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Influence of Layer Thickness on Cohesive Properties
of an Epoxy-Based Adhesive—An Experimental Study

Thomas Carlberger' and Ulf Stigh?®
ISAAB Automobile AB, Trollhittan, Sweden
2University of Skévde, Skovde, Sweden

Cohesive laws are determined for different layer thicknesses of an engineering
adhesive. The shape of the cohesive law depends on the adhesive layer thickness.
Of the two parameters of the cohesive law—the fracture energy and the
strength—the fracture energy is more sensitive to thickness variation than the
strength. The fracture energy in peel mode (Mode I) increases monotonically as
the thickness is increased from 0.1 to about 1.0 mm. At an adhesive thickness of
1.5mm, the fracture energy is slightly lower than for a 1.0 mm adhesive thickness,
indicating a maximum between 1.0 and 1.5mm. In shear mode (Mode II), the
thickness dependence is not as strong, but an increasing trend in fracture energy
with increasing adhesive thickness is evident. A slight decrease in strength with
increasing adhesive thickness is found in both loading modes.

Keywords: Adhesive joining; Cohesive zone model; Experimental; Fracture; Thickness
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NOMENCLATURE
a Initial crack length
b Specimen width
(] Diameter
e, 7 Peel strain, shear strain
¢, 7 Strain rate (peel, shear)
F Force
0 Deflection at loading point
E Young’s modulus
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Adhesive layer thickness
Adherend height
Moment of inertia
Energy release rate
Critical energy release rate, fracture energy
Initial stiffness
¢ Fracture toughness in Mode I
Specimen length
Normal vector
Peel stress, strength in Mode 1
Integration path
Shear stress, strength in Mode II
Traction vector
Rotation of the adherend at the loading point
Displacement vector
Shear deformation at adhesive tip
Strain energy density
Peel deformation at adhesive tip
Length coordinate starting at adhesive tip
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1. INTRODUCTION

Emission of carbon dioxide is driving the automotive industry to find
methods of reducing fuel consumption. An efficient way to do this is
to reduce the weight of the vehicle; the car body structure accounts
for approximately one fifth of the total vehicle weight. This can be
minimized by the use of multi-material structures, leading to a joining
challenge. In the car industry, spot welding is the traditional joining
technique for mono-material joining. That is, to join steel to steel or
to join aluminium to aluminium, etc. Although this method has many
advantages, it is essentially limited to mono-material joints. Adhesive
joining is a well-established joining technique in many industrial
areas, but in the car industry, until recently, this technique has almost
exclusively been used in load bearing structures for extreme carbon
fibre-reinforced race cars. Recent development of adhesive joining
techniques has enabled mass production of adhesively bonded car body
structures. With adhesive joining, similar or dissimilar materials may
not only be joined, improvements of both stiffness and strength are
achieved simultaneously compared with discrete joining methods,
such as spot welding or riveting, cf., e.g., [1-3]. The main reason for
the increased stiffness is that for adhesively joined structures, the
adherends are prevented from deforming, as opposed to the case with
deforming between the discrete fasteners, which are spaced at a
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certain distance. The increased strength is possible due to the high
strength of crash-toughened adhesives and the relatively larger
joining area inherent with the adhesive joining method.

During product development, computer simulations are required to
give reliable information for the engineers. Efforts are made to reduce
testing to a minimum due to the slow and expensive process of manu-
facturing test objects and evaluating tests. The testing performed
today is mainly done to fulfil legal requirements and requirements
from independent organisations as, e.g., European New Car Assess-
ment Programme (Euro NCAP). Computer simulations are much more
time and cost efficient, on the essential condition that the simulations
are reliable. Crash simulation is done by use of the explicit
FE-method, cf., e.g., [4]. A possibility for modelling adhesives with
finite elements is given by the cohesive zone modelling technique
and the adhesive layer theory, according to which the deformation of
the adhesive layer is dominated by deformation Mode I (peel) and
deformation Modes II and III (shear) cf, e.g., [5]. The parameters of
the cohesive zone model are determined by performing physical tests.
In [6], an experimental method for determining the cohesive zone
properties for the adhesive based on equilibrium of energetic forces
and the adhesive layer theory is presented. The method is shown to
be capable of predicting the strength of the adhesive with good (engin-
eering) precision. Determining material parameters and validating
simulation models is essential to the reliability of this methodology,
cf., e.g., [7]. Cohesive parameters, 1: strength (peak stress) and 2:
fracture energy (area under cohesive law), for different modes of defor-
mation and for the nominal adhesive thickness 0.2 mm are measured
and determined in [8,9]. The difficulty of obtaining a fixed adhesive
thickness, e.g., in a car body structure, gives rise to the demand of
understanding how the adhesive thickness influences joint strength.
During the manufacturing process, a car body structure is assembled
and subsequently painted. During the paint curing in the paint oven,
the adhesive is also cured. Prior to curing, the adhesive has very lim-
ited strength. To secure the car body integrity before curing, some
means of additional joining must be provided. This may be riveting
or bolting for multi-material joints; for mono-material joints, spot
welding is often used. The car body structure is built up by joining
large preformed parts mostly consisting of sheet metal. Manufacturing
tolerances give rise to uneven gap width that should be taken up by
the adhesive. The mechanical joints will keep the parts firmly together
but will allow the gap width to vary between the fasteners. Thus, it is
essential to understand how the strength of adhesive joints varies
with the thickness of the adhesive layer.
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A literature review shows that studies of thickness dependence of
adhesives have been limited to either the variation of fracture energy
with adhesive thickness, the strength, or both. No complete cohesive
laws have been studied for this effect. In [10], the authors studied
the fracture energy of an epoxy adhesive and found that the fracture
energy increases for increasing adhesive thickness until a maximum
is reached at about 0.5- to 1.0-mm thickness, followed by a decline
in fracture energy to a level insensitive to further increase of the
adhesive thickness. This level corresponds to the bulk fracture energy
of the adhesive. In a study of the fracture energy in Mode I of a ductile
adhesive it is found that the fracture toughness shows a maximum for
an adhesive thickness of about 0.2 mm [11]. In [12], an increasing frac-
ture energy in Mode I for thickness 0.1 to 0.7 mm is noted for a brittle
adhesive, while, for a ductile adhesive, the fracture energy in Mode I
shows a minimum at approximately 30 um with increasing fracture
energy for thicker and thinner adhesive thickness between 2.5 and
75 um. Both the strength and the fracture energy are used in [13] to
analyse the influence of the bond line thickness in Modes I and II.
The author finds a decreasing strength with increasing adhesive
thickness, but increasing fracture energy for adhesive thicknesses
below a threshold value, about 1 mm, above which the fracture energy
assumes the bulk adhesive fracture energy regardless of further
thickness increase. In [14] the DCB specimen is used to show how
the fracture energy varies with bond line thickness in Mode I. They
also review the literature on the typical thickness dependence for
different types of adhesives. In [15] the napkin ring specimen and
the ENF-specimen are used for analysing both a brittle and a ductile
epoxy adhesive in Mode II. The ductile adhesive showed increasing
fracture energy for increasing adhesive thickness up to 0.6 mm. The
brittle adhesive showed an increase of fracture energy with increasing
adhesive thickness until a plateau was reached at about 20 um thick-
ness and extended to about 60 um, whereafter a decline in fracture
energy was observed. The author ascribes this phenomenon to the
increase in volume available for developing plastic deformation. The
plateau and decline of the fracture energy are explained by the prop-
osition that the plastic deformation at the crack tip no longer occupies
the entire bond thickness, but instead it concentrates around the crack
tip adjacent to the interface layer close to the adherend. In [16] the
same increase of Mode II fracture energy with increasing adhesive
thickness is found using the compact pure shear specimen and a rub-
ber modified epoxy adhesive. In [17], the influence on the fracture
toughness by thickness variation is explained by studying how the
extent of the plastic zone influences the J-integral. In a study, mainly
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using the wedge-peel test, it is found that the fracture energy of
the adhesive can be divided into two parts, I'y and I',, where Iy is
the intrinsic work of fracture associated with the embedded cohesive
zone response and I', is the contribution arising from plastic dissi-
pation and stored elastic energy within the adhesive layer [18]. The
plastic contribution, I'},, increases with increasing bond line thickness
in the fully plastic regime and then decreases to reach a constant value
for very thick adhesive layers.

A promising method, when performing simulation of adhesive
joints, is the use of cohesive finite elements, cf. e.g., [19]. The cohesive
element presented in [20] is an element for efficient modelling and
simulation of adhesive joints between shell elements. This special
element uses a cohesive zone model for determining the response on
the connected shell elements. The fracture energy is known to change
with the adhesive thickness, cf., e.g., [21-26]. Thus, the influence of
thickness on the parameters of the cohesive zone model must be
determined. The scope of the work described in this paper is to
determine the thickness influence on the cohesive model, also termed
cohesive law, for an epoxy-based structural adhesive.

In[21], a simple peel test for flexible substrates is used together with
the T-peel test for rubbery adhesives of thickness between 0.2 and
6 mm. It is shown that the fracture energy increases with increasing
adhesive thickness until the thickness reaches 1 mm for a polyethylene
terephthalate adhesive. For values above 1 mm, the fracture energy is
not affected by the increase in thickness. In [14], the thickness influ-
ence on fracture energy in Mode I is studied for toughened adhesives.
The author finds increasing fracture energy up to a certain adhesive
thickness and, thereafter, a decrease to a slightly lower value, inde-
pendent of any further increase in thickness. The author ascribes these
findings to the existence of a plastic zone ahead of the crack tip and the
constraint upon this zone by the stiffer adherends. In [22], shear
experiments are reported using the napkin ring specimen and the
end-notched flexure (ENF) specimen with a toughened epoxy-based
adhesive. The author finds a logarithmically increasing ultimate shear
strain with decreasing bond thickness and a monotonically increasing
normalised Mode II fracture energy with decreasing bond thickness
below a certain threshold thickness value. Above this threshold value,
the Mode II fracture energy is insensitive to bond thickness. In [23],
experiments and numerical studies of effects of the bond thickness per-
formed using the compact tension specimen are presented. The authors
find the maximum fracture toughness for the bond thickness to be
0.8 mm. The reason for this, they report, is that the crack tip stress field
is affected by the adhesive thickness through the restriction of plastic
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deformation such that the crack tip stress field is “flattened” by the
adherends and extended along the bond line. In [24], a double cantile-
ver beam (DCB) specimen is used to determine the effects of bond line
thickness on the fracture energy for a rubber-modified epoxy adhesive.
The authors find a linearly increasing fracture energy with increasing
adhesive thickness extending to a maximum value, followed by a rapid
asymptotic decline towards a value representing the toughness of bulk
adhesive material. The adhesive thickness, for which the maximum ¢/,
occurs, is shown to be slightly less than 1 mm. In [25], a lap shear joint
with an L-shaped profile to stiffen the joint is tested for three different
adhesive thicknesses. Adherends are manufactured from glass-fibre-
reinforced vinyl-ester composite laminates using resin infusion and
bonded with an epoxy adhesive. The fracture load decreases monotoni-
cally with increasing adhesive thickness. The lap-shear test generally
produces a mixed mode stress field, and in this case, with the stiffener
un-symmetrically placed, the stress field is non-trivial. In a recent
study [26], a modified Arcan fixture is used to find that the adhesive
bond line thickness reduces the yield stress and failure strain, strongly
in tensile loading and moderately in mixed mode and shear mode.

In the present work, the complete cohesive law is determined for
Modes I and II for varying adhesive thicknesses, with J, equal to
the area under the cohesive law. The specimens used are the DCB
and ENF specimens for Modes I and II, respectively. The material in
the adherends in both the DCB and ENF specimens is Rigor
Uddeholm tool steel® with a minimum yield-strength of 500 MPa. With
the chosen specimen geometries, this ensures elastic behaviour of the
adherends throughout the experiments. The adhesive is an epoxy-
based structural adhesive commonly used in the automotive industry:
Dow Betamate™ XW1044-3.2

2. THEORETICAL BACKGROUND AND DESIGN
OF EXPERIMENTS

The deformation modes for the adhesive joint are shown in Fig. 1. It is
assumed that the adhesive layer is thin and flexible compared with the
adherends. With metal adherends, Young’s modulus of epoxy adhe-
sives is typically less than 5% of that of the adherends. For a nominal
adhesive thickness, ~ =0.2mm, the cohesive laws in peel (Mode I),
o(w), and in shear (Modes IT and II), t(v), for the adhesive are presented
in Fig. 2. In the present work, the DCB specimen, cf., Fig. 3, is used for

'UDDEHOLM SVENSKA AB, Mslndal, Sweden.
2Dow Automotive, Auburn Hills, MI, USA.
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FIGURE 1 Deformation modes of the adhesive layer with thickness A: peel,
w, and shear, v. Conjugated stress components ¢ and 7.

pure peel deformation. In [27] an exact inverse method for pure peel
using the DCB specimen is developed. For pure shear an inverse
method using the ENF specimen is developed, cf., Fig. 4 and [28].
The inverse formulas are based on the use of alternative integration
paths for the evaluation of the JJ-integral

J= /S (W — Tiuix)dS. (1)

Here, the counter-clockwise integration path, S, can be chosen freely if
the strain energy density, W, is independent of any explicit dependence
of the x-coordinate, cf., [29]. The outer unit normal to S is denoted n and

30
720
> --- shear
?3 ! . — peel
3 10
0 T~
0 50 100 150

Separation (um)

FIGURE 2 Cohesive laws in peel and shear for the engineering adhesive
DOW Betamate®™ XW1044-3 with a 0.2-mm layer thickness.



19: 25 21 January 2011

Downl oaded At:

Thickness Effect on Adhesive Cohesive Properties 823

F
g p /le tw
< —
o _— h
9 /,\ F i)
v a
p P Lp

FIGURE 3 Double cantilever beam (DCB) specimen. The unbonded part of
the specimen can be considered as a crack. That is, a, is the crack length
(ap=80mm). Adherend width, b,=5mm, adherend height, H,=6.6mm,
specimen length, L, =160 mm, adhesive thickness, A, Deformation is exag-
gerated for clarity.

the traction vector and displacement vectors are denoted T and w,
respectively. Index notation is used with partial differentiation
denoted by a comma and summation indicated by repeated indexes.
Taking an integration path encircling the start of the adhesive layer

gives
J:/odw—i—/rdv (2)

FIGURE 4 ENF specimen. Unbonded length, a;=300mm, length between
supports, L;=1000mm, adherend height, H,=16mm, adherend width,
b,=32.8mm, and adhesive thickness, A.



19: 25 21 January 2011

Downl oaded At:

824 T. Carlberger and U. Stigh

for peel and shear deformation. These relations show that cohesive
laws are closely related to fracture mechanics. At the end of a fracture
process, the cohesive stress, ¢ and t, are zero, indicating that a crack
has formed. After this moment, Eq. (2) shows constant /. Thus, the
maximum value of J is identified with the fracture energy, J.. That
is, J. equals the area under the cohesive law.

Now, taking an alternative integration path at the exterior bound-
ary of the specimens give

_ 2F,0 J 9F§a§ 3Fsv

T=%, " ! T iem.02m T 8h.HL

(3a,b)

for the DCB- and ENF-specimens, respectively. Subscripts p and s
indicate variables connected to peel (DCB) and shear (ENF) experi-
ments, respectively. The geometries of the specimens are given by
the height of the adherends, H, the width, b, and the crack length, a.
Young’s modulus for the adherends is denoted E and only enters
Eq. (8b). During a peel experiment (DCB), the applied force, F, and
the rotation of the loading point, 0, are measured as functions of the
elongation, w, of the adhesive at the tip of the adhesive layer. During
a shear experiment (ENF), the applied force, F, is measured together
with the shear deformation, v, at the tip of the adhesive layer. By
making the alternative expressions for J equivalent, the evolution
of J with the deformation of the adhesive layer is derived from the
measurements. Differentiation with respect to deformation, w or v,
gives the cohesive law, cf., Eq. (2). However, differentiation of experi-
mental data elevates errors in the measured data. A useful method is
to start with a least square adaption of a Prony-series to the J-data.
Inspection of the success of the adaption to each experiment deter-
mines the number of terms to use in the Prony-series. Finally, the
Prony-series is differentiated to produce the cohesive law, cf., e.g., [7].

Equation (3b) is based on assuming linear elastic behaviour of the
adherends during the experiments. This has to be checked both in
the design of the specimens and in the evaluation of the experiments.
It might need to be stressed that the adhesive is not assumed linearly
elastic. An alternative expression to Eq. (3a) based on linear fracture
mechanics is given in [30].

g F5 (3EuL,)*" "
Ey b, \ 2F, ’

where E, is Young’s modulus of the adherends, I, is the adherend
cross sectional moment of inertia, and J, is the displacement of the
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loading points. In the derivation of this equation, the adhesive is
assumed rigid. In [31], it is shown that Eqs. (3a) and (4) give almost
identical results for the DCB specimen geometry with reasonable
cohesive laws for the adhesive. The error in fracture energy in using
Eq. (4) is typically less than 4%.

The inverse methods have recently proven successful in deter-
mining the cohesive zone parameters for adhesives, cf., e.g., [8,9].
The cohesive laws presented in Fig. 2 are determined by differen-
tiation of the J-separation relations given in Fig. 5. The critical
fracture energy is the energy released when the crack starts to
propagate. In theory, with homogeneous adhesive properties this
occurs when the derivative of J with respect to the adhesive defor-
mation at the adhesive tip equals zero, cf., Eq. (2). Although theore-
tically simple, this method to measure J, for an adhesive may
encounter practical problems. In some experiments, no horizontal
asymptote is found in the J-curves. A straightforward method to
identify the fracture energy is to observe the crack tip region and
determine the moment of crack propagation visually. However,
the fracture process of engineering adhesives involves nucleation,
growth, and coalescing of many micro cracks. That is, it is virtually
impossible to visually identify the moment of crack propagation by
this method, cf, e.g., [9]. An alternative method used in this paper
is described in the Appendix.

The initial crack length is created by a PTFE-film that also serves to
control the adhesive layer thickness. Prior to applying the adhesive,
the adherends are thoroughly cleaned with heptane and acetone. The

2500
2000
£ 1500 —
& —— Jshear (Prony)
~ 1000 EE J el
500 - Jpeel (Pron)’)
0
0 50 100 150

Separation (um)

FIGURE 5 J — deformation relation. Epoxy adhesive DOW Betamate®
XW1044-3 at T=20°C, adhesive thickness 0.2mm, é=1.7-10"3s7! (peel)
and 7=5.0-10"2s7! (shear).
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curing of the adhesive is conducted at 180°C for 30 minutes,
corresponding to the curing process for paint in automotive manufac-
turing. At room temperature, the uncured adhesive has a viscosity of
4kPas. The DCB specimens are manufactured from plates of the
adherend material. The plates are bonded with the PTFE-film at the
initial crack location and at the end of the adhesive layer to ensure cor-
rect layer thickness. Subsequently, the plates are clamped together
and cured in the curing oven following the manufacturer’s specifica-
tions. After curing, slow cooling is allowed in order to minimise the
influence of residual stresses. Next, the clamps are removed and
the DCB plates are cut into specimens with a band saw. Finally, the
DCB specimens are machined to specified width. The ENF specimens
are bonded individually from prismatic tool steel bars separated by
PTFE-film creating the initial crack and securing the correct adhesive
layer thickness. The single added process in the manufacturing of
the ENF specimens is a removal of excess adhesive after curing. The
geometries for the DCB-specimens are given by a, =80 mm, b, =5mm,
H,=6.6mm, and L,=160mm, and for the ENF-specimens by
as=300mm, L,=1000mm, H,= 16 mm, and b, = 32.8 mm. The follow-
ing nominal adhesive layer thicknesses are considered: ~,=0.1, 0.2,
0.4, 0.6, 0.8, 1.0, and 1.6mm (DCB) and Ahs=0.1, 0.2, 0.4, 0.6, 0.8,
and 1.0mm (ENF). The thickness is measured individually with a
micrometer for each specimen.

3. TEST SETUP
3.1. DCB Experiments

A specially designed test machine is used for the testing of DCB-
specimens, cf., Fig. 6. The DCB specimen is oriented vertically in
the centre of the machine. Both crossheads move symmetrically
around the centre of the machine. Two horizontally working ball
screws powered by an electric motor control the displacement, J,. A
load cell measures the force, F,. The rotation, 0, at the loading point
is measured with an incremental shaft encoder. The position of the
crossheads is measured with a linear potentiometer. Two linear vari-
able differential transducers (LVDT) are in contact with the outside
of the adherends to measure the elongation of the adhesive layer at
the tip of the adhesive layer (not shown in Fig. 6). The crosshead
speed, 1.8 mm/min (30 pm/s), is constant during an experiment and
chosen such that no effects of inertia will affect the results. The test
is quasi-static.
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FIGURE 6 DCB test machine with LVDT’s and specimen.

3.2. ENF Experiments

The ENF experiments are performed using a tensile test machine
LLOYD LR10k plus,?® ¢f.,, Fig. 7. The supports are solid @ 20-mm
cylinders placed on stiff I-beams at +500 mm distance symmetrically
from the machine centre line. The measurement of the adhesive tip
deformation is done by an LVDT fixed to the adherends by a mechan-
ical attachment (not shown in Fig. 7). The force, F, is measured with a
load cell mounted on the crosshead, and the displacement, Jg, is given
by the crosshead position.

4. EXPERIMENTAL RESULTS
4.1. DCB Experiments

Cohesive laws in peel mode are determined for layer thicknesses
between 0.1 and 1.6 mm, cf., Fig. 8. Each cohesive law in Fig. 8a is
averaged from five to eight specimens of a specific adhesive layer
thickness. For statistical comparison, Fig. 8b shows the cohesive law

3Lloyd Instruments Ltd., West Sussex, UK.
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FIGURE 7 Tensile testing machine used for ENF experiments. An ENF
specimen is mounted in the machine.

for each of the eight individual specimens for the adhesive thickness
0.8mm and their average. The variation between each specimen is
believed to be caused by strength variations along the adhesive bond
line. The major thickness dependence is the decreasing steepness of
the slope after the peak stress is passed. A wider peak region and
larger critical separation are also observed as the layer thickness
increases. These observations lead to an increase of the area under
the cohesive law, which corresponds to an increase of the fracture
energy, J.. These results confirm the findings in [21,23,24] for the
adhesive thicknesses between 0.2 and 1.6 mm, although in [21] a
different type of adhesive is used.

Though the crosshead speed is constant, the strain rate varies
during a DCB experiment, cf., Fig. 9a. When the adhesive softens at
the tip of the adhesive layer, the strain rate accelerates. Since the
adhesive is polymer-based, and polymers are known to be strain rate
dependent, it is plausible to expect a strain rate dependent cohesive
law. The strain rate, at the moment the peak stress occurs, is rela-
tively low, cf., the triangle in Fig. 9a. The strain rate at the point when
half the fracture energy is consumed is higher and may be considered
as a more representative value of the strain rate over the duration
of the experiment, cf., the circle in Fig. 9a. Thus, the strain rate
is measured in this way throughout the paper. The strain rate in each
experiment is plotted against the adhesive thickness, 4, in Fig. 9b.The
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FIGURE 8 (a) Averaged cohesive laws for thicknesses 0.1-1.6 mm in peel
mode. (b) Cohesive law for eight specimens (thin lines) at adhesive thickness
0.8 mm and the average (thick line).

crosshead speed is 1.8 mm/s (30 um/s) for all thicknesses except for
0.2mm, where it is 0.6 mm/min (10 um/s). The strain rate measure-
ment shows inverse thickness dependence. One significant difference
is noticed at thickness 0.2 mm, which may be explained by the lower
load rate. In [32], the strain rate dependence in peel is studied for
the present adhesive. In the work performed for this paper, there is
a slight strain rate dependence of both the fracture energy and the
peak stress, but it does not change the results noticeably. This is likely
to be the reason why, in Fig. 10, the fracture energy at 4~ = 0.2 mm does
not differ significantly from the overall trend. The results in Fig. 10a
show increasing fracture energy with increasing adhesive thickness
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FIGURE 9 (a) Strain rate variation with the deformation, w, during one
experiment. Triangle marks peak stress (strength), circle marks half the
consumed fracture energy, J.. (b) Strain rate variation with the thickness, A.

up to 1.0mm, and at 1.6 mm slightly lower fracture energy. The frac-
ture energy for adhesive thickness 0.1 mm fit in an extrapolated man-
ner between 0.2 mm and zero thickness. Figure 10b shows strength vs.
the adhesive thickness, A. As shown, the strength appears virtually
independent of the layer thickness in peel (Modes I).

4.2. ENF Experiments

Cohesive laws in shear mode are determined for layer thicknesses
between 0.1 and 1.0 mm, ¢f., Fig 11. Each cohesive law in Fig. 11 is
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FIGURE 10 (a) Fracture energy and (b) strength vs. adhesive thickness, A,
for peel mode.
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FIGURE 11 Cohesive laws for adhesive thicknesses 0.1-1.0 mm in shear
mode.

averaged from two to three specimens at the actual layer thickness.
The major thickness dependence is to increase the fracture energy,
J., with increasing thickness. The strain rate varies also during an
ENF experiment, cf., Fig. 12a. When the adhesive softens at the tip
of the adhesive layer, the strain rate accelerates. The strain rate in
each experiment is plotted vs. the adhesive thickness, &, in Fig. 12b.
The strain rate for the ENF experiments declines with increasing
thickness in the same manner as for the DCB experiments, cf.,
Fig. 12b. Fracture energy and strength are given in Fig. 13. The
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FIGURE 12 (a) Strain rate variation with deformation, v, during one experi-
ment. Triangle marks peak stress, circle marks half the consumed fracture
energy, J.. (b) Strain rate variation with adhesive thickness, A.
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FIGURE 13 (a) Fracture energy and (b) strength vs. adhesive thickness, A,
for shear mode.

fracture energy appears virtually unaffected by increases of the layer
thickness above about 0.2 mm. The results for shear mode at the thick-
ness 0.2mm are taken from a different experiment, performed earlier
using a different batch of the adhesive. The behaviour of the fracture
energy in shear differs significantly from the findings in [22], although
the adhesives are toughened epoxies in both studies. The strength
appears to decrease slightly with increasing thickness. This is prob-
ably an effect of the decreasing strain rate with increasing thickness,
cf., [32].

5. CONCLUSIONS

The adhesive thickness influences the shape of the cohesive law and,
thus, the fracture energy strongly. However, for both peel and shear
mode, the strength shows little thickness dependence, although a
slight decrease in strength with increasing adhesive thickness is indi-
cated. The fracture energy in peel (Mode I) increases monotonically as
the thickness is increased from 0.1 to about 1.0 mm. At 1.6 mm, the
fracture energy is slightly lower than for 1.0 mm, indicating that the
fracture energy has a maximum between 1.0 and 1.6 mm. These find-
ings are in accordance with those of [14] where the influence of the rela-
tively stiffer adherends on the size of the process zone is described as
the mechanism responsible for the thickness dependence. Especially
for toughened adhesives, which fracture by large plastic deformation,
there are two mechanisms governing the thickness dependence of such
adhesives. The plastically dissipated energy governs the fracture
energy and is dependent on the length of the plastic zone. The (stiff)
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adherends impose a restriction of the extent of the plastic zone, which
decreases the fracture energy with decreasing adhesive thickness. A
second effect will increase the peel stresses ahead of the crack tip. This
effect increases the length of the plastic zone and for an adhesive
thickness approximately equal to the diameter of the plastic zone for
the bulk adhesive, the fracture energy reaches a maximum for the
adhesive.

In shear mode, the thickness dependence is not as strong, but a
similar trend is evident below about 0.2 mm. The larger scatter in
the shear study makes the conclusions less clear, although trends
are visible.

FUTURE WORK

The study shows the need for more experimental data to reduce uncer-
tainties in the evaluation of the thickness dependence. More recently
developed crash-resistant adhesives will be interesting to analyse.
These are known to show much higher fracture energy while the peak
stress is similar to that of the present adhesive.
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APPENDIX: DETERMINING THE FRACTURE ENERGY
FROM EXPERIMENTS

Determining the fracture energy, J., from experiments is in theory
easy. The critical fracture energy is obtained by reading the J-value
at the point on the J-w curve where the tangent becomes horizontal
corresponding to zero stress, cf. Egs. (2) and (3). However, in some
cases, we find that the J-curve has a slightly positive tangent. This
may be explained by, e.g., non-homogeneous properties along the
adhesive, pre-damaged adhesive at the tip, or strain rate effects
during loading. If the measured J-w curve does not have a zero
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FIGURE A1 Solid curve: cohesive law obtained by differentiation of the J-w
relation. Dotted curve: a saw tooth approximation.

tangent, a special method is used. A saw tooth approximation of the
cohesive law is made by adapting the strength, 6,7, and the initial
stiffness, &, to the experimental results. An approximate guess of the
fracture energy, J., is made by choosing a value of w,, cf. Fig. Al.
Assuming that the saw tooth model is a good approximation of the
cohesive law, a simulation of the F— relation is made using a closed
form solution [33]. Now, if the simulated F—o relation does not agree
with the experimental data, the critical separation, w., is changed
until the saw tooth model returns an F—o relation in good agreement
with the measured F-6 relation. This method is valid even if the
saw tooth model is not a good approximation of the cohesive law since
the F—o relation is only slightly sensitive to the details of the cohesive
law in these cases [31].



