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Abstract

A common technique to reduce stress gradients in adhesive joints is to use the dual adhesive technique, which has proven to
reduce peak stresses in single-lap joints. However, other joint configurations could benefit from this technique. This work
experimentally and numerically evaluates stepped-lap dual-adhesive joints (DAJ) between aluminum adherends, for various
overlap lengths (Lo), and carries out a detailed comparison with stepped-lap single-adhesive joints (SAJ) with the same
individual adhesives (Araldite® AV138 and Araldite® 2015). The joint behavior was predicted by cohesive zone modelling
(CZM) with a triangular law. The analysis of the results is presented in the form of failure modes, stress analysis, maximum load
(Pm) and energy required to failure (U). It was concluded that, in general, CZM presented precise predictions and are a valuable
tool for the design of both SAJ and DAJ. However, no significant increase in strength was achieved with DAJ, although using
more ductile adhesive can promote better DAJ results.
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1. Introduction

Adhesive bonding has been used in fields as diverse as aerospace (Désagulier 2011) and aeronautics (Hart-Smith
2011), defence, automotive (Burchardt 2011), electronics (Jung and Kim 2011), construction (Hartung and Boehm
2011), footwear (Martin-Martinez 2011), wood industry, marine (Davies 2011), railway (Suzuki 2011) and others.
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The use of adhesive joints in industrial applications has increased in recent years, to the detriment of traditional
bonding methods such as welding, brazing, bolting and riveting (Petrie 2000). Actually, adhesive joints promote an
improved load distribution on a larger surface than mechanical joints, which leads to lower stress concentrations in
the adherend materials, are less prone to corrosion and fatigue problems, which are characteristic of traditional
joints, and are fluid sealant (Petrie 2000). However, they do have some disadvantages, such as the requirement of
surface treatment, possible need of temperature and pressure for curing, performance depending on the processing
conditions, limited durability under extreme service conditions (especially temperature), poor resistance to peeling,
difficult quality control and lack of unified procedure for design (Petrie 2000). The most commonly used adhesive
joint configuration is the single-lap joint, due to the simplicity associated with its manufacture (da Silva et al. 2011).
However, single-lap joints promote excessive rotation of the adherends due to the non-collinearity of the applied
load, which causes considerable peel stresses. In addition, high shear stress gradients are observed due to the
differential deformation effect of the adherends (Campilho et al. 2009). Other types of joints are available that
reduce the stress variation along the adhesive, such as stepped-lap joints. The main advantages of these joints
compared to single-lap joints are the reduction of peel and shear peak stresses and the better aesthetics (Silva et al.
2018). The biggest disadvantage is the difficulty and time spent in machining the adherends, which leads to a more
expensive fabrication overall. It is possible to minimize these stress gradients with mixed-adhesive joints, whose
bondline is composed of two adhesives, one more flexible at the ends and another stiffer at the interior (da Silva and
Adams 2007). This type of joints can also be seen as a solution to joints that need to withstand high and low
temperatures present in acronautical applications (da Silva et al. 2007). The use of a high modulus brittle adhesive at
the interior of the joint maintains good resistance to high temperatures while, at low temperatures, the presence of a
ductile adhesive at the ends of the joint avoids the appearance of stress concentrations which would cause premature
failure (da Silva et al. 2007). The mixed adhesive technique is well studied in single-lap joints (Breto et al. 2017).
However, other geometries, such as stepped-lap adhesive joints, could also benefit from this combination of
adhesives to reduce stress variations along the adhesive joint. The existence of reliable modelling techniques is
fundamental to study and perform geometrical optimization to adhesive joints. CZM combined with FEM damage
modelling is an technique that uses fracture mechanics approach with cohesive elements to simulate crack growth
along specified planes and traditional FEM modelling in the regions where the damage was considered (Carvalho
and Campilho 2016). CZM uses one or more interfaces/regions of fracture, which can be artificially introduced into
structures, thus enabling damage growth by employing traction-separation laws for modelling solid regions or
interfaces. Traction-separation laws are commonly established through linear relations in each of the loading steps.
However, one or more steps may be defined differently, to more accurately represent the behavior of other materials.

The mixed adhesive technique has been widely addressed in the past for single-lap joints, by either
experimentation and/or FEM modelling (da Silva and Lopes 2009, Akpinar et al. 2013, Bavi et al. 2013). Oz and
Ozer (2017) carried out an experimental investigation on the failure loads of mono and bi-adhesive joints. The study
initiated by comparing the failure loads of single-lap joints of mono adhesive bonded with the AV138, 2015 and 3M
DP-8005, showing that the 2015 provides the best results. Secondly, mixed adhesive joints were studied with the
following adhesive combinations: AV138 (middle overlap) + 2015 (overlap ends) and AV138 (middle overlap) +
DP-8005 (overlap ends). It was concluded that the bi-adhesive joints provide a higher joint strength than the joints
with only one adhesive even if the ductile adhesive has a higher joint strength than the stiff adhesive. Jairaja and
Naik (2019) experimentally and numerically investigated the strength of single-lap joints between dissimilar
adherends, and either with the single-adhesive joint (SAJ) or double-adhesive joint (DAJ) configurations. In this
investigation, single-lap joints were used with the AV138 and 2015 in CFRP and aluminum adherends. In the mixed
adhesives joints, the 2015 was used at the overlap ends and the AV138 in the middle. To monitor the relative
displacements between the adherends, Digital Image Correlation (DIC) was employed. On the other hand, peel and
shear stresses were assessed by the FEM using Abaqus®. For the SAJ, the 2015 resulted in higher joint strengths
compared to the AV138. The DAJ revealed a substantial performance improvement over the SAJ, especially for a
small proportion of brittle adhesive at the overlap center (20%). The displacement, strain and stress contours
obtained from DIC and FEM were compared and showed a good match, revealing the effect of the DAJ technique on
the load distribution at the overlap.

This work experimentally and numerically evaluates stepped-lap DAJ between aluminum adherends, for various
Lo, and carries out a detailed comparison with stepped-lap SAJ with the same individual adhesives (Araldite®
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AV138 and Araldite® 2015). The joint behavior was predicted by CZM with a triangular law. The analysis of the
results is presented in the form of failure modes, stress analysis, P and U.

2. Experimental work
2.1. Adherend and adhesive properties

The adherend material chosen for the joints was the AW6082 T651 high strength aluminum alloy which,
according to the supplier’s data, has a tensile strength of approximately 340 MPa. For input in the numerical models,
this material was tested in bulk tension using dogbone specimens according to the standard ASTM-E8M-04 (2004).
The stress-strain (o-¢) curves of this material were obtained as described in the standard. The following properties
are relevant for the present work: Young’s modulus (£) of 70.07+0.83 GPa, tensile yield stress (o¢) of 261.67+7.65
MPa, tensile strength (or) of 324+0.16 MPa and tensile failure strain (&) of 21.70+£4.24% (Campilho et al. 2011).
Two adhesives were evaluated: Araldite® AV138 (brittle epoxy) and Araldite® 2015 (ductile epoxy). The tensile
mechanical properties (E, o:, or and &) were found by bulk dogbone specimens, fabricated as specified in the
Standard NF T 76-142. The shear mechanical properties were estimated by Thick Adherend Shear Tests (TAST).
The shear modulus (G) in particular was estimated by the Hooke’s law from the knowledge of £ and Poisson’s
coefficient (v). It should also be mentioned that o and the shear yield stress (z.) were calculated for a plastic strain
0f 0.2% in the respective curves. The tensile toughness (Gic) and shear toughness (Guc) were obtained from Double-
Cantilever Beam (DCB) and End-Notched Flexure (ENF) tests, respectively, after test data analysis by suitable data
reduction techniques. The detailed fabrication and testing procedures for these specimens are described in a previous
work (Leitdo et al. 2016). The obtained properties for the two adhesives are presented in Table 1.

Table 1 — Mechanical and fracture properties of the adhesives AV138 and 2015 (Campilho et al. 2011, Campilho et al. 2013).

Property AV138 2015
Young’s modulus, £ [GPa] 4.89+0.81 1.8540.21
Poisson’s ratio, v 0.35° 0.33°
Tensile yield stress, o. [MPa] 36.49+2.47 12.63+0.61
Tensile strength, oy [MPa] 39.45+3.18 21.63£1.61
Tensile failure strain, & [%] 1.21£0.10 4.77+0.15
Shear modulus, G [GPa] 1.81° 0.70®
Shear yield stress, 7. [MPa] 25.1+0.33 14.6+1.3
Shear strength, 7 [MPa] 30.2+0.40 17.9+1.8
Shear failure strain, y; [%] 7.8+£0.7 43.9+£3.4
Toughness in tension, Gjc [N/mm] 0.20°¢ 0.43+0.02
Toughness in shear, Gyc [N/mm] 0.38°¢ 4.70+0.34

* manufacturer’s data
® estimated from the Hooke’s law using E and v

¢ estimated in Campilho et al. (2011)

2.2. Experimental details

Fig. 1 depicts the stepped-lap joint geometry and relevant parameters. The main geometrical parameters
considered in this work are: Lo=12.5, 25, 37.5 and 50 mm, adherends’ thickness #=3 mm, adhesive thickness 14=0.2
mm, step transitions’ adhesive thickness 74;=0.2 mm, width B=25 mm and joint total length Lt=180 mm. Apart from
the three SAJ configurations, a DAJ configuration was evaluated: 2015/AV138/2015 (i.e., 2015 to bond the outer
steps and AV138 to bond the middle step).
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Fig. 1 — Stepped-lap joints’ geometry and relevant dimensions.

For each joint configuration (either SAJ or DAJ), four specimens were manufactured and tested. The initial stage
of joint fabrication was the cutting of the supplied plate to the adherends’ specified B and length. The next stage was
the execution of the steps, which was accomplished by milling operations, performed in a High-Speed Steel (HSS)
mill. The surface oxide layer and contaminants were removed by sand blasting with corundum sand and cleaned
with acetone, respectively. To ensure longitudinal alignment and assure the specified ¢4 throughout the adhesive
layer, a steel jig was used for joint assembly. For the DAJ, during the adhesives’ pouring stage, and in order to
minimize inter-mixing of both adhesives, a thin Teflon® barrier was placed at the end of each step. The cure of the
adhesive was performed at room temperature for at least 48h hours, and pressure was applied to the specimens
during this period. The excess of adhesive at the overlap edges was removed by milling. The mechanical tests were
performed at room temperature in a Shimadzu AG-X 100 machine, equipped with a 100 kN load cell and with a
testing speed of 1 mm/min. For each joint type, a minimum of three valid results was always attained.

3. Numerical work
3.1. Construction of the numerical models

The numerical work was performed in Abaqus® considering a two-dimension analysis and plane-strain
conditions, with a non-linear geometrical formulation (Pandey and Narasimhan 2001). Elastic-plastic isotropic solid
elements were considered for the adherends. In the case of the adhesive layer, it was modelled either with CZM
elements, to enable crack growth modelling, or as elastic solid elements, to obtain the stress distributions at the
adhesive mid-thickness. Four-node quadrilateral solid elements (CPE4) and four-node cohesive elements (COH2D4)
were employed in the models. In the CZM models, a single row of cohesive elements with square shape was
implemented along the adhesive layer. The adhesive layer was modelled with a specified number of horizontal and
vertical segments with material Fig. 2 shows a mesh example used for the failure analysis with CZM elements for
Lo=25 mm.

Fig. 2 — Mesh example at the overlap for Lo=25 mm.

The mesh used to obtain the stress distributions is significantly more refined to promote accuracy in the stress
plots. Therefore, ten solid elements were considered throughout the adhesive layer thickness. The boundary
conditions applied to the models consisted of clamping one of the joint edges, while the other edge was subjected to
a tensile displacement concurrently with transverse restraining.

3.2. CZM theory

Relationships among stresses and relative displacements linking similar nodes of cohesive elements are the
fundament of the CZM. Additionally, those relations (often entitled CZM laws) may be established in pure and
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mixed mode, and make possible to capture the material’s behavior up to failure (Luo et al. 2016). This study relies
on triangular pure and mixed-mode laws to model the adhesive layer. Under pure-mode loading, damage initiation
occurs when the cohesive strength in tension or shear (£, or #°, respectively) is attained, i.e., the material’s elastic
behavior is cancelled and degradation starts (Sane et al. 2018). Furthermore, the crack propagates up to the adjacent
pair of nodes when the values of current tensile or shear cohesive stresses (#, or #, respectively) become nil. Under
mixed-mode loading, stress and/or energetic criteria are often used to combine the pure-mode laws, and damage
begins when the mixed mode cohesive strength (#,°) is reached (Dimitri et al. 2015). This study focused on the
quadratic nominal stress criterion and a linear power law form for the damage initiation and growth, respectively.
This model is described in detail in the work of Rocha and Campilho (2018). The adhesives’ properties used in
Abaqus® are depicted in Table 1, considering #. and £ as the values of or and shear strength ().

4. Results
4.1. Failure modes

Cohesive failures were experimentally achieved for all bonded joints, thus denoting an efficient bonding between
the adherends and adhesive. Experimentally, it was not possible to obtain full details of the failure paths. With the
numerical models, it was possible to characterize the failure paths for each joint configuration and Lo. Table 2
presents a summary of the obtained failure paths and the adherends’ maximum percentile plastic strain at Pn. The
failure spots are defined as follows: outer step transitions (1), inner step transitions (2), outer steps (3) and middle
step (4). Moreover, mention to Py, will be used for the description, which will be detailed only in Section 4.4.

Table 2 — Numerical failures for the different adhesive joint configurations.

12.5 25 37.5 50
SAJ Failure path 1-2-3-4 1-2-3-4 1-2-3-4 1-2-3-4
AV138 Plastic strain [%] 0.14 1.68 2.64 3.80
SAJ Failure path 1-2-3-4 1-2-3-4 1-2-3-4 1-2-3-Plast.
2015 Plastic strain [%] - 0.88 3.90 -
DAJ Failure path 2-1-4-3 2-1-4-3 2-1-4-3 2-1-4-Plast
Plastic strain [%] - 1.61 12.58 -

First considering the SAJ, in the joints with the AV 138, failure was identical irrespectively of Lo. Failure began
at the outer step transitions (1), followed by inner step transitions (2). Damage then propagated to the outer steps (3),
finishing in the middle step (4). The plastic strain progressively increased with Lo, corresponding to gradually
higher P, up to 3.80% for Lo=50 mm. A similar scenario was found for the SAJ with the 2015. However, due to the
higher Py, over the AV138, higher degree of plasticization was found and, inclusively, a tensile net failure of the
adherends nearby (2) was found for Lo=50 mm. A significant variation of the failure sequence was registered for the
DAJ, due to shifting the load transmission to the inner overlap. Thus, failure initiated at the inner step transitions (2),
followed by the outer step transitions (1), the inner step (3), and finally either the outer steps (3) (up to Lo=37.5 mm)
or adherend plasticization (Lo=50 mm). Due to the higher P, involved, plastic strain was as high as 12.58% for
Lo=37.5 mm.

4.2. Stress analysis

In the elastic analysis of joint stresses, peel (oy) and shear stress (zy) distributions were considered, always
normalized by the average shear stress (z.g) for the respective Lo. It was considered convenient to normalize Lo by
using the variable x/Lo, where x represents the distance measured from the left edge of the adhesive layer. The stress
plots relate to the mid-plane of adhesive, where the stresses are symmetrical. Only Lo=12.5 and 50 mm were
considered. Fig. 3 and Fig. 4 represent oy/ zuvg and 7/ 7y Stresses, respectively.
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Fig. 4 — 7,/ Ty, stresses for all joint configurations and Lo=12.5 (a) and 50 mm (b).

It was concluded that, independently of Lo, oy stresses are generally much below z.4, except at the step edges.
Apart from few joint configurations, oy stresses peak at the joint ends (x/Lo=0 and x/Lo=1), with smaller magnitude
peaks at the step transitions (x/Lo=~0.33 and x/Lo~0.67). Moreover, compressive oy stresses exist at the step
transitions, while at the joint edges these are essentially peel peaks. The increase of Lo causes higher magnitude oy
peak stresses in both tensile and compressive peaks. The choice of adhesive also has a major influence on the stress
distributions. Actually, the reduction of the adhesive’s stiffness tends to promote more uniform stress distributions,
and this is clearly visible by comparing the two SAJ. For these joints, the highest oy/7y peak stresses, always at
x/Lo=0 and 1, were 0.85 for the AV138 and 0.76 for the 2015 (Lo=12.5 mm), and 2.96 for the AV138 and 2.34 for
the 2015 (Lo=50 mm), thus diminishing with increasing the adhesives’ compliance. By considering the DAJ, the use
of a more compliant and ductile adhesive at the outer steps generally reduces oy stresses, but this effect is more
noticeable at the inner overlap than at the overlap ends. Inclusively, potentially oy stresses become compressive at
the inner step (for shorter Lo), which should result in an improved joint behavior. The maximum oy/ 7.y, values were
0.90 (Lo=12.5 mm) and 2.95 (Lo=50 mm).

The analysis of 7y stresses showed that these slightly differ between the outer and inner steps. As with the
conventional single-lap joint, zy stresses are higher at the ends of the overlap and smaller at the inner overlap. This
effect is also found in the stepped-lap joints, but to a much smaller extent due to cross-sectional reduction of the
adherends at the overlap. Moreover, within each step, the stress curve resembles that of a single-lap joint. The
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adhesive’s stiffness also reflects on the maximum 7/ 7., peak stresses at x/Lo=0 and 1, except for the AV138, with
advantage for less stiff adhesives: 1.49 for the AV138 and 1.31 for the 2015 (Lo=12.5 mm) and 5.32 for the AV138
and 3.95 for the 2015 (Lo=50 mm). Comparison between the SAJ and DAJ shows a noteworthy variation regarding
the magnitude of 7y peak stresses, especially for short Lo. The general tendency consists of a major reduction of
Tuy/ Tavg Stresses at the inner portion of the outer steps, a conflicting behavior at the overlap ends (either increasing or
reducing 7/ 7avg stresses, depending on the configuration), and an increase of peak stresses at the inner step’s edges.
The 7/7.s peak stresses, although at different locations, were as follows: 1.54 (Lo=12.5 mm) and 4.97 (Lo=50
mm). Although the peak values cannot reveal a real difference, there is a clear tendency to shift the transmitted loads
from the outer steps to the inner step.

4.3. Joint strength

Fig. 5 presents Py, as a function of Lo for the experimental and numerical results, being (a) SAJ and (b) DAJ. For
the SAJ (Fig. 5 a), the highest Py, for Lo=12.5 mm was attained by the AV138, 19.3% higher than the 2015 (the
percentile differences in this section are always calculated based on the experimental data). However, the joints’
behavior clearly changes for higher Lo, since the AV138, due to its combined stiffness and brittleness, shows a
reduced Pp, increase with Lo, oppositely to the 2015. Thus, and according to the stress analysis performed in Section
4.2, the SAJ with the AV138 showed the highest peak stresses at the steps edges and at the transition between steps,
because of the adhesive’s stiffness. The brittle behavior of AV138 is then linked to sudden failure when these peak
stresses surpass the adhesive’s minor yielding capacity. Since the peak stresses largely increase with Lo, the increase
of this geometric parameter does not translate into a major Py benefit. In view of this, for Lo=25 mm the 2015
provides the highest Pp, surpassing the AV138 by 20.9%. Lo=50 mm confirms the worst results for the AV138, and
best results for the 2015. The relative improvement of the 2015 is 48.4% over the AV138. Fig. 5 (b) presents the
DAJ Py, results. The comparison between SAJ and DAJ shows that, for all considered Lo, the DAJ never provide a
significant benefit. For Lo=12.5 mm, the best joint configuration is the SAJ with AV138 (P, =6.25 kN), followed by
the DAJ, with a relative difference of 15.68%. The DAJ becomes the best choice for Lo=25 mm, but only with a
minor difference of 1.49% over the SAJ with 2015. For Lo=37.5 mm, the highest Py, occurred for the SAJ with
2015, but only surpassing the DAJ by 1.50%. The same joint behaved best for Lo=50 mm, although with a higher
difference over the DAJ (11.47%).

a) b)
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Fig. 5 — Pu-Lo plots for the SAJ (a) and DAJ (b).

The numerical Py, results showed a reasonable agreement comparing with the experiments. Considering the SAJ,
a good agreement is visible for the AV138 and 2015 (highest deviations of 3.5 and 2.4%, respectively). For the DAJ,
a small Py over predicting trend is visible, with a maximum offset of 15.2% for Lo=12.5 mm, but much better
predictions for the other Lo (differences below 5%).
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4.4. Energy analysis

U at failure is a relevant parameter in the design of bonded joints, as it is linked to the required absorbed energy
for a joint to cease to correctly perform its function. Thus, higher U corresponds to higher deformability of a joint
within a structural before failure, more predictive failure and higher overall performance. Measurement of this
parameter is accomplished by evaluating the area under the P-J curve. In general, the experimental and numerical U
measured from the respective P-J curves were in close agreement and, thus, only the numerical values are discussed.
Fig. 6 compares U for all Lo and both SAJ and DAJ.

Beginning the analysis by the SAJ, the AV138 resulted in the worst results, despite its strength, due to its
brittleness, which makes the respective joints to fail under a marginal applied 6. The improved behavior of the 2015
is mainly related to the highest o at failure of the joints bonded with this adhesive. To be noted that, for Lo=50 mm,
the adherends of the SAJ with 2015 undergo significant plasticization (and tensile net failure), which makes U to
largely increase from the Lo=37.5 mm condition. The DAJ typically gives results somehow close to the SAJ with
2015. Thus, from this analysis it becomes clear that no improvements can be found by the DAJ technique applied to
stepped-lap joints, using the chosen adhesives. This behavior contrast with the common knowledge for single-lap
joints and it is related to the uniformization of adhesive stresses promoted by the stepped geometry. However, a
possible solution to improve the DAJ configuration would be to consider a set of two more ductile adhesives.

12
El
s 8
]
=)
4
0 T T T .
0 12.5 25 37.5 50
L [mm]
——SAJ AV138 SAJ 2015  ----- DAJ

Fig. 6 — Numerical U-Lo, plots for the SAJ and DAJ.
5. Conclusions

This work aimed at testing possible advantages in applying the DAJ technique, widely studied for single-lap
joints, in stepped-lap joints. Furthermore, a CZM analysis enabled a detailed description of the joints’ behavior.
Initially, the experimental and especially numerical failures were addressed. Numerically, it was possible to capture
the failure sequence and detect the amount of adherend plasticization. The stress analysis could not provide
irrefutable evidence that the DAJ have a major advantage over SAJ, especially regarding oy, although the
appearance of compressive peaks at the inner step is always positive. However, 7y stresses showed higher loads
being transmitted by the inner step for the DAJ. The strength analysis revealed that, from this metrics, DAJ have no
real benefit over SAJ. Actually, the 2015 was typically the best choice between the SAJ (except for the shortest Lo),
and the DAJ only managed to provide better results using Lo=25 mm, giving a 1.49% difference. The CZM
predictions were in general accurate. The U analysis equally showed no DAJ improvements over the SAJ condition,
due to the uniformization of stresses compared to single-lap joints. However, it is considered that testing more
ductile adhesives in the DAJ could provide an advantage in using this technique.
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