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Abstract An overview of recent development of
cohesive modelling is given. Cohesive models are dis-
cussed in general and specifically for the modelling of
adhesive layers. It is argued that most cohesive models
model a material volume and not a surface. Detailed
microscopic and mesomechanical studies of the frac-
ture process of an engineering epoxy are discussed.
These studies show how plasticity on the mesome-
chanical length scale contributes to the fracture energy
in shear dominated load cases. Methods to measure
cohesive laws are presented in a general setting. Con-
clusions and conjectures based on experimental and
mesomechanical studies are presented. The influence
of temperature and strain rate on the peak stress and
fracture energy of cohesive laws indicates fundamen-
tally different mechanisms responsible for these prop-
erties. Experiments and mesomechanical studies show
that in-plane straining of an adhesive layer can give
large contributions to the registered fracture energy.
Finite element formulations including a method to
incorporate this influence are discussed.
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1 Introduction

Cohesive models and modelling have seen an almost
explosive increase in use and applications during recent
years. In the early 60s, Barenblatt (1962) introduced the
model to gain insight into the fracture process. In the
70s, Hillerborg et al. (1976) demonstrated the engineer-
ing use of the model to predict the strength of structures
of concrete. In the 80s applications to strength of com-
posites and adhesive joints were introduced, Bicklund
(1981) and Stigh (1988). In the 80s it was also dem-
onstrated how the model fits within the structure of
conventional stress analysis using the finite element
method, Needleman (1987) and Stigh (1987). Today,
commercial FE-codes incorporate cohesive elements
and material laws.

The idea is that crack tips are headed by process
zones that can be modelled as cohesive zones. These
are surfaces held together by cohesive traction; the trac-
tion is assumed to decrease as the surfaces separate. At
the end of this process, the traction is zero and new
crack surfaces have been created. Figure 1 illustrates a
snapshot of a growing crack. The cohesive traction T
holds the cohesive surfaces together; at the left end, the
traction is zero and the cohesive surfaces are transferred
into crack faces. At the right end, the cohesive zone is
growing into virgin material. As evident, cohesive mod-
elling depicts a process. This can be put into perspective
by comparing with classical fracture mechanics. With
this model, no process zone is modelled and the crack
is assumed to grow when the state at the crack tip is
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Fig. 1 Cohesive zone heading a crack tip. Traction T holds the
cohesive surfaces together. In the present paper, the crack tip is
considered to be situated at the left end of the process zone. It
should be noted that the definition of the position of crack tip
differs among authors. For instance, in studies of delamination
of composites, the right end of the process zone is usually con-
sidered as the crack tip and the process zone is referred to as a
bridging zone

critical. Thus, fracture is not a process but an event.
This explains one of the appealing computational fea-
tures of cohesive modelling as compared to classical
fracture mechanics. By modelling a process rather than
an event, cohesive modelling fits into the computational
scheme of non-linear stress analysis using the finite
element method. Compare with the model of fracture
mechanics. In linear fracture mechanics, the details of
the process zone are ignored based on the notion of an
embedded process zone. A stress analysis is first per-
formed on a linearly elastic model without a process
zone. The analysis is evaluated to calculate the stress
intensity factor K of the crack tip. If K equals the frac-
ture toughness K, the state of the crack tip is critical
and the crack may grow. The process of growth needs
yet another property; usually a criterion of crack growth
resistance in terms of an R-curve Kr(Aa), where Aa
denotes the increase in crack length a. With cohesive
modelling, no extra properties are necessary to simulate
crack growth. Only the cohesive law is needed to ana-
lyze both initiation and growth of a crack. This is also a
drawback in modelling flexibility. Namely if the frac-
ture toughness changes with crack growth, a conven-
tional cohesive law cannot capture this phenomenon by
itself. Remedies have been suggested in some recent
papers, cf. Cox and Yang (2007), Dévila et al. (2009),
Yang et al. (2006). In a series of papers, Tvergaard
and Hutchinson demonstrate how a conventional cohe-
sive zone model embedded in a volume of plastically
deforming material with a remote K-field results in a
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R-curve behaviour, cf. e.g. Tvergaard and Hutchinson
(1992). That is, a carefully performed choice of plas-
ticity and cohesive models may allow for an increas-
ing fracture toughness with crack growth as observed
experimentally.

A crack tip within the plastic zone of an ideally plas-
tic material model results in an opening stress of about
three times the yield strength oy at the crack tip. This
means that a cohesive zone with a peak cohesive stress,
0, larger than about 3oy will not be activated. That
is, 6 must be smaller than about 3oy for the cohesive
zone to make itself noticeable. However, if cohesive
zones actually model the separation of atomic layers, &
ought to be very large, about some fraction of Young’s
modulus E, cf. e.g. Bao and Suo (1992). Experimen-
tally measured or deduced cohesive laws often show
6 of the same order of magnitude as oy (Andersson
and Stigh 2004). That is, orders of magnitude smaller
than expected. Moreover, the fracture energy associ-
ated with the separation of atomic layers is of the order
of 1 J/m? which is orders of magnitude smaller than
the fracture energy usually associated with cohesive
laws.! These facts suggest that cohesive models used
in most analyzes today, model the behaviour of a mate-
rial volume. These cohesive laws should therefore be
viewed as manifestations of homogenized constitutive
properties of material volumes. In turn, this means that
the cohesive law is a homogenized property capturing
not only separation properties of the material but also
elasticity and plasticity. This is apparent of the “fic-
titious crack model” of Hillerborg. Here, all inelastic
material behaviour of the material heading the crack
tip is collapsed onto a surface, i.e. the cohesive zone.
A fundamental problem with this model is however
to identify the volume associated with the cohesive
zone. Using the concept of homogenization, the cohe-
sive stress could be expected to result from an analy-
sis of the micromechanics of a representative material
volume Vep. That is,

1
o;;dV (1)
Vrep / Y

Vrep

zij =

where 0;; is the local stress due to a deformation state
enforced on the outer surface of Viep corresponding to a

' Tt may be noted that some experiments with extremely thin

adhesive layers show interesting properties, cf. e.g. Chai (1986).
However, the fracture energy is still very different from what is
expected from atomistic analyses.
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nominally uniform state of strain E;; of ahomogeneous
material volume. The idea is that the relation between
%;j and E;; can replace the detailed properties of the
inhomogeneous material in studies of material behav-
iour on length scales larger than Viep. In such stud-
ies, the material can be considered as homogeneous
and represented by the homogenized material behav-
iour. Implicit in the concept is that Vyep, is large enough.
To decide how large is large enough, one may imag-
ine a process where the volume surrounding a material
point is allowed to gradually increase until the relation
between X;; and E;; is virtually unaffected by further
increasing the size.

Now, this concept is troublesome when local sepa-
ration and softening is allowed on the smaller length
scale. A fracture process is normally associated with a
localization to one dominating defect and a softening
of the material at the defect. This process introduces
a possibility for instability, where the elastic energy
of the material outside the dominating defect rushes
to the defect leading to an uncontrolled growth of the
defect. A larger volume corresponds to more elastic
energy and a decreased likelihood to capture a soften-
ing cohesive law. Thus, the concept of choosing larger
and larger Viep as discussed above will not likely yield
useful results. This problem should not be considered
as a mere mathematical feature of the formal mathe-
matical procedure of homogenization. If uncontrolled
growth of one dominating defect can be inhibited and
a large number of defects are activated in the fracture
process, a larger fracture energy will result. An exam-
ple is provided by the development of rubber modified
adhesives, cf. e.g. Kinloch (1987). Here small rubber
particles are dispersed into an epoxy matrix. If the rub-
ber particles adhere well to the matrix, they can be
elongated to a large extent during the fracture process
and hinder uncontrolled growth of itself. By this, more
rubber particles are activated and the fracture energy
increases. On a structural length scale, a similar process
leads to improved fracture energy for adhesives. By
constraining the adhesive layer with stiff adherends?,
the fracture process zone gets large; the softening zones
at the most deformed part are limited in their growth by
the inability of the material to deform due to the con-
straints of the adherends. This leads to the activation of
a large number of softening zones and a larger fracture
energy. It also leads to a dramatically larger fracture

2 Adhesively bonded parts are often referred to as adherends.

strain than expected from ordinary tensile tests. In a
tensile test, epoxies fracture at a strain of the order of
1%; in the constrained state of an adhesive layer, the
engineering strain at fracture is of the order of 100%
(Andersson and Stigh 2004).

In this paper, we will discuss cohesive laws of adhe-
sive layers. In this case, the volume represented by the
cohesive law is easier to identify. It is determined by
the thickness of the adhesive layer. The length and
width can be decided using a similar method as dis-
cussed above, i.e. letting them increase in size until
the homogenized cohesive law is virtually unaffected
by the size (Salomonsson and Andersson 2008). It is
noted that cohesive laws for adhesive layers have been
denoted “traction-separation laws” and “‘stress-elonga-
tion relations” in the literature. The fracture process
of a representative engineering epoxy adhesive is first
described in some detail. Results from an in-situ SEM
study and microscopic studies of the fracture process
will be given. Methods to measure cohesive laws are
presented in a systematic manner in the following sec-
tion. This section is followed by a presentation of mes-
omechanical studies of the same adhesive. In Sect. 5,
aspects of cohesive modelling on the structural length
scale are discussed and some computational aspects
are given. The paper ends with a section with the major
conclusions.

2 Fracture processes of adhesive layers

Engineering adhesives are complex materials designed
to fulfil a number of requirements such as wetting the
bonded parts in its unhardened state. The present adhe-
sive, DOW Betamate XW 1044-3, is a one-component
heat-hardening epoxy based adhesive used in the body
shop by the car industry. It appears to be generic for
many epoxy adhesives used in industry. Figure 2 shows
a SEM image of the hardened and unloaded adhesive
with a layer thickness of about 0.2 mm. The dark con-
tinuous phase in the adhesive is identified as a blend
of epoxy and a thermoplastic. In this epoxy, light nee-
dle shaped mineral particles form clusters that are ran-
domly oriented in the epoxy matrix. Apart from filling
the epoxy with a relatively inexpensive material, the
mineral plays an important part in the fracture process.

When loading the adhesive in peel, i.e. by separating
the adherends vertically to elongate the adhesive layer,
the metallic adherends constrain the adhesive layer so
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Fig. 2 Layer of hardened engineering epoxy. Dark matrix con-
sists of epoxy blended with a thermoplastic. Light needle shaped
particles consist of clusters of mineral pins

Fig. 3 Damage process of an adhesive. Crack tip to the right; to
the left undamaged adhesive with a nominal thickness 0.2 mm.
Specimen marked with vertical scratch marks every millimeter

that virtually no macroscopic straining occurs in the in-
plane direction. At the start of the adhesive layer, the
constraint is less severe, and in-plane straining occurs to
allow for the stress free boundary. However, only a few
layer thicknesses into the adhesive layer, the constraint
has built-up and the condition of zero in-plane strain is
fulfilled (Carlberger et al. 2008). The condition of zero
in-plane straining was assumed in the seminal paper by
Goland and Reissner (1944) and has been given a theo-
retical footing in asymptotic analyses (Schmidt 2008).
Moreover, as seen in Fig. 3, the size of the process
zone heading a crack-tip in an adhesive layer is very
long. This gives some support to ignore the fine details
of the stress field at the crack-tip. However, attempts
have been made to track the strength of adhesive joints
to the singular elastic field at the corner of the adhe-
sive and adherend (Groth 1988), or to more detailed
stress analyses of the state at the free end of an adhe-
sive layer (Adams et al. 1997). If these singularities and
details would be decisive for the strength of an adhesive
joint, the technological importance of adhesive join-
ing would be very small indeed. It would imply that
adhesive joining should be performed with exceedingly
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Fig. 4 Adhesive layer after some peel loading

high precision. The experience differs, adhesive joining
can be done on an industrial scale leading to adequate
quality. It is however plausible that the finer details of
the stress field is more important to understand other
properties such as fatigue. In this case, the loading is
lower and the size of the damage zone is smaller. Espe-
cially, in the technologically important case of high
cycle fatigue, the detailed stress field might be more
important since the loading is low. However, for predic-
tion of strength, today the assumption of zero in-plane
straining appears to be almost generally accepted.
Figure 4 shows a SEM image of the same adhesive
layer as in Fig. 2 after some peel loading. The pres-
ent image is taken somewhat closer to the loaded free
edge of the adhesive layer; the free edge is seen at the
right end of the image. Stress whitening occurs at the
mineral particles. Here, it can be deduced that large
local vertical strains accumulate. It is also observed
that, at this stage, stress whitening occurs at many min-
eral particles above and below each other. That is, stress
whitening at one particle does not lead to total unload-
ing by stress shadowing of particles below or above
a softening particle. This observation gives a clue to
the reason for the experimentally observed increase in
fracture energy with layer thickness (Carlberger 2008).
With extremely small layer thicknesses, a limited num-
ber of energy consuming particles might be present in
the volume heading a crack. With gradually increas-
ing layer thickness, more particles will be available
per unit crack area; first in the vertical direction and
then in the horizontal direction. The particles consume
energy during the fracture process resulting in larger
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Fig. 6 Deformation process of the adhesive layer during a shear
experiment. Images (a), (b) (¢) and (d) are in consecutive order.
The Teflon insert at the right end in each image is 0.2 mm thick.
The adhesive layer is observed at the free surface of the speci-
men. Due to a minute grading of the adherends, the layer appears
thicker than the teflon insert. The peel separation w in image (d)
is substantial, Leffler et al. (2007)

fracture energy with a thicker layer. At some critical
thickness, the vertical distance between the particles is
so large that further increase of layer thickness provides
no more increase in fracture energy.

In Fig. 5, the adhesive is in a later state of loading.
Some of the volumes of stress whitening have now coa-
lesced. Some voids also appear in the stress whitening
areas and we can start to imagine how a final crack
will develop from right to left in the image. Still at this
stage, voids and stress whitening are active on different
layers in the vertical direction.

In shear, the fracture process shows some similar-
ities and differences to the process in peel. Figure 6
shows the fracture process of the same adhesive loaded
in shear; images a, b, ¢ and d are taken in consecutive
order (Leffler et al. 2007). The first signs of micro-
scopic cracks are observed some distance from the
crack tip. A little later in the process, a number of
slanted microscopic cracks are visible. At the same

Fig. 7 Conjugated stress and deformation measures on a struc-
tural length scale

time, the adherends are observed to move vertically
apart, cf. Fig. 6. Thus, the adhesive layer is deformed
in mixed mode although the layer is loaded in almost
pure shear. It is often assumed that the microscopic
cracks should open in 45° to the horizontal direction,
so that the cracks open in the direction of the principal
tensile stress. Remembering that shear deformation is
isochoric, it is understood that the adhesive layer must
deform in peel to allow the cracks to grow to voids. This
observation leads to a question of the definition of pure
shear loading. One may consider two possibilities: with
shear deformation v, either peel deformation w or peel
stress Ty, should be zero, cf. Fig. 7. It is hard to imagine
that any of these conditions can be achieved experi-
mentally. As expected, numerical simulations shows
that w = 0 leads to a much larger fracture energy than
the condition 7, = 0 (Salomonsson 2008).

As deduced from these images, the local fields
within an adhesive layer are extremely complex. In
Sect. 4, attempts to model the details of the frac-
ture process are presented. As shown, this leads to an
increased understanding of the process. However, if
simulations in the design process of adhesively bonded
structures would depend on the success of such detailed
stress analyses, it would be practically impossible to
use adhesives in modern product development. Fortu-
nately, cohesive modelling has proven accurate enough
in many situations, cf. Sect. 5. In this model, the adhe-
sive layer is assumed to deform in a combination of
peel, w, and shear, v, with conjugated stresses, 7;, and
Ti, cf. Fig. 7. In 3D, the shear components v and T; are
both split in two orthogonal components.
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Fig. 8 Internal integration path

3 Experimental measurement of cohesive laws

A number of techniques have been developed to deduce
or measure cohesive laws. The methods of deducing
cohesive laws are based on experimental observations
and fitting simulation models to the results. By sys-
tematically adjusting the properties of the simulation
model until a good fit is achieved, the main proper-
ties of the cohesive law are expected to be deduced
(Yang and Thouless 2001). These methods are critically
dependent on the sensitivity of the measured properties
to the details of the cohesive law. It has however been
observed that many of the experimental set-ups used
with these methods are insensitive to the details of the
cohesive law. A recent and systematic attempt to over-
come this problem is presented in Sun et al. (2008).
Here a number of fundamentally different experimen-
tal set-ups are used synergetically; some of the methods
are sensitive to one property of the cohesive law and
some to another. By use of many different methods, the
main properties of the cohesive law are deduced.

A fundamentally different path is taken in a series of
papers, cf. e.g. Andersson and Stigh (2004), Sgrensen
and Jacobsen (1998). Here, the cohesive law is mea-
sured directly. The fundamental assumption in these
methods is that a unique cohesive law exists. If this is
the case, and if a test specimen is cleverly designed,
the path independence of the J-integral can be uti-
lized to derive useful relations between the external
loads acting on the specimen and the cohesive law. The
J-integral is given by

J = / (W dy — Tyu;x dC) . (2)
C
where C is any counterclockwise integration path,
starting at the lower end of the crack-tip and end-
ing at the upper end, cf. Fig. 8 and Rice (1968). In
Eq. (2), T; and u; are the i-components of the trac-
tion and displacement vectors, respectively; summa-
tion is indicated by repeated indexes. Formally, the
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strain energy density W must exist. However, if no
unloading occurs during an experiment from a plas-
tically deformed state and with a stationary crack, the
fields are not very different from those obtained if the
material behaved according to a deformation type the-
ory. In this case, a pseudo potential can often be defined
(Nilsson 2001). Considering the complex loading of
an adhesive layer on a micromechanical length scale
as depicted in Figs. 4, 5 and 6, it can be concluded
that a deformation type theory would be incapable of
reproducing these fields. However, on the structural
length scale, where the adhesive layer is represented
by a cohesive zone, the details of the local fields are
represented by the properties of the cohesive law and a
pseudo potential can be defined on this length scale. In
Andersson and Stigh (2004), the condition is carefully
checked on the structural length scale and it is con-
cluded that experiments can be performed that allow
for the use of a pseudo potential. Moreover, the pseudo
potential is not allowed to be explicitly dependent of
the x-coordinate for J to be path independent. This
condition is equivalent of assuming the existence of a
unique cohesive law.

By evaluating J using the internal integration path
shown in Fig. 8, one gets

w v

7= / T.did + / Tdb 3)

0 0

Thatis, J equals the sum of the areas below the T, vs.
w- and T; vs. v-curves during an experiment. Note that
by measuring J continuously during an experiment and
differentiating J with respect to w and v, the cohesive
laws Ty, vs. w and T; vs. v are derived. It is likely that
these laws are dependent of the particular deformation
path, i.e. the relation w/v during the experiment.

By using prismatic, beam-like, test specimens, an
external integration path gives a useful complement to
Eq. (3). Studying the terms in Eq. (2) reveals that no
traction free surfaces contribute to the second term in
the integrand. Moreover, no horizontal paths contribute
to the first term. That is, contributions will only appear
from applied loads and vertical paths where the mate-
rial is stressed, i.e. where W # 0. A number of such
specimens have been developed during recent years to
measure cohesive laws. To be systematic, we may con-
sider three typical loads acting on a beam with the width
B and height H: a transversal force, P, a normal force,
N, and a bending moment, M, cf. Fig. 9.
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Fig. 9 Three typical loads acting on a beam

Evaluation of Eq. (2) assuming the fields of linear
elastic Euler-Bernoulli beam theory to be adequate,
gives

,_Po 6M?> 2N?
=% "Epm T EBH
where 6 is the rotation of the loading point, and E
Young’s modulus, cf. Olsson and Stigh (1989), Paris
and Paris (1988), Alfredsson (2003), Hogberg et al.
(2007). It should be noted that by replacing 6 with sin 6,
the first term is given its proper large deformation form,
cf. Nilsson (2006). Moreover, this term does not rest on
the assumption of Euler-Bernoulli beam theory. In the
evaluation of Eq. (2) for P, the second term contributes.
WithdC = —dx, T, = 0,and T, = Pé(x — xp)/B
direct evaluation yields the first term in Eq. (4)>. By
combining the relevant terms from Eq. (4) for a spe-
cific test specimen, the alternative expression for J is
derived. The procedure of an experiment is to measure
the history of M, P, N, and 6 which yields the evolution
of J during the experiment. By measuring correspond-
ing values of v and w at the crack tip, differentiation
yields the cohesive law for the particular experiment.
Figure 10 shows a number of specimens developed
and used to measure cohesive laws. The Double Can-
tilever Beam specimen loaded with transversal forces
(DCB) and bending moments (DCB-M) are developed
and used in a series of papers (Andersson and Stigh
2004; Carlberger et al. 2008; Sgrensen and Jacobsen
1998; Alfredsson 2003; Hogberg et al. 2007; Anders-
son and Biel 2006; Carlberger et al. 2009; Alfredsson
2004). Both specimens measure the cohesive law in
pure peel loading, i.e. Mode I of fracture mechanics.
Both methods necessitate the development of some spe-
cial features of the test set-up; with the DCB specimen,
the rotation of the loading point should be measured and
with the DCB-M specimen, the specimen is loaded with
bending moments. The End Notched Flexure (ENF)
specimen is developed to measure cohesive laws in

“4)

3 It is still necessary to be able to define a pseudo potential for
the material in order for J to be path independent.

» DCB DCB-M
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Fig. 10 Specimens developed and used to measure cohesive
laws

almost pure shear, cf. Leffler et al. (2007), Alfreds-
son (2004), Stigh et al. (2009). With the Mixed Mode
DCB specimen (MCB) and the DCB specimen loaded
by uneven bending moments, methods are developed
that allows to measure cohesive laws in mixed mode, cf.
Hogbergetal. (2007), Sgrensen and Kirkegaard (2006).
Table 1 summarizes the expressions for J derived for
these specimens. In the table, 61, 65, 63 for the ENF-
specimen, are the clockwise rotations of the three load-
ing points, from left to right, (Stigh et al. 2009); for the
MCB-specimen 01, 6 denote the clockwise rotations
of the upper and lower loading points, respectively.

Experimental techniques have been developed for
the use of these methods. In general, an experiment
is conducted by applying the acting loads by pre-
scribed displacements of the loading points. The rel-
evant loads, rotations, elongation, w, and shear, v,
of the adhesive layer are measured continuously dur-
ing the experiment. From the loads, the evolution of
J is calculated using the relevant equation from Table 1.
Using the path independence of J and Eq. (3), the evo-
lution of J is connected to the cohesive law. Differen-
tiation of J with respect of w and v yields 7, and T,
respectively. Differentiation is simplified by first using
a least square adaption of J to a reasonable series of
functions, cf. e.g. Hogberg et al. (2007), Andersson and
Biel (2006).

Often, specimens used to measure properties of thin
layers are prone to instability. If the loading is applied as
prescribed forces or bending moments, most specimens
are unstable in the sense that a small increase in crack
length leads to an increase in J. If the crack grows
under constant fracture energy, the crack will then grow
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Table 1 Expressions for J derived for the specimens in Fig. 10

Specimen J Reference

DCB 2P0/B Olsson and Stigh (1989), Paris and Paris (1988)
DCB-M 12M?/EB*H3 Rice (1968)

ENF P (61 —20,+63) /2B Stigh et al. (2009)

MCB Fsina(0) —62)/B + 4(F cos a)z/EBZH Hogberg et al. (2007)

DCB-UBM

[21(M} + M3) — 6M M, JAEB>H?, where |[M;| < M,

Sgrensen and Kirkegaard (2006)

dynamically. By using this criterium for instability, it
is shown in Alfredsson and Stigh (2009) that trans-
versely loaded slender specimens loaded by prescribed
displacements are stable if the crack length is larger
than a, given by

der 4/ 3co
Zor 30 5
L 4J )

where
EBH?

0 =—3-C0) (6)
is a non-dimensional form of the flexibility of the
specimen. Here A denotes the load point displace-
ment, C(0) is defined as C(a) = A /P for zero crack
length (a = 0). This property of the specimen is often
easy to calculate; L is the length of the specimen and
J = EB?>H3J/P?a? is a non-dimensional form of J.
This criterium is based on the assumption that Euler-
Bernoulli beam theory is accurate enough to capture the
flexibility of the specimen and that the effects of the thin
layer on the flexibility can be neglected. In Alfredsson
and Stigh (2009) it is shown that the effect of transverse
shear flexibility of the beams is to promote instability
and a flexible interphase layer promotes stability.

Experiments conducted to reveal possible influ-
ences of the properties of the adherends, e.g. thickness
and material have not revealed any significant influ-
ences on cohesive laws (Leffler et al. 2007; Anders-
son and Biel 2006). This supports the usefulness of
cohesive models. However, the thickness of the adhe-
sive layer influences the cohesive law significantly,
cf. Carlberger (2008). This is expected since it has
long been recognized that the fracture energy depends
on the thickness of adhesive layers, cf. e.g. Kinloch
(1987). Experiments show that the total area under
the cohesive law, i.e. the fracture energy, depends
on the layer thickness. However, the peak stress of
the cohesive law appears almost unaffected by the
layer thickness. Moreover, temperature and strain rate
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influence the cohesive laws. In an experimental study
(Carlberger et al. 2009), it is shown that the peak stress
in peel loading decreases monotonically with increas-
ing temperature from —40°C to +-80°C; the glass tran-
sition temperature is about +90°C for this adhesive.
It is also shown that the fracture energy is fairly unaf-
fected by the temperature in this temperature range.
Effects of strain rate are also studied through a span of
five decades from 10™* to 10" s~!. Both the fracture
energy and the peak stress appear to increase loga-
rithmically with increasing strain rate in peel load-
ing. However, the influence on the fracture energy is
weak. The fundamental difference in influences of tem-
perature, strain rate and thickness on the peak stress
and fracture energy suggests different mechanisms as
responsible for these properties of a cohesive law.
The peak stress and the yield strength of the adhesive
also appear similar in size (Andersson and Stigh 2004).
However, if we consider the constraint of the adhesive
layer due to the large stiffness of the adherends, cf.
the discussion in Sect. 2, the yield strength should be
much larger in the constrained state than in a tensile
test. That is, if we assume a state of deformation of the
adhesive layer where the in-plane strains are zero and
the strain in the peel direction is the same at all posi-
tions in the peel direction, ordinary plasticity theory
leads to an increase of the yield strength with a factor of
about three. This suggests that the mechanisms respon-
sible for macroscopic yielding of the adhesive operate
on a much smaller length scale than the layer thick-
ness of the adhesive, in this case 0.2 mm. Moreover,
with a newly developed experimental technique, it has
been possible to deduce which model of in-elasticity,
i.e. plasticity or damage, that gives the best correspon-
dence with the macroscopic behaviour of the adhesive
(Biel 2008). For the present adhesive, the experiments
show no macroscopic plasticity. That is, on unloading
from a severely deformed state, the adhesive behaves
according to an elastic-damage cohesive model, cf.
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Fig. 11 Models for T
elastic-damage (ED) and
elastic-plastic (EP) cohesive
laws
w

Fig. 11. An interpretation of these observations is that
inelasticity of epoxy in tensile loading is essentially
due to a damage mechanism. In compressive loading,
a damage mechanism is less plausible and inelasticity
starts at a larger compressive load than in tension. It is
noted that the conventional method to model this dif-
ference in “yield strength” in tension and compression
is by use of a plasticity model dependent on the first
stress invariant.

Though a number of experimental techniques are
under development to measure cohesive properties,
some of these properties are exceedingly hard to mea-
sure. This might be taken as an indication that they are
unimportant; if they do not show themselves plainly
in an experiment, they are probably not important.
This is partly a correct conclusion. However, cohe-
sive properties vary from specimen to specimen even
if the experiments are performed with utmost care,
cf. e.g. Andersson and Biel (2006). This means that
conclusions regarding material properties should be
deducible using one specimen and repeated experi-
ments should be performed to learn about the variability
in the property between different specimens. To sup-
port the development of cohesive laws and improve
our understanding of the mechanics of thin adhesive
layers, mesomechanical models have been developed
(Salomonsson and Andersson 2008).

4 Mesomechanical modelling

The microscopic study discussed above indicates a
complex mesomechanical process during fracture. To

Fig. 12 Identification of material regions from a SEM-image.
The left figure shows a SEM-image with enhanced contrast. The
mineral regions are clearly identified as the dark areas. The right

this end, a mesomechanical model is developed. This
model acts as arepresentative volume element (RVE) of
the adhesive layer. It is used to improve the understand-
ing of the fracture process and to extrapolate exper-
imental data (Salomonsson 2008; Salomonsson and
Stigh 2009). The starting point in the development
of the RVE is the geometry of the layer, cf. Fig. 2.
An image processing method is used to identify min-
eral and epoxy regions. Based on this, a FE-mesh is
designed, cf. Fig. 12. The mesh is large enough to
be representative and detailed enough to capture the
essential aspects of the fracture process. All conven-
tional elements in the mesh are surrounded by cohe-
sive elements to allow for a fracture process on the
smaller length scale as shown in Figs. 4 and 5, cf.
Xu and Needleman (1994). Using an evolution algo-
rithm, the parameters of the constitutive models used
for the matrix (epoxy), the particles (mineral) and the
interfaces are determined to fit experimental data. By
requiring good fit to cohesive laws in pure peel and pure
shear loading, a unique set of parameters is determined
(Salomonsson and Andersson 2008).

In Salomonsson (2008), the model is used to study
mixed mode loading of the adhesive layer. It is shown
how the mode mix influences the cohesive laws on the
structural length scale. Moreover, the model shows how
plasticity and decohesion influence the fracture process
on the mesomechanical length scale. At pure peel load-
ing, decohesion dominates and with an increasing shear
component in the load mix, plasticity is more and more
important. Thus, in pure shear, decohesion is accompa-
nied by substantial plasticity leading to a much larger
fracture energy in shear than in peel. It is also shown
how compressive peel stress accompanies shear load-
ing if the peel deformation is constrained, i.e. if w = 0.
This explains the peel deformation observed in ENF-
experiments (Leffler et al. 2007), and the shear hackles
or cusps observed on fracture surfaces (Pettersson et al.
2006). Moreover, if it is assumed that the plasticity

figure shows an unstructured FE-mesh with 7276 elements. The
elements falling into the dark areas are given the properties of
the mineral shown
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Fig. 13 Double cantilever beam specimen. Light gray zones
indicate representative volume elements used in simulations,
dark gray regions indicate cohesive elements. Not to scale

is time dependent in nature, it also explains the dif-
ference in influence of strain rate on cohesive laws in
peel and shear; experiments indicate a much larger rate
dependence on the peak stress in shear than in peel
(Carlberger et al. 2009). With a smaller strain rate and
a viscous type of plasticity, more time is available to
decrease the stress resulting in a smaller peak stress. If
this conjecture is accepted, it gives one more support
for the idea that the two properties of cohesive laws:
fracture energy and peak stress are determined by fun-
damentally different processes on the micromechanical
length scale since the effect of strain rate on fracture
energy is much smaller than on peak stress.

The mesomechanical model is also used to improve
our understanding of the basic experimental methods
developed to measure cohesive laws. In Salomons-
son and Stigh (2009), the DCB-experiment is simu-
lated using two different models of the adhesive: (1)
a detailed model with a stacking of RVEs after each
other, cf. Fig. 13 and (2) using the conventional cohe-
sive elements COH2D4 available in Abaqus v. 6.5-1.
The two models give the same behaviour when loaded
in pure peel. When simulating the DCB-experiments
using elastically deforming adherends and evaluating
the simulations using the method described in Sect. 3,
the two models give very similar cohesive laws and
load vs. load point displacement curves. That is, in
this case, conventional cohesive elements acting on
the structural length scale are adequate to capture the
behaviour. However, when allowing for large plastic
deformation of the adherends, the results from the two
models diverge. The detailed model shows more than
30% larger fracture energy than the model using cohe-
sive elements. The reason is the large in-plane straining
of the adhesive layer associated with the large plas-
tic strains of the adherends. Experimentally, the same
result is observed in Andersson and Biel (2006). Fortu-
nately, the influence of in-plane straining can accurately
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Fig. 14 Deformation of adhesive layer at a late stage of loading.
At this moment, strain energy is trapped in the adhesive due to
in-plane stretching of the left end of the adhesive. One domi-
nant cohesive zone has been formed; indicated in the figure. The
cohesive stress is at this moment minute since the crack is about
to propagate

be captured if the in-plane straining is allowed to result
in elastic in-plane stress, cf. Fig. 14.

A mesomechanical study also reveals the details of
crack initiation in a DCB specimen (Salomonsson and
Stigh 2009). Due to the constraints of the adherends, the
micromechanical peel stress increases from the crack
tip of the adhesive layer into the layer. That is, the first
occurrence of the critical peel stress, on the microme-
chanical length scale, occurs several layer thicknesses
into the adhesive layer. In other words, the first micro
cracks appear somewhat into the adhesive layer and
not at the crack tip. With less stiff adherends, this point
moves closer to the crack tip, cf. Figs. 10 and 11 in
Salomonsson and Stigh (2009).

5 Structural modelling and computational aspects

Modern product development is intimately linked to
the possibility to perform and rely on simulations, i.e.
finite element analyses. With complex structures, lim-
ited computational capacity and time, rational meth-
ods should be accurate enough but not unnecessarily
detailed. An example is provided by crashworthiness
analyses of cars and lorries. Here, the FE-models are
designed to be accurate enough and still facilitate a
run-time of less than about 17h (Carlberger 2008).
Typical joints in these structures are today performed
using spot-welds and to a lesser degree by e.g. laser
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Fig. 15 Sketch of cross section of an A-pillar of a modern car.
The pillar is built-up of four different shell structures. (Saab 9-3
cabriolet, currently joined with spot- and arc welds.)

=
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| /]
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Fig. 16 Schematic of coupling of rotational degrees of freedom
61 and 6, of shell to shear deformation v of adhesive layer

welds and clinching. This limits the choice of mate-
rials that can be used in an automotive structure. By
considering adhesives, the number of possible mate-
rials increases dramatically and reduction in weight
is foreseen. A number of simulation related problems
needs however to be mastered before a more frequent
use will be seen. A typical joint is used to bond sheet
metal of less than about one millimeter thickness. In
a joint, two or more sheets can be bonded in parallel,
cf. Fig. 15. These sheets are modelled as shells in FE-
simulations. In shell elements, the degrees of freedom
are the translations and rotations of the nodes, cf. e.g.
Belytschko et al. (2000). The coupling of the rotational
degrees of freedom to the deformation of the adhe-
sive layer needs special consideration, cf. Carlberger
et al. (2008), Salomonsson and Stigh (2009). Figure 16
shows a small deformation illustration of the coupling.
In Carlberger et al. (2008), a small deformation formu-
lation for an interphase element is derived. The cou-
pling is considered in the kinematics and kinetics of the
element. For instance, the shear deformation is given by
v=u1—ur+01H/2+6,H>/2,where uy, 6y, and H,

are the in-plane displacements, the clockwise rotations,
and the thicknesses of the lower (o« = 1) and upper shell
(o = 2), respectively. A large deformation formulation
is provided in Salomonsson and Stigh (2008). In this
formulation, the simplified method to take account of
the effects of in-plane straining discussed above is also
included.

With explicit FE-analysis, the time-stepping algo-
rithm is conditionally stable. This means that the time
step must be chosen to be smaller than the critical time
step, At = 2/wmax, Where wmax 1S the maximum ei-
genfrequency of the structure, cf. e.g. Belytschko et al.
(2000). Straight forward calculation of the eigenfre-
quency necessitates the calculations of the mass and
stiffness matrixes. This would destroy one of the prin-
cipal advantages with explicit FE-analysis, namely that
these memory demanding matrixes are not needed.
To this end, the maximum eigenfrequency and critical
time step are normally estimated using the Courant-
Friedrichs-Lewy (CFL) estimate. This gives the criti-
cal time step as the time it takes an elastic wave with
velocity ¢ to pass between two nodes with the distance
L,ie. Ate > L/c. As cohesive elements are as thin
as the adhesive layer, it is expected that cohesive ele-
ments would demand a very short time step in order to
provide a stable numerical algorithm. Simulations with
commercial FE-codes indicate that these programmes
chose a time step according to the CFL-estimate. How-
ever, numerical experiments show that a substantially
larger time step than given by the CFL-estimate is pos-
sible (Carlberger et al. 2008). In Stigh and Andersson
(2010), an estimate of the critical time step of cohe-
sive elements is derived. In essence, it shows that some
of the mass provided by the adherends connected to
the cohesive element can be regarded as a property of
the cohesive element. Thus, the influence of cohesive
elements on the maximum eigenfrequency is often sub-
stantially smaller than expected if the cohesive element
is considered isolated from the mesh. As expected, the
effects of the mass of the adhesive is usually immate-
rial (Carlberger et al. 2008). A study of effects of time
step on the behaviour of a structure with an elastic-
damage model of a cohesive zone (Fig. 11) is given in
Carlberger and Stigh (2007). By choosing a long, but
numerically stable time step, fracture is predicted by
the simulation even when a shorter time step results
in a dormant fracture process. That is, cohesive mod-
els using the elastic-damage model and long time steps
appears to be conservative in a design process.

@ Springer



160

U. Stigh et al.

Numerical experiments show that a small number
of cohesive elements suffice to span the process zone
in order to achieve reasonable numerical accuracy, cf.
Carlberger (2008). In designing the FE-mesh, simple
formulas to estimate the length, d, of a fully developed
process zone are therefore needed. For slender, beam-
like bodies loaded in pure peel or pure shear, estimates
are provided by

EH3
d = Jwe | —-—,
est, peel c 12]c,peel

EH
=ve, | — 3)
12Jc,shear

Here, w. and v, are the critical peel and shear defor-
mation of the cohesive laws in pure peel and shear
loading, respectively; Jc peel and Je shear are the areas
under the cohesive laws in pure peel and shear loading,
respectively; £ and H are Young’s modulus and the
height of the adherends, respectively; both adherends
are assumed identical and linearly elastic. As noted
from the equations, d depends not only on the proper-
ties of the cohesive law but also on the stiffness of the
adherends. The stiffer the adherends, the longer the pro-
cess zone. Though these expressions are independent
of the type of loading, i.e. bending moment, normal- or
transversal forces, the type of loading also influences
the size of the process zone, cf. Stigh (1988). This detail
is not captured by the estimates. However, the differ-
ence in size of a fully developed process zone for differ-
ences in the applied loading is generally smaller than
the influence of other properties not captured by the
estimates. Tables 2 and 3 show comparisons between
the estimated lengths and results from simulations. For
guidance in the design of FE-meshes, the estimates
appear accurate enough. Similar estimates are provided
in e.g. Yang and Cox (2005); Turon et al. (2007). As
noted from the tables, the length of the fully developed
process zone is often larger than the height of the adh-
erends. This supports the use of beam or shell theory
to model the adherends, cf. e.g. Ostlund and Nilsson
(1993).

As noted above in Sect. 3, some test specimens are
not very sensitive to the details of the cohesive law.
One reason for this is that the size of the process zone
is short compared to other relevant length scales. That
is, a situation equivalent to the condition for small scale
yielding (SSY) in fracture mechanics. If this is the
case, the demands of a dense FE-mesh can be eased,

)

dest, shear

@ Springer

Table 2 Comparison of estimated length of the fully developed
process zone and the length calculated from FE-simulation. Pure
peel deformation from loading in DCB specimens, Andersson
and Biel (2006)

H (mm) 4.5 10.6 16.6 20.7
d (mm) 7 14 18 23
desl,peel (mm) 8.6 16.4 23 27

Table 3 Comparison of estimated length of the fully devel-
oped process zone and the length calculated from FE-simulation.
Almost pure shear deformation from loading in ENF-specimens,
Leffler et al. (2007). Each experiment has been simulated sepa-
rately which gives some variation in d

H (mm) 16 25 32
d (mm) 42-45 34-54 61-75
desl,shear (mm) 53 66 75

cf. Turon et al. (2007). As long as SSY holds, the details
of the cohesive law is immaterial for the structural
behaviour as long as the the fracture energy is kept con-
stant. Thus, we may vary the shape of the cohesive law
to increase the length of the process zone and by this

allowing a coarser FE-mesh as long as the conditions
for SSY holds.

6 Conclusions

Geometrically, a cohesive zone is a surface allowing a
continuum to be separated into two crack surfaces. It is
argued that the surface models the behaviour of a mate-
rial volume. This means that cohesive laws reflect the
homogenized properties of the material. Thus, cohe-
sive laws should be considered as material properties
and not mere computational models. Problems with a
straight forward application of a homogenization pro-
cess are discussed. Techniques to measure cohesive
laws are presented. These methods are based on the
assumption of the existence of a unique cohesive law.
For adhesive layers, measured cohesive laws are rea-
sonably independent of the properties of the bonded
parts. Moreover, simulated structural behaviour shows
good agreement with experimentally measured prop-
erties. These observations support the validity of the
model.

Experiments and simulations show promising results
for the usefulness of cohesive models of adhesive lay-
ers. A number of different test set-ups have been devel-
oped to measure cohesive laws. These methods are
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based on the path independence of the J-integral. To
date, a limited experience exists on the influence of
important properties as temperature, loading rate and
layer thickness on the cohesive properties of adhesives;
only a very limited number of materials have been
tested. Even less experience exists on effects of mixed
mode loading.

Finite element formulations for structural analyses
need correct coupling of the rotational degrees of free-
dom to the deformation of the adhesive layer.
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