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CAPITULO 11

STRENGTH PREDICTION OF ADHESIVELY-BONDED
JOINTS WITH COHESIVE LAWS ESTIMATED BY
DIGITAL IMAGE CORRELATION
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ABSTRACT: Cohesive Zone Models (CZM)
are an accurate design method for bonded
structures but, depending on the adhesive type
and specimen’s geometry, the accuracy of the
strength predictions may be highly compromised
by the choice of the cohesive laws. This work
presents a validation of tensile and shear CZM
laws of three adhesives obtained by the direct
method applied to Double-Cantilever Beam
(DCB) and End-Notched Flexure (ENF) tests,
respectively. The validation is carried out by
considering a mixed-mode bonded geometry (the
single-lap joint) with different overlap lengths (L)
and adhesives of distinct ductility. Initially, the
precise shape of the cohesive law in tension and
shear of the adhesives is estimated, followed by
their simplification to parameterized triangular,
trapezoidal and linear-exponential CZM laws.
Validation of the CZM laws was accomplished by

Collection: Applied computer engineering

direct comparison of the load-displacement (P-8)
curves and maximum load (P,) of the single-lap
joints as a function of the tested L, values. The
strength predictions were accurate for a CZM
law shape consistent with the adhesive type,
although the differences between CZM shapes
were not too significant.

KEYWORDS: Structural adhesives; Adhesive
joints; Finite element method; Cohesive zone
models; Digital image correlation.

PREVISAO DE RESISTENCIA DE
LIGACOES ADESIVAS COM LEIS
COESIVAS ESTIMADAS POR
CORRELAGAO DIGITAL DE IMAGEM

RESUMO: Os modelos de dano coesivo
(MDC) sdo um método de projeto preciso para
ligagdes adesivas, mas, dependendo do tipo de
adesivo e geometria da ligacédo, a precisao das
previsbes de resisténcia pode ser altamente
comprometida pela escolha das leis coesivas.
Este trabalho apresenta uma validagcdo das
leis MDC de tragdo e corte de trés adesivos,
obtidas pelo método direto aplicado aos ensaios
Double-Cantilever Beam (DCB) e End-Notched
Flexure (ENF), respetivamente. A validagcéo é
realizada com uma geometria de modo misto (a
junta de sobreposicdo simples) com diferentes
comprimentos de sobreposicéo (L) e adesivos
de ductilidade distinta. Inicialmente, é estimada
a forma precisa da lei coesiva em tensao e corte
dos adesivos, seguida de sua simplificacdo para
leis MDC triangulares, trapezoidais e lineares
exponenciais parametrizadas. A validacdo das
leis MDC foi realizada por comparagéo direta das
curvas forga-deslocamento (P-8) e carga méaxima
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(P,) das juntas de sobreposi¢éo simples em fungéo dos valores de L testados. As previsGes
de resisténcia foram precisas para uma forma de lei MDC consistente com o tipo de adesivo,
embora as diferencas entre as formas da lei MDC nédo fossem muito significativas.
PALAVRAS-CHAVE: Adesivos estruturais; Juntas adesivas; Método de elementos finito;
Modelos de dano coesivo; Correlagéo digital de imagem.

11 INTRODUCTION

Joining with structural adhesives in the aeronautical industry dates back to the 1950’s,
although only more recently this technique has been implemented to load bearing parts in
other industries. Nowadays, adhesive bonding allows reducing the structural weight and
improving performance over mechanical joints by safely enabling joining different materials
and eliminating external components such as bolts or rivets, concurrently providing less
sources of stress concentrations (although peak stresses usually develop at the overlap
edges) (LOUREIRO et al., 2010). Disadvantages are strength depreciation under conditions
of bonding quality reduction, absence of techniques to detect weak or kissing bonds and
in some cases inability of bonded joints to comply with certification rules (FLOROS et al.,
2015). The most common joint configurations are single-lap, double-lap and scarf joints. The
single-lap joint is preferably considered for research and practical applications due to the
ease of fabrication and generalised use in several applications. Several studies using these
geometries, such as the one of AYDIN et al. (2005), showed the influence on strength of
factors such as the adhesive thickness (f,), adherend thickness (t.), geometry, mechanical
properties of the adherends and adhesives, and surface treatment.

Design methods for bonded joints can be either analytical or numerical. Analytical
methods provide closed-form solutions for the stresses along the bondline that, together with
stress or strain-based criteria, give joint strength predictions. Numerical methods overcome
the simplifying assumptions’ issue and, depending on the technique, may allow modelling
the progressive failure of the joints by using energetic parameters such as G, which already
revealed fundamental to model the behaviour of bonded joints. Numerical analyses are
typically linked to the Finite Element Method (FEM), and they can range from the simple
continuum mechanics analyses to CZM or the Extended Finite Element Method (XFEM).
The main parameters of the cohesive laws, to be introduced in the numerical models, are £ °
and t° (cohesive strengths in tension and shear, respectively, giving the peak tractions), and

the values of critical tensile and shear strain energy release rate (G, and G, respectively).

nc’
When using CZM for strength prediction purposes, it is important that the adhesive is
characterized in joints with similar geometrical conditions of the bonded structures to be
simulated, and that the CZM law shape agrees with the adhesive’s behaviour (CAMPILHO
et al., 2011). The necessary cohesive parameters (G, G,., t° and t°) can be estimated
by the property identification technique, the direct method and the inverse method. These

methods usually rely on DCB or ENF tests. The fracture analysis of bonded joints should
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be properly adapted, for instance considering data reduction methods that account for the
modern adhesives’ plasticity (CAMPILHO et al., 2015). The property identification technique
relies on the isolated calculation of each parameter, while in the inverse method at least one
of the CZM parameters are estimated by iterative fitting the FEM prediction of the P-d curve
with the respective experiment up to achieving a good agreement. As discussed by PANDYA
and WILLIAMS (2000), the direct method provides the precise CZM shape directly from
fracture tests such as the DCB or ENF, by differentiating the tensile strain energy release

rate, G,, for tension, or the shear strain energy release rate, G,, for shear, with respect to

n
&, or &.. A critical step of this technique is the measurement of 5 or &_, and this can be
based either on physical sensors (e.g. work of JI et al. (2010)) or digital image correlation
(e.g. VALOROSO et al. (2013)). JUMEL et al. (2015) used the Mixed-Mode Bending (MMB)
specimen and the same technique to study the fracture process of bonded joints. Peel
and shear cohesive stresses in the adhesive layer were calculated by differentiation of the
backface strains in tension and shear modes, respectively, while the interface displacement
discontinuities were found by integrating the same quantities. After the determination of the
CZM laws by the direct method, their accuracy can be checked by overlapping the numerical
P-d curves of models using the CZM laws with the experimental P-5 curves from the tests
(VALOROSO et al., 2013). However, this validation should also comprise testing the pure
mode CZM laws in a mixed-mode geometry, which is yet not available in the literature.
This work presents a validation of tensile and shear CZM laws of three adhesives
obtained by the direct method applied to DCB and ENF tests, respectively. The validation is
carried out by considering a mixed-mode bonded geometry (the single-lap joint) with different
values of L, and adhesives of distinct ductility. Initially, the precise shape of the cohesive
law in tension and shear of the adhesives is estimated, followed by their simplification to
parameterized triangular, trapezoidal and linear-exponential CZM laws. Validation of the
CZM laws was accomplished by direct comparison of the P-& curves and P _ of the single-

lap joints as a function of the tested L values.

21 EXPERIMENTAL PART

2.1 Adherends and adhesives

For the DCB, ENF and single-lap specimens, the high strength and ductile aluminium
alloy AA6082 T651 was chosen for the adherends, to guarantee measurement of the CZM
laws without adherend plasticization. The tensile mechanical properties of this material were
obtained in the work of CAMPILHO et al. (2011): Young’s modulus (E) of 70.07+0.83 GPa,
tensile yield stress (cy) of 261.67+7.65 MPa, tensile failure strength (o) of 324+0.16 MPa
and tensile failure strain (g) of 21.70+4.24%. The experimental testing programme included
three structural adhesives: the brittle epoxy Araldite® AV138, the ductile epoxy Araldite®
2015 and the ductile polyurethane Sikaforce® 7752. These adhesives were previously
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characterized regarding the mechanical and fracture properties (CAMPILHO et al., 2013;
CAMPILHO et al., 2011). Bulk specimens were tested in a servo-hydraulic machine to obtain
E, 0, 0,and €. The DCB test was selected to obtain G,; and the ENF test was used for G
The collected data of the adhesives is summarized in Table 1.

Property AV138 2015 7752
Young’s modulus, E [GPa] 4.89+0.81 1.85+0.21 0.49+0.09
Poisson’s ratio, v 0.35° 0.332 0.30?
Tensile yield stress, g, [MPa] 36.49+2 .47 12.63+0.61 3.24+0.48
Tensile failure strength, o, [MPa] 39.45+3.18 21.63+1.61 11.48+0.25
Tensile failure strain, g, [%] 1.21+0.10 4.77+0.15 19.18+1.40
Shear modulus, G [GPa] 1.56+0.01 0.56+0.21 0.19+0.01
Shear yield stress, ty [MPa] 25.1+0.33 14.6+1.3 5.16+1.14
Shear failure strength, ¢ [MPa] 30.2+0.40 17.9+1.8 10.17+0.64
Shear failure strain, y, [%)] 7.8+0.7 43.9+3.4 54.82+6.38
G, [N/mm] 0.20° 0.43+0.02 2.36+0.17
G, [N/mm] 0.38° 4.70+0.34 5.41+0.47

2 manufacturer’s data
b estimated in CAMPILHO et al. (2011)

Table 1 — Properties of the adhesives Araldite® AV138, Araldite® 2015 and Sikaforce® 7752 (CAMPILHO
et al., 2013; CAMPILHO et al., 2011).

2.2 Joint geometry and testing

Fig. 1 depicts the geometry of the DCB (a) and ENF specimens (b), whose dimensions
are as follows: length L=140 mm (DCB) or mid-span L=100 mm (ENF), initial crack length
a~=50 mm, t.=3 mm, t,=0.2 mm and width B=25 mm.

Fig. 1 — DCB (a) and ENF (b) test specimens for tensile and shear characterization of the adhesive
layer, respectively.

Fig. 2 shows the geometry of the single-lap joints with the dimensions: length

between grips L,=170 mm, £,=3 mm, t,=0.2 mm, L =12,5, 25, 37.5 and 50 mm and B=25
mm (not shown in the figure).
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Fig. 2 — Geometry and characteristic dimensions of the single-lap joint specimens.

Testing was carried out in a Shimadzu AG-X 100 machine with a 100 kN load cell.
To make possible the application of the direct method to the DCB and ENF tests (described
in the following Section), 18 MPixel digital images were recorded. This enabled obtaining
a, &, 5, and the adherends’ rotation at the crack tip, 6, this last parameter required in the
DCB tests for application of the J-integral. Full details of the DCB and ENF tests to obtain
the CZM laws are presented in the works of CONSTANTE et al. (2015) and LEITAO et al.
(2015), respectively.

2.3 Direct method for the DCB and ENF tests

The direct formulation presented here uses the J-integral expression as basis to
develop a G, equation that can be used for the DCB test, considering the beam theory and
the energetic force concept, leading to (ZHU et al., 2009)

P, is the applied load divided by the width, E_is the adherends’ value of E in the
longitudinal direction and Op is the rotation of the adherends where the load is applied. Fig.
3 shows the quantities &, 6, and ep necessary by the direct method. Also represented in the
figure are 5 ° (relative displacement at t°) and 5  (tensile relative displacement at failure).
The t (5,) or tensile CZM law is estimated with the differentiation of equation to the variable
d.. More details about this technique applied to the DCB specimen can be found in the work
of CONSTANTE et al. (2015). A developed algorithm was used to measure 6, and &, based
on digital image correlation and tracking reference points in the scales that follow crack
growth during the test.
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Fig. 3 — Direct method applied to the tensile and shear cohesive law estimation.

An identical procedure, i.e., based on the direct method, was used to evaluate G, . and

nc
shear CZM law by the ENF test (ZHU et al., 2009), involving the concurrent measurement
of the Jintegral and &_ (Fig. 3). The G, expression for the ENF specimen was presented by

LEFFLER et al. (2007) as

The t-5_ curve (or shear CZM law) can then be assessed by differentiation of the
G,-5, curve. Full details regarding the description of the direct method applied to the ENF
specimen, as well as the algorithm to estimate &_in every picture of a test, can be found in
the work of LEITAO et al. (2015).

31 CZM SIMULATIONS

3.1 Underlying theory

To validate the CZM laws obtained by the direct method, approximated triangular,
trapezoidal and linear-exponential laws were fit to the average experimental laws of each
adhesive. Fig. 4 depicts these CZM laws with the relevant nomenclature (5.° the relative
displacement at t°, & " is the shear failure displacement, and & ° and & are the tensile and
shear stress softening onset displacements of the trapezoidal CZM law, respectively).
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Fig. 4 — Triangular, trapezoidal and linear-exponential CZM laws.

In these laws, & and & are defined by making G=G,; for tension or G=G,; for
shear, as described by TURON et al. (2007). The elastic behaviour is established between
the current stresses and strains in tension and shear (subscripts n and s, respectively) as

€, and g_are the tensile and shear strain, respectively. For thin adhesive layers it can
be stated that K =E, K_=G, K =0 (G is the shear modulus) (CAMPILHO et al., 2011). The
stress depreciation portion of the laws is defined by a damage variable (d, for tension or d,
for shear)

where t " and '™ represent the current tensile and shear stresses, respectively if
no degradation of stiffness had occurred due to softening. The damage variable takes the
limit values d, =0 before damage (in the elastic region) and d =1 at full degradation. The
expressions for d ; considering the triangular, trapezoidal and exponential laws can be
found in reference (ABAQUS®, 2013). For the linear-exponential law a non-dimensional
parametera exists to define the rate of damage evolution with 5 __ (for a=0 a triangular law
is attained). In this work, a=7 was chosen.

3.2 Implementation of the model in Abaqus®

Validation of the pure-mode CZM laws obtained by the direct method was undertaken
in Abaqus®, considering geometrically non-linear and two-dimensional (2D) FEM models.
For the strength predictions, CZM elements were placed along the adhesive layer. The
adherends were modelled as elasto-plastic using CPE4 elements and the adhesive layer’s
behaviour by CZM elements using a single row of elements connecting both adherends
(COH2D4 4-node cohesive elements from Abaqus®) (CAMPILHO et al., 2013). Fig. 5 shows
the mesh details at the overlap for the L =12.5 mm single-lap joint. The CZM elements’
size in the adhesive layer was 0.2 mm x 0.2 mm. Size grading effects were employed (bias
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effect): vertically in the direction of the adhesive layer and horizontally from the inner overlap
region to the overlap edges, such that a higher refinement is present at these regions. As
boundary conditions, the joints were clamped at one edge and a vertical restraint and tensile

displacement was applied at the opposite edge.

Fig. 5 — Mesh detail for the L=12.5 mm single-lap joint (strength prediction analysis).

41 RESULTS

4.1 CZM law estimation by the direct method

The first step in obtaining the CZM laws of the adhesives by the direct method is the
estimation of the G-5, and G,-5, curves as described in Section 2.3 using equations and
, respectively. The average values of G, and G, were considered to build average tensile
and shear CZM laws to be further applied for the strength prediction of the single-lap joints.
Apart from these parameters, t° and t° are also required for the CZM laws and the average
values used from the full set of CZM laws obtained from the DCB and ENF tests were as
follows (in MPa): {°=37.4 and t°=16.8 (Araldite® AV138), 1°=32.9 and {°=14.8 (Araldite®
2015) and t°=22.0 and t°=11.7 (Sikaforce® 7752). Fig. 7 depicts the t-d and t-5_ curves
(CZM laws) for the specimens of Fig. 6. Both tensile and shear laws of the Araldite® AV138
are best represented by a triangular approximation because of its brittleness. Oppositely,
the Araldite® 2015 and Sikaforce® 7752 can be more accurately modelled with trapezoidal
CZM laws because of the plasticization of these adhesives before failure.
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Fig. 7 — Representative ¢ -6, and t-5_ curves for the adhesives Araldite® AV138 (a), Araldite® 2015 (b)
and Sikaforce® 7752 (c): obtained laws and triangular or trapezoidal approximations.

4.2 Discussion on the joint strength

Fig. 8 compares the experimental P_ values of the joints bonded with the three
adhesives as a function of L.

/
6
¥
4 ¥
2 T T T |
0 12.5 25 37.5 50
Lq [mm]
—Araldite® AV138 — Araldite® 2015 Sikaforce® 7752

Fig. 8 — Experimental P _-L curves for the adhesives Araldite® AV138, Araldite® 2015 and Sikaforce®
7752.

Different trends can be observed depending on the adhesives’ strength and ductility.

The value of E also has an impact on the stress distributions and thus on P_. In fact, ADAMS
(2005) concluded that smaller values of E promote more uniform stress distributions across
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the bondline. Thus, the joints bonded with the Araldite® AV138 have higher peak stresses.
Apart from this, peel and shear stress gradients increase for higher L values, resulting
in P_ for higher overlaps being highly dependent on the ductility, while short overlaps are
more dependent on the adhesive strength. It is also known that joints with ductile adhesives
undergo plasticization at the overlap edges while the inner part of the adhesive is gradually
put under loads, which promotes an increase in P (ADAMS; PEPPIATT, 1974). In view of
this, the results of Fig. 9 show that, for L,=12.5 mm, the high strength but brittle Araldite®
AV138 results in a slightly higher value of P_than the less strong but ductile Araldite® 2015
(experimental difference of 2.5%).

Fig. 9 — Experimental, analytical and numerical P,_-L curves considering triangular, trapezoidal and
linear-exponential CZM laws: Araldite® AV138 (a), Araldite® 2015 (b) and Sikaforce® 7752 (c).

By increasing L, the higher peak stresses in the adhesive layer prevent the joints
bonded with the brittle Araldite® AV138 to have a marked P_ improvement. Thus, by
increasing L, the Araldite® 2015 gradually performs better than the Araldite® AV138 since its
ductility enables plasticization after the limiting stresses are attained at the overlap edges,
thus increasing ¢, at failure. The difference for L,=50 mm is 62.5%. The Sikaforce® 7752
has moderate strength but extremely high ductility, which makes it fail under global yielding
conditions up to large L, values. On account of these characteristics, for small L, values
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this adhesive has the worse results since, under these conditions, failure is ruled by the
adhesive strength (P_ differences, for L,=12.5 mm, of 33.1% to the Araldite® AV138 and
31.4% to the Araldite® 2015). However, due to the largely ductile nature of this adhesive,
and disregarding of the increase of peak stresses with L, for all tested joint configurations
P_ manages to increase almost linearly with L. Inclusively, for L =50 mm, P_is of the same
order of magnitude to the Araldite® 2015 (smaller P_ by 5.3%), while higher by 54.0% over
the Araldite® AV138.

4.3 Evaluation of the different CZM law shapes

Validation of the direct method for strength prediction of mixed-mode geometries
was undertaken by applying the different shape CZM laws in the numerical models
including CZM elements to represent failure of the adhesive layer. The average values of
tensile and shear CZM parameters were used to build triangular, trapezoidal and linear-
exponential tensile and shear CZM laws for each of the three adhesives. Fig. 9 presents
the experimental values of P -L against the predictions for the three CZM law shapes
considering the adhesives Araldite® AV138 (a), Araldite® 2015 (b) and Sikaforce® 7752 (c).
A comparison to the shear-lag Volkersen’s theory is also included (VOLKERSEN, 1938).
Although being developed for single-lap joints, DA SILVA; DAS NEVES; ADAMS and SPELT
(2009) stressed that the Volkersen’s model represents better the behaviour of double-lap
joints because it does not account for the bending effects induced by eccentric loads, which
is less significant in double-lap joints. From the results of Fig. 9, it is found that, for the
Araldite® AV138, the Volkersen’s model is moderately accurate for short overlaps (error of
-10.5% for L,=12.5 mm), because of the brittleness of this adhesive that makes joints fail
when the limiting stress of the adhesive is attained. However, this model fails for higher
L, values (maximum error of -40.7% for L,=50 mm). This is because the predicted shear
stresses by the Volkersen’s model become constant from a certain value of L, which makes
this model not suitable for large L, values (DA SILVA; DAS NEVES; ADAMS; WANG; et al.,
2009). Oppositely to this adhesive, for the Araldite® 2015 and Sikaforce® 7752 this model
highly under predicts the experimental results, since these adhesives undergo extensive
plasticization prior to failure (NUNES et al., 2016).

The study of CAMPILHO et al. (2013) for adhesive joints proved that the simulation
of ductile adhesives with triangular laws results in P_ under predictions. The P_ predictions
of Fig. 9 with the different law shapes show that the thin layer of Araldite® AV138 is more
accurately modelled by the triangular law, with an average error of the individual errors for
each L value of 0.4%. The trapezoidal law resulted in P_ over predictions for all L, values,
with an average difference of 1.5%. Finally, the linear-exponential law highly under estimated
P_ (by an average of 5.6%). The reported results can be explained by the brittleness of the
adhesive, as it can be concluded from the data of Table 1 and Fig. 7. The largest % errors
always occur for L,=12.5 mm, disregarding the CZM law type. The best predictions for the
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joints bonded with the Araldite® 2015 were found by using a trapezoidal law, which is due
to the moderate ductility of this particular adhesive. In this case, the average error was
0.6%, with the individual values alternating between under and over predictions, depending
on L,. The other law shapes under predicted P_ for all L, values: in average by 1.1% for
the triangular law and 2.6% for the linear-exponential law. As previously mentioned, the
Sikaforce® 7752 is a highly ductile adhesive. As a consequence, also for this adhesive the
trapezoidal law gives the best approximation to the experimental data (average error of
0.6%; all values by excess). The triangular and linear-exponential laws resulted in under
predictions for all L, values (in average by 2.8% for the triangular and 5.6% for the linear-
exponential law). From these results, it can be found that, for the tested adhesives and
geometric conditions, using an inappropriate CZM law would not result in significant errors in
P._. However, a previous work by CAMPILHO et al. (2013) tested triangular and trapezoidal
CZM laws in single-lap joints with 10=<L,<80 mm, concluding that the bigger L values can
undergo differences of over 10% to the test results if the CZM law is not well chosen for the
adhesive.

51 CONCLUSIONS

This work aimed at the validation of the direct method for CZM law estimation of the
adhesive layer in predicting the strength of single-lap joints under a tensile load, considering
linear, trapezoidal and linear-exponential CZM shapes as an approximation. The tensile
and shear behaviour of the Araldite® AV138 was best fit by a triangular CZM law due to
its brittleness. On the other hand, the ductile Araldite® 2015 and Sikaforce® 7752 were
more accurately modelled with trapezoidal CZM laws. The brittle Araldite® AV138 showed a
small improvement of P_ with L, because of the increasing stress concentrations for higher
L, values and inability of this adhesive to undergo plasticization. The moderately ductile
Araldite® 2015 had a smaller P_ for the smallest L but, for higher L, revealed some ability
to sustain plasticization at the overlap edges, and thus to increase strength at a higher
rate than the former brittle adhesive. The highly ductile Sikaforce® 7752 failed under global
yielding for all considered L values. Thus, because of its inferior strength, for L =12.5 mm,
P_ was much below that of the other adhesives (for small L, values the strengths of the
adhesive rule the joint behaviour). However, for increasing L, values, P_ of this adhesive
almost matched P_ for the Araldite® 2015. The CZM predictions showed that the induced
errors by using either of the CZM laws was under acceptable values (maximum average
errors of 5.6% for the Araldite® AV138 and Sikaforce® 7752 by using linear-exponential
CZM laws and considering all L, values), but the best match was always attained by the
previously mentioned best laws for each adhesive. As a result of these findings, it can be
concluded that for the tested geometries, the CZM predictions were accurate.
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