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ABSTRACT 
 

In this study, the mechanical behaviour of bonded joints made of additive 

manufactured (AM) adherends was experimentally investigated. Two different 

methods to increase the mechanical strength of the AM joints bonded with an epoxy 

adhesive were studied: the effect of modifying the geometry of the adherends along 

the overlap length (with a sinusoid interface) and the influence of two different print 

orientations (flatwise and edgewise direction) on the load capacity of 3D-printed 

parts bonded joints. Single lap-joints (SLJs) were tested for each case studied. 

Results showed an increase in load capacity of the joints by modifying the geometry 

of the adherends along the overlap length (the load capacity increased by 62% for 

flatwise and 36% for edgewise print orientation). Modifying the morphology of the 

3D-printed adherends surfaces in the overlap region had a more significant 

influence on the load capacity of the joints compared to modifying the print 

orientation of the 3D-printed parts. 

 

KEYWORDS: Additive manufactured parts, Bonded joints, Surface morphology, 

Print-orientation. 

 

 

1. INTRODUCTION 
 

Additive manufacturing (AM) or 3D printing 

technology is a process in which 3D components, 

with high precision and complexity, are made by 

depositing materials in layer-by-layer fashion as 

opposed to conventional machining or forming 

methods [1]. AM has been called the next industrial 

revolution and has experienced a huge development in 

the last decade. The process starts with a 3D 

computer-aided design (CAD) model of the part to be 

manufactured, which is electronically sliced into a 

number of horizontal cross-sections. Next, this data is 

sent to AM machine where each cross-section is built 

one over the other to create a 3D part represented in 

3D-CAD model [2]. However, instead of printing the 

entire product, 3D printing can be used to produce 

only the most complex parts, which can be further 

combined with simple, non-printed parts from other 

materials to make the final product [3]. Limited work 

is found in the literature that presents the joining of 

plastics parts fabricated with AM, specifically fused 

deposition modelling (FDM). FDM is a technology 

which enables to create functional parts with complex 

geometries by extruding a semi-molten polymer 

through a small-diameter nozzle. FDM parts can be 

considered as a laminated composite structure having 

vertically stacked layers of bonded beads. Thus, the 

mechanical properties of the FDM part depend on the 

quality of filament materials used and also on the part 

orientation and raster angle that produce the 

anisotropic nature of properties. In addition, other 

FDM processing parameters including: contour width, 

number of contours, raster width, raster to contour air 

gap, raster to raster air gap and slice height also play 

an important role in improving the mechanical 

properties of FDM-produced parts [4], [5].  

 FDM-produced parts have many promising 

applications. However, the relatively lower strength 

compared to that of the injection-moulded part still 

restricts their large applications.  

 One method to join additive manufactured parts 

is adhesive bonded method. Adhesively bonded joints 

are used in structural applications, especially in 

automotive and aerospace sectors, because of high 

strength to weight ratio, design flexibility, damage 

tolerance, fatigue resistance, etc. [6], [7], [8]. The 

single-lap joint is the most common joint used mainly 

due to its simplicity and efficiency. However, one of 

the problems associated to this joint is the fact that the 

stress distribution (shear and peel) is concentrated at 

the ends of the overlap [9]. It was shown in the 

literature that modifying the shape of adherends can 

reduce the peak values of shear and peel stresses in 

SLJ which can improve the overall strength of the 

joint. Several researchers have explored modifying 
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the adherend geometries like tapering, stepping and 

wavy lap, as possible options to minimize the stress 

concentrations at the overlap end [6]. One of the 

methods investigated in the literature for strength 

improvement is mechanical interlocking between 

adherend and adhesive. This is beneficial to the 

overall SLJ strength, due to its characteristic crack 

arrestment, increased fracture toughness and higher 

bonded surface area for the same overlap [10]. 

However, mechanical interlocking is not easily 

achieved with conventional substrates (e.g. metal and 

fibre reinforced composites). FDM is a versatile 

fabrication method, which allows the design of more 

complex geometries of the substrates relatively easily, 

whereas conventional fabrication methods require 

complex machining of either substrate or moulds [2]. 

Spaggiari and Denti [11] used single lap joints SLJs) 

with two adhesives and seven different surface 

morphologies to study AM bonded joints. They found 

that the surface morphologies of the adherends had 

only a small influence on the load capacity and 

stiffness of the joints. Boss et al. [12] showed that 

modifying the shape of adherends can uniformize the 

shear and peel stress distribution along the overlap in 

SLJ which can improve the overall strength of the 

joint. 

The objective of this study is to investigate the 

mechanical behaviour of bonded joints made of 

additive manufactured adherends. Two different 

methods to increase the mechanical strength of the 

AM joints bonded with an epoxy adhesive were 

studied: the effect of modifying the geometry of the 

adherends along the overlap length (sinusoid 

interface) and the influence of two different print 

orientations (flatwise and edgewise direction).  

 

2. MATERIALS AND METHODS 
 

2.1. Materials 
 

All AM parts specimens were fabricated using a 

Graber I3 base Cartesian 3D printer, available at the 

laboratory of composites and adhesives (LADES, 

CEFET/RJ). The slicer program used to create the g-

code was the free software Ultimaker Cura, 

Netherlands. The specimens were manufactured using 

the following parameters: nozzle temperature: 230 ºC; 

bed temperature: 60 ºC; layer height: 0.25mm; infill 

density 100%; print speed: 60 mm/s and no active 

cooling. 

 The thermoplastic filament used was a Green 

Polylactic acid (PLA), supplied by Sethi3D 

(Campinas/SP, Brazil). Photos of AM fabricated 

specimens can be seen in figure 1. A two-component 

structural epoxy adhesive, BetamateTM2096, 

provided by Dow (Dow, Brazil) was selected as the 

adhesive material. The basic mechanical properties of 

the adhesive were determined in previous studies and 

are summarized in table 1. 

Table 1. Tensile data of BetamateTM2096 adhesive 

[13], [14] 

 

Young’s modulus 

[GPa] 

Tensile strength 

[MPa] 

Tensile strain 

[%] 

1.6 34 8 % 

 

2.2. Adherend Fabrication 
 

The geometry of the SLJs specimens can be seen in 

figure 2. As no ASTM standard can be used with AM 

technology, the specimen dimensions used are based 

on ASTM 1002 standard [15]. All specimens were 

fabricated using the 3D printer and the same 

parameters as stated in section 2.1. The Solidworks 

CAD program was used to design the substrates.  

 Two configurations were considered: one 

without any interlocking mechanism, flat surface, 

(Group A) and the other with an interlocking 

mechanism in the form of a wave (Group B), as can 

be seen in figure 2a and b. For each group, two 

different printing orientations, YXZ (Flatwise) and 

YZX (Edgewise), were investigated (Fig. 3).  The 

flatwise adherends were printed in the XY plane 

where the Z axis is the thickness direction, resulting 

in a raster angle of +45/-45° in a layer by layer 

configuration. On the other hand, the edgewise 

adherends were printed with the Z axis as the width 

direction and the number of walls was increased to 5, 

thus resulting in a unidirectional material deposition 

parallel to the Y axis (a raster angle of 0°), as can be 

seen in figure 3. 

 

 
a) 

 

 
b) 

 

Fig. 1. Photos of AM parts specimens: a) Group A 

and b) Group B (flatwise and edgewise) 
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Fig. 2. SLJs specimen geometry [mm]: a) Group A, b) Group B 

 

Table 2. SLJs results as printing orientation and overlap geometry 

 

Joint Type Load (N) Displacement (mm) 

Group A 
Flatwise 1202.45 ± 49.97 2.96 ± 0.14 

Edgewise 1838.2 1± 121.56 1.84 ± 0.81 

Group B 
Flatwise 3160.72 ± 164.32 2.94 ± 0.44 

Edgewise 2872.89 ± 29.61 2.61 ± 0.39 

 

 
Fig. 3. Printing direction 

 

2.3. SLJ specimen fabrication 
 

A mould with spacers for correct alignment of the 

substrates was used (Fig. 4) [16]. The bondline 

thickness was 0.2 mm and was controlled by the 

substrate geometry as can be seen in figure 3. The 

overlap length was 12.5 mm. The dimension of a 

single adherend is 107.5 mm x 25 mm x 4 mm as can 

be seen in figure 2.  

 Packing shims were also used to control 

bondline thickness. They were placed in the middle of 

the specimen, between the overlap and the tabs 

located at the end of the substrate.  

 All the adherend surfaces were initially 

degreased with acetone to remove the dust and to 

assure a clean surface. The adhesive was applied on 

the adherend surface and spread over it with a spatula. 

 The joints were cured using a hot plate hydraulic 

press (model SL-12/20). The curing time of 2 hours at 

a temperature of 60°C was used, as recommended by 

the adhesive manufacturer. 

 

 
 

Fig. 4. SLJ specimen fabrication 

 

2.4. Test method 
 

The SLJ tests were performed at room temperature 

with a cross-head speed of 1 mm/min using a testing 

machine (INSTRON® model 5966) with a capacity of 

10 kN. At least 4 specimens were tested for each 

condition. Load-displacement curves were recorded 
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during the test. The SLJ specimen test set-up is shown 

in figure 5. 

 

 
 

Fig. 5. SLJ specimen test set-up 

 

3. RESULTS AND DISCUSSION 
 

3.1. Failure Modes 
 

The failure modes of the SLJ specimens were visually 

analyzed after testing. Figure 6 shows representative 

failure modes for the A and B Group specimens for 

both printing directions, while figure 7 presents their 

respective failure cross sections. As can be seen in 

figure 6, most of the observed failures were adherend 

failure mode. The flatwise Group A presented 

adherend failure in the form of delamination roughly 

halfway through the adherend thickness (Fig. 6a).   

 The edgewise Group A presented adherend 

failures close to the overlap edge with a slight 

adhesive failure at the point of maximum bending. A 

similar situation was observed for the flatwise Group 

B, while for the edgewise Group B the adherend 

failures were at the overlap edge. 

 Figure 7 presents the failure cross sections of 

both groups A and B. It can be seen in figure 7a that 

the failure of the flatwise A specimens was more 

ductile closer to the adherend/adhesive interface, 

evidenced by a whitening of the printed material. 

However, halfway through the adherend, this 

whitening fades and the normal colour can be seen, 

indicating a more brittle failure. Figure 7b presents 

the failure cross section of the edgewise Group A. The 

failure presented was mostly brittle and the crack 

nucleated in two separate areas. Initially, close to the 

overlap edge, a crack initiated from the surface to the 

second layer, followed by a stabilization of this first 

crack until the final catastrophic adherend failure (see 

Fig. 8, for crack propagation example). In figure 7b, it 

is possible to observe a variation in smoothness of the 

failure surface (close to the edge and the adherend 

surface, the failure surface becomes very smooth and 

shiny, indicating a very brittle response). Towards the 

bonded interface, however, the failure surface 

becomes more irregular, indicating a more ductile 

behaviour. Figure 7c displays the cross section of the 

flatwise Group B. A slight whitening can still be seen; 

however, this failure seems to be mostly brittle. 

Figure 7d presents the cross section of the edgewise 

Group B and a sharp ductile response on one side that 

gradually fades diagonally through the thickness of 

the adherend was observed. 

 

 
a) 

 

 
b) 

 

 
c) 

 

 
d) 

 

Fig. 6. Representative failure modes for all joint 

groups: a) flatwise Group A, b) edgewise Group A, c) 

flatwise Group B, d) edgewise Group B 

 

3.2. Effect of Modifying the Geometry of the 

       Overlap Region 

 
In table 2 and figure 9, it can be seen that Group B 

presented a significant increase in both average failure 

load and joint rigidity when compared to Group A 

joints (the maximum failure load increased by 62% 

for flatwise and 36% for edgewise configuration when 

compared to Group A (flat or conventional SLJ)). It 

was shown in the literature [17] that the wave 

geometry changes the values of the peak stresses at 
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both ends of the overlap. This design not only avoids 

the load eccentricity common to SLJs but also allows 

the development of compressive stress at the end of 

the overlap. Thus, the increase in load capacity for the 

SLJ with modified surface morphology (Group B) 

might be explained by the addition of material near 

the overlap edge which leads to a better stress 

distribution in the overlap region and less edge 

rotation during testing. Avila and Bueno [18] showed 

by experimental and numerical studies on SLJs with 

wavy geometry using composite substrates, that using 

adherends with wavy shapes increased the strength of 

the joints by nearly 40% compared to the flat SLJ. 

 

 

  
a) 

 

  
b) 

 

  
c) 

 

  
d) 

 

Fig. 7. Representative failure cross sections: a) flatwise Group A, b) edgewise Group A, c) flatwise Group B, d) 

edgewise Group B 

 

 
 

Fig. 8. Example of failure progression during loading of a specimen from edgewise Group A 

 

3.3. Effect of Printing Orientation 
 

In table 2 and figure 9, it can be seen that there was a 

significant variation of average failure load and joint 

rigidity as a function of print orientation for Group A. For 

instance, edgewise Group A presented an increase of 

average failure load of 35% compared to the flatwise 

Group A joints. The delamination failure of the flatwise 
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Group A is the main reason of the lowest failure 

load, when compared to the complete adherend 

failure of other groups. It was shown in the literature 

that the adherend strength and rigidity is greatly 

affected by printing orientation [19, 20]. Therefore, 

the edgewise Group A adherend joints had higher 

strength and stiffness than the flatwise adherend, 

resulting in a higher joint failure load capacity. 

 On the other hand, for Group B, the load 

capacity of flatwise printed adherends was higher (by 

9%) compared to edgewise printed parts. This may be 

explained by the different surface morphology of the 

adherends, which seems to minimize the effect of print 

orientation for this specific case. Another explanation is 

that there was a slight difference in the print quality 

between flatwise and edgewise print orientations for 

Group B specimens (the edgewise print orientation 

specimens presented some air gaps between the 

filaments).  
 
 

 
 

Fig. 9. Representative load-displacement curves for all groups studied 

 

4. CONCLUSIONS 

 
In this study, the mechanical behaviour of bonded 

joints made of AM adherends was investigated. 

Two different methods to increase the load capacity 

of the joints were studied: modifying the surface 

morphology of the overlap region and changing the 

print orientation of the adherends. The following 

conclusions can be drawn: 

• The structural adhesive used presented good 

adhesion between the PLA adherends for all 

conditions studied. The failure modes were all 

adherend failure mode at the edge of the 

overlap, with the exception of the flatwise 

Group A that presented partial adherend 

failures halfway through the thickness. 

• By modifying the morphology of the adherend 

surfaces in the overlap region, the load capacity 

and stiffness of the joints were significantly 

improved compared to the conventional (flat) 

SLJ (the load capacity increased by 62% for 

flatwise and 36% for edgewise print-

orientation). 

• The print orientation of the adherends also 

affects the load capacity of the SLJ. However, 

while Group A presented a significant variation 

in load capacity as a function of print-orientation of 

the adherends (an increase by approximately 35% 

of edgewise direction compared to the flatwise 

direction), Group B presented only a slight variation 

in joint properties as a function of printing 

orientation (the load capacity of flatwise direction 

printed adherends was 9% higher compared to 

edgewise printed parts).  

• Modifying the morphology of the adherend surfaces 

in the overlap region had a more significant 

influence in the load capacity of the joints with AM 

adherends than the printing orientation. 
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