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Investigation of the Defect Effects on the Load-Carrying Capacity of Butt Joints: A Numerical Study

Hamza Tas
Manisa Celal Bayar University, Hasan Ferdi Turgutlu Faculty of Technology, Department of Mechanical Engineering, 45400, Manisa, Tlrkiye.

Abstract

Determining the behavior of joints under a specific load and estimating the damage potential is essential for ensuring the durability of joints
in engineering structures. Defects might occur at the adhesive layer, which causes a reduction in the durability of joints. This work aims
to examine the effects of the defect presence, defect volume fraction, defect position, and random distribution of defects at the
adhesive layer on the durability of the butt joint. A finite element (FE) model of the butt joint was constructed using the commercially
available FE software Abaqus/Standard. The validation of the FE model was conducted by comparing its results with experimental
finding reported in existing literature. Numerical and experimental results showed strong agreement, with relative errors of 2.46% and 2.95%
at peak force and displacement at peak force, respectively. Defect presence significantly influences the durability of the butt joint. Defect
volume fraction and defect location are the dominant parameters affecting the durability of the butt joint. The square defects at the center of
the bonding layer, with volume fractions of 0.05, 0.10, and 0.15, lowers the peak force by 5.08%, 10.56%, and 15.73%, respectively.
When the defect is positioned at the center of the bonding layer, adhesive failure starts at the edges of the defects. However,
relocating the defect from the center to the left or upper side of the bonding layer results in adhesive failure initiation at the

corresponding edges of the adhesive. Random defect distribution in the adhesive layer doesn’t affect joint durability.

Keywords: Finite element analysis, Butt joint, Adhesive, Defect, Cohesive zone model

INTRODUCTION

Inthe last eighty years, the use of adhesively bonded joints has
grown due to their advantages over the traditional mechanical
fasteners, welding, and brazing [1-4]. Conventional joining
techniques including bolting and riveting introduce stress
concentration around the application area, which severely
impairs the mechanical properties of the joints. Besides,
mechanical fasteners can raise the weight of the structure.
Adhesively bonded joints could potentially overcome these
limitations [5,6]. The key benefits of adhesively bonded
joints include uniform stress distribution, cost effectiveness,
no need for machining, milling, or forming operations,
good strength to weight ratio and high fatigue resistance
[7-10]. However, considering their manufacturing sensitivity,
adhesively bonded joints are susceptible to defects [3]. Every
manufacturing process inherently results in some defects
because producing defect-free joints, despite strict controls,
is nearly impossible. Entrapped air, dirt, foreign objects,
and grease may cause defects in the bonded region. Since
load cannot be transferred through these defects, stress
concentrations occur around these defects [11]. Hence, it is
essential to comprehend the effects of defects in the bonded
region on the joint durability.

Many research have been conducted to investigate the effects
of defect types [3,12-14], locations [3,11,14-17], shapes [8,15],
sizes [8,12,14,16-18], and numbers [11,15,17] on joint strength.
Geleta et al. [3] conducted experimental tests and finite
element analysis (FEA) for inclined joints. Based on the
experimental test results, they incorporated the potential
production defect locations and types in the FE model. The
results showed that defect types and locations play a crucial
role on the joint strength. They further determined that the FE
results align well with the experimental findings. Xu and Wei
[14] considered three defect types: local debonding, weak
bonding, and void. The outcomes of the FEA also revealed
that joint strength is significantly influenced by the presence
of different types of defects. Jamal-Omidi and Mohammadi
Suki [12] considered two different types of defects: void
modeled as local delamination in varying dimensions, and
locally insufficient bonding characterized as an alteration in
the properties of adhesive. The results indicated that defects
adversely influence the joint durability. Nevertheless, defect
existence in the bonding layer does not change stress field
in adherends. Luo et al. [13] worked the influences of the
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different kinds of flaws (core material flaw, radius floating
of the fillet, and debonding defects) on the strength of
composite T-joints under bending load through experiments
and numerical analysis. They used cohesive elements to
simulate the delamination of interface. The outcomes
demonstrated that the types of flaws have no influence on
the T-joint failure mode. However, they have a notable impact
on the T-joint strength. In addition, it has been noted that the
most dangerous type of flaw is the debonding defect in the
arc region. Fame et al. [17] examined the failure sensitivity
of adhesively bonded GFRP joints under uniaxial tensile
loading utilizing FE method, while considering flaws at varied
positions, numbers, and sizes in the bondline. According
to the findings of the finite element analysis, bondline
defects cause an increment in out-of-plane displacement of
adherends as well as maximum shear and peel stresses at the
edges of adhesive. Areas close to the defects also showed
high stress concentrations. Heidarpour et al. [8] conducted an
experimental study to examine the impacts of shape and size
of 2D and 3D flaws on the adhesively bonded single lap joint
(SLJ) durability. The findings revealed that for the joint with
3D defects, joint strength drops approximately linearly with
the rise of defect area. However, reduction in joint durability
for the joint with 2D defect is non-linear. It is also concluded
that whereas 2D circular defects result in a lesser strength
drop, 2D triangular and square defects cause similar strength
reductions. Additionally, compared to 3D circular and square
flaws, the strength drop for 3D triangular flaws is higher.
Elhannani et al. [15] analyzed the effects of shape, position
and number of bonding flaws on the shear stress distribution
in the overlap area. Numerical analyzes showed that bonding
defects adversely affect the shear stress distribution and that
maximum stresses constantly occur at the adhesive edge,
without considering the defect size. Dai et al. [16] focused
on developing a theoretical model for resolving the multi-
filed mechanical problem of an adhesively bonded joint
with/without interfacial flaws, and examining the effects of
interfacial flaws and hygrothermal conditions on the stress
distribution. The results revealed that the effect of the
change in defect length is more significant than the effect
of defect depth in variations of interfacial stress. Moreover,
defects close the edges of the overlap creates a greater risk
to the joint. Ribeiro et al. [19] conducted a numerical and
experimental investigation into the SLJs with flaws positioned
at the center of the adhesive layer for various adhesives and
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bonding lengths. According to the findings, the joints bonded
with the adhesive 7752 are more influenced by the existence
of center-positioned defects in the bonding layer than those
bonded with the adhesive AV138.

The existing studies investigating the impact of defect
presence, defect volume fraction, defect location, and defect
random distribution on the load-carrying capacity of joints,
particularly butt joints where normal stress in the adhesive
is dominant, remain insufficient. Meanwhile, research efforts
predominantly focus on assessing the influence of flaws
within the bonding layer specifically for single/double lap
joints, T-joints, and inclined joints. This study aims to address
the literature gap by primarily investigating the impact of
defects within the bonding layer on the load-bearing capacity
of butt joints. A three-dimensional FE model was constructed
using Abaqus/Standard to investigate the response of the
butt joint with/without defect in the bonding layer under
uniaxial tensile loading conditions, with a specific emphasis
on cohesive failure in the adhesive layer. The accuracy of the
numerical model was validated through a comparison with
the experimental findings of Ref. [20]. The investigation
encompasses an analysis of the effects of defect presence,
defect volume fraction, defect position, and random
distribution of flaws in the bonding layer on the load-bearing
capacity of the butt joint.

NUMERICAL STUDY

Inthe present study, finite element analysis (FEA) of adhesively
bonded butt joints were carried out by using a commercially
available FEA software Abaqus/Standard. The 3-D geometric
model of butt joint and its dimensions are shown in Fig. 1.
The adherend dimensions are 100 mm in length, 25 mm in
width, and 5 mm in thickness, while the adhesive layer has
a thickness of 0.18 mm. The adherends and adhesive were
considered as AA2024-T3 aluminum alloy and DP460 epoxy
adhesive. The selection of adherend and adhesive materials
was based on practical engineering applications [21]. DP460
adhesive is utilized for adhering metal, porcelain, glass, and a
variety of composite materials together [22]. The mechanical
characteristics of adherend and adhesive used in this study
are presented in Table 1. Despite the non-linear behavior of
the AA2024-T3 aluminum alloy, adherends were modeled
as a linear-elastic material. Because, as can be seen in the
following sections, the maximum strain value of aluminum is
still in the elastic region when the adhesive fails.

Figure 13D geometric model of butt joint (not scaled)

Table 1 Mechanical properties of AA2024-T3 aluminum alloy and
DP460 epoxy adhesive [20]

AA2024-T3 DP460
aluminum alloy epoxy adhesive
Young’s modulus (MPa) 724004530 207747
Poisson’s ratio 0.33 0.38
Ultimate tensile strength 482412 44,6412
(MPa)
Ultimate tensile strain 01587 0.0428

(mm/mm)

The constructed mesh and applied boundary conditions
are presented in Fig. 2. The adherends were modeled using
8-nodes linear hex elements (C3D8R) while adhesive layer
was meshed with 8-nodes three-dimensional cohesive
elements (COH3D8). The adhesive layer’s mesh comprised
fine elements, whereas coarse elements constituted the
mesh of the adherends. 0.6x0.6x0.6 mm?* and 0.2x0.2x0.2
mm? element dimensions were taken into consideration for
adherends and adhesive, respectively. Besides, it is critical
to emphasize that the adhesive layer was modeled as a
single layer of cohesive element through the thickness. In
the opposite case, the calculation doesn’t converge [9,23-
25]. The surface-to-surface tie constraint was employed
to tie adherend and adhesive surfaces with differing mesh
structures. As for the boundary conditions, the adhesively
bonded butt joint was fixed in all directions at one end, while
for the other end, it was fixed in all directions except the
x-direction, and a 0.15 mm uniform displacement boundary
condition in the x-direction was defined.

(a)

Cohesive elements
(COH3D8)

Hex elements
(C3DER)

b) Us=0

Uy=0
U;=0

U,=0.15 mm
U,=0
U;=0

UR.=0

URy=0

UR:=0

Figure 2 (a) Constructed mesh and (b) Applied boundary conditions
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In this work, the adhesive’s performance was determined
utilizing the Cohesive Zone Model (CZM) integrated into
Abaqus/Standard. CZM allows for the comprehensive
definition of the fracture process through a traction-
separation law, encompassing both tension and shear [1].
In the current study, a bi-linear traction-separation law was
applied (Fig. 3). The first section of the traction-separation
law is related to linear elastic behavior, whereas the second
part refers to linear degradation [1,7]

Traction

| Pure-mode law (tension and shear)|

Mixed-fnode law

Sin S 6080 1 8! 815! Separation

Figure 3 Bi-linear traction-separation law

In the current work, stress-based criterion for damage
initiation (MAXS: Maximum nominal stress) was considered.
According to the MAXS criterion, damage starts when the one
of the maximum nominal stress ratios equals one. The damage
initiation criterion, MAXS, can be expressed as follows:

(tn) ts t

max{w,g,g} =1 (])
where t?, t/, and t/, denote the maximum values of nominal
stresses at the direction of normal, first shear, and second
shear, respectively. ¢ , t, and ¢, are the predicted stress
values at the normal, first shear, and second shear direction,
respectively. Moreover, the Macaulay bracket, <a», indicates
that compressive stress doesn’t trigger damage [12].

In CZM, total failure and separation are calculated by a
damage evolution law. In the current work, the energy-
based Benzeggagh-Kenane (BK) [26] fracture criterion was
considered. When the critical fracture energies at the first and
second shear directions are identical (G, =G ), this criterion
produces more accurate results. It is expressed by:

G n
Gic + (Gue — Gic) {G—j} = G @

where

Gs =Gy + Gy, Gr =G, + G 3

and n is a material parameter. G,,G,, and G,, denotes the

normal and two shear fracture energies, respectively, whereas
G, G, and G, are their critical values [5]. In this work, nis
chosen as 2. Properties of DP460 epoxy adhesive used in this
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study for cohesive zone modeling are given in Table 2.

Table 2 Material properties of DP460 epoxy adhesive for cohesive
zone modeling [27,28]

Property Unit Value
t? MPa 32,6

t’ MPa 285

tf MPa 28.5

Gl c N/mm 2.56
Gnc N/mm n.71

G N/mm n.71

1IC
Note: Tractions and critical fracture energies in the first and second

shear directions are assumed to be the same (¢t = t!and G, =G

IIIC)'

Defect Modeling

One of the main causes of the defects at the bonded region
is the poor adhesive distribution, which could result from
human mistakes or adherend surface imperfections. Poor
adhesive distribution results in poor bonding which causes
2D (planar) and 3D (volumetric) defects [8]. In this work, the
3D (volumetric) defect was modeled as a blank volume at the
adhesive. This study was mainly focused on the influences
of flaw presence, volume fraction, location, and random
distribution on the load carrying capacity of the butt joint.
Defect volume fraction (V,) is the ratio of defect volume to
the total adhesive volume. In order to determine the impacts
of the defect existence, a bonding layer with a defect volume
fraction of 0.10 and therefore a square-shaped volumetric
blank in its center was modeled. The impact of defect volume
fraction was investigated considering the defect volume ratio
0f0.05,0.10,and 0.15. Defect (V,=0.1) was shifted to the left and
up to determine the effects of defect location. Regarding the
influences of the defect random distribution, 3D (volumetric)
defects with the dimensions of 0.25x0.25x0.18 mm?® (7
pieces), 0.50x0.50x0.18 mm? (7 pieces), 0.75x0.75x0.18 mm?
(6 pieces), and 1.00x1.00x0.18 mm? (7 pieces) were randomly
distributed in the bonding layer. Defect details in the bonding
layer are shown in Table 3.

Verification of the Numerical Model

The numerical model was verified by comparing the
experimental findings of Ref. [20]. The 3D adhesively bonded
SLJ with the 0.18 mm adhesive (DP460) thickness and 3 mm
adherend (AA2024-T3) thickness was modeled. The length of
the adhesive layer is 12.5 mm, and the length of the adherend
is 100 mm. Moreover, the width of the adherend is 25 mm.
Geometric details of SLJ can be found in Ref. [20]. As in the
butt joint modeling, adherend and adhesive were meshed
with 70140 linear hexahedral elements of type C3D8R and
7875 linear hexahedral elements of type COH3DS8. For both
adhesive and adherend, the same element sizes with the butt
joint were considered. Moreover, identical material properties
utilized for cohesive zone modeling in the butt joints were
employed for SLJ. The adherend and adhesive surfaces with
different mesh structures were tied using surface-to-surface
tie constraint as in the butt joint. Regarding the boundary
conditions, SLJ was fixed at one end in all directions and
fixed at the other end in all directions except the longitudinal
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direction of adherend. A 0.5 mm uniform displacement
boundary condition was applied in the longitudinal direction
of the adherend.

Table 3 Graphical representation and configuration of defects in
adhesive layer

Configuration Adhesive layer with/without defect

25 mm

V=0.00
\

Adhesive layer

g

Thickness=0.18 mm

25 mm
250 mm

V,=0.05 (Center)

w 0s'Z
W

Thickness=0.18 mm Defect Adhesive layer

25 mm

3.54 mn!‘

V=010 (Center)

wwg

w pg°g|

Thickness=0.18 mm Defect Adhesive layer
- 25mm
4.33 mm
>
V,=0.15 (Center) .15 1
\ 3 \
Thickness=0.18 mm Defect Adhesive layer
25 mm
3.54 mm ‘
. 2 s
Location-1(V,=0.10) ——— ig 3
Thickness=0.18mM  pefect Adhesive layer
. 25 mm
.54 m
s ey T
Location-2 (V,=0.10) i B :
H \
Thickness=0.18 mm Adhesive layer
25 mm
3.54 mm
- i3
) 2 o
Location-3 (V=0.10) NE H
Thickness=0.18 mm Defect  Adhesive layer
0.75x 0.75 mm? 0.25 x 0.25 mm?
‘ ! _ 25mm N
. (AL L Rk
Randomly distributed (V,=0.10) o .o O Ui
0 e o On P

Thickness=0.18 mm J

050x0.50mm?  1.00x1.00 mm?

In this study, identical boundary conditions, mesh structures,
element types, material properties, and adhesive thicknesses
were employed for FE modeling of both butt joints and SLJs.
Despite different failure behaviors of the two joints, given
identical modeling parameters and boundary conditions, SLJ
could potentially serve for FE validation. This may be related
to the versatility, robustness and effectiveness of the finite
element method in capturing various failure mechanisms in
various joint types.

The comparison of numerical and experimental findings
concerning force-displacement curves is shown in Fig. 4. A
good correlation between the experimental and numerical
findings were observed. The average experimental failure
load and displacement were reported as 8814202 N and
0.407+0.02 mm, respectively [20]. Based on the FEA
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findings, the failure load was estimated at 85971 N with a
relative error of 2.46%, while the displacement was calculated
to be 0.419 mm with a relative error of 2.95%. The strong
correlation and minimal relative discrepancies observed
between the experimental and numerical outcomes for the
single lap joint indicate that material properties (parameters)
employed for cohesive zone modeling, element types (C3D8R
and COH3D8), and element sizes are applicable for butt joint
analysis as well. Furthermore, several studies [21,22,29] have
also noted a strong compatibility between experimental and
numerical results.

10+ — Experiment [Ref. [20)) —FEA
B 4
z 6 - |
=
: |
g
g 4 ‘
"] |
0 . . . . . ,
0 0.1 0.2 0.3 0.4 0.5 0.6

Displacement (mm)
Figure 4 Verification of numerical model

RESULTS AND DISCUSSIONS

Effect of Defect Presence and Defect Volume Fraction
Force-displacement curves for various defect volume
fractions in the bonding layer are presented in Fig. 5. As
shown, force-displacement curves have three linear sections.
In the first section, the force exhibits a linear increase until
it reaches the peak load, indicating the adhesive's elastic
behavior. Subsequently, in the following section, the force
linearly decreases, corresponding to the damage evolution
and softening behavior of the adhesive. In the third section,
there is a rapid decline in the force, corresponding to abrupt
complete failure. It is clear from Fig. 5 that the elasticity of
the adhesively bonded butt joint remains unaffected by the
presence of defects. This provides evidence that the elasticity
of the butt joint is primarily governed by the elasticity of the
adherend. Because adhesive's elasticity (2077 MPa) is notably
lower in comparison to that of the adherend (72400 MPa).

Vi=0.00 Vi=0.05 (Center)
—Vi=0.10 (Center) —Vf=0.15 (Center)
4 N
z \
i ",
8
L
2
0 v T T r T v
0 0.02 0.04 0.06 0.08 0.1 0.12

Displacement {mm)

Figure 5 Force-displacement curves for various defect volume
fractions
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Fig. 6 illustrates the variation in load-bearing capacity (peak
force) and displacement at peak force in relation to changes
in defect volume fraction. The detrimental impact of defects
on the load-bearing capability of the butt joint is evident.
With an increment in defect volume fraction, both the peak
load and displacement at peak load decrease linearly. The
introduction of a square defect at the center of the bonding
layer, with volume fractions of 0.05, 0.10, and 0.15, results
in peak force reductions of 5.08%, 10.56%, and 15.73%,
respectively. Correspondingly, displacement at peak force
decreases by 4.84%, 9.68%, and 12.91% for the same defect
volume fractions. Decrease in peak load can be attributed
to the decrease in bonded area. Heidarpour et al. [8] also
reported a strength reduction in SLJ with the rise of 2D/3D
defect size. Furthermore, according to Kumar [30], the
interlaminar tensile (ILT) strength and mode-| delamination
fracture energy show a linear correlation with the flaw area
fraction on a critical fracture plane.

= % - Peak force - =+ - Displacement at peak force
4.20 0.094 _
. E
K, - 0.002 E
4.00 - ¥
= - 0.090 5
= 3.80 RN x
g . 0.088 g
] -
2 = 0.086 =
: 3.60 E
& 0.084 E
3.40 4 ey E
- 0.082 2
4 @
3.20 0.080 ©
Vi=0.00 Vi=0.05 Vi=0.10 Vi=0.15
(Center) (Center) (Center)

Figure 6 Variation of peak force and displacement at peak force with
the change of defect volume fraction

Fig. 7 illustrates the von Mises stress distribution along the
A-B route for various defect volume fractions within the
adhesive layer under a 3 kN load. Overall, there’s a nonlinear
increase in von Mises stress as the defect edge is approached,
particularly with a sharper rise near the defect edge. The
existence of a defect at the center of the adhesive layer
results in approximately 31% rise in the maximum von Mises
stress. Moreover, the von Mises stress at the defect edges,
where the largest von Mises stress occurs, is unaffected by
changes in the defect volume fractions. However, the rise
of defect volume fraction results in an increase in von Mises
stress at the bonding layer edges. Fig. 8 depicts the contour
of von Mises stress distribution on the adhesive layer for
various defect volume fractions. It is evident that as the defect
volume fraction increases, the stress concentration near the
defect edges becomes more severe and spreads over a larger
area. Hence, the early failure of the adhesive is concentrated
near the edges of the flaw as seen in Fig. 8. Conversely, in the
absence of defects in the bonding layer, the initial degradation
of the adhesive occurs abruptly and uniformly throughout
the whole adhesive layer. Therefore, failure of adhesive layer
without defect cannot be illustrated in Fig. 8.
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Adhosive layer
A Distance ‘ B
. vi=0.00
« Vf=0.05 (Center)
§'3z L o .*"" " ."-"". . = Vf=0.10 (Center)
E . " = Vf=0.15 (Center)
w . - - . &
§30 - . -,
@ . -
w 3 - - .
228 -~ N c Ny .,
z o * * , -
s L ~ - =
2 A . "“\*—-\—:
24 T T T T v
0 5 10 15 20 25

Distance (mm)

Figure 7 von Mises stress distribution along the path A-B for various
defect volume fractions in the adhesive layer

(b)

5, Mises

Figure 8 Contour of von Mises stress distribution on the bonding
layer and adhesive layer initial failure for (a) V£=0.00, (b) V£=0.05,
(c) V£=0.10, and (d) V£=0.15

Effect of Defect Location

Force-displacement curves for the butt joints with a square
defect positioned at various locations within the adhesive
layer are illustrated in Fig. 9. Defect location is plays crucial
role in the damage evolution and softening characteristics of
the adhesive. Relocating the defect from the center to the left
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side of the bonding layer causes a drop in the slope of the
second section of the curve, indicating nearly constant-force
damage evolution. However, repositioning the defect towards
the upper side of the adhesive layer has little to no discernible
effect on the force-displacement curve. This is probably due
to the limited upward shifting capacity of the defect owing to
the geometry of the butt joint.

- - - Center (Vf=0.10)
Location 2 (Vf=0.10)

----- Location 1 (Vf=0.10)
— - Location 3 (Vf=0.10)

Force (kN)

0.04 0.06 0.08 0.1 0.12

Displacement (mm)

0 0.02

Figure 9 Force-displacement curves for various defect locations

The change of peak load and displacement at peak load
depending on defect location are shown in Fig. 10. Moving
the defect from the center to the left side of the bonding
layer causes a drop in peak force. Specifically, shifting the
defect from the center to Location 1 and Location 2 results
in reductions of 6.00% and 9.79% at peak force, respectively.
It is evident that defects positioned near the edges of the
adhesive layer present a greater risk to the durability of
butt joints. Moreover, relocating the flaw from the center to
Location 3 leads to a decrease of 2.27% in the load-bearing
capacity of the butt joint. These changes in the load-bearing
capacity of butt joints can be attributed to the disruption of
the symmetry of the bonding layer with the shifting of the flaw.
Ribeiro et al. [31] carried out a numerical work to assess the
influence of defects on SLJ strength. Their findings indicated
that flaws close to the joint end result in a more pronounced
strength drop compared to defects at the center of the joint.
Chu et al. [5] similarly observed this trend, aligning with
Ribeiro et al. [31], particularly for balanced SLJs constructed
with identical adherends. However, it’s noteworthy that the
location of defects on each side of the center has different
impacts on the durability of unbalanced SLJs constructed
with different adherends. On the other hand, repositioning
the defect from the center to Location 1 results in a 3.75%
decrease in displacement at peak force, while moving it from
Location 1to Location 3 shows no impact on displacement at
peak force. Furthermore, displacement at peak force remains
unchanged when the defect is shifted from the center to
Location 3.

Hittite Journal of Science and Engineering ¢ Volume 11

- % - Peaklorce

+ - Displacement at peak force

3.700 0.085 _
€
aeo0 { L . Fo0084 S
_ " B g
Z 3.500 - * - 0.083 =
— a8
3 ¥ 3
5 3.400 1 - ) - 0.082 2
¥ e £
£ 3.300 - " - L 0,081 g
&
3.200 0.080
&
3.100 v . ; 0.079 B
Center Locationl Location2  Location3
(VI=0.10)  (Vf=0.10)  (Vf=0.10)  (Vf=0.10)

Figure 10 Variation of peak load and displacement at peak load with
the change of defect location

Fig. 11 depicts the von Mises stress distribution along the A-B
route for various defect positions within the adhesive layer for
the case of 3 kN loading. There is no change in the von Mises
stress distribution when the defect is moved to upper side of
the bonding layer. However, as the defect is shifted from the
center to the left side, von Mises stress at the left side of the
bonding layer rises whereas von Mises stress at the right side
of the bonding layer drops. At the left edge of the adhesive,
there is an increase of 11.81% and 25.19% for Location 1 and
Location 2, respectively, while experiencing a decrease of
4.56% and 20.64%, respectively, at the right edge. Regarding
the maximum von Mises stress, altering the defect location
does not affect its value. Von Mises stress fields on the
adhesive layer for various defect positions are illustrated in
Fig.12. Stress concentrations occur at the edges of the defects,
as evidenced by Fig. 12. Moreover, as the flaw is moved from
the center to the left side, the stress concentration near the
defect edges becomes more severe and spreads over a larger
area. The adhesive failure starts at the left edge of the bonding
layer, correlating with repositioning the defect towards the
left side, as depicted in Fig. 12. Similarly, relocating the defect
to the upper side leads to the onset of adhesive failure at the
upper edge of the bonding layer.

Mlnli.ve layer
A Distance : B

34 - « Center (Vf=0.10)

32 - — = - + Location 1 (Vf=0.10)
7 - ¢, H * Location 2 (Vf=0.10)
S304 - o %, - . "
= ~ ) _ﬁ.‘ ,‘1 Location 3 (Vf=0.10)
S 28 4~ S
&

g 26 /
0

=

g 24 4

722 -

20 T : -

0 5 10 15 20 25

Distance (mm)

Figure 11 von Mises stress distribution along the path A-B for various
defect locations in the adhesive layer
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Figure 12 Contour of von Mises stress distribution and adhesive
failure on the bonding layer for various defect locations (a) Center
(V,=0.10), (b)Location 1 (V,=0.10), (c) Location 2 (V,=0.10), and (d)
Location 3 (V,=0.10)

Effect of Defect Random Distribution

Fig. 13 displays the force-displacement curves and peak
load and displacement at peak load for the butt joints with a
defect located at the center of the bonding layer and defects
randomly distributed in the adhesive layer. It is evident
that the random distribution of defects does not exert any
discernible influence on the durability of butt joints. The
random distribution of flaws creates approximately equal
defect areas on both sides of the symmetry planes (XY and
XZ planes). Consequently, an adhesive layer with an almost
symmetrical structure is formed. This roughly symmetrical
structure explains why the load-bearing capacity remains
unchanged.
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Figure 13 (a) Force-displacement curves and (b) peak load and
displacement at peak load for the butt joints containing a defect at
the center of the bonding layer and defects randomly distributed in
the bonding layer

Fig. 14 depicts the von Mises stress distribution on the
bonding layer under a 3 kN loading condition, considering
the presence of randomly distributed defects. Localized
stress concentrations arise at the edges of defects, and
adhesive damage begins in the area where the defects are
concentrated.

Figure 14 Contour of von Mises stress distribution and adhesive
failure on the bonding layer with randomly distributed defects

CONCLUSION

This study scrutinizes the influence of defect presence, defect
volume fraction, defect location, and random distribution of
defects in the bonding layer on the load-carrying capacity of
the butt joint. A FE model in Abaqus/Standard was created
and the butt joint was exposed to uniaxial tensile load
while exclusively considering only cohesive failure. Defect
presence has a great effect on the durability of the butt joint.
Increasing the defect volume fraction within the adhesive
layer causes a reduction in both peak force and displacement
at peak force. Every 5% increment in defect volume fraction
in adhesive layer causes a 5% drop in load-bearing capacity
of the butt joint. As the defect volume fraction increases,
stress concentration near the defect edges becomes more
pronounced and extends over a wider region. Therefore,
adhesive failure first initiates at the defect edges. Regarding
the defect location, shifting the defect from the center to the
left side of the bonding layer causes a reduction in peak load
and displacement at peak load and the onset of the adhesive
failure at the left edge of the adhesive. However, both peak
force and displacement at peak force do not alter as the defect
is moved to the upper side of the adhesive. The load-carrying
capability of butt joints remains unaffected by the random
distribution of flaws in the adhesive layer. Considering the
widespread use of adhesively bonded joints, the findings of
this study significantly contribute to the current knowledge.
The results obtained can be utilized by researchers and
industry professionals across a broad range of sectors, from
automotive to aerospace.
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