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s Adhes Abstract The application of bonded joints is increasing due to their several y
advantages to alternative bonding methods. As a result, more efficient predictive : 5' 53
v of gap tools are necessary to increase the confidence of designers. In this context, cohe- ,
'02 sive and continuum damage models acquire special relevancy owing to their ca-
partment pacity to simulate damage onset and growth. Both of these methodologies combine

strength of materials with fracture mechanics, thus overcoming the limitations of

each method. A cohesive mixed-mode damage model based on interface finite ele-

ments and accounting for ductile behaviour of adhesives is presented. The cohesive

parameters of the constitutive softening law are determined using an inverse method ! i
applied to fracture characterization tests under pure modes, I and II. In this context ‘ \
a new data reduction scheme based on crack equivalent concept is developed and h
applied to fracture characterization tests. Good agreement between the numerical ‘(
and experimental results was obtained for strength versus overlap length in single- ‘

lap joints. A continuum mixed-mode damage model is also presented using a tri- ‘
angular softening law adequate only for brittle or moderately ductile adhesives. In R
these models the material properties degradation occurs inside of the solid elements, 1 ‘ !
which is advantageous relatively to cohesive methods mainly when damage propa- !
gation onset and path are not known a priori. ‘

6.1 Introduction

ods like mechanically fastened joints. Adhesive joints present less sources of stress
concentrations, more uniform load distribution and better fatigue properties. They
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also provide higher flexibility to join different materials, allowing the choice of the
better material for each component of a structure. To benefit from these advantages it
is crucial to design bonded joints properly. There are two basic approaches: strength
of materials and fracture mechanics based methods. These methods are described in
more detail below.

6.1.1 Failure Prediction Classical Methods

6.1.1.1 Strength of Materials

In the strength of materials approach the maximum stress or strain criteria are the
most popular ones. They are based on the assumption that failure occurs when one
of the stress or strain tensor components attains the respective strength value. Harris
and Adams [19] used with success the maximum principal stress and the maximum
principal strain criteria in order to predict the failure of single lap joints. Ikegami
et al. [20] used the von Mises stress criterion to predict the failure of scarf joints
using metal and composite adherends and Charalambides et al. [4] applied the same
criterion to double lap joints. They did not obtain accurate results due to depen-
dence of adhesive behaviour on the hydrostatic stress, which is not accounted for
in the von Mises criterion. Several different versions of these criteria were used by
other authors. Lee and Lee [28] used the maximum shear strain criterion on single
lap tubular joints. Crocombe and Adams [6] proposed the effective plastic strain cri-
terion for peel tests. In these tests the triaxial strain is expressed as an effective one,
which is compared to the uniaxial failure strain of bulk specimens:

The referred criteria have a main difficulty when applied to the failure predic-
tion of bonded joints. In fact, in bonded joints a problem of stress singularity at the
end of overlapping regions arises due to sharp corners. A stress singularity can be
defined as a point where, according to linear elastic analysis, an infinite value of
stress appears. Evidence of this problem can be detected in finite element analysis,
when stresses at the singularity point increase with the mesh refinement and con-
vergence cannot be reached. In conclusion, it can be affirmed that the stress based
methods present mesh dependency during numerical analysis due to stress singu-
larities. To overcome this problem the stresses obtained numerically are used in a
point stress or average stress criteria.[38] in order to evaluate the occurrence of fail-
ure. In the point stress criterion the stresses are evaluated at a characteristic distance
(Fig. 6.1) whereas in the average stress criterion they are averaged over a distance.
The failure occurs when these stress values attain the respective material strength.
They can be viewed as semi-empirical criteria as the characteristic distance value is
determined from experimental data. Towse et al. [36] used the criterion of critical
strain at a given distance to predict failure of double lap joints. In this case, failure is
simulated when the strain in the neighbouring region of the singularnity reaches the
respective limiting value. Although the obtained results agreed with the experimen-
tal ones, it should be emphasized that the characteristic distance was experimentally
determined, which limits its use in other types of joints. John et al. [22] argues that
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Fig. 6.1 Siress or strain at a
characteristic distance from
the singularity

Position of
evaluation point

failure occurs when shear stress attains a critical value at a normalized distance from
the singularity point in a double lap joint of unidirectional composite. However, this
result implies that the critical distance varies as a function of the overlap length
which is not physically sound. The average stress criterion applied to failure predic-
tion of bonded joints was used by Zhao [42]. The critical dimension used to evaluate
the average of the maximum principal stress was considered as being equal to the
adhesive thickness. However, Charalambides et al. [4] demonstrated that for double
lap joints the point of maximum stress occurs out of the characteristic region.

In summary it can be affirmed that the point and the average stress criteria can
provide accurate results but they depend markedly on the previous determination
of the characteristic distance, which is usually performed by experimental tests.
However, the results can not be easily applied to different types of joints that do not
use the same materials and geometry. In fact, the lack of a physical meaning of this
characteristic distance renders impossible the establishment of general predictive
tools, not depending on a parameter which is a function of type of loading, materials
involved and joint geometry.

6.1.1.2 Fracture Mechanics

In the strength of materials approach, materials are assumed to be free of defects,
Unlike to what happens in strength of materials based approaches, the fracture me-
chanics approach assumes the presence of an inherent defect in the material, induced
during the fabrication process or during work. In this case the objective is to know
if the defects can induce catastrophic failure or if, during the predicted structure
life, they can propagate stably maintaining their dimensions inferior to the critical
size. There are two types of fracture mechanics criteria. The criteria can be based
on stress intensity factors or on the energetic concepts.
The stress intensity factor is defined as

K=Yor vV7a 6.1)

where Y is a non-dimensional factor depending on the geometry and loading distri-
bution, or the remote applied stress and a the crack length. It is assumed that crack
propagation occurs when the stress intensity factor attains its critical value

il
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K.=0o,vma (6.2)

where o, is the strength of the material.

The energetic criterion is based on the assumption that crack growth will occur
when the energy available at the crack tip (G — strain energy release rate) and due to
the applied loading, overcomes the critical strain energy release rate (G.), which is
a material property. The strain energy release rate is given by

4w dU

- = 6.3
dA dA (63)

where W is the work realized by external forces, U the internal strain energy and dA
the variation of crack surface.

It should be noted that G and K are intrinsically related. In fact, Irwin [21],
demonstrated that in plane stress

K? )
=— 6.4
G=— (64)
and in plane strain
K?(1—v?)
G= — (6.5)

where E and v are the Young’s modulus and Poisson’s ratio, respectively. These
relationships are also valid for the respective critical values (G and K_).

Crack growth can take place under three different modes, as it can be seen in
Fig. 6.2. The mode I represents an open mode and the others (mode 1T and mode I1I)
are the shear modes. In the majority of real situations the applied loading originates
a combination of modes at the crack tip, which implies that a mixed-mode criterion
should be considered in order to better simulate the damage propagation.

Several authors applied the fracture mechanics concepts to the failure strength
prediction of bonded joints. The majority of the proposed works are based on the
concepts of strain energy release rate. It is usually assumed that damage propagation
occurs when the strain energy at the crack front is equal to the critical strain energy
release rate, which is a material property. Kinloch [24] refers that energetic crite-
rion is advantageous relatively to stress intensity factors approach. First the strain
energy release rate has an important physical significance related to the energy ab-
sorption. Second, the value of stress intensity factors is not easily determinable,
namely when the crack grows at or near to an interface. Ripling et al. [33] also
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proposed the use of strain energy release rates instead of stress intensity factors rec-
ognizing the non-homogeneity of the bonded joints. However, it should be referred
that the application of energetic criterion is not absent of some difficulties related
to mixed-mode crack propagation. In fact, in homogeneous and isotropic materials
cracks tend to propagate under mode I, perpendicularly to the direction of maximum
principal stress, independently of the original crack. However, in a bonded joint, the
crack growth direction is restricted by the adherends which leads, in most cases, to a
mixed-mode crack propagation (I4-II). Under these circumstances it is fundamental
to use adequate energetic criteria which are generally in the form of

G \* Gu \*
< GIC) + ( GHC> 1 (6.6)
where Gy and Gy are the critical values in mode I and mode 1. The linear energetic
criterion (A = B = 1) and the quadratic one (A = B = 2) are the most used.

One of the most popular methods based on fracture mechanics «oncepts is the
Virtual Crack Closure Technique (VCCT), which is detailed by Krueger [25]. The
method allows obtaining the strain energy release rates and is based on the assump-
tion that, when a crack grows the energy released in this process is equal to the work
necessary to close the crack to its initial length before propagation. Figure 6.3 rep-
resents a two-dimensional problem where the crack grows from the node [ to node i.
The method can be applied by two different ways. The first one consists in two steps.
In a first run, node / is closed and the forces in the mode I and mode II directions
at this node are registered. In a second run, node / is opened originating nodes [,
and [, and, by applying the same loading, the relative displacements between these
nodes in the respective directions are also measured. However, the method can also
be applied in a sole run. In this case, it is necessary to use a refined mesh and to
assure that self-similar crack propagation exists. The energy necessary to close the
crack is obtained by multiplying the loads at node i by the relative displacements
between nodes /; and />

1
AE = 5 (XiAu+Y; Av)) (6.7)

where X;, ¥; represent the loads at the closed node i and Aw;, Avy the difference of
displacements between nodes /; and />. The respective strain energy release rates
can then be calculated by the product of the relative displacements at the “opened
point” (nodes /; and l;) and the loads at the “closed point” (node i)

1
Gi= ——YA
1= 2bAg oM ©8)
: .
= XA
O = Jpagidu

being bAa the area of the new surface created by an increment of crack propagation
(see Fig. 6.3).

Using the energetic criterion expressed by Eq. (6.6), propagation will occur when
the values of Gy and Gyy obtained from Eq. (6.8) satisfy the criterion. It should be
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Fig. 6.3 The virtual crack

y
closure technique (VCCT)
Elements
thickness =b
Vi,
Iy
ulz r Y i X
, X i
u[l \Il )
b
a Aa Aa

noted that the method can be easily applied in three-dimensional problems, where
mode IIT can be obtained using the same procedure described for the other modes.

It should be referred that the use of fracture mechanics criteria depends on
the existence of some kind of defect which is usually simulated as a pre-crack.
These initial cracks are artificially introduced and intend to simulate damage or
defects originated during the fabrication process or induced in service. Thus, it can
be affirmed that fracture mechanics based criteria are more adequate for damage
growth instead of its initiation. On the other hand, there are some difficulties asso-
ciated to this approach. In fact, the initial crack length size and its locus constitute
two main difficulties characteristic of the method.

6.1.2 Actual Trends

The stress and fracture mechanics based criteria present some disadvantages. The
stress based methods present mesh dependency during numerical analysis due to
stress singularities. On the other hand, the point/average stress criteria require the
definition of a critical dimension which depends on loading, materials and joint
geometry, and do not have a physical theoretical foundation. Fracture mechanics
approach relies on the definition of an initial flaw or crack length. However, in many
structural applications the damage initiation locus is not obvious. On the other hand,
the stress-based methods behave well at predicting damage onset, and fracture me-
chanics has already demonstrated its accuracy in the crack propagation modelling.
In order to overcome the referred drawbacks and exploit the usefulness of the de-
scribed advantages, cohesive damage models and continuum damage mechanics
emerge as suitable options. These methodologies combine aspects of stress based
analysis to model damage initiation and fracture mechanics to deal with damage
propagation. Thus, it is not necessary to take into consideration an initial defect
and mesh dependency problems are overcome. Chapters 7 and 8 also deal with this
methodology. i
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6.2 Cohesive Damage Models

The use of cohesive damage models in fracture problems has become frequent in
the most recent years. One of the most important advantages of cohesive models
is related to their capacity (o simulate onset and non-self-similar growth of dam-
age. No initial crack is needed and damage propagation takes place without user
intervention. They are usually based on a softening relationship between stresses
and relative displacements between crack faces, thus simulating a gradual degrada-
tion of material properties. They do not depend on a predefined initial flaw unlike
conventional fracture mechanics approaches. Typically, stress based and energetic
fracture mechanics criteria are used to simulate damage initiation and growth, re-
spectively. Usually, cohesive damage models are based on spring [7, 26] or interface
finite elements [9, 30, 31] connecting plane or three-dimensional solid elements.
Those elements are placed at the planes where damage is prone to occur which,
in several structural applications, can be difficult to identify a priori. However, an
important characteristic of bonded joints is that damage propagation is restricted to
well defined planes corresponding to the ones near or at the interfaces between ad-
hesive and adherends or inside the adhesive, thus leading to a typical application of
cohesive methods.

In the context of adhesive joints, some works considering the cohesive approach
have been reported. Gongalves et al. [18] considered a mixed-mode cohesive dam-
age model to simulate the debonding process of aluminium single-lap joints loaded
in tension. A triangular traction-separation law was used. The experimental load-
displacement curves and failure loads were accuratély predicted when the plastic be-
haviour of the materials was included in the analysis, for the entire range of overlap
lengths considered. Blackman et al. [2] used a cohesive zone model (CZM) approach
including two parameters, G and Gyax, to study the fracture of adhesively bonded
Joints. A polynomial traction-separation law was considered. The main objective
was to investigate the physical significance of Gmax. Experimental and numerical
results were compared using the Tapered Double Cantilever Beam (TDCB) and peel
tests under mode I load. It was concluded that the specimen compliance and G, de-
pend on the value of Gyax until a relatively high value of this parameter, when the
dependence significantly diminished. A CZM was also employed by Yang et al. [39]
to study the coupling between interface fracture and plastic strain of the adherends.
For the adhesive, a trapezoidal shape traction-separation law, including plasticity,
was used. The model was validated performing T-peel tests on adhesively bonded
aluminium joints. The same authors [41] considered a similar traction-separation
law for elastic-plastic mode II crack growth modelling. End Notched Flexure (ENF)
specimens subjected to a bending load, and undergoing extensive plastic strain prior
to failure, were used to validate the modcl. The main fracture parameters were deter-
mined comparing numerical and experimental results for a particular geometry, and
then applied to other geometries. Yang and Thouless [40] simulated the mixed-mode
fracture of joints bonded with ductile adhesives using a mode-dependent embedded
process zone (EPZ) model. Mode I and mode II fracture laws obtained from previous
works were combined with a mixed-mode failure criterion to provide quantitative
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predictions of the deformation and fracture of T-peel specimens and single-lap shear
joints. A linear toughness based criterion was used to access complete failure of the
EPZ elements and subsequent damage growth. Thouless et al. [35] used a cohesive-
zone approach to model the mixed-mode fracture of adhesively bonded Glass Fibre
Reinforced Plastic single-lap joints. Three and two parameter damage laws were
used for mode-I and for mode-II, respectively. The three-parameter (interface cohe-
sive strength, characteristic strength and toughness) mode-1I traction—separation law
was used in order to simulate interfacial cracking followed by fibre pull-out (exper-
imentally observed for mode-I fracture). On the other hand, mode 1I tests indicated
that only few fibres were pulled out during mode-II fracture. Consequently, a two pa-
rameter (interface cohesive strength and toughness) trapezoidal traction—separation
law was used to simulate the behaviour of the adhesive layer in mode-I1. Experimen-
tal and numerical curves revealed excellent agreement, including both the strengths
of the joints and the failure mechanisms. Andersson and Stigh [1] used an inverse
method to determine the cohesive parameters of a ductile adhesive layer loaded
in peel using equilibrium of energetic forces acting on a Double Cantilever Beam
(DCB) specimen. This method consists on fitting the load-displacement curves, up
to a predefined agreement is achieved, thus defining the used cohesive parameters.
They verified that the stress-relative displacement curve can be divided in three
parts. Initially the stress increases proportionally to the elongation (linear elastic
behaviour of the layer), until a limit stress is achieved. A plateau region is then
observed, corresponding to the plastic behaviour of the adhesive. The curve ends
with a parabolic softening part. Leffler et al. [29] performed an identical analysis to
determine the complete stress versus deformation relation of a thin adhesive layer
loaded in shear, using the ENF specimen. The used method included the determina-
tion of the energy release rate as a function of the shear deformation at the crack tip,
followed by derivation of the traction-separation relation using an inverse method.
An approximate trapezoidal relation was obtained.

6.2.1 Cohesive Damage Model Including Plastic Behaviour

A cohesive mixed-mode (I+1I) damage model was developed in order to simulate
damage initiation and growth in bonded joints. The model is implemented via inter-
face finite elements including a constitutive softening law which relates stresses (G)
and relative displacements (8;) between homologous points. The constitutive law
presents a trapezoidal shape to account for the ductile behaviour typical of many
adhesives (see Fig. 6.4). It should be noted that the triangular law, which can be
used for brittle or moderately ductile adhesives, is a particular case of this trape-
zoidal one. Before damage starts to grow

o =E$; 6.9

where E is a diagonal matrix containing the interface stiffnesses (e;, i = I, IT). These
are defined as the ratio between the Young’s (mode I) or shear modulus (mode IT),
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Fig. 6.4 The trapezoidal constitutive law for pure-mode and mixed-mode

and adhesive thickness. The effect of adhesive thickness is then inctuded by this
way and it could be neglected in the finite element mesh. In the pure-mode damage
model, damage initiates when the relative displacement exceeds &, ;. From this point
up to final failure (&,;) a progressive softening is simulated in order to account
for the different failure processes occurring in the vicinity of the crack tip. In this
region, known as the Fracture Process Zone (FPZ), several damage processes, like
plasticity and micro-cracking, take place, which is simulated by this softening law.
Damage evolution is implemented through a damage parameter ranging between
zero (undamaged) and one (complete failure). The softening relationship can be
written as

6 =(I-D)Eg; (6.10)

where I is the identity matrix and D is a diagonal matrix containing, in the position
corresponding to mode i (i = I, II), the damage parameter, d. In the plateau region
the damage parameter can be defined as

O,
d=1—— 6.11
5 (6.11)
where 8y; (i =1, II) is obtained from the initial stiffness (e;) and local cohesive
strength in each mode o,; (i =1, II). In the stress softening part of the curve,

_01,i(8ui— &)
6;(6y,i — 024)

The rigorous definition of the second inflexion point (& ;) in pure modes is not
necessary since experience has shown that the precise details of the softening slope
are generally not very significant. This issue will be discussed in more detail in
the following sections. The maximum relative displacement, 8, ;, at which complete
failure occurs, is obtained by equating the area under the softening curve to Ji,
which corresponds to the respective critical fracture energy

d=1 (6.12)
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_ Oy

o=

(62— 01+ i) (6.13)

As in the majority of cases, bonded joints are subjected to mixed-mode (I4+1I1) load-
ing, a cohesive mixed-mode damage model, which is an extension of the pure-mode
one, is also developed (Fig. 6.4). Damage initiation is predicted using a quadratic

stress criterion
2 2
O] O] R
( I) +< ") =1 if o>0 (6.14)
Cul Ou,11

Ol = Ou1 if 01<0

where o; and o,; (i =1, II) represent, respectively, the stresses and local cohesive
strengths in each mode. It is assumed that normal compressive stresses do not induce
damage. Considering Eq. (6.9), the first Eq. (6.14) can be rewritten as a function of

the relative displacements
51m1>2 <5lmn>2
- | + - =1 (6.15)
( 11 i

where 01y ; (i =1, IT) are the relative displacements in each mode corresponding to
damage initiation. Defining an equivalent mixed-mode displacement

&=\ & + & ‘ (6.16)
and a mixed-mode ratio
= % 6.17)

the equivalent mixed-mode relative displacement at the onset of the softening pro-
cess (8yp) is obtained combining Egs. (6.15), (6.16), (6.17)

(6.18)

Stress softening onset (&) is predicted using a relationship between the current
relative displacements in each mode and the critical relative displacements, similar
to the one considered for the damage initiation point (Eq. 6.15),

O, ) 2 ( Oma ) 2
—_—] 4+ - =1 (6.19)
( 1 oa
Using a procedure similar to the one followed for &), the mixed-mode relative
displacement at the onset of the stress softening process (&) can be obtained
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| 1+pB?
Oom =81 | =55 (6.20)
" Su’+ B2

Crack growth is simulated by the linear fracture energetic criterion

Jio | Jn

—+—=1 (6.21)

Jic  Jie
When Eq. (6.21) is satisfied, damage growth occurs and stresses are completely
released, with the exception of normal compressive ones. The energy released in

each mode at complete failure can be obtained from the area of the smaller trapezoid
of Fig. 6.4

Ji= "“2"’-" (83 — Oum; + Som.i) (6.22)

Combining Eqgs. (6.16), (6.17), (6.22) and (6.21) it can be written

_ (14 B?) — (8m — im) Sim (1 + Bendic)
Sim(er/ie + B2enyc)
which corresponds to the ultimate relative displacement in mixed-mode.

The damage parameter can now be evaluated using the critical mixed-mode dis-
placements (Eqgs. (6.18), (6.20) and (6.23)) in Egs. (6.11) and (6.12).

Sum

(6.23)

6.3 Evaluation of Cohesive Parameters

The accurate evaluation of cohesive parameters of the trapezoidal law is a funda-
mental task in order to obtain good strength predictions. The properties measured
from tests in bulk specimens are not representative because in bonded joints the
adhesive is a thin layer and behave differently than in bulk. The solution is to ob-
tain the cohesive properties using specimens where the thickness of the adhesive is
similar to the one used in bonded joints. This can be achieved with the Double Can-
tilever Beam (DCB) and End Notched Flexure (ENF) fracture characterization tests
for pure mode I and mode II loading, respectively. The use of these tests to measure
the cohesive parameters is described below. ’

6.3.1 Fracture Energies

In the following, the application of the DCB and ENF tests to fracture characteriza-
tion of adhesives is described. A new data reduction scheme avoiding the inevitable

inaccuracies present in the measurement of the crack length during propagation is
highlighted.
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6.3.1.1 The DCB Test

The DCB is a standardized test (ASTM D3433-99) to measure material fracture
properties under pure mode I loading. When applied to bonded joints it consists in
two beams bonded with the required adhesive thickness with a predefined initial
crack length. The load is applied in order to promote pure mode I loading at the
crack front (Fig. 6.5).

There are two classical data reduction schemes frequently used to obtain the fracture
energy in mode I (Ji;). The Compliance Calibration Method (CCM) is based on the
Irwin-Kies equation [23]

_P*dC
~ 2bda
being C the compliance (8 /P). Using this method, the values of load, applied dis-
placement and crack length (P, § and a) are registered in order to calculate the frac-
ture energy during load history. Alternatively, the Corrected Beam Theory (CBT) is
also commonly used [10]. In this case, it 1s assumed that Ji; can be obtained from

Jic (6.24)

3PS

e = Shatia)

(6.25)

where A is a correction for crack tip rotation and deflection. A is determined from a
linear regression analysis of (C)'/? versus a data. ‘

It should be emphasized that both methods depend on crack length measurements
during its propagation. This is not easy to perform and remarkable errors can occur,
affecting the measured Ji.. In order to overcome the referred difficulties, a new data
reduction scheme based on crack equivalent concept is proposed. The method does
not require crack length measurements and accounts for the energy dissipated at the
Fracture Process Zone (FPZ). The FPZ develops ahead of the crack tip in conse-
quence of the nucleation of multiple micro-cracks through the adhesive thickness
and plastification. In fact, a quite extensive FPZ exists when ductile adhesives are
used. This non negligible FPZ affects the measured toughness as a non negligible
amount of energy is dissipated on it. Consequently, its influence should be taken
into account, which does not occur when the real crack length is used in a classical
data reduction scheme (Fig. 6.6).

The proposed method is based on beam theory and depends decisively on the
beam compliance. Consequently, it is named Compliance Based Beam Method

TR IIE '_1

Fig. 6.5 Schematic representation of the DCB test
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Fig. 6.6 Schematic represen-
tation of the FPZ and crack
equivalent (a,) concept
atlAl }

a.

a+|A|+FPZ

(CBBM). Following strength of materials analysis, the strain energy of the speci-
men due-to bending and including shear effects is [14]

a Mf2 a rh/2 2
U=2 / —dx+/ / ——bdyd ] 6.26
{0 2FE 1 Jo Jons2 2Gi3 yex (6:20)

where M is the bending moment, / the second moment of area of the specimen, b
the specimen width, E; and G;3 the longitudinal and shear elastic properties of a
general orthotropic material and

3P 4y*
v=3 (1 - h—)2> (6.27)

being y the coordinate along specimen thickness (Fig. 6.5). From Castigliano theo-
rem the displacement 8, can be written as

U 8Pd L 12Pa
9P Ebh3  5bhGi3

(6.28)

This equation constitutes an approach based on beam theory and does not account
for all effects influencing the specimen behaviour. For example, it is known that
stress concentrations arise around the crack tip, which is not taken into considera-
tion by this approach. To overcome the referred discrepancies, an equivalent flexu-
ral modulus can be obtained from Eq. (6.28) and considering two initial conditions
taken from the experimental tests: the initial crack length ag and initial compliance
Co. Moreover, this approach takes into account the variation of the material proper-
ties between different specimens at it is based on the experimentally measured Cy.
Thus, Er can be obtained from Eq. (6.28)

1 3
12(ag+ !AD) 8(ao +1A]) (6.29)

Er= (CO 5bhGi3 bh3
where A is the root rotation correction for the initial crack length (Fig. 6.6). In the
beam theory it is assumed that each arm of the DCB specimen is an encastred beam
whose length is equal to the crack length a. This parameter (A) can be achieved by
a linear regression of C1/3 = f(ap). The determination of A can be performed by
slightly loading the specimen with three different initial crack lengths (Fig. 6.7) in
order to define the C'/3 = f(ap) linear regression (Fig. 6.8).
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Fig. 6.7 Schematic
representation of the
compliance calibration as a
function of the crack length in
the DCB test

o
o

Alternatively, Wang and Williams [37] proposed another form of determining the
root rotation effects by altering the crack length using the parameter A

E; r \?’ VEE;
A=h 32— dr=1.18Y=E3 6.30
! 11G1 [ (1+r> J an Gis (©:30)

which can be used instead of A in Eq. (6.29). .

Owing to the difficulties inherent to crack monitoring during propagation and to
energy dissipation in the FPZ, an equivalent crack length a. (Fig. 6.6) is defined and
used instead of the measured crack length. The equivalent crack length is obtained
from Eq. (6.28) as a function of the specimen compliance registered during the test
and considering a. = a+ |A| + Aagpy instead of a. The solution of this equation can
be found using the mathematical software Matlab® and is presented in Appendix.
The fracture energy in mode I can be obtained using Eq. (6.24)

6P? [ 242 1
Je=— [ =& 6.31
T b <h25f+5013) ©.31)

The presented methodology allows obtaining the fracture energy J. only as function
of the P—8 data. For this reason it is designated by Compliance Based Beam Method
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(CBBM). Using this method it is not necessary to measure the crack length during
propagation because the calculated equivalent crack length is used instead of the real
one. Another advantage is related to the fact that a, includes the effect of the FPZ,
which is not taken into account when the real crack length is considered. Moreover,
the specimen modulus (Ef) is not a measured property but rather a computed one
(Eq. (6.29)) as a function of the initial compliance, thus accounting for the malterial
variability between different specimens. The only material property required in this
approach is the shear modulus Gy3. However, from Eq. (6.31) it is straightforwardly
concluded that the term containing G13 is negligible relatively to the one of E¢. This
means that a typical value of Gi3 can be used and that it is not necessary to measure
it for each specimen.

6.3.1.2 The ENF Test

Up to now there is no standardized test to measure the fracture energy of bonded
joints under pure mode II loading. The most used are based on interlaminar fracture
characterization tests of composite materials. In this context the End Notched Flex-
ure (ENF), End Loaded Split (ELS) and Four-Point End Notched Flexure (4ENF)
tests should be emphasized (Fig. 6.9).

a a.P
ENF | ] 2h
L L
S P
¥) P
ELS 2h
L
a R
L
o, P
4ENF |2
Fig. 6.9 Schematic a d |
representation of the ENF, I I
ELS and 4ENF tests
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The ELS test presents some difficulties in the measurement of fracture energy
related to large displacements effects and to sensibility of the clamping pressure
conditions [14]. On the other hand. the 4ENF test requires a quite complex setup
and some friction effects on the measured energy were detected [34]. The ENF
test is the most simple to execute and consequently is frequently used for materials
fracture characterization under pure mode II.

There are two main data reduction methods applied to ENF test in order to mea-
sure Jy of bonded joints (Fig. 6.10). The CCM is also based on Eq. (6.24). The
compliance calibration can be made by two different ways. One of them consists
in performing bending tests using specimens with different initial cracks. This can
be achieved using only one specimen by altering its position in the supports. Alter-
natively, the calibration of C can be reached by measuring the crack length during
propagation. A cubic polynomial fitting should be carried out considering

C=C,+ma’ (6.32)
which, using Eq. (6.24), leads to
3ma® P?
Jie = 5 (6.33)

The Corrected Beam Theory proposed by Wang and Williams [37], can also be

applied. The equation is .

9P?(a+ |An|)?

e = 5577
16b° E1h

where Ay is a crack length correction to account for shear. The authors showed that
A = 0.42 A1, A; being the correction for mode I obtained for the DCB test (see
Eq. (6.30)).

It should be emphasized that experimental difficulties in measuring the crack
length are higher in mode 1l fracture characterization tests. In fact, due to applied
loading the crack tends to close during propagation which hinders the clear visu-
alization of its tip. On the other hand, the quite large effect of the FPZ size [8] is
not accounted for when the real crack length is considered [11]. To overcome these
difficulties an equivalent crack procedure, similar to the one used for DCB tests, can
be followed to obtain the fracture energy under pure mode II loading using the ENF
specimen. As in the DCB test, the method is based on beam compliance and beam
theory and, consequently it is also named as CBBM.

(6.34)
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Employing the beam theory and Castigliano theorem, the equation of compliance
can be obtained

_ 3d 21} 3L

6.3
8E1bh3 +10613bh (6.35)

The equivalent flexural modulus is obtained using the initial compliance Cy and
initial crack length ag

3a3 421 3L \7!

= — - 6.36

T T8ps \ T 10G3bh (636)

This procedure takes into account the variation of the material properties between
different specimens and for several effects that are not included in the beam theory,
e.g., stress concentration at the crack tip and contact between the two arms at the pre-
crack region. In fact, these effects influence the P-J curve even in the elastic regime,
and their effects are included when the initial compliance is used to determine the
E;. Using E¢ (Eq. (6.36)) instead of E; in Eq. (6.35), an equivalent crack accounting
for the FPZ effects is achieved as a function of the beam compliance (C) which
varies during propagation

C 2/C 173
Ge = a+ Aappyz = [éag +3 (Ei — 1> L3] (6.37)
C AN

where C; and Cy. are given by

3L 3L

C=C———; Cpe=C——-— 6.38
¢ 10Gbh” %~ 77 10G3bh (6.38)
Jiie can now be obtained using the Irwin-Kies relation (Eq. (6.24))
9P g2
Jie = ———%+ 6.39
1= T6b2Eeh3 (6-39)

where a. and E; are given by Egs. (6.37) and (6.36), respectively.

In summary, this data reduction scheme applied to fracture characterization in
mode I and in mode II presents several advantages. Using this methodology, crack
measurements are unnecessary. Experimentally, it is only necessary to register the
values of applied load and displacement. Therefore, the method is designated as
Compliance Based Beam Method (CBBM). Using this procedure the FPZ effects,
that are pronounced in mode II tests, are included in the fracture energy measure-
ment. Moreover, the flexural modulus is calculated from the initial compliance and
crack length, thus avoiding the influence of specimen variability on the results. The
unique material property needed in this approach is G;3. However, its effect on the
measured fracture energy was found to be negligible [14], which means that a typi-
cal value can be used rendering unnecessary to measure it.
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6.3.2 Cohesive Critical Displacements

In order to define completely the cohesive damage model it is also necessary (o de-
termine the critical displacements corresponding to the inflexion points (8 ;, 62;).
The first one is intrinsically associated to adhesive local strength (6, ;) and the sec-
ond one defines the extent of the plateau region (Fig. 6.4). As already referred, these
properties do not correspond to that of the adhesive as a bulk material.

The definition of the cohesive parameters is performed using an inverse method
applied to fracture tests in mode I (DCB) and mode II (ENF). The method consists in
three main steps. Initially, the experimental R-curve is obtained from the P-4 curve,
applying the CBBM (Fig. 6.11). The plateau region of the R-curve corresponds to
the fracture energy of the adhesive.

The second step consists in a numerical simulation of the test, using the cohe-
sive damage model to simulate damage initiation and growth. In this simulation the
measured fracture energy is an inputted parameter in the numerical approach. The
other two cohesive parameters (6 ;, ;) can be found by a trial and error procedure.
An iterative process should be performed until a good accuracy between the numer-
ical and experimental P—8 curves is obtained, thus defining the cohesive parameters
(81,i, 62.0). This procedure depends on the number of parameters to be fixed. In fact,
if the two referred parameters should be accurately determined, a genetic algorithm
including an optimisation strategy should be used [16]. However, in some cases only
one parameter (87 ;) is necessary. This happens when brittle adhesives are used. In
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Fig. 6.11 A typical P-6 curve of the ENF test (above) and the respective R-curve obtained using
the CBBM (below)
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these cases, the trapezoidal law converts into a triangular one. Another case occurs
when the model is not sensible to the value of &, ;. In this situation, this parameter
can be arbitrarily defined imposing, for the third part of the softening law, a sym-
metrical slope relatively to the initial linear part. de Moura et al. [15], performed a
parametrical study on single lap joints and verified that even for ductile adhesives,
there is a quite large range of values of &; that do not alter the predicted joint
strength. The authors concluded that 0, ; can be defined as the point that leads to
the third part of the curve being symmetrical relatively to the initial linear part. This
choice implies that &, ; falls in the values range leading to joint maximum strength.
When only one cohesive parameter has to be determined, the iterative process can
be easily performed. In fact, two or three attempts are usually enough to obtain
an acceptable agreement between the numerical and experimental P-§ curves, thus
leading to the definition of &; ;.

6.3.3 Fracture Characterization of Bonded Joints

The method described above was applied to fracture characterization of carbon-
epoxy bonded joints under pure mode I (DCB test) and pure mode II (ENF test).
The adherends were unidirectional 0° lay-ups with sixteen layers of carbon/epoxy
prepreg (TEXIPREG HS 160 RM) with 0.15 mm of ply thickness, whose mechani-
cal properties are presented in Table 6.1 [3]. Curing was achieved in a press dur-
ing one hour at 130°C and 4 bar pressure. The adhesive Araldite® 2015 from
Huntsmann (Basel, Switzerland) was used (E = 1850 MPa, v = 0.3) [3]. The bond-
ing process included roughening the surfaces to be bonded with sandpaper and
cleaning with acetone to increase the adhesion and avoid adhesive failure, followed
by assembly and holding with contact pressure and curing at room temperature.

6.3.3.1 DCB Tests

The nominal dimensions of the DCB specimen were 24 = 5mm, L = 120 mm,
b = 15mm, ap = 45mm and adhesive thickness equal to 0.2 mm. The specimens
were tested under a tensile loading using an INSTRON testing machine at room
temperature under displacement control. The loading rate was kept constant at
2 mm/min.

During the test the P—8 curves were registered in order to obtain the respective
R-curves using the proposed CBBM. The plateau region of the R-curve defines the

Table 6.1 Carbon-epoxy elastic properties [3]

Ey = 1.09E+ 05 MPa viz =0.342 G2 = 4315 MPa
E; = 8819 MPa viz = 0.342 Gi3 = 4315MPa
Ez; =8819MPa va3 =(.380 Go3 = 3200 MPa
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Fig. 6.12 Comparison between numerical and experimental P-8 curves

Jic value which is an inputted parameter of the cohesive damage model. An iterative
procedure is followed until a good agreement between numerical and experimental
P—6 curves are achieved (Fig. 6.12), thus determining the remaining cohesive prop-
erties of the trapezoidal softening law. After some attempts, it was verified that local
strength 6,1 (or d; 1) does not have too much influence and only 01 was varied to
fit the P—§ curves. 6,1 was set equal to 23 MPa.

Afterwards, the numerical and experimental R-curves are also compared
(Fig. 6.13) in order to check the validity of the proposed model. Generally, good
agreement was observed for all tests (Table 6.2) for the inputted and numerically
obtained Ji. — plateau values corresponding to stable crack propagation. The values
of the remaining cohesive parameter are also listed in Table 6.2.

6.3.3.2 ENF Tests

The nominal dimensions of the ENF specimen are 2h = 5mm, L = 100mm,
= 15mm, gp = 70 mm and adhesive thickness equal to 0.2 mm. The numerical-
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Table 6.2 Comparison between numerical and experimental Ji; and the obtained &

Experimental Ji. Numerical i &

(N/mm) (N/mm) (mm)
1 0.484 0.482 0.021
2 0.444 0.441 0.019
3 0.420 0.415 0.018
4 0.333 0.331 0.014
5 0.406 0.404 0.018
6 0.468 0.466 0.020
Average 0.425 0.422 0.018
St. Dev.  0.054 0.055 0.003

experimental fitting procedures of P-8 curves were more complex in the ENF than
in the DCB test. In fact, some sensibility to the two inflexion points (8 1y, 8.11) was
observed, which required a larger number of iterations in order to Gbtain a good
agreement between the P-0 curves (Fig. 6.14).

The CBBM also provides good agreement between the inputted and measured
Jue (plateau values of the R-curves in Fig. 6.15), which demonstrates the adequacy
of the method in order to measure the fracture energy in pure mode II of bonded
joints. The values of the cohesive parameters obtained by the inverse method are
listed in Table 6.3 for five experimental tests.

In summary, it can be affirmed that the numerical model shows that the values
of fracture energies obtained by applying the CBBM are in excellent agreement
with the ones inputted in the cohesive damage model. This proves that the referred
data reduction scheme is able to reproduce the real values of fracture energy of
the specimens. Is should be noted that generally the predicted values are a little
bit inferior to the inputted ones. This can be explained by the presence of spurious
modes at the specimens’ edges. For example, de Moura et al. [13] demonstrated
that 1.14% of the total energy available at the specimen edges comes from mode 111
loading.
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Fig. 6.14 Comparison between numerical a|nd experimental P-§ curves
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Table 6.3 Comparison between numerical and experimental Jy. and the calculated cohesive
parameters (0, i and & 11) g

Experimental Jy, Numerical Jie  Gynr &

(N/mm) (N/mm) (MPa) (mm)
1 4.88 485 253  0.151
2 5.11 4.98 235  0.169
3 4.72 4.72 25.6  0.146
4 4.36 4.24 250  0.056
5 4.35 435 200 0.153
Average 4.68 4.63 239  0.135
St.Dev. 0.33 0.32 2.31 0.045

It should also be emphasized that the average values of cohesive parameters ob-
tained by this inverse method allow defining the constitutive cohesive laws in pure
mode I and in pure mode II. These laws can then be used in progressive damage
simulations of bonded joints with this type of adherends and adhesive in order to
predict their mechanical behaviour and strength.

6.3.4 Application to Bonded Joints

In order to verify the performance of the presented cohesive damage model on joint
strength prediction, single lap bonded joints were tested experimentally. The ad-
herends had sixteen layers of unidirectional carbon-epoxy (Table 6.1) giving a nom-
inal thickness of 2.5mm. The remaining nominal dimensions of the joints were
240 mm length, 15mm width and adhesive thickness of 0.2 mm. Eight different
overlap lengths (ranging between 10 and 80 mm) were considered. Five specimens
of each case were tested and the maximum load was registered and used to define
the joint strength. Cohesive failures were observed in all cases.
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Fig. 6.16 Comparison between numerical and experimental single lap joint strengths as a function
of overlap length

Numerical simulations were also performed considering the average real dimen-
sions of each group of five specimens for each tested case. The average cohesive
properties measured under pure mode I and under pure mode II in the previous sec-
tions were used as inputted data. The maximum loads obtained from these numerical
simulations are compared with the experimental ones in Fig. 6.16. Generally, good
agreement was obtained for all overlap lengths.

6.4 Continuum Damage Models

The cohesive models require the knowledge of the critical zones where damage is
prone to occur in order to place the cohesive elements in these critical regions. Con-
tinuum damage models can constitute an appealing alternative when damage propa-
gation onset and path are not known a priori. In these models the material properties
degradation occurs inside of the solid elements which avoids the use of special in-
terface elements. The application of continuum damage models in the context of
bonded joints can be considered interesting when adhesive thickness should be con-
sidered. In fact, it is known that adhesive thickness can influence the mechanical
properties of the joint [27]. Another example is related to crack propagation oc-
curring near to one interface due to stress concentration [17]. This non-symmetric
propagation can induce local mixed-mode loading which is not captured by cohe-
sive damage models where adhesive thickness is neglected. In these cases the adhe-
sive should be simulated by solid elements with the corresponding properties. The
progressive damage is simulated by including the damage onset and propagation
criteria in the formulation of solid elements. Usually this is performed by means of
a user subroutine in standard software where the material properties are degraded
according to the chosen criteria.

An approach similar to the one used in the cohesive damage model described
in Sect. 6.3 but considering a triangular softening law (see Fig. 6.17), instead of a
trapezoidal one, is proposed by several authors [5, 12, 32]. In this case there is a
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Fig. 6.17 Softening stresses/displacements relationship for the continuum damage model

softening relationship between stresses and strains instead of between stresses and
relative displacements considered in the cohesive model. Consequently, a charac-
teristic length /. must be introduced to transform the relative displacement into an

equivalent strain

1
Jie = EO'u.ieu,ilc,i (6.40)

This parameter is equal to the length of influence of a Gauss point in the given
direction and physically can be regarded as the dimension at which the material acts
homogeneously. It can be obtained from the coordinates of Gauss points available
during simulation. The stress—strain relation can be written considering an equation
similar to Eq. (6.10)

c=(I-D)Ce (6.41)

being C the stiffness matrix of the undamaged material in the orthotropic directions.
Assuming that damage occurs in mixed-mode (I4-1I) the model described previously
can be adopted.

For the triangular softening model (Fig. 6.17) the damage parameter is given by

Sum (6m — O1m)

4= 5m(&m - 5lm)

(6.42)

The material properties at a given Gauss point are smoothly degraded according to
the assumed criterion, thus simulating the energy releasing at the FPZ. This leads
to load redistribution for the neighbouring points, simulating a gradual propagation
process and avoiding the stress singularity effects and minimizing the mesh sen-
sitivity effects. As in the cohesive damage model, damage onset and growth are
simulated by a quadratic stress criterion and a linear energetic one, respectively,
allowing the definition of the critical displacements to be used in Eq. (6.42). More
details of the referred model are presented in [15].
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6.5 Conclusions

Adhesive bonded joints are nowadays widely used in structural applications. Con-
sequently, the development of properly design methods is fundamental to increase
the confidence of designers in using adhesive bonded joints. Mixed-mode cohesive
damage models join the positive arguments of stress based and fracture mechanics
criteria overcoming their inherent difficulties. They are presently prominent numer-
ical tools in order to simulate the behaviour of these joints.

In this.work a cohesive mixed-mode damage model adequate to the simulation of
ductile adhesives is presented. The trapezoidal constitutive softening law simulates
the adhesive behaviour including its thickness and plastic behaviour.

An important issue of the model is related to the determination of the cohesive
properties. In fact, it is known that adhesive bulk properties are not exactly the same
as the ones of a thin adhesive layer. Therefore, they were determined considering
fracture tests (DCB and ENF) where the testing conditions are similar to the ones
existing in bonded joints. An inverse method was used to define the cohesive pa-
rameters. An iterative procedure was followed in order to fit the numerical and
experimental P—§ curves, thus defining the constitutive cohesive laws in the two
modes. :

A new data reduction scheme based on crack equivalent concept was also pro-
posed to measure the fracture energies in the two fracture characterization tests.
The method does not require crack monitoring du'rilig its propagation and account
for the energy dissipated in the fracture process zone which is not negligible, mainly
when ductile adhesives are used. The method was validated by experimental tests
and numerical simulations.

Continuum damage models can be a valuable alternative to cohesive damage
models especially when adhesive thickness plays an important role on the behaviour
of the joint. In this case the adhesive is simulated by solid elements instead of in-
terface ones. The advantage of this approach is related to damage onset and crack
propagation path which are better simulated namely when non-symmetric paths can
influence the results. The softening laws are applied to the solid elements degrading
the material properties according to the predefined criteria. It should also be noted
that continuum damage models are more complicated and can lead to numerical
problems related to convergence difficulties. Further developments are necessary in
this context.

1t should be emphasized that the two models can also be used in a bonded joint
simulation. In fact, when failure of adherends, for example in composites, is also
an issue to be considered, continuum and cohesive damage models can be used to
simulate the eventual failure of adherends and adhesive, respectively. The future
trends point to the development of a numerical tool incorporating the two kinds of
models. The two methods can coexist, although till now there are some unsolved
numerical problems. In fact, both models can be implemented via user subroutines
in commercial standard software.
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