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Abstract. Peeling experiments for aluminum thin film along the Al,O3 substrate are car-
ried out, and the variations of external driving force (energy release rate) at the steady-state
delamination of the thin film in the metal film/ceramic substrate system are measured. Ad-
ditionally, theoretical modeling for the thin film delamination is also performed. Based on
the bending model, three double-parameter criteria are used. Three double-parameter criteria
include: (1) the interfacial fracture toughness and the separation strength, (2) the interfacial
fracture toughness and the interfacial crack tip slope angle of thin film, and (3) the interfacial
fracture toughness and the critical von Mises effective strain of thin film at crack tip. Based
on the three double-parameter criteria, the thin film nonlinear peeling problems are solved
analytically for each case. The results show that the solutions of thin film nonlinear peeling
based on the bending model are very sensitive to the model parameter selections. Through
analyses and comparisons to different solutions, a connection between solutions based on the
bending models and based on the two-dimensional elastic-plastic finite element analysis is
obtained. The effective regions of each model can be specified through comparing the present
experimental result with model solutions.

Key words: metal thin film, delamination, interfacial toughness, peel test, double-parameter
criterion.

1 Introduction

Most advanced materials are inseparable with thin films which with its particular
characteristic, has been widely applying to the surface and interfacial engineering
areas. The material behaviors of the thin film/substrate systems are mainly domin-
ated by the interfacial adhesion property (strength). In order to evaluate the adhesion
behaviors, a simple test method, peel test, was designed fifty years ago [1]. Due
to the good advantages of the test method, such as simply operating, the test has
been widely applying to many research regions [2—4]. Specifically, when both the
thin film and substrate are elastic materials, the interfacial adhesion toughness can
be obtained directly through measuring peeling force in peel experiment. However,
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when thin film or substrate is a ductile material, the measured peeling force is often
much larger than the interfacial adhesion toughness. The phenomenon is come from
the plastic dissipation due to material plastic loading and unloading deformation. In
order to model the peeling force (or energy release rate) increase due to plastic dis-
sipation, Kim and his collaborators [5, 6] presented a bending model to predict the
plastic dissipation. Within the following decade after bending model was presented,
most analyses related to the ductile thin film peeling adopted the bending model of
Kim et al., e.g., [7, 8]. However, Wei and Hutchinson [9] adopted a different method
from that of Kim et al. in analyzing the elastic-plastic thin film peeling problems.
In Wei and Hutchinson’s analysis, the thin film delamination process was simulated
by using the two-dimensional elastic-plastic finite element method (FEM), except
the detached part of thin film, which was described still by bending model in or-
der to avoid the difficulty in the two-dimensional large deformation analysis. They
obtained a kind of different results from that of bending model, qualitatively and
quantitatively. Recently, Wei [10] adopted three different double-parameter criteria
based on the bending model to obtain the different relationships between the peel
force and the thin film thickness. In the present research, in order to further explore
the connection of bending model solution with elastic-plastic FEM solution, and in
order to assess the effectiveness for every models, a series of the peel experiments
for Al thin film delaminated along the ceramic (Al,O3) substrate are carried out. The
relationship between the peel force and the thin film thickness at the steady-state
delamination is measured. By comparing the experimental curves with the modeling
solutions, a primary connection of both the bending model and the two-dimensional
FEM model is presented.

2 Model Descriptions

Peeling experiments for Al thin film along the ceramic (Al,O3) substrate are car-
ried out for a series of thin film thickness, + = 20, 50, 80, 100, 200, and 225 mi-
crons. There exists an adhesion layer between film and substrate with a thickness
of 20 microns. The interface layer material is Epoxy with two different percentages
of curing agent (Polyimide), respectively. A brittle adhesive layer is formed for a
compound of Epoxy with Polyimide, 1:1, and a ductile adhesive layer is for the pro-
portion 1:1.5. The adhesive layer thickness is 20 micron in the present experiment.
Figures 1a and 1b show the peel force varying with the peeling displacements for
thin film thicknesses + = 20 and 50 microns, respectively. Three curves in Fig-
ure la or in Figure 1b correspond to three samples. The adhesive layer corresponds
to ductile one. From Figures la and 1b, the feature of the peel force variations can
be described as follows: firstly, peel force varies linearly with peeling displacement,
secondly a steady-state peeling process is quickly arrived when peel force attains a
critical value. Figure 1c shows the experimental result of the steady-state peel force
(or called energy release rate) varying with several thin film thickness. Two curves
correspond to ductile and brittle interface adhesives, respectively.
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Fig. 1. Peeling experimental results.

3 Bending Models and Delamination Criteria in Peel Test

Delamination process of elastic-plastic thin film in peel test can be described by
Figure 2a. The thin film undergoes the delamination and plastically loading and un-
loading process under the act of the peel force P. The cross-section of the thin film
is from a free-stressing state to the loading and unloading processes, as described by
OABCDEE, in Figure 2a.

The process of the ductile thin film peeled and delaminated along substrate inter-
face can be characterized by the double-parameter criterion (for elastic delamination
case, single-parameter criterion is valid). Two independent parameters are needed
to characterize the main characters here, the interfacial adhesion property and the
plastic dissipation of the system. In the present research, three double-parameter cri-
teria [10] will be used respectively for describing the elastic-plastic peeling process,
which are given in Figures 2b, 2c and 2d, respectively.
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Fig. 2. Peel test sketch (a) and three simplified double-parameter models (b)—(d) [10].

For the thin film peeling process, the relation among the peeling force P per
unit width of thin film (or energy release rate of system), the interfacial adhesion
toughness I'g, as well as the geometrical and physical parameters of thin film and
substrate is usually concerned. Under steady-state delamination, the relation can be
written as:

P(1 —cos®) =T (elastic peeling);

1
P(l —cos®) =T+ TI'? (elastic-plastic peeling), M

where I'? is the plastic dissipation. Based on the stress-strain analysis for thin film,
one can obtain the fundamental relations of the thin film undergoing the nonlinear
bending, furthermore, one can also obtain the plastic dissipation relation for I'?, as
given in next section.
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4 Fundamental Relations

Kim and Aravas [5] derived out the fundamental relations based on the bend-
ing model for elastic-plastic thin film bending under the incompressible conditions
(v = 1/2). The rigorous derivation based on the general case of the compressible
elastic-plastic conditions is given by [10, 11]. The relations of moment and curvature
respectively for elastic, plastic and unloading cases can be dictated as follows:

M 2% M (2 2 Lo k\"
Mo 3 My |13 N+2" w2 T N+2" )
M 2 kK — Ko
= , ()
My 3 ke
and curvature relation:

2P
K = \/[1 —cos(¢—0)] , +(1— wo)kg, OB A bhip < 6 < bc. 3)

where My = 3/2M, is the limit bending moment for elastic-perfectly plastic mater-
ial; M, and k. are the elastic limit moment and elastic limit curvature, respectively,

2 oyt? 2(1 —v?)o,
M, = My= ,  Ke=
3 631 — v 412 Et/1—v 42
1 1-N
y=2\/3(1—v+v2) (1 =w)V. “)

B = Et3/12(1 — v?) is the bending modulus; wo(0 < wo < 1) is defined in Fig-
ure la which characterizes the inversely plastic behavior (or Bauschinger effect); 6;ip
is the crack tip slope angle at thin film delamination; N is material strain hardening
exponent. For incompressible material v = 0.5 and y = 1 expression (2) comes to
the result of Kim and Aravas [5].

Suppose that substrate is rigid or Young’s modulus of substrate is much larger
than that of thin film, by means of formulae (2) (M-« relations in sketch of Fig-
ure 2a), one can obtain the plastic dissipation relation through calculating the area
within the circuit OABCDEO under M-« curve,

cr_ by, 1M( " 2 2 Y K2
=5 eKe ) B(KB — Ko 3 N—}-ZV 0| Ke .
2y Kyt 1,
M -~ B 5
T +2) O(KeN ko) T+ p Braowo ©)

S Bending Model Solutions of Thin Film Nonlinear Peeling

Based on three double-parameter criteria, the peel force can be solved for peeling
process. The solving procedures can be dictated as follows. Firstly, from (3) a relation
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Fig. 3. Results based on three double-parameter criteria (a)—(c) and two-dimensional finite

element method (d).

among the parameters (kg, P, 0ip = 6B, ko) can be obtained to each criterion. Then
the parameters (Mp, kg, ko) can be solved simultaneously with Equations (2) for
M = Mp and k = «p. Finally, the peel force variations with related parameters can
be attained from (1) and (5).
The solution forms by adopting three double-parameter criteria can be given
through independent parameters by dimensional analysis. They are dictated as

P(1 —cos ®)

= fi(E/oy.6 /oy, N,v,t/Rg, wy, )

)

bip = r1(E/oy,6 /oy, N,v,1/Ry, wy, P)

P(1 —cos ®)
)

= /2(N.v.1/Ro. wo. ®, 65,

(for (I'g, o) criterion);  (6)

) (for (T'y, Ofip) criterion);

(N
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Fig. 4. Variations of the thin film inclined angle at tip and the residual curvature with thin film
thickness based on the criterion (I'g, &c).

P(1 —cos @) _
= f3(N,v,1/Ro, wo, D, &/ey) .
Io (for (T'p, &) criterion),  (8)

etip = r3(N9 v, t/R()? wo, qD’ é(‘/g)/)

where a length parameter Ry is introduced and is defined as Ry = ETp/3n(1 —
vz)a)%, which characterizes the plastic zone size at crack tip under the small scale
yielding case. 6y is crack tip slope angle. ey = oy /E is yielding strain.

The solutions based on three double-parameter criteria (I'g, 6), (Io, inp) and
(To, &.) are given in Figures 3a—3c, respectively. Results in Figure 3 show the curves
of the normalized energy release rate (or peeling force) versus normalized thin film
thickness under elastic-plastic steady-state delamination. If thin film deformation is
elastic, P(1 — cos @)/ 'y = 1, see first relation of formula (1). Clearly, the energy
release rate is remarkably enlarged by the plastic dissipation. From Figure 3a, the
variation of the normalized peeling force (energy release rate) P(1 — cos®)/ Iy
with thin film thickness can be described as follows. Its value tends to 1 when thin
film thickness is very small, i.e., the effect of plastic dissipation can be neglected.
As thin film thickness increases, energy release rate increases sharply and obtains a
maximum value at about /Ry = 2. The plastic dissipation decreases gradually as
thin film thickness increases further. The results shown in Figure 3b are based on the
(Tp, Hfip) criterion. From the results, the variation of P(1 —cos ®)/ g versis t/ Ry is
much different from that based on the double-parameter criterion (I'g, ). Here, the
value of P(1 — cos ®)/ 'y increases always as thin film thickness decreases. This
trend is consistent with that given by Kim and his collaborators for incompressible
material [5, 6]. The results based on the (I'g, &) criterion are given in Figure 3c. Ob-
viously, the variation of P(1 —cos @)/ I'g versus t/ Ry is different from those shown
above based on the other double-parameter criteria. In Figure 3¢, P(1 — cos @)/
increases linearly with increasing #/Rg. The inclined angles of the straight line in-
crease with increasing the critical von Mises effective strain at tip. In order to invest-
igate the third criterion, Figures 4a and 4b show the variations of the crack tip slope
angle and the residual curvature. When thin film thickness is small, the slope angle
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is large. With increasing thin film thickness, the slope angle decreases sharply and
transits to negative value from positive value. Obviously, the negative slope angle
of thin film at tip violates the physical requirement. It implies that the criterion is
failure and the predicted results, top part of the dashed line in Figure 3c, should be
cut off. The reason can be interpreted in referring to Figure 4b that when thin film
thickness is small, the large critical Mises effective strain at crack tip is realized by
large bending deformation (curvature) in thin film, however when thin film thickness
is large, it is difficult or even impossible to realize the large bending curvature of thin
film to meet with the high critical Mises effective strain, and in this case the criterion
(To, &.) is failure.

In order to assess the bending model solutions based on the above three two-
parameter critera, the two-dimensional elastic-plastic finite element results [9] are
also shown here, see Figure 3d. From Figure 3d, the bending model results based
on the third double-parameter criterion have the similar variation trends and quantity
with those of the elastic-plastic finite element calculation within the region of about
t/Ro < 5 (in Figure 3d, E; is Young’s modulus of elastic substrate). However, as
thin film thickness increases continuously, the finite element solution tends to the
small scale yielding solution (insensitive to thin film thickness), while the bending
model solution based on the double-parameter criterion is failure. Therefore, when
thin film thickness is large, i.e., /Ry > 5, how to set up a governing parameter
criterion based on the bending model will be a tough task to need to be explored in
the future.

6 Comparison of Experiment Results with Modeling Results

Peeling experimental results of the relationship between the energy release rate and
the film thickness at the steady-state delamination are shown in Figure 1c. Modeling
results based on the bend model three criteria and the two-dimensional finite element
method are shown in Figure 3. Through comparing the experimental results with the
modeling results, the following key points can be read:

1. Both parameter criteria, (I'g, 6) and (I, inp), are suitable for a weaker-adhesion
interface case, while two-dimensional elastic-plastic analysis (finite element
simulation) is suitable for a stronger-adhesion interface case.

2. When film thickness is very thin, such as for /Ry < 5, the criterion (I'y,
failure, while the other criteria mentioned above are valid.

c

tip) 18

7 Discussions to Bending Model Solutions

In the present research, the peel experiments for Al thin film delaminated along the
ceramic (AlpO3) substrate have been carried out. The relationship between the peel
force and the thin film thickness at the steady-state film delamination has been meas-
ured. By comparing the experimental curves with the modeling solutions, the effect-
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ive regions for each analysis models has been assessed, and a primary connection of
both the bending model and the two-dimensional FEM model has been developed.

The bending model solutions of thin film nonlinear peeling based on the three
double-parameter criteria have been obtained in last section. Obviously, the bending
model solutions are very sensitive to the selection of the governing parameters. This
leads to a question: what is a reasonable selection of the governing parameter group
for predicting the thin film nonlinear peeling by using the bending model? From the
solutions based on the first and second double-parameter criteria, when normalized
thin film thickness is smaller than about 5, /Ry < 5, the contribution of bending
plastic dissipation to energy release rate is very large. This can be confirmed from
variation of the residual curvature in [11]. However, from the solutions based on the
criterion of the interfacial fracture toughness and the critical Mises effective strain,
when thin film thickness is smaller than about 5, t/Rop < 5, the contribution of the
bending plastic dissipation to energy release rate is obviously smaller than that based
on the first or second criterion.

Through comparing the experimental results with the modeling results, one
can conclude that both parameter criteria, (I'g, 6) and (g, inp), are suitable for a
weaker-adhesion interface case, while two-dimensional elastic-plastic analysis (fi-
nite element simulation) is suitable for a stronger-adhesion interface case, however
when film thickness is very thin, such as for /Ry < 5, the criterion (I'g, inp) is
failure, while the other criteria mentioned above are valid.
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