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Analysis of failure mechanisms of adhesive joints modified by a novel 
additive manufacturing-assisted method 

Armin Yousefi Kanani a, Xing-Er Wang b, Xiaonan Hou b,*, Allan E.W. Rennie b, Jianqiao Ye b 

a Mechanical Engineering Group, School of Engineering, University of Kent, Canterbury CT2 7NL, United Kingdom 
b Department of Engineering, Faculty of Science and Technology, Lancaster University, Lancaster LA1 4YW, United Kingdom   

A R T I C L E  I N F O   

Keywords: 
Multi-material joint 
Adhesive joints 
Discrete element method 
Finite element method 
Additive manufacturing 

A B S T R A C T   

The research presented in this paper used an innovative method to modify the configuration of adhesively 
bonded joints for improved mechanical performance. Additive manufacturing was employed to produce sacri-
ficial support structures with a water-soluble filament (Polyvinyl Alcohol). The design freedom offered by ad-
ditive manufacturing makes it easy to tailor fixtures to any geometry, which can be used to accurately make the 
desired fillet shape at the end of the adhesive bond line. In addition to the experimental tests, the finite element 
method (FEM) was used to study the stress distribution along the bond line for four different modified bonded 
joints, whilst the discrete element method (DEM) was used to estimate the joint failure load and crack path in the 
adhesive bond line due to its strength in describing the initiation and progression of micro-cracks. The results 
show that the novel manufacturing method can produce an accurate fillet at the end of the bond line, regardless 
of the adhesive type. The mechanical performance of the joints with the modified features increased significantly. 
Furthermore, the failure load and crack path obtained from the DEM model is in close agreement with experi-
mental and finite element (FE) results. Hence, the failure mechanism of the hybrid joints is then summarised.   

1. Introduction 

The most recent data shows that the transportation sector is the 
biggest worldwide contributor to greenhouse gas emissions (28 % in the 
UK in 2018) [1]. The European Aluminium Association predicts a 
decrease of around 5.4 gCO2/km in greenhouse gas emissions can be 
accomplished by reducing weight by 100 kg in a conventional internal 
combustion engine (ICE) vehicle [2]. One of the most effective methods 
to achieve lightweighting is to use advanced lightweight materials 
instead of conventional materials. In practice, this necessarily results in 
the use and fabrication of multi-material structures for which proper 
joining techniques are critical for the high performance of the overall 
structures. Among commonly available joining technologies, adhesive 
joints attract the most attention due to their advantage of enabling the 
development of lightweight, cost-effective and highly integrated struc-
tures with a better uniform load distribution and improved damage 
tolerance while protecting surface aesthetics. 

In recent decades, the increased use of dissimilar joints in transport 
structures, such as bonding composites to metals, has necessitated the 
development of a method to improve the efficiency of these joints. 
Several methods for improving the efficiency of adhesively bonded 

joints have been addressed in the review papers [3–5]. Geometrical 
modification of the bonded structure is viewed as one of the major 
methods for improving the efficiency of the bonded joint by attempting 
to change the shape of adherends or adhesives. The most popular 
methods are tapering, rounding and notching the adherend/adhesive 
[6,7], changing the adherends shape [8], and optimising the adherends/ 
adhesive thickness and length [9]. All of these approaches aim to reduce 
the concentration of shear and peel stresses at the ends of the bond line, 
which significantly benefit dissimilar single-lap joints. Since the shear 
stress concentrations are higher near the free edges of the interface 
between the adhesive and lower stiffness adherend [10], this results in 
an asymmetric stress distribution due to different longitudinal de-
formations at the bond-line ends [11]. These stress concentrations at the 
bond-line ends are important since high stresses likely trigger a crack 
initiation in the adhesive bond-line. 

The finite element method (FEM) has become the most extensively 
used approach for predicting failure load and damage progression in 
adhesive joints. Da Silva and Adams [12] studied various configurations 
of the dissimilar double lap joint to find solutions for peel stress failure of 
composite adherends. Since the composite material has a low transverse 
(through the thickness) tensile strength, the peel stress at the free end of 
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the bond-line can cause failure in the composite adherend before the 
adhesive layer. Two different designs are introduced, including tapering 
the adherend and adhesive fillet. The results show that the inner and 
outer taper of the adherend has almost no effect on the stress concen-
tration, while a 45◦ fillet of the adhesive can reduce stress concentration 
by 50 %. Hildebrand [13] used non-linear analysis to study the effect of 
fifteen different shapes of the adhesive layer (e.g. tapering, rounding, or 
denting) at the adhesive-free edges on the strength of metal-Fibre- 
reinforced plastics (FRP) single lap joints (SLJs). The experimental 
result is only available for one design (45◦ adhesive fillet). However, no 
information is provided to explain the manufacturing procedure and the 
accuracy of the manufactured sample. The numerical simulation results 
suggest that a careful adhesive free-end design could improve joint 
strength by 90–150 percent. Lang and Mallick [14] conducted a 
comparative finite element (FE) analysis of the different spew fillet de-
signs (square, half triangle, full triangle, half rounded, full rounded, 
fully rounded with fillet, oval and arc) with a detailed analysis of the 
adhesive thickness and brief analysis of the spew fillet angles. The re-
sults show that the arc design has the best performance, followed by the 
full rounded with fillet, both with lower peak shear and peel stress 
values than the other joints. Belingardi et al. [15] conducted detailed 
studies on various spew fillet angles (75◦, 60◦, 45◦, 30◦ and 15◦). Their 
results show that the secondary peak stress is higher than the primary 
peak for a large spew fillet angle. However, this can be avoided for an 
angle below 45◦. Hua et al. [16] studied the effect of using a recess in 
bond-line with and without spew fillet on composite-titanium single-lap 
joints. The numerical results show that joint strength almost remained 
unchanged for joints with a recess length less than 50 %, while a 50 % 
gap in the overlap length with spew fillet can significantly reduce stress 
concentration. The majority of the research in the literature focused on 
stress concentration, and few authors tried to predict full crack path 
using available FE models such as cohesive zone modelling (CZM) or 
eXtended finite element model (XFEM) due to convergence problems. 
The FE model is based on continuum mechanics and produces results by 
solving the global stiffness equation. The convergence problem mostly 
arises from the cohesive model’s softening effect and negative eigen-
values in the stiffness matrix resulting in inadequate FE equations and an 
unstable numerical solution [14]. In contrast, the discrete element (DE) 
is a discontinuous model in which each particle element and interaction 
is independently recorded and dynamically updated. As a result, the DE 
model can more efficiently deal with the local material behaviour by 
creating local parameters for the given particles and contacts [17]. 

Although many researchers have tried to introduce a new design 
(Fillet or Recess) to improve stress distribution along the bond-line for 
adhesively bonded joints, most of these works have been conducted 
through FE analysis. To the authors’ best knowledge, only a few 
experimental works have been conducted to verify the benefit of these 
designs. Even though many of these methods have fairly simple designs 
in the studies, including adding fillet or chamfer at the end of the bond 
line, it is extremely challenging in practice to manufacture these new 
designs accurately without using robotic arms due to the nature of the 
adhesives. However, in this paper, the design flexibility of additive 
manufacturing (also commonly referred to as 3D printing) enables the 
production of a sacrificial 3D fixture to produce modified adhesively 
bonded joints. One of the materials that show promising properties is 
Polyvinyl Alcohol (PVA), a water-soluble filament normally utilised for 
support structures. PVA is widely used in medical equipment as well as 
in many industrial applications [18]. Mohanty et al. [19] used additive 
manufacturing with sacrificial PVA material to generate structured 
pores with a high level of control over the interior architecture, which 
can be tailored to the application’s needs. Moreover, pharmaceutical 
researchers attempted to use fused deposition modelling (FDM) based 
additive manufacturing and PVA material to fabricate drug delivery 
systems [20–22]. However, the PVA material is not utilised in 
manufacturing bonded structures to our best knowledge. 

The primary objectives of this work are to manufacture 

geometrically modified dissimilar bonded joints using additive 
manufacturing and assess the benefit of these designs using both 
experimental and numerical data. In order to do this, three different 
designs are selected from the literature [14–16] based on the stress 
distribution results. Hybrid joints are produced using two different types 
of adherends (Aluminium and polyphthalamide (PPA)) and adhesives 
(Loctite EA 9497 and Araldite 2015). The FE model was used to obtain 
stress analysis along the bond line, and the DE model was utilised to 
predict failure load and failure mode in the adhesive bond line. 

2. Experiment 

2.1. Material selection 

Two adherends and adhesives materials were used in this work, with 
the material properties shown in Table 1. The adhesives are Loctite EA 
9497, a brittle epoxy adhesive, and Araldite 2015, a moderately ductile 
epoxy adhesive. PPA is commercially known as Grivory HTV-5H1 black 
9205 and is composed of 50 % glass fibre-reinforced engineering ther-
moplastic material built on a semi-crystalline, slightly aromatic poly-
amide. The material properties are obtained [23] through tensile tests 
based on the ISO EN 485–2:2004 standard for adherends and ISO 527–2 
for adhesive. 

Polyvinyl Alcohol (PVA (RS-UK)) is a water-soluble thermoplastic 
that is used as a support structure material for additive manufacturing. 
Water and chemicals such as glycols (hot), glycerol (hot), piperazine, 
methylenediamine, formamide, dimethyl sulfoxide, and tetrahydro-
furan are recommended solvents for PVA [25]. Since PVA is highly 
sensitive to moisture, the filament must be stored in a dry environment; 
otherwise, the absorbed moisture softens the filament and causes air 
bubbles and cracks during deposition. The literature on using PVA as a 
support material is extremely limited and unclear [26]. Therefore, 
several print trials are carried out in order to determine the best pa-
rameters for RS-Pro PVA filament used with a Flashforge Finder 
machine. 

2.2. Joint configuration, fabrication and testing 

In this work, four types of single-lap joints were fabricated with two 
different types of adhesives: the unmodified configuration of Single lap 
joint (SLJ) (without fillet); and the ones with various fillet and recess 
designs in the adhesive bond-line (shown in Fig. 1). The conventional 
SLJ (Model-0) is used as a benchmark design. All SLJs are manufactured 
with the same value of grip-grip separation points (Lt = 125 mm), the 
thickness of the adherend (ts = 3 mm), The thickness of the adhesive 
(tA = 1 mm), the width of the adherend (w = 25 mm) and the overlap 
length of the bonding (LAD = 25 mm). At the ends of the joints, ttab =

25 mm mm tabs are bonded to ensure proper alignment in the testing 
machine. 

The manufacturing process starts by fabricating the fixtures (Fig. 2 a) 
using PVA filament and print settings (shown in Table 2). The CAD 
models of the fixture are imported into Simplify3D to generate a g-code 
for the printer. The major problem with processing PVA is the tendency 
to absorb moisture from the air, resulting in softening. Therefore, the 
filament is dried at 55 ◦C for 8 h using the filament dryer (eSun) before 
use. The drying process continued during fabrication due to the fact that 
the filament could absorb enough moisture after 60 min without using 
the dryer to cause filament feeding problems. The fixtures should be 
fabricated no more than 24 h before manufacturing the samples as the 
parts could absorb moisture in the air, resulting in a weakened fixture 
and a reduced accuracy of the manufactured modified bonded joint. All 
types of SLJs received the same surface treatment to improve bonding 
strength. To remove grease spots, the bonding surface is sanded using 
60-grit sandpaper and cleaned with compressed air and Acetone (Fig. 2 
b). The bond line and the fixture location are marked on the adherend 
(Fig. 2 b). In order to control adhesive thickness at 1 mm, small wire 
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spacers with a diameter of 1 mm are used in the bond line, and the extra 
adhesive is applied at the end of the bond line to ensure the even spread 
of the adhesive underneath the fixture (Fig. 2 c-d). An additional step is 
carried out for the joint with recess by bonding a PVA spacer with a 
thickness of 1 mm using Cyanoacrylate glue before applying adhesives 
(Fig. 2 e). The specimens are left at room temperature for seven days to 
reach the fully cured strength recommended by the manufacturer (Fig. 2 
f-g). The PVA fixture is softened during the adhesive curing process 
(Fig. 2 g). Therefore, most of the fixtures can be removed easily using a 
flush cutter. However, the samples are left in a beaker full of warm water 

Table 1 
The bulk property of adherends and adhesives [23,24].  

Property Aluminium (AL) 6082 T6 [23] Polyphthalamide (PPA) [23] Loctite EA 9497 [23] Araldite 2015 [24] Polyvinyl Alcohol (PVA) 

Young Modulus (MPa) 70770 ± 38 0 17620 ± 6 00 7705.35 ± 468.08 1850 ± 210 3860a 

Yield Stress (MPa) 254.59 ± 3.20 241.33 ± 10.4 46.29 ± 3.13 12.63 ± 0.61 78a 

Elongation at fracture (%) 10.83 ± 0.95 1.71 ± 0.04 0.71 ± 0.09 4.77 ± 0.15 – 
Poisson Ratio 0.30 ± 0.01 0.32 ± 0.04 0.29a 0.33a – 
Density (tonne/m^3) 2.7a 1.65a 1.1a 1.4a 0.75a  

a Manufacturer data. 

Fig. 1. Dimensions and geometry of SLJs (a) unmodified (without fillet) (b) with fillet and recess.  

Fig. 2. The process of manufacturing the geometrically modified adhesive-bonded joint: (a) printing PVA fixture (b) cleaning samples (c) applying adhesive (d-e) 
placing PVA fixture depending on the joint design (f-g) curing adhesive (h) dissolving PVA fixture. 

Table 2 
Print setting for PVA.  

Property Polyvinyl Alcohol 

Layer height (mm) 0.2 
Object infill (%) 100 
Feedrate (mm/s) 50 
Travel feedrate (mm/s) 70 
Print temperature (◦C) 215  
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for three hours to dissolve the remaining PVA fixture bonded to the 
adhesive (Fig. 2 h). Duran et al. [26] studied the rate of solubility of PVA 
in water to find the optimal temperature for water. They recommended 
using water with a slightly lower temperature than boiling with a high 
stir rate (at least 1,000 rpm) for around 75 min or more. However, in this 
work, only a small amount of PVA fixture needs to be dissolved to 
simplify the manufacturing process; warm water is used for the dis-
solving procedure. The final samples show high accuracy in terms of the 
fillet dimensions (Fig. 3). 

The tensile tests were carried out with Instron 3380 series machine 
with a 100 kN load cell at room temperature under displacement control 
of 0.5 mm/min. The non-contact optical method (Imetrum system) was 
used to measure displacement and observe the failure process in joints. 

2.3. Finite element and discrete element modelling 

FEM facilitates the modelling of complicated geometrical and 
irregular shapes. Thus, three-dimensional models for SLJs with the four 
different joint configurations were built in Abaqus® (Fig. 4), which 
provided the stress distributions along the bond line. Adherends and 
adhesive are meshed by a 4-node linear brick (C3D4R in ABAQUS) with 
12 elements in the thickness direction. Even though the FE model can 
predict failure load in the adhesive using CZM or XFEM, they are not 
always suitable for capturing the propagation of cracks inside the ad-
hesive. The XFEM model does not require an initial crack or defined 
crack patch compared to the CZM model, but the convergence issue is 
the main barrier to using the techniques when the crack starts at the 
middle of the adhesive and progresses toward the adherend’s interface. 
Although some works tried to combine the XFEM method and surface 
CZM technique in Abaqus to simulate this type of failure, they all used 
pre-cracked in the adhesive mainly to overcome convergence issues 
[27], which limits the capability of these methods. Therefore, the 
particle-based DE model is adopted in this study to simulate the free 
initiation and propagation of micro-cracks inside the adhesive and along 
the interface, which cannot be well simulated by a cohesive FE model. 

Trials of DE simulation show that a 2D DE model is adequate to 
locate the failure process and is thus used to reduce the computational 
cost. The software package PFC2D is used to generate the tested SLJs. 
The adherend uses the hexagonal packing to generate a regular pattern 
of AL and PPA particles within the area, excluding the lap area. The lap 
area adopts the expansive particle method to generate smaller particles 
and better contact assignments to the adhesive particles. The contact 
model between adherend particles adopts the soft bond model, which is 
able to simulate the ductile and softening behaviour of materials. The 
theoretical solutions to determine the elastic property of materials using 
hexagonal packing can be found in [17], which gives the equations for 
contact stiffness as: 

Normal contact stiffness kn =
2Eλ

2
̅̅̅
3

√
(1 + v)

(

1 +
2

3(1 − v)

)

(1)  

Tangential contact stiffness ks =
2|(3v − 1)|Eλ
6

̅̅̅
3

√
(1 − v2)

(2)  

Where E is the elastic modulus, v is the Poisson’s ratio and λ denotes the 
particle thickness. The softening factor is 200 for AL and 100 for PPA, 
with a softening tensile strength factor of 0.9. The calibrated soft bond 
parameters for the adherend within the lap area are given in Table 3. 

The expansive particle packing method is also adapted to generate a 
randomly dense packing of adhesive particles. The average particle 
radius of adhesive is set to be half of that used for adherend to guarantee 
enough contact between adherend and adhesive particles. The soft bond 
model is also used to flexibly describe the nonlinearity and large strain 
behaviour of different adhesives. The calibration of microscale contact 
parameters for adhesives is conducted following the concept that: 1) the 
elastic modulus should first be calibrated; 2) the Mode I and Mode II 
fracture energies of thin adhesive-bonded by adherends are subse-
quently calibrated on the basis of fixing the contact parameters con-
trolling the elastic modulus [28,29]. The calibrated fracture energies of 
the adhesives are given in Table 4. 

It is worth noting that the fracture energies of AL-AL adhesion are 
obtained via the cohesive fractures of adhesives, as the experimental 
observation shows that both adhesive types have a cohesive failure 
when bonding with AL adherends. Thus, the contacts at AL-adhesive 
interfaces are assumed to be unbreakable. As for the PPA-PPA adhe-
sion, the fracture energies are extracted from the adhesive failure of the 
PPA-adhesive interface. The PPA-adhesive interface is described with 
the parallel bond model, which omits the softening stage of bonds. This 
implies that the interfacial failure occurs simultaneously once the 
adhesion strength between PPA and adhesive is reached. The calibrated 
parameters of adhesives are given in Table 5. The bond parameters of 
the PPA-adhesive interface are shown in Table 6. 

The lap area of Model-I SLJ is selected to show the configuration of 
the DE model, as shown in Fig. 5. As the adherend materials are expected 
not to achieve their yield (or failure in brittle PPA) strength, the frac-
tures are hence likely to propagate within adhesive particles or PPA- 
adhesive interface. 

3. Results and discussion 

3.1. Joint strength 

The average failure load is obtained from four tests for each joint. 
Model-0 is used as a benchmark for comparison purposes. As it is clear 
from Fig. 6, a modified design generally improves the failure load of the 
single lap joint. The best performance is achieved with model-II (Curved 
fillet) with 59.33 % and 43.50 % improvement in failure load for Aral-
dite2015 and Loctite EA9497 adhesives, respectively. Model-I (Triangle 
fillet) achieved the second-best performance with a 24.97 % improve-
ment for Loctite EA9497 adhesive and 44.75 % for Araldite 2015 

Fig. 3. The final manufactured joints using AM assisted method.  
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adhesive. The better performance of modified designs in the Araldite 
2015 adhesive in comparison to the Loctite EA 9497 can be justified by 
the lower secondary peak stress at the fillet area (Fig. 10 a and Fig. 11 a). 
Model-III offers the least improvement with a 5.46 % and 11.93 % in-
crease in failure load of the Loctite EA 9497 and Araldite 2015 adhe-
sives, respectively. The existence of the slot encourages the formation of 
a through crack along the overlap, which results in a relatively lower 
overall strength compared with Models I and II. The lower performance 

of Model-III for Loctite adhesive can be attributed to the brittle nature of 
this adhesive which makes it sensitive to the extra peak stresses in the 
middle of the bond line due to the existence of the slot. There is a good 
agreement between the DEM model and the experimental results for 
both adhesives (Fig. 7). More accurate failure load estimations were 
obtained for Loctite adhesives since the interface properties of this ad-
hesive were obtained for PPA adherend in a previous study [23]. For the 
load–displacement curves of Araldite 2015 samples, it should be noted 
that the given properties and calibrated data only select the mean value 
from the literature [24,30], as accurate in-house data from tests on this 
adhesive were not available, which could be the reason for the de-
viations from our experiment. 

The experimental failure analysis shows that the final failure always 
occurs at the PPA-adhesive interface in dissimilar SLJs, regardless of the 
joint configurations. The crack in the bonded joints with ductile adhe-
sive (Araldite 2015) grows gradually from the high-stress points at the 
end of the bond line (Fig. 8 (b-c)). In contrast, the crack in the epoxy 
adhesive occurs fast, resulting in the sudden failure of the bond line 
(Fig. 9 (b)). The failure modes can be captured with DE simulation as the 
fracture growth within adhesive particles or along the interface can be 
well traced via bond failure. The failure modes of SLJs are shown in 
Fig. 8 (a) and 9 (a). Red footprints represent the bond’s failures. 

3.2. Stress analysis 

Fig. 10 represents the comparison of the normalised shear (τxy/τavg)

and peel (σy/τavg) stress distributions for various joint designs with 
Loctite EA9497. The adhesive bond line is divided into three sections 
which contain primary peak stresses (A and B) in the main section of the 
bond line (L0 = 25 mm) and secondary peak stresses (C and D) in the 
fillet sections. It is clear that all modified SLJs experience a significant 
improvement in the primary peak stresses at the end of the bond line (A 

Fig. 4. The FEM models’ configurations of modified hybrid adhesively bonded joints.  

Table 3 
Soft bond parameters for adherend with expansive packing.  

Keyword Description Value (AL) Value 
(PPA) 

sb_emod Effective modulus (MPa) 4.55 × 104 7.87 × 103 

sb_kratio Normal to shear stiffness ratio 3.6 3.6 
sb_rmul Radius multiplier 1.44 1.897 
sb_ref_str 

* 
Reference strength of the soft bond 
(MPa) 

280 216 

beta* The ratio of tensile to cohesion strength 0.25 0.25  

* user-defined keywords. sb_ref_str is defined as twice the tensile strength of 
the bond. 

Table 4 
Calibrated fracture energies of tested adhesives [23,24,30].  

Property Loctite EA 9497 [23] Araldite 2015  
(AL-AL) (PPA-PPA) (AL-AL) [30] (PPA-PPA) [24] 

GIC (N/mm) 0.26 ± 0.06 0.22 ± 0.04 0.533 ± 0.123 0.43 ± 0.02 
GIIC (N/mm) 0.90 ± 0.388 0.46 ± 0.09 3.123 ± 0.203 4.70 ± 0.34  

Table 5 
Microscale bond parameters of adhesives.  

Keyword Description Loctite EA 
9497 

Araldite 
2015 

sb_emod Effective modulus (MPa) 3.65 × 103 1.85 × 103 

sb_kratio Normal to shear stiffness ratio 4.7 5.0 
sb_rmul Radius multiplier 1.9 1.0 
sb_ref_str* Reference strength of the soft bond 

(MPa) 
14.0 25.3 

beta* The ratio of tensile to cohesion 
strength 

1.0 0.25  

Table 6 
Microscale bond parameters of interfaces between adhesive and PPA adherend.  

Keyword Description Loctite EA 9497 Araldite 2015 

pb_kn Normal stiffness (N/mm3) 1.0 × 106 6.15 × 105 

pb_ks Shear stiffness (N/mm3) 2.2 × 105 6.5 × 105 

pb_ten Tensile strength (MPa) 14 23.0 
pb_coh Cohesion (MPa) 8 22.8 
pb_fa Friction angle (̊) 14 14  
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and B). The maximum primary peak (A and B) values of the τxy/τavg 

decreases from 2.32 in Model-0 to 0.76 in Model-I at section-I (AL side) 
and 3.87 in Model-0 to 1.55 Model-I at section-III (PPA side), which 
corresponds to a reduction of 67.24 % and 59.94 %, respectively. In 
addition, the secondary peak values (C and D) of the τxy/τavg in Model-I 
are still lower than the primary peak stresses (A-B) in model-0 by 53 % 
and 33 % in section-I and II, respectively. The higher secondary peak (C 

and D) value in section-II (PPA side) can be justified by the lower stiff-
ness of the PPA. The same trend is observed for the σy/τavg, with 140 % 
and 83 % reduction of primary peak stresses at section-I and section-III, 
respectively, when compared with Model-0. The Model-II experiences 
slightly better improvement of the τxy/τavg and σy/τavg at the middle and 
end of the bond-line. However, the secondary peak stresses in the fillet 
sections are significantly higher in Model-II compared to Model-I but 

Fig. 5. Lap area in DE model (Model-I SLJ as an example).  

Fig. 6. Comparison of experimental and numerical failure load for different geometrically modified single-lap designs.  

Fig. 7. Load-displacement curve for (a) Loctite EA9497 and (b) Araldite2015.  
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lower than the primary peak stresses in Model-0. The lower secondary 
peak (C and D) in Model-I can be justified by the lower entry angle of the 
spew fillet [14]. 

Using a fillet in combination with a recess (Model-III) improves peak 
shear stress at the end of bond lines by around 20 %. However, extra 
peak stress is created in the middle of the bond line (E and F), which 

could adversely affect the joint strength, especially in brittle adhesives, 
which are sensitive to peak stresses. The recess does not have any effect 
on the peel stress at the end of the bond line, but it creates extra peak 
peel stress in the middle of the adhesive (E and F). 

It is clear from Fig. 11 that the same τxy/τavg stress distribution pat-
terns are observed for the joint with Araldite 2015 adhesive with 

Fig. 8. Numerical and experimental crack and failure type for various SLJs designs of Araldite 2015.  

Fig. 9. Numerical and experimental crack and failure type for various SLJs designs of Loctite 9497.  

Fig. 10. The comparison of the normalised shear τxy and peel σy stresses at the middle of adhesive for Loctite EA 9497.  
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significantly lower secondary peaks (C and D) in the fillet area in com-
parison to the modified joint with Loctite EA 9497. Conversely, the 
percentage reduction of the primary peak shear stress is significantly 
lower for the joint with Araldite 2015 in comparison to the Loctite 
EA9497. For instance, in Model-I, the peak τxy/τavg reduces by 20 % and 
17 % on PPA and AL sides, respectively, in comparison to the Model-0. 
Moreover, it can be seen that Model-II has the lowest primary τxy/τavg 

peak stress on the both sides in comparison to the other modified SLJs. 
The σy/τavg stress distribution pattern for Araldite 2015 followed the 
same trend with a minor reduction in secondary peak stress. 

4. Conclusion 

This work used sacrificial additive manufactured soluble fixtures to 
produce geometrically modified adhesively bonded joints. The FE 
models were used to study the stress distribution along the bond line, 
and the DE models were used to estimate the joint failure load and crack 
path in the adhesive bond line. The following observations were found 
from experimental and numerical results: 

• Additive manufacturing makes it simple to customise fixtures accu-
rately to any form, which can be used to create the required fillet 
shape at the end of adhesive bond lines. Following curing of the 
adhesive, the sacrificial fixture can be dissolved in water. This has 
minimal effect on the strength of the bond line as the samples are 
submerged in water for a short period.  

• A modified bonded joint may have secondary and primary peak 
stresses along the bond line, yet these stresses are significantly lower 
than the peak stresses at the end of a conventional bonded joint. As a 
result, the geometrically modified bonded joints outperformed the 
conventional bonded joint regardless of the adhesive types. The 
failure load in the joint with ductile triangle fillet improved twice as 
much as the epoxy-one, which can be justified by the lower sec-
ondary peak stress at the fillet area in ductile adhesive.  

• Regardless of the joint configurations, the final failure occurs at the 
PPA-adhesive interface in different SLJs. The fracture in the ductile 
adhesive-bonded joints develops progressively from the high-stress 
locations at the bond line’s end, while the epoxy adhesive failure is 
sudden. This can be justified brittle adhesives are more sensitive to 
primary and secondary peak stresses. The failure mechanisms can be 
reproduced via DE modelling as the fracture progression inside ad-
hesive particles or at the interface could be traced via bond failure 
between discrete elements. 
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