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Abstract-An analysis of the process of stick-slip in the 90° peel test is carried out using a slender­
elastic-beam theory which considers both stretching and bending of the film. Using an energy-based
crack propagation criterion, it is shown that the intersection between the energy release rate curve
and the interface toughness curve delineates the limit cycle on the interface toughness versus crack­
growth rate plane for stick-slip 90° peeling. As a result of this analysis, it has been found that the
effects of bending are significant and cannot be neglected in the general case. In addition, the stick­
slip period and frequency have been found to depend on Young's modulus, and the thickness and
length ofthe free film, and the dependence differs for the bending-dominant and stretching-dominant
peel tests.

1. INTRODUCTION

The thin-film peel test is often used to measure adhesion strength (Kim and Kim, 1988;
Kinloch and Yuen, 1989). Two different types of peel set-ups are commonly used; the L
peel test, and the roller peel test. In the L peel test a strip of thin flexible film bonded to a
flat substrate is peeled apart at some fixed angle to the underlying substrate as shown in
Fig. I(a). Generally, 90° peeling is preferred because it is relatively simple both exper­
imentally and for theoretical analysis. In the roller peel test a thin strip of film bonded to
a roller is peeled offas shown in Fig. 1(b). In this case the peel angle varies with time during
the test. Stick-slip (or run-arrest) peeling is observed in both types of peel tests for certain
ranges of peeling speed. The process of stick-slip observed in the thin-elastic-film L peel
test is considered in this paper. An analysis of stick-slip in the roller peel test will be
presented in a subsequent paper, Part II (Tsai and Kim, 1993).

Phenomena of an intermittent nature such as stick-slip (or run-arrest) are observed
in many fracture and friction experiments. Examples of such observations in fracture­
related experiments include the force fluctuation in thin film peel tests (Gardon, 1963;
Aubrey et al., 1969; Kim et al., 1989), tearing of rubber (Greensmith and Thomas, 1955)

(a) (b)

Fig. 1. Schematic representation of the peel tests.

1789



1790 K.-H. TSAI and K.-S. KIM

and crack propagation in epoxy resin (Selby and Miller, 1975; Spanoudakis and Young,
1980). It has also been observed in friction-related experiments such as fiber pull-out (Cook
et a!., 1989; Tsai and Kim, 1991), microscratch test (Wu, 1991), rock friction (Dieterich,
1979) and friction between two plates with some lubrication (Thompson and Robbins,
1990). This intermittent motion is created by a mechanism that generates cycles of crack­
growth (or sliding) instability followed by subsequent arrest (or stabilization).

In this paper the stick-slip associated with crack-growth in the peel test is our main
interest. The alternation between instability and stability in peeling is produced by the
competition between the change in the driving force (or energy release rate) and the change
in the crack-growth resistance (or toughness), associated with the crack growth. The
frequency and amplitude (or run-arrest jumping distance) of the stick-slip process depends
on the details of the mechanism of crack growth. The change in the driving force associated
with crack growth depends on the specimen geometry, the loading history, the deformation
characteristics of the specimen, and the inertia involved in the crack-growth process. On
the other hand, the change in the resistance (toughness) depends on the crack-growth
history. The history dependence results from the micro-mechanisms of the interface fracture
process.

If the size of the fracture-process zone is very small compared to the smallest geo­
metrical dimension of the specimen, and if the fracture process is a viscous phenomenon,
the crack-growth history dependence of the toughness can be approximated as crack-growth
rate dependence; then the interface toughness is simply a function of crack-growth rate.
Some examples of the measurement of interface toughness as a function of crack-growth
rate are reported for a scotch tape interface in Maugis and Barquins (1987), and for the
interface between a pressure-sensitive adhesive tape and a glass substrate (Aubrey et at..
1969). In this paper we denote the energy release rate as G, the interface toughness as ~§

and the crack growth rate as q. In general the interface toughness is known to be not only
a function of crack-growth rate but also a function of crack-tip mode mixity (Liechti and
Chai, 1992). However, the mode mixity in a peel test is insensitive to peel angle, and it is
practically a fixed value unless the peeling occurs at a very shallow angle (Thouless and
Jensen, 1992). Therefore we regard the interface toughness, 'fI, as a function of only the
crack-growth rate, q, for the peel analysis.

Analyses in later sections show that 90" elastic-peeling with constant peeling speed, 1"
generates unstable crack growth when d'fl/d'.1 < 0, and it gives stable crack growth when
d'fl/d'.1 > O. Once the instability is generated, stick-slip proceeds with the energy release
rate, G, and the crack-growth rate, '.1, tracing a closed path in the (G, '.1) plane, with the
time t parameterizing the loop. Then the state of peeling expressed in terms of the crack­
growth rate, '.1, and the peel force (per unit width), P, also traces a closed path in the (P, if)
plane. The closed path in the (P, '.1) plane is called the "stick-slip limit cycle" (Maugis and
Barquins, 1987). However, if the film is not elastic, or if the effects of inertia are significant
in the peeling process as in the roller peel test, the trace of (P, '.1) for the stick-slip process
no longer follows the limit cycle; instead it makes a complicated trajectory in the (P. (i)

plane (Maugis and Barquins, 1987).
In general, the stick-slip in the 90 peel test ofconstant speed peeling results in periodic

fluctuations in the peel force, and the observed frequency of the stick-slip in the 90' peel
test is lower than that seen in the roller peel test. The roller peel test sometimes generates
chaotic stick-slip motions for a certain range of the peeling speed (Maugis and Barquins,
1987). In the 90° peel test, it is observed that if the deformation of the film is elastic the
amplitude of the peel force fluctuation due to stick-slip does not depend on the thickness
of the film or the speed of peeling; while plastic deformation of the film results in an
amplitude variation with film thickness. Kim and Kim (1988) reported that, for a 90" peel
test of thin copper films on a silicon substrate, the amplitude and wave length of the stick­
slip fluctuation increase as film thickness decreases. However, a consideration of plasticity
is beyond the scope of this paper; the relationship between elastic behavior of the film and
the rate-dependent behavior of the interface toughness is the main interest.

Several investigators have proposed models of the stick-slip process to predict the
dependence of stick-slip frequency on the peeling speed, and the length, thickness and
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elastic properties of the film. Maguis and Barquins (1987) studied the process of stick-slip
for both the 90° and the roller peel tests with the film considered to be elastic. Webb and
Aifantis (1989) analysed the 90° peel test for a viscoelastic film. However, these models
only considered pure stretching of the film; the effects of bending were neglected. This
paper addresses modeling the film deformation in stick-slip peeling, including both bending
and stretching. The results of the analysis show that the effects ofbending cannot, in general,
be neglected. The results show opposite trends in the variation of frequency with the
thickness and elastic stiffness of the film for *etching-dominant and bending-dominant
peeling processes. The bending effect is even more important in predicting the stick-slip
frequencies in the roller peel test, the modeling of which is presented in a subsequent paper,
Part II (Tsai and Kim, 1993).

Mathematical formulation of the stick-slip problem for 90° elastic peeling is described
in Section 2. In 2.1, energy balance in quasi-static elastic peeling is considered. Then, in 2.2,
the energy balance equation is connected with the detailed analysis of the bending and
stretching film-deformation to derive the equation of crack growth for 90° peeling. This
crack-growth equation is used to analyse the stick-slip cycle for 90° peeling in 2.3. The
governing equation is a first order nonlinear ordinary differential equation for the crack­
growth rate as a function of time, and solutions are obtained through numerical analysis.
To solve the equation a specific relationship between the interface toughness and the crack­
growth rate is required; in the analysis the experimental relationship for a scotch-tape
adhesive reported by Maugis and Barquins (1987) was used. The numerical results are
reported in Section 3. The stick-slip frequency as a function of the peeling speed, the
thickness of the film and the stiffness of the film is presented in 3.1. In 3.2, detailed numerical
results of the stick-slip process are presented for bending- and stretching-dominant peelings.
Then discussion and conclusion follow in Sections 4 and 5, respectively.

2. FORMULAnON OF THE PROBLEM

2.1. Energy balance
A schematic diagram of the peel test is shown in Fig. 2. The adherend is assumed to

be elastic for the stick-slip analysis. If global plastic deformation is excluded, the work
done by the peel force is partly stored as the energy of elastic deformation in the film, and
the rest is consumed in the local fracture process to create the new fracture surfaces. In this
case, neglecting the inertia of the film, the J integral around the crack tip yields the energy
release rate G. Furthermore, from path independence of the J integral, the energy release
rate G can be equated to the J integral at the far field which is expressed as [Kim and Kim
(1988); this expression of energy balance was also used by others earlier, e.g. Kendall
(1975)]

p2
G = (1-cos 4»P+ 2Eh' (1)

where P is the peel force per unit width of the film, 4> is the peel angle, E = Eo for the plane

p

Fig. 2. Schematic diagram of peeling.



1792 K.-H. TSAI and K.-S. KIM

stress case and E = Eo/(I- v2
) for the plane strain case, Eo and v are the Young's modulus

and Poisson's ratio of the film, and h is the thickness of the film. The energy-based crack­
propagation criterion employed in this analysis is that the interface crack propagates only
ifthe energy release rate, G, reaches the value of the interface toughness, '!J. In the peel test
of a viscoelastic adhesive such as scotch tape, the interface toughness, '!J, is a function of
the peeling rate, q, because of the viscoelastic deformation of the adhesive. Therefore,
during a stick-slip peeling process, the energy release rate, G, fluctuating as a cyclic curve
is traced out in the (G, q) plane. The cyclic curve is the trace of the intersection points
between the toughness, '!J(q), and the admissible energy release rate, G (q; P). Equation (1)
shows that the energy release rate, G, is not a function of q; it is a constant for given values
of the peel force, P, and the peel angle, ¢. As will be seen later, only in such cases does the
cyclic curve in the (G, q) plane become the limit cycle used by Maugis and Barquins (1987).

2.2. Analysis ofcrack growth in 90° peeling
For the analysis of stick-slip peeling, a quasistatic slender beam theory that considers

both bending and stretching is used to model the deformation of the film. As shown in Fig.
2 the origin of the x and y coordinates is fixed at the crack tip of the interface. The governing
equations of equilibrium and moment balance are [see also Kim and Kim (1988)]

dT
··~···-KN=O
ds '

dN
- +KT= 0

ds '

dM
-~- +N = 0
ds '

(2a)

(2b)

(2c)

where T and N are the axial and shear forces per unit width of the film, K = d8/ds is the
curvature of the neutral axis of the film, tan 8 is the slope of the neutral axis of the film, M
is the bending moment per unit width of the film, and s is the arc length along the neutral
axis of the stretched film.

From overall equilibrium of the film the axial force, T, and the shear force, N, can be
expressed as

T = Peas (¢ - 8),

N = P sin (¢ - 8).

(3a)

(3b)

Substituting the relations of eqns (3) into eqns (2), the equilibrium equations (2a) and (2b)
are automatically satisfied and the remaining moment equation (2c) becomes

~~ +P sin (¢-8) = O.
ds

(4)

The coordinate axes and sign conventions are indicated in Fig. 3 for a film subjected
to a pure bending moment M. According to this figure the bending moment is expressed
as M = ElK, where I (=h 3/12) is the moment of inertia of the cross-section about the z­
axis per unit width of the film. Substituting the expression of the bending moment, M, into
eqn (4), it becomes

Fig. 3. Slender beam under pure bending.
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dKd8 .
El dO ds +P sm (4)-9) = O.
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(5)

Since d9/ds = K, eqn (5) is a first-order nonlinear differential equation for K«(}). The
bending curvature K can be integrated with the boundary condition, K = 0 at (} = 4>, to
give the relationship,

K = ~{6prl-cos (4)-8)]} 1f2, (6)

where P= P/Eh. In the following derivations the length is normalized with the thickness
h, and the normalization will be indicated by -. In addition, only 90° peeling will be
considered in this paper, i.e. 4> =1(,/2. In this case Kbecomes

K = ~[6P(I-Sin 9)]1/2. (7)

From eqn (7) the normalized arc length scan be integrated as a function of9 with the
boundary condition, S= 0 at 0 =0:

(8)

This equation shows that the slope angle, e, approaches 1(,/2 asymptotically with sapproach­
ing infinity. This indicates that the arc length is required to be infinite to have 90° peeling
unless a bending moment is applied at a finite end of the film. However, we assume that
essentially 90° peeling conditions are achieved if the length of the film is longer than the
length, sr, corresponding to a slope angle, 8, very close to 90°, say 89.9° in eqn (8). In other
words, a vertical loading applied at the end of the film of length, So, makes the peel
configuration approximately 90°, if the following condition is satisfied:

Integrating dy =sin 9 ds with eqn (8), we have the relationship,

y = (6P)-1/2 {1-J2~~~} +i,

d = (3+2J2) exp (4J3PS).

(9)

(lOa)

(lOb)

Now we are interested in expressing the vertical position of the material point, y, in
terms of the undeformed-configurationallength, S, instead of the deformed length, s. The
deformed arc length, S, is then decomposed as

s= S+L~ edS

-i8

di=8+ e--,
o l+e

(11)

where e is the strain due to stretching along the arc length direction. Neglecting the second
order term of 8, Scan be expressed as
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5 = S+ Ii Cd5+D(c~S)
Jo

= S+Pf sined5+D(c~S)

= S+Py+D(c~S), (12)

where co is the stretching strain of the film near the loading point; Co = P. Then, substituting
eqn (12) into eqns (10), we have

y = (1 - P) - 1 {(6P) - 1/2 [ 1-)2; ~ ~ ] +S} +D(c~S),

d = (3+2)2) exp {4)3P(S+PjI)}.

(l3a)

(13b)

Considering y and S as the height and the undeformed-configurational arc length at
the loading point, the time derivative of y represents the peeling speed v at the loading
point, which is a constant in the constant-speed peel test. The arc length change rate, S, is
identical to the crack-growth rate q which is the crack propagation speed at the interface.
In the following, all the symbols related to the crack-growth rate q will be, therefore,
replaced by the corresponding symbols related to the arc length change rate S. Taking the
time derivative of eqns (13), we have the relationship,

(14)

where t = tSc/h; Sc is the characteristic crack-growth rate at which the interface toughness
has local maximum '§C, and A indicates normalization with respect to the characteristic
crack-growth rate, Sc.

From eqn (1) the normalized peel force, P, for the 90° peel test can be expressed as

P = )I+2~~G - I, (15)

where e§c = ,§c/Eh and G= G/'§c. As indicated previously, G = '§ during peeling, and '§
is a function of the crack-growth rate, S. Therefore, the variation of peel force with time
can be derived as

dP '§c'§' dS

dt )1 +2e§c~ di'
(16)

where' represents the first derivative with respect to the normalized crack-growth rate S.
Substituting eqns (13), (IS) and (16) into eqn (14) yields the governing equation of

crack growth for 90° stick-slip peeling. However, further simplification of the crack-growth
equation is possible because d in eqn (13b) is an exceptionally large number for the
requirement of 90° peel configuration. The requirement, 5 ~ 5f for 5 = 50, in eqn (9) is then
rendered as

d ~ d r = (3+2)2) exp (4)3P5f)

= 5.25 x 106
• ( 17)
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Since d r is such a large number, and .91 is even larger, the following approximations can
be used:

.91-1 (1)d+l = 1+0 .91 '

(d~l)2 = ~{1+0(~)},

Y = (I_P)-1 {(6P)-I/{ I-J2+0 (~)] +5} +0(655).

(18a)

(18b)

(18c)

By applying these approximations, eqn (14) is reduced to give the explicit governing
equation of crack growth in 90° peeling:

(19)

Now, neglecting the higher order terms, eqn (19) is expressed as

(20a)

where Fb and Fs are terms representing bending and stretching contributions, and they are
given by

(20b)

(2Oc)

Equations (20) are the reduced equations of crack growth for 90° peeling with small
stretching-strain and long detached length of film.

If we neglect the bending effect, then y = sin eqn (10a), and the subsequent derivation
for eqns (20) shows that Fb = O. On the other hand, if we assume that the film is almost
inextensible, then s~ 5 in eqns (10), and the subsequent derivation for eqns (20) yields
that Fs is negligible compared to Fb • Therefore we see that the Fb term results from the
bending of the film, while the Fs term results from the stretching of the film. Accordingly,
the peeling is bending dominant if Fb » F., and stretching dominant ifFb « Fs• Or in terms
of P and 5, if p- 3/2 » 11.85 then it is bending-dominant peeling, and if p- 3/2 « 11.85, it
is stretching-dominant peeling. In some analyses (Maugis and Barquins, 1987; Webb and
Aifantis, 1989) only the stretching term was considered; the effects of bending were
neglected. This assumption introduces a significant error for most peeling situations. For
example, if we consider the peeling of 100 lim thick glassy polymeric film with a Young's
modulus of 3 GPa and an adhesion strength of 120 J m- 2

, the bending contribution, Fb,

and the stretching contribution, F., are comparable if the detached length of the film is
equal to 1 m. In this case, therefore, the detached film length should be much longer than
1 m in order to neglect the bending term. The assumption of stretching-dominant peelings
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becomes worse if the adhesion strength is weak; if the adhesion strength is 12 J m - 2, the
film must be much longer than 30 m to have stretching-dominant peeling.

Now let us ~xamine eqns (20) a little closer. For cop.stant speed peeling one of the solutions
of eqns (20) is 5 = (I - £o)v. This solution implies d5jdt = 0, and therefore it is the steady­
state solution. In addition, the stability of this steady-state solution can be examined with
eqns (20). Ifwe consider a small perturbation b = S - (I -coW at time to, in which bjS« L
then the solution becomes

In eqn (21) the term Fb+Fs is always positive, and therefore the sign of@' determines the
stability. If @' is positive, the perturbation decays with time, and the steady-state solution
is stable; while if@' is negative, the steady-state solution is unstable.

2.3. Analysis ola stick-slip cycle
In this section we examine how the equations of crack growth, eqn (19) or eqns (20),

can describe the stick-slip process and provide values for the stick-slip frequencies. As
mentioned in the introduction, we are modeling the stick-slip process caused by the inter­
acti,9n between the elastic deformation of the thin film and the rate-dependent resistance,
@(5), of the crack growth in the peeling process. Therefore we are employing a particular
type of crack-growth resistance, @(S), for our discussion. The crack-growth resistance,
@(S), which is also called the interface toughness, has a typical form for viscoelastic
adhesives as shown in Fig. 4, as reported by Maugis and Barquins (1987) for scotch tape.
It has two distinct regions ABC and FED for which @, > 0, and region CF for which
@, < 0, as indicated in the figure. As we have d~scribeg in the previous section, if the peeling
speed is imposed in the range of (1-£o)v < 5c or 5F < (1-£o)v, in which @, > 0, then
5 = (I-£o)v is the stable steady-state solution. However, if the peeling speed is in the range
of Sc < (1- £0)6 < SF, in which @, < 0, then there cannot be a stable steady-state solution.
Therefore the curve CF in Fig. 4 is called the unstable branch. Provided that @' -:f. 0, eqn
(20a) can be rearranged as follows:

dS S-(1-£0)6
Cit = - -(F

b
+ Fs)<F . (22)

When the peeling speed is set in the range of Sc < (1 - 1>0)6 < SF, the sign of dSjdt in

c,----_--- D
\

\
\

\
\

\
\ ,,

" EB ----------- F
A

normalized crack-growth rate S

Fig. 4. The interface toughness ~§(S) curve. S= S/Sc; Sc = 7.96 x 10- 2 m s- I and ~q = ':#/':#c;
~q= 170.0Jm-'.
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eqn (22) shows that any crack-growth rate, S, in the range of S< (l-eo)6 tends to move
towards Se, and that in the range ofS< (1-eo)6 towards SF' Once the peeling state (S, G)
reaches the critical point Cor F" it must jump to anotherAadmissible branch of (S, c§). In
other words if the peeling state (S, G) starts to follow the (S, c§) branch of ABC, the peeling
state moves towards the state at C. Once it reaches the state at C, it jumps to the next stable
branch DEF. As it approaches C, C§, approaches 0+ and consequently d}/dt approaches
infinity, indicating an instantaneous jump from the crack-growth rate Se to SD' At the
instant of the jump the peel force, P, is only a function of peeled-film configuration; it is
independent of the instantaneous crack-growth rate. Consequently the energy release rate,
G, which is a function of the peel force, P [eqn (15)], does not change as the crack-growth
rate jumps. This indicates that it has to be a horizontal jump in Fig. 4; it jumps from C to
D in the figure. Once itjumps to point D, t~e peeling state is on the branch of DEF and
the crack-growth rate S is in the range of S > (1-eo)v. Then the peeling state starts to
move towards point F, following the curve DEF in Fig. 4. When the peeling state reaches
point F, it undergoes a jump to the state B in Fig. 4, analogous to the jump from state C
to state D. As the peeling state re-enters the (S, C§) pranch of ABC, it repeats the above­
mentioned processes. As a t.:esult, the peeling state (S, G) forms a limit cycle BCDEF, and
stick-slip occurs as Gand Sfluctuation along this limit cycle. The period of the stick-slip
cycle, therefore, should correspond to the time spent on both the Be and DEF regions.

From eqn (20a), neglecting the So term, the stick-slip period can be integrated as
follows:

(23)

where C§e = C§D = 1, the crack-growth rate, S, in the first integral is a function of the
toughness, C§, along the curve BC, and in the second the crack-growth rate is a function of
the toughness integral along the curve DEF. The period can be separated into two terms;
one is M b which is due to the bending effect, Fb, and the other is M s due to the stretching
effect, Fs• Though the arc length S appears to be a function of Fs in eqn (20c), it will be
treated as a constant in the integral of eqn (23) because its variation during one stick-slip
cycle is very small compared to S itself. Therefore the period of one stick-slip cycle is
expressed as

where

in which

Atb = SC I'§C 1/2E I / 2h 3/ 2fb(V),

M s = Scl'§eE-lh-ISf,(v),

(24a)

(24b)

(24c)

(24d)

(24e)

From eqns (24) we see that Mb is proportional to E I
/
2h3/2, and Ats is proportional to

S but inversely proportional to Eh. Thus, if Fb is much larger than Fs in the bending­
dominant peeling, the stick-slip period of the cycle is longer for stiffer and thicker films,
and it is independent of the length of the film. On the other hand, if the stretching effect
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dominates, i.e. F, is much larger than Fb , then the trends are opposite to those of the
bending-dominant case, and the period is longer for longer films.

3. NUMERICAL RESULTS

In this section we analyse numerically eqns (20) and (24) using the material constant
and the function of t@ given in Maugis and Barquins (1987). The Young's modulus Eo of
the scotch tape is given as 2.15 GPa. Here we consider the plane stress case, i.e. E = Eo.
The explicit functions of the experimental curves along ABC and DE in Fig. 4 are also
given by Maugis and Barquins (1987). Since the function of the curve EF is not given, we
have selected a function to fit their experimental data. These functions are expressed as
follows:

t@ = 0.0176(1 +55.67S0 35)

~ ( S )5.5
f§= 226.13

~ ( S )0.064
f§ = 0176---

. 26.38

(25a)

(25b)

(25c)

~ The normalize~ crack-gr:.owth rate at ~ B, C, D, E and~ F points are given as
Sa = 5.47 x 10- 3

, Sc = 1.0, SD = 226.13, SE = 168.57 and SF = 26.38. The normal­
izing values for the toughness, f§c, and for the crack-growth rate, Sc, are provided as
170.0 J m- 2 and 7.96 x 10- 2 m s- I, respectively.

3.1. Stick-slip periods andfrequencies
Using the equations given in eqns (24), fb and j~ are calculated, and they are plotted

with respect to the peeling speed, V, in Fig. 5. This figure shows that both fb and Is are
approximately inversely proportional to the peeling speed, V. As a consequence, from eqns
(24), the stick-slip period At should have the same trend, and the stick-slip frequency is
approximately proportional to the peeling speed, V.

In order to compare the contrib1.ltions to the period due to bending and stretching
terms, a plot of Atb and At, as a function of the film length S is shown in Figs 6(a) and

loB

1.5

1.2
..:
~ .9

.6

.3

0
0 5.2 10.4 15.6 20.B 26.0

normalized peeling speed v
Fig. 5. Plot of fb and f, with respect to D, respectively.
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1 32

1
'-" 24..
<i
,; 16

<i
h .. ro,..,.- -- - ------------------------------
h =40,..,.

--------------------------h;lo~--

0.6 1.2 1.6 2.4 3.0

film length S (m)

Fig. 6(a). Plot of Mb and At, vs S, respectively, for v = 0.1 m s- J. Mb : dotted line; At, : solid line.

2.0'...--__-------"'7'""------,
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1 1.6

1'-" 1.2

~
,; 0.6

<i
0.4

1.8 - 2.4

film length S (m)
3.0

Fig. 6(b). Plot of Atb and At, vs S, respectively, for v = 2.0 m S-I. Mb : dotted line; At,: solid line.

6(b). The contribution to the periods due to bending, Alb, are plotted with dotted lines in
both figures, which are independent of the film length, S. In contrast, the contribution to
the periods due to stretching, At., are plotted with solid lines, which are linearly proportional
to the film length, S. Figure 6(a) is plotted for the case oflow peeling speed [v = 0.1 m S-1

(6 = 1.26)], and Fig. 6(b) of high peeling speed [v = 2.0 m S-1 (6 = 25.13)]. In each figure
the results for film thicknesses of 10, 40, 70 and 100 Jl.m are plotted, and the thicknesses are
indicated on the figures. The required minimum film length for the 90° peel configuration,
Sr, for this scotch-tape peel test is of the order of 1 cm. Therefore, we have considered the
film length longer than 10 cm for the plots in Figs 6(a) and 6(b). In both figures we see that
10 cm long and 40 Jl.m thick tape has almost equal contributions for the stick-slip period
from bending and stretching effects. Thus, the influence of bending cannot be neglected for
a film length of this order. If the film length is as long as 2 m, the contribution of the
bending effect to the total period of the stick-slip cycle is about 5%. Figures 6(a) and 6(b)
also indicate that the influence of bending is more pronounced for thicker films. Further­
more, comparing the results in Figs 6(a) and 6(b), it is found that the bending effect becomes
even more important at higher peeling speeds.

The stick-slip frequency can be obtained by determining the inverse of the period in
eqns (24). The frequency is calculated for a film thickness of40 Jl.m, and plotted with respect
to the peeling speed in Fig. 7 for four different film lengths: 0.1, 0.5, 1 and 3 m. This figure
shows that the frequency is approximately proportional to peeling speed for longer films,
for which the stretching effect is more dominant. On the other hand, if the film is shorter,
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and the bending effect is more important, the frequency increases with the peeling speed,
but the rate of increase decreases gradually with peeling speed.

3.2. Comparison between bending- and stretching-dominant peelings
In this section we compare the solutions of eqns (20) for the stick-slip processes of

two extreme cases. One is the bending-dominant peeling, and the other is the stretching­
dominant peeling. The length and thickness of the film are chosen to be 0.1 m and 100 flm
respectively for the bending-dominant case, and 3 m and 10 flm respectively, for the
stretching-dominant case. The stick-slip process in both low-speed peeling (v = 0.1 m s- I)
and high-speed peeling (v = 2.0 m s I) are analysed for each extreme case.

The peel force variations as a function of time are plotted in Fig. 8 for (a) bending­
dominant low-speed peeling, (b) bending-dominant high-speed peeling, (c) stretching­
dominant low-speed peeling, and (d) stretching-dominant high-speed peeling. From these
figures, it is seen that the variation of the peel force is different for the bending- and
stretching-dominant peelings, and for different peeling speeds as well. In bending-dominant
low-speed peeling, initially the peel force increases slowly, then rapidly increases, as shown
in Fig. 8(a). On the other hand, in stretching-dominant low-speed peeling, initially the peel
force builds up rapidly, then increases more gradually, as shown in Fig. 8(c). Nevertheless,
when the peel forces reach their maximum value, in both cases they drop suddenly to their
lowest values. The shape of the peel force variation becomes sharp like a saw tooth, for
high-speed peeling, for both cases as shown in Figs 8(b) and (d). However, the shape for
the bending-dominant case has a cusp-like edge, as shown in Fig. 8(b), and the stretching­
dominant one has a straight-kink edge, as shown in Fig. 8(d). It is interesting to note that
plots similar to those shown in Figs 8(a) and (b) for the bending-dominant peeling were
observed in the experimental results of Gardon (1963), who recorded the variation in peel
force with time during a peel test of two cellophane films bonded with acrylic polymer
Rhoplex B-60. On the other hand, the plots of the peel force variation with time shown in
Figs 8(c) and (d) for the stretching-dominant peeling are similar to the results of Aubrey
et al. (1969). In that study, peel tests were carried out with polyester films and glass
substrates, and poly(n-butyl aFylate) was the adhesive.

The crack-growth rate, S, is plotted as a function of time in Fig. 9. The displaying
order (a), (b), (c) and (d) in Fig. 9 corresponds to those of Fig. 8. These figures show that
at low peeling speed almos~ all the time is spent at the low crack-growth rate region, i.e.
curve BC on the r§ versus S graph in Fig. 4. However, the portion of time spent at high
crack-growth rate range, curve DEE, increases with increasing peeling speed. Maugis and
Barquins (1987) considered only the stretching effect in their relaxation oscillation model
and calculated the period by neglecting the time spent on the high crack-growth rate branch.
That approximation can be applied only to the peeling with a long film length and low
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Fig. 8. Plots of peel force P vs time; (a) and (b) are for bending-dominant low-speed and high­
speed peeling respectively, and (c) and (d) for stretching-dominant low-speed and high-speed

peeling, respectively.

peeling speed. The peeled length, which is the length of the film peeled from the substrate,
is also plotted with respect to time in Figs IO(a), (b), (c) and (d) in the same displaying
order as in Figs 8 and 9. From these figures it is seen that for all cases most of the peeling
occurs in the stage of high crack-growth rate, although less time is spent in this range.
Especially at high peeling speed, almost all of the peeling occurs in the high crack-growth
rate range. Therefore, the stick-slip phenomenon is more prominent at high peeling speeds.

4. DISCUSSION

In the previous sections we have provided the framework for the analysis of stick-slip
crack growth caused by the interaction between the elastic deformation of the film and the
variation of the rate-dependent fracture toughness in the peeling process. Now we will
discuss the limitations of the analysis, and propose future improvements.

One of the assumptions we have made is that the film deforms elastically during the
peeling process. This assumption is valid when the quantity 6EPj<J;h is less than one, where
<Jy is the yield stress of the film. The scotch-tape peel test reported by Maugis and Barquins
(1987) marginally satisfies the condition. A slight amount of plastic deformation occurred
in the scotch-tape film. However, considerable amounts ofplastic deformation accompanied
the stick-slip peeling in the peel test of Kim and Kim (1989) for copper films on a silicon
substrate. A typical trend in the stick-slip process during plastic peeling is that the amplitude
of the peel-force fluctuation depends on the thickness of the film; the thinner the film the
larger the amplitude. On the other hand, in elastic peeling the amplitude of the peel force
fluctuation is independent of the thickness. Previous analysis by Kim and Aravas (1988)
showed that the degree of plastic deformation increases as the film becomes thinner. It has
also been shown that plasticity plays the role of an amplifier in the relationship between
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Fig. II. Photographs of the cohesive zone at the crack tip in the scotch-tape peel test: (a) in the
middle of stationary loading, (b) at onset of crack growth. Thickness of the tape is 50 /lm.
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the interface toughness and the peel force. Those analytic results agree qualitatively with
the experimental observations. In the plastic peeling of Kim and Kim (1988), it is observed
that the stick-slip frequency, for a given speed of peeling, also depends on the thickness of
the film; the thicker the film the higher the frequency. The elastic analysis in this paper
shows that the frequency is proportional to the thickness of the film f<?r a stretching­
dominant elastic peeling, while it is proportional to IJh 312 for a bending-dominant elastic
peeling. For the case of a plastic peeling we speculate that the film curls as it is peeled off,
and the curled film acts as a stretching spring during the peeling process. The stick-slip
crack growth in plastic peeling still needs proper modeling, which will require tracing
loading and unloading cycles ofplasticity in the film. The inclusion ofthe effects ofplasticity
may result in a completely different mechanism producing the stick-slip process; a cycle of
crack blunting, propagation and arrest may produce a rate-independent stick-slip phenom­
enon for a crack-growth-rate independent interface toughness. The effect of viscoelastic
and viscoplastic deformation of the film on the stick-slip phenomenon may also have to be
considered in future studies.

Another assumption we have employed in the analysis is that the fracture-process­
zone size is small, and the fracture toughness is well defined. However the fracture-process­
zone size may not be small compared to the thickness of the film for a scotch-tape peel test.
In order to examine the peeling process in detail, we took microscopic photographs of the
fracture process zone while a scotch tape (Scotch 3M 810) was peeling from a glass substrate.
A video camera with a microscopic lens was used to record several images of the fracture
process zone during the test. Figures ll(a) and (b) show side-view photographs taken at
different times when the scotch tape was peeled at a low speed. The first photograph shows
that an extensive cohesive zone formed at the crack tip before the interface crack propagated.
Initially, the adhesive deformed more uniformly in the cohesive zone as shown in Fig. II (a).
As the peel force increased, the adhesive ruptured into clusters of fibrils as seen in Fig. I I(b).
These photographs show that the cohesive zone size and the crack opening displacement are
both much larger than the film thickness. In this case, the coupling of the film deformation
and the adheisve deformation must be considered, and the influence of this cohesive zone
on the peel analysis cannot be neglected.

Another factor that must be considered is the inertia effect on the stick-slip process.
The quasi-static analysis predicts that, at the fastest stick-slip peeling speed, the frequency
of the stick-slip process in a scotch tape peeling can attain I kHz for the film of I m
detached length and 40 pm thickness. During the I m's period of the stick-slip cycle the
tensile wave can only make a single round trip in the detached film. Therefore the validity
of the quasistatic energy balance equation and the equation of static equilibrium employed
in the analysis is questionable. For such high speed and high frequency stick-slip peeling
we must consider the effect of film inertia in the analysis. Experiments show that the roller
peeling produces even higher stick-slip frequencies than those predicted by the analysis of
90° peeling. In addition, the stick-slip process in the roller peel test sometimes exhibits
chaotic fluctuations. For the analysis of crack growth in the roller peel test the kinetic
energy of the roller must be included in the energy balance equation, and the variation of
the peel angle during the peeling process must be considered in the momentum balance
equations. Then the energy release rate in the roller peel test becomes a function of the
crack-growth rate for given speed of peeling, peel angle, and angular speed of the roller
(Tsai and Kim, 1993). As a consequence, the jump of crack-growth rate in the roller peel
test, at the instant of instability, is much different from that in the 90° L peel test. In other
words, the roller-peel stick-slip trajectory on the (G, q) plane is much different from the
limit cycle of the 90° L peel test. The roller-peel stick-slip can make much higher frequency,
and the amplitude of the roller peel force fluctuation varies as a function of peeling speed.

5. CONCLUSION

Using a slender-elastic-beam theory and an energy-based criterion for crack growth,
the equation of quasi-static crack growth, eqn (20), has been derived for 90° peeling of thin
films. The crack-growth equation has been analysed for the stick-slip peeling process. The
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analysis shows that the energy release rate, G, and the crack-growth rate, q, form a limit
cycle in the (G, q) plane for the stick-slip 90° peeling. The analysis also revealed that there
are two types of elastic peeling: the bending and stretching-dominant peelings. If the
quantity 11.8p3/2S is much greater than one, the peeling is stretching dominant. However,
if it is much less than one, bending effects dominate. The variation of peel force during
stick-slip peeling is different for stretching- and bending-dominant peelings. Furthermore,
the dependence of stick-slip frequency on the thickness, the stiffness and the length of the
free film is completely different for these two types of peelings [see eqn (24)]. In future
studies the effects of the inertia and the plastic deformation of the free film can be included
in the framework of the analysis provided in this paper.
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