XFEM) is an
extension of the FEM, and its fundamental features were described by Belytschko
and Black [19], based on the idea of partition of unity presented in [20], which
consists on local enrichment functions for the nodal displacements to model crack
growth and separation between crack faces. With this technique, discontinuities such as
cracks are simulated as enriched features, by allowing discontinuities to grow through
the enrichment of the degrees of freedom of the nearby nodes with special
displacement functions. As the crack tip changes its position and path due to loading
conditions, the XFEM algorithm creates the necessary enrichment functions for the
nodal points of the finite elements around the crack path/tip. Compared to CZMs,
XFEM excels in simulating crack onset and growth along an arbitrary path without
the requirement of the mesh to match the geometry of the discontinuities neither
remeshing near the crack [21]. This can be an advantage to CZM modelling for the
simulation of bonded engineering plastics or polymer-matrix composites, where
adherend cracking may occur after initiation in the adhesive. CZM has a strong
intrinsic limitation since cohesive elements to simulate damage growth must be
placed at the growth lines where damage is supposed to occur. If damage would occur
in another region(s), the correct results would not be provided. However, this
limitation is usually of little importance as damage growth in adhesively bonded joints
or structures is many times limited to typical locations such as the adhesive/adherend
interfaces or within the adhesive itself. This does not occur with the XFEM, as
crack propagation is allowed anywhere within the models. However, when
speaking about the XFEM formulation of Abaqus”, another drawback appears,
because the prediction of damage initiation is based on one value of strength/strain
which gives damage initiation (by the maximum principal stress or strain criterion,
respectively). This is a limitation in the specific case of thin adhesive layers since
their behaviour is not consistent with that of the corresponding bulk adhesives,
because of the constraints on deformations imposed by the adherends and respective
discrepancies in the stress fields near the crack tip [18].

A combined XFEM-cohesive element approach was used in [22] to model the
fillet region of an aluminium—epoxy single lap joint and proved it to be highly
effective. They underlined that the current implementation of XFEM and CZM in
Abaqus® showed that there is a potential discontinuity in the crack path as at the
interface the crack cannot continue in the adherend. Therefore a layer of cohesive
elements in the adhesive layer was used to simulate cohesive failure at the
experimentally observed site of failure.

More recently, an inverse XFEM/CZM method was proposed [23], as an
experimental - numerical methodology for identification of mode I failure parameters
of unidirectional fibre reinforced composites for which crack propagation is
controlled by a bi-linear cohesive law. The numerically obtained critical strain
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energy release rate was close to that obtained experimentally as calculated by the
corrected beam theory. The agreement between the experimental and calculated
strength was also good.

Comparison and evaluation of CZM and XFEM modelling, currently
implemented in the FEM package Abaqus®, to simulate the behaviour of adhesively
bonded single- and double-lap joints between aluminium adherends, bonded with
the brittle adhesive Araldite™ AV138 was done [24]. The study comprises a variety
of overlap lengths, between 5 and 20 mm, to test both modelling solutions under
different conditions, between an approximately uniform level of shear stresses along
the bond up to the large shear stress gradients found in joints with bigger bond
lengths. Discussions on the capabilities and/or limitations of these two methods to
model bonded structures are done by direct comparisons with experimental data.

XFEM always propagates cracks orthogonally to the maximum principal
stresses/strains, which in some cases (e.g., mixed-mode damage propagation) may
not correspond to the real behaviour of materials and give inaccurate predictions
[24]. In these situations, the XFEM still predicts with accuracy the loci of damage
initiation by the stress or strain criteria. Stress singularities that often occur in
bonded structures are dealt identically to CZM modelling. Actually, stresses at

singular regions never exceed ¢ (normal traction at initiation), which implies the

suppression of the singularity in the numerical models. Concerning the mesh
dependency of the XFEM for the strength predictions, it behaves in an identical
manner to CZM, since it is almost mesh independent for the simulation of fracture
propagation. This is because the strain energy is averaged over a finite area (the
fracture process zone) while crack growth is taking place. Thus, for a large range of
mesh sizes, provided that a minimum refinement is used, all the relevant features of
the failure process are accurately captured [17]. Despite this fact, given that the

prediction of crack initiation is carried out by the value of 6 (in mode ), this feature

is mesh dependent, as stresses/strains at concentration regions are mesh dependent
as well.

This paper concentrates on describing the simultaneous use of the two
simulation methods: XFEM and cohesive (CZM). As case study a single-lap joint
is considered. Some results were previously presented [25]. There, the two methods
were used together to simulate the behaviour and strength of a single-lap
adhesively bonded joint with an initial delamination in the adhesive. Depending on
the thickness of the adhesive and the position of the initial delamination, the crack
initiated and propagated by XFEM changing its trajectory following the principle
of local symmetry reaching or not the interface. Meanwhile failure was initiated in
the cohesive elements at the interface and crack propagation continued in the same
location. In this paper is analyzed the variation of the peeling and shearing stresses
in the process zone before and after damage initiation by using the cohesive model.
Afterwards, the shearing and peeling stress fields along the overlap are analyzed
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through two models: combined XFEM-cohesive and cohesive. The aluminium
adherends have the thickness of 3 mm, respectively 5 mm. The influence of the
adherend thickness and the differences and similarities in using the two approaches
are underlined. Some conclusions on the use of the two models are drawn.

3. COHESIVE FINITE ELEMENT MODEL

The single-lap joints used in the investigations have the geometry presented
in Fig. 1. The thickness of the adhesive is kept constant to 0.5 mm and the effective

overlap length is L =20 mm.
imposed
displacement
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Fig. 1 — The single-lap joint geometry.

The adherends were made from aluminium. At the ends of the overlap a
5 mm gap length is kept on each side of the overlap as used to control the thickness
of the adhesive layer with a wax layer of 0.5 mm, as it was done in the
experimental preparation of the specimens and testing [26].

The adhesive used in the simulations is Araldite® 2015 (Huntsman Advanced
Materials, Basel, Switzerland) with some of its mechanical properties considered as
in [27] and specified in Table 1. This adhesive has a ductile behaviour. The adherends
had the conventional corresponding mechanical properties are given in the same
table. The considered thicknesses of the adherends were either 3 mm or 5 mm,
having a width of 30 mm, and a length of 150 mm.

Table 1
Some mechanical properties of the adhesive and the adherend used in simulations
Araldite 2015 [27] | Aluminium
'Young’s modulus [MPa] E 1850 70000
Shear modulus [MPa] G 560 26340
Normal traction at initiation [MPa] c! 21,6 230
Shearing traction at initiation [MPa] c! 17,9 230
Fracture energy in tension [N/mm] Gs 0,43 15
[Fracture energy in shear [N/mm] G g 4,70 15
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As boundary conditions, one adherend was fixed at one end and on the other
adherend a displacement was imposed horizontally at the opposite end.

The triangular CZM formulation was chosen for this analysis because of its
simplicity, large use for investigation purposes, and availability in FEM package
Abaqus® (Providence, RI, USA) including a mixed mode formulation, which is
absolutely necessary to model the single-lap joints used hereby. Damage initiation
can be specified by different criteria. In this work, the quadratic nominal stress
criterion was selected for the initiation of damage, as previously used and tested for
accuracy [26].

The two-dimensional meshing of the adhesive was done by using COH2D4
and CPE4 for adherends four-node linear plane strain elements. The adhesive layer
was modelled with cohesive elements of 0.5 x 0.5 mm; same size of the elements was
used for the adherends. In Fig. 2 the model for a 3 mm thickness adherend is shown.

Fig. 2 — Cohesive FE model of the single-lap joint.

The variation of stresses was further represented over the length of the
adhesive overlap as a function of a normalized coordinate x/L , having values from

0 to 1. Two moments were considered to be important: the initiation of damage in
the first cohesive element and the moment of propagation of damage, considered as
crack propagation. Damage is initiated according to the quadratic nominal stress
criterion which states that the sum of the squares of the ratios between the normal
and shearing stresses to their values at initiation (given in Table 1) is equal to 1.

The variation of the shearing and peeling stresses in the overlap region is
significant only at the extremities of the adhesive layer. In the cohesive elements
upon damage initiation the traction decreases until it reaches zero. Once the
traction has become zero or, correspondingly, the damage parameter has a reached
1.0 (SDEG=1 for a completely damaged cohesive element), an interfacial
separation (delamination) has occurred at that material point. In Fig. 3 are shown
the variation of SDEG and normalized shearing and peeling stresses to their
corresponding values before damage propagation for the lap joint of 3 mm
thickness and overlap length of 100 mm. The representation is done for half of the
overlap length, that is up to X/L =0.5.
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Three distinct regions are characteristic for the damage propagation in the
adhesive in the so-called process zone. In region I damage was already produced,
tractions are zero and SDEG = 1; the normalized length corresponds to three cohesive
elements. Region II, in front of the propagated damage (crack) is characterized by a
mixed-mode loading, shearing and peeling being present. SDEG decreased in this
region from 1 to 0 indicating that damage is reduced in the process zone while the
shearing stress is increasing and the peeling stress is initially tensile up to a
normalized distance X/L about 0.11, then compression is produced up to X’L = 0.22. In
the last part of the process zone, for X/L > 0.22 the peeling stress becomes zero and
the shearing stress tends to reach its maximum value of shearing traction at
initiation as the value of the normalized stresses is 1. In region III after damage
initiation in shearing is produced the softening of the material gives as an effect the
decrease of the shearing stress up to a constant value. Meanwhile SDEG remains
zero as damage is not yet produced.

Variation of the normalized stresses in the
process zone
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Fig. 3 — Variation of normalized stresses and damage
in the process zone of the single-lap joint.

It is to be underlined once again that in the process zone ahead failed cohesive
elements (region II) the shearing stress increases till damage initiation while the
peeling stress and damage variable SDEG become zero. For X/L > 0.4 (region III)
the shearing stress is constant having a value close to the one obtained through a
conventional calculus, by dividing the force to the shear area.
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4. XFEM-COHESIVE FINITE ELEMENT MODEL

Both materials used for adhesive and adherends have been modelled by using
the XFEM capabilities. Using this technique, damage takes place when the principal
stress/strain is greater than the limit value specified in the traction-separation low.
In this study a strain criterion was chosen for damage initiation and the crack
propagates orthogonally to the maximum principal strain using a fracture energy
criterion. The critical strain was established experimentally through traction tests as
mentioned in [26]. Fracture at bonded interfaces was modelled by defining a tie
constraint between the adherent and the adhesive material (local approach). The tie
constraint approach allows to model zero-thickness cohesive layer using a finer
discretization than that of the bulk material and may be more desirable in certain
modelling situations [13]. The same material properties used for XFEM were also
used for cohesive interface modelling. Only the initial stiffness value used for the
cohesive elements at the interface was changed. The initially considered value was
10° N/mm’, as suggested in the literature [14], but later was diminished to 10*
N/mm’ as to improve the convergence issues. The zero-thickness cohesive layer
damage takes place according to the quadratic nominal stress criterion and the
crack propagates using power low mixed mode fracture energy behaviour.

The geometry of the single-lap joint to be analyzed with the combined
XFEM-cohesive model is presented in Fig. 4. The active overlap length is L = 20
mm as before and at both ends symmetric 5 mm length delaminations were
introduced in the middle of the adhesive layer of 1 mm thickness. Their role is to
facilitate the initiation and propagation of damage. Imposed boundary conditions
are the same as before (Fig.1).

——
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P

Fig. 4 — Single-lap joint geometry with lateral delaminations.

The adherends and adhesive were modelled with XFEM by using the plane
strain element CPE4 of size 0.2 x 0.2 mm. For optimizing the calculations the
adherends were modelled with the same elements by using the bias function from
Abaqus® which enables the increase of the size of the elements from 0.2x0.2 mm
to 0.2x1 mm as to be noticed in Fig. 5. Hereby the behaviour of the adhesive and
the adherends is linear elastic.
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Zero-thickness cohesive elements are considered at the interface between the
adhesive and the adherend.

Initial delamination

Fig. 5 — XFEM-cohesive FE model.

The force-displacement curve obtained numerically is shown in Fig.6. The
important moments are: 1 — initiation of damage (crack); 2 — propagation by XFEM
through the adhesive to the interface; 3 — failure in the cohesive elements at the
interface through delamination.
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Fig. 6 — Force-displacement curve for the given geometry.

As an example, at initiation, the peeling stress and the shearing stress variations
are shown in Fig. 7a, respectively Fig.7b.
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Fig. 7 — Variation of stresses at damage initiation: a) peeling stress; b) shearing stress.

When damage is propagating by XFEM and is reaching the interface, the peeling

stress and the shearing stress variations are now shown in Fig. 8a, respectively Fig. 8b.

b)

Fig. 8 — Variation of stresses at damage propagation: a) peeling stress; b) shearing stress.
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After propagation the crack remains at the interface and doesn’t move back to
the adhesive, nor into the adherent. The XFEM is not effective any more. Cohesive
elements of zero thickness take over the increase of the delamination up to the
failure of the joint (point 3 in Fig.6).

5.VARIATION OF STRESSES
WITH THE XFEM-COHESIVE AND COHESIVE MODEL S

Damage initiation and propagation can be analyzed by both XFEM-cohesive
and cohesive models. The first model is effective in particular situations, as seen in
the previous example — crack propagating from an initial delamination. Another
problem, concerning the propagation of the crack into the adherend, was also
reported, [21, 24].

In order to compare the two models a pure cohesive model is established by
using the same COH2D4 four-node linear plane strain elements. The adhesive layer
was modelled with cohesive elements of 0.5x1 mm, as to cover with one raw of
elements the entire adhesive thickness. Aluminium adherends of 5 mm and 3 mm
thickness are used in the joint.

One should keep in mind that in the XFEM-cohesive model initiation is
perpendicular to the maximum principal strain and in the cohesive model the
quadratic nominal stress criterion takes into account both shearing and peeling.

In Fig.9 the variation of peeling and shearing stresses along the overlap
length of 20 mm is shown at damage initiation for both models.

At damage initiation, in the XFEM-cohesive model, the shearing stress is
almost constant over the length of the adherend regardless the adherend thickness.
peeling stresses are important only at the two ends of the overlap up to X/L =0.15
for 3 mm thickness and x/L = 0.2 for the adherend of 5 mm. By using the cohesive
model a greater difference between the shearing stresses for the two thicknesses is
noticed. Peeling stresses have higher values at the extremities and, again, a greater
influence of the adherend thickness is to be noticed on their variation over the
length of the overlap. Now the variation is important up to X/L = 0.1 for the thinner
adherend, closer to the end of the overlap compared to the prediction obtained with
the XFEM-cohesive model. For the 3 mm adherend the shearing and peeling
stresses are practically zero in the middle of the overlap, for X/L between 0.4 and
0.6. For the 5 mm adherend peeling stress is negative in the middle of the overlap
for x/L > 0.2. Tt is believed that the cohesive model is able to establish better the
variation of both stresses at damage initiation.
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In Fig. 10 the same type of representation is done at damage propagation for
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Fig. 9 — Variation of stresses at initiation in the two models: a) XFEM-cohesive; b) cohesive.

both models. The shearing stress prevails for the two thicknesses regardless the
model used and is mostly constant from x/L about 0.25 to 0.75. In the XFEM-

cohesive model a slight decrease of this stress results in middle of the overlap.

thicknesses the peeling stresses show similar variations and values. On the other
hand, the cohesive model gives a steeper variation of the stresses in the compression

Peeling stresses for both thicknesses show tension and afterwards compression.
The XFEM-cohesive model is able to capture higher values of the peeling stress
towards to extremities of the overlap, as the mesh is more refined. For both

zone for X/L between 0.4 and 0.6. For the 3 mm thickness adherend the peeling
stress is in modulus greater than for the 5 mm adherend, especially for the cohesive
model.
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Damage pr opagation with the XFEM-cohesive
model
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Fig. 10 — Variation of stresses at propagation in the two models: a) XFEM-cohesive; b) cohesive.

The stresses were determined in the third raw of elements for the XFEM-
cohesive model (0.2 x 0.2 mm) and in the one raw of elements (0.5 x 1 mm) for the
cohesive model. So, the stresses distributions are somehow averaged through the
adhesive thickness. That’s why the influence of the adherend thickness is not so
evident. From the point of view of the boundary stress conditions at the end of the
overlap the cohesive model performs better.

6. CONCLUSIONS

A cohesive model and a combined XFEM-cohesive model with zero-thickness
cohesive layer are used together to better understand the state of stress in the overlap
region of a single-lap adhesively bonded joint. The distinct cohesive model is used
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in order to monitor the phenomena before and after damage initiation. The variation of
the peeling and shearing stresses in the process zone is shown and explained in
correlation to the SDEG damage parameter of the cohesive elements.

Shearing and peeling stress fields along the overlap of the single-lap joint are
compared by using both the XFEM-cohesive model and the cohesive model at
damage initiation and propagation. Two different thickness adherends made of
aluminium were used. The XFEM-cohesive model had a more refined mesh in the
adhesive and is able to capture better the stresses variations. However this model is
more sensitive to issues of numerical convergence. It is recommended for simulations
in applications were an initial delamination exists and its path for further propagation is
of interest. The cohesive model proved to be more accurate and easier to be used.
In fact the accuracy of such a model has already been demonstrated and is
recommended when the path of the damage is predefined.
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