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Synopsis

Analysis by means of matrix method is presented on the phenomenon of peel adhesion for 90°
peeling of adhesive tape. A model of framed structure was assumed to duplicate the viscoelastic
behavior of the tape: The adhesive layer is composed of a network structure made by elastic -
members for lattice elements and viscous members for diagonal elements. Calculated force dis-
tribution near the bond boundary showed good agreement with the experimental results of Kael-
ble. It was also found that the curve of peel rate versus peel force for the cohesive failure oc-
curred in the adhesive layer was S-shaped; the change of peel force was affected severely by par-
ticular range of peel rate. For the interfacial failure at the bond boundary, on the other hand,
the peel force possessed a maximum value for medium peel rate. Predicted failure mode for the
adhesive tape changed from cohesive failure to interfacial failure with increasing rate of separa-
tion. Analytical results for the dependences of thickness of flexible members and adhesive
layers on peel forces showed qualitative correlation with the experimental results.

INTRODUCTION

Evaluation of the characteristics of adhesive tape is often made by peel
tests. The peel force acting on the flexible member is measured when the ad-
hesive tape is removed from the adherend.

Surveying the test results performed over the years, several aspects have
been pointed out: The bond stress distribution near the bond boundary be-
tween the adhesive and the adherend was measured by Kaelble.!:2 For the
dependence of peel rate on the peel force, it was reported that the peel force
increases with increasing rate of peeling and decreases abruptly at a certain
critical rate, and that the modes of failure change from cohesive to interfacial
type.2346  With respect to the dependence of the thickness of the flexible
member, the peel force increases with increasing thickness except for an ex-
tremely thick tape.57 Similarly, the peel force increases with increasing
thickness of adhesive layer.57

The extensive investigations for the analysis of peel adhesion, on the other
hand, carried out by several researchers and the mechanism of peel adhesion
have been clarified considerably.l-8-1> However, discrepancy still exists be-
tween such theories of peel adhesion and experimental results. The authors
proposed in this study a model of framed structure as a duplication of the ad-
hesive tape, and analyses were performed by means of matrix methodé:17 for
two cases; the adhesive layer only is peeled, and the adhesive tape consisted
of adhesive layer and the flexible member is peeled. Calculations were also
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made on the deformation of adhesive layer the interfacial force distribution,
and the force distribution in the adhesive layer. Based on the analytical re-
sults, the mechanism of peel adhesion for 90° peeling was discussed. More-
over, we refer also to the dependence of viscoelastic properties of adhesive
tape on peel force. '

ANALYTICAL PROCEDURES

The framed structure model illustrated in Figure 1 is assumed for the ad-
hesive layer, one of the components of adhesive tape. The model has two
types of members: Elastic members with elastic modulus E arranged in par-
allel to x—y axes, and viscous members with viscosity # as the diagonal ele-
ments. For the sake of simplicity, individual members are pin-jointed at the
nodes numbered in the figure, so that bending moments cannot be transmit-
ted.

If we take the reference coordinate system x—y as shown in Figure 1, the
stiffness relation of a typical elastic member is written as

X = Ku D

where X is a force vector composed of forces X;; and Y;; in the x- and y-direc-
tion, respectively, acting on the node i-j, and u is a displacement vector
whose components at that node are u;; and v;;. The elastic stiffness matrix is
represented by K in eq. (1). For the nodes 1-1 and 1-2, with the cross-sec-
tional area A and length L of the member, for example, eq. (1) may be re-
duced to

Xy 10 -1 0 uy
Yu{_ AE} 0 0 00 Un @
Xy Li-10 10 Uy
Y12 0 0 0 0 U1z

Next, formulation will be made on the viscous member by introducing the
local coordinate system x—y shown in Figure 1. In this system, we can write

=~ Elastic member
Vp —}— Viscous member
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Fig. 1. Framed structure model for adhesive layer.
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the relation between force and deformation rate of a typical viscous member
in the form
< o du
= = ~ 3
X =V &)
where X and da/dt are vectors of nodal force and deformation rate, respec-
tively, and V is a matrix representing viscosity. The vectors of force X and

deformation rate du/dt in the reference system x—y can be obtained in terms
of transformation matrix T as

X = TX “4)
and

du du

¢u _ &= 5

p T ®)
Substituting egs. (4) and (5) into eq. (3) leads to

— Ty d_u — ——d_u
X—TVTdt—Vt- 6)

where V is given as

V = TVT (7

and T’ stands for the transpose matrix of T. As the cross-sectional area and
the length of the viscous member in Figure 1 are A and V2L, respectively, eq.
(6) for nodes 1-1 and 2-2, for example, can be written ds follows:

X 1-1 -1 1 Uy
Yal _ 40 [-1 1 144 o,
Xof ~ ZRL|-1 1 1-1|d )uy ®
Yar 1-1 -1 1 Uiy

After evaluating eqs. (1) and (6) for each elastic and viscous member, the
overall system of equations can be obtained by superposing these quantities:

_ du;
XS - Ksus + de—t (9)

where the matrices with symbol S denotes the overall matrices. In order to

solve the linear differential equation by finite difference scheme, the sub-
script of time ¢ should be attached as follows:

0 = K + V5, o

Linear variation of term dus/dt is assumed during the time interval At, and
we have the equations

@ = @r-a+ (%), L (@) e @
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or
dus du, ), — 2 12
(W)t - ( dt )t —At + {) () ad At 12)
Substituting eq. (12) into eq. (10) leads to the following recursion formula:

{K & }(“8” = {At(“S)‘ ot +(‘Z‘;s) } + K (3

Thus, us at time ¢t can be evaluated by solving the system of simultaneous
equations provided that the values of u; and du,/dt are known at the preced-
ing time step t-At. From the initial condition, the values of du,/dt can be
determined from eq. (10) as follows:

()., = ~Kelwdies + Kemo: 14)
t=0

Substituting eq. (14) into eq. (13), the recursion formula of eq. (13) can be
solved for the unknown displacement (u;);, and we can easily have the nodal
forces and the internal forces in the members. Though the present analysis
is based on the infinitesimal strain theory, approximate result of finite defor-
mation may be obtained by the successive processes that the coordinates x;-y;
and the lengths of all members are modified by using the determined dis-
placement in each time step. Consideration of the variation of cross-section-
al area are also included with the assumption that the material is incompress-
ible.

In most peel tests, the peel forces are measured under the conditions of the
prescribed peel rates (deformation rates). As the first step of an analogy of
such peel test, the model in Figure 1 is settled in which the adhesive layer is
stuck on the adherend and is peeled at right angle. The purpose of the pres-
ent analysis is to determine the unknown nodal force Y;; under the pre-
scribed value of constant nodal displacement rate dvii1/dt of the node 1-1,
and the correlation between Y1; and duv,1/dt instead of that between the peel
force P and the peel rate v, will be discussed. The situation that the adhe-
sive layer is stuck on the adherend is expressed by the condition that the dis-
placements at the nodes m1, m2, ..., mn, in the figure, are constrained in
both the x- and y-directions. If we perform the analysis under the above
boundary conditions, the following data will be obtained: The nodal forces
Y1 and Y,,; (i = 1, 2, ... n), which represent the peel force and interfacial
forces, respectively, the displacements of the nodes corresponding to the de-
formation of adhesive layer, and finally the internal forces in all members
composing the adhesive layer.

In addition to such data, the phenomenon of the failure of adhesive tape
was discussed. As the failures generally occur in the adhesive layer or at the
boundary between the layer and the adherend, we denote the former as cohe-
sive failure and the later as interfacial failure. Assumptions are made here
that the cohesive failure is due to the criterion that the internal force of a
member reaches a critical value and that the interfacial failure is caused when
the nodal force Y,,; (( = 1, 2,..., n) reaches a prescribed value.

The same procedure of the analysis on the adhesive layer may be available
to discuss the mechanical behavior of the adhesive tape containing two layers
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of the flexible member and the adhesive. In this case, the mechanical prop-
erties of the elastic modulus and the viscosity coefficient should be reduced
to be different in both layers, and the calculation due to the matrix method
should be carried out.

CALCULATED RESULTS AND DISCUSSION

Peel Adhesion of Adhesive Layer

Calculations of the interfacial force distribution and the force distribution
in the adhesive layer as well as the deformation mode were carried out when
only the adhesive layer is peeled for the first approximation of the peel adhe-
sion of the tape. Discussion of the relations between the peel rate and the
peel force for interfacial and cohesive failure is also included. In the present
analysis, the adhesive layer is divided into 45 square elements with 16 nodes
in the x-direction (n = 16) and four in the y-direction (m = 4). In order to
perform calculations concretely, for instance, data were employed as follows:
cross-sectional area A of each member, A = 1 mm?; length of elastic member,
Lg = 1 mm?; length of viscous member, L, = v/2 mm?; elastic modulus of
elastic member, E, = 1 kg/mm?; viscosity coefficient of viscous member, 7, =
1 kg-sec/mm?, respectively.

—— Deformed
=~=—=Undeformed
Vo= | mm /sec
t =|sec

LT )
T 7
| A

» A » 4

Vo

Fig. 2. Deformation mode of adhesive layer.

The calculated result of the deformation mode for adhesive layer is shown
in Figure 2 at ¢ = 1 sec subjected to constant peel rate of 1 mm/sec. The fig-
ure seems to reflect fairly well the deformation in actual peel test.

Figure 3 represents the distribution of forces, Yiun (Ya1, Yas, ..., Yan),
along the interface between the adhesive layer and the adherend at several
elapsed times. The maximum value of the interfacial force is observed at the
peel end, and the distributions of interfacial forces vary with time, owing to
the viscosity. Such forces may affect the predominant influence on the inter-
facial failure to be discussed later.

In order to discuss the force distribution in the adhesive layer, consider the
elastic members arranged vertically to the interface, which affect the remark-
able influence on the peel adhesion. The internal force distributions in the
adhesive layer are shown in Figure 4. The hollow circles in the figures corre-
spond to the values in the elastic members arranged vertically in the top row
of Figure 1, as the forces play an important role in the cohesive failure.
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Fig. 3. Distribution of interfacial forces in adhesive layer.
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Fig. 4. Internal force distribution in adhesive layer.

The calculated result on the interfacial force may provide interesting infor-
mation on the mechanism of the interfacial failure. The interfacial forces are
increased predominantly with increasing time, as shown in Figure 3. An as-
sumption is made here that the failure occurs at the interface when the maxi-
mum value among the forces Y41, Y4, ..., Y4, reaches a prescribed critical
value (Y.); and that the nodal force Y;; for such a case corresponds to the
peel force, where the critical force is assumed to be independent of peel rate.
The thus obtained relation between the peel rate and the peel force is illus-
trated in Figure 5a for (Y.); = 0.02 kg. The curve possesses a maximum
value at medium peel rate, while the rate dependence on the peel force is
small at low or high peel rate.

Next, attention is focused on the cohesive failure mode, especially the de-

- pendence of peel rate on the peel force. Failure criterion in this case is as-
sumed as follows: Failure in the adhesive layer occurs when the internal
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Fig. 5. Transition from cohesive failure to interfacial failure in adhesive layer: (a) peel curve
for interfacial failure; (b) peel curve for cohesive failure; (c) superposed result of the above two
curves.

force in a member reaches a critical value (Y,).. The relation between the
peel rate and the peel force for the cohesive failure obtained by the above-
mentioned procedure is shown in Figure 5b with a critieal fracture force (Y.).
of 0.02 kg. The shape of this curve is somewhat different from that in Figure
5a, where the peel force increases monotonously with increasing rate of sepa-
ration.

Finally, the transition of failure mode from cohesive to interfacial will be
suggested as transition phenomena are observed in some peel tests. If we su-
perposed the curves in Figures 5a and 5b for the case (Y.); = (Y.). = 0.02 kg,
the actual failure will be determined by the lower curve in Figure 5¢. The co-
hesive failure (broken line) occurs predominantly in the region of low peel
rate, while the peeling is dominated by the interfacial failure (solid line) for
higher peel rate than a transition point vr.

Peel Adhesion of Adhesive Tape

The adhesive tape composed of two layers (adhesive layer and flexible
member) with different mechanical properties will be treated in this section.
The model of adhesive tape as shown in the broken line in Figure 6 is con-
structed by the flexible member with three square elements in thickness at-
tached to the adhesive layer in Figure 1. The mechanical properties em-
ployed in this analysis are listed in Table I, where both elastic modulus E,
and viscosity coefficient 7, of the flexible member are large enough compared
with those of the adhesive layer. The solid line in Figure 6 gives an example
of the consequence of deformation of the adhesive tape at t = 1 sec with a
constant peel rate of 1 mm/sec. As is seen in this figure, the deformation of
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TABLE I
Mechanical Properties of Adhesive Tape
Elastic modulus, Viscosity coefficient,
kg/mm? kg-sec/mm?
Flexible member Ep =100 np =100
Adhesive layer Es=1 ng =1
Yo ——— Deformed vp= | mm/sec
----- Undeformed t =1 sec
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Fig. 6. Deformation mode of adhesive tape.
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Fig. 7. Distribution of interfacial forces in adhesive tape.

adhesive: layer is large, especially in the neighborhood of the peel end, while
the flexible member is bent slightly due to the large moduli of elasticity and
viscosity. Distributions of force at the interface between the adhesive layer
and the adherend are shown in Figure 7 with parameters of time elapsed.
The peak of the interfacial force in this case is observed in the internal re-
gion, while the force for only the adhesive layer has a maximum at the end of
the layer, as already discussed in Figure 3. Such an analytical result of the
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Fig. 8. Transition from cohesive failure to interfacial failure in adhesive tape.
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Fig. 9. Dependence of thickness of flexible member on peel curve: (a).interfacial and cohesive
failures for flexible members with different thicknesses; (b) peel curves for flexible members with
different thicknesses.

distribution of interfacial force reflects the pxperimental one obtained by
Kaelble.!-

The transition phenomenon from cohesive failure to interfacial of the tape
with two layers may be clarified by the same discussion previously made of
the case without flexible member. The calculated peel forces in the cases of
interfacial and cohesive failures are shown in Figure 8 versus the peel rate. A
transition analogous to Figure 5c¢ of the mechanism of failure is observed,
while the peel curve for cohesive failure diverges at high peel rate. The peel
curve assigned by arrows reflects the qualitative results of the experiments.4

In order to investigate the dependence of the thickness of the flexible
member to the peel force, we employed several models of adhesive tape with
different numbers of square elements. The mechanical properties of two
layers and also the thickness of the adhesive layer were unchanged. The
solid and the broken lines in Figure 9a correspond to the analytical results of
peel force for the interfacial and the cohesive failure mode, respectively, with
the parameter of numbers of total nodes m in the y-direction, where the criti-
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Fig. 10. Dependence of thickness of adhesive layer on peel curve: (a) interfacial and cohesive
failures for adhesive layers with different thicknesses; (b) peel curves for adhesive layers with
different thicknesses.
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Fig. 12. Influence of relaxation time on interfacial failure curve for flexible member.

cal forces for interfacial and cohesive failure are taken as 0.15 kg and 0.1 kg.
The practical peel curves, including the effect of transition phenomena, are
illustrated in Figure 9b. The tendency that the peel force increases with
thickness of the flexible member as is observed generally in most peel test57
is to be recognized from the analytical results.
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The dependence of the thickness of adhesive layer on the peel force can be
examined, on the other hand, by employing the models in which the adhesive
layers are divided into the sequences of one or three square elements.

Figures 10a and 10b show the results of analyses representing the influence
of the thickness of layer, while the flexible member has constant three ele-
ments in the y-direction. The qualitative characteristics that the peel force
increases with the thickness of the adhesive layer®7 is also clarified from
these figures.

The influence of mechanical properties of the material of the flexible mem-
ber is discussed as follows: Viscosity coefficients np of 1,100 and 10,000 kg-
sec/mm? with constant elastic modulus E;, of 100 kg/mm? are employed for
the calculation of peel force. The relaxation time 75 (= 75/Es) is introduced
as a parameter of the mechanical property instead of the viscosity coefficient.
The model of the tape used is the same as that shown in Figure 6.

Figures 11 and 12 represent the effects of the relaxation time (rp = 0.01, 1,
100 sec) on the peel force in the cases of cohesive and interfacial failure, re-
spectively. In the case of cohesive failure, the peel force with large relaxation
time remains constant in some region of the peel rate, as is seen in Figure 11.
Such an effect is often called “shoulder” and is observed in some peel tests.

It is also found from Figure 12 that the peel rate when the peel force is
maximum is reduced to shift to the lower side with increasing relaxation time
when the peeling of the tape is dominated by interfacial failure. The esti-
mated peel curve may be obtained as shown in Figure 13 by superposing the
peel forces in Figures 11 and 12, and we obtain the interesting information
that the peel force is affected remarkably by the mechanical properties of the
flexible member only at low peel rate.

CONCLUSIONS

In order to investigate the mechanical behavior of the adhesive tape, the
authors proposed a viscoelastic model consisting of a framed structure with
elastic and viscous members, and calculations in terms of matrix method were
applied to the model.

Detail discussions were carried out, at the first stage, on the adhesive layer,
followed by analyses of the tape with flexible member.

The present analyses led to transition phenomena from cohesive failure to
interfacial failure. The effects of the thickness of flexible member and adhe-
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sive layer on the peel force were discussed, and attention was paid also to the
effect of the mechanical properties of materials of the tape.

The analytical results for several characteristics of the tape were in good
correlation with the behavior observed in most experiments.

The main conclusion obtained is that such an analytical method by using
the proposed viscoelastic model may provide instructive information for de-
signers of adhesive tapes.
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