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1. Introduction

Additive manufacturing (AM) as a rapid prototyping technique
refers to adding raw materials during manufacturing which
can be used to fabricate physical objects directly from
computer-aided design (CAD) data. AM, also known as three-
dimensional (3D) printing technology, is able to produce
geometrically complex parts in a short period of time
compared to traditional manufacturing processes [1]. 3D
printing has been developing rapidly and dramatically and
has attracted considerable attention in recent years. Consid-
ering various applications of additively manufactured parts,
they have been utilized in a wide variety of applications such
as soft robots [2], medicine [3], electronics [4], automotive [5],
construction [6], food industry [7], aerospace [8] and nano-
technology [9]. Based on various applications of 3D-printed
parts, different engineering aspects have been investigated in
this domain. For example, crushing performance [10], fracture
behavior [11], machine learning [12], mechanical properties
[13], creep properties [14], topology optimization [15], post-
processing [16], mechanical strength [17], residual stress [18],
impact behavior [19], and design optimization [20] have been
studied in this field. According to ASTM 2792-12a [21], 3D
printing has been classified into seven methods of which
material extrusion is considered in the current study. Fused
deposition modelling (FDM) technique is one of the most
common and cost-effective methods in printing structures in
which employs different types of filament and polylactic acid
(PLA) amongst all types of filaments is considered as the most
famous one. PLA is a biodegradable plant-based bio-polymer
and PLA-based 3D-printed structures are more sustainable
and more environmental friendly than any other common
polymers used in FDM. Nowadays, commercial FDM printers
are widely used in different industries and is considered as on
of the main pillars of new generation of manufacturing tech-
nology. However, the maximum dimensions and volume of
the final printed products are limited to the dimensions of the
commercial 3D-printers (up to half a meter size in typical 3D
printers), and this is considered as the inherent limitation of
this manufacturing technique [22]. To tackle this challenge
and benefit from the sustainable PLA 3D-printing process in
manufacturing larger scale structures using commercial 3D
printers, structures can be divided into and printed in smaller
sub-structures in which can be assembled and bonded after-
ward. This would be an efficient and cost effective
manufacturing method to create large size 3D-printed PLA
structures without using giant untypical expensive 3D
printers. However, in this technique, the integrity and me-
chanical performance of the assembled structure (with 3D-
printed substructures) will very much dependent on the
integrity and strength of the joints. Amongst different types of
possible mechanical joints, adhesive joints are the best
candidate in bonding 3D printed polymeric adhereds as they
are easy to be implemented specially in complex geometries
and also they are relatively considered as low price bonding
method. Mechanical performance of adhesive bonded struc-
tures have been widely studied in literature with different
types of adherends such as metallic [23—25], composite
[26—28] materials and also joints with dissimilar adherends

[29,30]. Single and double lap adhesive joints [31—-33] and
joints with different bonding configurations like stepped-lap
joints [34,35] and scarf-joints [36,37] also considered to
enhance the overall performance of adhesive bonding using
different types of adherends.

Notwithstanding the large number of publications in
different aspects of adhesive bonded joints, there are still
limited number of research focusing on structural integrity,
strength and performance of adhesive bonded joints with 3D-
printed polymeric adherends. Mechanical performance of
single-lap adhesive bonded joints with 3D-printed PLA
adherends are studied in [38]. FDM printing technique is used
to print the PLA adherend. Two different geometries (flat and
sinusoidal shape) are considered in the overlap area along
with two different printing orientations (flatwise and edge-
wise direction) for the PLA adherends. The results reveal the
importance of the shape optimisation of the overlap area and
printing orientation of adherends on the strength of the joint
and enhancing its load capacity. Mechanical strength of single
lap adhesive joints with PLA 3D-printed adherends also
studied in [39]. This experimental study clearly shows that
appropriate use of adhesive in structures with 3D-printed
adherends not only does not weaken the load carrying ca-
pacity of the joints but in some cases might lead to slight
enhancement of the maximum carrying force. Very recently,
structural integrity, mechanical strength and fracture of ad-
hesive bonded single lap joints with 3D-printed PLA adher-
ends were studied both experimentally and numerically by
the authors of this paper [40]. We could specify the optimum
adhesive thickness and thanks to the 3D-computational
model of the adhesive joints, stress distributions of adhesive
and adherends within the bonding area were fully disclosed
and corresponding cohesive failure modes were described.
We could also show different printing parameters (i.e.,
different raster angle, raster width, and layer thickness) in
manufacturing the adherends could have an impact on failure
of the final adhesive single lap joints and might lead to change
in failure mode from cohesive mode to fracture of the
adherends. In another recent study [41], the authors of this
paper focus on mechanical performance and fracture of single
lap adhesive bonded joints with Polyethylene terephthalate
glycol (PETG) printed adherends. FDM and different printing
parameters are used to manufacture the substrate samples
and an appropriate fast curing adhesive was employed to
create the single lap joints. A set of standard tensile tests are
conducted on the adhesive bonded joints with PETG adher-
ends to analyse their mechanical strength, load carrying ca-
pacity and fracture modes. The experimental data are
supported by a nonlinear 3D finite element model where the
peel and sear stress distribution on adhesive layer are iden-
tified and cohesive failure of samples are predicted. We
revealed that although all types of fracture modes can be seen
in failure of these joints, proper choose of the adhesive layer
thickness makes the cohesive failure the dominant failure
mode and enhances the integrity of adhesive joints with 3D-
printed PETG adherends.

In the present research, the impact of the morphology and
configuration of the bonding area (over lap area) on mechani-
cal performance and integrity of adhesive joints with 3D-
printed adherends are investigated. A set of PLA adherends are
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printed by FDM printers using the same printing parameters
and with three different step configurations (with three
different step lengths). So three sets of stepped-lap adhesive
bonded joints (with different step length in the over lap area)
are manufactured with the same adhesive type and optimum
adhesive thickness. Standard tensile tests are conducted on
joints to extract the mechanical performance and failure mode
of the stepped-lap joint with different step length. In parallel, a
3D finite element model of these three types of stepped-lap
adhesive bonded joints are used to investigate the perfor-
mance of the joints with more details and provide an insight
into stress distribution and load sharing within the overlap
area and with different step sizes. To this end, we have orga-
nized the rest of this paper in the following way. Section 2,
presents a brief overview of FDM process and its specifications.
In Section 3, experimental investigations are described. Details
of numerical simulations are presented in Section 4. In Section
5, the obtained results are presented and discussed. Finally, a
short summary in Section 6 concludes the paper.

2. A brief overview of fracture in adhesive
joints

Due to the developments in adhesive technology, the use of
adhesively bonded joints has increased significantly. Cate-
gorisations of the different joints are based on their function,
form or their location in the structure. Currently, there are
many different types of adhesive joints, but the most com-
mon joint types are single-lap joints, double-lap joints,
stepped-lap joints, and scarf joints [42]. In adhesive joints,
there are different failure modes which are determined by the
quality of the bond at each interface, specimen geometry, and
loading. Fig. 1 shows schematics of several failure modes in
adhesively bonded joints. Literature investigation confirmed
that there are several parameters (e.g., surface preparation,
adhesive thickness, joint configuration, adhesive properties,
and environmental factors) which have significant effects on
the strength of the adhesively bonded joints [43—45]. For
instance, in [46] influence of surface patterns on the fracture
behavior of adhesively bonded joint has been investigated.
Later, effects of the temperature on the fracture properties of
adhesive joints were analyzed in [47]. In this context, three
different temperatures were considered and the fracture
properties of a structural adhesive were examined. The ob-
tained results indicated that the values for critical strain en-
ergy release rate decreased with the increase of the
temperature.

The technical condition of the joint influences the stiffness
of the whole structure and its load-bearing capability. A re-
view of the literature reveals that several investigations were
performed to study improvement of strength in adhesively
bonded joints. Fig. 2 illustrates the classification of techniques
that have been used to improve the strength of adhesive joint.
For example, mixed-adhesive joints (combining two adhe-
sives in a single joint) is considered as an alternative to the use
of a single flexible adhesive which can reduce the stress
concentration in the adhesive [48]. As depicted in Fig. 2,
transverse adherend toughening is a method to improve
strength of adhesive joints. This toughening can be performed

by adding metal layers to increased transverse strength on the
critical surface region [49], or using polymers to reduce
delamination in adhesive joints [50]. Transverse joint rein-
forcement is another way to avoid delamination in adhesive
joints. The reinforcement can be continuous threads as in
stitched laminates, braiding [51], and 3D weaving [52], or it can
be discontinuous rods or pins as in Z-reinforcement materials,
such as Z-pins [53] and interleafing [54]. Although these
techniques are very useful in preventing delamination in ad-
hesive joints, transverse reinforcements has negative effect
on the elastic modulus and strength of the materials. There-
fore, currently optimization of configuration is considered as
an effective method to improve strength of the joints.

The geometrical configuration has a crucial role on the
structural integrity of the joint with effects on the adherends
and the adhesive layer. In the design phase, it is very impor-
tant to ensure that the joint geometry is carefully selected to
avoid undesirable stresses. After determining global configu-
ration of the joint, further improvement in the strength can be
performed by local geometry modification. This includes the
local modification of adherends, adhesive, and the combina-
tion of them. In single-lap joints, the load transfer is uneven
along the overlap, which leads to stress concentration at the
ends of the overlap. In the context of geometry design, a
higher joint strength can be obtained by double-lap joints,
stepped-lap joints, scarf-lap joints, and tapered-lap joints. Itis
noteworthy that strength improvement is usually accompa-
nied by increased manufacturing difficulty. In the current
study, stepped-lap joint is considered as a technique for
strength improvement of 3D-printed joint which is described
in the following section.

3. Experimental procedure
3.1. Design and printing of specimens

In order to determine basic mechanical properties, we have
designed and examined dumbbell-shaped specimens made by
PLA material in our previous study [40], where we investigated
structural integrity of 3D-printed single lap joints. In this
context, dumbbell-shaped test coupons tested according to
ASTM D638 [55]. Schematic of tensile test and specimen ge-
ometry are illustrated in Fig. 3. As the same material is used in
the current study, we refer to the documented basic me-
chanical properties.

In the present study, stepped-lap joint are designed,
fabricated, examined to compare their strength with single-
lap joints fabricated by the same material and process.
Indeed, in our previous study [40] we used PLA material to
printed single-lap joint specimens and investigate their
structural integrity. In the current study, we used the same
material and the step-joint specimens are printed under the
same conditions and printing parameters to determine effects
of steps in improving strength of the joints. Table 1 summa-
rizes the material properties of utilized PLA based on the data
sheet [56], and printing parameters documented during the
printing process. It should be noted that the printing param-
eters were kept constant in fabrication of all specimens to
ensure consistent printing quality.
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Fig. 1 — Schematics of different failure modes in adhesively bonded joints.
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Fig. 2 — Classification of techniques to improve strength in adhesive joints.

All specimens are first drawn in a CAD platform and then
saved as ‘. stl’ format. The CAD files of specimens are used to
extrude and deposit molten thermoplastic which is built up in
layers from a horizontal base. Here, the files were imported to
Cura™ slicing engine which is an open-source program for
slicing and setting printing parameters. According to ASTM
D3163-01 [57] single-lap joints are made with overlap region
about one-quarter of the specimen length. In the current
study, different step lengths are considered to investigate ef-
fects of step length on the structural integrity of the bonded
joints. Geometry details of steps are as follows: (a) Design I:
three steps with equal lengths, (b) Design II: largest step is in
the middle, and (c) Design III: smallest step is in the middle.
The thickness and width of the steps were kept constant in all
specimens. Schematics of a conventional single-lap joint and
geometrical parameters of modified joint with three steps are
illustrated in Fig. 4. It is noteworthy that six specimens for
each configuration (step length) were examined to confirm the
repeatability and produce representative results. In order to
ensure printing quality of the specimens, visual appearance of
3D-printed step-lap joints parts were investigated and failed
parts were replaced.

Since type of adhesive and its properties has crucial roles
on the bond strength of the adhesively bonded joints, selec-
tion of adhesive has become of significant importance. In the

e

165

=

%

Fig. 3 — Schematics of tensile test and geometries of a
dumbbell-shaped test coupon (dimensions in mm).
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Table 1 — Printing parameters and properties of utilized PLA material.

Printing parameters Values
Raster angle (°) +45°
Raster width (mm) 0.75
Number of contours 2

Infill percentage (%) 100
Layer thickness (mm) 0.2
Bed temperature (°C) 55
Nozzle diameter (mm) 0.8
Printing speed (mm/s) 30
Nozzle temperature (°C) 215

PLA parameters Values
Density (gr/cm®) 1.21
Melting point (°C) ~ 160
Glass transition (°C) ~ 65
Elongation at yield (%) 2
Elongation at break (%) 6
Filament diameter (mm) 1.75
Diameter tolerance (mm) +0.05
Moisture absorption (ppm) 1968
Izod impact strength (kJ/m?) 5.1

present study, we used an industrial grade epoxy adhesive
which is two components adhesive LOCTITE® EA 9466™ from
Henkel (Diisseldorf, Germany) to bond 3D-printed parts and
finish fabrication of test coupons. The use of robust experi-
mental procedures is essential for the accuracy of the ob-
tained results. It is worth mentioning that for the final phase
of the specimen preparation we have designed and fabricated
a fixture to maintain the alignment of the two parts of the 3D-
printed step-lap joints during the curing period. In addition, as
thickness of the adhesive has an important role in the me-
chanical performance of the bonded joints, it is necessary to
keep the desired adhesive thickness. The utilized fixture was
able to make the thickness of the adhesive layer precisely
adjustable. Fig. 5 shows an exploded view of the fabricated

fixture. All 3D-printed parts were cleaned, washed, and sub-
sequently dried prior using the adhesive.

According to the technical datasheet of adhesive manu-
facturer, it was necessary to keep assembled parts from
moving during cure. The adhesive cured at room temperature
for 24 h according to the manufacturer's datasheet. Prior to the
mechanical tests, geometry and appearance of the specimens
were visually checked to ensure that there is no damage or
defect in the specimens.

3.2 Lap shear tests

A series of lap shear tests was performed to analyze the failure
behavior and strength improvement in 3D-printed step-lap

Overlap area
with steps

Fig. 4 — The conventional single-lap joint and geometry details in a modified joint with steps (dimensions in mm).
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Fig. 5 — The fabricated fixture keeps a 3D-printed step-lap join.

joints. In this context, all tests were carried out using a hy-
draulic tensile test machine equipped with a 15 kN load cell.
The step-lap joints were examined longitudinally along the
machine axis which were pulled up to breaking of samples.
The specimens were attached with the tensile machine cross
heads grips that were inserted. The load was set according to
the load cell as prescribed in machine. Displacement was
measured by an encoding sensor. The machine has cross-
head speed range of 0.01 mm/s to 30 mm/s and the series of
static tensile test were performed under displacement control
via constant cross-head movement of 1 mm/min. As the
physical properties of materials can be affected by ambient
temperature, all tensile tests were performed according to the
standards for room temperature. In detail, the room condi-
tions for tests of step-lap joints were 23 + 3 °C and 50 + 5%
temperature and relative humidity, respectively. Fig. 6 shows
a step-lap joint under test conditions.

Since overstress loads in adhesively bonded joints lead to
failure, different failure modes can occur based on several

parameters such as joint configuration, quality of bond at
each interface, and loading. In the present study, we exam-
ined four specimens for each step configuration and different
failure modes are occurred. The dominant failure mode
observed among all examined specimens is the cohesive
failure. Indeed, there are nine cohesive failure modes, along
with one adhesive failure in tested samples. In addition, fail-
ure in adjacent structure is occurred in two specimens. The
maximum fracture load belongs to cohesive failure mode and
was equal to 2856.3 N. Fracture loads of each joint type are
summarized in Table 2.

Cohesive failure shows a ‘good’ adhesive bond, because it
indicates suitable adhesive curing conditions and good cohe-
sive strength. In fact, cohesive failure within the adhesive is
the preferred type of failure, because with this type, the
maximum strength of the materials in the joint has been
reached [58,59]. Moreover, cohesive failure mode is the
desired mode of failure, because energy dissipation occurs
primarily in the adhesive substrate. In addition, in the

Fig. 6 — Additively manufactured step-lap joint, before (left), and after (right) tensile test.
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Table 2 — The experimental failure loads of the examined

3D-printed step-lap joints.

Steps configuration P; (N) P, (N) P3(N) P4 (N) Payg(N)

Design I 2652.4 26154 2856.3 2771.8 27239
Design II 1832.7 2052.8 21425 1919.1 1986.7
Design III 2073.6 1703.2 1814.3 1679.5 1817.6

cohesive failure, repair of the parts can be performed in a cost-
effective manner which is another advantage of this failure
mode. As discussed in [60,61], in analyzing an adhesive joint
that has been tested to destruction, the mode of failure is
often expressed as a percentage cohesive or adhesive failure.

3000 T T T
——Design |
——Design Il

2500 1 Design I1l

2000 1

z
g 1500 |
[9)
[
1000 |
500 1 /

Extension (mm)

The ideal mode of failure is a 100% cohesive failure in the
adhesive layer. Here, this type of failure is occurred in nine
specimens.

Information about failure mode is beneficial for deter-
mining cause of failure, but it should not be used as a sole
criterion for evaluation of the joints. According to the tests
on step-lap joints, force-displacement curves (for highest
fracture loads in each design) and corresponding stress-
strain relationship of examined joints are determined and
illustrated in Fig. 7. As it shown, the higher slope (higher
stiffness) belongs to the specimen with cohesive failure
mode including three steps with equal lengths (Design I). In
detail, the overall stiffness in Design I is higher than the
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Fig. 7 — Force—displacement curves (left), and stress—strain curves (right) of the step-lap joints with different step

configurations.

Design I- Side view

Y

A

z x

Design |- Cohesive Layers

Fig. 8 — Finite element model of the adhesively bonded step-lap joint (Design I) including adhesive layers via CZM.
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other two designs (it is about 1008 N/m), and it is reduced to
954 N/m in Design IL

In comparison with traditional single-lap joint studied in
our previous research work [40], the present study proved
that the structural integrity of adhesively bonded 3D-prin-
ted joint is increased by considering steps in overlap area. In
detail, we reported the fracture load of 1986.2 N for tradi-
tional single lap joint in our previous study [40], but in the
current study it has been increased to 2723.9 N for step-lap
joint (Design I). In fact, comparison of results indicated that
using step in overlap area leads to change in failure load of
the joint, therefore, steps with equal length improve the
mechanical performance and structural integrity of 3D-
printed joints.

4. Computational approach

A computational finite element (FE) model was developed to
investigate the effects of step-shaped bonding area with
more depth on structural integrity of the joint specially from
the stress distribution point of view. Having such a
computational FE model provides a deeper understanding of
stress and force transition between 3D-printed adherends
and adhesive layers and demonstrates how topology of the
bonding area leads to enhancement of the overall strength
of the joint. We followed the same methodology in our
previous publications in adhesively bonded 3D-printed
joints with flat bonding area for PLA [40] and PETG [41]
adherends. ABAQUS/Standard software was employed to
create a nonlinear 3D-FE model of Design I (with identical
step size) demonstrated in Fig. 4. Design I was chosen in FE
model as it shows maximum fracture load amongst all three
designs tested and reported via Table 2 and Fig. 7. A cohe-
sive zone layer is considered for the adhesive layer in the
joints using cohesive zone modelling elements (CZM) in
ABAQUS. CZM enables the FE model to consider delamina-
tion in adhesive layer and to track adhesive failure in
adhesively bonded joints. COH3D8 elements are employed
to model the adhesive layer in which have been already
used successfully to model other types of adhesively bonded
joints [62—65]. We also employed the CZM in computational
modelling of single lap adhesively bonded joints with
different 3D-printed adherends [40,41]. The cohesive layer
defines the fracture process and crack propagation within
the adhesive and is modelled by the traction-separation law.
Crack initiation in the adhesive layer is defined by the
mixed-mode bilinear constitutive model [62], where both
shear and normal cohesive strength of the adhesive, play
role on damage initiation and crack growth. The 3D models
of the step-lap adhesively bonded joint of Design I, is pre-
sented in Fig. 8 with their corresponding CZM of their ad-
hesive layer. Material properties and strengths for the
adhesive and PLA adherends are already defined in [40].
Mesh independency of the FE model has been already
checked and the thickness of the cohesive layers is
considered as 0.2 mm similar to the experimental samples
stated in Table 1 and following the optimisation performed
earlier in [40,41]. Material properties of 3D-printed PLA
adherends were extracted from the experimental tensile

test on the dumbbell-shaped test coupons printed with the
same printing parameters and conditions as the adherends
(Table 1) according to ASTM D638 [55]. Mechanical charac-
teristics and parameters of the adhesive layer also were
picked from the technical data-sheet of the adhesive (LOC-
TITE® EA 9466™ from Henkel), all abridged in Table 3.

To simulate the mechanical behaviours of the FE models
similar to standard condition of the universal tensile test,
detailed in Section 3, nodes located in one end of the FE model
is assumed to be fixed while nodes at the other end experi-
ences a gradual axial extension equal to U. The nonlinear FE
static analysis is performed up to the fracture of the sample.

To demonstrate the accuracy of the FE model detailed in
Fig. 8, variations of the axial force against the axial displace-
ment U are plotted for both experimental tensile test and the
FE model in Fig. 9. A good agreement is seen between the
experimental results and the computational output of the FE
model. Both graphs demonstrate a similar linear elastic
pattern up to the fracture load, followed by a sharp decrease in
the force due to the cohesive failure of the adhesive layers.
The slope of the linear part of the graphs are proportional to
the young modulus of the adherends (PLA) and the fracture

Table 3 — Mechanical properties of the PLA printed
adherends and the adhesive.

Parameters Values
Adherends
Elastic Modulus (GPa) 0.77
Poisson ratio 0.33
Adhesive
Shear strength (MPa) 37
Tensile strength (MPa) 32
Tensile modulus (GPa) 1.71
Impact strength (kJ/m?) 5.1
Glass Transition Temperature (°C) 65

3000 : : i R
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Fig. 9 — Force-displacement graph of the adhesively
bonded sinle lap joint with stepped-lap bonding area
(Design I) - a comparison between the experiment and the
FE model.
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Fig. 10 — Damage evolution of the adhesively bonded joint at different extensional deformation U.

load in cohesive failure relates to the properties of the adhe-
sive. The fracture load measured in the experimental test is
recorded as Fpax = 2856 N at U = 3.5 mm and the FE model
predicts this force as Fpax = 2723 N at U = 3.35 mm.

To explain the role of the adhesive layers in load trans-
ferring between the adherends, structural integrity of the joint
and cohesive failure of the CZM layer; SDEG (scalar stiffness
degradation) output of the cohesive zone layer in ABAQUS can
be employed. SDEG output take values between zero and one
and indicates the damage in cohesive elements in the adhe-
sive layers. As the stress level inside the CZM gets closer to the
maximum strength of the adhesive material, SDEG starts to
approach from zero to one and when a CZM element is
completely damaged, SDEG gets one and corresponding ele-
ment(s) with SDEG = 1 will be deleted from the model. To
analyse the evolution of the cohesive failure of the adhesively
bonded step-lap joint with printed PLA adherends, deforma-
tion of the bonding zone along with SDEG variation on CZM
layer at different axial deformations U are demonstrated in
Fig. 10. From U = 0 up to U = 2.12 mm of axial extension,

adhesive layers are not damaged and performing with full
load transferring capacity. Fig. 10a shows the deformation of
the bonding area (right picture) with SDEG value on adhesive
layer (left picture) and it is shown that all CZM elements in
adhesive layers are undamaged (i.e. SDEG = 0 for all elements).
With further extension to values higher than U = 2.12 mm,
adhesive layer starts to deteriorate and cohesive failure of
adhesive begins. This cohesive failure starts from both the
upper and the lower layer of the adhesive at their outer
transverse edges. For instance, at U = 3.26 mm, first transverse
row of the elements at the upper and lower adhesive layer
have been almost damaged as shown in Fig. 10b and most of
adhesive elements at these edges are deactivated and deleted.
This adhesive deterioration leads to distributing more load to
the remaining elements and materials in adhesive layers and
cohesive failure accelerates with U, accordingly. At
U = 3.33 mm (with just a 0.07 mm increase on U from the
previous step) almost 50% of the adhesive material on the
upper and lower layer of the CZM has been deteriorated and
removed as seen in Fig. 10c. Moreover, at this stage the middle
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layer also has started to fail from its outer transverse edges. At
U = 3.34 mm (Fig. 10d), not only both the upper and the lower
layer of the adhesive have been mostly deleted, but the middle
layer also has lost 40% of its material. By increasing the
extension to U = 3.341 mm (an increase of only 0.001 mm as
seen in Fig. 10d), transverse layer of elements in the middle of
the second step (middle layer) is the only element set which
still has load transfer capacity. The adherends are almost
detached as shown in Fig. 10e and the model are ruptured at
U = 4.23 mm finally (Fig. 10e). Stress distribution across the
axial directions of the adhesive layers are demonstrated in
Fig. 11 and 12 at U 2129 mm and U 3.33 mm,
correspondingly.

Two axial paths are defined (one in the axial edge (path 1)
and one in the middle axial line (path 2) of the adhesive layers)
to record variation of different stress components via CZM

S, Mises i

(Avg: 75%) .8
FEY LIS < Upper layer:
+2.609e+01 +
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——

Damage evolution
directions

and adhesive elements. At the extension U = 2.129 mm, where
all adhesive elements are undamaged, von Mises stress vari-
ation on adhesive layers are given in Fig. 11a. Maximum von
Mises stress occurs at the outer vertical edge of the upper and
lower layers, where cohesive failure starts to grow and
expand. However, the von Mises stress at the middle layer is
almost negligible. In parallel, variation of the peel and shear
stress components across path 1 and path 2 confirm the same
concept. The peel and shear stress level, at both paths, next to
the outer transverse edge is higher in both upper and lower
layer, however, both peel/shear stress values in path 2 is
slightly higher then path 1 close to the outer transverse edge.
This is why element deterioration and cohesive failure start
from the middle point of the outer transverse edge in the
upper and lower layer toward the external axial edges.
Moreover, at this loading stage, the peel/shear stress values in

Path 1- Edge

Path 2- Centreline

Damage evolution
directions

(a) Top view of the adhesive layers-von Mises stress distribution.
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(b) Peel and shear stress variations on the centerline (path 1) and
edgeline (path 2) of the adhesive layers at U= 2.12 mm.

Fig. 11 — Stress distributions on adhesive layers at U = 2.12 mm.
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Fig. 12 — Stress distributions on adhesive layers at U = 3.33 mm.

the middle layer are almost zero. Direction of the damage
evolution on the adhesive layer is shown in Fig. 11a.

In Fig. 12a, stress distributions of adhesive layers are
demonstrated at higher extension of U = 3.33 mm. As it was
previously shown in Fig. 10c, almost 50% of the adhesive
material in the upper and lower layer was deteriorated from
their vertical outer edges and von Mises stress distribution
shown in Fig. 12a confirm that the damage evolution patternis
still the same as U = 2.12 mm Maximum von Mises stress
happens at vertical external edges of the upper and lower
layer and according to the peel/shear stress distribution on
path 1 and 2 (in Fig. 12b), maximum stress still occurs at the
middle points of external vertical edges at the upper and lower
layer. And cohesive failure is growing from the middle point of
the upper and lower layer toward the axial edges and toward
the internal transverse edge of these layers.

5. Discussion

‘Experimental practices indicated that steps in overlap area
can increase fracture load and improve structural integrity of
the 3D-printed joint. In addition, experiments showed that
cohesive failure was occurred in most of the examined joints
(nine out of twelve specimens). Although we have considered
three different designs in step-lap joints (steps with different
lengths and configurations), only Designs I shows significant
improvement in fracture load and mechanical performance of
the joint. Comparison of the results indicated that change in
the step length changes the failure load and the displacement
capacity of the joint. When the first step length is decreased
from 8.5 mm to 3 mm, the displacement of the joint and its
failure load decreased. Moreover, the area under the force-
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displacement curve shows the energy absorbed by the
connection. In this context, the energy of the joint in Design I
is large, while the energy of Design II and Design III is
approximately equal to each other.

In adhesively bonded joints, the peel stresses that occur at
the ends of the overlap area, because of eccentric loading
form a crack at the ends of the overlap area, and damage is
caused by propagation of this crack towards the center of the
overlap area. In step-lap joints sudden progress of the crack
towards the center can be prevented due to the step in the
overlap area. In our previous research on additively manu-
factured joint, we have reported effective stress of 3.07 MPa
for traditional PLA 3D-printed single lap joint, but it has been
increased 23% and reached to 3.7 MPa in step-lap joint
(Design I). The 3D nonlinear FE computational model devel-
oped for Design I, also confirms what was revealed in the
experiments. The FE model showed that the cohesive failure
on the adhesive layer starts at the outer transverse edge of
the upper and lower layer from their middle points and this
failure around the around
U =2.12 mm. This cohesive failure rapidly propagates toward
the center of the adhesive layer and the transverse edges (as
shown in Fig. 11a). It is also demonstrated failure in adhesive
layers at top and bottom step rapidly grows with U and cause
cohesive damage in the middle layer within just few micro-
millimeter increase in extension. The middle layer carries
high level of stress afterward leading to complete and
rupture of the bonded structure.

occurs axial extension

6. Conclusion

Based on simplicity and benefits of FDM process, a growing list
of companies have commercialized this technique for a wide
spectrum of materials. Therefore, structural integrity and me-
chanical performance of 3D-printed parts are became of
importance. In the present study, we have considered steps
with different lengths in overlap area of single lap joints. PLA
material was used for fabricate step-lap joints based in the FDM
process. A series of experiments was carried out to determine
fracture load and mechanical performance of the joints. The
bonding area is considered to be in the step-lap form and three
different designs with different step sizes were manufactured
and tested. The adhesive layer thickness was assumed to be
identical in all samples and was considered as 0.2 mm as the
optimised thickness we found in our previous research. The
experiments reveal that amongst different step sizes consid-
ered in this study, the one with identical step size (so called
Design Iin Fig. 4) shows the highest fracture load and structural
toughness and can be considered as the optimised shape
design of the bonding area. A 3D nonlinear FE model of Design I
was also developed to investigate the structural integrity of this
adhesively bonded structure with PLA printed adherends. The
model reveals the details of cohesive failure of Design I. The
model confirms that the cohesive damage starts from the
middle point of the outer transverse edge of the upper and the
lower adhesive layer in design I and the damage quickly
propagates toward the external axial edges and also toward the
center of these layer with extension of the sample. Once both

the upper and the lower adhesive layer fails, the central (mid-
dle) adhesive layer of the bond carries a high level of stress and
this leads to a sudden failure of this layer and rupture of the
whole bonded structure.
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