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Abstract

Bonded joints are a common system of connec-
tion in aeronautical and space structures. By
using adhesive materials, many structural parts
made of carbon fiber reinforced plastic (CFRP)
can be effectively linked. A specific issue in this
type of joints is constituted by the evaluation of
the stress and strain fields in the adhesive mate-
rial. Obviously, experimental works can be ca-
rried out in laboratory in order to identify the ul-
timate load value, but numerical methods based
on finite element structural models can be very
useful in describing the stress and strain response
for each load step.

In this approach, an issue regarding to the
accuracy of the several finite element discretiza-
tions used to describe the joint is under debate. In
this paper a parametric study aimed to compare
the accuracy of several modelizations of a bon-
ded joint consisting of two parts of CFRP bonded
by a layer of epoxy film adhesive will be presen-
ted. All the finite elements models developed are
three-dimensional and they include the geometri-
cal nonlinearity of the single lap behaviour with
linear elastic materials in the adherend and the
adhesive. Results obtained with different mesh
sizes and element types are compared with the
available experimental data. Finally in one model
the effect of material nonlinearity in the adhesive
is analyzed using a traction-separation linear da-
mage model with cohesive elements.

1 Introduction

The study of structural bonded joints started at
the first half of the XX Century, with the works
of Volkersen [1] and Goland and Reissner [2], re-
vised and extended later by Hart-Smith, who de-
dicated studies to the general behavior of the sin-
gle lap joint [3] as well as to the particular case
of adherends made of composite material [4].

The first analytic methods were complemen-
ted by experimental works focused on the eva-
luation of the deformational response of the joint
and it’s strength. Often, these studies were ac-
companied with finite element models (FEM) va-
lidated with the experimental results.

Tsai and Morton [5] developed a three-
dimensional FEM of the single lap joint with
metallic adherends and carried out a linear sta-
tic analysis, proving the spatial nature of the de-
formational response and putting in evidence that
the interior stresses in the adhesive layer are quite
different from those at the exterior face. This
FEM was verificated against their own experi-
mental results, obtained with Moiré interferome-
try.

After that, the tests were repeated considering
adherends made of composite material [6], com-
paring the response with a bidimensional FEM in
plane strain analyzed using non linear theory with
geometrical nonlinearity. The results have been
verified numerically by Li et al. [7] with a bidi-
mensional mesh of which the behavior through-
out the thickness is extracted, not only in the
middle plane.

The disadvantage of the previous modeli-
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zations is that the 2D meshes cannot capture
the effect of in-plane shear and bending-twisting
coupling caused by the fiber layers with orienta-
tions of £ 45°. This is the reason why the present
job has been developed, where the main objetive
is the parametric comparative study of the preci-
sion of the stress and strain response in the adhe-
sive layer of a single lap bonded joint with com-
posite adherends, taking into account diferent
element types, mesh discretizations and analysis
procedures in a tridimensional mesh. The pur-
pose is to deduce the better metodology to in-
clude this kind of joints in global models, in order
to get the combined response.

2 The Single-lap Joint Finite Element Model

The analysis of the three-dimensional behavior of
the single lap bonded joint was performed with a
model of the same dimensions as the one used
by Tsai and Morton [6], so that the results ob-
tained could be verified with the experimental
data obtained by these authors. The Fig. 1 shows
the geometrical definiton and also the origin and
orientation of the global coordinate system, along
with the boundary conditions applied at the ad-
herents ends. The dimension values are shown in
Table 1.

Lower CFRP adherend Right end
X, Y, Z displacements not allowed
X,Y,Z rotations not allowed (when applicable)

Upper CFRP adherend

Left end. Load applied
Y, Z displacements not allowed L
X,Y,Z rotations not allowed (when applicable)

Fig. 1 Geometrical definiton of the CFRP single
lap joint

The material of the adherends is grap-
hite/epoxy (XAS/914C) with a lay-up of
[0/45/ — 45/0]a and the adhesive layer is

L (mm) 2c¢(mm) ¢ (mm) ¢, (mm) B (mm)

101.6 254 2.0 0.13 254

Table 1 Dimensions of the model

made of epoxy resin HEXCEL Redux 308A.
The properties of each material are showed
Table 2, where the hypothesis made for each
ortotrophic lamina are E, = Ey, Gy, = G; = Gy,
and Vyy = Vy; = V.

The applied load is 4448 N at the end cross
section surface of the lower CFRP adherend
(Fig. 1). The boundary conditions at the loaded
adherend end restrict all the degrees of freedom
(DOF), except for the longitudinal displacement,
while at the unloaded adherend end, none of the
displacements or rotations are allowed when the
element type has this DOF in its formulation.

Symmetry conditions have also been applied
in the middle longitudinal plane of the joint, at
Y = B/2. That is the reason why the width of the
mesh is reduced to half, imposing the conditions
of null cross-sectional displacement in the sym-
metry plane.

Mesh detail of the adhesive

Mesh detail of the overlap

Fig. 2 Finite element model of the joint and de-
tails of the mesh refinement at the overlap end
with shell adherends and cohesive elements at the
adhesive layer

The analysis code used was ABA-
QUS/Standard in its version 6.5-5 [8], con-
sidering two different element types for the
adherent as well as for the adhesive, with the
purpose of verifying its behavior for a possible
inclusion in a global model.
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Material E, (GPa) E, (GPa) G,, (GPa) vy,
Composite lamina 138 9.4 6.7 0.32
Epoxy adhesive 3 3 1.15 0.31

Table 2 Material properties of adherend and adhesive

At the adherends four node shell elements
with full integration have been used with six
DOF per node without hourglass modes neither
in membrane nor in bending response [9]. In or-
der to connect these elements with those of the
adhesive layer, kinematic couplings have been
applied considering the rotation and the displa-
cement of the nodes of the interface between ad-
herend and adhesive. Also hexaedrical elements
of eight nodes, called “continuum shell” in the
program, were employed in the adherend . These
elements present a volumetric connectivity and
have three DOF at each node, but their kinematic
and constitutive behavior is similar to conventio-
nal shell elements.

Mesh detail of the adhesive

Mesh detail of the overlap

Fig. 3 Finite element model of the joint and de-
tails of the mesh refinement at the overlap end
with continuum shell adherends and solid ele-
ments for the adhesive layer

With respect to the adhesive, we used in most
of the cases a two layer discretization with eight
nodes solid elements and three DOF per node
with reduced integration and hourglass control.
In addition, a specially formulated element for
adhesive layers, called ‘“cohesive” in the pro-
gram, has been used. It is an hexaedrical element
with eight nodes and three DOF per node that can
mesh the adhesive with only a layer of elements.

The Fig. 2 shows a FEM of the joint with
shell elements for the adherends and cohesive
elements for the adhesive layer, whereas in the
Fig. 3 continuum shell elements are used at the
adherends and solid elements for the adhesive la-
yer

On the other hand, the finite element mesh
has been parametrized based on the following va-
riables:

* E;: Number of elements in longitudinal di-
rection at the non-overlapped section of the
adherends.

* E;,: Number of elements in the longitudi-
nal direction at the overlap of adherend and
adhesive.

e E,: Number of elements in vertical direc-
tion at the adherends.

e E,.: Number of elements in vertical direc-
tion at the adhesive layer.

e F,: Number of elements in transversal di-
rection.

Considering the variation of these parameters
and the combination of element types, 26 diffe-
rent models have been defined, grouped in 6 ca-
tegories, according to the Table 3.

The FOO model is considered as the reference
to verify the mesh and its discretization which
tries to obtain the experimental response measu-
red by Tsai and Morton [6], serving as base to
elaborate the rest of models.

The models of groups 1 and 2 are destined
to evaluate the influence of the longitudinal (£;,)
and vertical (E,,) discretizacion respectively in
the adhesive layer, whereas groups 3 and 4 pursue
the same objective in the adherend (E; and E)).
Group 5 considers the influence of the element
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Group Model Number of elements Total Element Type
E, E, E, E, E Elements Nodes Adherend Adhesive
0 FOO 100 160 1 2 20 16800 21105 Shell Solid
1 FO1 50 20 1 4 20 4400 5187 Shell Solid
1 FO2 50 40 1 4 40 13600 15867 Shell Solid
1 FO3 50 60 1 4 60 27600 32147 Shell Solid
1 Fo4 50 80 1 4 80 46400 54027 Shell Solid
1 FO5 50 100 1 4 100 70000 81507 Shell Solid
2 FO6 50 60 1 1 60 16800 20984 Shell Solid
2 FO7 50 60 1 2 60 20400 24705 Shell Solid
2 FO8 50 60 1 4 60 27600 32147 Shell Solid
2 FO9 50 60 1 6 60 34800 39589 Shell Solid
2 F10 50 60 1 8 60 42000 47031 Shell Solid
3 F11 10 60 1 4 60 22800 27267 Shell Solid
3 F12 25 60 1 4 60 17500 20757 Shell Solid
3 F13 50 60 1 4 60 27600 32147 Shell Solid
3 F14 100 60 1 4 60 33600 38247 Shell Solid
3 F15 200 60 1 4 60 45600 50447 Shell Solid
4 Fil6 50 60 1 4 60 27100 38247  C. Shell Solid
4 F17 50 60 2 4 60 40800 51789  C. Shell Solid
4 F18 50 60 4 4 60 67200 78873  C. Shell Solid
4 F1I9 50 60 8 4 60 120000 133041 C. Shell Solid
4 F20 50 60 16 4 60 225600 241377 C. Shell Solid
5 F21 50 100 1 2 100 50000 61105 Shell Solid
5 F22 50 100 4 2 100 140000 162711 C. Shell Solid
5 F23 50 100 1 1 100 40000 50904 Shell Cohesive
5 F24 50 100 4 1 100 130000 152510 C. Shell Cohesive
6 F25 25 20 1 1 10 2200 2814 Shell Cohesive

Table 3 Characterization of the models involved in the parametric study, including mesh size and type of

finite element used

type in the behavior of the union, defining all the
possible combinations.

Finally, the F25 model has been used to study
the adhesive taking into account nonlinearity of
the material by damage. Regarding to the analy-
sis mode, the verification model FOO was analy-
zed using linear theory as well as nonlinear consi-
dering geometrical nonlinearity. It is verified that
the analysis with geometrical nonlinearity per-
forms a more precise behavior of the joint. For
this reason, the rest of analysis has been always
made in nonlinear theory.

3 Results and Discussion

3.1 Verification of the Reference Model

The Fig. 4 shows the peel (6;) and shear T, strain
distribution with both linear and nonlinear analy-
sis in model F0OO, along with the Tsai and Mor-
ton’s [6] results in the middle plane of the ad-
hesive layer (Y=0). It is verified that the linear
analysis does not represent the shear strains pro-
perly, specially in the final third of the curve. Ne-
vertheless, the nonlinear model correctly fits the
experimental curve, except in the zone where the
pronounced growth begins (0.55 < x/c < 0.9).
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Accurate results are achieved at the final section,
where the strains are around 3.5%, obtaining total
coincidence between numerical and experimental
data.

With regard to the peeling strain, the diffe-
rence between models is smaller, although non-
linear one obtains again the better response, dis-
playing disagreement with the tests in the zone of
0,7 < x/c < 0.95. Tt is possible to indicate as a
positive aspect that the maximum strains, located
at the end of adhesive layer are obtained correctly
by the model. Normalized analysis time, that
compares the computational cost of all the con-
sidered models shows a result of 0.017 against
0.009 in favor of the linear model. Fig. 5 shows
the deformed shape of the model, with a scale
factor of 20.

1.0%
05% |
0.0% &
-05% |
1.0% L
15% |
20% |
2.5% L
3.0% |
35% |
4.0% L

Strain distribution

0 0.1 02 03 04 05 06 07 08 09 1
x/c Position

-o- F00. Non linear. Peel = F00. Linear. Peel
-e- F00. Non linear. Shear -+ F00. Linear. Shear

- Moire. Peel
-= Moire. Shear

Fig. 4 Comparison of strains measured in Tsai
and Morton’s Moire experiment [6] and the refe-
rence model FOO along the centerline of the ad-
hesive layer for linear and nonlinear analysis

Fig. 5 Deformed shape of the CFRP single lap joint

The Fig. 6 shows the contour plot of the pee-
ling stresses at the middle plane of the adhesive
layer, where is clearly seen the stress concentra-
tion at the longitudinal and transversal ends of
the overlap. The same thing happens with nor-
mal stresses G, (Fig. 7) and with shear stresses

Ty, (Fig. 8), being in this case the transversal va-
riation unimportant.

Fig. 6 Contour map of the G, peel stresses at the
adhesive layer

Fig. 7 Contour map of the G, stresses at the ad-
hesive layer

Fig. 8 Contour map of the T,, shear stresses at
the adhesive layer
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3.2 Mesh Discretization Influence

All the stress results have been normalized with
respect to the average stress p in the adherent,
that is equal to 87.56 MPa.

In the models of group 1 the influence of the
longitudinal discretization of the adhesive is stu-
died. Fig. 9 shows the distribution of strains,
where it is specially observed that this parame-
ter has a significant influence, when considering
the peaks of strain at the end of the union. This
influence is appreciable also with strain stresses
and is very important for obtaining of the peeling
stresses, which is shown in the Fig. 10.

1.0%
0.5%

0.0% oo s 7
[T e e =
-0.5%
-1.0%
-1.5%
-2.0%
-2.5% |
30% | \

Strain distribution

-3.5% L : : : : : : : : : *
0 01 02 03 04 05 06 07 08 09 1
x/c Position
- Moire. Peel ~-F02. Peel - F03. Peel FO5. Peel

-= Moire. Shear ~ —- F02. Shear -+ F03. Shear F05. Shear

Fig. 9 Comparison of strains measured in Tsai
and Morton’s Moire experiment [6] and the FO2,
FO3 and FO5 models, involving longitudinal dis-
cretization influence of the adhesive layer mesh

In group 2 the importance of the vertical dis-
cretizaction of the adhesive layer is considered,
and it was proved to be practically null for the
case of the strains (Fig. 11) and very small in the
case of the stresses (Fig. 12). This is logical con-
sidering that all the results have been obtained in
the middle line of the adhesive. If our intention
is to study the structural response throughout the
thickness, then finer discretizations will have to
be taken into acount, being able to avoid it other-
wise.

In the case of the adherends mesh, the longi-
tudinal discretization does not affect to the results
(Fig. 13). However in this case since the number
of elements considered in this analysis is higher
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x/c Position

-o-F02.Peel -=-F02.Shear —-F03.Peel —+ F03.Shear - F05.Peel -+ F05.Shear

Fig. 10 Stress distribution in FO2, FO3 and FO5
models, involving longitudinal discretization in-
fluence of the adhesive layer mesh

10%
05% |
0.0% &
-0.5%
1.0% |
15% |
20% |
25% |
3.0% |
3.5% L

0 01 02 03 04 05 06 07 08 09 1

x/c Position

-o- Moire. Peel ~-F07. Peel - F08. Peel F10. Peel
-= Moire. Shear - F07. Shear -+ F08. Shear F10. Shear

Strain distribution

Fig. 11 Comparison of strains measured in Tsai
and Morton’s Moire experiment [6] and the FO7,
FO8 and F10 models, involving vertical discreti-
zation influence of the adhesive layer mesh

in all the cases to the really necessary ones to ob-
tain the structural response. A case of overmes-
hing can be considered, that it is confirmed by the
coincidence of all the results of stress (Fig. 14).
In this case it can be considered reasonable to use
a coarser discretization.

The number of elements used in the vertical
discretization of the adherent when continuum
shell elements are employed has a significant in-
fluence in the results at the adhesive layer, es-
pecially in the case of the stresses, as shown in
Fig. 16. In this case, a smaller number of ele-
ments presents better results, obtaining a good
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Fig. 12 Stress distribution in FO7, FO8 and
F10 models, involving vertical discretization in-
fluence of the adhesive layer mesh
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Strain distribution

Fig. 13 Comparison of strains measured in Tsai
and Morton’s Moire experiment [6] and the F11,
F13 and F15 models, involving longitudinal dis-
cretization influence of the adherent mesh

adjustment of the strains in the final part of over-
lap (Fig. 15). This is because when we increase
this value, the elements are much more small in
vertical direction, taking place a great distortion
that penalizes the results.

3.3 Element type influence

When we approximate the shear strain and stres-
ses, the best models are those with shell elements
at the adherend (Fig. 17 and Fig. 18). We obtain
better results of the model using solid elements
in the adhesive, because it uses one more layer of
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Fig. 14 Stress distribution in F11, F13 and F15
models, involving longitudinal discretization in-
fluence of the adherent mesh
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-= Moire. Shear -+ F16. Shear -+ F18. Shear F20. Shear

Strain distribution

Fig. 15 Comparison of strains measured in Tsai
and Morton’s Moire experiment [6] and the F16,
F18 and F20 models, involving vertical discreti-
zation influence of the adherent mesh

elements, although the cohesive element is spe-
cially formulated for these cases. On the other
hand, they display greater precision in the pee-
ling stresses and strains in the models that use
solids in the adhesive.

3.4 Computational Cost

The Fig. 19 show the normalized analysis time
for each model. It is observed that the most
expensive models are those that use continuum
shell elements when several elements for adhe-
rent zones are used. The results obtained in the
previous sections, along with the longer calcula-
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Fig. 16 Stress distribution in F16, F18 and
F20 models, involving vertical discretization in-
fluence of the adherent mesh
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Fig. 17 Comparison of strains measured in Tsai
and Morton’s Moire experiment [6] and the F21,
F22 and F23 models, involving element type in-
fluence

tion time advise against the use of an excessive
number of these elements in the thickness of the
adherends. It is also observed a logical correla-
tion between the number of nodes and the time
of analysis, except for the models F11 and F12,
that present higher times of calculation conside-
ring their mesh size. The explanation for this si-
tuation is that sometimes the convergence of the
nonlinear analysis is deteriorated, specially with
coarser meshes.
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Fig. 18 Stress distribution in F21, F22 and F23
models, involving element type influence
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Fig. 19 Normalized analysis time and total num-
ber of nodes of each model

3.5 Adhesive Nonlinear Material Behaviour

Besides the geometrical nonlinearity already con-
sidered, it is important the consideration of mate-
rial nonlinearities as much in the adherent as in
the adhesive with the aim to reproduce the diffe-
rent collapse forms of the joint (delaminating in
the adherend, peeling in the adhesive) and to cal-
culate the ultimate load that the single lap could
support.

In this new model we considered material
nonlinearity only in the adhesive, keeping linear
material in the adherend. The load applied in
the previous examples has been linearly exten-
ded until the single lap reach collapse. The model
used was F25 with 2200 elements, shell elements
for the adherends and one layer of 3D cohesive
elements in the adhesive (elements COH3DS8 of
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ABAQUS Finite Element Code [8], [10]).

The Fig. 20 shows the nonlinear material
law used in the analysis. We use a traction-
separation linear damage law with an ultimate
nominal stress (stress for damage beginning) va-
lue of 6, = 1500K Pa, uncoupled traction elastic
behaviour in the initial branch with E.rr = 3GPa,
initial separation failure for softening initiation
80 = 6.5-107m, and failure separation of O =
2-98p. With these parameters, the critical energy
release rate G, of the bond has the value of G, =
0.975KJ /m?.

Load multiplier
OSSN W W
ouUouv oo uwm

0 1 2 3 4 5 6 7 8 9 10 1 12 13 14
Maximum movement (10 m)
= F25 Max. Ux. Linear material -+ F25 Max. Ux. Nonlinear material
-o- F25 Max. Uy. Linear material - F25 Max. Uy. Nonlinear material

Fig. 20 Traction-separation damage model

The initiation failure criteria is applied to the
adhesive normal traction stresses and to the two
tractions related with the tangential stresses con-
tained at the adhesive plane, whereas compres-
sion stresses are not limited.

Qa

Traction, ¢
(Nominal stress)
EA

d O
Separation, 8

Fig. 21 Load versus maximum displacements for
linear and nonlinear material models

Fig. 21 shows the global model response
(Load level / displacements) for the linear ma-

terial and the nonlinear material analysis. For
the load level applied in the previous analysis
(load multiplier A = 1), longitudinal and trans-
verse maximum displacements are slightly lower
than if nonlinear cohesive material model were
used. For A = 1, damage only takes place at
the longitudinal ends due to the higher stresses
in these boundaries. When load is increased the
damaged area is expanded toward the center and
the degree of degradation in the border elements
increases.

Fig. 22 Contour map of the G, peel stresses at
the adhesive layer in the instant just before the
collapse

Fig. 23 Contour map of the T,, shear stresses at
the adhesive layer in the instant just before the
collapse

The joint breaking happens when the load is
2.19 times higher than the load applied in the pre-
vious section (A = 2.19). Fig. 22 and Fig. 23
show normal and tangential stresses distribution
in the adhesive for a step near to the collapse.

Future works could involve the development
of the material nonlinearity approach in the
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CFRP and in the adhesive, and to validate the ob-
tained results by means of experimental research.

4 Conclusions

1. Modelling of three-dimensional meshes is
feasible with the power of calculation of
the present computers, allowing to intro-
duce the joint in global models, something
that the 2D models do not permit. On the
other hand, the behavior outside the plane
of the adherends of composite material is
correlated in a more trustworthy way.

2. Is necessary to consider the geometrical
nonlinearity of the joint, to avoid great
errors in the stress and strain response. The
computational cost does not increases ex-
cessively for considering this aspect.

3. The stress and strain concentrations results
at the ends of the adhesive layer suggest us
to refine the mesh in that zone, to be able to
capture properly the extreme values, spe-
cially those of peeling, since the shear va-
lues do not present a very high gradient in
that zone. Nevertheless, in the central zone
a coarser mesh can be used, without affec-
ting the quality of the results.

4. The use of shell elements in the adherents
results in models with smaller computatio-
nal cost without afecct to the exactitude of
the results. That is the reason why in ab-
sence of other requirements, its use as op-
posed to solid elements is advisable.

5. The structural response in the middle line
of the adhesive is not significantly affec-
ted by increasing the number of element
layers, although it is necessary in the case
that we want to obtain distributions of re-
sults throughout the thickness.
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