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Interfacial mechanical properties of the adhesive bonded interface are strongly time-dependent in most
engineering structures due to the viscoelasticity of the adhesive layer. To predict those properties and
investigate their effect on the time-dependent adhesive structures, a novel hybrid/inverse identification
method is developed in this paper. The method is made up of an optimization technique coupled with a
new time-dependent interfacial adhesive model, the interfacial adhesive experiment at various loading
rates and the finite element numerical simulation. Based on the interfacial failure results obtained from
experiment and the numerical simulation, the hybrid/inverse identifying procedure time-dependent
interfacial parameters is constructed by means of genetic algorithms and the time-dependent interfacial
adhesive parameters can then determined. In end an independent experiment is presented to verify the
reasonableness of the values of the interfacial parameters. The hybrid/inverse identification method is
proved to be promising in identifying time-dependent interfacial parameters of adhesive bonded
structures.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction

Adhesive bonding is a modern assembly technique where two
similar or non-similar materials are joined using an adhesive. Its
major advantages over traditional assembly techniques like bolt-
ing, screwing, welding and soldering are (1) relative uniform stress
distribution; (2) ability to bond dissimilar as well as similar mate-
rials including metals, plastics, elastomers, glass, ceramics and
wood; (3) clean-looking joints; (4) less critical tolerances accept-
able for high performance bonding compared to mechanical fas-
tening methods; and (5) superior thermal resistance. These
advantages make it becomes an important part of manufacturing,
not only in the aerospace industry but also in the automotive,
wood-based panel, and marine industries in recent years. It has
been recognized that interfacial properties of adhesive joints have
a strong influence on the performance and reliability of the whole
structures. During the past decades, various interfacial theories
and models have been developed to study the mechanical perfor-
ll rights reserved.
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mance of composite interfaces. Needleman [1] introduced a cohe-
sive concept into computational mechanical framework and
presented an interface potential that specifies the dependence of
the interface tractions upon the interface separation. Tvergaard
and Hutchinson [2] used a traction-separation law to model the
fracture process ahead of the crack-tip in an interfacial structure.
The damage and debonding behavior of interfaces were investi-
gated using the interfacial fracture and its failure criteria presented
in [3–6]. Based on the supposition principle time-dependent fields,
Schapery [7] developed an interfacial model which combines a vis-
coelastic constitutive equation with a damage function. More ap-
proaches incorporating time effects into material separation
interfacial models can also be found in [8–10]. There is, however,
very few work reported on interfacial mechanical characteristics
by combining the direct experimental method and numerical sim-
ulation. Perhaps this is due to difficulties in conducting experi-
ments on complex interfacial properties. Lin et al. [11]
investigated interfacial properties of a real metal matrix composite
Al6061–10%Al2O3 based on the results obtained from experiment
and the non-continuum four-node interface model. Xu et al. [12]
calibrated the rate-dependent cohesive zone parameters by
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comparing a series of numerical simulations with experimental
curves to describe the crack growth in a thermoplastic adhesive.
To the authors’ knowledge, there is no report on identifying
time-dependent interfacial properties of adhesive structures by
using integrated approach of experimental and numerical
simulation.

In this paper, a new hybrid/inverse identification method is pro-
posed to identify time-dependent interfacial parameters in adhe-
sive structures. The method is constructed by integrating a newly
developed time-dependent interfacial adhesive model, numerical
simulations and optimization process, and interfacial experiments
at various loading rates. The optimization process was conducted
based on a reasonable objective function representing the differ-
ence between numerical prediction and experimental observation.
A experimental example is used to verify the applicability of the
proposed identification algorithm.

2. Hybrid/inverse identification method

Hybrid technique, i.e., a combination of theory and experiment,
has been widely applied in designing and analyzing realistic mod-
els of engineering events. Applications of hybrid-technique to 2-
and 3-dimensional problems with dissimilar materials have been
reported by Laermann [13,14] and Kobayashi [15]. Typically, hy-
brid/inverse identification method is an inverse method which
integrates the numerical simulation and experimental analysis into
one system. This method is made up of an optimization technique
coupled with the experimental measurement and the FEM simula-
tion. The finite element analysis is based on a newly proposed
time-dependent interface element model. First, a set of unknown
parameters related to interfacial strength and damage are defined
and selected as objective parameters to be identified. A finite ele-
ment model incorporating the time-dependent interface element
is then developed and used to search for an approximate solution
which has a minimum difference to the corresponding experimen-
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Fig. 1. Flow-chart of hybrid/inv
tal results. With the algorithm, the process of identifying interfacial
parameters is a process to compare the numerical results obtained
with the experimental results and to minimize their difference.
Fig. 1 illustrates the flow-chart of the hybrid identification
algorithm.

2.1. The time-dependent interfacial adhesive model

The time-dependent interfacial model developed here follows
the work of Needleman [1]. The model was derived based on Kelvin
model (see Fig. 2) which consists of a time-independent cohesive
zone model and a dashpot is placed parallel to the zone model.

In this work, normal material separation is considered only.
Thus, the Kelvin model for the case of uniaxial constitutive rela-
tionship [16] between stress and strain becomes

r ¼ Eeþ g_e ð1Þ

The corresponding constitutive equation of the time-dependent
interfacial model can then be written as

Tn ¼ eT n þ gn
dDn

dt
ð2Þ

where eT n is the time-independent cohesive traction which can be
obtained using the cohesive law of the interfacial model (spring ele-
ment) [1]

eT n ¼ �~rmaxze
Dn

dnc
exp �z

Dn

dnc

� �
ðDn 6 dncÞ ð3Þ

eT n ¼ 0 ðDn > dncÞ ð4Þ

where z is 16e/9, e is exp (1); ~rmax is the cohesive strength and dnc is
the critical opening displacement. The structure (see Fig. 2) is as-
sumed to be broken when the normal displacement jump Dn

reaches dnc. The hat over the cohesive zone quantities indi-
cates time-independent parameters which are different from the
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Fig. 2. The time-dependent interface model and the double cantilever beam specimen.
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time-dependent ones. It should be mentioned that Eq. (2) is ob-
tained based on the following three assumptions: (1) the stiffness
of the time-independent cohesive zone model was used to replace
E in the Kelvin model; (2) the displacement jump across the cohe-
sive zone and the cohesive surface traction were used to replace
strain and stress in the Kelvin model; and (3) a constant gn with a
unit of force per velocity per area (dashpot coefficient per area)
was used to replace g with a unit of force per strain rate per area
(viscosity) in the Kelvin model.

It is obvious from Eq. (2) that there are three interfacial param-
eters to be identified. They are interfacial strength limit ~rmax, ten-
sile separation limit dnc, and viscosity coefficient gn.

2.2. Uniaxial tensile experiment for adhesive DCB at various loading
rates

The design of the experiment component is critical in the pro-
posed hybrid inverse method. The experimental results needed
for the identification are obtained from a reasonable data measure-
ment. It should be mentioned that the whole process of the exper-
iment is time-dependent and the corresponding results are
obtained in real time measurement. In the experiment, a video-re-
corded image acquisition system is adopted to record the history of
the applied load and displacement and the local interfacial defor-
mation. The experiment conducted in this work is a uniaxial tensile
test on a double cantilever beam (DCB) at various loading rates.
The measurement of mechanical performance of DCB adhesive
specimen is conducted in accordance with ASTM D3433 standard
[17]. The aluminum alloy (LY12-CZ) adherens (Young’s modulus
E = 71 GPa, Poisson’s ratio v = 0.33) is bonded by the silica gel adhe-
sive (WL-506). And a cohesive crack-like defect was obtained at the
beginning of the bonding process by placing a Teflon tape at the
mid-thickness of the adhesive layer.

The loading of the specimen was carried out in an Instron 3343
electromechanical testing machine. A grid technique was adapted
to measure displacement fields around the interface of the model.
In order to accurately record the images of the interfacial deforma-
tion, uniform marker lines were printed on the surface of the inter-
face of the adherens (Fig. 3). When the specimen was loaded with
different constant displacement rates at the load-point, the load vs.
load-point displacement curves and video-recorded images of the
interfacial deformation through the marker lines were recorded
by computerized data acquisition system and a microscope linked
to a CCD (basler A202k), respectively. The configuration of the
loading setup is shown in Fig. 3.

The load vs. load-point displacement curves for the DCB adhe-
sive specimen under constant load-point displacement rates of
v = 0.02, 0.2, 1.0 and 2.0 mm/s, respectively, are presented in
Fig. 4. It can be seen from Fig. 4 that the maximal load increases
from 36.4 N to 43.9 N, along with the increase in the level of load-
ing velocity from 0.02–2.0 mm/s. And the corresponding displace-
ments increase also from 2.64–3.20 mm. Therefore an increase in
the loading velocity leads to an increase in the cohesive energy
of the time-dependent adhesives.

2.3. Numerical simulation and identification of the time-dependent
interfacial parameters

In this section, the interfacial failure of the adherens sample is
numerically simulated using the finite element package ABAQUS
[18]. In the forward calculations, the adherens material parame-
ters are exactly identical to those of the actual materials men-
tioned in the experiments. The four-node bilinear element is
used to model the adherens and the size of the elements was
gradually increased with increasing distance from the interfacial
elements. To model interfacial separation, several time-dependent
interfacial adhesive elements are placed along the interface
whose thickness is assumed to be 0.2 mm, where the two nodes
of the interfacial elements are initially coincident. At the early
loading stage of the DCB specimen, the stresses between the
two nodes of the interfacial elements increase steeply. As the
stress reaches its maximum, the two nodes begin to separate
with a reducing stress. At the point of the critical separation,
the interfacial stress drops to zero. Thus, the interfacial element
is effectively terminated and removed, and the damage propa-
gates at the interfacial adhesive region. The proposed interfacial
element has been integrated into ABAQUS via its user-defined
subroutine (UEL) capability.

It is noted that the key point in formulating the inverse problem
as an optimization problem is to construct a proper objective func-
tion F. To this end, an objective function is constructed based dif-
ference of the results obtained from the experiment and FEM
simulation. The results of failure region and failure mode of
the interface are used as basic decision variables in the objective
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Fig. 3. DCB specimen and video-recorded image acquisition system.

Fig. 4. Force vs. load-point displacement curves at different rates.

Table 1
Search range of interfacial parameters based on time-dependent CZM

Interfacial parameters ~rmax (MPa) dnc (mm) gn (MPa s/mm)

Search range 0 � 200 0.00 � 2.00 0 � 200
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function. The construction of the proposed objective function is de-
tailed below.

For the dynamic process of the interfacial tensile deformation,
suppose there are s interface elements in FE analysis along the
interface under consideration. Each element of the interface is de-
noted by a number iði ¼ 1;2; . . . ; sÞ. Assume that the failure state of
each element is characterized by two variables ni and �ni

ði ¼ 1;2; . . . ; sÞ, which represent the failure of the ith element in
the FE calculation and the experimental observation, respectively.
The values of ni and �ni are determined in the following way: (1)
in the FE forward simulation, niðr; tÞ ¼ 0 if the tensile failure oc-
curs, otherwise niðr; tÞ ¼ 1; (2) in the results of experiments,
�niðtÞ ¼ 0 represents the actual tensile failure state of the interfacial
element, otherwise �niðtÞ ¼ 1. And then, a function Hðni; �niÞ is pro-
posed to show whether the failure mode from the FE simulation
of the ith element coincides with that from the video-recorded
images during the experiment at the same time. If niðr; tÞ ¼ �niðtÞ,
the function Hðniðr; tÞ; �niðtÞÞ ¼ 0 otherwise Hðniðr; tÞ; �niðtÞÞ ¼ 1.
Based on the analysis above, the objective function is defined as

FðrÞ ¼
Xq

t¼1

Xs

i¼1

H½niðr; tÞ; �niðtÞ� ð5Þ

where q represents the time period used in numerical calculation,
which is taken to be the same as that in the actual experiment pro-
cess and r is a vector dependent on the time-dependent interfacial
parameter ~rmax; dnc; gn.With the objective function (5), the present
inverse problem can be regarded as a problem of finding a optimal
point r� in the three-dimensional space Rð~rmax; dnc; gnÞ where the
function F(r) is minimized by the corresponding results of FE simu-
lation calculation coincide with that observed from the experiment.
Thus, the solution of the inverse problem can be given as

r� ¼ arg min
r2R

FðrÞ ð6Þ

It can be seen from Eq. (5) that the objective function F(r) is a dis-
crete function. It is, therefore, very difficult to evaluate the deriva-
tive of the function F(r), which is required in the gradient-based
search method. To bypass this problem genetic algorithm (GA) is
employed in this work as only the objective function itself is re-
quired in GA. In addition to derivatives of the objective function
being not required, GA has also many other advantages over the tra-
ditional optimization techniques including working on the codes of
the variables to be optimized, searching with multi-point parallel
method, adopting probability search technique and performing
with only objective function information [19]. Moreover, GA is a
stochastic global search technique and can work well on a popula-
tion of points in the search space for each generation. In our analy-
sis, parameters used in GA calculation are as follows: the population
size of each generation is set to be 30; the probabilities of crossover
and mutation are taken as 0.8 and 0.05, respectively; and the max-
imum generation is set to be 100. It should be mentioned that the
initial population of chromosomes is randomly generated within a
prescribed search space, as show in Table 1.

3. Identification results and discussion

The identification of time-dependent interfacial parameters of
the adhesive structure is performed based on the results of the
DCB experiments at the loading rate of v = 2.0 mm/s. With this
loading rate, the corresponding identification values of the three
interfacial parameters in the time-dependent adhesive interfacial
model are: Strength limit ~rmax ¼ 8:1 MPa, tensile separation limit
dnc ¼ 0:35 mm, and viscosity coefficient gn ¼ 15:2 MPa s/mm. It
can be seen from the identification results that the interface be-
tween the aluminum alloys is a time-dependent weakly bonded
interface and the strength limit is much lower than the strength
of the aluminum alloy. Thus, the failure is easier to occur at the
adhesive interface due to the relatively low interfacial strength
when the adhesive bonding is in service.



Fig. 5. Force vs. load-point displacement curves of FE simulation and experiment at
v = 2 mm/s.

Fig. 6. Force vs. load-point displacement curves of FE simulation and experiment at
v = 0.02 mm/s.
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To improve the robustness of the identification procedure, fail-
ure region and failure mode at the interface in real time during the
whole process of the experiment are compared with the numerical
simulation results under the same loading rate. Furthermore, it is
important to ensure that the inverse solution obtained is physically
meaningful. To this end, two kind of experimental verification
methods are adopted. The first one is the self verification, i.e., the
comparison is performed between the experimental results at a gi-
ven loading rate (v = 2 mm/s) and the corresponding numerical
simulation prediction with the interfacial parameters identified
based on the experiment at the same loading rate. The second is
the independent verification, i.e., the results of numerical simula-
tion based on the interfacial parameters identified above are com-
pared with the results of another independent experiment at the
lower loading rate (v = 0.02 mm/s). The records of force vs. load-
point displacement curves which are the general response of the
specimen during the experiments are depicted in Figs. 5 and 6.
By comparing the results of the numerical simulations with those
of experiments, the force vs. load-point displacement curves are
good matched. Thus, the proposed hybrid/inverse identification
method is well-posed and the inversion results of the interfacial
parameters based on the time-dependent adhesive interfacial
model is reliable.

4. Conclusions

Based on the proposed time-dependent interfacial adhesive
model, a hybrid/inverse identification method has been devel-
oped and used to analyze the time-dependent interfacial adhe-
sive properties in adhesive bonded structures. Using this
method, the interfacial parameters such as the strength, stiffness
and the viscosity coefficient of the adhesive interface are quanti-
tatively identified. Further, an independent experiment is pre-
sented to verify the reasonableness of the values of the
interfacial parameters. The proposed method is proven to be
promising in solving time-dependent inverse problems of actual
structures with multiple unknown interfacial parameters.
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