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In this work, a three-dimensional multiscale adhesive process zone model (APZM) is used to simulate
dynamic failure process of bonded joint structures. APZM combines the ideas of the cohesive zone model
(CZM), the Cauchy–Born rule, and the so-called virtual internal bond (VIB) theory to predict failures of
bonded joints that involves adhesive failure, cohesive failure, and mixture of both. The proposed APZM
has some unique advantages to describe mechanical behaviors of bonded joints under general loading
conditions. First, in contrast to conventional FEM model, APZM model can simulate dynamic fracture
process of structure without remeshing. Second, APZM replaces the ad-hoc traction–separation laws of
interface used in CZM with full three-dimensional interphase model, which is based on the VIB theory.
Consequently, APZM can naturally capture both mixed failure modes as well as mixture failure mode
under complex loading conditions. Third, an empirical elastic energy density function for macromolecu-
lar polymers was constructed, and its material parameters are obtained by calibrating the model with
material properties measured from experiments such as under pure tension and shear tests. In order
to validate APZM model and to predict stress field in adhesive layer accurately, a series of numerical
simulations of bonded joints under shear, tension and mixed loading conditions have been conducted.
The numerical results indicate that APZM can accurately predict the failure modes as well as the dynam-
ics fracture process of bonded joints.

� 2014 Elsevier Ltd. All rights reserved.
1. Introduction

In comparison with fastened joints that suffer from the stress
concentration and material damage near fasteners, the adhesively
bonded joints, which transfer energy and moment through the
adjacent adherend to the adhesive layer, are extensively used in
aero crafts, watercrafts, and automobile structures. Despite the
advantages associated with the bonded joint, the adhesives used
to bond the metals or composites are usually less resistant to
mechanical loading and chemical actions, they are also more
susceptible to aging than mechanical fastenings. In engineering
practice, these joints are probably the weakest links in the whole
structure. A great deal of research effort has been made over the
past decades on developing modeling and simulation tools on the
adhesively bonded joints [1]. Due to its specific configuration and
complex interaction between adhesive layer and adherends, there
are still some challenging technical issues to be resolved in order to
accurately predict the failures of bonded joint structures.
To compute the stress field along joint surface, early attempts
were devoted to find close-form solutions of joints under various
loading conditions. The most notable models were developed by
Volkersen [2], and Goland and Reissner [3]. Both of these models
simplify the stress field in adhesive layer as plane stress state.
More generally, Crocombe and Bigwood [4] modified the plane
stress mode to include the out-plane normal stress and anti-plane
shear stress. With the development of finite element method,
recent stress analyses of bonded joints have employed both 2D
and 3D finite element methods [5,6]. The numerical results
obtained by FEM analyses can capture more realistic stress fields,
which reveal that traditional analytical approaches are inadequate
[6]. However, there are several issues in FEM analyses of bonded
joints: First FEM analyses are heavily relied on the material consti-
tutive models used for adhesives. Traditionally, the adhesives are
treated either as linear-elastic solids [6], or nonlinear elastic solids,
or even elastic–plastic solids at macro-scale [7]. Such modeling
technique is fundamentally flawed. This is because that the
adhesive materials are macromolecular compounds, and their
underlying structures are essentially long, randomly oriented,
and cross-linked molecular chains network that are basically
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viscoelastic or visco-elastoplastic polymers at macroscale. More-
over, they usually undergo large nonlinear elastic deformations
during work load. Second, conventional FEM model cannot simu-
late fracture with strong discontinuities without remeshing. Many
researches have investigated the adhesive material responses at
microscale or mesoscale. Bergström and Boyce [8] constructed a
two-body interaction potential for the rubber-like polymer, and
they studied the material properties based on its chemical molec-
ular structure at molecular scale.

Another important technical challenge is how to model the fail-
ure process in computer simulation. The experimental tests and
engineering practices revealed that there are three essential failure
modes along the bonded surface associated with different loading
conditions [9]: (I) cohesive failure, i.e. the crack penetrates inside
the adhesive layer; (II) adhesive failure, i.e. the failure occurs along
the interface between adherends and adhesive; and (III) the mix-
ture of both cohesive and adhesive failures. In the case of compos-
ite adherends, an additional first ply failure mode may occur for
specific type of joints [10]. Note that there is a difference between
the mixture failure mode and the mixed fracture mode. In the
bonded joints failure analysis, the mixture failure mode is referred
to the failure mode involving both adhesive as well as cohesive
failures, which may occur during mixed-mode loadings. However,
it may also be possible during pure tension or pure shear loadings,
and it is in fact an open question in the bonded joint failure
analysis. For the composite double lap bonded joints, the primary
failure mode is the cohesive failure in the first ply of the parent
laminate, and less dominant failure modes are cohesive failure in
the adhesive layer, as well as adhesive failure between the adhe-
sive layer and the first ply. To determine the onset of failures, some
failure criteria have been suggested in the literature, such as the
critical strain energy by Ratwani et al. [11]. Ignjatovic et al. [12]
proposed the static and residual strength models, in which the
damage process is triggered when the strain energy G in bonded
joint reaches a critical value Gc. The specific value of Gc for given
bonded joint is obtained by the experimental test or measurement.
Hart-Smith [10] predicted the strength of bonded joints using a
failure criterion based on the critical value of the first invariant
of strain tensor. It was shown that the predicted bonded joint
Fig. 1. The schematic illustration of adhesive process zone model. (a) The actual structu
interphase zone; (c) the material network of adhesive process zone with random virtual i
process zone; (e) the adhesive constitutive law; and (f) classical elasto-plastic constitut
strength agreed well with the experimental data. More recently,
the cohesive zone model (CMZ) has become popular in numerical
simulation of bonded joint failures. This is because that the thin
adhesive layer in bonded joints can be modeled as a cohesive sur-
face [13,14]. The CZM approach to bonded joint analysis basically
considers the bonded joint failure as an interlaminar fracture,
rather than bulk material failure or intra-laminar failure; and the
bonded joint strength is described by the prescribed cohesive
law that does not distinguish the cohesive failure mode or adhesive
failure mode specific to the bonded joint structures. In general, the
CZM-based failure criterion can accurately reflect the physical
nature of interlaminar failure of adhesive layer or the composite
adherends. The additional advantage of CMZ approach is that
CMZ is a proven successful approach predicting failure of interface
fracture. However, the conventional CMZ is based on ad-hoc
traction–separation laws that are obtained from the experiments
of Mode I, II, and III loadings separately. As mentioned above, a
bonded joint structure is usually under general mixed-mode load-
ing conditions, which does not conform to any of those failure
loading modes. Moreover, the traditional cohesive-zone model
considers the adhesive layer as zero thickness, thus CZM approach
cannot predict adhesive failure, as well as the mixture failure mode
that involves both cohesive and adhesive failures. Extending the
theory of CZM, Zeng and Li [19], Li et al. [20] and Ren and Li [15]
proposed an atomistic-based process zone model (APZM) to
simulate fracture and fragmentation of polycrystalline solids at
mesoscale, which considers the material interphase, such as grain
boundary or persistent slip bands, as a finite thickness zone, and
they have calculated the stress field in crystalline solids by using
the Cauchy–Born rule based atomistic-enriched continuum theory.

In this work, we propose and apply a novel adhesive process
zone model (APZM) to simulate dynamic stress field inside the
adhesive layer, and subsequently to predict the failure of adhesive
bonded joints. We have shown that the proposed APZM tool can be
used in analysis of bonded joints, including structure and material
designs, stress and failure analysis, non-destructive detection anal-
ysis, and reliability analysis. The central idea of this approach is to
replace the ad-hoc interface traction–separation law in CZM with a
3D constitutive model that is derived from an adhesive energy
re of bonded joint; (b) the adhesive process zone model with transition zone and
nternal bonds; (d) the representative unit cell with representative lattice of adhesive
ive law of adherend.
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function that is calibrated with the experimental tests under both
tension and shear loadings. A major difference between APZM and
CZM is that APZM considers the adhesive layer as a three dimen-
sional solid material. In doing so, every components of stress field
are calculated by using the virtual internal bond theory (VIB).
Consequently, both adhesive failure, cohesive failure, as well as
the mixture failure modes in bonded joints with different geomet-
ric configurations or under complex loadings can be captured.

This paper is organized as follows: in Section 2, we describe the
Cauchy–Born rule based continuum theory and the VIB theory; Sec-
tion 3 focuses on the proposed APZM and how it is applied to analyze
bonded joints; in Section 4, we discuss the proposed empirical adhe-
sive energy function, and its calibration of the open parameters with
experiments; in Section 5, we discuss the finite element formula-
tions of APZM as well as their computer implementation; in Sec-
tion 6, a series of numerical simulations are reported, and their
results are compared with experimental test date. Finally to close
the presentation, a few remarks are made in Section 7.
Fig. 3. The APZM and experimental shear stress–strain relations for FM73 adhesive.
2. Cauchy–Born rule based continuum theory

As a macromolecular material, the adhesives inside the bonded
joint consist of long, cross-linked, and randomly oriented molecu-
lar chains at microscale or mesoscale [8]. This essential molecular
structure leads to non-linear elastic responses at macro-scale. To
model polymer material more accurately, one has to take into
account its molecular origin. Therefore, we adopt the Cauchy–Born
rule to relate the motion of micro-scale molecules or atoms with
the continuum deformation measured at macro-scale [15]. The
so-called Cauchy–Born rule assumes that in a local region at
micro-scale, which may be viewed as a point at macro-scale, when
the deformation is uniform or homogeneous, the deformed
material position vector can be expressed by its undeformed
counterpart as r ¼ F � R, where r is the deformed material position
Fig. 2. Stress–strain relation and failure criterion inside process zone element.

Table 1
The parameters for adhesive FM-73.

Parameter Value Unit

D0 7.43137e5 J
C 14.7 none
r0 1.0 mm
B 0.5 none
vector, R is the undeformed material position vector, and F is the
deformation gradient tensor. Since the local deformation is
uniform, the deformation gradient F is a constant tensor in this
case. At micro-scale, each atom is surrounded by its neighboring
atoms; the interaction force between two atoms is called the bond
force, which mainly depends on the bond distance between the
two atoms. For crystalline materials, the neighboring atom
distributions have specific patterns that are called the lattice, and
Fig. 4. The APZM and experimental tension stress–strain relations for FM73U
adhesive.

Fig. 5. Specimen dimensions in mm.
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FCC, BCC, HCP lattices are most common lattice types for metallic
and ceramic materials. In this case, the material position vector
used in the Cauchy–Born rule may be understood as the lattice
vector.

Assume that each of deformed bond has a stored potential
energy, E(ri), which is a function of the bond length. We can then
use the Cauchy–Born rule to extrapolate the macroscopic strain
energy W(F) at each material point from the interatomic potential
energy of that material, i.e.,

WðFÞ ¼
Xn

i¼1

EaðriÞ ð1Þ

Because the Cauchy–Born rule bridges the atomic scale and the
continuum scale, we often call it a multiscale method. Gao and Ji
[16] extended the concept of Cauchy–Born rule to a general class
of amorphous materials to form a so-called virtual internal bond
(VIB) theory. The VIB theory can be used to model the polymer
as a homogeneous hyperelastic solid with a network of internal
cohesive bonds, which is not necessary at atomic level. Conse-
quently, the VIB model defines that the strain energy W(F) of a
given material point equals the elastic energy potential of all vir-
tual internal bonds attached to that point:

WðFÞ ¼
Xn

i¼1

EðriÞ ð2Þ
Fig. 6. The finite e
Thus we can apply VIB theory to describe the material proper-
ties of adhesive material in terms of intermolecular bond among
macromolecule polymers. At meseoscale, macromolecular polymer
chains may also be regarded as ‘‘bonds’’.

Although their cross-link formation might seem to be ran-
dom, they also form a network similar to a ‘‘lattice’’ in crystal-
line solids. This cross linked network is not at atomistic scale,
and the interaction among the macro-molecules is the intermo-
lecular force. In engineering simulations, both triangle and
tetrahedron lattice structures have been used to simulate the
polymer materials with cross linked polymer chain micro-
structure, e.g. [23,24]. In this work, we employ a spatial tetrahe-
dron lattice structure to model the cross linked chain network
micro-structure that commonly present in the adhesive materials
inside the bonded joints. This ‘‘lattice’’ structure resembles the
FCC structure, and for each molecule particle or cluster it has
12 virtual bonds connecting to it, and they are located at the
position,
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Fig. 7. The time sequences of failure process u
if the molecular cluster interested is located at the origin of the
local coordinate, i.e. (0,0,0). Here R0 is the equilibrium bond length,
which is exactly the same as that in molecular dynamics (MD)
simulation. Associated with deformation gradient F, the deformed
virtual internal bonds are calculated as:
nder pure shear loading (effective stress).



Fig. 8. The dynamic process of cohesive failure.
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ri ¼ FRi i ¼ 1;2 . . . n ð4Þ

with bond length ri = |ri|.
Consequently, we can derive the hyperelastic constitutive

relation from energy density function:

S ¼ 2
1
X0

@WðFÞ
@C

¼ 1
X0

Xn

i¼1

@EðriÞ
@ri

@ri

@C
¼ 1

X0

Xn

i¼1

@EðriÞ
@ri

Ri � Ri

ri
ð5Þ

where S is the 2nd Piola Kirchhoff stress (PK_II stress). C = FTF is the
right Green Deformation tensor. X0 denotes the volume of a unit
cell.

Although using the symmetric 2nd Piola–Kirchhoff stress is
more convenient in the constitutive modeling, it may result a cum-
bersome expression in the equation of motion. Alternatively, we
use the 1st Piola–Kirchhoff stress P to establish the Galerkin weak
formulation in finite element analysis,

P ¼ FS ¼ 1
X0

Xn

i¼1

@EðriÞ
@ri

Ri � ri

ri
ð6Þ

By doing so, we can use the VIB theory to bridge the molecular
theory of the adhesive energy function with the continuum theory
of stress analysis under finite deformation.

3. The adhesive process zone model in bonded joints

To fundamentally solve bonded joint analysis problem, the pro-
posed adhesive process zone model (APZM) (Fig. 1) combines the
virtual internal bond theory (VIB) [16] with an interphase model.
The basic idea of APZM is to replace the zero-thickness cohesive
surface in CZM with the finite thickness adhesive process zone
where the constitutive relation is constructed by VIB theory from
certain adhesive energy potential. In principle, the proposed tech-
nology is superior to CZM based interface adhesive analysis as well
as the traditional stress-based FE analysis in regards to its physical
modeling fidelity, numerical computation accuracy, engineering
reliability, and experimental validation.

The actual geometric configurations of bonded joints are
diverse, and sometimes they can be very complex, e.g. [1,5–7].
However, in principle, a representative geometric configuration
of the bonded joint can always be treated as two adjacent adher-
end plates sandwiching a very thin adhesive layer as shown in
Fig. 1(a). In this work, the thin adhesive layer is modeled by the
proposed adhesive process zone model (APZM).

Employing FEM discretization, two adherends of the bonded
joint will be discretized by conventional 3D finite elements, such
as brick elements or tetrahedron elements, which we refer as bulk
elements. The failure modes of bonded joints depend on loading
conditions, and it could be cohesive failure, adhesive failure or
mixture of cohesive and adhesive failure. To predict and capture
the correct failure mode under given loading condition, the adhe-
sive process zone will be subdivided as three sub-layers, in which
the middle layer of interphase zone is sandwiched by two layers of
transition zones. The transition zone and interphase zone are dis-
cretized by using conventional 3D finite elements the same as
the adherends, except that they have extreme small thickness or
very large dimensional aspect ratio. The transition elements share
nodes with both bulk elements and interphase elements (Fig. 1(b)).
The entire bonded joint structure are discretized as finite element
mesh eventually, however the element sizes in different regions
are drastically different. The adhesive process zone with finite
thickness (�10�4 m) can be considered as a homogeneous, isotro-
pic solid with a microstructure consisting of internal adhesive
bonds between a randomly distributed particles as shown in
Fig. 1(c); here the particles are molecule cluster, which are not nec-
essary atoms. The distribution of particles forms a continuous field
that is described by the quasi-continue VIB theory, and its physical
behaviors can be represented by certain representative unit cell



Table 2
The comparison of numerical and experimental results.

Loading model Loading
angle
(a, degree)

Adhesive thickness
(mm)

Failure mode
(experiment)

Failure mode
(numerical)

Failure loading
(experiment)
(kN)

Failure loading
(numerical)
(kN)

Pure shear 90 0.2 Cohesive failure Cohesive failure 2.38 2.36
Pure tension 0.20 Adhesive failure Adhesive failure 2.40 2.75
Shear and compression 17.19 0.20 Mixture of adhesive and cohesive Mixture of adhesive and cohesive 2.6 2.2
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with finite virtual internal bonds, i.e., lattice, shown as Fig. 1(d).
The mechanical response of this network is governed by certain
adhesive constitutive relations as shown in Fig. 1(e). On the
other hand, the mechanical response of adherend materials are
simply treated as a continuum solid shown Fig. 1(f). However,
sometimes we adopt special constitutive modeling for adherend
such that it failure criterion is embedded into the bulk constitutive
relation, for instance using the VIP theory based constitutive
model.

In APZM, the kinematic field (displacement) of the whole struc-
ture is modeled as regular FEM approximation through element
interpolation functions.

The initial process zone elements, i.e. transit elements and
interphase elements (X0), will deform into its current shape (Xt)
at time t with specific deformation gradient (F) at each element
that can be calculated by the finite element method. This deforma-
tion leads to the change of strain energy density, and then it results
the change of stress state in adhesive process zone as Eq. (5). This
stress works as ‘glue’ to resist the separation of adjacent bulk ele-
ments (remember that the transit element and bulk elements
share nodes along the adhesive surface). Normally the strength of
adhesive is lower than that of adherend material. Once the stress
state of adhesive reaches its peak value, such as the horizontal line
in Fig. 2, the process zone elements become unstable. It will result
fracture that separates it from the adjacent bulk elements. Fig. 2
illustrates the stress–strain relation and failure criterion inside
the adhesive process zone element under the condition of pure
tension.

Because in both bulk elements and process zone elements the
full stress components are being evaluated, APZM can capture
the mixed fracture mode naturally. In the case of lower bulk
strength, one can set a few layers of bulk elements as process
zone elements to allow crack reaching and penetrating to the
adherends.

In APZM, there is no presumed fracture criterion for crack
initiation, or there is no need to have a fracture criterion as FEM
calculation because the failure criterion is embedded in the rela-
tion of constitutive laws of adherends and adhesive (Fig. 2).

Moreover, in contrast with conventional FEM or X-FEM, which
need an artificial mesh updating algorithm to represent growing
crack surfaces, such as level set method [21,22], the APZM can sim-
ulate interphase failure through the automatic annihilation of
adhesive process zone elements just like the annihilation of the
interface elements of CZM.
Fig. 9. The loading–deflection curves under pure shear.
4. Calibration of APZM with experimental data

In APZM, the mechanical response of adhesive process zone
material is derived from the adhesive energy function by using
VIB theory as shown in Eq. (5). In this particular procedure, a
crucial step is how to construct the adhesive potential energy
function, E(ri), that can accurately represent the non-linear elastic
behavior of specific adhesive. There have been many literatures
discussing atomistic potential functions for polymers [8] as
well as polymeric composite [23]. Nevertheless, those atomistic
potentials are intended for molecular simulations at microscale,
whereas APZM computes the stress from adhesive potential energy
function at macro-scale level. The macro-scale mechanical
responses of engineering materials are much different with that
in micro-scale. Therefore, in this work we do not directly construct
the adhesive potential energy function from the atomistic poten-
tial. Instead, by referring some features of atomistic potential of
adhesive [8], an empirical adhesive energy function is adopted
for the adhesive constitutive relation, which can be expressed as,

EðriÞ ¼ D0 �LðBÞbi � ln
sinhðbi þ BÞ

bi þ B

� ��� �
C ð7Þ

bi ¼ C2ðri � r0Þ=r0 ð8Þ

where L is a Langevin function that is defined as follow

LðbiÞ ¼ cothðbiÞ �
1
bi

ð9Þ

In Eq. (8), ri is the current bond length of i-th virtual bond, r0 is
the bond length at equilibrium position as that in atomistic
potential.

Then the derivative of adhesive energy function @EðriÞ
@ri

used in
Eq. (5) can be written as,

@EðriÞ
@ri

¼ D0Cð�LðBÞ þ Lðbi þ BÞÞ=r0 ð10Þ

In Eq. (10), there are 4 open parameters that define specific
adhesive material: D0, B, C, r0. In this paper, the adhesive material
is set as FM-73 adhesive, whose experimental stress–strain rela-
tion under tension and shear loading can be found in the literature,
e.g. [17,18]. We can determine the values of open parameters as
shown in Table 1 by fitting the adhesive constitutive relations with
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experimental date as shown in Figs. 3 and 4. Note that the material
used in the tension experiment is the adhesive FM-73U, which may
have some difference with the material used in the shear test,
which is the adhesive FM-73.

The adhesive constitutive relations displayed in Figs. 3 and 4
show that the adhesive will become unstable when it reaches
Fig. 10. Time sequences of failure process und
the yielding phase. In computations, we set up a failure criterion
for each molecular virtual bond: when the bond length satisfies
the condition: ri P 1:33r0, then the bond will break. This
criterion is not set arbitrarily. This critical bond value is selected,
because the simulation results obtained under such criterion
fit best with experimental data (Fig. 3). In particular, it can
er pure tension loading (effective stress).



Fig. 11. Fracture process of adhesive failure of the bonded joint under tensile
loading.

Fig. 12. Loading–deflection curves under shear–tension (mixed-mode) loading.
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predict the critical strain value (0.6) that is observed in the
experiment.

5. Finite element implementation

The APZM uses regular types of elements for both bulk elements
and process zone elements; therefore the finite element imple-
mentation of APZM follows the standard Galerkin weak formula-
tion discretization. Denote the computational domain in the
reference configuration as X0. The equation of motion in a total
Lagrangian formulation may be written as follows,

rXPþ q0b ¼ q0
€u ð11Þ

where P denotes the 1st Piola–Kirchhoff stress tensor, which can be
related to the Cauchy stress as P = JrF�T; b denotes the body force;
q0 is the initial density of material, and u is the displacement field.
Here subscripts 0 and the capital letter X of coordinate system refer
to their association to the reference configuration.

By the weighted residual principle, the residual formulation of
balance of linear momentum can be written as:Z

X0

ðrXPþ q0b� q0 €uÞdudX0 ¼ 0 ð12Þ

where du is the virtual displacement. Via integration by parts, we
can derive the virtual work principle as,Z

X0

PrXdudV �
Z

CT
TdudS�

Z
X0

q0bdudV þ
Z

X0

q0 €ududV ¼ 0

ð13Þ

Here CT denotes the traction boundary where the traction force T is
prescribed.

In APZM, the stress P of bulk elements can be calculated based
on the constitutive model of continuum mechanics, meanwhile the
stress P of the process zone elements is calculated by using Eq. (5).

6. Simulations of bonded joint with mixture failure modes

The failure modes of bonded joints are different under shear,
tension or mixed loads such as the shear–compression load. In
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this work, all three types of loading conditions are used in
the simulation, and the corresponding numerical results are
compared with experimental data to validate the proposed
APZM. According to the experimental set-up, the dimension
of numerical specimen is shown as Fig. 5. The computation
Fig. 13. The time sequences of failure process unde
boundary condition for mixed mode loading is shown as
Fig. 6(a).

In Fig. 6(a), the specimen orientation is horizontal. The
applied load p is applied to the two areas of the specimen
(10 mm length each) with a specific and the opposite direction,
r shear–compression loading (effective stress).
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which will minimize moment on the bond line. There is a load-
ing angle a, which induces a normal (pcos(a)) and a shear
(psin(a)) load to create either a pure shear load (a = 0) or a
mixed mode load (a – 0). To create a pure tensile load, we just
fix one end of specimen and impose tension force p at another
end. The adherend material is an Aluminum, which may be
modeled as an elasto-plastic material, and the adhesive material
is FM73 epoxy adhesive, whose constitutive model has been dis-
cussed in Section 4. The FEM mesh consists of 7872 nodes and
6075 brick elements. The detailed FEM meshes for the structure
as well as for the bonded joint zone are shown as Fig. 8(b). The
computation time step is 2.0e�8 s. The simulations are carried
out in a Dell Vostro 1440 lap-top computer, and the computa-
tional time for each run ranges from 15 min to 25 min. One
may find that the computational efficiency is high. The loading
conditions, computational results, and experimental results are
all listed in Table 2.

In this work, the onset failure load is defined as the strength of
the structure, and we find that our numerical results of the struc-
ture strength can fit the experimental data very well. Fig. 3 shows
that the AZPM shear stress–strain relation based on the selected
adhesive potential can fit well with the shear stress–strain rela-
tion observed in experiments; subsequently the failure load
obtained in the numerical simulation can fit with experiment
data exactly for the case under pure shear load. Since we adjust
the open parameters in the adhesive potential energy to fit the
only tension constitutive relation of adhesive FM73U, therefore
under the shear–tension mixed type loading or the pure tension
loading, the critical failure load values are little higher than the
experimental values. Under the combined shear and compression
loading, there is strong effect of second contact after failure in
experimental test. This effect is neglected in the simulation.
Consequently the APZM critical failure load values are lower than
that of experimental values. This error can be corrected, if a
contact algorithm or an internal force smoothing algorithm is
implemented. The details of the numerical simulations and their
comparisons with experimental data are discussed in the follow-
ing sections.
Fig. 14. Dynamic process of adhesive–cohesive failure.
6.1. Simulation of pure shear load with cohesive failure mode

The time sequences of the bonded joint failure process under
the pure shear loading are shown in Fig. 7.

Under the pure shear loading, the bonded joint will break in a
cohesive failure mode, i.e. the fracture occurs along the interphase
elements. The detailed cohesive failure process is shown in Fig. 8. It
should be noted that during the shearing test, the specimen actu-
ally fractures at the bottom first.

The comparison of load–deflection curves between the experi-
mental results and the APZM simulation results is shown in
Fig. 9. Here we would like to point out that the experimental data
is obtained under a quasi-static loading condition, whereas the
numerical result is obtained in a dynamic process. Therefore the
shape of the load–deflection curves of APZM prediction is slightly
different from that of the experimental result. Furthermore, all
the experimental curves in Figs. 9, 12 and 15 have a smaller slope
segment at beginning because of the initial slip during the tests.
This initial slips result in a larger critical deflection (displacement)
than the actual displacement. However, the critical load, on the
hand, is close to the actual critical load. To neglect the influence
of initial slip, the comparable characteristics of numerical and
experimental results are the critical loads, the slops of the main
segments of numerical and experimental curves as well as the fail-
ure modes. One can find that these characteristics are compared
well between the numerical simulation results and the experimen-
tal data.



Fig. 15. Loading–deflection curves under combined shear–compression loading.
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6.2. Simulation of pure tension loading with adhesive failure mode

From APZM simulations, we have found that the tension loading
under dynamic condition will result adhesive failure mode. To elu-
cidate this process, we have recorded the time sequences of the
bonded joint failure process under tension loading, which are
shown in Fig. 10.

From Fig. 10, one can clearly observe that under the tensile
loading, the bonded joint will break in an adhesive failure mode,
i.e. the crack path is along transit elements. To observe the detailed
fracture morphology, we show a zoom-in slow fracture process in
Fig. 11.

The comparison of the loading–deflection curves between
experimental results and numerical result are also displayed in
Fig. 12.

6.3. Simulation of the mixture mode failure under mixed-mode loading

In this subsection, we present the simulation results obtained
under the combined shear–compression loading, which results a
mixture mode failure for the bonded joint. We first show the time
sequences of the bonded joint failure process under the shear–
compression loading in Fig. 13.

Under the combined shear–compression loading, the bonded
joint will break in a mixture failure mode, i.e. a concurrent cohe-
sive failure and adhesive failure, in which the crack occurs in both
transit elements as well as interphase elements. The detailed fail-
ure process is shown in Fig. 14.

The loading–deflection curves of the experimental data and the
numerical result are compared in Fig. 15.
7. Conclusions

In this paper, we present the theoretical and numerical analysis
of a multiscale APZM model for the bonded joints. It is shown that
the proposed model is capable of simulating the dynamic responses
of the bonded joint structures, and it can capture the complicated
failure modes under complex loading conditions. The APMZ is a
novel and advantageous method that, we believe, may change the
engineering analysis of the bonded joint structures.

Referring to the geometric configurations and physical failure
morphologies of the bonded joints, APZM combines the advantages
of CZM and VIB theory, i.e., it not only can capture material fracture
process automatically as CZM, but also predict complex fracture
patterns under mixed-mode loadings. This is due to the VIB
theory’s ability to access all components of stress state inside the
process zone instead of using the ad-hoc traction–separation laws
as CZM. Therefore, APZM prediction is more accurate than that of
CZM calculation. We have found in the simulation that the relative
motions of adjacent adherends due to the ‘‘glue’’ of adhesive is dic-
tated by the complex 3D stress fields, and they cannot be predicted
by using CZM type of interface model because of the inadequacy
and inaccuracy of the stress field evaluation.

In particular, we have discovered in the simulation that: (1) the
pure shear loading may result in an adhesive failure mode; (2)
the pure tensile loading may result in a cohesive failure, and (3)
the combined shear–compression mixed mode loading may result
a mixture failure mode. Hence, it is fair to say that APZM can pre-
dict realistic joint failure modes such as cohesive failure, adhesive
failure, and adhesive–cohesive mixture failure mode naturally. In
comparison with the CZM, APZM integrates both of adherends
and adhesive process zone in a single framework of multiscale
FEM formulation, and it makes it easy to be implemented and inte-
grated with commercial FEM software.

The present work models the adherends by using conventional
FEM technology; it works well for the most homogeneous adher-
end materials. However, the past experimental and engineering
experiences have revealed that the failure may occur in the
composite adherends, which is called as first-ply-failure, or the
cracks may reach the adherends through adhesive. For these cases,
specific layers of adherends must be treated by APZM as well, or
one has to employ X-FEM in simulation of adherends.
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