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ABSTRACT

The principles of fracture mechanics have been applied to the peel test. The

finite element method has been used to investigate the adhesive stresses at the

bond end. These stresses have been found to be singular. In the case of the
cracked system the relative amounts of modes I and II loading, present at the crack
tip, have been determined. These have been found to be essentially independent of
the peel loads and angles considered and indicate that the effects of mode II loading
cannot be neglected. In the non cracked system the principal stresses have been
shown to play a dominant role.
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INTRODUCTION

Outline of the peel test. This test is a method of assessing the performance of
an adhesive under a particular type of loading. The many forms of the test are
variations of a common system which is shown schematically in Fig. 1. It has been
difficult, however, to correlate the results of such tests with the properties of
the adhesive, largely owing to the lack of information about the adhesive stress
distribution in the peel test.
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Fig. 1 A schematic representation of the peel test.
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Synopsis of existing analyses. Previously the peel test has been represented
either by a non-cracked, bi-material model or a cracked single material model.
Among the workers who adopt the first approach are Kaelble (1960), who assumes
small bending in the attached region, and Nicholson (1977) who considers the effect
of large bending. They have modelled the adhesive as a layer of tension and shear
springs and assume failure at a maximum stress. Elliott (1973) commented on the
importance of considering the cracked adhesive when he proposed the evaluation of
an adhesive notch strength.

Bikerman (1961) adopted the second approach, determining propagation by applying an
energy balance to the system. This method has been used and extended by several
workers (Anderson and co-workers, 1976; Gent and Hamed, 1975 and Kendall, 1973) to
attempt to quantify peel failure. These analyses cannot consider mixed mode
fracture and are only a simplified model of the real bi-material test.

APPLICATION OF FRACTURE MECHANICS TO THE PEEL TEST

Existing approaches. In applying fracture mechanics principles to bi-material
systems, some workers have followed the traditional approach, considering cohesive
fracture of the adhesive. Gledhill and Kinloch (1978) have applied linear elastic
fracture mechanics to bulk samples of adhesives and adhesive joints. However,
based on the principle that cohesive and interfacial fracture are similar in a con-
tinuum sense, other workers (Burton and co-workers, 1971, and Anderson and co-
workers, 1973) have analysed interfacial fracture of bi-material systems employing
existing fracture mechanics principles, using an interfacial fracture energy (Yi)

term in place of the usual cohesive fracture energy (y) term. Although the inter-
facial fracture energy is not strictly a material property, in a continuum sense it
can be considered as a parameter defining the amount of energy required to break
interfacial bonds.

Details of the interfacial approach. In the bi-material peel test the locus of
failure is either interfacial between the adhesive and the flexible adherend or
cohesive in the adhesive extremely close to the flexible adherend. Thus the inter-
facial approach, discussed above, will be applied, assuming that the crack will
propagate when the energy release rate (G) of the system reaches the interfacial
crack resistance (Ri). Ri is assumed to be a function of the mode I and mode II

interfacial fracture energies (YiI’ YiII)' The contribution of each being

determined by the amount of the respective loading mode present.

As Anderson (1976) found that vjrrcould be more than twice y;; , it is clearly
important to determine the amounts of modes I and II present, to enable successful
application of the energy principles outlined above.

In cohesive fracture, the stress around the crack tip can be written as (Paris
and Sih, 1963)

a; = K, F(e)/(2ﬂr)%
i A

The stress intensity factor, K., can be used to determine the relative amount of
each loading mode present at the crack tip.

In cracked, bi-material, systems a similar form for the stresses is found
(Anderson and co-workers 1973) and by assuming a general relationship for the
stresses of
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the intensity, C

; ;» can be used to determine the amounts of the ith mode present at
the crack tip.

Two ggn?ral ;omments on this approach should be made. First, the effects of
plasticity will not be included initially. However in practice the interfacial
fracture energy terms include some of these effects and careful choice of adherend
and ?dheSlV? minimise any remaining errors. Second, this approach is equally
appil?able if fracture is cohesive, the values of cohesive fracture energy of the
adhesive (y) replacing the interfacial fracture energy (¥, ) i

i

THE FINITE ELEMENT PROCEDURE

The finite element technique in fracture mechanics. This technique has been used

many times in uncracked Li-material systems. Chan and co-workers (1970) and
Hellen (1975) are among those who have extended the technique to apply the princi-
Ples of fracture mechanics to cohesive systems. Trantina (1972), and Wang (1976)

have gsed the finite element analysis to investigate cohesive fracture of an
a@he81ve layer in a bi-material system, while Anderson and co-workers (1973) and
Lin and cc-workers (1976) considered interfacial fracture of a bi-material system.
Henshell and Shaw (1975) have produced the characteristic r~1/2 singularity of a
crac%ed system by distorting the four elements adjacent to the crack tip and have
applied this block successfully to existing fracture mechanics problems. In the
preseﬁt work, the cracked peel test is modelled as interfacial fracture in a bi-
material system and the finite element technique is used to obtain the stress

distributions around the crack tip and hence the intensities Cy and Cy introduced
earlier.

The finite element technique and large displacement theory. Not only is the peel
test a cracked bi-material system but it does not fulfil the conditions of small
displacement theory on which most finite element codes are based. The small
displacement theory, which provides the familiar, linear, strain-displacement
equations is essentially only true when the rotation of the structure is small,
these conditions are not met in any slender body subject to bending e.g. the peel

test. If in such a system the displacements are large but the strains are small,
then the strain is a non-linear function of the displacement (Martin, 1966) defined
as aD aD =
2 = —P,;_a,(3D 3D L
pq 9 9p T i ot e
D = ui + vj + wk (the displacement vector)

Thus, although the problem is non-linear, the material behaviour is still assumed
to be linear.

The form of the finite element technique used is the displacement method. The
internal and external forces are equated and solved for the unknown displacements.
(The internal forces are a function of both the unknown displacements and the
stiffness matrix, and the external forces are the applied loads.) In the large
displacement analysis, unlike those involving small displacements, the stiffness
?atrix is a function of the displacements and so the solution has to be approached
%Eeratively, calculating the stiffness matrix, solving for the displacements and,
1T convergence is not achieved, repeating the procedure. A detailed description
of large displacement finite element formulation is given by Nayak (1971).
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Other aspects of the finite element technique. A large displacement finite element
program, outlined above, was written incorporating both triangular and quadrilateral
quadratic isoparametric elements. The quadrilateral elements have been recommended
by many workers (Anderson, 1977; Hellen, 1975), and have been used previously with
success by the authors. The long thin geometry of the peel test necessitates

local mesh refinement in the region of interest. The method of local mesh refine-
ment is illustrated in Fig. 2 and uses triangular elements. Forming a triangular
element by collapsing 3 nodes of a quadrilateral element has been found by the
authors to introduce errors of more than 30% and it was necessary to use the
triangular isoparametric element to remove this error. Henshell and Shaw's crack
tip block has been included in the local refinement at the tip of the cracked
configuration, Fig. 2. An automatic mesh generating routine has been written
incorporationg the previous two features.
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Crocked cunlguratian

Pig. 2 Details of meshes used in the analysis of the peel test.

RESULTS

The peel test configuration, outlined in Fig. 1, has been modelled as a cracked
and a non-cracked bi-material system. Where the system contains a crack it is
modelled by giving the adhesive and adherend separate nodes on the interface.
The rigid adherend is represented by constraining the appropriate adhesive nodes
in both directions. Specific details of the configuration analysed are given
below:

Adherend tensile modulus (non-cracked/cracked) 200/210 GNm~™2, 0-3

Poisson's ratio

Adhesive tensile modulus and Poisson's ratio 2+8 GNm™2, O-4
Adherend and adhesive thicknesses 0¢2 mm, O<2 mm
Bond length BOOmm .
Peel angles (w) 90", 60", 30
Peel loads (P) INmm~!, O+5Nmm~1, O«1Nmm~!

o

The free length of the adherend was chosen so that the difference between the slope
at the end of the adherend (calculated using large bending theory) and the nominal
peel angle was no more than 0°+05°. This resulted in a maximum length of 220mm
(P = 0°1 Nmm™!, w = 90°) and a minimum length of 30mm (P = 05 Nmm-!, w = 30°).

The finite element meshes were refined locally until satisfactory solutions were
obtained. The meshes used for the cracked and non-cracked configurations followed
the same pattern, the adhesive and the adherend were modelled by coarse elements
(10mm X O+2mm) for most of the structure converging to the refined meshes shown in
Fig. 2. The smallest elements were .0125mm x 0.0250mm in the cracked configura-
tion and 0°025mm X 0+025mm in the uncracked system.
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Investigation of the non-cracked system. To establish confidence in the stresses
from the finite element analysis the adhesive stress distribution in the y direction
(Fig. 1) is compared with the analysis of Kaelble (1960) for 90° and 30° peel angles
(P = 0*5Nmm-1), Kaelble assumes a constant stress across the adhesive thickness
and hence an averaged finite element y - stress is used for comparison. Fig. .8
shows the close agreement between the two solutions.
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Fig. 3 Adhesive y-stress distribution in the 909 and 300
non-cracked peel test.

The authors believe that initial failure of the peel test may be caused by the
maximum stress in the adhesive reaching a critical value. Fig. 4 shows details of
the principal stresses in the adhesive, indicating that the maximum stress occurs
at the bond end adjacent to the flexible adherend and that when failure occurs the
crack will propagate along the interface, as is found in practice. The plot shown
is for a 90° peel angle (P = 0+SNmm~l) but is characteristic of lower peel angles
and other load cases.

ot e ol e
— ~

¢ Flecibie Adherend !

fl ailead SRET i U S St R o

; - . 7 ’ 7 A i

e ; ’ g Sl ekt

T
i
I
’ ’ / A f[
! '
/ ‘. ’ / i / i i
’ 7 I i A i

| |

Fig. 4 Adhesive principal stresses in the 90° non-cracked peel test.

Investigation of the cracked system.

: The main purpose of this section of the
analysis was to determine intensity fac

tors (Ci), for the y and shear stresses

along the interface and hence the amounts of modes I and II present at the crack
tip. The singular relationships for the stresses, discussed earlier:

= =1/
Ui Ci r

were assumed and the intensity factors, C., were calculated.
obtained for all the configurations are given in Table 1.

The results
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Table 1  Adhesive Intensity Factors for the Cracked Peel Test
T e I tIntensity I | Intensity II t++ Mode Moment
= i e 3 % 1 1 v /M
vRatgo (CI/CI) Ratio (CII/CII) Ratio (CI/CII) Ratio (M/M*)
90° (P = 0.5 Nmm™ 1) i 1 i 2.41 i
60° (P = 0.5 Nmm™ 1) 0.72 0.73 ! 2.39 0.71
30° (P = 0.5 Nam™1) | 0.36 0,37 2.36 0.37
90° (P = 1.0 Nmm~1) | 1,87 1.35 2.45 1.ul
| H
1 90° (P = 0.1 Nmm™!) 0.47 0.48 : 2,87 0.45
tCo% = 26.77 Nuom™1-3 tt Cpp* = 11.10 Nmm 1+5

The most interesting point is the relatively small change in mode ratio over a
wide range of both peel angles and loads. A possible reason for this is that
adherend bending and not direct tension mainly influences the acdhesive stresses,
demonstrated by showing that the intensities are essentially proportional to the
applied bending moment (Table 1). Initial indications are, then, that the amount
of modes I and II present at the crack tip can only be dependent on the material
properties and thicknesses used in the peel test.

The ratios of modes I and II present indicate that the effects of mode II loading
will be significant and cannot be neglected.

CONCLUSIONS

A large displacement finite element analysis of the peel joint has been made.

Both cracked and non-cracked systems have been investigated. In the non-cracked
system it has been shown that the maximum principal stress occurs at the adhesive-
flexible adherend interface, at the bond end. Assuming initial failure to be
caused by the principal stress reaching a critical level, it has been shown that
the crack will propagate along the interface.

By considering the stresses near the tip of the cracked system, the authors have
been able to evaluate the relative amounts of modes I and II present at the crack
tip for a number of configurations, an essential step for the successful use of
the energy principles of fracture mechanics.

The amounts of modes I and II present remain essentially constant over the range
of peel angles and loads considered.

The effects of mode II loading cannot be neglected, a simplification often made in
the analysis of the peel test.
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