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A B S T R A C T

Fabrication of polymeric components with complex geometry has been increased in the recent years. As
additive manufacturing (AM) showed its unique capabilities, it has been widely used in production of
geometrically-complex parts. Although various types of bonding have been developed, utilizing adhesive joints
is common in different polymeric structures. In the current study, influence of 3D printing parameters and
adhesive thickness on the performance of adhesively bonded joints have been studied. To this aim, we have
used fused deposition modeling (FDM) process and polylactic acid (PLA) material to fabricate single-lap joints.
The specimens are fabricated under different printing conditions to determine influence of printing parameters
on the mechanical behavior of the joints. Moreover, adhesive with three different thicknesses was used to
investigate effect of adhesive thickness on the structural integrity of the 3D-printed joints. Additionally, a series
of finite element analysis was performed and agreement between experimental observation and numerical
results has been documented. As FDM process has garnered significant attention, the outcomes of this study
can be used for further development.
. Introduction

Additive manufacturing (AM), commonly known as three-
imensional (3D) printing presents unique capabilities compared to tra-
itional manufacturing processes. This rapid manufacturing technique,
s being utilized in different applications, such as aerospace, electronics,
entistry, and healthcare monitoring [1–4]. According to ASTM 2792-
2a [5], AM has been classified into seven methods. AM uses a 3D
odel data to build up a component in layers by depositing material.
lthough AM initially used for fabrication of prototypes, this manu-

acturing process has been currently used for the direct fabrication
f functional end-use products. Here, we used an extrusion-based AM
ethod to fabricate adhesively bonded joints.

Based on the significant growth of AM in recent years, various en-
ineering issues such sustainability aspects [6], environmental impact
7], and structural integrity [8] have been investigated in this field.
onsidering different applications of 3D-printed components, fatigue
nd fracture studies of these parts attracted a lot of research interest
n the last few years [9–13] and very recently fracture behavior of
dditively manufactured components was fully reviewed in [14]. This
apid growth of interest in AM applications from a large range of
ndustrial sectors has led to the urgent need for design and fabrica-
ion of 3D printed components with bigger dimensions, lighter weight
nd with a more complex topology. To respond to this need and to
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overcome the size limit of commercial 3D printers, it is required that
the component gets divided and printed into its sub-components with
simple shape and geometry first, and then the whole structure gets
assembled using a typical joining method like adhesive bonding. In
previous studies, adhesively-bonded components have a lighter weight
with fewer critical stress concentration points in their bonding area,
and adhesive bonding method is a highly preferable joining method in
comparison to other similar techniques like bolted joints or welding
[15,16]. Adhesive bonding is a well-known, widely studied technique
and also a typical method for binding different types of materials [17–
23]. Adhesive joints with different adherends have been also studied in
details from different mechanical prospectives such as stress analysis
[22], bonding strength [20], fracture [24], and fatigue degradation
[25]. However, to the best of our knowledge, there are still limited
numbers of research available focusing on the mechanical design and
characteristics of adhesive joints with 3D-printed polymeric adherends.
Experimental investigations on mechanical characterization of single-
lap adhesive joints (SLAJs) with 3D-printed adherends are performed
in [26]. Fused deposition modeling (FDM) is employed to print the
adherends using a green Polyacticacid (PLA) thermoplastic filament.
Epoxy adhesive is used to bond the adherends and the PLA components
are printed in two printing directions (flatwise and edgewise). Two
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Fig. 1. A schematic of specimens based on ASTM D638 and FDM printing parameters.
different bonding configurations are also considered (with a wave
shape interlocking mechanism and without the interlocking mecha-
nism). The experimental results reveal that the printing direction of
the adherends and also modifying the morphology of the PLA surfaces
in the bonding region have a strong effect on the load capacity and
strength of the joint, while the importance of the surface preparation
is much bigger. Mechanical strength of the SLAJs with 3D-printed ABS
sheets, manufactured by FDM technique, is investigated in [27]. A zig-
zag configuration is considered for the boding area of adherends to
increase the contact area and provide interlocking mechanism. Two
different types of adhesive and different printing parameters for ad-
herends are considered. The experimental results show that, with a
proper design of bonding area, adhesively bonded structures with 3D-
printed adherends could enhance the strength of the structure similar
to a single component with the base material.

Due to limited numbers of research in the area of mechanical perfor-
mance and failure of adhesive joints with 3D-printed adherends, in this
research, we aimed at providing a holistic study on adhesively bonded
3D-printed structures considering the impacts of printing parameters of
the adherends (such as raster angle, raster width, and layer thickness).
The study also tends to find the optimum thickness of the adhesive layer
in which the adhesive joint presents the maximum mechanical strength.
A set of experimental tests supported by a 3D-FEM are used to create
required data toward these contributions. To do so, in this paper, it
is focused on the strength and fracture of SLAJs made up of the 3D-
printed PLA sheets (very popular type of filaments used in commercial
3D printers). A common epoxy adhesive is used, and the adherends are
printed with different printing parameters (i.e., different raster angles,
raster widths, and layer thicknesses) and also at different adhesive
thicknesses. All these experiments are also supported by a numerical
finite element model (FEM) that covers all conditions, and help to
provide a generalized parametric model of the SLAJs with 3D-printed
adherends. To this end, this paper is organized as follows: in Section 2,
specimen preparation and configurations of the SLAJs are described
in details. Section 3 explains the experimental tests and FE numerical
simulations of 3D-printed SLAJs. Section 4 presents a discussion and
finally, a conclusion has been furnished in Section 5.

2. Specimen preparation

In the current study, PLA material was utilized to print test coupons
based on the FDM method. Considering effects and impacts of printing
parameters on the mechanical behavior of 3D-printed parts, we have
fabricated and examined dog-bone shaped specimens to determine ba-
sic mechanical properties and document effects of printing parameters.
In this context, dog-bone shaped samples were made considering the
following three different printing parameters:

- Raster direction: 0◦, 45◦, and 90◦.
- Raster width: 0.75 mm and 1 mm.
- Layer thickness: 0.2 mm and 0.5 mm.
Raster direction is defined as printing direction relative to the

loading direction. Raster width refers to the width of the deposition
path [28]. The third considered parameter is layer thickness which is
the layer height of each printed layer [29]. It is noteworthy that the
3D model of the dog-bone shaped specimens are designed according to
2

Table 1
Printing parameters and properties of PLA and 3D-printed specimens.

Printing parameters Values PLA parameters Values

Raster angle (◦) ±45 Density (gr/cm3) 1.21
Raster width (mm) 0.75, 1 Melting point (◦C) ∼160
Number of contours 2 Glass transition (◦C) ∼65
Infill percentage (%) 100 Elongation at yield (%) 2
Layer thickness (mm) 0.2, 0.5 Elongation at break (%) 6
Bed temperature (◦C) 55 Filament diameter (mm) 1.75
Nozzle diameter (mm) 0.8 Diameter tolerance (mm) ±0.05
Printing speed (mm/s) 30 Moisture absorption (ppm) 1968
Nozzle temperature (◦C) 215 Izod impact strength (J/m) 16

the ASTM D638 [30]. In Fig. 1, FDM printing parameters in a dog-bone
shaped specimen are schematically illustrated. In this study, to cover all
combinations of the aforementioned printing parameters, twelve dog-
bone parts are needed, and considering three specimens for each case
(to check the repeatability) a set of total 36 dog-bone shaped specimens
are fabricated and tested.

In order to determine the strength of adhesively bonded single-lap
joint, test coupons are prepared based on ASTM D3163-01 [31]. In
detail, two parts of each specimens were designed in a CAD platform,
saved as ‘‘stl.’’ format, printed using FDM process, and later bonded.
PLA properties and printing parameters are summarized in Table 1.
Although raster width and layer thickness were changed in fabrication
of different specimens, all other printing parameters were kept constant
for all specimens.

In design of specimens, two contours were considered and infill
density was set to 100%. In order to ensure printing quality of the
test coupons, visual appearance of printed parts were investigated and
failed parts were replaced. In Fig. 2 a 3D-printed single-lap joint and
its geometries are shown.

In the present study, after printing components of the single-lap
joints, they are bonded via an epoxy adhesive [32] to finish fabrication
of test coupons. More in deep, an appropriate fixture was designed and
manufactured to maintain the alignment of the two parts of single-
lap joints during curing period and also to make the thickness of the
adhesive layer precisely adjustable. Fig. 3 shows exploded view of the
fabricated fixture. In order to speed up the manufacturing process of
the joints, we have made five fixtures.

According to ASTM D3163-01, SLAJs are made with overlap region
about one-quarter of the specimen length. It should be noted that the
additional step was added at the end of each part in order to avoid
rotational moments when the specimens are clamped on the tensile
machine.

Selection of adhesive is important issue in fabrication of adhe-
sively bonded joints. Indeed, type of adhesive and its properties has
a significant effect on the bond strength. In this study, all specimens
for destructive testing were bonded with an industrial grade epoxy
adhesive with extended work life. In detail, we used two components
adhesive LOCTITE® EA 9466™ from Henkel (Düsseldorf, Germany)
which is an industrial grade epoxy adhesive. According to the technical
datasheet of manufacturer, it was necessary to keep assembled parts
from moving during cure. The adhesive cured at room temperature
for 24 hours according to the manufacturer’s datasheet. The main
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Fig. 2. A 3D-printed single-lap joint (Dimensions in mm).
Fig. 3. Exploded view of the fabricated fixture used to ensure alignment of adherents
in manufacturing of the specimens.

properties of the utilized adhesive are reported in Table 2. All printed
parts were cleaned, washed, and subsequently dried prior using the
adhesive.

In the present study, SLAJs with different adhesive layer thicknesses
(a) 0.2 mm, (b) 0.3 mm, and (c) 0.4 mm were fabricated to investigate
effects of the adhesive thickness on the fracture of the joints. All speci-
mens were kept at room temperature for 24 h after filling the gap of the
overlap area in the fixture with the adhesive. In the following section,
details of experimental tensile tests on dog-bone shaped specimens and
SLAJs are explained.
3

Fig. 4. A 3D-printed dog-bone shaped specimens under tensile test conditions.

3. Mechanical fracture in 3D-printed joints

3.1. Experimental tests

According to ASTM D638, a series of tests was performed on
the dog-bone shaped specimens with a constant cross-head speed of
5 mm/min. Based on the obtained results, effects of printing parameters
on elastic modulus of examined parts are determined. Fig. 4 shows
a PLA printed dog-bone shaped specimen under tensile test condi-
tions. For all examined specimens, the load versus displacement was
recorded. The obtained curves of these tensile tests conformed that
almost all specimens showed a linear load–displacement behavior that
is followed by a drop at failure (see Fig. 8).

Standard tensile tests are also performed on 3D-printed adhesively
bonded joints a hydraulic tensile test machine equipped with a 15 kN
load cell. The machine has cross-head speed range of 0.01 mm/s to
30 mm/s. In order to avoid the likely effect of the displacement rate, a
Table 2
Mechanical properties of the used adhesive.

Shear strength (MPa) Tensile strength (MPa) Tensile modulus (MPa) Impact strength (J/m2) T𝑔 (◦C)

37 32 1718 5.8 62
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Fig. 5. 3D-printed adhesively bonded joint, before (left), and after (right) tensile test.
series of the tests was performed under displacement control condition
with a constant rate of 1 mm/min for all single-lap joint specimens.
All the tests were performed under room conditions with temperature
and relative humidity of 23 ± 3 ◦C and 50 ± 5%, respectively. In
Fig. 5 a 3D-printed adhesively bonded joint before and after the tensile
test is illustrated. In this study, 36 adhesively bonded specimens were
examined and test results showed repeatable results.

An overload in adhesively bonded joints leads to failure in different
modes. Four different failure modes of adhesive joints are schematically
illustrated in Fig. 6. Specimen geometry, quality of the bond, loading,
and relative strength between adhesive and material determined type
of failure mode. The main failure modes in a SLAJ are: (a) adhesive
failure, (b) cohesive failure, (c) failure in adjacent structure, and (d)
yielding of adherents. When the bondline is weakened, an adhesive
failure is more likely to occur. It means that shear strength of adhesive
is weaker than the material strength. It can be result of an environmen-
tal impact or caused by incorrect manufacturing process. In cohesive
failure, as the most common type of failure mode, crack initiates in
the adhesive and propagates till final fracture occurs. When the shear
strength of the utilized adhesive is larger than the strength of material,
fracture appeared just adjacent to the adhesion region and the third
type of failure mode is occurred. The last failure mode is the result of
overload in a bonded joint, caused by the low strength adherents.

Based on the single-lap joint test, as one of the most common tests
which presents structural behavior of adhesive joints, in the present
study three types of failure modes were observed. In detail, a few
specimens showed first and third types of failures (adhesive failure and
failure in adjacent structure) while cohesive failure was most of the
occurred failure mode in the examined specimens. These failure modes
in fractured specimens are shown in Fig. 7.

As stated above, 36 different SLAJs were tested and three different
failure modes were observed: (1) adhesive failure, (2) cohesive failure,
and (3) failure in adjacent structure. The dominant failure mode ob-
served among all samples was the cohesive failure. In detail, cohesive
failure occurred in 25 specimens along with seven specimens with
adhesive failure and other four with failure in adjacent structure. This is
a clear indication of well-performed experiment and demonstrates that
test coupons were fabricated properly. An average load–displacement
curves of specimens with three different failure modes are shown in
Fig. 8 (left). Since each failure mode has occurred in several specimens,
here average of fracture load is illustrated for each failure mode. For
instance, cohesive failure occurred in 25 specimens, and 1986.2 is
an average of all fracture loads in the specimens with this failure
mode. Moreover, the overall linear stiffness of the SLAJ in mode (1)
is lower than the other two modes (it is about 680.2 N/m) while
the maximum linear stiffness belongs to the SLAJs in mode 2 (about
995.7 N/m). Adhesive failure mode in interfacial bond failure shows
low bonding strength and poor bonding capability and adhesive failure
mode shows the lowest fracture load (1123.5 ± 15.1 N). Fig. 8 (right)
represents the corresponding nominal stress–strain curves of specimens
4

at each failure mode. Taking into account gradual loading of the SLAJ,
(i) initial loading with elastic deformation, (ii) a minor softening,
(iii) deformation, and (iv) final rupture can be considered as distinct
stages in the experimental investigation. Comparison of the curves for
different failure modes would be helpful for understanding the strength
and stiffness of the 3D-printed joints.

In the cohesive failure mode, maximum fracture load was equal to
1986.2 N. Cohesive failure is considered as a ‘good’ adhesive bond,
because it indicates suitable adhesive curing conditions and good cohe-
sive strength [33]. In fact, in cohesive failure within the adhesive, the
maximum strength of the bonded structure has been reached. In several
industrial applications cohesive failure is desired mode of failure which
indicates the proper selection and application of the adhesive for the
given substrate. As in this failure, the damage occurs in the adhesive
layer, usually a shorter repair time at a reasonable price is possible.

The obtained results indicated in the cohesive failure mode, the
maximum fracture load belongs to the specimens printed with 0.2 mm
layer thickness, and raster width of 0.75 mm, which was connected
by 0.2 mm adhesive layer. This finding is in agreement with previous
studies which showed that in the SLAJs the higher fracture load belongs
to thinner adhesive layer [34–36]. For example, in [35] experiments
showed that the strength increases as the thickness of the adhesive is
reduced. In [37] it was discussed that fracture load of the joint and
its strength increases as the thickness of the adhesive decreases. Here,
we defined effective stress which is ratio of the measured fracture load
to the bonded area. The calculated effective stresses are presented in
Table 3. It is noteworthy that, according to the experimental results,
specimens with cohesive failure showed higher elastic modulus values
than other examined specimens. As it is illustrated in Fig. 8, the slope of
the stress–strain curve of the cohesive failure mode is more than other
presented failure modes.

Comparison of the experimental findings confirmed that the ad-
hesive thickness of 0.2 mm is an optimum value for the examined
3D-printed parts with respect to the strength of the bonded joint. This
experimental result is in excellent agreement with previous studies [38–
40]. In [38], based on experimental investigations on the joints with
different adhesive thicknesses it was discussed that peak adhesive shear
stresses occurred at the interface and increase of the adhesive thickness
leads to increase the shear stresses. Later, in [39] test of the single
lap joints with different adhesive thicknesses (0.2 to 1.2 mm) showed
that joint strength decreases with increase in adhesive thickness. As
thicker bondlines have more voids and microcracks, there is a greater
probability for earlier failure. Our experimental results are compared
and verified with numerical simulation in the following subsection.

3.2. Numerical simulations

In parallel to the experimental tests conducted in this research, a
3D-FEM model of the SLAJ is also developed in ABAQUS® to reveal a

better understanding of stress distributions, strength, and failure modes
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Fig. 6. Schematics of different failure modes in adhesively bonded joints.
Fig. 7. 3D-printed joints with different failure modes: adhesive failure (top), cohesive failure (middle), and failure in adjacent structure (bottom).
Fig. 8. Force–displacement curves (left), and stress–strain curves (right) of examined specimens with different failure modes.
Table 3
Experimental results considering occurred failure modes.

Failure mode Fracture load (N) Maximum displacement (mm) Effective stress (MPa)

Cohesive failure 1986.2 ± 12.4 2.2 ± 0.6 3.07
Adhesive failure 1123.5 ± 15.1 1.8 ± 0.7 1.74
Failure in adjacent structure 2418.4 ± 10.7 3.1 ± 0.5 3.74
5
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Fig. 9. (a) FE model of the SLAJ, (b) CZM of the adhesive layer, and (c) MPC constraints at the both ends of the model.
of SLAJ with printed PLA adherends. In comparison to 2D FE models,
3D FE modeling of the adhesive joints considers the out-of-plane defor-
mations and also the influences of free surfaces of the structure, leads
to more accurate though more complex numerical replica of SLAJs
[41]. The developed FE model of SLAJ mimics the topology, loading
scenarios and boundary conditions of the printed substrates and tensile
test condition of the SLAJ described in the previous section. As the
PLA printed dog-bone shapes specimen represent a linear behavior on
a wide range of their stress–strain curves under the standard tensile
test (according to Fig. 8), it is rational that the corresponding printed
adherent substrates are considered as the linear elastic material in
the current FE model. An 8-node linear hexagonal (hex) element with
reduced integration, considering hourglass control 𝐶3𝐷8𝑅 is chosen to
mesh both the top and the bottom printed adherends. Cohesive zone
modeling (CZM) layer is employed to simulate the behavior of the
epoxy adhesive. CZM enables the FE model to consider the initiation
and evolution of the damage in the adhesive layer and supports multi-
modal fracture too. The CZM have been widely used in numerical
modeling of adhesive joints and has shown a successful outcomes in
simulating the strength, fractures and delamination of these type of
structures [42–46]. The cohesive element in ABAQUS employs traction–
separation constitutive relations and is commonly used in FE modeling
of adhesively bonded joints. In the current FE model, the adhesive is
modeled as a single layer of 8-node cohesive hex elements 𝐶𝑂𝐻3𝐷8.
Three different adhesive thicknesses of 0.2, 0.3 and 0.4 are considered
to cover all different samples used in the experiments. Sweep meshing
technique is used with the sweep path along the thickness of the
adhesive layer. Tie constraint is precisely defined between the nodes of
the top surface of the adhesive layer and its adjacent area on the upper
adherend. Similarly,the nodes on the lower surface of the adhesive are
tied to its adjacent surface of the lower part. Multi-point kinematic
constraint (MPC) is employed to couple all degrees of freedom of nodes
located on the top and the bottom surface of the step-shaped section of
the substrates to a unique reference point at each end of the SLAJ, as
shown in Fig. 9-c (two reference points RP1 and RP2 at two ends of the
SLAJ). The MPC constraint helps to simulate the boundary conditions
of the SLAJ under axial tensile test similar to the experiment shown in
6. At RP1 all degrees of freedom (DoFs) are encastered, to simulated
the fixed conditions at one end and at RP2, the only allowed motion
is along the axis of the SLAJ (i.e. y axis or U2). On RP2, a gradually
increasing displacement is also applied in y direction to demonstrate
the elongation of the SLAJ under the experimental tensile test. The
resultant force at RP1, as the total reaction force, is considered as an
output of the model and the force–displacement curve of the SLAJ is
extracted by the FE model.
6

In Fig. 10 the force–displacement curve of the SLAJ for three
different adhesive thickness of 0.2, 0.3, and 0.4 mm are plotted. The
adherends of this sample is assumed to be printed with the raster angle
of 0◦, the raster width of 0.75 mm and the layer thickness of 0.2 mm.
The FE results are also compared with experimental load curve of the
corresponding SLAJ. All FE models along with the experimental data
represent a very flat behavior at very low displacement that is related
to the pure elastic shear deformations of the adhesive layer (when
displacement is lower than 1 mm). This region is followed by a quasi-
linear region in the force–displacement curves that is presenting the
load carrying behavior of the adhesive lead to higher reaction forces as
the displacement increases. The adhesive failure occurs as this graphs
hit their maximum load values (𝐹max). This maximum reaction force
demonstrates the load carrying capacity of the joint and is an important
parameter in designing the SLAJs. It is clear from this figure that FE
models are following the experimental trend and also are predicting
the stiffness of the joint (i.e. the slope of the linear part of the curves)
and 𝐹max with a good agreement with the experiment. It is worth to
highlight that the load carrying capacity of the SLAJ predicted by the
FE models (for this printed sample) is about 𝐹max = 1818 N at 4.23 mm
elongation while the experiment shows 𝐹max = 1858 N at 4.02 mm elon-
gation. It is also important to note that aligned with the experiments,
the FE model also suggests that the optimum thickness of the adhesive
layer is 0.2 mm, as it presents a slightly higher load carrying capacity
(𝐹max) in comparison to the other thicknesses presented in Fig. 10. This
is in agreement with the higher load carrying capacity of the SLAJ with
thickness of 0.2 mm, as described before.

Von Mises stress distribution of the SLAJ is plotted in Figs. 11
for two different adhesive thickness (0.2 and 0.4 mm). The figures
demonstrate stress states of the printed adherends just before cohesive
failure. These graphs also reveal that the maximum stress level at the
SLAJ with adhesive thickness of 0.4 mm is about 14% higher than the
one with adhesive thickness of 0.2 mm.

Stress distribution in the adhesive layer plays a crucial role on
maintaining the overall stiffness and integrity of the SLAJ structure, so
it is vital to have a clear understanding about how stresses are varying
across the length of the adhesive bond. Two important stress compo-
nents are being considered in design of adhesive joints: Peel stress,
that is along the thickness of the adhesive layer (𝑆33 component at the
current model) and also transverse shear component (𝑆23 component).
The dominant load transfer mode of the SLAJ, under tensile test, occurs
under shear mode and distribution of the shear stress in the adhesive
layer governs the load carrying task of the joint. However, as the shear
deformations increases in the adhesive layer, the substrates also start to
bend and this bending lead to the normal peel stress across the adhesive
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Fig. 10. Force–displacement behavior of the SLAJ under axial tensile load with
different adhesive thicknesses-FE results.

thickness. Hence, monitoring the variation of both the peel and shear
stress in the adhesive layer is important. Figs. 12-a, b demonstrate the
peel stress distributions in the adhesive layer of the model for two
different adhesive thicknesses 0.2 and 0.4 mm, correspondingly just
7

before the initiation of the cohesive failure. Uniform and symmetric
stress distributions are observed and as expected the same stress pat-
terns are seen for both cases. However, the maximum peel stress at
the edges of the overlap region at thickness of 0.4 mm is 4% higher
than the one with thickness of 0.2 mm. Shear stress distributions of
the adhesive layer with thickness of 0.2 mm and 0.4 mm before the
cohesive failure are depicted in Figs. 12-c, d, accordingly. Smooth and
symmetric stress distributions are also observed for shear stress but a
comparison between the stress level at these figures shows that the
maximum shear stress at both adhesive thickness are very close (with
differences no more than 0.2%).

To investigate the stress variations across the overlap length of
the adhesive, a path is defined at the middle of the cohesive width
parallel to the overlap direction (y axis). Variations of the peel stress
(𝑆33) and the shear stress (𝑆23) are plotted across this path in Figs. 13.
The distance from the edges is normalized by the overlap length (i.e.,
25.4 mm as stated in Fig. 2) and the stresses are also normalized based
on the maximum average shear stress at each specific thickness (i.e.,
𝜏ave = 𝐹max

𝐴 where 𝐹max is the maximum force at cohesive failure,
obtained from Fig. 10, and 𝐴 = 25.4 × 25.4 mm2 is the overlap area
under shear. The highest level of both peel and shear stress are observed
at the vicinity of the vertical edges of the overlap area (at 6% of
the normalized distance from both edges). The shear stress goes up
to 5.5 𝜏 while the peel stress is limited to around 3.2 𝜏 . It is also
ave ave
Fig. 11. Von Mises stress distributions of the SLAJ at the cohesive failure point with adhesive thickness of (a) 0.2 mm and (b) 0.4 mm.
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Fig. 12. Stress distribution of adhesive layer: Peel stress with (a) 0.2 mm and (b)
0.4 mm adhesive thickness; Shear stress with (c) 0.2 mm and (d) 0.4 mm adhesive
thickness.
8

Fig. 13. Stress distribution across the overlap length of the adhesive layer with
different thicknesses: (a) Normalized peel stress distributions against the normalized
overlap length and (b) its zoom-in view at the edges of the bonding area; (c) Normalized
shear stress distribution against the normalized overlap length and (d) its zoom-in view
at the edges of the bonding area.

clear from these figure that variations of the peel and shear stress along
the overlap path are negligible respect to the thickness of the adhesive
(within the range of ±0.1 mm variations of the adhesive thickness,
however at the edges, both peel and shear stress components of the
SLAJ with thickness of 0.4 mm is slightly higher than the other two
models although the difference is not that much.

4. Discussion

The experimental results showed that cohesive failure was occurred
in most of the examined joints (25 out 36 specimens). Also, specimens
with cohesive failure indicated higher elastic modulus compared to
the specimens with other failure modes. Moreover, it was found that
adhesive thickness of 0.2 mm is an optimum thickness for tested
PLA single-lap joints. Parallel to the experimental practices, a three
dimensional finite element analysis has been performed. In detail, an
8-node linear hex element was used to mesh adherends and CZM was
utilized for simulation of epoxy adhesive. The results of simulations
confirmed that load carrying capacity of specimens with adhesive
thickness of 0.2 mm was slightly higher than thickness of 0.4 mm
( approximately around 1%) which shows an good agreement with
experimental findings. Since shear and peel stresses play crucial roles in
adhesive layer, their distribution in the adhesive layer was considered
in the model. According to the numerical results, maximum peel stress
in the model with adhesive thickness of 0.4 mm was higher than the
one with thickness of 0.2 mm. Therefore, the role of adhesive thickness
obtained from numerical model, is affirmed by experimental findings.
Since damage and fracture in adhesively bonded joints would require
costly and time-consuming repairs or replacement, the presented re-
sults provide data which is beneficial for design optimization of the
3D-printed joints and can be used in future computational models.



Polymer Testing 100 (2021) 107262M.R. Khosravani et al.

C

Our experimental findings indicated that thinner adhesive layer
(0.2 mm) has higher mechanical performance compared to thicker
adhesive layer (0.3 and 0.4 mm). This result is in agreement with pre-
vious research works [47–50]. For instance, in [47] experimental test
showed a significant drop in strength of the joints as adhesive thickness
increased. It was documented that examination of sections did not show
any physical reason for this issue, but numerical simulation of stress
state confirmed larger stress concentration factor in thicker adhesive
layer. Later, in [50] the same issue was discussed. Specifically, adhesive
with different thicknesses was used in SLAJs and results showed that
an increase of adhesive layer thickness leads to a decrease in lap-shear
strength. In literature several theories have been proposed to explain
why the strength of SLAJs decreases as the adhesive thickness increases.
Considering occurring failure to the adhesive-adherend interface, a
failure criterion based on the interface stresses can explain the thin
adhesive layers are stronger than thick layers. Moreover, decrease of
strength with increase of adhesive layer thickness might be related to
the plastic spreading of the adhesive along the overlap which occurs
more rapidly when the adhesive thickness increases.

5. Conclusion

This study investigates mechanical performance, structural integrity
and failure behaviors of SLAJs with 3D-printed PLA adherends. The
main contributions of this research are concluded and summarized as
follows:

• Using the standard tensile test, the cohesive failure mode is
observed as the dominant failure mode on SLAJs, regardless of
the printing parameters of the PLA adherends and the adhesive
thickness.

• Cohesive failure modes are also observed in specimens with high
elastic modulus of the PLA adherends.

• Among different adhesive thicknesses used in the experiments,
it is shown that the adhesive thickness of 0.2 mm is considered
as the optimum adhesive thickness leading to higher mechanical
performance and strength against tension compared to the other
two values.

• A data-informed three dimensional FE model of the SLAJ was
also created to clarify the mechanical performance of the SLAJs
observed in the experiments. The material characteristics of the
3D-printed adherends with different printing parameters have
been fed into the FE model using a separate set of data obtained
from tensile tests on 3D-printed PLA standard dog-bones.

• Outcomes of the FE model support the experimental results and
confirms the optimum adhesive thickness, the failure modes and
mechanical performances of the SLAJs under axial tension.

• The FEM model also reveals the stress distributions in the bonding
area of SLAJs with 3D-printed adherends, and can be used for
design optimization of the 3D-printed adhesive joints.
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