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This study reports on the prediction of the delamination of steel-polymer composites. To characterize the
adhesive properties from peeling tests, a simple model was derived based on peeling mechanics, in par-
ticular considering plastically dissipated energy of polymer film due to bending. Peeling tests were per-
formed at two angles so that the adhesive properties were determined in both normal and tangential
directions. Then, peel strength at arbitrary angle was predicted and compared with experiments, showing
that the peel strength at only two angles and peeling mechanics considering the bending of polymer film
can accurately describe the adhesive properties of steel-polymer interface. Finally, finite element simu-
lations based on the cohesive zone model were performed to predict the delamination between steel-
polymer sandwich composites, demonstrating the validity of cohesive zone model equipped with neces-
sary properties determined using peeling tests and the developed model in this study.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Steel is a core material in almost every manufacturing field due
to its excellent mechanical properties. In the automotive field, steel
is very widely used and much related research has been carried
out. On the other hand, steel has a low damping ratio, resulting
in poor noise and vibration shielding. One of the solutions to this
problem is to combine steel with a polymer with a high damping
property. The development of steel-polymer sandwich structures
with enhanced damping properties has been the subject of much
research [1,2]. The interface between the steel and the polymer
has to be guaranteed for the composite to have the desired effect
[3]. Generally, adhesion between the metal and the polymer is
not strong, so in industrial applications, the reliability of the mate-
rials remains problematic. Accordingly, much research has focused
on enhancing the interfacial properties [4,5], but the reliability of
the composites, which we would like to use as structural materials,
is still not guaranteed.

As the interfacial properties are important, several studies have
been conducted on the characterization of delamination failures in
steel-polymer sandwich composites. One method used in these
studies is the virtual crack closure technique (VCCT) [6–10]. The
VCCT is based on linear elastic fracture mechanics (LEFM) and
the assumption that the energy release rate when an interface sep-
arates is the same as the energy required to close the crack. How-
ever, the drawback of this method is that it can only be used when
there is an initial inter laminar crack in the interface. Also, it is dif-
ficult to simulate the mixed mode and progressive delamination
[11–13]. Another method is cohesive zone modeling, which is
based on damage mechanics. This model was first suggested by
Dugdale [14], who introduced the concept, while Barenblatt [15]
introduced cohesive forces on a molecular scale. Subsequently,
many researchers have worked on this model for solving the
delamination problem [13,16–24]. The advantage of this method
is that it allows prediction of the delamination of complex struc-
tures [25,26]. Moreover, this method is simple [12] and can be
easily implemented using finite element methods [17,27–29].
Therefore, cohesive zone modeling is widely used for analyzing
the delamination failure in composites.

Precise methods to evaluate the interfacial properties are
required for exact analysis of the delamination. These properties
include the adhesion strength in both the normal and tangential
directions. The most widely used method is a lap shear test [30],
which measures the interfacial shear strength between the adhe-
sive and the material in the tangential direction. Tensile adhesive
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Table 1
Types of surface treatments and major components on the steel surface.

Types of surface
treatments

Abbreviations Major components on surface (%)

Electro-galvanized
steel

EG Zn (87.2), C (7.67), Fe (3.1), O (1.6)

Phosphate treated
steel

PL Zn (49.8), O (23.3), C (16.5), P (5.5),
Fe (1.8)

Hot dip-galvanized
steel

GI Zn (94.2), C (3.4), Fe (1.2), O (0.8)

Alloy-plated steel GA Zn (74.0), C (11.4), Fe (9.6), O (3.4),
Al (0.8)

Mg alloy-coated steel POSMAC Zn (83.2), C (5.1), Al (4.3), Mg (3.1),
O (2.9)

Fig. 1. (a) A schematic diagram of the apparatus used in the peeling tests, (b) the peeling a
the peeling tests.
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tests can be used to determine the strength in the normal direction
[31]. To measure the adhesive properties when external loads are
applied from various directions, corresponding test must proceed
individually. In this study, we used a peeling test to measure the
adhesive properties between steel and polymers, as the test is
easily carried out at different angles in the same machine. Using
the peel mechanics and the hypothesized plastic deformation, a
simple model was derived to define the interfacial properties based
on adhesive properties between the steel and polymers, which
were measured from the peeling test. Finally, numerical simula-
tions using the cohesive zone model were performed to validate
our analysis.
pparatus built in laboratory, and (c) the method for preparing the specimens used in
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2. Experimental: materials and peeling test

Five types of steel were used and their surface treatment and
chemical composition are summarized in Table 1. Degreased steels
were supplied with different chemical compositions on their sur-
faces and used without any additional treatment. The polymer
used in this study was nylon-6 purchased from a company (Good-
fellow, UK).

Two important factors were considered when designing the
apparatus for the peeling test. The first was to make a rotating
sub plate which fixed the specimens. The peeling angle could be
altered by rotating the sub plate. A schematic diagram of the appa-
ratus used for the peeling test is shown in Fig. 1(a). The second fac-
tor to consider was synchronizing the origin of the peeling site.
Without this synchronization, as film was peeled from the steel
substrate, the peeling spot would not be fixed at the origin, mean-
ing that the peeling angle between the pulled polymer film and the
steel could not be maintained. To maintain the peeling angle, the
Fig. 2. Typical load-displacement curve obtained by the peeling test, showing the
two stages indicated on it.

Fig. 3. Schematic illustrations of the thin fi
sub plate was pulled upward by a screw attached to an electric
motor (see Fig. 1(b)).

The shape and size of the specimen are shown in Fig. 1(c). Pro-
cessing conditions including time, temperature, and pressure
should be the same to all the specimens because adhesion proper-
ties can be affected by these conditions. After stacking nylon-6 film
on the steel, a pressure of 0.5 MPa was applied using a hot press at
a temperature of 260 �C. After 20 min, the sample was ejected from
the hot press and cooled at room temperature for 2 h. A specific
length (40 mm) of film was peeled manually to create a site that
could be connected to a universal testing machine (UTM; Gald-
abini, Milan, Italy). The rate of peeling and the sliding speed were
5 mm/min.

In the load-displacement curve shown in Fig. 2, there was the
first stage where peeling of film was not observed. In this stage,
the film was tightly spread and started to bear the load. Once the
peeling occurred, the second stage commenced, maintaining con-
stant load as the peeling proceeded. The peel strength was calcu-
lated by dividing the average load during this second stage by
the width of the specimen (20 mm).

3. Theoretical background

3.1. Peeling mechanics

The mechanical deformation during the peeling test was ana-
lyzed to determine the fracture energy (mode I and II) of the inter-
face between steel and polymer, which will be used to simulate the
delamination behavior via cohesive zone element. A schematic dia-
gram of the thin film peeling from the substrate is shown in Fig. 3.
The length (dL) is peeled from the substrate by force (F). In terms of
geometry, b and d are the width and thickness of thin film, respec-
tively. h and l are, respectively, the peel angle and bending length.
By conserving the energy of the peeling film through the length
(dL), we know that the work done by the force is equal to the
change of the energy of the system.

dWp ¼ dUE þ dUS þ dUP þ dUK ð1Þ
dWp is theworkdoneby force,dUE is the elastic energy in thefilm,

dUS is the surface energydue to the creationof newsurface,dUP is the
plastically dissipated energy as the plastic bends, and dUK is the
kinetic energy. dWp, dUE and dUS were derived by Kendall [32].
lm as it is peeled from the substrate.



Fig. 4. (a) Schematic diagram of the plastically dissipated zone and (b) the moments of the thin film during peeling [33].

Fig. 5. Schematic illustration of the peeling thin film, assuming the uniform
bending of the bending section (l).

Table 2
The bending length (l) of the samples.

Sample l (bending length)

EG steel–nylon 4 mm
PL steel–nylon 5 mm
GI steel–nylon 24 mm
GA steel–nylon 25 mm
POSMAC steel–nylon 5 mm
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dWp ¼ Fð1� cos hÞdLþ F2

Ebd
dL ð2Þ

dUE ¼ F2

2Ebd
dL ð3Þ

dUs ¼ bGdL ð4Þ
Table 3
Parameters of peeling nylon film from steel substrate.

q(density) d (thickness) b (width)

1.15 g/cm3 0.15 mm 20 mm
G is the fracture energy (adhesion energy), defined as the
energy required per unit area of interface between film and
substrate.

Unlike normal peeling test of thin film, polymer films behave
plastically during bending because of their large thickness and
adhesion between nylon and steel. To consider the influence of
bending, a simplified model based on the work of Georgiou et al.
[33] was derived in this study. In Fig. 4, we show plastically dissi-
pated zone as bending and unbending occurs during the peeling
process with a schematic diagram of the bending moment per unit
width (M/b) and the inverse of the local radius (1/R). If thin film
materials show no work hardening, the bending moment per unit
width can be derived from the solid mechanics and beam theory:

Mp

b
¼ ryd

2

4
ð5Þ

Mp is the moment at plastic limit and ry is the yield strength of
thin film. The total area under the curve is the plastically dissipated
energy per unit width by bending. Therefore, when length (dL) is
peeled from the substrate by the force (F), the plastically dissipated
energy (dUp) per unit width can be approximated.

dUp � 2� Mp

b

� �
� 1

R

� �
dL ð6Þ

Combining Eqs. (5) and (6), the plastically dissipated energy per
unit width, dUp is derived:

dUp ¼ ryd
2

2

 !
� 1

R

� �
dL ð7Þ

To determine the radius of curvature (R), we assumed the uni-
form bending of the bending section as shown in Fig. 5. In Fig. 5,
the curvature is calculated using the following:

R ¼ l
h0

ð8Þ

Based on the variation of the parameters in Fig. 5, we deter-
mined that the center angle (h0) is equal to peel angle (h).
v (peel velocity) h (peel angle)

5 mm/min 90�
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dy
dx

¼ R sin h0

R cos h0
¼ tan h0 ¼ tan h ð9Þ

Finally, combining Eqs. (7), (9), the plastically dissipated energy
(dUp) per unit width is:

dUp ¼ ryd
2

2

 !
� h

l

� �
dL ¼ ryd

2h
2l

 !
dL ð10Þ

dUP considering the film width, b, can be written:

dUp ¼ rybd
2h

2l
dL ð11Þ

To calculate the plastically dissipated energy (dUp), the bending
length (l) must be provided. We observed it from the peeling
experiments. The bending length (l) was determined by averaging
the measurements carried out for three different angles (60�, 90�
and 120�). Note that the bending length of the nylon film from steel
substrate is given in Table 2.

When the film of length (dL) is peeled from the substrate with
peel velocity (v) and angle (h), the kinetic energy (dUK) is given
by the equation below [34].

dUk ¼ qdbv2ð1� cos hÞdL ð12Þ

q and v are the density of film and peeling velocity, respectively.
To calculate the kinetic energy, the values from Table 3 were used.
The kinetic energy per unit length (dL) for all tests and samples was
2.99 � 10�8 N/mm2, which was negligible compared to other types
of energy. By combining Eqs. (1) through (4) and (11), we obtained
Eq. (13).

Fð1� cos hÞdLþ F2

Ebd
dL ¼ F2

2Ebd
dLþ bGdLþ rybd

2h
2l

dL ð13Þ

Solving for G from Eq. (13) by dividing dL and b, the fracture
energy is given by,
Fig. 6. Finite element model used for
G ¼ 1
2Ed

F
b

� �2

þ F
b

� �
ð1� cos hÞ � ryd

2h
2l

ð14Þ

In this study, the fracture energy was divided into normal and
tangential components, i.e., mode I and II, by two assumptions.
Firstly, the contribution of the energy release rate in the normal
and tangential directions (Gn and Gt) can be determined by the
decomposition of the peel force. Secondly, the contribution from
bending was considered only in the normal direction. Finally, Gn

and Gt can be expressed as follow:

Gn ¼ 1
2Ed

F sin h
b

� �2

þ F sin h
b

� �
ð1� cos hÞ � ryd

2h
2l

ð15Þ

Gt ¼ 1
2Ed

F cos h
b

� �2

þ F cos h
b

� �
ð1� cos hÞ ð16Þ

The critical fracture energy of normal and tangential directions
(Gn,c and Gt,c) can be simply determined by substituting Eqs. (15)
and (16) into Eq. (17), which is one of the failure criteria detailed
in [35,36].

Gn

Gn;c

� �
þ Gt

Gt;c

� �
¼ 1 ð17Þ

Combining Eqs. (15)–(17), the failure criterion can be
expressed:

1
2Ed

F sin h
b

� �2 þ F sin h
b

� �ð1� cos hÞ � ryd
2h

2l

Gn;c

þ
1

2Ed
F cos h

b

� �2 þ F cos h
b

� �ð1� cos hÞ
Gt;c

¼ 1 ð18Þ

Eq. (18) tells that the fracture energies in the normal and
tangential directions (Gn,c and Gt,c) can be determined using the
peel strength experimentally measured at different peel angles
the simulation of the peeling test.



Table 5
Fracture energies (Gn,c and Gt,c) between the steel and nylon interface determined
using experiment and Eq. (18).

Sample Gn,c (kJ/m2) Gt,c (kJ/m2)

EG steel–nylon 2.73 3.15
PL steel–nylon 2.58 2.83
GI steel–nylon 0.38 0.20
GA steel–nylon 1.17 1.15
POSMAC steel–nylon 2.16 2.22

Table 4
The peel strengths measured in the peeling tests.

Sample Angle (degree) Peel strength (N/mm)

Average Standard deviation

EG steel–nylon 60 4.302 0.279
90 2.897 0.239
120 2.324 0.178

PL steel–nylon 60 4.079 0.346
90 2.753 0.217
120 2.197 0.195

GI steel–nylon 60 0.451 0.200
90 0.415 0.109
120 0.288 0.150

GA steel–nylon 60 1.728 0.155
90 1.208 0.066
120 0.969 0.025

POSMAC steel–nylon 60 3.623 0.275
90 2.339 0.148
120 1.892 0.179
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(in fact two different angles). From the fracture energy obtained
using Eq. (18), a traction-separation law for the cohesive element
can be defined, which was used to simulate the peeling experi-
ments in this study.

3.2. Numerical model

To simulate the peel test, commercial finite element analysis
software (e ABAQUS/standard, Simulia Inc., USA) was used. Follow-
ing the actual experiments, a two-dimensional model was built.
The geometry and boundary conditions of the numerical model
are shown in Fig. 6. The interface between the steel and the poly-
mer was modeled by a cohesive element with a thickness of
0.05 mm. Tie constraints were used to connect the cohesive ele-
ments to the steel and polymer solid.

To describe the delamination behavior of the interface, cohesive
zone model was used. The adhesive layer between the steel and the
polymer was represented by cohesive elements, whose delamina-
tion behavior was characterized by a traction-separation law.
Many researchers have suggested different types of traction-
separation law (bilinear [27,29,37], linear-parabolic [16], exponen-
tial [38,39] and trapezoidal [40,41]). Alfano et al. [42] examined
the influence of the type of the traction-separation law on the anal-
ysis of debonding problems. They used a double cantilever beam
test to obtain their result and concluded that the solution was
independent of the type of law. Among the proposed models, the
bilinear law is the most efficient in terms of CPU time, and has
been used by many researchers [43–49]. Hence, a bilinear
traction-separation law was used to represent the steel/polymer
interface.

The bilinear traction-separation laws of the normal and tangen-
tial separations are shown in Fig. 7. During the pre-delamination
stage, the cohesive element response is governed by the following
elastic traction-separation relations. If the normal and tangential
components are uncoupled, the elastic traction components of
the 2D model can be represented using Eq. (19).

rn

rt

� �
¼ Knn 0

0 Ktt

� �
dn
dt

� �
ð19Þ

r and d are the traction and separation and n and t are two
directions (normal and tangential), while K is the stiffness. Under
normal or tangential forces, the delamination is initiated when
the inter-laminar traction reaches the maximum traction (rn,c or
rt,c). Delamination propagation is predicted when the energy
Fig. 7. Bilinear traction-separation law: (a) N
release rate (Gn and Gt) reaches the critical fracture energy (Gn,c

and Gt,c). The energy release rates (Gn and Gt) are calculated using
Eqs. (20) and (21).

Gn ¼
Z
rnddn ð20Þ

Gt ¼
Z
rtddt ð21Þ

The critical fracture energy (Gn,c and Gt,c) is formulated using
Eqs. (22) and (23).
ormal direction. (b) Tangential direction.
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Gn;c ¼ 1
2
rn;cdn;c ð22Þ

Gt;c ¼ 1
2
rt;cdt;c ð23Þ

dc is the critical separation length of the cohesive element. We
used failure initiation and propagation criteria when considering
the mixed mode loading condition. The failure initiation value
inducing delamination was evaluated using the quadratic criterion
(Eq. (24) below) suggested by Ye [50]. The failure propagation cri-
terion for continued delamination was evaluated using the power
law criterion (Eq. (25)) suggested by Long [51].

rn

rn;c

� �2

þ rt

rt;c

� �2

¼ 1 ð24Þ

Gn

Gn;c

� �
þ Gt

Gt;c

� �
¼ 1 ð25Þ

In the simulation, the critical fracture energy (Gn,c and Gt,c) was
determined by experimentally obtained peel strength (as
described in Section 3.1). Alfano et al. [29] found that variations
in the maximum traction did not have a significant influence on
the delamination prediction. Previous studies suggested the
Fig. 8. Comparison of experimental and predicted peel strengths for different peel
angles in the case of EG steel and nylon 6. (a) 0–90 degrees and (b) 90–180 degrees.
Note that peel strength for all peeling angles were predicted using two peel
strength at 60� and 90� and Eq. (18). For comparison purpose, peel strength
measured at 45� and 120� were also provided.
minimum number of elements required for the cohesive zone to
be successfully applied to the prediction of delamination [52,53].
To guarantee a sufficient number of elements in the cohesive zone,
the maximum traction (rn,c or rt,c) was set to be 10 MPa. The stiff-
ness (Knn and Ktt) was set to be 106 N/mm3 following the sugges-
tion of previous studies [24,54]. The critical separation length
(dn,c Gn,c and dt,c) were calculated using Eqs. (22) and (23) with
the critical fracture energy (and Gt,c) provided.

4. Results and discussion

The peel strengths at angles 60�, 90� and 120� were measured
using the peeling test (see Table 4). In this study, the peeling test
was repeated at least 5 times for each specimen to obtain reliable
data. It is clear fromTable 4 that as the peel angle decreased, the peel
strength increased. This result agreeswith previous studies [55–57].
The peel strength was strongly dependent on the steel surface, in
particular its chemical composition. Especially, oxygen is consid-
ered as one of main factor to improve the peel strength as a result
of relatively strong hydrogen bonding between steel and nylon-6.
As such, high oxygen content on the surface of phosphate-treated
steel (PL) formeda strong interfacewith thepolymer,while lowoxy-
gen content of the surface of hot dip-galvanized steel (GI) brought
about small peel strength and oxygen contents were small.
Fig. 9. Comparison of experimental and predicted peel strengths for different peel
angles for different peel angles: (a) 0–90 degrees and (b) 90–180 degrees.
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To define the adhesive properties between the steel and nylon,
the fracture energy in both the normal and tangential directions
(Gn,c and Gt,c) were calculated using the peel strengths at 60� and
90� and Eq. (18). The data in Table 5 show that the values of and
depend significantly on the substrate and on the direction. Gener-
ally, was higher than. In the case of having high adhesive proper-
ties (EG, PL, POSMAC steel–nylon), a similar trend was shown.
However, in the case of having low adhesive properties (GI, GA
steel–nylon), the opposite trend was shown. The reason for this
is that the experimental error of peel measurement increased
Fig. 10. Comparison of simulated peel force with experimental one according to
peel displacement in case of EG steel–nylon 6.

Fig 11. Simulation results showing (a) Mises stress and (b) overall scala
when the interface between layers was too weak, so causing the
opposite results. These values Gn,c and Gt,c were used to predict
the peel strength for other peel angles and set up the traction–sep-
aration laws of the cohesive elements.

Using the critical fracture energy (Gn,c and Gt,c), peel strength (F/
b in Eq. (18)) for all angles were predicted. In Fig. 8, the predicted
peel strength between EG steel and nylon were presented and
compared with peel strength measured for angles 45� and 120�,
demonstrating that the peel strength at all angles can be predicted
using the peel strength at only two angles and Eq. (18). In low peel
angles (0–90�), there was no significant difference when bending
was considered (see Fig. 8(a)). However, in high peel angle (90–
180�), a significant difference between prediction and experiment
was observed due to increasing influence of the bending (see
Fig. 8(b)). Therefore, in the case of peeling polymer film from steel
substrate, the consideration of bending is essential to predict accu-
rate interface properties. Predicted peel strength for other sub-
strates are compared with experimentally determined peel
strength in Fig. 9, showing that there is good agreement between
the theoretical prediction from Eq. (18) and the experimentally
measured peel strength.

To validate our model using a cohesive zone model, whose
parameters can be effectively determined by the peeling mechan-
ics and experiments explained in Section 3, numerical analysis was
carried out to simulate the peeling behavior of steel-polymer com-
posites at 60�, 90� and 120�. We compared the experimental and
simulated peel force as a function of peel displacement. The varia-
tion of the peel force with the displacement for different angles in
the case of EG steel and nylon is shown in Fig. 10. Steady-state peel
forces, which do not depend on the angle, were also obtained. The
peel forces simulated using finite element analysis with cohesive
elements agreed well with experimental results. The peel front
r stiffness degradation (SDEG) in the cohesive layer during peeling.



Table 6
Comparison of the peel strength determined by finite element analysis with experimental one.

Sample Angle (degree) Peel strength (N/mm)

Experiment Simulation Difference (%)

EG steel–nylon 60 4.302 4.297 0.116
90 2.897 2.943 1.588
120 2.324 2.154 7.315

PL steel–nylon 60 4.079 4.191 2.739
90 2.753 2.769 0.596
120 2.197 2.211 0.648

GI steel–nylon 60 0.451 0.447 0.949
90 0.415 0.390 5.938
120 0.288 0.285 0.987

GA steel–nylon 60 1.728 1.689 2.243
90 1.208 1.204 0.332
120 0.969 0.891 8.356

POSMAC steel–nylon 60 3.623 3.499 3.395
90 2.339 2.410 3.045
120 1.892 1.721 9.038
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and delamination zone of the peel arms are shown in Fig. 11. High
stress concentrated on the peel arm because of the bending. After
peeling, the part of the film far from the delamination zone did not
undergo stress, as shown in Fig. 11(a), and almost no energy dissi-
pated in the part of the film located above the delamination zone.
In Fig. 11(b), the overall scalar stiffness degradation of the cohesive
element during the peeling is shown. For this figure, the cohesive
zone consisted of 10 cohesive elements. The cohesive elements
were not degraded before the failure was initiated. After the failure
initiation, as determined by the failure initiation criterion, the
degradation started. Finally, after the peeling satisfied the propaga-
tion criterion of failure, the cohesive elements did not undergo fur-
ther traction. The experimental and simulated peel strengths are
compared in Table 6. The results indicate that it is possible to sim-
ulate the peel behavior to an accuracy of 10% in all cases using
cohesive zone models. Therefore, it can be concluded that the pro-
posed method used to evaluate the adhesive properties, which was
based on peeling tests and our derived failure criterion (Eq. (18)),
was appropriate for modeling the steel-polymer interface.

5. Conclusion

Peeling tests were performed to measure the adhesive proper-
ties between steel and polymer (nylon). A theoretical approach
was also developed to identify the adhesive properties between
steel and nylon. Based on the peeling mechanics and consideration
of plastically dissipated energy by bending, a simple model was
derived to characterize the adhesive properties in both the normal
and tangential directions. Two example calculation were provided
to validate the current approach. First, the peel strength between
steel and polymer at an arbitrary angle was predicted and com-
pared with experiments, demonstrating that the consideration of
the bending of polymer film during peeling is essential to improv-
ing the prediction accuracy. Next, finite element simulation of
peeling process was carried out using a cohesive zone model. It
was concluded that the failures due to delamination in steel-
polymer sandwich composites can be predicted using the cohesive
zone model equipped with necessary properties determined using
peeling tests and the simple model developed in this study.
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