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Abstract: In recent years, the adhesive bonding method has gained increased attention, especially in
the automotive industry, for constructing efficient body structures from dissimilar and lightweight
materials such as aluminum and polymeric composites. Adhesively bonded automotive structures
endure complicated loading conditions, including tensile and bending loading, during their service
lives. To the best of the authors” knowledge, there is no published work on the assessment of bending
strength in single-lap adhesive joints (SLJs) when considering dissimilar adherends under three-point
bending. In this study, three-point bend experiments were carried on the bending strength and
the failure mechanisms of dissimilar SLJs made of carbon-fiber-reinforced polymer (CFRP) and
aluminum substrates bonded with Araldite 2015 adhesive. Additional experiments were conducted
individually on similar SLJs, including aluminum/aluminum and CFRP/CFRP, to investigate and
compare the effects of adherend material type on the bending strength and failure behavior of SLJs.
The results indicate that a CFRP/CFRP single-lap adhesive joint exhibits significantly higher joint
strength in comparison to an aluminum/aluminum single-lap adhesive joint under three-point
bending. The strength of dissimilar CFRP/aluminum single-lap joints usually falls between that
of an aluminum/aluminum and that of a CFRP/CFRP single-lap adhesive joint. When the CFRP
adherend is situated at the bottom of the joint in three-point bending, it imparts significantly greater
joint strength and deformation compared to situations where the aluminum adherend is placed at
the bottom.

Keywords: adhesive; CFRP/aluminum hybrid joint; bending strength; single-lap joint

1. Introduction

One of the critical issues in automotive engineering is the reduction of fuel consump-
tion. In this context, reducing the car’s weight is considered an effective solution. Polymer
composites and aluminum sheets are strongly preferred in the automotive industry due to
their lighter weight compared to steel. In recent years, there has been a growing trend of
the use of adhesives for connecting load-bearing components [1-4]. Within the automotive
industry, designers seek to create lighter and more cost-effective vehicles by incorporating
a diverse range of dissimilar materials [5,6]. The primary challenge when working with
these dissimilar materials is the identification of a suitable joining method. For example,
spot welding stands out as the most commonly employed joining technique in the auto-
motive sector [7,8]. However, spot welding comes with certain disadvantages, such as
the requirement for access to both sides of the parts to be welded, limitations on welding
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between aluminum and composite materials, and potential damage to coated surfaces
due to high heat exposure. In contrast, adhesive bonding technology offers a compelling
solution to these challenges, providing a wide array of advantages [9]. These advantages
include ensuring uniform stress distribution within the bonding area, enhancing fatigue
and impact resistance, reducing stress concentration in the bonded region, and facilitating
the joining of dissimilar materials. Adhesives can offer versatile applications throughout
the car bodyshell, with these applications being influenced by factors such as adhesive
stiffness, strength, and the specific placement of the adhesive within the bodyshell. For
instance, certain nonstructural adhesives with lower strength (like polyurethanes [10,11])
are employed for purposes such as sealing or creating joints in regions of the vehicle that
are not considered structural components. Conversely, other types of structural adhesives
with greater strength, such as epoxy-based adhesives [9,12], find use in creating joints
between structural elements such as chassis parts or metallic and non-metallic thin-walled
critical components of a car’s bodyshell. Consequently, the uses of adhesives can be neatly
categorized into two distinct groups: structural (a connection that must bear significant
forces) and nonstructural adhesive joints. In recent years, polymeric composite materials
have emerged as crucial components within the automotive industry, bringing about a
transformation in vehicle design, manufacturing, and performance. These sophisticated
materials, typically comprising a polymer matrix reinforced with fibers or particles, offer a
wide array of advantages and have applications in the automotive sector. Their benefits
include weight reduction, enhanced fuel efficiency, bolstered structural integrity, and noise,
vibration, and harshness (NVH) reduction. The integration of polymeric composites with
traditional metals in car bodyshell manufacturing can be accomplished through a variety
of methods. These methods include mechanical fasteners, adhesive bonding, bolt and nut,
and clinching, each possessing distinct advantages and disadvantages. The selection of a
particular joining method hinges upon factors such as the specific materials in use, struc-
tural requirements, manufacturing processes, and constraints. Most recently, there has been
an increasing trend in the utilization of adhesively bonded hybrid components comprising
polymeric fiber-reinforced composites and other lightweight metallic materials, such as
aluminum alloys, across various sectors, including automotive and civil engineering.

To enhance our understanding of the application of structural adhesive joints in the
automotive and other sectors, it is imperative to characterize the mechanical and fracture be-
havior of joints between various types of polymeric and metallic materials. In recent years,
single-lap joint geometry has gained recognition as a well-established test configuration for
assessing adhesive bond strength in joints. This type of adhesive joint may be subjected
to various types of loading, including tension, bending, and combinations of both tension
and bending conditions. Until now, extensive analytical [13-15], experimental [16,17], and
numerical [18], refs. [19-22] research efforts have been dedicated to single-lap adhesive
joints subjected to tension. For example, some primary analytical solutions were proposed
by Goland and Reissner [23] and Volkerson [24], and other researchers [14,25,26] for eval-
uating the stress distribution within single-lap adhesive joints under tension, including
considering parameters such as adherend bending effect, adhesive and adherend plasticity,
stress at free edges, composite adherend, and adhesive spew fillets. Subsequently, numer-
ical approaches based on finite element methods have been introduced to simulate and
assess the stress distribution in complex adhesive joints, such as single-lap joints, which
consider material and geometrical nonlinearities in the analysis.

Automotive components need to maintain their integrity over the vehicle’s lifespan.
In comparison to tension loading, the behavior of single-lap adhesive joints under bending
loading has not received extensive investigation. However, it is worth noting that, in real
applications, adhesive joints can experience a variety of conditions, including three-point
and four-point loading conditions. Understanding the bending strength of adhesive joints
ensures safety and reliability, reducing the risk of structural failure while the vehicle is in
use. For example, in braking and accelerating conditions of an automobile, a bending load
can be imposed on adhesive joints. Therefore, studying the bending behavior of adhesive
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joints helps simulate real-world scenarios where bending forces may be prevalent, ensuring
that the joints can endure these conditions without failure [27,28]. Only a few papers that
analyze the bending behavior of single-lap adhesive joints can be found. For example,
Liu et al. [29] investigated the four-point bending behavior of single-lap adhesive joints
both experimentally and theoretically. Ozel et al. [30] conducted a study on the four-point
bending behavior of single-lap joints with high-strength steel adherends, investigating
the impact of adherend thickness, adherend overlap, and adhesive type. Aydin et al. [31]
conducted a series of experimental and numerical analyses on single-lap adhesive joints
consisting of AA2024-T3 adherends with three different overlap lengths and two types of
adhesives. Their research revealed that the bending strength of these single-lap adhesive
joints increases as the overlap length increases. Furthermore, they demonstrated that a
failure in a single-lap joint initiates from the overlap region at the interface between the
adhesive and the upper adherend in tension and then propagates toward the center of
the overlap. Akpinar and Aydin [32] conducted a three-dimensional numerical stress
analysis on single-lap adhesive joints composed of composite adherends subjected to four-
point bending loading. In their study, they examined the influence of the fiber orientation
angle of laminate composites on stress distributions and the prediction of failure in single-
lap adhesive joints. Their findings demonstrated that the ply stacking sequence has a
substantial impact on both stress distribution and the failure behavior of single-lap adhesive
joints under four-point bending loads. A few papers can also be found on the subject of
three-point bending loading conditions of single-lap adhesive joints. For instance, Kadioglu
and Demiral [33] investigated the three-point bending behavior of single-lap adhesive joints
composed of angle-plied glass-reinforced polymer-matrix laminate composite adherends
with three different stacking sequences. They also studied the effects of the overlap length,
adherend thickness, and the thickness of the adhesive layer on the damage mechanisms in
the adhesive layer and composite adherends. In another study, Demiral and Kadioglu [34]
investigated the three-point bending behavior of step lap adhesive joints composed of
AA2024-T3 adherends. They stated that a joint with three steps has the best flexural
performance, and the amount of energy absorption increases with increasing overlap
length at the upper and lower steps.

A review of the literature indicates that no study has yet been conducted on the
three-point bending behavior of dissimilar composite/aluminum single-lap adhesive
joints. Therefore, the aim of this study was to investigate the strength of single-lap com-
posite/aluminum adhesive joints under three-point bending loading. The behavior of
joints was also experimentally examined when similar aluminum/aluminum and compos-
ite/composite adherends were used.

2. Experimental Procedure
2.1. Materials
2.1.1. Adhesive

Araldite 2015 was used as the adhesive material. This two-component epoxy adhesive
is commonly used in various industries for structural bonding applications and is suitable
for bonding a wide range of materials, including metals, ceramics, glass, rubber, and most
plastics in the aerospace, automotive, and construction industries. Table 1 represents the
mechanical and fracture properties of Araldite 2015.

2.1.2. Adherends
e  Metallic adherend

The aluminum alloy (AA6061-T6) was used as the metallic adherend material. This
type of aluminum alloy is widely used in the manufacture of new car bodyshells. Test
samples were cut from a rolled plate. Table 2 presents the mechanical properties of the
aluminum alloy.
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Cutting of

(a)

carbon-fiber sheet

(b)

o  Composite adherend

Carbon-fiber-reinforced polymer (CFRP) composite laminates were employed as the
composite adherend in this study, showcasing their significance in modern engineering
applications. These CFRP adherends were cut from a unidirectional composite plate. The
primary composite plate was fabricated using the hand layup process, as depicted in the
schematic presented in Figure 1. The hand layup process involved the sequential layering
of 12 unidirectional carbon-fiber sheets and the application of LY-5052 epoxy resin, each
accounting for 50% of the total composite mass. This process yields a composite plate
distinguished by its controlled fiber orientation and customized material properties. The
mechanical properties of the fabricated carbon-fiber sheets were determined via standard
tests. As per the guidelines outlined in ASTM D3039/D3039M [35], the composite’s tensile
properties can be evaluated in multiple directions, both along the fiber orientation (referred
to as the 1-axis in Figure le) and perpendicular to the fiber direction (referred to as the
2-axis in Figure 1e). These tests are conducted under quasi-static conditions, offering a com-
prehensive understanding of the composite’s mechanical behavior in different orientations.
Furthermore, to determine the composite’s shear properties, ASTM D3518/D3518M [36]
provides a reliable framework and methodology. The schematics of the performed tests
are displayed in Figure 2. Table 3 represents the measured mechanical properties of the
fabricated CFRP plate.

12 layers of
unidirectional

carbon-fiber
sheets

Mixing resin and a1 '
hardener with the HandJayup Final catted
specified wt% Process plates
(c) (d) (e)

Figure 1. The hand layup process for fabrication of CFRP laminate, (a) Schematic of the hand layup
process, (b) Cutting process of carbon fiber sheet, (c¢) Mixing the resin and hardener, (d) Hand
layup step, (e) Fabricated samples (Indices 1 and 2 shown in figure (e) indicate the parallel and
perpendicular directions of the fibers, respectively).
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(a) Tensile test along the (b) Tensile test perpendicular

fiber orientation to the fiber direction (¢) Shear test direction

Figure 2. The quasi-static tests conducted to determine the mechanical properties of the CFRP,
(a) Tensile test parallel in the directions of the fibers, (b) The camera setup, (c) Tensile test in the
perpendicular directions of the fibers.

Table 1. The mechanical and fracture properties of Araldite 2015 [37].

Property Value
Young’s modulus, E (MPa) 1850
Poisson’s ratio, v 0.33
Tensile yield strength, o, (MPa) 12.63
Tensile strength, oy (MPa) 21.63
Tensile failure strain, ¢ £ (%) 4.77
Shear modulus, G (MPa) 700
Shear yield strength, 7, (MPa) 14.6
Shear strength, i (MPa) 17.9
Shear failure strain, y 7 (%) 43.9
Fracture toughness in tension, Gjc (N/mm) 0.43
Fracture toughness in shear, Gjjc (N/mm) 4.77

Table 2. The mechanical properties of 6061-T6 aluminum alloy [9].

Property Value
Young’s modulus, E (GPa) 68.9
Poisson’s ratio, v 0.33
Tensile yield strength, o, (MPa) 276
Tensile ultimate strength, oy, (MPa) 310
Rapture strain, ¢ 1 (%) 17

Table 3. The mechanical and fracture properties of CERP plate.

Property Value
Fiber direction Young’s modulus, E1; (GPa) 109
Perpendicular to the fiber direction Young’s modulus, Ej; (GPa) 92
Poisson’s ratio, vp1 0.037
Shear modulus, G, (GPa) 8.5
Shear modulus, G13 (GPa) 7.3

2.2. Specimen Geometry

The geometry of the single-lap joint is illustrated in Figure 3. In this context, the
single-lap test was employed to assess the bending strengths of the adhesives under three-
point bending loading conditions. The overlap length, adhesive thickness, and adherend
thickness were selected as 30 mm, and 0.4 mm, and 4 mm, respectively.
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Overlap
2 30 mm R
Adhesive
4mm : Adherend-1 / 7
4 mm : Adherend-2 " 25.4 mm
) 150 mm ’

Figure 3. Single-lap adhesive joint geometry (not to scale).

2.3. Specimen Fabrication

Surface preparation for the aluminum adherend was carried out through a two-step
process. Initially, the aluminum adherend underwent polishing using 200-grit sandpaper
at an angle of £45 degrees. Subsequently, a thorough cleaning of the bonding surfaces was
conducted using 100% industrial acetone and a sterile bandage. This cleaning procedure
involved multiple steps to thoroughly remove any residual fine particles resulting from
the sanding process and potential dust particles from the laboratory environment. As for
the CFRP adherents, their surface preparation involved polishing using 800-grit sandpaper
at an angle of +45 degrees, followed by cleaning with 100% industrial acetone. Moving
forward, the adhesive was applied to the bonding surfaces per the manufacturer’s datasheet,
adhering at the recommended resin-to-hardener ratio of 1:1 by weight. Special fixtures
were utilized to securely hold together the adhesive-impregnated surfaces, ensuring precise
alignment. Additionally, the thickness of the adhesive layer was meticulously controlled
by inserting metallic shims. All specimens then underwent a curing process at room
temperature, which lasted one week. The final bonded joints are shown in Figure 4.
This detailed preparation and curing regimen was critical to ensure the consistency and
reliability of the test results.

Figure 4. The fabricated single-lap adhesive joints.

2.4. Test Procedure

The loading condition depicted in Figure 5 was employed for the three-point bending
tests of single-lap adhesive joints. The distance between the inner loading point (located at
the center of the overlap) and the outer supports (denoted as “S” in Figure 5) was set at
120 mm. Here, the goal was to use the maximum sample length to create a larger moment
at the bonded area. In preparation for the bending test, a small metallic/polymeric patch
was attached to the end of the joint, as depicted in Figure 5. As depicted in the schematic
representation in Figure 6, the samples underwent a quasi-static three-point bending test
under displacement control conditions at a rate of 1 mm/min. It should be noted that,
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each test was replicated three times. This testing was conducted using a pneumatic testing
machine manufactured by SANTAM in Iran. The load-displacement curves were measured

using a 2.5-ton load cell.

lF ™)

Adherend-1 Three-point bending
patch Adherend-2
. ‘
F/2 T F/2
S (mm)
Bending
moment
Me dge M max M edge

Figure 5. The three-point bending test and the respective bending moment diagram. The blue regions
represent the moment outside the overlap length.

Figure 6. The three-point test of single-lap adhesive joint (Al-Al).

3. Results and Discussion

As previously mentioned, all samples maintained a constant overlap length of 30 mm,
joint width of 25 mm, and a distance between loading points (S) equal to 120 mm. The only
variation lay in the type of adherent materials used. Specifically, the single-lap adhesive
joints were constructed using combinations of aluminum /aluminum, CFRP/CFRP, and
CFRP/aluminum materials. The typical load-displacement plots for the tested single-lap
adhesive joints under three-point bending loading conditions are depicted in Figure 7.
These experimental results and pictures of the fractured surfaces are shown in Table 4
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and Figure 8, respectively. As can be seen from Figure 8, the fracture surface patterns are
combinations of cohesive (a type of failure so that a layer of adhesive remains on both
surfaces of the adherends) and adhesive (interfacial bond failure between the adhesive
layer and the surfaces of the substrate) failures. These types of failures of the single-lap
adhesive joints are also reported in many papers authored by different researchers [2,10,11].

250
a
200 E
o
150 &
= L) o S
g / e
: 5
2 100 =
T |3
o
=
50 -
<| o
< |
0 LY
0 2 4 6 8 10 12

Displacement (mm)

Figure 7. The typical load—displacement curves for the tested single-lap adhesive joints under
three-point bending loading conditions.

Table 4. Experimental results of single-lap adhesive joints under three-point bending loading.

Top/Bottom Adherend Materials Average Peak Load (N) Maximum Bending Moment at Displacement at Peak

the Edge of the Overlap (N m) Load (mm)
Aluminum/Aluminum 125.1+79 7.5 45+ 03
CFRP/CFRP 242.8 +18.2 14.5 12+1.3
CFRP/Aluminum 1472 £17.7 8.8 52+09
Aluminum /CFRP 1545 £ 19.1 9.25 8§+15

5 & T
Cohesive failure

Cobhesive failure

Upper adherend

Bottom adherend
Upper adherend
Upper adherend
Bottom adherend
Bottom adherend

Upper adherend

CFRP/CFRP CFRP/Aluminum

Figure 8. The fractured surface of the tested single-lap adhesive joints under three-point bending
loading conditions.

Aluminum/CFRP Aluminum/Aluminum
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The deformed shape of the single-lap adhesive joint under three-point bending is
depicted in Figure 9, which was described according to the principles of beam mechanics
theory in bending loading conditions. In this illustration, it becomes evident that the
bottom region of the neutral axis experiences tensile stress, while the upper regions, located
above the neutral axis, undergo compression stress. As a result, any failure would originate
from the side experiencing tensile stress, specifically the lower part of the neutral axis.
Conversely, no failures occurred in the adhesive above the neutral axis. Figure 10 further
confirms this phenomenon, as observed in the tested single-lap joint specimens. In this
figure, it is evident that crack initiation and propagation have occurred from the lower
section of the joint, precisely at the interface between the adhesive layer and the lower
adherend (here, the aluminum plate), where tensile stresses dominate. In other words,
the crack near the interface is expanding, and it might experience kinking as it progresses
toward the upper interface. However, the failure is cohesive in nature because a thin
layer persists on the lower adhesive surface (Figure 8). As shown in Table 4, notably,
there is a clear correlation between the displacement at peak loads and the joint’s strength.
Specifically, the CFRP/CFRP configuration showed the highest displacement, surpassing
that of the aluminum /aluminum single-lap adhesive joints by 167%. This behavior can be
attributed to the varying stiffnesses of the aluminum and CFRP adherends. Notably, the
CFRP adherend offers greater flexibility compared to the aluminum adherend, as indicated
by their respective Young’s modulus values, as shown in Tables 2 and 3.

Upper adherend
‘ Compression side (interface between
F adhesive and upper adherend)

N\

F/2 Bottom adherend

F/2

Tension side (interface between
adhesive and bottom adherend)
(region prone to crack growth)

Figure 9. The deformation of the single-lap adhesive joints under three-point bending loading conditions.

Figure 10. The crack initiation and propagation of the single-lap adhesive joints from the interface
between the upper adherend (here the CFRP plate) and the lower adherend (here the aluminum plate).
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As previously illustrated in Figure 5, the bending moment in the three-point bending
test follows a linear variation. Its highest point is achieved at the midpoint of the overlap
and subsequently diminishes in a linear manner until it reaches a value of zero at the
outer supports. Consequently, the moment at the edges (Megge) of the single-lap adhesive
joint can be expressed in terms of the maximum moment (Mmax), the distance between
the applied load (F) location and the outer support (S), and the overlap length (OL), as

follows [38]:

OL FxS
g) where Mpmax = 5 (1)

The bending moments at the edges of the overlap are provided in Table 4 by inserting
the experimental failure load into Equation (1). This reveals that the bending moments
at the edges of the overlap are directly proportional to the peak loads sustained by the
joints (Figure 11). Consequently, the CFRP/CFRP single-lap adhesive joints experience
the highest bending moments before failure, while the aluminum/aluminum single-lap
adhesive joints exhibit the lowest bending strength at the edge points. In simpler terms, the
bending moment at the edge of the overlap is dictated by the load carried by the joint as
well as the types of adherends, which encompasses various adherend combinations, such
as CFRP/CFRP, aluminum/aluminum, and two scenarios involving CFRP/aluminum and
aluminum /CFRP. Hence, it can be concluded that a larger bending moment at the edges
of the overlap results in a greater force at the midpoint of the overlap length. It should be
noted that some other factors, such as environmental conditions and loading rate, can be
investigated as a subject of future research.

Medge = NImax(1 -
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Al

Adherend combinations

Figure 11. Bending moment at the edge of the overlap at the point of failure for the different adherend
combinations in the single-lap adhesive joints during three-point bending.

4. Conclusions

The behavior of single-lap adhesive joints used in the automotive and aerospace
industry was investigated under three-point bending loading conditions. Various combi-
nations of adherend such as aluminum/aluminum, CFRP/CFRP, and aluminum /CFRP
were studied. The parameters of overlap length, adhesive thickness, and the distance
between loading points were constants during the bending tests. The main conclusions are
as follows:
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(1) The strength of single-lap joints under three-point bending was related to the type
of adherend materials, so that the materials with lower stiffness (polymeric com-
posites) provide better joint strength compared with materials of greater stiffness
(metallic materials).

(2) A CFRP/CEFRP single-lap adhesive joint exhibits significantly higher joint strength
in comparison to an aluminum/aluminum single-lap adhesive joint under three-
point bending. This distinction highlights the superior performance and load-bearing
capacity of the CFRP/CFRP joint configuration, making it an advantageous choice for
applications requiring robust structural integrity and durability.

(3) In the context of a single-lap adhesive joint under three-point bending, it is important
to note that the regions located below the neutral axis are subjected to tensile stress.
Conversely, the areas situated above the neutral axis experience compressive stress.
This stress distribution is a critical consideration in the analysis of joint behavior
under three-point bending loading conditions, as it directly influences the structural
response and integrity of the adhesive bond.

(4) The strength of dissimilar CFRP/aluminum single-lap joints is usually linked to the
placement of the adherends, whether they are positioned at the top or bottom of the
joint structure. Notably, when the CFRP adherend is situated at the bottom, it imparts
significantly greater joint strength and deformation compared to situations where the
aluminum adherend is placed at the bottom. This observation underscores the critical
role that adherend positioning plays in determining the overall load-bearing capacity
and performance of these joints under three-point bending.

(5) In addition to its superior bending strength, the CFRP/CFRP joint configuration also
displayed the largest displacement at failure, surpassing the aluminum/aluminum
single-lap adhesive joints by 167%.
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