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Abstract An experimental method is developed to
identify a suitable model of in-elastic behaviour of an
adhesive layer. Two prototype models are considered:
an elastic-plastic model where the in-elasticity is con-
sidered due to permanent straining of the adhesive and
an elastic-damage model where the in-elasticity is due
to a reduction in elastic stiffness. Simulations show
that the evaluated property is sensitive to the choice
of model. In the experimental study of an engineer-
ing epoxy adhesive, the elastic-damage model fits the
experiments. The study also reveals that plasticity and
damage accumulated at the crack tip influences the
evaluated fracture properties.

Keywords Adhesive · Epoxy · Elastic-damage ·
Elastic-plastic · DCB-specimen · Peel · R-curve

1 Introduction

Cohesive laws are used in simulations to predict the
behaviour of adhesively joined structures, cf. e.g. Li
et al. (2006). In the automotive and aeronautic indus-
tries, these models are currently considered in the
development of new design methods. Commercial
FE-software now includes cohesive elements and mod-
els (e.g. Abaqus and LS-Dyna). Three levels of com-
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plexity can be identified to model an adhesive joint.
In Salomonsson and Andersson (2008), the adhesive is
considered as a composite material. By use of cohe-
sive elements located between all finite elements in the
mesh, cracks are allowed to initiate and grow within
the adhesive. Tvergaard and Hutchinson (1996) use one
cohesive zone embedded in an elastic plastic model of
the adhesive layer. The adhesive is confined between
stiff adherends loaded by an external K-field, thus mod-
elling small scale yielding. Both of these models are too
detailed to be used in simulations of complex built-up
structures. To this end, the adhesive layer model has
proven successful in representing the major properties
of the adhesive. In this model, the adhesive layer with
thickness t is considered loaded in an arbitrary combi-
nation of peel (w, σ ) and shear (v, τ ), cf. Fig. 1. In 3D,
the shear component is split in two orthogonal compo-
nents. The relations between the tractions, σ, τ , and the
deformations, w, v, are given by a cohesive law. Thus,
the cohesive law reflects the homogenized properties of
the adhesive layer. In this way, the cohesive law can be
regarded as a constitutive property of the adhesive layer,
cf. Stigh et al. (2009). These properties are known to
depend on the thickness of the layer, cf. Kafkalidis et al.
(2000) and Carlberger and Stigh (2009).

The properties of the cohesive law reflect the mech-
anisms of deformation and fracture. With monotoni-
cally increasing deformation of the adhesive layer, the
nature of these mechanisms is usually of minor impor-
tance in a structural analysis. However, with varying
loading, as expected in most applications, the nature of
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Fig. 1 Deformation modes of the adhesive layer with thickness
t: peel, w, and shear, v. Conjugated stress components σ and τ
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Fig. 2 Cohesive law for the epoxy adhesive DOW-Betamate XW
1044-3. a elastic-damage b elastic-plastic

the mechanisms is important. Three basic models are
usually considered: elasticity, plasticity and damage,
cf. e.g. Alfredsson and Stigh (2004). Figure 2 illus-
trates these mechanisms for a cohesive law loaded in
peel. In monotonically increasing elongation, w, of the
adhesive layer the traction-separation relation σv(w)

results. The area under this curve is identified as the
fracture energy of the adhesive layer.

Plasticity is manifested by a remnant deformation
upon unloading from an inelastic state, cf. path A in
Fig. 2. Plasticity can be more or less time dependent.
It may also be associated with elastic after effects
whereby the remnant plastic deformation decreases
with time after unloading. Damage appears as decreas-
ing elastic stiffness attributed to nucleation and growth
of micro cavities, cf. path B in Fig. 2. These two
models, plasticity and damage reflect deformation
mechanisms on a smaller length scale. For crystalline
solids, plasticity is due to the nucleation and motion
of dislocations. Time dependent plasticity may also
be due to diffusion. Nucleation and growth of cavities
result in damage. Plasticity and damage can be used as
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Fig. 3 DCB-specimen, the out-of-plane width of the specimen
is b

basic mechanisms to model the inelastic properties
of an adhesive layer. Efforts to discriminate between
plasticity and damage in adhesive layers are relatively
sparse. Salomonsson (2008) use a mesomechanical
model of an engineering epoxy to study effects of the
mode mix on cohesive laws, i.e. combinations of w and
v. He concludes that virtually no plasticity occurs in
peel loading. In shear loading, plasticity is responsible
for the larger fracture energy of the adhesive layer. The
present authors are not aware of any experimental study
to identify plasticity and damage in adhesive layers.

Experimental methods to measure cohesive laws
in pure peel loading are developed in Olsson and
Stigh (1989); Suo et al. (1992); Sørensen and Jacobsen
(1998) and Stigh and Andersson (2000). In shear load-
ing, methods are developed in Alfredsson (2004), and
Leffler et al. (2007). The double cantilever beam (DCB)
specimen is used to measure cohesive laws in peel, cf.
e.g. Andersson and Stigh (2004) and Fig. 3.

The method to measure cohesive laws is based on
the path-independence of the J-integral,

J ≡
∫

S

(
W nx − σikui,x nk

)
dS (1)

where W, σ , u and n are the strain energy density, the
stress tensor, the displacement vector and the unit out-
ward normal to the counter-clockwise path S encircling
the start of the adhesive layer; repeated indexes indicate
summation and the coordinate system is given in Fig. 3.
If W is not explicitly dependent of x, J is independent
of the path S. Moreover, if W cannot be defined, i.e. if
the material is inelastic, J can still be path independent.
This is the case if a pseudo potential can be assigned
to the stress-strain relation of the material, cf. e.g.
Nilsson (2001). Taking an integration path at the start
of the adhesive layer gives,
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J =
∫

t

W dy (2)

Utilizing an alternative integration path at the exterior
boundary gives,

J = 2Fθ

b
(3)

where F is the applied force, θ is the rotation and b
the width of the specimen. Thus, by measuring F and θ

continuously during an experiment and equating Eq.’s 2
and 3, a primitive function to the strain energy density
is determined. The cohesive law is then determined by
differentiation,

σ(w) = dJ

dw
(4)

where w is the deformation of the adhesive at the start
of the adhesive layer, cf. Fig. 3. The differentiation
of the experimental result is made by first adapting
a Prony series to the experimental J vs. w data, cf.
Fernberg and Berglund (2001). Cohesive laws have
been derived in several studies of adhesive behaviour.
Andersson and Biel (2006) show that the measured
cohesive law is virtually independent of the thick-
ness of the adherends; Leffler et al. (2007) and Zhu
et al. (2009) show rate dependence in shear loading;
Carlberger et al. (2009) measure effects of tempera-
ture and strain rate; Carlberger and Stigh (2009) stud-
ies effects of the thickness of the adhesive layer. An
alternative method where the specimen is loaded by
bending moments instead of transversal forces is used
by Sørensen (2002).

These methods are only valid for adhesive layers
with homogenous properties along the layer, i.e. with
W independent of any explicit dependence on x. The
influence of a variation of constitutive properties along
the layer will depend on the size of the stressed zone
preceding the crack tip, i.e. the material used for deter-
mining the energy release rate. The size of this zone is
dependent of the bending stiffness of the adherends and
the constitutive relation of the adhesive layer. Effects of
varying properties along the adhesive layer are studied
by Biel (2005). He identifies several possible sources
for varying properties:

• voids due to trapped air during the hardening pro-
cess

• varying adhesive layer thickness
• residual stresses
• moisture
• varying strain rate along the adhesive layer

Voids can often be identified after the experiment
and the experiment can be rejected. A variation of
the layer thickness can be identified before the exper-
iment. Residual stresses are more difficult to analyse.
In-plane residual stresses (σxx ) are expected in thermo-
setting adhesives due to differences in thermal expan-
sion between the adhesive and the adherends. Effects
are studied based on linear elasticity in e.g. Fleck et al.
(1991) and Guo et al. (2006). The applicability of these
results for tough engineering epoxies remains to be
studied. Transversal residual stresses (σyy) can also oc-
cur, though the resultants of these stresses must be zero
by equilibrium. Without too long time between man-
ufacturing of specimens and testing, moisture should
not be a problem. Carlberger et al. (2009) examines
the influence of strain rate on the properties of the
present adhesive. They show only minor influences of
the strain rate on the cohesive laws. It may also be
noted that pre-loading appears frequently in order to
achieve a sharp crack tip. For instance, a wedge or fa-
tigue loading can be used to propagate the crack tip
in order to avoid the man-made crack tip region in a
specimen.

The main goal of the present paper is to identify
experimentally if plasticity or damage is best suited to
represent the in-elastic properties of an adhesive loaded
in peel. We will also study effects of the pre-load-
ing frequently performed in fracture mechanics testing.
The adhesive is DOW-Betamate XW 1044-3 with layer
thickness t = 0.2 mm. This is an adhesive used by the
automotive industry. It consists of a blend of epoxy and
a thermoplastic with needled shaped mineral particles,
cf. Salomonsson and Andersson (2008). The adhesive
has been evaluated thoroughly in earlier studies, cf. e.g.
Andersson and Biel (2006) and Leffler et al. (2007).

The procedure to identify plasticity and damage is
as follows. A DCB-specimen is first loaded to a pre-
defined inelastic state and then unloaded. During this
stage, a zone of in-elastically deformed adhesive is cre-
ated at the start of the layer. In step 2, the specimen
is reloaded and evaluated as if the specimen is in its
virgin state. That is, we pretend not to know about
the first loading step. As shown in the next section,
simulations show that the present evaluation method
is sensitive to the origin of the inelastic properties
of the adhesive. Six different states of pre-loading
are used. In the third section, experimental results
are presented. The paper ends with conclusions and
discussion.
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2 Simulations

Numerical simulations are made in order to quantify
the influence of a plastically or damaged zone head-
ing the crack tip. The simulations are performed with
ABAQUS v. 6.6. The cohesive properties of the adhe-
sive are given in Fig. 2 and have been reported in earlier
studies (Andersson and Biel 2006). The cohesive law
for the virgin material, σv(w), is extended to unloading
by two hypothetical models: elastic-plastic (EP) and
elastic-damage (ED), cf. Fig. 4. Note that the unload-
ing path for the ED-model is assumed extended with
the virgin elastic stiffness in the compressive range
of stress. Here, wpd and σpd denote the maximum
deformation and corresponding stress before unload-
ing, respectively.

Adherends are made of tool steel (Rigor Uddeholm).
Tensile tests show the yield strength to be larger than
500 MPa and Young’s modulus 213 GPa. The adher-
ends are elastic during the experiments. Table 1 gives
the dimensions of the specimens, for notation cf. Fig. 3.
Loading the specimen results in a process zone of sub-
stantial extension compared to the height and width of
the specimen (Andersson and Biel 2006). Thus, beam
theory is adequate to capture the behaviour of the spec-
imen, cf. Östlund and Nilsson (1933)).

The FE-model facilitates the symmetry of the
specimen. It consists of 8800 beam- and 8001 non-lin-
ear spring-elements which represent adherends and the
adhesive layer, cf. Fig. 5. The behaviour of the springs

wpd

σpd
ED 

EP 

σv(w) 

σ

w
kk

Fig. 4 Models for elastic-plastic (EP) and elastic-damage (ED)
cohesive laws

Table 1 Geometry of the specimen

Unbonded length a = 80 mm

Length l = 165 mm

Height h = 6.4 mm

Width b = 5.0 mm

Layer thickness t = 0.2 mm
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Fig. 5 The FE-simulation of the specimen with non-linear spring
and beam elements
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Fig. 6 The defection of the beam during the pre-loading; x = 0
corresponds to the start of the adhesive layer

is adapted to the cohesive properties of the adhesive
layer; cf. Fig.’s 2 and 4. The force in the springs are
given by,

Fspring (w/2) = Aσ (w) (5)

where A is the adhesive area connected to each spring,
i.e. determined by the width of the specimen, b, and the
distance between the springs d. For the first spring at
the start of the adhesive layer, the area is A = bd/2. For
all the other springs, the area is A = bd

The degradation of the adhesive layer is determined
by the maximum elongation, wpd(�i , x) achieved dur-
ing the pre-loading stage. This elongation is determined
with a FE-simulation where all the springs follow the
virgin cohesive law, σv(w), cf. Fig. 2. The elongation,
wpd , is given in Fig. 6 for the six initial deflections, �i ,
used in the experiments.

According to the deformation achieved during the
pre-loading, the springs are degraded. The material
behaviour used to simulate the elastic-plastic and the
elastic-damage models during unloading and reload-
ing are shown in Fig. 4. As expected, the plastic defor-
mation of the elastic-plastic model leads to a state of
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compression at the start of the adhesive layer after
unloading. For this model, the degraded stress-elon-
gation relation is given by

σEP =
{

kw − kwpd + σpd w < wpd

σv (w) wpd < w < ∞ (6)

where k = 10 · 1012 N/m3 is the initial stiffness corre-
sponding to Young’s modulus of 2.0 GPa for the adhe-
sive; wpd is the maximum elongation experienced dur-
ing the pre-loading, σpd is the corresponding maximum
stress, and σv(w) the initial, virgin, cohesive law. For
the elastic-damage model, unloading leaves the adhe-
sive layer stress free. The stress-elongation relation for
the degraded elastic-damage model is given by,

σED =

⎧⎪⎨
⎪⎩

k w w < 0
σpd
wpd

w 0 < w < wpd

σv (w) wpd < w < ∞
(7)

By use of Eq.’s 6 and 7, the force-elongation relations of
the springs are degraded in order to achieve the correct
properties according to the pre-loading sequence and
the assumed constitutive model. The F-�-curve and
the w-�-curve for the reloading with �i = 2.25 mm
are shown in Fig. 7.

As shown, the elastic-plastic model gives a perma-
nent deformation for the adhesive layer and accordingly
F < 0 when � = 0 mm. When analysing the simula-
tions of the reloading using Eq.’s 3 and 4, we assume to
be ignorant of the preloading history and set the rota-
tion, θ , and the elongation at the crack tip, w, to zero
when F = 0. For the elastic-damage model, the zero set-
ting is not necessary since the pre-loading does not give
residual stresses or deformations. The points where the
elastic-plastic curves are set to zero are indicated with
dots in Fig. 7.

Figure 8 illustrates the procedure. To the left, the
experimental results to be presented in the next sec-

tion are shown; corresponding numerical analyses are
shown in the right part. Both the pre-loading and the
following reloading curves are shown. Until point A in
the experimental curves, the specimen is pre-loaded;
between A and B the specimen is unloaded, and after
point B the reloading is performed. The dashed curves
show the result without setting the values to zero after
the pre-loading. For the numerical analyses, the unload-
ing part is not necessary to simulate. Consequently,
the vertical lines AB separate the pre-loading from the
re-loading in the simulations. The solid curves in these
graphs correspond to the elastic-damage model and the
dashed curves correspond to the elastic-plastic model.
It should be noted that the scale “time” is immaterial
in the simulations since we assume no rate effects.

All the pre-loading states are analysed with both
models, i.e. twelve simulations are performed in to-
tal. The results in Fig. 8 show that the accumulation
of deformation, w, is very different between the elas-
tic-damage and the elastic-plastic models; w increases
much faster for the elastic-damage model during the
re-loading stage. This results from the reduced elastic
stiffness due to damage in the process region.

3 Experiments

The test equipment provides a constant loading rate of
about 10 µm/s. The elongation of the adhesive layer, w
is measured using two LVDTs, one on each side of the
specimen. The force F is measured with a load cell and
the rotation θ is measured with an incremental shaft
encoder which provides 2 · 105 pulses per revolution.
The displacement of the loading points is measured
with a dial indicator; cf. Fig. 9.

In order to determine relevant values for the initial
deflection of the loading point, �i , of the pre-loading

Fig. 7 Reloading a: Force
vs. deflection and b:
Elongation of the adhesive
at the start of the layer vs.
deflection of the loading
point for the simulations
with �i = 2.25 mm. Solid
line elastic-damage and
dashed line elastic-plastic
model
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Fig. 8 Experimental- (left)
and numerical- (right)
results from a specimen
with �i = 2.25 mm
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Fig. 9 Experimental setup with DCB-specimen

sequence, two experiments are performed to determine
the relation between � and the elongation of the adhe-
sive layer, w, cf. Fig. 10. The experiments show that the

major part of the softening of the adhesive occurs for
displacements of the loading points between 2.0 and
2.4 mm.

Photographs of the first 3 mm of the adhesive layer
are shown in Fig. 11 at three states of loading. At,
w = 50 µm the adhesive layer has been damaged
and a noticeable stress whitening is observed. At,
w = 80 µm, micro cracks are visible and the stress is
reduced to a low level, cf. Fig. 2.

Forty experiments with pre-damaged DCB-speci-
mens are performed. Six different maximum values of
the initial deflection, �i between 1.25 and 2.50 mm are
used. These pre-loadings correspond to J = 40, 50, 70,
85, slightly less than 100 and slightly larger than 100%
of Jc. Four examples of the initial loading cycles are
shown in Fig. 12a. During the first part of the curve, up
to a load of about 20 N and a deformation of about 3 µm,
the specimen behave linearly elastic. After this point,
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Fig. 10 The deflection of the loading points, �vs. the elonga-
tion of the adhesive layer at the start of the layer, w for two
experiments
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Fig. 11 Photographs taken at the start of the adhesive layer at
three different stages of deformation

the adhesive yields. When �i is attained, the machin-
ery is reversed and the force begins to decrease. The
smooth right ends of the curves with �i = 2.00 mm
and �i = 2.25 mm indicate that the deformation pro-
cess continues although unloading has begun, i.e. �

decreases and w still increases. The unloading curves
have a slight S-shape. Figure 12b shows the evolution
of J according to Eq. 3. It should be noted that the
measured value is not expected to be J during reload-
ing since the adhesive is in-elastic and have properties
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Fig. 13 Remaining deformation, wF vs. maximum deformation,
wd after unloading in the pre-loading sequence

dependent on x, we therefore introduce the notation J ∗.
The J ∗-w-curves show the characteristic initial para-
bolic shapes reflecting linear elastic behaviour of the
adhesive layer at small deformations.

When the load is removed, some elongation, wF ,
remains. For all experiments, this amount to about 20%
of the elongation when the machinery is reversed, wd ,
cf. Fig. 13.

When the force is zero in the unloading phase, all
measurement devices are zeroed and the machinery is
immediately reversed to start reloading of the speci-
men. The experimental results are presented in Fig’s.
14 and 15. Figure 14 shows J ∗vs. the elongation of the
adhesive layer, w. The slopes of the curves are decreas-
ing with an increase of initial damage.

Figure 15 shows the evaluated stress vs. deformation
of the adhesive layer. The maximum stress, the defor-
mation at maximum stress, and the critical deformation
are all influenced by the pre-loading.

Fig. 12 Pre-load of the
DCB-specimens. a The
force vs. the elongation of
the adhesive layer. b The
virtual energy release rate
vs. the elongation of the
adhesive layer
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Fig. 14 J ∗vs. elongation of
the layer. Solid curves
correspond to simulations
with the elastic-damage
model and the dashed curve
to simulations with the
elastic-plastic model.
Experimental results are
shown as grey dashed lines
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Figure 16a shows the maximum stress σ ∗
mvs. cor-

responding deformation w∗
m . Two important observa-

tions can be made; for small pre-loading, the maximum
stress is increasing and for large pre-loading, non-zero
cohesive stresses are evaluated although the crack has
started to propagate. Figure 16b shows the apparent
fracture energy, J ∗

c vs. the corresponding critical defor-
mation, w∗

c , for all forty experiments. The measured
critical fracture energy J ∗

c and the critical deforma-
tion w∗

c are taken when the evaluated cohesive stress
is lowered to 5% of the maximum stress. The fracture
energy seems almost unaffected by the initial deforma-
tion but the critical deformation increases with initial
damage.

4 Comparisons experiments and simulations

Figures 14 and 15 show distinctive differences between
the simulation results using the elastic-plastic and the
elastic-damage model. With the elastic-plastic model,
the fracture energy, corresponding to the horizontal
asymptote, is somewhat smaller than the fracture en-
ergy of the virgin cohesive law used as input. This is
understood from the residual deformation after the pre-
loading sequence. The residual, θ , contributes to J; cf.
Eq. 3. If, as assumed in the evaluation this residual θ is
unknown and assumed to be zero, an apparently smaller
Jc results. When comparing the J ∗-w-curves of the
simulations with the experiments, it is concluded that
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Fig. 15 Evaluated cohesive
laws. Solid curves
correspond to the
elastic-damage model and
the dashed curve to the
elastic-plastic model.
Experimental results are
shown with grey dashed
lines
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Fig. 16 Experimental
results for all pre-damaged
experiments with �i
between 1.25 and 2.50 mm.
a Measured maximum
stress vs. elongation at
maximum stress and
b Measured fracture energy
vs. the critical deformation
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Fig. 17 Remaining deformation, wF vs. maximum deformation,
wd after pre-loading for booth experimental and simulations with
the elastic-plastic model

the cohesive law of the present adhesive is well repre-
sented by the elastic-damage model. The elastic-plastic
model yields large peak stresses and less deformation at
separation after pre-loading, cf. Fig. 15. As compared
to the experimental results, the elastic-damage model
gives good agreement. However, for all the performed
experiments the remaining deformation, wF , is about
20% of the maximum deformation, wd , attained in the
pre-loading stage. With an elastic-damage model, wF

should be zero. This indicates that some amount of
plastic deformation occurs. The experimental results
and the numerical simulations using the elastic-plastic
model are shown in Fig. 17. As apparent, the elastic-
plastic model yields a too large plastic deformation.

By introducing some amount of plasticity in the
numerical simulation, the remaining deformation, wF

and evaluated energy release rate vs. deformation (J ∗-
w) is expected to agree better. It should be noted that
the stress in the adherends is low, below about 40% of
the yield strength and wF is not believed to be due to
plasticity of the adherends. A third reason for a non-
zero wF can be elastic after effects in the adhesive.
That is, deformation that will disappear with time if
the material is left unloaded.

The distinct cusps that appear in the simulated
J ∗-w-curves occur when the stressed region enters the
region with non-degraded springs, cf. Fig. 14. The
cusps appear both in the simulation results with

the elastic-plastic and elastic-damage models. Similar
features are not found in the experimental curves.

For the experiment with �i ≥ 2.00 mm, a crack is
propagating, or is about to propagate during the pre-
loading sequence. In Fig. 12 it is shown that the defor-
mation, w for these experiments increased although the
machinery is reversed. This may influence the accuracy
of the experiment since the size of the degraded region
becomes diffuse.

The numerical analyses show that an initial degra-
dation of the adhesive layer influences the evaluated
cohesive law and that the influence is dependent on the
relation between damage and plasticity. All the sim-
ulated experiments with the elastic-plastic material
behaviour results in a too high maximum stress, σ ∗

m .
The evaluated apparent fracture energy J ∗

c decreases
with increasing initial degradation. With the elastic-
damage material model and a small initial degradation,
the maximum stress, σ ∗

m increases with increasing ini-
tial degradation. With a large initial degradation, the
maximum stress decreases and the critical deformation,
w∗

c , increases with increasing initial degradation. With
the elastic-damage material model, J ∗

c is unaffected by
initial degradation. In Fig. 16, most of the experiments
with �i ≤ 1.75 mm give a higher maximum stress than
the virgin cohesive law; cf. Fig. 2. For the experiments
with �i ≥ 2.00 mm, most of the experiments show a
decreasing maximum stress and an increasing critical
deformation. Most of these results are in accordance
with the elastic-damage model.

5 Conclusions

This paper presents an experimental method for deduc-
ing the relation between damage and plasticity in an
adhesive layer. The method also gives some insight into
effects of varying material properties along the adhe-
sive layer. Experiments are performed using an epoxy
adhesive, DOW-Betamate XW1044-3. An initial pre-
load is used in order to give an initial degradation of
the adhesive layer.

The experiments indicate both damage and some
amount of plasticity. The method shows that damage
is the major contributor to the in-elastic behaviour.
In a detailed meso-mechanical analysis of the adhe-
sive, Salomonsson and Andersson (2008) conclude
that no plasticity occurs in peel loading of the present
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adhesive. The validity of their simulation is improved
by the result of this paper.

In experimental studies of fracture properties, pre-
loading is frequently used to achieve a sharp crack tip
and limit influences of an artificially machined crack.
The present study indicates that the influence of these
procedures might substantially influence the evaluated
fracture properties, especially if the pre-loading leads
to plastic deformation at the crack tip. It should be
recognized that a complete cohesive law for a poly-
mer adhesive would most likely include effects of time
dependent plasticity and the Mullins effect. However,
the present study shows that the main properties of a
thin epoxy layer are well captured by an elastic-damage
model in peel loading.
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