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Abstract

Nowadays, the adhesive bonding method has a very strong presence in the most varied industries, especially in aeronautics,
which strongly boosted the use of adhesively bonded joints. Curved bonded joints are commonly used in the aeronautical
industry, where curved panels typically made of carbon fibre-reinforced polymer (CFRP) are joined to fabricate several fuselage
parts. This work compares the performance of three adhesives (brittle, moderately ductile and ductile) in curved single-lap joints
(SLJ) bonded with CFRP adherends, considering the modifications of the following geometric parameters: overlap length (Lo),
adherend thickness (#p) and adherends’ radius of curvature (R). For the analysis of these joints, the finite element method (FEM)
was used with cohesive zone model (CZM), and the discussions of joint behaviour included the internal stresses of the adhesive,
joint strength and energy dissipated at failure (U). Before the numerical analysis, validation with experiments was carried out
considering flat SLJ, with positive results. The numerical study on the curved SLJ showed a significant maximum load (P,,) and
U improvement by increasing L, for the two ductile adhesives. For the same adhesives, bigger #p reduced P,,,. On the other hand,
the brittle adhesive revealed to be only minor affected by these parameter variations. Thus, with this work, clear design guidelines
are proposed for curved SLJ.

Keywords Adhesive joints - Curved joints - Composite material - Structural adhesives - Finite element method - Cohesive zone
models

1 Introduction

Nowadays, adhesive bonding is a widely used technology in
several industries, from the simplest ones like furniture or
shoemaking to the high-tech ones such as aerospace and aero-
nautics. Actually, the aerospace industry was the major driv-
ing force for the acceptance of this novel technique. Most
revolutionary in the use of composites on commercial liners
is the Boeing 787, which contains 50% composite structures
by weight and 90% by volume, and the Airbus A350XWB,
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with similar composite usage. In comparison, the Boeing 777,
which entered service in 1995, contains only 10% of compos-
ite structures by weight [1]. Adhesively bonded joints present
a number of benefits when compared with other joining
methods such as riveting and welding [2, 3]. In fact, adhesive
joining allows the possibility to join different materials and it
preserves their integrity, since it does not require drilling nei-
ther it induces a heat-affected zone such as welding.
Additionally, this technique provides more uniform stress dis-
tributions, good strength-weight and cost-effectiveness ratios,
corrosion protection, flexible gap filing, vibration damping
and improved aesthetics [4, 5]. Nonetheless, drawbacks of
bonded joints include the requirement of a surface treatment
prior to adhesive application, disassembly difficulties without
damage, low resistance to temperature and humidity and joint
design oriented towards the elimination of peel stresses [6].
For a widespread use of adhesively bonded joints, the struc-
tural behaviour prediction techniques, in terms of strength and
failure modes, have been continuously improved. Nowadays,
by applying the FEM, complex structures bonded with high
ductile adhesives may be easily characterized. CZM is a pow-
erful tool that, combined with the FEM, proved to be highly
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accurate for joints’ strength prediction [7]. CZM was pro-
posed 60 years ago [8, 9]. Ever since, several researchers
improved and successfully applying this method to describe
damage, dealing with the nonlinear zone ahead of the crack tip
[10]. This model relies on traction-separation laws between
stresses and relative displacements to simulate damage along
pre-specified paths. The accuracy of this method requires an
exact determination of the cohesive strengths in tension and in
shear (z‘n0 and tso, respectively), and the fracture toughness in
mode I (Gy¢) and mode II (Gyco) [11].

A number of joint architectures is available for designers to
choose the one suitable for the required application and load
bearing. On the one hand, the SLJ is the most used, since it is
the simplest to manufacture, and it is widely studied and
skilled to stress the adhesive in its strongest direction. Even
so, this architecture makes the adherends non-collinear, trig-
gering significant through-thickness normal or peel (oy)
stresses at the overlap ends [12]. On the other hand, the
double-lap joint is slightly more difficult to produce, but it
presents a balanced design, providing decreased bending mo-
ments, thus reducing o, and shear (7,,) stresses [13]. In addi-
tion, the scarf joint also presents manufacture constrains due
to the required milling operation to build the taper angle.
Nonetheless, it keeps the axis of loading in line with the joint,
leading to transfer the loadings more efficiently, providing
higher strength than the SLJ [14]. In realistic applications,
since longitudinal lap joints in the fuselage structure are
curved, but laboratory test specimens are flat, the effect of
joint curvature should also be assessed. For example,
Boeing’s typical narrow body and wide body aeroplanes have
aradius of curvature of 1.88 m and 3.23 m, respectively. It has
been shown that the curved geometry plays an important role
in the joint strength and damage tolerance, with emphasis to
Lo, R and adhesive thickness (¢4) [15, 16]. The use of flat SLJ
to size the curved joints for realistic structures introduces un-
certainties, which may result in sub-optimal designs.
Therefore, it is of significant importance to investigate the
performance of the curved SLJ.

Few works are available in the literature addressing curved
adhesive joints’ behaviour. Ascione and Mancusi [17] evaluat-
ed the strength up to failure of curved joints as a function of R.
An analytical model was proposed that accounts for the vari-
able R, shear deformability and coupling effects between the
axial and shear/flexure loadings. A numerical (FEM) approxi-
mation was also tested to study the effect of different joint
parameters. The adherends of the studied joints were made of
CFRP and carbon fibre-reinforced polymer (GFRP) embedded
in a concrete/masonry matrix. The chosen R values were 1000,
2000 and 5000 mm, and infinite i.e. flat SLJ. It was concluded
that R benefits the joint strength by delaying the energy absorp-
tion as the curvature radius decreases. Temiz et al. [18] exper-
imentally studied the effect of arc length and R variations on the
SLJ strength. Flat specimens (i.e. conventional SLJ) were used
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for benchmark purposes and curved joints with R =105, 132
and 150 mm with steel adherends were manufactured. The
authors concluded that the load bearing capacity of SLJ is en-
hanced when a curved overlap area is applied. In addition, it
was observed that as R increases, the joints’ load-carrying and
displacement capabilities decrease, although presenting better
performances than the flat SLJ. The study of Parida and
Pradhan [19] numerically addressed the effects of induced de-
lamination length and adherends’ curvature on the strain energy
release rates of SLJ. The joints were made with CFRP, and the
width (B) was kept constant at 25 mm. The authors found that
all modes of the strain energy release rates (Gy, Gy and Gy for
tension, shear and tearing) of a curved joint with a previously
embedded delamination at the interface between the first and
second plies increase with the reduction of R. Moreover, the
joints made with flatter adherends have higher resistance to
delamination damage growth than those with higher
adherends’ curvature. This outcome contradicts other available
studies. However, one may point as probable cause the pre-
induced delamination that grows faster in a curved joint, rather
than in a flat joint. Sato [20] analytically predicted the residual
stresses of curved joints bonded with viscoelastic adhesives
using the Dillard’s models [21]. The disadvantage of the meth-
od is the limitation of applicability, since it can only be applied
to long joints. The authors proposed a governing equation of a
model in which the adherends are beams and the adhesive is a
viscoelastic material, providing the distribution of a normal
stress perpendicular to the interface between the adhesive and
the adherends. Recently, Liu et al. [16] performed a CZM para-
metric study focused on the effect of the size, curvature and free
edges on the strength prediction of CFRP joints bonded with
the Araldite® 2015, representative of longitudinal joints in a
commercial aircraft fuselage skin. The CZM approach was
validated against typical SLJ found in the literature [15, 22].
Different architectures were modelled, namely, a curved SLJ
with free long edges, a SLJ with joggle detail, a wide curved
SLJ with constrained long edges and a narrow and wide SLJ
with initial damage. For the curvature effect, the study included
three R (1000, 2000 and 3000 mm). The joggle design was
implemented on the lower adherend in order to keep the
adherends’ axes collinear. The wide-curved SLIJ, representative
of an aircraft fuselage panel, was modelled with 2000 mm di-
ameter and 500 mm width. The joggle architecture presented
lower o, stresses and crack front strain energy release rate at the
concave end of the overlap than the SLJ. Though, if the crack
initiates in the joggle convex end, higher oy, stresses and crack
front strain energy release rate are found. Thus, in the joggle
joints, the convex end is more susceptible to present adhesive
failure than in conventional SLJ. In addition, the free edge
approach in FEM studies proved to be important to predict
the strength of real joints. The SLJ architecture with free edges
(such as used for conventional test coupons) provides a conser-
vative design to realistic joints with constrained edges. The
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evaluation of initial damage effect showed that the small initial
crack in a wide joint will propagate towards the two free edges
to develop the same crack path as a narrow SLJ.

The mentioned studies mainly discussed the differences
between curved joints and flat joints, but rare research has
investigated the effect of geometric parameters on the curved
joint behaviours. This work compares the performance of
three adhesives (brittle, moderately ductile and ductile) in
curved SLJ with CFRP adherends, considering the modifica-
tion of the following geometric parameters: Lo, fp and R. For
the analysis of these joints, the FEM was used with CZM and
included the internal stresses of the adhesive, joint strength
and U. Before the numerical analysis, validation with experi-
ments was carried out considering flat SLJ, with positive re-
sults. Thus, in this work, novel data is provided for curved
CFRP SLJ, to assist in the design of curved structures.

2 Experimental details
2.1 Materials

The adherends were composed of unidirectional CFRP pre-
preg (SEAL® Texipreg HS 160 RM; Legnano, Italy), with
0.15 mm of ply thickness. The flat SLJ CFRP adherends were
fabricated by hand lay-up of 20 plies along the joints’ longi-
tudinal direction, and then cured for 1 h at 130 °C and 2 bar of
pressure in a hot-plates press. The fibre volume fraction for the
mentioned curing conditions, including the pressure, temper-
ature and ply thickness is 64%, as specified by the manufac-
turer. Under these conditions, the porosity content is negligi-
ble. Table 1 presents the elastic properties of a unidirectional
lamina, modelled as elastic orthotropic in the FEM analysis
[24].

Both validation and subsequent numerical study on the
curved joints were undertaken using three adhesives: the
epoxy Araldite® AV138 (brittle), the epoxy Araldite®
2015 (moderately ductile) and the polyurethane
Sikaforce® 7888 (ductile). These adhesives were tested
in previous works to obtain the estimated mechanical
and fracture properties relevant for the application of the
CZM technique [22, 25, 26], and they were selected be-
cause have been used widely in the aerospace and

Table 1 Elastic orthotropic properties of a unidirectional carbon-epoxy
ply aligned in the fibres direction (x-direction; y and z are the transverse
and through-thickness directions, respectively) [23]

E,=1.09E+ Vyy = 0342 Gyy=4315 MPa
05 MPa

E,=8819 MPa v, =0.342 G,,=4315 MPa

E,=8819 MPa Yy, =0.380 G,,=3200 MPa

automotive commercial industries. Moreover, a wide
range of material behaviours can be tested. The tensile
mechanical properties were estimated by bulk tests, en-
abling the assessment of the Young’s modulus (F), tensile
yield stress (o), tensile strength (o) and tensile failure
strain (¢5). The bulk specimens were manufactured fol-
lowing the NF T 76-142 French standard, to prevent the
creation of voids. Typical tensile stress-tensile strain (o-¢)
curves of the adhesives tested in bulk are available in a
former work [27]. The equivalent shear properties were
estimated from Thick-Adherend Shear Tests (TAST)
using steel adherends. The Double-Cantilever Beam
(DCB) test was considered for Gic and the End-Notched
Flexure (ENF) test for Gyjc. All collected data is presented
in Table 2.

2.2 Joint geometry

Figure 1 shows the geometry and dimensions of the flat SLJ
(a), used for the CZM validation study, and curved SLJ (b),
considered in the numerical parametric analysis. The joint
dimensions are (expressed in mm): Lo =10-80, width B=
15 (flat SLJ) or 25 (curved SLJ), length between grips Lt =
200, tp=2.4 (flat SLJ) or 1.2, 2.4 and 3.6 (curved SLJ), t5 =
0.2 and R=1000, 2000 and 3000 (curved SLJ only). Eight
different values of Lo were evaluated (10, 20, 30, 40, 50, 60,
70 and 80 mm).

2.3 Joint manufacturing and testing

Validation of the CZM technique for strength prediction was
undertaken by the flat SLJ geometry (Fig. 1a). Initially, the
CFRP plates with 300 x 300 mm? were manually stacked with
the [0]; lay-up and cured in a hot-plates press. Following,
adherends were cut with the proper dimensions. Surface prep-
aration prior to bonding was accomplished by manual abra-
sion with fine mesh sandpaper and cleaning with acetone [28].
The joints were assembled and cured in a fabricated two-plate
steel jig that assured the correct 75 by using a set of dummy
blocks and 0.2 mm thick spacers. During this process, align-
ment tabs were also bonded at the specimens’ ends for a cor-
rect load application during the tensile tests. After closing the
upper jig plate, the set was kept under controlled humidity and
temperature conditions for curing over a one-week period. As
the final step towards testing, the excess adhesive at the over-
lap was trimmed in a milling machine to approximate the
specimens to the theoretical shape depicted in Fig. 1(a) [29].
Finally, the tests were undertaken at room temperature in an
electro-mechanical static testing machine (Shimadzu AG-X
100), at a displacement rate of 1 mm/min. The load data was
acquired by a 100 kN load cell. The displacement of the grips
holding the specimens was considered for the P-9 curves. For
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Table 2  Properties of the adhesives Araldite® AV138, Araldite® 2015 and SikaForce® 7888 [22, 25, 26]

Property AV138 2015 7888
Young’s modulus, £ [GPa] 4.89+0.81 1.85+0.21 1.89+0.81
Poisson’s ratio, v 035% 033% 0.33%
Tensile yield strength, o;. [MPa] 36.49+2.47 12.63+0.61 13.20+4.83
Tensile failure strength, oy [MPa] 39.45+3.18 21.63+1.61 28.60+2.0
Tensile failure strain, £ [%] 1.21+0.10 4.77+0.15 43.0+0.6
Shear modulus, G [GPa] 1.56+£0.01 0.56+0.21 0.71°
Shear yield strength, 7y;, [MPa] 25.1+0.33 14.6+1.3 -

Shear failure strength, 7 [MPa] 30.2+0.40 179+1.8 20

Shear failure strain, ¢ [%] 7.8+£0.7 439+34 100 ?
Toughness in tension, Gic [N/mm] 0.20° 0.43+£0.02 1.18+0.22
Toughness in shear, Gyc [N/mm] 0.38° 4.70+0.34 8.72+1.22

# Manufacturer’s data

® Estimated in reference [26], © estimated from Hooke’s law

each value of Lo, five specimens were tested, with at least four
valid results.

2.4 Numerical details
2.4.1 Model settings

Two-dimensional FEM analyses were performed in the soft-
ware Abaqus®, evaluating the stress distributions and for
CZM strength prediction. All analyses were carried out un-
der the assumption of geometrical non-linearities, which was
considered necessary to model the significant joint rotations
and deformations ofthe SLJ. Two types of models were built.
The models for the stress analysis used plane-strain quadri-
lateral elements (CPE4) in the adherends and in the adhesive

Fig. 1 Geometry and dimensions

layer, and stresses were captured at the mid-thickness of the
adhesive. The models for the CZM analysis considered
CPE4 elements for the adherends. For the adhesive, a single
layer in the thickness direction of four-node cohesive ele-
ments (COH2D4) was considered. Equally, a CZM layer
was inserted in both adherends between the 1st and 2nd plies
closest to the adhesive, to emulate the interlaminar failure at
this region, as it was observed in some experiments. A trian-
gular traction-separation law was used for both materials. For
the stress evaluation, a more refined mesh mainly in the ad-
hesive layer was applied than the one used for the strength
prediction, in order to obtain more precise results. The num-
ber of elements and bias ratio (i.e. mesh grading effects)
largely depend on the need to obtain accurate stress estima-
tions. Thus, the solid elements used for the adhesive layer in

of the flat SLJ (a) and curved SLJ [ < b ?
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the thickness direction were ten times smaller than the ones
used for strength analysis (i.e. side dimensions of 0.02 mm
compared with 0.2 mm). Consequently, the overlap zone
presented a higher mesh refinement. This mesh fine tuning
was reduced towards the edges of the joint, although not
affecting the accuracy of the results. Figure 2 shows a mesh
example and overlap edge detail for a strength analysis mod-
el. To faithfully simulate the experimental setup, the bound-
ary conditions for the flat SLJ were defined in a way that one
of'the joint edges was clamped and the other was subjected to
a vertical restriction and a tensile displacement (Fig. 1a). On
the other hand, for the curved lap joints, the direction of the
applied displacement needs to be tangent to the axis of cur-
vature of the substrate. To achieve this goal, a tensile dis-
placement was applied perpendicularly to one of the edge
butt faces of the model (Fig. 1b).

2.5 CZM formulation

CZM are based on relationships between stresses and relative
displacements connecting homologous nodes of the cohesive
elements, usually addressed as CZM laws. These laws simu-
late the elastic behaviour up to a peak load and subsequent
softening, to model the gradual degradation of material prop-
erties up to complete failure. The areas under the traction-
separation laws in tension or shear are equalled to Gjc or
Gryc, respectively. Under pure mode, damage propagation oc-
curs at a specific integration point when the stresses are re-
leased in the respective traction-separation law. Under mixed
mode, energetic criteria are often used to combine tension and
shear [30]. In this work, triangular pure and mixed-mode laws,
i.e. with linear softening, were considered. The elastic behav-
iour of the cohesive elements up to the tipping tractions is
defined by an elastic constitutive matrix relating stresses and
strains across the interface, containing £ and the Poisson’s
coefficient (v) as main parameters. Damage initiation under
mixed-mode can be specified by different criteria. In this
work, the quadratic nominal stress criterion was considered
for the initiation of damage. After the cohesive strength in
mixed-mode (z,,) is attained, the material stiffness is degrad-
ed. Complete separation is predicted by a linear power law
form of the required energies for failure in the pure modes. For
full details of the presented model, the reader can refer to

reference [26]. The CZM properties of the adhesives for the
simulations were taken from Table 2. The CZM laws for the
interlaminar CFRP failure were obtained from a previous
work using the same base material [25].

3 Results and discussion
3.1 Model validation

Validation of the CZM technique for static strength prediction
is first performed using flat SLJ bonded with the three adhe-
sives, for further application to the curved SLJ and respective
parametric analysis.

3.1.1 Failure modes

This section details the flat SLJ failure modes. Experimentally,
the specimens bonded with the Araldite® AV138, for Lo =10
and 20 mm, presented a cohesive failure of the adhesive layer,
while for Lg ranging from 30 to 80 mm, an interlaminar failure
was observed along the full extent of the cohesive layer, with a
small region of cohesive failure of the adhesive layer in some
specimens. This different behaviour was associated to higher
gradients of oy and 7y, stresses for higher Lo, which triggered
premature interlaminar for Lo > 30 mm. Figure 3(a) shows, as
an example, the fracture surfaces of a specimen bonded with the
Araldite® AV138 and Lo=40 mm, in which it is clear the
interlaminar failure and small spots of cohesive failure of the
adhesive at the overlap edges.

The joints bonded with the Araldite® 2015 always present-
ed a cohesive failure regardless of Lo, since both failure sur-
faces showed a thin adhesive layer (Fig. 3(b) shows the failed
surfaces of a specimen with Lo =80 mm). A cohesive failure
was also found for the specimens bonded with the adhesive
Sikaforce® 7888.

3.2 Joint strength

Fig. 4 shows the experimental and numerical P, curves as
function of Lo for the three studied adhesives. In addition,
the experimental standard deviations were also included.

Fig.2 Mesh example and overlap
edge detail for a curved joint with
Lo=10 mm, R=2000 mm and

adhesive layer

interlaminar layers

tp = 1.2 mm (strength analysis)

e
[
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Fig. 3 Experimental interlaminar
failure for a joint bonded with
Araldite® AV138 and Lo =

40 mm (a) and cohesive failure of
the adhesive for a joint bonded
with the Araldite® 2015 and Lo =
80 mm (b)

a)

It is notorious that P,, increases with L for all adhesives, in
particular for the Sikaforce® 7888. In fact, increasing L, from
10 to 80 mm origins a strength increment of 13.1, 16.6 and
25.8 kN, for the AV138, 2015 and 7888, respectively. For
Lo =10 mm, the Araldite® 2015 showed the lowest resistance
(2.5 kN), whereas P,, for the Araldite® AV138 and
Sikaforce® 7888 was higher by 18.3 and 85.3%, respectively.
For Lo =40 mm (representative example of an intermediate
Lo) one can notice that the Araldite® AV138 presents the
lowest P, (8.8 kN). Actually, the Araldite® 2015 and the
Sikaforce® 7888 resistance is higher by 5.9 and 97.3%, in
the same order. For Lo =80 mm, sharper differences were
attained. The Araldite® AV138 continues to perform worst
(16.0 kN), while the Araldite® 2015 and the Sikaforce®
7888 strength is higher by 19.3 and 90.4%, respectively.

40

30

This behaviour occurs due the marked ductility of the
Sikaforce® 7888. Actually, its inherent high degree of plastic-
ity allows the joint to continuously withstand the loads until
adhesive yielding is achieved in all bondline. On one hand, the
brittle Araldite® AV138 fails soon after reaching its elastic
limit, and thus it shows lower P, by increasing Lo. On the
other hand, the Araldite® 2015, which presents an intermedi-
ate degree of ductility, showed a slightly better performance
than the Araldite® AV138 by increasing Lo.

Comparing the experimental and numerical data for the
Araldite® AV138 depicted in Fig. 4(a), close results were
found, especially for low Lo. Actually, the higher deviation
was —9.1%, fond for Lo =80 mm. Regarding the Araldite®
2015, whose results are shown in Fig. 4(b), the highest devi-
ation was —7.0%, found for Lo =70 mm. Higher deviations

40

30
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z
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E
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Fig. 4 Experimental and numerical P, vs. Lo curves for the joints bonded with the Araldite® AV138 (a), Araldite® 2015 (b) and Sikaforce® 7888 (c).
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were found in Fig. 4(c) for the adhesive Sikaforce® 7888. In
fact, the lowest deviation for this adhesive was —10.0% found
for Lo =20 mm, while the higher deviation was —21.7% found
for Lo =70 mm. The main objective of the experimental tests
in SLJ was to verify if the numerical method that will be
applied in the parametric study of the curved joints constitutes
a reliable approximation to real situations. Analysing the data
of Fig. 4, one can stress that the chosen numerical methods
were successful in the strength predicting of the JSS bonded
with the Araldite® AV 138 and 2015, despite a non-negligible
difference for higher L. Oppositely, for the Sikaforce® 7888
a non-negligible discrepancy was found between the numeri-
cal and experimental results. Therefore, the triangular cohe-
sive law used to simulate the adhesive’s behaviour is not the
most suitable for the Sikaforce® 7888, although it enables to
achieve rough predictions. A solution to overcome these dis-
crepancies is the use of a trapezoidal CZM law.

3.3 Parametric study of various curved joints

A purely numerical study is performed in this Section, after
the validation presented in Section 4.1 regarding flat SLJ, to
study the effect of different geometrical parameters on the
performance of curved SLJ.

3.4 Stress analysis

In this stress analysis study, both oy and 7y, stresses are nor-
malized by the average shear stress registered along the adhe-
sive layer (7,y,) for the respective L. It should be mentioned
that only one adhesive is analysed, due to the similarities of
stress distributions between adhesives, in which the main dif-
ference is the increase of normalized peak stresses with the
adhesive’s stiffness. On account of the data of Table 2, the
Araldite® AV138 clearly has the highest peak stresses and
respective gradients.

Figure 5 relates to the #p study. Figure 5(a) represents oy,
stresses along the adhesive layer for different values of Lo,

o1,
W
Al
---..\_“n-g,

considering the Araldite® 2015, R =2000 mm, Lo =10 mm
and 80 mm, and all evaluated #p. It is shown that o, stresses are
essentially nil in the majority of the overlap, with a minor peak
at x/Lo~0 and major peak stresses approaching x/Lo=1,
which thus constitutes the critical location in which regards
oy stresses and possible composite delaminations. This asym-
metry counteracts the typical SLJ behaviour, in which o,
stresses are symmetrical with respect to x/Lo=0.5 [31, 32],
and it arises due to the joints’ curvature. For Lo =10 mm, o/
Tavg attained peaks of 6.83, 3.51 and 2.59 (p=1.2, 2,4 and
3.6 mm, respectively), thus showing a drop of 62.1% between
limit #p. For Lo =80 mm, maximum o/7,,s peak stresses of
27.73, 19.67 and 13.72 were found for increasing #p between
1.2 and 3.6 mm (50.5% reduction between limit values). Thus,
a clear oy reduction effect takes place by increasing p, which
is caused by the higher joint stiffness promoted by bigger fp,
preventing localized peel deformations at the overlap ends.
Actually, by increasing fp, the induced curvature of the
adherends is decreased, resulting in smaller oy, stresses at the
overlap edges, theoretically leading to an improved joint per-
formance. Apart from this, increasing Lo tends to aggravate
0y/Tavg peak stresses by a large amount, although higher Lo
cause the appearance of compressive oy stresses adjacent to
the peel oy, peak stresses. As the inner portion of the adhesive
layer has practically no oy, stresses, higher Lg tend to intensify
the normalized o/7,,. Figure 5(b) depicts 7y, stresses in the
adhesive layer the same Lo (10 and 80 mm) and all #, under
fixed conditions (Araldite® 2015 and R =2000 mm). The ob-
tained stress plots also show that 7 stresses are much smaller
in magnitude at the inner overlap (although not nil), peaking at
both overlap edges. Due to the joint curvature, 7, peak stress-
es are more significant near to x/Lo =1 rather than x/Lo = 0.
As a result, it can be concluded that x/Lo=1 is the stress
critical location for both o, and 7, stresses, thus where dam-
age is prone to initiate. Performing a comparison with flat SLJ,
the typical stress symmetry is thus cancelled [31, 32]. The
maximum Tyy/T,ye peak stresses for Lo =10 mm were 4.45,
2.32 and 1.77 for increasing fp between 1.2 to 3.6 mm (the

S
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Fig. 5 Normalized oy (a) and 7y, (b) stresses for the joints bonded with the Araldite® 2015, R =2000 mm, Lo =10 and 80 mm, and all evaluated #p
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reduction between limit values was 58.9%). Considering the
joints with Lo = 80 mm, 7,,/7,, peak stresses attained 19.93,
13.98 and 9.55 for tp=1.2, 2.4 and 3.6 mm, in this order
(corresponding reduction of 52.1%). Similarly to oy stresses,
higher # tend to reduce 7, peak stresses due to the increase of
axial stiffening of the adherends, and consequent reduction of
the shear-lag effect. This behaviour should be linked to higher
joint strength as the normalized 7, peak stresses reduce.
Oppositely, bigger Lo increase 7y, /T,y Peak stresses. In fact,
higher Lo are naturally associated to a more pronounced
shear-lag effect and more lightly stressed inner overlap, which
overloads the overlap ends. Thus, despite the larger area to
resist separation, 7y, stresses distributions are more prone to
localized failures.

Figure 6 pertains to the R study. Figure 6(a) shows o/T,yg
stress distributions for fixed Lo and # (10 mm and 3.6 mm,
respectively) and R between 1000 mm and 3000 mm. The
previously described behaviour for o, stresses with fixed R
at 2000 mm is valid for all tested R, i.e. with higher oy, stress
concentrations near to x/Lo =1 than at the opposite overlap
edge. The highest 0,/7,,, peak stresses were 3.60, 2.59 and
2.22 for R=1000, 2000 and 3000 mm, respectively. These
results indicate a reduction of o, peak stresses with the in-
crease of R (percentile reduction of 28.3% between limit R).
This variation takes place because of the progressive flatten-
ing of the adherends, which in a limit scenario would be per-
fectly flat (for R=o0) and, in these conditions, oy stresses
would be symmetric as it occurs in common SLJ. Thus, on
account of oy, stresses, bigger R should clearly benefit the joint
strength. Figure 6(b) reports to 7yy/Tay, stresses for the same
geometrical conditions. Here, an identical behaviour was
found between all R, as it was found in the #p study, with
higher stress concentrations close to x/Lo=1. For 7y/Taye
stresses, the highest peak stresses at this location were 2.11,
1.77 and 1.64 for R between 1000 and 2000 mm, giving a
maximum percentile reduction of 22.2%. The improved joint
behaviour for larger R is also visible in this 7y stress analysis,
being natural to achieve a symmetric stress distribution for

Y Tang

3 ’
AN _’;’
0 T S~==< p— =
-2 T T T T )
0 0.2 0.4 0.6 0.8 1
x/L,
——R=1000 mm R=2000 mm ===-R=3000 mm

a)

R=o0. It is thus confirmed that the bigger R is, the higher
should the joint strength be.

3.5 Numerical failure modes

The failure modes are assessed by the variable SDEG, which
represents the stiffness degradation of the cohesive elements
and spans between 0 (undamaged cohesive elements) and 1
(failed cohesive elements). Although the scale itself is not
presented, to simplify the figures, SDEG =0 corresponds to
light grey and SDEG =1 to black, with the respective grada-
tion between these two limits. The numerical failure modes
were mostly identical individually for each adhesive. The
joints bonded with the Araldite® AV138 essentially showed
a concurrent interlaminar and cohesive failure of the adhesive
layer, starting from x/Lo = 1 and propagating towards the oth-
er adhesive edge. Figure 7(a) shows the failure process for the
joint with p=2.4 mm and Lo =40 mm, as an example. It is
visible that failure grows simultaneously at the adhesive layer
and between plies in the composite adherend. Only for two
joint geometries (Lo =10 mm and both 7 =2.4 and 3.6 mm)
the failure process was different: in these two geometries,
failure was mostly interlaminar, starting at x/Lo = 1, and small
or none damage in the adhesive layer (Fig. 7(b) shows failure
for the joint with Lo =10 mm and #p = 2.4 mm). On the other
hand, all joints bonded with the Araldite® 2015 and
Sikaforce® 7888 experienced full cohesive failure of the ad-
hesive layer, although with minor interlaminar damage.
Figure 8 shows examples for the Araldite® 2015, tp=
2.4 mm and Lo =20 mm (a) and for the Sikaforce® 7888,
tp=2.4 mm and Lo =60 mm (b). The reported differences
between adhesives are caused by caused by the higher mag-
nitude of peak stresses for the Araldite® AV138, due to its
higher stiffness, which triggers interlaminar failure of the
composite. Oppositely, the smaller peak stresses and respec-
tive gradients for the other adhesives lead to minor interlam-
inar damage but no failure, while the adhesive layer undergoes
broader degradation and failure.

0.6 0.8 1
X/L,
R=2000 mm

0 0.2 0.4

——R= 1000 mm ===-R=3000 mm

b)

Fig. 6 Normalized oy (a) and 7y, (b) stresses for the joints bonded with the Araldite® 2015, considering R = 1000, 2000 and 3000 mm, Lo = 10 mm and

tp=3.6 mm

@ Springer



Int J Adv Manuf Technol (2020) 111:2957-2970 2965

Fig. 7 Numerical concurrent and
. - - - SDEG
interlaminar failure for the joint (Avg: 75%)
bonded with Araldite® AV138, +1000e+00
tp=2.4 mm and Lo =40 mm (a) +8.333e-01
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3.6 Strength prediction AV 138 is much below the other two adhesives, despite its high
strength. However, it is a brittle adhesive that cannot accom-

Figure 9 represents the P,, vs. Lo curves for all adhesives  modate the peak stresses generated in the adhesive layer. As a
considering fp = 1.2 (a), 2.4 (b) and 3.6 mm (c) and a fixed R result, P,, for this adhesive is below the Araldite® 2015 and
0f 2000 mm. Sikaforce® 7888 up to 73.4% and 78.4%, respectively, in both
Analysis of the results for p=1.2 mm (Fig. 9a) shows a  cases for Lo =80 mm. The Araldite® 2015, despite being less
large discrepancy between adhesives. Actually, the Araldite®  strong than the Araldite® AV138, has moderate ductility

Fig.8 Numerical cohesive failure
of the adhesive for the joint (SE,ZG: 75%)

bonded with Araldite® 2015, tp= +1.000e+00
2.4 mm and Lo =20 mm (a) and +§Zggge-8%
. . 4 e-
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+5.833e-01
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+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02
+0.000e+00

SDEG
(Avg: 75%)
+1.000e+00
+9.167e-01
+8.333e-01
+7.500e-01
+6.667e-01
| +5.833e-01
+5.000e-01
+4.167e-01
+3.333e-01
+2.500e-01
+1.667e-01
+8.333e-02 o
+0.000e+00

]

b)

@ Springer



2966

Int J Adv Manuf Technol (2020) 111:2957-2970

-
P
-
P
-

A 2 -
£ - s et
A0 — - 20 —=- =
10 e == 10 Prd ==
0 T T T 1 0 T T T 1
0 20 40 60 80 0 20 40 60 80
L [mm] Lo [mm]
a) —AVI38 2015 ===-7888 b) —AV138 2015 ===-7888
50
40
— 30
Z
=)
E
SN ==
10 ="
”‘
0 T T T 1
0 20 40 60 80
Lo [mm]
C) —AVI38 2015 ===-7888

Fig. 9 P,, as a function of L for the joints bonded with the three adhesives and 7 = 1.2 (a), 2.4 (b) and 3.6 mm (c)

which, in the context of a bonded joint, gives it a significant
advantage. The best results, disregarding Lo, were attained by
the Sikaforce® 7888, since this polyurethane adhesive com-
bines high strength and ductility. The maximum relative differ-
ence of this adhesive over the Araldite® 2015 was 23.4% for
Lo =80 mm. The P,, evolution with L is differing between
adhesives. Between Lo =10 and 80 mm, the percentile P,
improvement was 127.4% for the Araldite® AV138, 584.0%
for the Araldite® 2015 and 641.1% for the Sikaforce® 7888.
Thus, the Araldite® AV138 presented the worst results, which
is intrinsically associated with its brittleness and increasing
peak stresses with L. Actually, despite the increase in bonded
area resisting separation, the adhesive cannot cope with the
peak stresses and the joints end up by failing prematurely. On
the other hand, ductile adhesives manage to absorb these peak
stresses after yielding, keeping the overlap edges under loads
while the inner overlap gets progressively loaded. As a result,
Tavg at failure is much higher than that when the limiting stress-
es of the adhesive are reached at the overlap edges. This occurs
to a bigger extent for the Sikaforce® 7888 than for the Araldite®
2015, which justifies the practically linear P.,-Lo plot for the
former adhesive.

The relative behaviour between adhesives is kept for both
tp =2.4 mm (Fig. 9b) and #p = 3.6 mm (Fig. 9c), although with
different absolute magnitudes for P,,,. Actually, between tp =
1.2 and 2.4 mm for the Araldite® AV138, P, slightly in-
creased by 26.0% for Lo =10 mm but then it reduced for all

@ Springer

Lo up to 16.0% (Lo =50 mm). A marginal P,, increase was
also found for the Araldite® 2015 and Sikaforce® 7888 with
Lo =10 mm (2.5 and 1.6%, respectively), but then reductions
were also found, especially for the bigger Lo (up to 36.4% for
the Araldite® 2015 and Lo =70 mm and 26.3% for the
Sikaforce® 7888 and Lo = 80 mm). Comparing the joints with
tp=2.4 and 3.6 mm, for the Araldite® AV138, a small P,
improvement was found for all Lo, up to 17.7% for Lo =
20 mm. For the other two adhesives, P, marginally improved
for the shortest Lo, but then it reduced by an increasing
amount with L. The highest P,, reductions were 16.7% for
the Araldite® 2015 and 22.3% for the Sikaforce® 7888, al-
ways for Lo =80 mm. Thus, the typical behaviour, apart from
few exceptions, consists of P, reduction for higher #p. This
tendency somehow contradicts the stress analysis results in the
elastic domain, especially for the ductile Araldite® 2015 and
Sikaforce® 7888, in which both oy, and 7, peak stresses di-
minish by increasing #p. However, this effect can be explained
by the curvature of the adherends, since their base geometry
negatively affects the joints’ overall ability of deforming
themselves, which in turn induces premature failures. This
effect is more prevalent for higher values of Lo.

Figure 10 represents the evolution of P, with Ly between
R=1000, 2000 and 3000 mm, considering joints bonded with
the Araldite® 2015 and #p = 2.4 mm. The P,, evolution is sim-
ilar between all R values, with a moderate increase with R,
only varying the magnitude of P,. Moreover, the P,
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Fig. 10 Py, as function of L for the joints bonded with the Araldite®
2015 and #p = 2.4 mm, considering different R

differences tend to be smaller or even almost nil for the small-
er Lo and gradually increase with increasing Lo. Compared
with the joints with R = 2000 mm, which is the base geometry,
for Lo =10 mm the relative differences were —1.7% for R =
1000 mm and + 7.7% for R =3000 mm. For Lo=80 mm,
these differences increased to —27.9% (R = 1000 mm) and +
30.1% (R = 3000 mm). It is clear that the joints with the higher
R have an improved performance, and this can be viewed as a
consequence of more symmetrical stress distributions, as pre-
viously discussed. Actually, increasing R decreases the

50

relative oy and 7, peak stresses at x/Lo = 1, whilst at the same
time the less loaded edge at x/Lo = 0 becomes loaded, leading
to a more efficient load transfer through the adhesive.
Additionally, by increasing R, the induced deformation on
the curved joints is less prevalent, which means that the joint
is able to maintain a similar configuration to the traditional
SLJ. In this manner the adhesive itself has a bigger margin to
deform and resist more than the joints with the lower values of
R.

3.7 Dissipated energy prediction

Figure 11 shows the values of U until failure as a function of
Lo, considering tp = 1.2 (a), 2.4 (b) and 3.6 mm (c) and a fixed
R of 2000 mm. Each figure directly compares the three ad-
dressed adhesives. For fp = 1.2 mm (Fig. 11a), large amounts
of energy are dissipated for the Araldite® 2015 and Sikaforce®
7888, especially for large Lo, oppositely to the Araldite®
AV138. For Lo =10 mm, the values of U=0.53, 1.10 and
2.08 J were registered by order of increasing ductility of the
adhesives. Over this condition, the U improvements were
303.0%, 2228.0% and 1746.4%, in all cases attained for
Lo=80 mm. As the obtained results show, there are clear
differences between the Araldite® AV138 and the Araldite®
2015 and Sikaforce® 7888, in line of what was previously
observed in the Py, analysis. It is clear that the high stiffness
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Fig. 11 U as function of L, for the joints bonded with the three adhesives and 7 = 1.2 (a), 2.4 (b) and 3.6 mm (c)
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and brittleness of the Araldite® AV138 negatively affects U,
since this adhesive achieves failure very early in the tests due
its low deformability. As a result, failure of the adhesive pre-
vents the joint from storing U before failure and the measured
U is much lower than for the other adhesives. On the other
hand, the higher deformation capacity of the Sikaforce® 7888
allows it to store more energy during the tests than the
Araldite® 2015 and, as a result, it presents the best results.
Equally to the strength study, U tends to increase in direct
proportion with Lo because of the higher P and failure dis-
placements attained by the joints.

A significant #p effect is also depicted in Fig. 11, by com-
paring the aforementioned results (a) with those of tp = 2.4 (b)
and 3.6 mm (c). Actually, U significantly reduced, but always
keeping the U-increasing tendency with Lg. Over fp = 1.2 mm,
the joints with #p =2.4 mm showed a reduction in U that
reached a maximum of 48.6% (Lo =50 mm), 73.4% (Lo =
70 mm) and 67.4% (Lo = 80 mm) for the Araldite® AV138,
Araldite® 2015 and Sikaforce® 7888, respectively. On the
other hand, between #p =2.4 and 3.6 mm, the maximum per-
centile reductions were, by the same order of adhesives, 5.0%
(Lo=10 mm), 36.7% (Lo=80 mm) and 39.0% (Lo =
80 mm). In both cases, the effect of Ly is also much smaller
than for fp=1.2 mm. It is thus evident that, for joints with
higher # (2.4 and 3.6), U tends to suffer a massive drop.
This phenomenon ultimately means that the inner deforma-
tions on the adhesive layer are much smaller and, therefore,
the value of U at the moment of the joint failure is very small
for bigger fp.

Figure 12 represents U in joints with R =1000 mm,
2000 mm and 3000 mm, considering as fixed parameters the
adhesive Araldite® 2015 and #p=2.4 mm. Following the
aforementioned study, U increases steadily with L for all R.
Between Lo =10 and 80 mm, the percentile increases for this
specific adhesive were 475.4%, 530.4% and 901.7% for R =
1000, 2000 and 3000 mm, respectively. It is clear that the
joints with large R have the best mechanical performance, as
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Fig. 12 Uas function of Lo, for the joints bonded with the Araldite® 2015
and #p = 2.4 mm, considering different R
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shown by the higher U. Moreover, this difference enlarges by
increasing Lo. Over R=1000 mm, the U performance im-
provements reached 48.1% for R =2000 mm (Lo =70 mm)
and 85.7% for R =3000 mm (Lo = 80 mm). This is due to the
fact that higher R tend to turn stresses symmetric (Fig. 6), thus
removing the large discrepancy in the oy, and 7, stress distri-
butions that triggers premature failures. As depicted in Fig. 10,
this modification increases P,,, which causes an improved
energy absorption to failure.

4 Conclusions

The present work aimed to experimentally and numerically
compare the tensile behaviour of curved CFRP joints bonded
with three adhesives, considering the variation of three geo-
metrical parameters that highly impact the joints’ perfor-
mance: Lo, tp and R. Former joint validation was undertaken
with the same adhesives, considering flat, i.e. R =co joints.
The validation study, by considering only the variation of
Lo, showed a strong dependence on Py, by this variable and
a major difference between adhesives. The CZM technique,
by employing a triangular-based cohesive law, showed accu-
rate P, predictions for the brittle and moderately ductile ad-
hesives, but P, under predictions for the ductile adhesive.
However, this CZM formulation was chosen due to ease of
application and ready application in commercial software. The
parametric CZM study that followed based the analysis on
elastic stress distributions, which were used to enable a de-
tailed discussion on the joints’ performance with the afore-
mentioned tested parameters and on P, and U. The stress
analysis revealed a major o, and 7, peak stresses’ asymmetry
induced by the adherends’ curvature, which would be respon-
sible for smaller P,, and U performance with lower R. On the
other hand, peak stresses highly increased with Lo, as expect-
ed by the existing literature data for flat joints, and they re-
duced by increasing #p. The P, comparison showed major
improvements with Lq for the moderately ductile and ductile
adhesives and smaller differences for the brittle adhesive.
Between adhesives, the ductile adhesive performed best and
the brittle worst. Opposing to the expected by a purely elastic
stress analysis, #p negatively affected P,, by a significant
amount. Increasing R tends to provide higher P, as the joints
approach the flat SLJ geometry. The tendency of U followed
that of P,,, with a major reduction for higher #p, although
increasing with P, due to the higher transmitted loads.

As a result of this work, it can be concluded that large
curvatures (R <2000 mm) have a significant effect on the
stress distribution and load capacity of the joint, while the
traditional method of using laboratory flat joints to predict
the curved joints’ behaviour will predict in less-conservative
results. It can be also suggested that, for realistic joint appli-
cations with curved geometries, moderately ductile and
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ductile adhesives would be more beneficial as their high de-
gree of plasticity could support a larger joint deformation and
withstand the loads until adhesive yielding. Based on the
above observations, material and geometrical guidelines on
the design of curved bonded joints were provided.
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