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ABSTRACT Peel test measurements and simulations of the interfacial mechanical parameters
for the Al/Epoxy/Al2Og3 system are performed in the present investigation. A series of Al film
thicknesses between 20 and 250 microns and three peel angles of 90, 135 and 180 degrees are
considered. Two types of epoxy adhesives are adopted to obtain both strong and weak interface
adhesions. A finite element model with cohesive zone elements is used to identify the interfacial
parameters and simulate the peel test process. By simulating and recording normal stress near the
crack tip, the separation strength is obtained. Furthermore, the cohesive energy is identified by
comparing the simulated steady-state peel force and the experimental result. It is found from the
research that both the cohesive energy and the separation strength can be taken as the intrinsic
interfacial parameters which are dependent on the thickness of the adhesive layer and independent
of the film thickness and peel angle.
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I. INTRODUCTION

Extensive applications of thin film materials have led to wide researches on the strength, ductility
and reliability of the thin film/substrate systems in recent years' 12, Mechanical behaviors of the thin
film/substrate systems were thought to be dominated by their interface adhesion properties which are of-
ten characterized by two parameters of both the interfacial toughness and the adhesion strength(* 9. In
this paper we shall focus our attention on the inves- P A_
tigation of the interfacial behaviors for thin Al films ?
with thickness ranging between 20 and 250 microm- bn
eters bonded to a ceramic substrate (Al2O3) by two 8
types of epoxy adhesives. Interfacial energy (or frac- bt o /
ture toughness) I is an important parameter and f : &
is usually measured directly by peel tests!2311-16] A
when plastic dissipation energy is small. Figure 1 0 Mop Made 0o 6
illustrates the configuration of a peel test with the Fig. 1 Peel test configuration and sketch of the cohesive
film thickness ¢, peel force P and peel angle @. The zone model.
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right hand part of Fig.1 sketches the cohesive zone (CZ) model by which usually the interface parame-
ters can be described[® ®:810:16.17 Fyom Fig.1 another important interface parameter, the separation
strength &, has been defined. Through the peel test one can record the peel force P and the deformation
information of the film. From energy balance at the steady-state peeling process, the energy release rate
(or peel force P) comprises not only the fracture toughness I'y but also the plastic dissipation energy
FPu

P(1—cos®)=Io+Ip (1)
where @ is the peel angle. In most metal film cases I'p is a major contribution to the total energy release
rate P(1 — cos®). So an appropriate method is needed to determine Iy from Eq.(1)13:8710,15,18-23]

Kim et al.l['82% presented an elastic-plastic beam bending model to estimate the plastic dissipation
I'p. Weil*5 and Wei and Hutchinson!!”) presented a plane strain elastic-plastic analysis model with the
cohesive zone (CZ) to model the plastic dissipation energy. In Wei-Hutchinson model, they combined the
beam bending model with the plane strain finite element (FE) calculation. Wei and Zhao[?*! investigated
the effectiveness of several analytical models by comparing the predicted results of analytical models with
the results of peeling experiments, and they concluded that the beam bending model was only suitable
for large film thickness case, while Wei-Hutchinson model was suitable for both large and small film
thickness cases. The difference of length scales can be described by the magnitude of a nondimensional
parameter ¢/ Ry, where t is the film thickness and
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is plastic zone size near crack tip in the film in the small scale yielding case. §. = (62 4 6¢%)1/2 is

another important parameter in the CZ model, and can be expressed by [y and 6; E, v and oy are
Young’s modulus, Poisson’s ratio and yield stress of the film, respectively. Zhao and Weil*®! studied
the interface properties of the micron-thick metal film along the ceramic substrate without an adhesive
layer between film and substrate by using the neural network method, and they also investigated the
interface properties of the metal film along the ceramic substrate with a ductile adhesive layer between
film and the substrate by using the neural network method!26l,

In this paper we shall use the peel test finite element simulations to determine the interface properties
of the metal film along the ceramic substrate with an adhesive layer between film and substrate. Peel
test measurements of the energy release rates are performed. Three cases of peel angles 90, 135 and
180 degrees are considered. Two types of epoxy adhesives (ductile and brittle adhesives) to bond the
Al thin film with thickness ranging between 20 and 250 micrometers to Al,O3 substrate are taken
into consideration. A rigorous plane strain FE model with the cohesive zone elements is adopted to
simulate the peel test process. A detailed procedure to identify the fracture toughness Iy and separation
strength ¢ is shown. With the experimental stress-strain curves of the adhesives, we obtained the cohesive
strength by simulating and recording the near-tip normal stress. Furthermore, the cohesive energy Iy
is identified by comparing the simulated peel force with the experimental result. It is found that once
these two parameters are determined for one film thickness and one peel angle, the FE model can be
used without further modification of the two parameters to predict the results of peel tests with other
film thicknesses and peel angles. The cohesive energy I is an intrinsic interfacial parameter which is
independent of the film thickness and peel angle. But I is dependent on the thickness of the adhesive
layer. The constraint effect of the adhesive layer thickness is also discussed in this paper.

II. EXPERIMENTS

A series of peel tests are performed to investigate the effect of the film thickness, peel angle and
adhesive layer thickness on the peel force.
2.1. Experiment Review

Flexible-rigid peel tests are performed using the series of the Al film thickness, 20, 50, 80, 100, 200,
225 and 250 microns bonded to 4.5 mm thick AlyO3 substrates with two types of epoxy/polyimide
paste adhesives. Two mass ratios of epoxy/polyimide in the adhesives, 1.5 and 1.0, are adopted. The
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first adhesive (ratio 1.5) shows ductile property (limit strain is about 56%) and the second adhesive
(ratio 1.0) shows brittle property (limit strain is about 8.7%). Due to the high Young’s modulus of the
material AlyOs, the substrates can be treated as rigid in finite element simulations.

It is crucial to control the adhesive layer thickness d in preparing samples. In our peel tests the
adhesive layer thickness is kept constant by adding some small SiO5 spheres to the adhesive (volume
fraction of SiOs spheres < 3%). Without specification the adhesive layer thickness is 20 micrometers
in the present paper.

All the peel tests are performed using a standard
tensile testing machine with a small-scale peel test rig
made specifically for the current research (see Fig.2).
Several peel angles can be easily maintained with this
peel test rig. A Questar measuring microscope with
long focus is used to observe the crack growth and
take micrographs. The thin films are difficult to be
fixed directly to the testing machine. So in order to
protect the films from tearing, one piece of adhesive
tape is used to connect the film to some small metal
sheet, and then a thin nylon thread is used to connect Fig. 2 Peel test rig made specifically for the current re-
the metal sheet to the testing machine. As the nylon search.
thread is one meter long and the crosshead displacement is not more than 30 mm, the change of the peel
angle during peel test is not more than arctan(0.03) ~ 1.5°, so the peel angle is kept approximately.

It is also important to keep the velocity of the crack growth vepacx unchanged, i.e.

v

m = Ucrack — const (3)

Here v is the moving velocity of the crosshead and @ is the peel angle. The constant is 1 mm/min in
our peel tests.
2.2. Experimental Results
2.2.1. Materials

A. Film:

Firstly, the film is tested using the uniaxial tension and the stress-strain curve is fitted using the
following piece power-law hardening relations

Ee (o < oy)
" { (oy(;yE)n et (oz0y) @

where n is strain hardening exponent. Table 1 shows the material parameters of the Al films.

Table 1. Material parameters of the Al films

film thickness Young’s modulus* yield strength

Poisson’s ratio* strain hardening exponent

() (GPa) (MPa)
20 71 0.31 36.3 0.238
50 71 0.31 34.0 0.243
80 71 0.31 33.2 0.246
100 71 0.31 32.8 0.249
200 71 0.31 32.0 0.251
225 71 0.31 31.9 0.250
250 71 0.31 31.8 0.250

* From materials handbook.

B. Adhesive materials:
The stress-strain curves for both ductile and brittle adhesives are obtained also through the uniaxial
tension test, and the results are shown in Fig.3. From Fig.3, the ductile and brittle adhesives have the
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maximum stresses 12 MPa and 24 MPa, respectively, while they have the maximum failure strains 56%
and 8.7%. From Figs.3(a) and (b), the stress-strain curves of both ductile and brittle adhesive materials
have the maximum stress values. Two materials display plastic softing after obtaining the maximum
stress. The softing feature of the adhesive materials will be used to determine the separation strength

in the following §3.2.
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Fig. 3. Stress strain curves of the adhesive materials.

C. Material AlsOs -
Substrate material, AloOsis treated as an elastic material with Young’s modulus E = 350 GPa and

poisson’s ration v = 0.3 in finite element simulations in the present research.

2.2.2. Peel test results

The curves of peel force vs. crosshead displacement are recorded during the peel tests. In Fig.4,
some typical curves of peel force vs. crosshead displacement for the ductile adhesive case are shown.
Figures 4(a) and (b) correspond to the film thickness 50 microns and 80 microns, respectively. From
Fig.4, obviously the peel process mainly consists of two stages: pre-peeling and steady-state peeling.
Steady-state peeling will be considered in the present research. Figure 5 shows the results for the case
of brittle adhesive. The results are similar to that of ductile adhesive case. Comparing the results in
Figs.4 and 5, the steady-state peel force corresponding to the ductile adhesive (mass ratio is 1.5) is
about 4 times that of the brittle adhesive case.

sample1,2,3
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peel force (N-mm~1)
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peel angle=180°

O = N W O N
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=
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Fig. 4. Variations of the peel force with crosshead displacement for ductile adhesive case.

At least three samples are used in the peel tests for each film thickness and each peel angle. The
mean value of the measured steady-state peel forces is taken as a function of the film thickness, and the
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Fig. 5. Variations of the peel force with crosshead displacement for brittle adhesive case.
functions are plotted in Fig.6. The measured peel 0.8-
force in the ductile adhesive case is about 3 ~ 4 07
times larger than that of the brittle adhesive case. For — /'>‘ﬁ:
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Fig. 7. Steady-state peel force vs. adhesive thickness.

ITI. FINITE ELEMENT SIMULATIONS
3.1. FE Model with the CZM
Since in the peel test the film width (10 mm) is much larger than its thickness (20 ~ 250 pm), the
peel test problem can be treated as the plane strain case. The FE model using ABAQUS in version
6.5 is adopted. Equation (4) is used to characterize the stress strain relation of the Al film which will
be treated as an elastic-plastic material. Large deformation, the von Mises yield criterion and isotropic
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strain hardening will be considered in our FE model. The adhesive materials are also treated as an
elastic-plastic case including the plastic softing, and material stress-strain relations are given in Fig.3.
In the FE simulations, the data of stress-strain curves shown in Figs.3(a) and (b) are input for treating
the plastic softing features by using ABAQUS version 6.5. Moreover, for substrate material, since the
Al; O3 substrate undergoes the very small deformation during the peel tests, it can be treated as an
elastic material with Young’s modulus £ = 350 GPa and poisson’s ration v = 0.3. It is worth noting
that since the film thicknesses we considered in the present research are not very small, we adopt the
finite element program which is based on the conventional elastic-plastic theory. Otherwise the strain
gradient finite element method should be used?".

A single layer of CZ elements[®2:8710:15:17 jg employed to represent the adhesive layer. The interface
parameters governing the traction separation law are the interface fracture toughness Iy, the separation
strength &, the critical displacement ratio 0% /0¢ and the factors A; and Ag, as described in Fig.1.
Previous studies show that the shape of the traction separation law is relatively unimportant, and two
independently important parameters are Iy and 6. In our FE model we take A; = 0.15, Ao = 0.5. The
parameter d¢ /65 is important in the mixed mode fracture problems, but the predictions are relatively
insensitive to this parameter as long as the fracture process is normal-separation dominant(?®29 which
is the case for the peel tests with the peel angle 90 ~ 180 degrees considered in this paper.

For the convenience of exerting load on the film to simulate peel test, a rigid body is settled at the
free end of the film. At first the free end of the film is rotated by the peel angle and then the film is peeled
along this direction. The film and the substrate are meshed using bi-linear rectangular elements with four
nodes and four integration points. The film undergoes large bending deformation during the peeling, so at
least four layers of elements should be divided along
the thickness of the film to capture large deformation EEHHHHHHHHHH El H
information. Since Young’s modulus of the substrate crack tip — B
Al5Oj3 is about five times that of the Al film and the
substrate undergoes small deformation during the
peeling, a sparse mesh is adopted. Figure 8 shows a
typical mesh used in our FE simulations. Four layers
of elements are divided for the adhesive layer.
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T T T
N}

I

T
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Fig. 8 A typical mesh used in the FE calculations.

3.2. Results and Discussions
3.2.1. Cohesive parameters I'y and &

With the experimental stress-strain curves of the adhesives (Figs.3(a) and (b)), we can obtain the
cohesive strength by recording and observing the variation of the near-tip normal stress (o,,) on the
plane ahead of the crack tip (mean value of four integration points within the near-tip element) with
loading steps. Figure 9 shows the result for the ductile adhesive case. The separation strength should be
corresponding to the maximum stress value, 6 = 24 MPa. Similarly, we can also obtain 6 = 37 MPa for
the brittle adhesive case. Once the separation strength 6 has been obtained, one can further determine
Iy. For one film thickness (50 pm) and one peel angle (90 degrees), I'y can be identified by matching
the simulated peel force with the experimental result. Figure 10 shows the variation of the peel force
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Fig. 9. The stress in the element at the crack tip varies as Fig. 10. Variation of the peel force vs. crosshead displace-
a function of the step time. ment for several I'y values.
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as a function of the crosshead displacement for a series of I'y values. From Fig.10 we can obtain the
fracture toughness I'y &~ 0.14 N/mm for the ductile adhesive case, and I'y = 0.06 N/mm for the brittle
adhesive case.
3.2.2. Validation of the cohesive parameters

In order to validate the cohesive parameters obtained in the above §3.2.1, the peel tests with other
film thicknesses and peel angles are predicted using the FE model with the above determined cohesive
parameters. As for the ductile adhesive, Fig.11 shows the variation of the peel force as a function of
the film thickness for various peel angles. The range of the experimental results is also shown. From
Fig.11 it can be seen that the FE model captures the experimental results. It seems to conclude that the
fracture toughness Iy and the separation stress ¢ can be taken as the intrinsic interfacial parameters
which are independent of the film thickness and the peel angle.

For brittle adhesive case, Fig.12 shows the variation of the peel force as a function of the film thickness
for various peel angles. The range of the experimental results is also shown in the figure. From Fig.12
it also can be seen that the FE model captures the experimental features.

08 —s—numerical, & = 180°
—e—numerical, @ = 90°
071 0.221 . —a—numerical, @ = 135°
- - -s- -range of experimental results
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=) A g «*- - range of experimental results
~. 054 I g 0.181 .
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/ - -1- -range of experimental results 2, 0.121
i - -»- -range of experimental results
0.2 - -+- -range of experimental results 0.10 . i i ' '
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film thickness (pm) film thickness (pm)

Fig. 12. The variation of the peel force as a function of the

Fig. 11. The variation of the peel force as a function of the
film thickness, for brittle adhesive.

film thickness, for ductile adhesive.

3.2.3. The constraint effect of the adhesive layer thickness

From Fig.7 the fracture toughness I'y is dependent on the thickness of the adhesive layer. The adhesive
layer thickness considered in the above §3.2.1 is by default 20 pm. Using the method introduced in the
above §3.2.1, one can obtain I} as a function of the adhesive layer thickness, shown in Figs.13(a) and
(b). Iy is comprised of two parts: the intrinsic work of interfacial fracture and the energy absorbed
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Fig. 13. The fracture toughness as a function of the adhesive layer thickness.
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by the adhesive layer. When the adhesive layer exists, it undergoes plastic deformation and absorbs
energy when the film is being peeled. So Iy and P increase with increasing adhesive thickness, and they
become insensitive to the adhesive thickness.

IV. CONCLUSION

Determination of interface mechanical properties for Al films along the ceramic substrate with differ-
ent peel angles and different adhesive layers have been performed by using the peel test measurements
and numerical simulations. A finite element model with the cohesive zone model is used to simulate the
peel tests. With the help of the experimental stress-strain curves of the ductile and brittle adhesives,
we have obtained the cohesive strength by simulating the stress variation near the crack tip. Further-
more, the cohesive energy I has been identified by comparing the simulated peel force result with
the experimental result. We have noted that from the present research, the finite element model can
effectively capture the peel test features under steady-state peeling. Both cohesive energy I and the
separation strength ¢ can be taken as the intrinsic interfacial parameters which are independent of the
film thickness and peel angle. However, they are dependent on the thickness of the adhesive layer. The
constraint effect of the adhesive layer thickness is also discussed in the paper.
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