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Abstract Peel test measurements have been
performed to estimate both the interface toughness and
the separation strength between copper thin film and
Al O3 substrate with film thicknesses ranging between
1 and 15 um. An inverse analysis based on the artifi-
cial neural network method is adopted to determine
the interface parameters. The interface parameters are
characterized by the cohesive zone (CZ) model. The
results of finite element simulations based on the strain
gradient plasticity theory are used to train the artificial
neural network. Using both the trained neural network
and the experimental measurements for one test result,
both the interface toughness and the separation strength
are determined. Finally, the finite element predictions
adopting the determined interface parameters are per-
formed for the other film thickness cases, and are in
agreement with the experimental results.
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1 Introduction

In recent years, with extensive applications of thin film
systems in engineering, research on investigating the
mechanical behaviors of the interfaces between thin
films and substrates has attracted a great deal of
attention and interest (Cotterell etal. 2006; Hadavinia
etal. 2006; Pardoen etal. 2005; Wei 2002, 2004; Cui
etal.; Song and Jin 2002; Yang and Thouless 2001;
Yang etal. 1999, 2001; Park and Yu 1998; Park etal.
1999). In the present research we will focus our
attention on investigating the mechanical properties of
the ultra thin metal film (Cu) on a ceramic substrate
(Al,O3) which plays a crucial part in microelectron-
ics packing (Song and Jin 2002; Park and Yu 1998;
Park etal. 1999). In the mechanical behavior charac-
terization of elastic film/substrate systems, usually,
interfacial adhesion energy per unit area 'y (or fracture
toughness) is adopted as an important interface para-
meter. ' is typically measured using a peel test method
(Hadavinia etal. 2006; Pardoen etal. 2005; Asai etal.
2001; Bundy etal. 2000; Dillard and Pocius 2002; Fer-
racin etal. 2003). However, for the case of a ductile film
(elastic—plastic), besides the interface adhesion energy
'y interfacial separation strength & is another impor-
tant interface parameter. The physical meaning of these
parameters can be displayed by a cohesive zone (CZ)
model. Figure 1 illustrates the configuration of a peel
test with film thickness ¢, peel force P and peel angle
®. The peeling process along the interface between the
film and the substrate is described by the CZ model, as
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Fig.1 Peel test configuration and sketch of cohesive zone model

shown in the right part of Fig. 1. The CZ model includes
two important parameters, I'g and &, (Pardoen etal.
2005; Wei 2002, 2004; Yang and Thouless 2001; Yang
etal. 1999, 2001; Ferracin etal. 2003; Wei and Hutchin-
son 1998). In the peel test, the steady-state peel force P
(called the energy release rate) can be recorded, and this
is enough to measure I'( for an elastic peeling process.
However, for an elastic—plastic peeling problem, due
to plastic dissipation, the required energy release rate
P (1 — cos ®) to realize a steady-state peeling state is
mainly contributed by not only the interface fracture
energy (toughness) I'g, but also the plastically dissi-
pated energy I'p. So at steady-state delamination of the
thin film, we have Eq. | from energy balance

P(1 —cos®) =Ty +T'p (1)

In most cases I'p makes a large contribution to the
energy release rate P(1 — cos ®). So an appropriate
procedure is needed to derive I'g from peel test dada
(Cotterell etal. 2006; Pardoen etal. 2005; Yang and
Thouless 2001; Yang etal. 1999, 2001; Dillard and

Pocius 2002; Kim and Aravas 1988; Kinloch et al. 1994).

In order to determine two interfacial parameters, in
addition to measuring the peel force, we need to mea-
sure another quantity in the experiment. If we take both
the steady-state peel force and the film curvature radius
at the crack tip as the quantities to be measured, com-
bining with the peel test theoretical analyses (Wei 2004;
Wei and Hutchinson 1998; Kim and Aravas 1988; Kin-
loch etal. 1994; Kim etal. 1989), the interface parame-
ters (I'g, &) can be determined. There are two kinds of
analytical methods for peel tests of elastic—plastic thin
films: the beam bending model introduced by Kim etal.
(Kim and Aravas 1988; Kim etal. 1989) and the rigor-
ous plane strain finite element model presented by Wei
and Hutchinson (Wei 2002, 2004; Wei and Hutchinson
1998). After comparing the two model results with
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experimental measurements, Wei et al. (Wei etal. 20006)
concluded that the beam bending model was suitable
only for a thick film case (i.e., a case with a large frac-
ture process zone size), while the plane-strain finite
element model worked well in both the thick film case
and thin film case (i.e., both the large scale and small
scale cases of the fracture process zone). A length scale
feature in the film peeling problems can be described
through the magnitude of a normalized parameter ¢ / R,
where ¢ is the film thickness and

Ro = (6 /oy)(E[oy)sc/3n(1 — v?)] )

is the plastic zone size near the tip under the small scale
yielding. The critical separation displacement §. is
another important parameter in the CZ model; it can
be expressed in terms of the two independent parame-
ters, (I'g, o) (see Fig. 1). E, v, and oy are the Young’s
modulus, Poisson’s ratio, and yield strength of the film,
respectively. The film thicknesses considered in this
paper are in the range of 1~15um. As mentioned
above, in order to determine the interface parameters
(Tp, 6) for the elastic—plastic film case, we need to
measure both the peel force and the film
curvature radius Rp at the crack tip (Wei and Hutchin-
son 1998; Kim and Aravas 1988; Kinloch etal. 1994,
Kim etal. 1989; Wei etal. 2006; Moidu and Sinclair
1995; Moidu etal. 1998). However, from our experi-
ments we found that an unstable peeling process
occurred when the film thickness was smaller than
10 um (see Fig.5); the film made a sharp angle at the
crack tip, and delaminated with cyclic folding and
unfolding. In this case bending curvature radius Rp
of the film is unmeasurable. So in the present research,
we shall use a film thickness of 15 um to determine the
interface parameters.

In the past two decades, much research on thin film
delamination has been performed. But the film thick-
nesses considered were never at the micron scale, e.g.,
Kim and Aravas (1988) (analysis, film thickness
100 um), Moidu etal. (1995, 1998) (experiment and
analysis, 0.12—1.25 um), Park and Yu (1998) (exper-
iment, 17-170 um), Yang and Thouless etal. (2001),
Yangetal. (1999,2001) (experiment and simulation, 1—
3mm), Cui etal. (experiment and simulation, 1-3 mm)
and Pardoen etal. (2005) (experiment and simulation,
0.78-1.2mm), etc. Micron scale thin film/substrate sys-
tems are widely used in engineering. It is a big chal-
lenge to do the peel tests for the micron-scale film
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thickness: more accuracy in sample preparation, exper-
iment operation and post-testing processing, etc. On
the other hand, higher-precision instruments are also
needed. In the peel test simulations for the micron scale
film case using the finite element model, two key points
will be noted as follows.

First, the constitutive relation of micron-thick film
should include the size effect characterization, because
conventional elastic—plastic theory can not be used (Song
and Jin 2002; Park and Yu 1998; Huang etal. 2004).
Fortunately, strain gradient plasticity theories have been
developed (Huang etal. 2004; Fleck and Hutchinson
1993, 1997, 2001; Wei and Hutchinson 1997), with
which the size effects can be characterized. In the present
research, a conventional theory of mechanism-based
strain gradient plasticity (CMSG) (Huang etal. 2004)
will be used for Cu film. Finite element method based
on the CMSG theory has the same frame as the con-
ventional method, and does not include higher-order
terms in node variables (Wei and Hutchinson 1997;
Wei 2006).

Second, how does one derive the interface parame-
ters 'g and & from numerical results? Since Cu film
is sputtered and electroplated to the Al,O3 substrate,
there is no adhesive layer between film and substrate,
and the beam bending model is invalid for the ultra-
thin film case (Wei etal. 2006). In the present research
an inverse analysis method with artificial neural net-
work to predict 'y and & is presented. Combined with
experimental results for a 15 um thick film, the inter-
face parameters I'g and 6 will be determined, then the
experimental results for other film thicknesses will be
verified through finite element simulations based on the
CMSG theory and on the predicted values of (I'g, &).

2 Experiments

2.1 Experiment procedure

A piece of Al,O3 is cut to small cubic samples
(40 x 2 x 5mm). The sample surfaces are polished,
washed ultrasonically, and then dried. After the sam-
ples are dried, Cu film will be electroplated onto them.
It is difficult to electroplate Cu film onto the Al,O3
substrate directly due to the poor conductance of the
Al>Os3. So two steps including sputtering and electro-
plating are considered. Since the sputtering process is
very slow (the maximum sputtering velocity is several
nanometers of film thickness per minute), it will take
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Fig. 2 Peel test sample sketch

too long time to sputter Cu onto the Al,O3 substrates
with the film thickness 1~ 15 pum. Therefore, in the
process of making films on the substrates, the follow-
ing two steps are adopted: a 500 nm thick film is sput-
tered and then the remainder thickness of the film is
electroplated. Six kinds of specimens are made which
correspond to the film thicknesses, 1, 2, 3, 5, 10, and
15 um, respectively. Before sputtering, some vacuum
grease is coated on the left half areas of the sample
surfaces on which the films will be electroplated (see
Fig.2), for making a 20 mm long pre-crack in each sam-
ple to facilitate the peel test operation.

All peel tests are conducted using a standard tensile
testing machine with a small-scale peel test rig made
specially for the current research (see Fig.3a). A min-
isize sensor with high precision is used to measure the
peel force. The peel angle is kept at 90 degrees and the
crosshead moving velocity is kept at 0.2 mm/min dur-
ing all the peel tests. A Questar measuring microscope
with long focus is used to observe the crack growth and
to take micrographs. In order to keep the peel angle
unchangeable during the test, a 1,000mm long thin
nylon thread is adopted to connect the specimen ter-
minal to the peel testrig. Since the length of the thread is
much larger than the crack propagation quantity (20 mm),
the peel angle will be kept approximately constant dur-
ing the peeling process, as shown in Fig. 3b.

2.2 Experimental results

During each peel test the peel force as a function of
the crosshead displacement is recorded. Figure 4 shows
two typical curves of peel force versus crosshead dis-
placement. The initial rising part of each curve cor-
responds to the elongation of the detached film. Then
the interface crack initiates and propagates with the
increasing load. Finally the crack propagation reaches
a steady-state process at a constant external load, and
the active plastic zone in the film also remains the same
size. For the film with the thickness 3 pm the peel force
reaches at a “stable” value but with a little fluctuation
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Fig. 3 Peel test rig made (a) So—r—t
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Fig. 4 Peel force variations with crosshead displacement

which corresponds to such a film delamination state at
the crack tip as the film undergoes a cyclic folding and
unfolding process (see Fig.5). In this case the bending
curvatures Kg (=1/Rp) of the film is not available.
For each case of film thickness, at least three samples
are used to do the peel tests, and the mean value of
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the measured steady-state peel forces is plotted as a
function of the film thickness, as shown in Fig. 6.

For the case of thick film, such as film thicknesses
larger than 10 pum, the cyclic folding and unfolding phe-
nomenon does not occur, and the bending curvature
radius Rp (=1/Kp) of the film at the crack tip keeps
constant as the peel force reaches a stable value (with-
out fluctuation, see Fig.4). Each value of Rp is mea-
sured using multiple points to fit the configuration of
the film at the crack tip on the micrograph taken by
the Questar measuring system. For the film thickness
15 um, Rg=100 pum. This result will be used in the
following Sect. 3.3 to identify the I'g and &.

3 FE simulations and neural network inverse
analysis

As pointed out in the introduction, due to considering
the size effect in the peel tests with micron scale film
thickness in the present investigation, mechanical
behavior of the Cu film will be described by the CMSG
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Fig. 5 Configuration of
delaminated film in the peel
test when the film thickness
is less than 10 um
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Fig. 6 Steady-state peel force versus film thickness

theory in our finite element simulations. For compari-
son, we also adopt the conventional plasticity theory to
carry out the simulations. The CMSG theory is briefly
introduced in the following Sect. 3.1. In order to clearly
describe the interfacial peeling process, the CZ model is
used. Foundation of the peel test finite element model
is presented in the following Sect. 3.2. The determi-
nation of the interfacial parameters, I'g and &, from
experimental results using a two layer back propaga-
tion neural network is given in the following Sect. 3.3.
Atlastin Sect. 3.4, a validation of the identified Iy and
¢ is made by comparing the results of the finite element
simulations and the experimental results.

3.1 CMSG theory

Strain gradient plasticity theories are often used to de-
scribe the size effect of metallic materials at micron
and sub-micron scales (Huang etal. 2004; Fleck and
Hutchinson 1993, 1997, 2001; Wei and Hutchinson
1997; Wei 2006; Shi etal. 2001; Wei and Xu 2005; Wei
etal. 2004). The CMSG theory does not require higher-
order governing equations and additional boundary con-
ditions. The strain gradient effect appears only in the
constitutive relation as a modifying quantity in the plas-
tic hardening modulus (Huang etal. 2004),

6ij = Kéwkdij

& O " ,
20, (UY\/ f2eP) + ln”) Uij}
(3)

) 3
+2u [slfj - —

where K = E /(3 — 6v) is bulk modulus, p is shear

modulus, oy is yield strength, 0. = /3/20/;0/; is

Mises effective stress, Ui’j = 0jj — 1/30xxd;; is stress
deviators, ”is effective plastic strain, & is effective
strain rate, m is rate-sensitivity exponent of the material
which takes a large value (>20) when rate-sensitivity is
not obvious, / is an intrinsic material length parameter
introduced in the strain gradient plasticity theory,

I = M%7 a2b(u/oy)? ~ 18a2b(w/oy)>? )
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For conventional metals / is on the order of one micron.
In Eq.4 « is an empirical coefficient about 0.3; b is the
magnitude of the Burger’s vector; f (&) is the ratio of
elastic—plastic hardening modulus,

N
FeP) = (1 4 Eg—gyp) 5)

where N is strain hardening exponent of the material.
In Eq. 3 n”is the effective plastic strain gradient,

/1
_ p P
T)p = Zﬁijk??,-jk (6)

where n{)jk = 81-[;(‘]. + 55(’1. - Eipj,k is the component of
plastic strain gradient tensor and sl.pj = éipjdt is the
component of plastic strain tensor.

Since the effective plastic strain gradient (see Eq. 6)
is usually calculated based on the result of sf . at the last
step, the finite element method for the CMSG model
is the same as for the conventional plasticity theory.
The constitutive relation of the CMSG (see Eq. 3) will
degenerate into the conventional plasticity theory when
m tends to zero.

3.2 Finite element model

In the present peel tests, since the width of the films
(2 mm) is much larger than their thicknesses (1 ~ 15 m),
the peel tests can be treated as plane strain problems.
The finite element model using ABAQUS version 6.5
will be used.

A UMAT subroutine of ABAQUS is defined using
Fortran 77 to describe the CMSG constitutive relation
with large deformations, the Mises yield criterion and
isotropic strain-hardening material model (ABAQUS
2004). The primary parameters of the Cu film are shear
modulus G =48,300 MPa, Poisson’s ration v=0.343,
initial yield stress oy = 70 MPa, power law hardening
coefficient N =0.32, rate-sensitivity measuring para-
meter m =20, « =0.33 and the magnitude of Burger’s
vector b =0.27 nm. The Al,O3 substrates undergo very
small deformations during the peel tests and are treated
as elastic material with Young’s modulus E =400 GPa
and Poisson’s ration v=0.3.

The CZ model (Pardoen etal. 2005; Wei 2002, 2004;
Yang and Thouless 2001; Yang etal. 1999, 2001; Dil-
lard and Pocius 2002; Wei and Hutchinson 1998) is
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employed in our FE calculations to describe the inter-
face crack traction between the film and the substrate
during the peeling process (see Fig. 1). The parameters
governing the traction separation law are the fracture
toughness I'g, separation strength &, critical opening
displacement ratio 85 /8¢ and the shape factors A1 and
A2. Earlier studies show that the shape of the traction
separation law is relatively unimportant (Wei 2004), so
in our model we take A1 = 0.15, Ao = 0.5. The two
most important parameters are I'g and & (Wei 2004).
The parameter 65 /8¢ is also important in mixed mode
fracture problems, but the predictions are relatively
insensitive to this parameter as long as the fracture
process is normal-separation dominating (Tvergaard
and Hutchinson 1993), which is the case for the peel
tests with a peel angle of 90 degrees considered in this
paper.
When the dimensionless separation

AL = /(8/8)2 + (8,/6%)? tends to unity at the crack
tip within the CZ, the crack grows. An intrinsic element
COH2D4 in ABAQUS 6.5 can be used as the cohesive
element to link the film and the substrate (ABAQUS
2004). For conveniently exerting load on the film, a
rigid element is attached at the free end of the film. At
first the rigid element is rotated by 90 degrees and then
is displaced by the peeling force in the 90 degrees direc-
tion with a constant velocity. The film and the substrate
are meshed using bi-linear rectangular elements with
four nodes and four integration Gauss points. Since the
film undergoes large bending deformations during the
peel test, at least four element layers will be adopted
along the film thickness in order to capture the defor-
mations. Since the Young’s modulus of the substrate
material Al,Oj3 is about three times larger than that of
the Cu film, the substrate deformation is much smaller
than the film deformation during the peeling; therefore,
sparse mesh is adopted in the substrate region in order
to increase the calculation efficiency. Figure 7 shows a
typical mesh used in our finite element simulations.

3.3 Inverse analysis using a neural network to predict
I'p and &

Since both the interfacial fracture energy I'g and sep-
aration strength & are the most important parameters
in the fracture research of the interface (Evans etal.
1999), we select them as the target to be measured in
the present research. Here an inverse analysis method
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Fig. 7 A typical mesh used

in the FE calculations

Crack tip

is presented to identify the parameters I'g and 6 using
the artificial neural network method.

For the film thickness 15 pm, the peeling process is
stable. Both the peel force P and the bending curvature
radius r (=Rp) of the film at the crack tip can be
described uniquely by the interfacial parameters I'g and

A

g,

P = fi(To,6)

N 7
r=g1(lo, o) ™
We also have the inverse relations
Lo = f2(P,r)

A 8
&= ga(P.1) ®

Both f> and g> can be determined numerically by the
neural network method.

In the inverse analysis based on the neural network
method, the finite element solutions are firstly used as
training data to train a neural network. Given a series
of values (Fi , &), one can obtain the same number of
values (P’ r') using the finite element method. The
obtained results are used as input data for training the
neural network, while the values (I',, 6) are used as
target data. From the experimental results shown in
Fig. 6, one can find the region of the interfacial fracture
energy ['g <0.07 N/mm. So for the series (Fi , 8i), we
take six values of ' in the range [0.01,0.06] and 11 val-
ues of ¢ in a large range [5, 50]. Through finite element
calculations, we have 66 values of (P', r'). Comparing
the calculated (P’ r') with the experimental data for
the 15um thick film (P =0.146 N/mm, r=0.10mm),
one can find that the true values of both I'g and & do
fall into the range [0.01, 0.06] and [5, 50], respectively.

A two-layer feed-forward backpropagation network
with two inputs and two outputs is built in MATLAB
version 7.0 (MATLAB 2004). There are seven nerve

Fig. 8 Sketch of the neural network

cells in the first layer and the transfer function is TAN-
SIG. The second layer has two nerve cells and the trans-
fer function is PURELIN. TRAINLM is used as the
training function for the whole network. A sketch of
the neural network is shown in Fig.8. This network
can simulate any function with two dependent and two
independent variables, providing that the function is
not continuous only at finite points (MATLAB 2004).

The network described in Fig. 8 is trained by the 66
values of (P, r') and (T}, 61), noting that these values
are obtained using the finite element calculations with
the CMSG theory. The variations of the g5 and f based
on the neural network method are shown in Figs.9 and
10, respectively. In these figures, I" and o stand for the
values of (I'y, &) to be determined, and T is the target
value.

From Fig.9 and Fig.10, obviously, the simulated f>
and g; by the trained neural network are considerably
accurate. By inputting the experimental data (P =0.146
N/mm, r =0.10 mm) into the trained network, one can
obtain, '(=0.045N/mm, ¢ =26.6 MPa.

For the finite element calculations based on the con-
ventional elastic-plastic theory, by repeating the above
procedure one can obtain the results shown in Figs. 11
and 12. By inputting the experimental data (P =0.146
N/mm, r =0.10mm) into the trained network, one can
obtain the predicted result I'o=0.047 N/mm, 6 =24.9
MPa. There is small difference between the two predic-
tions. Since the film thickness considered in the predic-
tions is 15um, size effect is not obvious. However, if
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Best Linear Fit: o =(1) T+ (-0.00661)
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Fig. 9 Variation of g based on the CMSG theory. The relation
of predicted value (o) using the neural network with target value
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Fig. 10 Variation of f> based on the CMSG theory. The relation
of predicted value (I") using the neural network with target value

(T

we adopt the thinner film in our analysis (see the fol-
lowing Sect. 3.4), the two predicted results show some
considerable difference.
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Fig. 11 Variation of f, based on the conventional theory. The
relation of predicted value (I') using the neural network with
target value (T)
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Fig. 12 Variation of g, based on the conventional theory. The
relation of predicted value (o) using the neural network with
target value (T)

3.4 Validation of the predictions made by the neural
network

In order to validate the predictions by the neural net-
work, we consider six film thicknesses ranging from
1 to 15 um. The predicted results are then compared
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Fig. 14 Steady-state peel force as a function of film thickness

with the experimental results. The variations of peel
force vs. crosshead displacement for the six film thick-
nesses using the finite element calculations based on
the CMSG theory are shown in Fig. 13. The trends of
the curves (peel force vs. displacement; peel force vs.
film thickness) in Fig. 13 are similar to those of the
experimental curves shown in Figs.4 and 6.

Figure 14 shows the variations of the peel forces
measured in the experiments and simulated by the
finite element models with and without considering the
strain gradient effect. From Fig. 14, the simulated peel
forces using the CMSG finite element model with the
predicted parameters (I'g =0.045 N/mm, 6 =26.6 MPa)
agree well with the experimental results. The finite ele-
ment model without CMSG (the conventional plasticity
theory) gives larger peel force predictions than the

experimental results. The conventional plasticity the-
ory overestimates the plastic dissipation energy.

4 Concluding Remarks

Peel test measurements have been performed to esti-
mate the interface toughness and separation strength
between thin copper film with micron scale thickness
and Al,O3 substrate. In the present research, the film
thicknesses considered range from 1 to 15 um. The
measured peel forces reach at the stable values (corre-
sponding to steady-state peeling) but with a slight fluc-
tuation when the film thickness is smaller than 10um.
From the experimental observation, for the case of very
thin film, the slight fluctuation of peel force corre-
sponds to the film peeling process at the crack tip like
that the film undergoes cyclic folding and unfolding
deformation during the peeling process. Through mea-
suring the steady-state peel force and the film curvature
radius, the important interface parameters (I'g interfa-
cial fracture energy; & interfacial separation strength)
have been derived out using the artificial neural network
method. In the inverse analyses, in order to investigate
the size effect in the peeling of micron-scale film, the
finite element results based on both the CMSG strain
gradient theory and the conventional elastic-plastic the-
ory have been adopted respectively to train the neural
network. Using the two kinds of theories, we obtain
(T'o=0.045N/mm, 6 =26.6 MPa) and (I"o =0.047 N/mm,
6 =24.9MPa), based on the CMSG theory and on the
conventional elastic-plastic theory, respectively. We find
that there is small difference between the two predic-
tions. This is because the film thickness adopted in the
two predictions is 15 um, in which case the film is so
thick that the size effect is not obvious. However, when
we predict the peel tests with the thinner films based
on the above parameter values, the obtained two peel
forces display considerable difference.

Note that in the present research, the interface
parameters have been determined using the experimen-
tal data for the film thickness 15 microns (correspond-
ing to having a measurable curvature radius at the crack
tip during the steady-state peeling). However, when the
film thickness is smaller than 10 pm, there is no mea-
surable curvature radius at the crack tip (see Fig.5), in
which case the present scheme is invalid, and one needs
to explore other methods to determine the interface
parameters. On the other hand, from the present re-
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search, the size effect is significant when the film thick-
ness is smaller than 10 um (see Fig. 14). One can not
adopt the conventional elastic-plastic finite element so-
lutions to train the neural network in the inverse analy-
sis in order to obtain the reasonable prediction of the
interface parameters. Certainly, one can use some scal-
ing theories (like the strain gradient plasticity theories)
to train the neural network, however this is also limited
when the film thickness is smaller than submicron.
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