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Quantitative Prediction of the
Whole Peeling Process of an
Elastic Film on a Rigid Substrate
The whole peeling behavior of thin films on substrates attract lots of research interests
due to the wide application of film-substrate systems, which was well modeled theoreti-
cally by introducing Lennard–Jones (L-J) potential to describe the interface in Peng and
Chen (2015, Effect of Bending Stiffness on the Peeling Behavior of an Elastic Thin Film
on a Rigid Substrate,” Phys. Rev. E, 91(4), p. 042401). However, it is difficult for real
applications because the parameters in the L-J potential are difficult to determine experi-
mentally. In this paper, with the help of the peeling test and combining the constitutive
relation of a cohesive zone model (CZM) with the L-J potential, we establish a new
method to find the parameters in the L-J potential. The whole peeling process can then be
analyzed quantitatively. Both the theoretical prediction and the experimental result agree
well with each other. Finite element simulations of the whole peeling process are carried
out subsequently. Quantitative agreements among the theoretical prediction, numerical
calculation, and the experiment measurement further demonstrate the feasibility of the
method. Effects of not only the interface strength but also the interface toughness on the
whole peeling behavior are analyzed. It is found that the peeling force at a peeling angle
of 90 deg during the steady-state stage is affected only by the interface toughness, while
the peeling force before the steady-state stage would be influenced significantly by the
interface toughness, interface strength, and bending stiffness of the film. All the present
results should be helpful for deep understanding and theoretical prediction of the inter-
face behavior of film-substrate systems in real applications. [DOI: 10.1115/1.4040336]

Keywords: film-substrate system, interface behavior, peeling force, cohesive zone model,
L-J potential

1 Introduction

Film-substrate systems play an important role in various indus-
tries, for example, bionic device designing, medical protection,
modern material manufacturing [1–3], etc. Fundamental under-
standing of the peeling behavior and debonding mechanism of
films should be very significant. The peel test as a well-known
technique to measure the interface properties between thin films
and substrates was designed by Spies [4], and such a test tech-
nique has become very popular in assessing the interface mechani-
cal properties so far because of its easy operation [5–8]. Kendall’s
model [9] as a classical theory to analyze the interface behavior of
an elastic film peeling from a rigid substrate has been widely
accepted. As a pioneering work, Kendall’s model first gives an

analytical relationship between the peeling force, peeling angle,
film’s modulus, and interface toughness (i.e., interface adhesion
energy) in the steady-state peeling stage. It should be noted that
for an elastic film, Kendall’ model is accurate enough to predict
the peeling force in the steady-state peeling stage, so it is often
used to determine the interface toughness by measuring the
peeling force experimentally. The effects of film’s plasticity
[7,10–12], film’s viscoelasticity [13,14], film’s heterogeneity [15],
environmental humidity [16], pretension in films [17], substrate’s
viscoelasticity [18], interface roughness [3,19,20], etc., on the
peeling behaviors were also discussed by many researchers. In the
Kendall’s model, the stress distribution between films and sub-
strates cannot be achieved and the interface toughness is the only
interface parameter considered.

In order to model the peeling behavior of films more compre-
hensively, some interface models between films and substrates
were introduced, such as the Lennard–Jones (L-J) potential
[21,22] and interface cohesive zone models (CZM) [8,23,24].
Among these studies, most of them focused on the steady-state
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peeling process and neglected the peeling behavior before the
steady-state peeling stage. The steady-state peeling process
requires the film’s axis at the loading end strictly consistent with
the direction of the external peeling force [25]. In the steady-state
stage, the peeling force keeps a constant and can be expressed
analytically. But in a practical peeling problem, especially for
films with finite bending stiffness, the above condition is not
always satisfied strictly [26]. Furthermore, many peeling experi-
ments also show that the peeling force would vary as a function of
the peeling displacement, in which the maximum peeling force
may not appear at the steady-state stage but at the initial peeling
stage [11,14]. Therefore, researches on the peeling behavior in the
initial stage or the whole peeling process should be carried out.
However, such a study on the whole peeling process or the initial
peeling stage is still few. Oyharcabal and Frisch studied theoreti-
cally the whole peeling process of an elastic inextensible rod from
a smooth substrate using a continuum mechanics method [21]. In
their model, only the bending energy was considered and only the
case of a 90 deg peeling angle was discussed. Peng and Chen fur-
ther studied the effect of film’s bending stiffness on the whole
peeling process with an arbitrary peeling angle [22]. Both models
successfully described not only the peeling behavior in the steady-
state stage but also the whole peeling process with the help of the
L-J potential that was used to describe the interaction between
films and substrates. As we know, the L-J potential describes
essentially the interaction among atoms and the related parameters
in the L-J potential are difficult to determine for a real film-
substrate system, though the integral of L-J potential could pro-
vide the interface interaction energy and the interaction force
between films and substrates. Thus, the first question is how to
obtain the parameters in the L-J potential with the help of a real
peeling test. Consequently, another question is how to predict the
interface peeling behavior quantitatively, which may be useful for
real applications.

In order to answer the above questions, we ask the interface
cohesive zone model for help, which was often introduced to
describe the interface interaction [8,23,27]. Bridging the cohesive
zone model and the L-J potential model, we find the relation
between the parameters in L-J potential and those in the cohesive
zone model. With the help of peeling test, the whole peeling
behavior of a film-substrate system could be analyzed quantita-
tively based on the L-J potential model. Finite element calculation
is further carried out in order to not only verify the method but
also analyze systematically the interface effect on the whole peel-
ing behavior.

One should be noted that for an elastic film-substrate system
with a fixed interface toughness but with a very strong interface
strength, the film peeling model would not be accurate enough. A
beam model may be adopted. In this paper, the case with a very
strong interface strength is obviously not included.

2 The Peeling Model With the Lennard–Jones

Potential

Peng and Chen have established a plane strain peeling model
for an elastic film-substrate system [22]. The whole peeling pro-
cess including the initial stage and the steady-state stage is ana-
lyzed based on the L-J potential describing the interface
interaction as shown in Fig. 1. The total potential energy P of the
film-substrate system can be expressed as

P ¼
ðL

0

1

2
Dh0

2
sð Þdsþ

ðL

0

1

2
Ee2hds� Pu�

ðL

0

Pedsþ
ðL

0

V yð Þds

(1)

where the first term on the right-hand side of Eq. (1) is the bend-
ing elastic energy, D ¼ Eh3=12 is the bending stiffness of the
film. Here, E and h denote the film’s Young’s modulus and thick-
ness, respectively. The second term on the right-hand side is the

elastic strain energy stored in the elastic film. The third term is
the potential of the external force due to the displacement u at the
loading point A without considering the film’s extension. The
fourth term is the work done by the external force due to the ten-
sion of the elastic film. The last term is the interaction potential
energy between the film and the substrate, which can be obtained
based on the L-J potential

V yð Þ ¼ a
b
y

� �9

� b
y

� �3
" #

(2)

Here, the interface parameters a and b represent the depth of
the potential well and the effective interaction distance,
respectively.

The principle of the minimum potential energy yields the gov-
erning equation as

D
d2h
ds2
þ k1 cos hþ P2

Eh
cos h� hPð Þsin h� hPð Þ

�P sin h� hPð Þ � P2

Eh
sin h� hPð Þcos hL � hPð Þ ¼ 0

dk1

ds
¼ � @V

@y

dx

ds
¼ cos h

dy

ds
¼ sin h

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

(3)

and the boundary conditions as

k1 Lð Þ ¼ 0
dh
ds

����
s¼0

¼ 0
dh
ds

����
s¼L

¼ 0 (4)

where k1 is an Lagrange multiplier, h is the tangential angle of
each point on the film, hL is the corresponding tangential angle of

Fig. 1 Schematics of an elastic thin film with a length L peeling
from a rigid substrate with a peeling force P and a peeling angle
hP at the right end of the film. A curvilinear coordinate (s; h) and
a rectangular one (x ; y ) are attached to the film-substrate sys-
tem with the origin o at the left end of the film. (a) The initial
peeling state and (b) an intermediate state.
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the point near the right end of the film, s is the arc length of the
film from the origin o.

A standard shooting method can be used to find the peeling force
P at a given moment. However, for a practical problem, quantita-
tive analysis is often required, which needs the values of a and b to
be known in advance. How to find the values of a and b based on a
peeling test is still a difficult problem. Therefore, the interface
cohesive zone model is introduced as follows in order to give a
method to determine the interface parameters in the L-J potential.

3 The Interface Cohesive Zone Model

The interface CZM as a macroscopic and phenomenological
interface model is widely used to describe interfaces [5,23,24].
The CZM constitutive equations are based on the traction-
separation (T-S) relations [28,29]. In the T-S relations, the peak
value of the traction and the area under the T-S curves are two
key parameters [23,27,30,31], which are denoted as the interface
strength and the interface toughness, respectively. The simple
bilinear T-S relation as shown in Fig. 2 is widely adopted to cap-
ture the interface properties. Figure 2(a) represents the total
traction-separation response under a mixed tension and shear
loading mode. Figures 2(b) and 2(c) show the response under pure
tension and pure shear, respectively. All the T-S curves have a
similar shape and can be expressed as Eqs. (5)–(7), respectively,

T ¼

�T
d
d

0

d � d0

�T
�d � d
�d � d

0

d
0
< d < �d

0 �d � d

total responseð Þ

8>>>>>><
>>>>>>:

(5)

r ¼

�Tn
dn

dn0

dn � dn0

�Tn

�dn � dn

�dn � dn0

dn0
< dn < �dn

0 �dn � dn

normal directionð Þ

8>>>>>><
>>>>>>:

(6)

s ¼

0 dt � ��dt

�Tt
��dt � dt

�dt � dt0

� �dt < dt < �dt0

�Tt
dt

dt0

� dt0 � dt � dt0

�Tt

�dt � dt

�dt � dt0

dt0
< dt < �dt

0 �dt � dt

tangent directionð Þ

8>>>>>>>>>>>>>><
>>>>>>>>>>>>>>:

(7)

Here, T, r, and s represent the total, normal, and tangent sepa-
rating stresses, respectively. d, dn, and dt represent the separating
displacements corresponding to the total, normal, and tangent sep-

arating stresses, respectively. �Tð �T n or �T tÞ and �dð�dn or �dtÞ repre-
sent the total (normal or tangent directional) interface separating
strength and the maximum interface separating displacement,
respectively. d0, dn0

, and dt0
represent the critical separating dis-

placements corresponding to �T , �Tn, and �Tt, respectively. When
d > 0, the area under the T-S curve is denoted as the interface
toughness Gc, which is also called the interface adhesive energy

Fig. 2 The bilinear T-S curves of the interface CZM: (a) the total response, (b) the response in the normal direc-
tion, and (c) the response in the tangent direction
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or the interface fracture energy. The interface toughness in three
different loading cases can be expressed as

Gc ¼
ð�d

0

Tdd ¼ 1

2
�T�d total responseð Þ

Gnc ¼
ð�dn

0

rddn ¼
1

2
�T n

�dn normal directionð Þ

Gtc ¼
ð�d t

0

rddt ¼
1

2
�T t

�dt tangent directionð Þ

8>>>>>>>>><
>>>>>>>>>:

(8)

Under a mixed loading, we have d ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
hdni2 þ d2

t

q
. When the

load increases beyond the critical value, the interface begins to
soften. At this time, we have

MAX
hri
�Tn
;

s
�Tt

� �
¼ 1 (9)

Here, hi represents the Macaulay bracket defined as hxi ¼
ðjxj þ xÞ=2, which means that a compressive deformation or stress
state does not induce interface separation. With an increasing
interface separating displacement, interface debonding would hap-

pen at d ¼ �d. At this moment, we have

Gn

Gnc
þ Gt

Gtc
¼ 1 (10)

Here, Gn and Gt represent the work done by the traction in the
normal and the shear directions, respectively. Gnc and Gtc are the
interface toughness defined in Eq. (8). When Eq. (10) is satisfied,
the interface roughness is Gc ¼ Gn þ Gt. In this paper, the simple
bilinear separation law in Eq. (5) is used, in which the tension and
shear directions are coupled through the mixed-mode failure crite-
rion in Eq. (10).

The effect of the stiffness of the cohesive element on the
peeling behavior is investigated first. The results demonstrate an
insensitive effect in cases with a 90 deg peeling angle. There-
fore, the prediction in cases with a 90 deg peeling angle based
on the CZM is dependent only on two characteristic parameters,
i.e., the interface strength ( �T ) and the interface toughness (Gc)
[5,24,31], the fact of which will be well adopted in the follow-
ing analysis.

4 Determination of the Interface Parameters in the

Lennard–Jones Potential

The first-order derivative of the L-J potential energy in Eq. (2)
with respect to y corresponds to the interface traction force

V0 yð Þ ¼
a
b
�9

b
y

� �10

þ 3
b
y

� �4
" #

(11)

The traction-separation curve of Eq. (11) is shown in Fig. 3
with a peak value of the traction 0:47a=b and an area under the
curve 0:384a, both of which represent the interface strength and
the interface roughness in the L-J potential form, respectively.

Comparing the bilinear T-S curve in Fig. 2(a) and the T-S rela-
tion of the L-J potential form in Fig. 3, both curves have a similar
shape. Since the peak value of the traction (i.e., the interface
strength) and the area under the curve (i.e., the interface tough-
ness) are two dominant parameters in the T-S relations, let the two
parameters in the two models equal each other, i.e.,

�T ¼ 0:47
a
b

Gc ¼ 0:384a

8<
: (12)

which yields

a ¼ 2:604Gc

b ¼ 1:22
Gc

�T

8<
: (13)

Here, one can note that if the parameters Gc and �T of an inter-
face in real applications are known, the corresponding parameters
a and b in the L-J potential can be achieved easily. Then, the
whole peeling process of a thin film on a substrate can be analyzed
quantitatively by solving Eqs. (3) and (4). In order to verify the
proposed method above and analyze the effects of interface and
other parameters on the whole peeling behavior of film-substrate
system, peeling tests are carried out as follows.

5 Peeling Test of Film-Substrate Systems

5.1 Specimen Preparation. A series of films with different
thickness are prepared. Each film consists of two layers, in which
the upper layer is polyvinylchloride (PVC) plate and the bottom
layer is 3 M Vinyl Electrical Tape (3 M #1500). The 3 M Vinyl
Electrical Tape is also mainly made of PVC so that two layers
have very similar mechanical properties. The thickness of the
bottom layer is fixed, on which the upper layer with different
thickness is bonded in order to change the total thickness of PVC
films but possess an unchanged property of the bottom surface.
The width of the upper and bottom layers keeps the same. The
cyanoacrylate glue (502 glue) is used to bond both layers.

Two substrates, i.e., PVC and glass, are adopted to bond with
the same films to achieve different interface properties. The sche-
matic of the film/substrate specimen is shown in Fig. 4. The width
b of the film is 18 mm. Films with different thickness h are used,
i.e., 0.4 mm, 0.6 mm, and 0.7 mm, respectively.

Before bonding the film to the substrate, the surface of the sub-
strate is carefully cleaned with absolute ethyl alcohol and then
rinsed with distill water. After bonding, a hand roll is used to roll
the film on the substrate in both directions, in order to achieve a
nearly perfect adhesion interface and avoid air bubbles entrapped
in the interface. Finally, before the peeling test, the specimens are
placed in the room temperature (about 25 �C) environment for
about 4 h.

5.2 Peeling Experiment. As shown in Fig. 5, all the experi-
ments are conducted using a universal test machine (Instron
2367B11466). Before the experiment, the specimen is fixed to a
peeling fixture, which is specially designed for the peeling test.
The fixture is made of four parts, a slide rail, a slide platform, a

Fig. 3 The T-S curve of the L-J potential, where y /b is the
dimensionless interface separation displacement and V

0
b/a is

the dimensionless interface traction
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nylon thread, and an aluminum alloy beam. One side of the alumi-
num alloy beam is fixed to the crosshead of the universal test
machine. The other side is connected to the slide platform using
the nylon thread, which goes through a pulley fixed at the edge of
the slide rail. Using such a technique, the peeling angle can
remain invariable during the peeling test, because the movement
of the peeling tip will be offset by the platform with the same dis-
placement but in an opposite direction. The moving speed of the
crosshead is set as 10 mm/min so that the viscoelastic effect can
be neglected in the experiment. Clear pictures of the interface
cohesive zone are captured by a CCD (Genie Nano) with a zoom
lens (1–6.3 times).

Experiment of the peeling angle of 90 deg is only carried out in
this paper since the interface toughness can be directly found from
the peeling force in the steady-state stage. Then, through Eq. (13),
we can find the parameters a and b in the L-J potential.

5.3 Experimental Results. Figures 6(a) and 6(b) show the
peeling force–displacement curves of films with different thick-
ness on a PVC substrate and a glass substrate, respectively. For
each film, the peeling force increases initially up to a peak value,
then decreases gradually before reaching a steady-state platform.
The peak value and the value of the steady-state platform corre-
spond to the maximum peeling force and the steady-state peeling
force, respectively. It can be found that the steady-state peeling
force is almost the same for different films on the same substrate.
It is because that all the film/substrate systems possess a very sim-
ilar interface and the steady-state peeling force is only related to
interface properties, which agrees well with the prediction of
the Kendall’s model [9]. The steady-state peeling force of the
film/PVC systems as shown in Fig. 6(a) is larger than that of the
film/glass systems as shown in Fig. 6(b), which is due to the stron-
ger interface toughness between the film and the PVC substrate.
Furthermore, the maximum peeling force is found to increase with
an increasing film’s thickness, which is consistent with the theo-
retical prediction of Peng and Chen’s model [22]. It is mainly
because the maximum peeling force emerges at the initial peeling
stage and the effect of bending stiffness of films should be consid-
ered at the initial stage.

The interface cohesive zone can be clearly captured during
the tests as shown in Figs. 7(a) and 7(b) for the PVC substrate
case and the glass substrate case, respectively. The maximum sep-
arating displacement �d can be precisely measured from Fig. 7,
which is 1.2 mm and 0.7 mm for the PVC substrate and glass

Fig. 5 The universal test machine and the peeling fixture

Fig. 6 The peeling force-crosshead displacement curves with films of different thickness on different sub-
strates in the case with the peeling angle of 90 deg: (a) the experimental data on PVC substrates and (b) the
experimental data on glass substrates

Fig. 4 Schematic of the peeling test
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substrate, respectively. It should be noted that the mirror picture
of the interface cohesive zone is also exhibited in Fig. 7(b) due to
the glass substrate.

6 Comparison Between the Experimental Results and

the Extended Peng and Chen’s Model

Combining the experimental measurement and the Peng and
Chen’s model could carry out the quantitative verification of
Eq. (13). The theoretical results can be obtained based on
Eqs. (1)–(4). The parameters of the film, including the thickness
and modulus, can be obtained easily from the experiments. For
the PVC film, the modulus is Ef ¼ 1000 MPa. According to the
Kendall’s model, when the peeling angle is 90 deg, the steady-
state peeling force approximately equals the interface toughness,
i.e., Gc � P. From the experiment results of the PVC substrate,
the interface toughness and the maximum separating displacement

can be achieved as Gc ¼ 0:13 mJ=mm2 and �d ¼ 1:2 mm as shown
in Figs. 6(a) and 7(a), respectively. As for the glass substrate case,
the interface toughness and the maximum separating displacement

are Gc ¼ 0:045 mJ=mm2 and �d ¼ 0:7 mm as shown in Figs. 6(b)
and 7(b), respectively. According to Eq. (8), the interface strength
�T can be calculated as

�T ¼ 2Gc

�d
(14)

which results in �T to be 0:22 MPa and 0:13 MPa for the PVC and
glass cases, respectively.

According to Eq. (13), the parameters in the L-J potential
model can be obtained as a ¼ 0:338 mJ=mm2 and b ¼ 0:72 mm
for the PVC substrate case, and a ¼ 0:117 mJ=mm2, and b ¼
0:42 mm for the glass substrate case. Substituting the correspond-
ing values into the Peng and Chen’s model, quantitatively theoret-
ical results can be yielded as shown in Fig. 8, where the
experimental measurements are also given for comparison. It can
be found that not only the maximum peeling force but also the
steady-state peeling force is well consistent with each other. It
means the theoretical model based on the L-J potential [19] can be
used to predict the whole peeling process quantitatively when the
interface cohesive zone model is adopted to find the parameters in
the L-J potential. One may note that the stiffness of the curves
in the experimental measurement deviates from the theoretical
prediction. It is mainly due to the existing free and relaxed type
attached at the end of the film before the peeling experiment,
which would decrease the stiffness of the experimental
measurement.

Fig. 7 Pictures of the cohesive zone for different substrate interfaces: (a) the interface of a
film on a PVC substrate and (b) the interface of a film on a glass substrate

Fig. 8 Comparison of the theoretical results predicted by Peng and Chen’s model [19], the finite element calcu-
lations and the experiment data in the case with the peeling angle of 90 deg: (a) a 0.4 mm film on a PVC substrate
and (b) a 0.4 mm film on a glass substrate
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7 Finite Element Calculation of a Film Peeling From a

Substrate

7.1 Finite Element Model and Comparison of the Results.
The whole peeling process of an elastic film on a rigid substrate is
further simulated by a finite element model as shown in Fig. 9, in
which the interface cohesive zone model is adopted to describe
the interface interaction. h is the thickness of the film, L is the
length of film. The bottom of the rigid substrate was fixed. Four-
node rectangular elements are employed in finite element mesh,
CPE4R (plane strain) elements are used for the film, COH2D4
(cohesive) elements are used for the interface layer.

Similar to the peeling test in the present paper and also due to
the reason that only the vertical interaction of the interface was
considered in Peng and Chen [19] by the L-J potential as shown in
Eq. (2), the case with the peeling angle of 90 deg is considered in
the numerical calculations.

The film is assumed to be a homogeneous, isotropic, and elastic
material. Considering the plane strain condition, the constitutive
equations can be written as

e13 ¼ e31 ¼ e23 ¼ e32 ¼ e33 ¼ 0 (15)

rij ¼
Ef �f

1� 2�fð Þ 1þ �fð Þ
ekkdij þ

Ef

1þ �fð Þ
eij filmð Þ (16)

rij ¼
Es�f

1� 2�sð Þ 1þ �sð Þ ekkdij þ
Es

1þ �sð Þ eij substrateð Þ (17)

where r and e represent the stress and strain tensors, respectively.
� and E represent the Poisson’s ratio and the Young’s modulus,
respectively. dij is the Kronecker delta. The subscripts f and s
represent the film and the substrate, respectively. The subscripts i
and j take values from 1, 2, and 3 to represent the x, y and z axis.
The bilinear T-S relation in Sec. 3.1 is chosen as the constitutive
relation of the interface cohesive zone model. The interface
is assumed to be isotropic so that we have �T n ¼ �T t and
Gc ¼ Gnc ¼ Gtc. The detailed parameter values keep the same as
those in Sec. 5. The stiffness K in the interface cohesive model is
the slope of the initial segment of the T-S curve, which is taken as
�d=d0 ¼ 4. Actually, it is found that the whole response of the
film-substrate system is insensitive to the value of �d=d0 as shown
in Fig. 10, which further supports the conclusion that the interface
strength ( �T ) and the interface toughness (Gc) are two dominant
parameters in the cohesive zone model [20,24].

During the peeling process, the vertical displacement yA at
the point A gradually increases. The simulation result is also
shown in Fig. 8. It can be found that the whole peeling
force–displacement curve is almost in agreement with the theoret-
ical result based on the Peng and Chen’s model with the help of
the relation in Eq. (13).

7.2 Effect of Parameters on the Peeling Behavior. The
finite element model is further used to study the effect of the inter-
face and film’s parameters on the whole peeling behavior. One

should be noted that only the case with the peeling angle of
90 deg is analyzed because the steady-state peeling force approxi-
mately equals the interface toughness, i.e., Gc � P, only under
this condition.

The peeling force P can be written as a function of some inde-
pendent parameters through the dimension analysis

P

G0
c

¼ f
Gc

G0
c

;
�T

G0
cL
;

Ef

G0
cL
;
h

L
;
yA

L

 !
(18)

where G0
c is a referenced interface toughness. yA is the vertical dis-

placement at the point A. L is the whole length of the film as
shown in Fig. 9.

The effect of the interface toughness Gc, interface strength �T ,
film modulus Ef , and film thickness h on the peeling force is
shown in Figs. 11(a)–11(d), respectively. From Fig. 11, one can
see that during the whole peeling process, the peeling force
always increases to a peak value, then decreases, and finally keeps
invariant in most of the cases. When the interface toughness is rel-
ative large, e.g., Gc is four times of the referenced value as shown
in Fig. 11(a), the peeling force increases first at the initial peeling
stage and then goes directly to the steady-state stage without a
decreasing process. Such a phenomenon was also found by Peng
and Chen [19], in which the effect of film’s bending stiffness on
the peeling force was mainly investigated. If the film’s stiffness is
relatively small, the peeling force would increase till the steady-
state stage. Here, it is found that the similar varying trend of the
peeling force-displacement relation would happen if the interface
toughness is relatively large.

Fig. 9 The finite element model and the details of the meshes

Fig. 10 The effect of the stiffness K (i.e., d0/�d) in the CZM on
the whole peeling behavior when the peeling angle is 90 deg
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In addition, when the other parameters remain unchanged, the
interface toughness would influence significantly not only on the
peeling force at the steady-state stage but also on the peeling force
during the whole peeling stage as shown in Fig. 11(a). However,
if the interface toughness keeps unchanged and the other parame-
ters change, the steady-state peeling force remains a constant, but
the peeling process before the steady-state stage is influenced
obviously by the other parameters, for example, the interface
strength, the modulus, and the thickness of the film as shown in
Figs. 11(b)–11(d), respectively. Comparing the theoretical results
in Peng and Chen [19] shows that not only the stiffness of films
but also the interface strength would show influence on the maxi-
mum peeling force, which often emerges before the steady-state
stage.

Overall, the maximum peeling force would increase with the
increase of the interface toughness, the interface strength, the
film’s modulus, and thickness, respectively. While the peeling
force at the steady-state stage depends only on the interface
toughness, which is consistent with the classical Kendall’s
model.

The maximum peeling force versus different dimensionless

parameters is further shown in Fig. 12, where G0
c , �T

0
, E0

f , and h0

are the referenced interface toughness, interface strength, film

modulus, and film thickness, P0
max is the corresponding maximum

peeling force based on the referenced parameters. It shows that
the dimensionless maximum peeling force increases with the
increase of different dimensionless parameters. Comparing the
slope of different curves demonstrates that the effect of film thick-
ness on the maximum peeling force is more obvious than that of
the interface strength and the film modulus. The effect of the
interface toughness on the maximum peeling force is less than
that of the interface strength when both dimensionless parameters
are relatively small. However, after the intersection point of the
two curves, the effect of the interface toughness on the maximum
peeling force will be much larger than that of the interface
strength. Such a result should be reasonable if we check the effect
of the interface toughness on the maximum peeling force as
shown in Fig. 10(a). It shows that when the interface toughness is
relatively large, the maximum peeling force will equal the peeling
force at the steady-state peeling process.

Fig. 11 The results of finite element model discussing the effect of different parameters on the peeling force in the whole
peeling process in the case with the peeling angle of 90 deg: (a) the effect of the interface toughness, (b) the effect of the inter-
face strength, (c) the effect of the film modulus, and (d) the effect of the film thickness
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One may note that only the case with the peeling angle of
90 deg is investigated due to the requirement of Gc � P. Actually,
the achieved parameters a and b in the L-J potential from the peel-
ing test of 90 deg are also true for further theoretical analysis in
the other peeling angle cases. However, due to the reason that
only the vertical interaction of interface was considered in the L-J
potential in Ref. [19], comparison among the experimental mea-
surement, the numerical calculation, and the theoretical result in
the case with a nonvertical peeling angle further requires y in

Eq. (2) to be replaced by z ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
x2 þ y2

p
. It will be our future

work.

8 Conclusion

For practical applications, the peeling model of Peng and Chen
[19] based on the L-J potential is extended with the help of the
interface cohesive zone model. A special relation among the
parameters in the L-J potential, the interface strength, and tough-
ness is established. All the parameters in the L-J potential can be
determined by combining the special relation and the peeling test
of 90 deg. Theoretical results of the whole peeling process can be
achieved quantitatively, which agree well with not only the
experiment measurement but also on the finite element calcula-
tion. Further numerical calculation shows that in the case with the
peeling angle of 90 deg, the peeling force at the steady-state stage
depends only on the interface toughness, while the interface
toughness, the interface strength, the bending stiffness of the film
would influence the peeling force before the steady-state stage.
The present results should be helpful for deep understanding of
the interface behaviors and novel design of film-substrate systems
in real applications
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