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This study examines the effect of resin rivet hole geometry, diameter, and configuration
on the shear strength of hybrid adhesive-mechanical joints between aluminum (AA1050)
and high-density polyethylene (HDPE) sheets. Holes were manufactured in the overlap
zone for both single-hole and four-hole configurations, and all holes were filled and
bonded using the unsaturated polyester resin (UPR). Three hole geometries were
considered: cylindrical, toothed cylindrical and double-conical with diameters of 3 mm,
4 mm and 5 mm for two types of specimens (single hole and four hole). The shear
performance of the joints was evaluated through tensile shear tests on lap joint specimens.
The results revealed that the four-hole double-conical configurations with a 5 mm hole
diameter achieved the highest average shear load, reaching approximately 1.224 kN. This
behavior may be attributed to the improved mechanical interlocking and more gradual
load transfer within the adhesive layer. Furthermore, increasing the number of holes
significantly improved the load-bearing capacity for all geometries, confirming the
positive effect of distributed mechanical interlocking. Failure analysis showed a
transition from brittle adhesive failure in cylindrical joints to controlled cohesive failure
in double-conical configurations. Overall, the results show that the optimization of hole
geometry and resin rivet configuration, combined with the use of UPR adhesive bonding
technology, can effectively improve structural mechanical consistency and damage
tolerance of dissimilar aluminum-polyethylene hybrid joints for lightweight structures.

1. INTRODUCTION

The growing need for lightweight, corrosion-resistant and
economically viable materials in the transportation, energy
and infrastructure industries has led to the extension and
development of multi-material structures. Among the various
combinations being explored, hybrid joints that combine
metals and thermoplastics, particularly aluminum and high-
density polyethylene (HDPE), have received considerable
attention for their complementary mechanical and chemical
properties. In this context. However, achieving a strong and
durable bond between these two dissimilar materials remains
a persistent challenge because of their incompatible surface
energies, differing mechanical responses and mismatch in
their thermal expansion coefficients compared to conventional
joining techniques such as welding or mechanical fastening.
Adhesive bonding technology can reduce
concentration, improve the fatigue resistance of structural
components, and optimize overall sealing performance, with
its advantages being especially prominent when joining
dissimilar materials or thin-walled components [1, 2].

As a thermoset polymer, unsaturated polyester resin (UPR)

has low cost, easy processability and excellent adhesion
properties, and according to previous studies [3, 4], it has been
widely used in composite material manufacturing. However,
its adhesion behavior with low-surface-energy HDPE has still
not been fully explored. However, UPR has excellent
mechanical strength and good dimensional stability, and can
bond a wide range of material types. It is a high-quality
candidate material in the field of hybrid joints that offers both
promising application prospects and economic viability, and
its bonding potential urgently needs in-depth evaluation.
Existing studies [5, 6] have only sparsely explored the bonding
performance of UPR in metal-polymer systems, and there is a
particular lack of relevant research under the shear loading
conditions that are core to engineering practice. This study
intends to fill this gap and systematically investigate the
effects of hole geometric parameters and rivet quantity on the
local stress shear strength of UPR-bonded aluminum-high-density
polyethylene (Al-HDPE) joints.

In recent years, many studies have focused on the influence
of geometric configurations and material parameters on the
performance of adhesive-bonded joints for composite material
and metal systems. Roy Choudhury and Debnath [7] carried
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out research on the tensile and compressive properties of
single-lap joints made of environmentally friendly composite
materials, and found that specimen width and overlap length
significantly affect joint strength. They also confirmed that
epoxy adhesives have better mechanical properties than
polyurethane adhesives, and proposed that adhesive selection
is the core of joint design. Cui et al. [5] conducted a study on
aluminum single-lap joints, exploring the effects of surface
treatment and joint configuration parameters on shear strength.
They concluded that surface roughness plays a decisive role in
improving adhesive wettability and bonding efficiency, and
that an optimal roughness exists to balance both strength
improvement and peel stress control. The study by Wang et al.
[8] will be elaborated in subsequent sections. Likewise, they
investigated the strain rate sensitivity of adhesive joints
composed of carbon fiber reinforced plastics and aluminum,
finding that higher loading rates elevate the joint’s strength
and alter its failure mode from adhesion to cohesive fracture
or fiber rupture.

Although considerable progress has been achieved in
enhancing the performance of composite-composite and
metal-metal adhesive joints, relatively limited attention has
been devoted to hybrid adhesive joints composed of aluminum
and HDPE, especially those bonded with UPR. Despite the
wide availability and favorable mechanical characteristics of
UPR, its bonding efficiency with low surface energy
thermoplastics such as HDPE has not been comprehensively
investigated. Moreover, while many previous studies have
explored a broad range of joint design parameters, only a
limited number have specifically examined the influence of
hole geometry in Al-HDPE hybrid joints. In addition, direct
experimental evidence concerning the performance of
mechanically interlocked UPR-bonded AIl-HDPE joints
remains limited [9, 10]. For example, Braga et al. [11]
employed the finite element method to model crack initiation
and propagation in adhesive joints, highlighting the
importance of using appropriate fracture modeling techniques
for accurate joint performance prediction. Similarly, Al-Filfily
et al. [5] used the finite element method for the same purpose.
Other researchers, including Boutar et al. [1] and Muhmmed
et al. [12], have focused on improving adhesion performance
through surface modification techniques, such as laser
engraving, which markedly increase the shear strength of
single lap joints. Additionally, Abed and Battawi et al. [13]
found that adding natural fish scale reinforcements to
unsaturated polyester improves the material’s stiffness and
creep resistance, verifying the effectiveness of polyester resin
as a durable matrix for structural use. Roy Choudhury and
Debnath [7] proposed that interfacial toughness strongly
affects crack propagation under Mode II shear loading, a
conclusion that is highly relevant to this study of UPR bonded
hybrid joints.

Despite these existing advances, previous research has
rarely explored, in AI-HDPE bonding systems, the impact of
different hole configurations covering three shapes
(cylindrical, toothed cylindrical and double-conical) and two-
hole quantities (single-hole, four-hole) on joint strength and

failure behavior [14].

2. PROBLEM STATEMENT AND OBJECTIVES

Adhesion between polyethylene and aluminum has always
been an extremely challenging technical problem. Its low
HDPE surface energy and chemical inertness hinder adhesive
wetting and interfacial bonding, an issue that is particularly
prominent in structural scenarios that require high shear
strength and long-term durability [15, 16]. Although
conventional surface treatment and primer processes have
been widely applied, research that directly uses UPR as an
adhesive to fabricate AI-HDPE joints remains insufficiently
explored, and systematic research on this topic is urgently
needed. Additionally, the influence of hole geometry and
diameter on the shear strength and failure mechanisms of such
joints is not yet clear. The extended finite element formulation
numerical models previously developed based on Abaqus are
already capable of resolving stress distributions and predicting
failure behaviors. Nevertheless, these models are still not
experimentally validated for aluminum-polyethylene systems,
thus leading to a lack of understanding of their real mechanical
behavior [14, 15]. There have been numerous research
activities; however, to the best of our knowledge, there exists
a gap in such studies with respect to UPR and mechanical
interlocking due to different hole geometries as a potential
solution for the interfacial adhesion issues with the
polyethylene surface.

The main objective of this study is to experimentally
investigate the shear strength and failure modes of single-lap
bonded aluminum to polyethylene using UPR. In this
construction, the pre-drilled holes in the substrates are filled
with UPR so that the adhesive performs a dual role of bonding
and mechanical interlock. In this study, the effect of hole
geometries (cylindrical, toothed cylindrical and double-
conical), their diameters (3 mm, 4 mm and 5 mm) and the
number of holes in one specimen (single or four holes) on joint
performance, including maximum load carrying capacity and
failure mode, is investigated. The experimental results are
compared with previous studies in fracture mechanics and
extended finite element simulations to assess the accuracy of
the predictions. Additionally, the suitability of UPR as an
effective adhesive for bonding dissimilar materials in
structural applications is evaluated. The outcomes provide
deeper insight into the structural performance of hybrid joints
and offer practical guidance for optimizing the design of
metal-polymer joints.

3. MATERIALS AND EXPERIMENTAL PROCEDURE
3.1 Materials
In this study, UPR was employed as the adhesive material

to bond two dissimilar substrates, namely aluminum alloy
AA1050 and HDPE sheets.

Table 1. Chemical composition of AA1050 [17]

Elements Fe Si Mn Mg Cu Ti Zn Al
Standard [17] 0.4 Max 0.25 Max 0.05 Max 0.05 Max 0.05 Max 0.05 Max 0.07 Max Balance
This work 0.234 0.078 0.006 0.0004 >0.0005 0.004 0.014 Balance
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Table 2. Mechanical properties of AA1050 [17]

Property g, MPa oy (Proof Stress 0.2%), MPa
Standard [17] >95 >51
This work 119 112

Table 3. Mechanical properties of polymer sheets [18]

Ultimate Stress Elongation
Polymer Sheets (MPa) (%)
High-density polyethylene 18 60

(HDPE)

The aluminum alloy AA1050 in the form of flat sheets and
size 100 x 25 x 2 mm is characterized by its high purity,
moderate mechanical strength, good corrosion resistance and
relatively low yield strength. Its chemical composition and
mechanical properties are listed in Tables 1 and 2, confirming
compliance with international standards [17].

HDPE sheets, purchased from a local engineering materials
supplier in Baghdad, Iraq, were selected for this study. The
sheets were cut into dimensions of 100 x 25 x 3 mm. HDPE
was chosen due to its low density, toughness, and widespread
industrial applications. As shown in Table 3, the HDPE used
in this study exhibits an ultimate tensile strength of 18 MPa
and an elongation at break of 60% [18].

The adhesive employed in this work was a UPR. The resin
used was supplied by Saudi Industrial Resins (SIR) Company
and it is a viscous transparent liquid at room temperature. The
curing agent hardener was Methyl Ethyl Ketone Peroxide
(MEKP), which is obtained from the same company, while the
catalyst system was a liquid solution of cobalt octoate in
dibutyl phthalate as an accelerator of the reaction. The
hardener was added to the resin at 2 wt.% while the accelerator
content was maintained at 0.5 wt.%. The resin, hardener, and
accelerator were manually mixed and subsequently vacuum-
degassed before being applied to the bonded region and drilled
holes. The adhesive was then cured at room temperature for 24
h without post-curing treatment. The UPR was selected
because it offers a practical combination of low cost, ease of
handling and dependable bonding performance at polymer and
metal joints. Although it is widely utilized in fiberglass and
ceramic composites, its capability to bond low surface energy
polymers such as PE has received limited experimental
attention. This adhesive was chosen for its balanced
mechanical strength, thermal stability and chemical resistance,
making it a practical and efficient choice for assessing the
bonding behavior of hybrid aluminum and polyethylene joints.
The detailed mechanical and thermal characteristics of UPR
are presented in Table 4 [18].

Table 4. Unsaturated polyester mechanical and physical
properties [18]

Properties Value Condition
Tensile strength (MPa) 57-65 At b;?z'i(d& at
Elastic modulus (MPa) 1932-3002 ASTM (D-638)
Elongation at break (%) 2-3 ASTM (D-638)

Hardness 68-78 Rockwell M
Thermal conductivity
(W/m) 0.176-0.288 -
Density (kg/m?) 1.2 -

3.2 Fabrication process

Specimens were prepared with consistent overlap length
and adhesive thickness to evaluate the shear strength of the
adhesive joint. Different resin rivet geometries and
configurations were introduced to join the two substrates.
Holes of various shapes and diameters were fabricated into
both the aluminum and PE pieces before the bonding process.
The three types of hole shapes considered were:

e Cylindrical hole (traditional straight hole).

e Toothed cylindrical hole (with internal serrations).

e Double-conical hole (flared from both ends).

In this study, the term “resin rivet” refers to the cured UPR
filling the drilled hole and acting as a mechanical interlocking
feature between the aluminum and HDPE substrates. Each
hole geometry was fabricated with three different diameters (3
mm, 4 mm and 5 mm). Additionally, two specimen
configurations were produced for each hole geometry and
diameter:

e Single-hole specimens, containing one central resin-

rivet hole.

e Four-hole specimens, containing four symmetrically

distributed resin-rivet holes.

All specimens were prepared with dimensions of 100 x 25
mm? and a lap-joint overlap area of 25 x 25 mm?. The overlap
dimensions were kept constant for all specimens to ensure a
consistent bonded region containing both the adhesive layer
and the resin-based mechanical interlocking features.
Adhesive bonding was achieved using UPR. The resin
components were manually mixed and subsequently vacuum
degassed before being applied to the bonded region and the
drilled holes. The specimens were cured at room temperature
for 24 hours without post-curing treatment to achieve an
adhesive thickness of approximately 0.5 mm. Figures 1-4
illustrate the fabrication process and the specimen
configurations.

Figure 1. Multi-test machine showing the test specimen
before loading

Figure 2. First group of examination specimens
Note: (S) cylindrical, (T) double-conical, (M) toothed cylindrical.
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Figure 3. Schematic diagram of the dimensions of the
specimens for the (a) single-hole and (b) four-hole

Figure 4. Bonding of the single-hole, double-conical joint
using unsaturated polyester resin (UPR)

3.3 Tests procedure

This study conducted single-lap shear tests. A universal
testing machine (UTM) was used to apply quasi-static loading
conditions at a constant crosshead speed of 0.5 mm/min under
laboratory ambient conditions. The test maximum, as
illustrated in Figures 1 and 2, enabled a systematic evaluation
of the effects of hole geometry, hole diameter and number of
holes on joint strength and failure mechanism. To reduce the
secondary bending effect, shims were used to optimize the
alignment of test specimens in Figure 3. The maximum load
and displacement were recorded automatically, and failure
was cohesive failure. and mixed failure.

Before bonding, the two base materials, aluminum and
HDPE, were both cleaned with acetone and lightly sanded to
improve wettability. UPR was applied to fill the rivet holes
and spread uniformly across the lap zone. After filling holes
with UPR, adhesive was uniformly applied to the lap zone, and
the assembly was cured for 24 hours under medium clamping
pressure at room temperature. Resulting in a final adhesive
layer thickness of approximately 0.5 mm. Two configurations

of test specimens, single-hole and four-hole, were set, and the
number of holes and geometric parameters were used as
variables to investigate their effects on joint performance, as
shown in Figure 2. After bonding using the unsaturated
polyester, the specimens were cured and subjected to tensile
shear testing to determine the maximum load-carrying
capacity of the joint, as shown in Figures 3 and 4. As shown
in Figure 5, effective resin penetration within the drilled holes
was observed, which may contribute to improved load transfer
and enhanced mechanical interlocking in the bonded region.

A

Figure 5. Cross-sectional morphology of the fractured four-
hole aluminum-high-density polyethylene (AlI-HDPE) hybrid
joint after shear testing, showing internal resin filling and
mechanical interlocking

The test matrix enabled a systematic evaluation of the
following parameters: hole geometry (cylindrical, toothed
cylindrical and double-conical), hole diameter (3 mm, 4 mm,
and 5 mm), and hole number (single hole vs. four holes).
Additionally, visual inspection of the failed specimens was
conducted to identify the underlying fracture mechanisms,
namely adhesive, cohesive, or mixed failure.

4. RESULTS AND DISCUSSION

This study carried out comprehensive shear tests on hybrid
AI-HDPE joints integrated with mechanical interlocking and
UPR bonding. The analysis centers on shear loads and is
conducted across multiple dimensions: hole geometry, number
of holes, hole diameter, and failure mechanisms. The
complementary effect of bonding performance and
mechanical interlocking is the core factor controlling shear
strength. The overall effect of various influencing factors
determines the mode of stress transfer, which in turn affects
the development process of the load.

This study conducted repeated shear tests on multiple
specimens for each joint configuration. The low data
dispersion of the test results confirms good consistency
between the specimens and the test conditions, and the average
shear loads and their standard deviations are summarized in
Table 5.

Table 5. Statistical summary of repeated shear test results for aluminum-high-density polyethylene (AI-HDPE) hybrid joints with

different hole geometries and configurations

Hole Geometry

Configuration

3 mm Mean £ SD (n)

4 mm Mean + SD (n)

(kN)

5 mm Mean + SD (n)

(kN)

(kN)

s Single Hole 0.353+£0.021 (3)
Cylindrical Four Holes 0.517 £0.021 (3)
Toothed Single Hole 0.350 £ 0.036 (3)
cylindrical Four Holes 0.603 +£0.021 (3)

. Single Hole 0.417 £0.031 (4)
Double-conical Four Holes 0.920 + 0.026 (4)

0.428 +0.025 (4)
0.648 +0.028 (3)
0.467 £0.015 (3)
0.740 £ 0.018 (4)
0.578 +0.080 (3)
1.179 +0.003 (3)

0.533 £0.025 (3)
0.818 £0.017 (4)
0.640 +0.030 (3)
0.887 £0.015 (3)
0.872 +0.022 (4)
1.224 +0.008 (3)
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4.1 Effect of hole geometry and diameter on shear strength

This study conducted mechanical tests on joints. Figures 6-
8 present the correlation between hole diameter and the
applied shear load for single-hole and four-hole connections
under different geometric configurations. The lap size and
total bonding area of all test specimens are standardized, and
the relative influences of the holes’ geometric shape, hole
diameter, and number of holes on the joints’ mechanical
properties are evaluated using the maximum load as the
assessment indicator. For cylindrical resin rivets in Figure 6,
increasing the diameter provided a relatively high level of
increase in the shear resistance, particularly with the four-hole
specimens. The cylindrical four-hole configuration with a 5
mm diameter achieved a mean shear load of 0.818 +0.017 kN.
This implies that the greater the bonding area, the higher the
efficiency of load transfer between the resin rivet and adhesive
[19, 20]. This study experimentally observed that cylindrical
test specimens with a single hole exhibited lower shear
strength. The root cause is stress concentration around the
resin rivets, which triggers premature interfacial adhesion
failure between the aluminum layer and the adhesive layer.
This failure pattern is supported by reference [21]. The
conclusions of this paper align with those of Alhijazi et al. [22],
Diharjo et al. [23], and Tuovinen et al. [15], and all these
studies jointly point out that surface geometry and surface
treatment are critical to optimizing stress distribution and
extending the service life of joints. Similarly, Wang et al. [24]
and Moya-Sanz et al. [25] showed that increasing the bond
area and optimizing hole geometry leads to a higher bearing
strength and Golewski et al. [26] verified that shear
performance is sensitive to hole diameter and joint geometry.
Other observations by Muhmmed et al. [12] demonstrated that
an optimal surface treatment, as well as a proper proportion of
the bonding area, lessens peak stress and postpones crack
formation, which is in agreement with the present
experimental trends. Moreover, Abed and Battawi [27]
reported that polyester-based composites reinforced by natural
fibers exhibited good mechanical stability and durability when
subjected to different environmental conditions, thereby
confirming the high reliability of UPR in serving as an
effective adhesive matrix for AI-HDPE hybrid joints.
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Figure 6. Shear strength vs. hole diameter for cylindrical
resin rivets (single vs. four holes)

The toothed cylindrical resin rivet specimens, as presented
in Figure 7, had high shear strength when compared with the
smooth cylinder type. Mechanism of the internal toothed
structure: this structure enables mechanical interlocking
between the adhesive and the substrate, improves load transfer
efficiency, and delays crack propagation in the adhesive layer
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[6, 28]. The four-hole toothed design exhibits better
performance in load dispersion and force transfer across the
joint interface, with an average shear load of 0.887 +0.015 kN.
This finding verifies the synergistic strengthening effect of the
two types of design. The toothed specimen with a single hole,
which suffered from stress concentration and insufficient
capacity for stress redistribution, developed local damage in
the adhesive near its contact surface with the aluminum
material. This observation is consistent with the conclusion
proposed by Hussein et al. [21] and Golewski et al. [26] that
surface texture development and morphological modification
can improve adhesive bonding strength under shear loading
conditions. In comparison, the biconical resin rivet is the
highest-performing configuration among all tested designs;
the biconical configuration with four holes achieved the
highest average shear load of 1.224 + 0.008 kN, which verifies
the outstanding stress redistribution capacity of conical
surfaces. The gradually conical shape increased the stress
transfer, decreased the stress concentration and ensured an
even distribution of adhesive, which led to cohesive failure in
the adhesive layer in Figure 8. These findings are in
accordance with the numerical simulations using the XFEM
performed by Braga et al. [11], who reported smoother stress
gradients and later crack initiation. Additional numerical
investigations by Adole et al. [14] and Sayman et al. [29]
demonstrated that conically shaped features promote stress
redistribution and improve mechanical resistance.
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Figure 7. Shear strength versus hole diameter for toothed
cylindrical resin rivets
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Figure 8. Shear strength as a function of hole diameter for
double-conical resin rivets

4.2 Effect of number of resin rivets on shear performance
Figures 9 and 10 present the shear strength results for all

resin-rivet geometries in the single-hole and four-hole
configurations, respectively. Four-hole joints always revealed



the higher bearing capacity in comparison with single-hole
joints, which demonstrates the merits of more mechanical
fastening and load path distribution as reported in [15, 16, 28].
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Figure 9. Shear strength comparison of single-hole samples
for different resin rivet geometries
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Figure 10. Comparative performance of shear strength for
four-hole specimens with different resin rivet geometries

The better performance of the multi-hole samples can be
identified in terms of various mechanical and engineering
parameters. A more even load distribution resulted, which
decreased the peel and shear stresses from concentrating in the
adhesive layer [1, 20]. This configuration also increased the
energy dissipation and arrested crack propagation [7, 9, 26].
Moreover, the resin rivets were found to increase the bonded
area and therefore to improve the overall stability and stiffness
of the bond [24, 25].

The thickness of the adhesive layer was maintained at 0.5
mm in all specimens, and the results indicated that geometric
design and mechanical configuration rather than actual volume
of adhesives were responsible for the improved bonds [3, 23].
The favorable effect for multiple holes corresponds to
previous research on hybrid-bonded resin riveted joints.
Golewski et al. [26] demonstrated that multi-point bonding can
improve fatigue life and damage tolerance. Furthermore, Hardi
and Hartono [19], Abdullah et al. [2], and Larsson et al. [30]
reported that the dispersion of mechanical fasteners enhances
joint reliability and resistance to mixed-mode loading.
Similarly, numerical and experimental analyses by Sayman et
al. [29] and Adole et al. [14] confirmed that increasing the
number of mechanical fasteners reduces stress concentrations,
increases stiffness, and delays crack initiation in hybrid
bonded joints.

4.3 Failure modes

Observation of the tested specimens showed different
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failure modes, which were heavily influenced by hole diameter
and hole arrangement. With cylindrical resin rivets, failure
was predominantly dominated by adhesive debonding at the
aluminum resin interface, with some instances of tearing of the
resin in the large diameter multi-hole specimens [1, 21]. This
behavior can be explained by stress concentration at local and
weak interfacial adhesion phenomena as observed in single lap
and hybrid joints under shear loadings [19, 24, 28].

In the case of toothed resin rivets, mixed adhesion-cohesion
failure with microcracking of resin was observed around the
serration area in toothed resin rivets [19, 23, 26]. The serrated
shape promoted better loading transfer due to the higher
mechanical interlocking but also led to stress concentration
sites, as reported for surface-engineered joints [20, 22].

Meanwhile, double-conical resin rivets mainly exhibited
cohesive failure along the adhesive layer with good uniform
stress distribution and high interfacial bonding [20, 26]. This
failure mode suggests uniform stress distribution along the
bond line, indicating that the cohesive strength of the UPR
adhesive was effectively utilized. Images of representative
specimens obtained from the repeated shear tests conducted in
this study are presented in Figure A1l of the Appendix. These
images verify that all specimens exhibit consistent failure
modes, providing visual support for the study’s test results and
their classification.

In comparison with similar previously reported numerical
simulations, the experimental results were in good agreement
with the mixed-mode fracture performance of hybrid joints.
Specifically, the double-conical configuration with four holes
molded using UPR was capable of withstanding a mean shear
load of 1.224 + 0.008 kN. The mechanical test results of this
study are consistent with the predictions of existing research
[9, 10, 14], which notes that geometric structures capable of
inducing progressive stress transfer and reducing peak stress
will produce the corresponding mechanical performance.

(a) Hole diameter is an influential factor. As the hole
diameter increased from 3 mm to 5 mm, the strength of all
joints improved. This outcome arises because larger holes
promote better adhesive penetration and lead to a more
uniform stress distribution.

(b) The test results of this study show that the shear bearing
capacity of resin rivets with a biconical configuration far
exceeds that of all other geometric configurations included in
the test, exhibiting the highest shear capacity among the tested
configurations. This advantage arises because the conical
structure can transfer stress step by step and strengthen the
mechanical interlocking between the adhesive layer and the
base material.

(¢) Results show that the more holes a test specimen has, the
higher its load-bearing capacity and the more uniform its stress
distribution; the average shear load of four-hole test specimens
is consistently higher than that of single-hole test specimens
under the same conditions.

(d) This study adopts a hybrid joint design that combines
resin rivet interlocking and adhesive bonding. This synergistic
effect promoted controlled cohesive failure, thereby
enhancing the overall mechanical performance of the joint.

Finally, it is also worth comparing the present results with
recent developments within adhesive bonding, where the
results obtained show that the performance of UPR bonded
joints is competitive. Epoxy adhesives are almost exclusively
reported in the literature; however, UPR presented similar
mechanical strength as well as large advantages in price,
processability and adaptability for structural purposes.



Increasing hole diameter resulted in a well-defined
improvement in shear strength, especially with the four-hole
specimens, as shown in Figure 6. The highest mean shear force
obtained for the cylindrical four-hole configuration was 0.818
+ 0.017 kN for the 5 mm four-hole pattern, indicative of high
enhanced load-bearing ability. This improvement is due to the
larger contact area and the better stress transmission along the
adhesive-resin rivet interface. However, in the case of the
single-hole specimens, a local stress concentration occurred
around the resin rivet edges, leading to premature adhesive
failure. Such a phenomenon was also observed by Cui et al.
[5] and Braga et al. [11], who showed that smooth interfaces
between cylindrical particles enhance stress concentration and
lead to premature debonding, whereas optimized geometries
facilitate homogeneous stress transfer.

As shown in Figure 7, the toothed cylindrical resin rivet
design demonstrated moderate shear improvement over
smooth cylindrical configurations. The serrated inner surface
also developed a more effective mechanical interlocking for
the adhesive layer, resulting in higher bond strength and longer
delamination time. The toothed cylindrical four-hole
configuration achieved a mean shear load of 0.887 + 0.015 kN
in the 5 mm diameter four-hole specimens, thereby indicating
that an increase in contact area and interfacial bond is
advantageous. Although this was an improvement, the iterated
single-hole specimens still present the defects of local stress
concentration and premature failure of the adhesive layer. This
issue aligns with the conclusion proposed by Hussein et al.
[21] and Golewski et al. [26] that textured surface engineering
can improve load transfer efficiency and adhesive toughness.

This study identified the double-conical resin rivet as the
optimal joint configuration from Figure 8. Among all tested
designs, the four-hole biconical configuration with a 5 mm
hole diameter achieved the highest average shear load of 1.224
+ 0.008 kN. The conical design can gradually transfer loads at
the elbow, reducing the probability of extreme failure. The
trends observed in this experiment align with the extended
finite element method and finite element method conclusions
of Al-Filfily et al. [10], and are also validated by the finite
element analysis results of Braga et al. [11] and Adole et al.
[14]. However, this study has not yet carried out numerical
simulations.

This study conducted a comparative experiment using the
single-hole assemblies fitted with resin rivets of different
geometric shapes, presented in Figure 9, as test samples, to
verify the influence of rivet geometric shape on the assembly's
load-bearing capacity and failure mode. Measurements show
that the shear strength of the double-conical resin rivet is far
higher than that of all other samples, while the cylindrical resin
rivet has the lowest shear strength among all samples. This
result highlights the key role of geometric shape in stress
distribution. This finding is corroborated by the research of
Cui et al. [5] and Braga et al. [11], both of which proposed that
an optimal geometric profile can achieve uniform stress flow
and improved load transfer in hybrid joints.

Based on the experimental observations in Figure 10, this
study finds that four-hole specimens under all geometric
configurations exhibit superior shear strength, which confirms
the reinforcing effect of mechanical interlocking. The load
transfer across the multi-adhesion-mechanical composite
interface can alleviate stress concentration and delay crack
propagation, which verifies the effectiveness of the composite
joint. Experimental observations show that the three types of
hole configurations correspond to distinct failure modes:
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cylindrical hole specimens experience interfacial adhesion
failure, toothed cylindrical resin rivet specimens exhibit
mixed-mode cracking, and biconical resin rivet specimens
show cohesive failure within the adhesive. This failure mode
transition from brittle to relatively ductile aligns with the
numerical predictions of Al-Filfily et al. [10] and Adole et al.
[14], confirms the structural advantages of the conical
configuration, and provides support for relevant design work.

5. CONCLUSIONS

The shear strength and failure behavior of hybrid joints, Al-
HDPE bonded with UPR, were experimentally studied. The
study focused on the effect of resin-rivet geometry, hole
diameter and hole number. Conclusions: The present results
and the comparative analysis with the prevailing literature and
numerical estimations lead to the following implications:

1. The geometry of the resin rivet is a determining factor in
the joint performance. The double-conical resin rivets
possessed the largest shear strength, consistently
outperforming both the toothed cylindrical and cylindrical
resin rivets. The four-hole and 5-mm diameter constructs were
capable of withstanding a mean shear load of 1.224 + 0.008
kN, confirming the superior mechanical efficiency of the
conical configuration. The moderate increase in shear strength
was obtained for toothed cylindrical resin rivets as a result of
the improved surface interlocking. Whereas smooth
cylindrical resin rivets displayed the least enhancement,
especially with a single hole.

2. Increasing the number of holes enhances load capacity.
Increasing the interlocking features from one hole to four holes
improved the shear strength for all geometries. The multi-hole
configuration promotes a more uniform load distribution,
delays damage initiation, and increases the effective load-
transfer area within the overlap region.

3. Load-carrying capacity is strongly affected by hole
diameter. Increasing the diameter from 3 mm to 5 mm resulted
in superior strength for every geometry, primarily due to a
higher volume of adhesive and better stress distribution.

4. Failure mode was strongly dependent on geometry.
Cylindrical resin rivets mainly failed by adhesive toothed resin
rivets underwent a mixture of adhesion and cohesion failure,
and double-conical resin rivets were essentially observed to
undergo cohesive failure in the resin, which indicated that
stronger bonding and better stress distribution were formed.

5. Practical implications. The finding of this study is that
UPR as underused joining material for Al, and PE offers good
stiffness when combined with proper hole geometries and
multi-point mechanical interlocking.

6. Design Implications. The findings indicate that aluminum
and HDPE joined with UPR are significantly strengthened by
conic resin rivet geometry and multi-point adhesion. These
results offer practical implications for the design of long-lived
hybrid joints in lightweight structures in transportation, energy
and packaging applications.
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APPENDIX

Representative fracture surfaces of repeatedly tested
specimens

(c) Cylindrical resin rivet

Figure Al. Representative specimens before and after
repeated shear tests





