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Abstract
In this work, the influence of the temperature on the cohesive laws for two epoxy adhesives is studied
at temperatures below the glass transition temperature for both Mode I and Mode II loading. Cohesive
laws are measured experimentally under quasi-static loading conditions in the temperature range
30
80C. Three parameters of the cohesive laws are studied in detail: the elastic stiffness, the
peak stress and the fracture energy. Methods for determining the elastic stiffness in Mode I and Mode
II are derived and evaluated. With these methods, the results in this work show that it is possible to
measure all three parameters for each pure mode loading case by the use of only the DCB- and the
ENF-test specimens. Even though the measures tend to spread in values, this can significantly reduce
the cost for performing experiments.
It is shown that most of the cohesive parameters are decreasing with an increasing temperature in both
loading modes and for both adhesives. An exception is the Mode I fracture energy for one of the
adhesives. This is shown to be independent of the temperature in the studied temperature range. For
the same adhesive, the Mode II fracture energy is shown to be continuously decreasing with an
increasing temperature.
The experimental results are verified by finite element analyses. The simulations only consider
uncoupled cohesive behaviours. By use of the experimental results, simplified bi-linear cohesive laws
to be used at any temperature within the studied temperature range are derived for one adhesive in
both loading modes. This is desired in order to simulate adhesively bonded structures that suffer a
wide range in temperature.

Keywords: Cohesive laws, Epoxy adhesive, Fracture energy, Peak stress, Temperature, Regression
analyses, Shear modulus, Young’s modulus.
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Introduction
To test a structure experimentally by use of destructive test methods is often an ineffective method that
is associated with high costs. One of the main reason is the fact that it is time-consuming to prepare
and perform the experiments. Another reason for the high costs is that several, nominally identical
experiments need to be performed in order to get reliable results. This is since experimental results
spread. As a substitution, or complement, of full scale experimental tests, it is more cost efficient to
analyse a structure using the finite element method. This becomes obvious when several modifications
and variants need to be tested and/or where the manufacturing cost is high for each tested component.
With the use of adhesives, the performance of a structure can be optimized by enabling joining of
lightweight and high-strength materials. Engineering structures commonly suffer a wide range in
temperature. Since the mechanical behaviour of adhesives is known to be strongly temperature
dependent, cf. e.g. Kinloch (1987), a numerical model of adhesives needs to take temperature into
account as a parameter. No such model has been found in the open literature.
The strength of adhesively bonded, multi-material build-up structures can be adequately predicted
using cohesive elements in a finite element analysis, cf. e.g. Carlberger and Stigh (2010a). The
constitutive relations for these elements are represented with cohesive laws. A cohesive law is a
constitutive relation on a structural length scale between the traction exerted on the interfaces of the
adhesive to the adherends and the separation of the interfaces. The deformation of an adhesive layer is
dominated by two loading modes, cf. e.g. Klarbring (1991) and Schmidt (2008). These are Mode I and
Mode II. Mode I is characterized by peel deformation
and peel stress and Mode II by shear
deformation and shear stress . An illustration of this is given in Fig. 1.
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Fig. 1 An adhesive layer with initial thickness t, cohesive stresses ( , ) with work-conjugated
separations ( , ) and illustrated cohesive laws for pure peel (Mode I) or pure shear (Mode II)
deformation.
Cohesive laws for adhesives can be measured experimentally. For this purpose, two commonly used
test specimens for each loading mode are the double cantilever beam (DCB) and the end notch flexure
(ENF) specimens. By use of Rice’s (1968) and Cherepanov’s (1967), path-independent J-integral,
methods for measuring cohesive laws for these specimens are presented in e.g. Andersson and Stigh
(2004) and Stigh et al. (2009). From these methods, the cohesive laws for an adhesive layer can be
measured in terms of external forces and rotations of the loading points. Experimental results for
adhesive layers using these specimens and methods are presented in e.g. Stigh and Andersson (2000)
and Walander (2009). The methods have the advantage that no material data for the adherends need to
be known when evaluating the experiments. This is as long as the adhesive is assumed as much more
compliant than the adherends. Also, these methods allow for plastic deformation in the adherends as
long as unloading of the specimen is avoided. To allow for plastic deformation can significantly
reduce the size of the specimens in comparison to methods, e.g. Alfredsson (2004) and Tamuzs et al.
(2003), which requires elastic adherends. Small specimens are preferable when performing
temperature experiments since climate chambers often are limited in space.
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When evaluating experimentally measured cohesive laws, three parameters are of special interest.
These are the elastic stiffness, the peak stress and the fracture energy which are derived from the shape
of a cohesive law. The elastic stiffness is defined as the initial slope, the peak stress is defined as the
maximum value in stress and the fracture energy is defined as the area beneath the entire curve. For
the strength of an adhesively bonded structure, the influence of the elastic stiffness of the adhesive is
small. This is since the thickness of an adhesive layer normally is small in comparison to other
dimensions. Thus, the deformation of a purely elastic structure is normally dominated by the elastic
properties of the bonding material. The strength of an adhesively bonded structure is shown to rather
be governed by the parameters peak stress and the fracture energy. Industrially, the elastic stiffness
and the peak stress are measured using bulk tensile and thick adherend shear tests. For industrially
purposes, several standard methods exist for estimating the fracture energy of adhesive layers by use
of linear elastic fracture mechanics (LEFM). For a DCB specimen, some of these methods are
evaluated in Biel and Stigh (2008) by use of FE-analysis with a known cohesive law. It is shown that
most of the standards, by far, fail to predict the fracture energy. In addition, none of the standardized
test methods capture the shape of the cohesive relation. However, methods based on the J-integral both
capture the shape of the cohesive law and gives the correct fracture energy.
The influence of temperature on cohesive laws in Mode I is studied by Carlberger et al. (2009). In this
study, cohesive laws for the epoxy based DOW Betamate XW 1044-3 (DB1044) adhesive are
measured using a DCB specimen. From the study, it is shown that both the parameters peak stress and,
to a small extent, the fracture energy are decreasing with an increase in the temperature. In Mode II, no
previous study of the temperature dependence for cohesive laws has been reported. However, some
studies using LEFM have been performed. Chai (2004) studies the Mode II fracture energy of the
American Cyanamid toughened thermosetting (BP-907) epoxy adhesive by use of a Napkin ring
specimen. From this study it is shown that the Mode II fracture energy monotonically decreases with
an increase in the temperature within the region 0.7
/
1.0. Banea et al. (2012) study the
epoxy based, high temperature, adhesive ChemteX XN1244 using an ENF specimen. The results show
a maximum in fracture energy at the temperature
0.88 . In this study, the peak stress at each
temperature is not measured. Instead, by use of FE-analysis, the peak stresses are obtained by curvefitting the numerical results of the force-deformation relation to the experimental results. The
procedure is questionable since the influence of the peak stress on the structural behaviour of the ENFspecimen often is small. By performing ENF experiments at several temperatures using the method in
Stigh et al. (2009), the influence of temperature for entire cohesive laws and thereby the peak stress
and the fracture energy can be measured in Mode II.
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Summary of appended papers
Mode I and Mode II experiments are performed on an epoxy based adhesive at different temperatures.
The work is performed in a project involving the Swedish automotive industry. This work is the first
to report the influence of temperature on cohesive laws in Mode II loading. The main goal is to study
the influence of temperature on cohesive laws for an adhesive and to use the results to create a
numerical model of the adhesive layer. The adhesive is SikaPower498 (SP498) which is a crash
resistant epoxy adhesive that is used today by the automotive industry. The test is performed with a
nominal layer thickness of 0.3 mm. Carlberger and Stigh (2010b) show that the thickness of an
adhesive layer influences the measured fracture energy in both Mode I and Mode II whilst the peak
stress is reported to slightly decrease with an increasing layer thickness in both modes. The used
thickness in the present work is decided by the involved industrial project partners. This is with the
motivation that it is a common thickness in automotive structures.
The experiments are performed using DCB and the ENF specimens and the experiments are evaluated
using the methods in Andersson and Stigh (2004) and Stigh et al. (2009). Experiments are performed
at five temperatures for each mode in the span 40
80C. This is below the glass transition
temperature of the SP498 and the DB1044 adhesive. At least five successful experiments are presented
at each of these temperatures and loading modes. Representative cohesive laws for the evaluated
temperatures are presented in Paper A, cf. Fig 2. Due to limitations of the climate chambers, the
Mode I experiments has a lowest temperature at -40C and the Mode II experiments -30C.
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Fig. 2 Representative cohesive laws for each temperature group for SP498.
Left: Mode I. Right: Mode II
In Paper B, the results in Carlberger et al. (2009) are re-evaluated together with the results of the peak
stress and fracture energy for the SP498 adhesive. Regression analysis is used in order to model the
influence of the temperature for each cohesive parameter separately. This is done for both adhesives
and loading modes. From the evaluation in Paper B, it is shown that the Mode I fracture energy of
SP498 can be assumed to be independent of the temperature whilst the other parameters are noticed to
monotonically decrease with an increase in the temperature. This is observed for both adhesives and
for both loading modes. Another reason to re-evaluate the results in Carlberger et al. (2009) in Paper
B is to show that the Mode I fracture energy is not generally independent of the temperature within the
evaluated temperature span.
Paper A is a continuation of the work presented in Paper B. In Paper A, two novel methods for
determining the elastic stiffness in Mode I using the DCB and in Mode II using the ENF specimen are
presented. These methods imply that all three parameters of interest of a cohesive law can be measured
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using only two types of specimens. This is without any additional measurements in the experiments.
Since the methods are sensitive to small variations of the measured forces and deformations, the
experimental results are noticed to spread quite large. However, the methods can still be used for
estimating the elastic stiffness. Since the elastic stiffness of an adhesive layer has a small influence on
the strength of an adhesively bonded structure, estimations of the elastic stiffness can be sufficient.
The presented methods can thus significantly reduce the cost for measuring adhesive properties since
no additional tests to determine the elastic stiffnesses needs to be performed.
In Paper A, only the results of the SP498 adhesive is presented for both loading modes. With the
results of the peak stress and fracture energy in Paper B, the results of the elastic stiffnesses are also
included. Second order regression analyses are performed on all the three cohesive parameters in order
to model the influence of the temperature. The elastic stiffnesses are noticed to constantly decrease
with an increase in the temperature in Mode I. In Mode II, a minimum of the elastic stiffness is
predicted at a temperature of 66C.

Verification using finite element analysis
Two models for adhesive layers in a FE-code are used in Paper A. These are a shape-mimicking and a
bi-linear cohesive law. A shape-mimicking cohesive law has the same shape as a measured cohesive
law. It is constructed by defining a damage parameter as a function of the displacement using tabulated
data from the representative cohesive laws presented in Fig. 2. The advantage by use of a shapemimicking cohesive law is that the actual behaviour of an adhesive layer is simulated. That is, no
simplifications in shape are made. A disadvantage is that this model only can be used at the
temperatures where the cohesive laws have been measured. A bi-linear model, cf. Fig. 3, is a
simplified cohesive model. For each mode, it is constructed by the three parameters: the elastic
stiffness, the peak stress and the fracture energy. Thus by determining these parameters from
experiments, an adhesive layer can be simulated. A great benefit with this model is that, by performing
regression analyses of these parameters, any temperature within the evaluated temperature span can be
simulated.
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Fig. 3 Bi-linear model with notation for peel and shear
For all evaluated temperatures, simulations of the DCB and the ENF specimens using the bi-linear and
the shape mimicking cohesive laws are performed and reported in Paper A. The simulated force vs.
load point deformation relations are compared to the experimentally measured relations. A good fit is
obtained for nearly all simulations. This gives confidence in the simulated cohesive law. Since the
simulated cohesive laws are determined from experiments this also give confidence in the
experimental results in Paper A and Paper B. By comparing the outcome of simulations from the
analyses using the bi-linear to the shape-mimicking cohesive law, it is shown that the shape of the
cohesive law has a minor influence on the structural behaviour for the DCB and the ENF specimens.
An exception is at 80C in Mode II where the bi-linear model is shown to be too much simplified for
representing a plateau shaped cohesive law, like the representative cohesive law in Fig. 2.
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Intended future work
The results in this work do only consider pure mode loadings. By this, only un-coupled simulations of
adhesive layers at different temperatures can be performed. In a FE context, an uncoupled behaviour
means that the cohesive laws in one mode are independent the cohesive laws in another. In e.g. a car
crash test, a mixed-mode loading of an adhesive layer is common. In order to perform mixed-mode
simulations, the mixed mode behaviour needs to be determined experimentally for an adhesive layer.
Today there exist only a handful of studies of the mixed mode behaviour of adhesives. By this reason,
mixed mode experiments with a prescribed constant mode mix is to be performed by the author.
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