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Abstract: Adhesive bonding is widely seen as the most optimal method for joining composite materi-
als, bringing significant benefits over mechanical joining, such as lower weight and reduced stress
concentrations. Adhesively bonded composite joints find extensive applications where cyclic fatigue
loading takes place, but this might ultimately lead to crack damage and safety issues. Consequently,
it has become essential to study how these structures behave under fatigue loads and identify the
remaining gaps in knowledge to give insights into new possibilities. The fatigue life of adhesively
bonded composite joints is influenced by various parameters, including joint configuration and
material properties of adherends and adhesive. Numerous studies with varying outcomes have
been documented in the literature. However, due to the multitude of influential factors, deriving
conclusive insights from these studies for practical design purposes has proven to be challenging.
Hence, this review aims to address this challenge by discussing different methods to enhance the
fatigue performance of adhesively bonded composite joints. Additionally, it provides a comprehen-
sive overview of the existing literature on adhesively bonded composite joints under cyclic fatigue
loading, focusing on three main aspects: Adherends modification, adhesive modification, and joint
configurations. Since the effect of modifying the adhesive, adherends, and joint configurations on
fatigue performance has not been comprehensively studied in the literature, this review aims to
fill this gap by compiling and comparing the relevant experimental data. Furthermore, this review
discusses the challenges and limitations associated with the methods that can be used to monitor the
initiation and propagation of fatigue cracks.
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1. Introduction

In recent years, both academia and industry have been making an extensive effort
to develop new materials and structures that are lightweight and high performing, while
also considering environmental and energy concerns. Composite materials have gained
significant attention as a potential constructive solution [1,2], but manufacturing complex
composite structures in large dimensions poses challenges in terms of transportation, repair
and maintenance, quality control, and cost optimization [3-5]. As a result, composite
structures are often produced in multiple parts and then joined together using various
joining methods [6]. Adhesively bonded joints are commonly used in composite structures
such as aerostructures [7,8], wind turbines [9], automobiles [10], naval construction [11,12],
and civil [13] due to their advantages. They may also be used to repair failed parts of
engineering structures or replace older sections [14-16]. Compared to mechanical joining
methods, adhesive joints have the advantage of distributing the load over a larger area,
resulting in stronger bonds [17]. Adhesive bonding is also useful for bonding similar and
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dissimilar materials of varying thicknesses [18,19]. Considering this level of complexity and
the variety of applications, adhesive systems are susceptible to various mechanical failure
modes within the different loading conditions [20]. Hence, focusing on the improvement
of the performance and investigating the failure modes of adhesively bonded joints in
composite structures should be taken into account.

Although adhesively bonded composite joints have been extensively studied for
their performance under static loading conditions [21-23], their behavior under fatigue
loading has not received the same level of attention. It is unclear whether the techniques
used to improve the strength of adhesively bonded joints in composite structures un-
der static loading conditions would have the same effect on their performance under
cyclic fatigue loading conditions. The use of composites as adherends can increase the
complexity of fatigue failure due to the potential occurrence of delamination within the
adherends [24-26]. Therefore, studying the fatigue behavior of bonded joints with com-
posite adherends can present greater difficulties compared to metals. This is primarily
because of the complex nature of the fatigue failure process in sophisticated structures.
Moreover, studying the fatigue behavior of adhesively bonded composite joints can be
a difficult task due to the multitude of influencing factors. These factors include the
material properties and geometry of the adherends and the adhesive and the surface
treatment method. Referring to Figure 1, which illustrates these parameters, it is evident
that by modifying the material and geometry of the adhesive and adherends, both the
fatigue characteristics and failure modes of adhesively bonded composite joints can
be altered.
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Figure 1. Effective parameters influencing fatigue life in adhesively bonded composite joints (adapted
from [24,27]).

The fatigue life of a composite adhesive joint is impacted by the distribution of stresses
along the adhesive and adherends, as well as their interface, which is a function of various
parameters, including joint configurations, material properties of adherends and adhe-
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sive [28], the service temperature [20,29], the humidity level [30], the manufacturing process,
and associated surface treatment [31]. The fatigue life can be controlled by modifying these
parameters, such as hybridizing the adherends and adhesive [32,33], incorporating additive
particles [34], and adjusting the configurations [35].

The limitations in the application of adhesive bonded joints in primary structures are
caused by the uncertainty surrounding the quality of adhesive joint manufacturing, as
well as the inability of current non-destructive health monitoring methods to accurately
detect failures, especially when cracks are initiated by fatigue. Fatigue failures in primary
structural adhesive joints can be difficult to detect in their early stages, which increases
the risk of sudden and unexpected fracture. Consequently, a part of this review paper is
dedicated to the methods developed for monitoring fatigue initiation and crack growth.

The majority of applications that utilize adhesively bonded joints are exposed to high
cyclic fatigue loading over their lifespan, and fatigue failure is well known to be one of
the primary causes of catastrophic failure in many cases (up to 50-90%) [36]. This fact
highlights the importance of studying fatigue behavior in adhesively bonded joints. This
is particularly crucial, especially when designing under safe life and damage tolerance
philosophies [17,37].

Despite the publication of a few review papers on the fatigue behavior of adhesively
bonded composite joints [27,38,39], there is a lack of comprehensive reviews on the effect
of modifying the adhesive, adherends, and joint configurations on the fatigue performance
of bonded composite materials. Although in 1999, Goeij et al. [27] conducted a review on
the impact of modification techniques on adhesive-bonded composite joints under cyclic
fatigue loading, to the best knowledge of the authors, no further studies have explored the
fatigue life of these joints from this perspective, while new techniques to enhance the fatigue
life of bonded composite joints have been introduced in the literature. Hence, this review
aims to provide a comprehensive overview of the existing literature on adhesive bonded
composite joints under fatigue loading, focusing on three main aspects: 1. Adherend
modification, 2. adhesive modification, and 3. joint configurations.

Furthermore, this review explores how modifying components and changing the
joint configuration affects the fatigue and static loading behavior of adhesively bonded
composite joints and attempts to compile and compare the resulting experimental data.

2. Crack Initiation Inspection

Fatigue damage is a common failure mechanism in adhesively bonded joints, which
can significantly reduce the joint’s performance and lead to catastrophic failure if not
addressed. Therefore, it is crucial to develop effective inspection and repair procedures
to ensure the long-term reliability and safety of critical bonded joints. Detecting cracks
and delamination in composite adherend structures can be challenging, as cracks in
the adhesive tend to propagate into the composite adherends, leading to delamination.
Delamination can spread quickly and cause catastrophic damage to both the adherend
and the joint, making it more difficult to inspect composite-bonded joints compared
to metallic joints. A comprehensive inspection approach should address failure at the
interface, within the adhesive and delamination. However, implementing such an
approach can pose significant challenges. As a result, precise monitoring is necessary to
ensure the long-term reliability and safety of bonded composite structures. In line with
this, researchers have investigated the fatigue behavior of adhesively bonded composite
joints and proposed various methods for monitoring and detecting fatigue damage.
These methods include non-destructive evaluation (NDE) using guided wave sensing,
electrical resistance measurements [40], video microscopy, strain gauges (SGs), and the
backface strain technique. However, the accuracy and effectiveness of these methods
can vary depending on the type of joint and the location of the monitoring equipment.
Further research is needed to develop more comprehensive and reliable inspection and
repair procedures for critical bonded joints.
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Palanisamy et al. [41] recommend using NDE techniques such as guided wave
sensing to monitor composite lap joints. Such techniques enable not only the detection
of damage but also the prediction of disbonded areas within the joints and the remaining
useful life of the structure. Employing this technique, it becomes possible to detect and
monitor the growth of cracks in adhesive-bonded joints, which can help identify potential
safety risks before they result in catastrophic failures. They suggested that this technique
can be used to develop a reliable and effective monitoring system for bonded structures
(health monitoring), ensuring their safe and long-term use. Carboni et al. [42] conducted
an experiment involving a single lap joint (SL]) where both adherends were made of
carbon fiber-reinforced polymer (CFRP). The joint was subjected to fatigue loading with
a constant amplitude. Acoustic emission was used to continuously monitor the integrity
and damage state of the joint during the test. Additionally, the test was periodically
paused to conduct micro-computed tomography scans on the specimen. The findings
indicate that by employing suitable data processing techniques and applying pattern
recognition algorithms, acoustic emission monitoring proves to be an effective method
for identifying and characterizing the progression of fatigue damage in adhesive-bonded
joints [43].

Quaresimin et al. [44] conducted fatigue tests on single-lap composite joints with
different overlap lengths and monitored the damage using video microscopy and SGs.
They defined crack initiation as the phase during which the adhesive failed and found
that it could last between 20% and 70% of the fatigue life depending on the stress level
and overlap length. Ishii et al. [45] and Zeng et al. [46] also used video microscopy
to monitor fatigue damage in adhesive joints but used different definitions for crack
initiation. According to Ishii [45], crack initiation was determined as the point at which
the crack formed over the tip of the adherend corner present in the fillet. In contrast,
Zeng et al. [46] identified the initiation point as the appearance of the first visible crack.
Cheuk et al. [47] tested double-lap joints and identified two different crack initiation
scenarios: Cracks initiated on the corner of the adherend and within the fillet using
both video microscopy and SGs. Crocombe et al. [48] used the backface strain technique
to detect crack initiation in SLJs for the first time. However, in subsequent work [49],
it was revealed that the response of the backface strain was significantly influenced
by its location. To enhance measurement accuracy, the authors suggested placing the
strain gauges inside the overlap area. To optimize the position of the strain gauges,
the relationship between variations in strain and increased fatigue damage should be
examined. Therefore, the strain gauges should be positioned where the most significant
changes in strain are observed due to varying crack sizes. This is essential to ensure
the sensitivity of the backface strain gauge technique in detecting the initiation of
fatigue cracks. Crocombe et al. [48] suggested employing the finite element method to
obtain the strain variation as a function of crack growth length in adhesively bonded
composite joints. They proposed utilizing this method to optimize the position of SGs.
Nonetheless, it is important to note that this approach can exhibit variations based on
different configurations and materials. For instance, as shown in Figure 2, unlike the
findings of reference [49] suggesting that SGs should be positioned within the overlap
region, Tang et al. [50] obtained satisfactory results by placing the SGs outside the
overlap length.

While there is currently no research indicating the exact optimal quantity of SGs to
utilize, it is significant to consider the failed SGs encountered during testing. To ensure
an adequate and precise dataset, it is recommended to employ multiple SGs on each side
rather than just one. Furthermore, in the case of adhesively bonded joints using a ductile
adhesive, the backface strain gauge is not sensitive enough during the initiation phase due
to plastic deformation.
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Figure 2. A schematic of SG placed (not to scale) (A) adapted from [49] outward overlap length and
(B) adapted from [50] inward overlap length.

3. Joint Configuration and Geometry

To enhance the fatigue strength of adhesively bonded composite joints, there are two
potential approaches: Enhancing the properties of the adhesive or adherend materials, as
suggested in references [51,52], and which are discussed in further detail in Sections 4 and 5,
or optimizing the geometry of the adhesive joints. This section aims to investigate the
impact of joint configuration and geometry parameters, such as overlap length (I), overlap
geometry (interface configuration), corner geometry, adhesive thickness (ta), and adherends
thickness (T) on the fatigue behavior of composite adhesive joints (see Figure 3). By
examining these key parameters, valuable insights can be obtained regarding how joint
geometry can be strategically optimized to enhance the fatigue life of adhesive joints. This
research is crucial for industries operating within the aerospace and automotive sectors,
where the reliability and durability of adhesive bonds are critical for safety and performance.
However, identifying the best adhesive joint configuration in terms of fatigue loading can
be a very challenging task due to the existence of numerous configurations, as shown in
Figure 4, and the absence of a comprehensive study that examines the behavior of each
configuration under fatigue loading.

The majority of studies evaluating the impact of the joint configuration on the
fatigue behavior of adhesively bonded joints have focused on metal or dissimilar
metal/composite materials as adherends. Only a few studies have specifically examined
adhesive joints with composite materials as adherends. The fatigue strength of an adhe-
sively bonded joint is affected by several factors, including the fatigue resistance of the
materials involved. In the case of a joint made from dissimilar materials, such as CFRP
and metal, the fatigue strength is primarily determined by the fatigue resistance of the
CFRP plate or the adhesive layer. This means that the fatigue life of the joint depends
mainly on the ability of the CFRP plate to resist cyclic loading without developing cracks
or other types of damage. Ishii [35] developed a fatigue failure criterion for dissimilar
adhesively bonded joints subjected to multiaxial stress. This criterion is used to estimate
the fatigue strength of different configurations of CFRP-metal joints (single and double
lap, butt, and scarf joints). The study findings indicated that the fatigue strength of
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double-lap joints was significantly superior to that of SLJs. Overall, the findings indicate
that decreasing the scarf angle results in an improvement in the fatigue strength of scarf
joints, driven by an increase in the bonded area. This is consistent with the conclusions
drawn in other studies [53-55]. Scarf joints exhibited a higher fatigue life than butt joints
of equal CFRP adherends thickness, regardless of the scarf angle. As the thickness of the
CFRP adherends in the butt joint increases, the fatigue strength is reduced due to the
volume effect of CFRP, and the dominant failure mode shifts from primarily delamina-
tion to cohesive failure. Figure 5 illustrates the increase in fatigue strength, specifically
the load threshold at which the specimen has withstood over 10 million cycles, known

as the endurance limit, in comparison to the SLJ.

LR R i LR 0 R R 0 G (OB R R
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Figure 3. Design parameters of conventional SLJ.

Disturbed shape

Single overlap joint

o)l

Double overlap joint

(c

Butt strap joint

@ W

Double butt strap joint

(T
{1 O O EXOR KX

] Composite adherend

B Adhesive

i
i

Undisturbed shape

@} i -
Step joint
®
Multi-step joint
Scarf joint
(h) ‘ ‘:‘ ‘ ‘:‘ ” oo

Tue-androove / nger 01t

[ Composite adherend

Il Adhesive

Figure 4. Different configurations of adhesively bonded joints. (a) Single overlap joint, (b) Double
overlap joint, (c) Butt strap joint, (d) Double butt strap joint, (e) Step joint, (f) Multi step joint,

(g) Scarf joint, (h) Tongue and groove/finger joint.



Materials 2023, 16, 6468

7 of 41

Increased fatigue strength (%)

300

250

200

150

100

To ensure comparability, the fatigue load is normalized by dividing it by the overlap
area for each configuration. This adjustment takes into account the size of the adherends
and the adhesive layer used.

320
= CFRP
Metal
®m Epoxy based film adhesive BF-9137.
180 | ]
Butt joint
Ishi (1997)
120
66 “
Double lap joint
7 I Ishi (1999)

oM

Double lap Butt  Scarf60 Scarf45 Scarf30 Scarf joint

Ishi (1997)

Figure 5. Fatigue strength (corresponding to 1 x 10° cycle) improvement for different configurations
in comparison to the SLJ (adapted from [35,45]).

There has been a limited amount of research conducted on the influence of different
configurations and geometries of adhesively bonded composite joints on life under cyclic
fatigue loads. Kim et al. [56] investigated the fatigue behavior of stepped lap joints in
composite structures through static and fatigue tensile load tests. In all step lap joints
presented in [56], fatigue cracks initiated at the end of the overlap and then propagated
through the composite adherends, leading to the delamination of the substrates. As the
length of the joint against the number of steps (steps ratio) increased beyond a ratio of 6, the
fatigue life for each load level also increased. Conversely, when the steps ratio was reduced
below 6, it significantly decreased the fatigue life. This means that a smaller step ratio
had a negative impact on fatigue life. This indicates that the design characteristics of the
joint, specifically the proportion of its overlap length to the number of steps, had a notable
impact on its resistance to fatigue. Importantly, it was found that the fatigue endurance
limit, which denotes the load or stress level a joint can endure for 1 x 10° cycles without
failing, corresponds to 30% of the static tensile load. The strength of the step lap joint relies
on the shear stress present at the last step, as well as the stress that is distributed within the
stepped lap joint, which is recognized to be controlled by the peak stress [57]. Once the end
of the overlap section ruptures, the stepped lap joint can be considered an SL]. As explained
in more detail in the next section, with an increase in the length of the joint, the peel stress
diminishes, correlating to the extended joint length. Furthermore, increasing the number
of steps while keeping the bond length constant in step lap adhesively bonded joints can
lead to an increase in fatigue strength due to several reasons, including the distributed
load over a larger area, enhanced load transfer through the provision of an additional load
path, the increase in effective bond length, and an interlocking effect. Collectively, these
factors contribute to an increased fatigue strength in step lap adhesively bonded joints
with an increased number of steps while maintaining a constant bond length. In general,
stepped lap joints in composite structures can withstand high loads under both static and
fatigue conditions. In designing a stepped lap joint, the first consideration should be the
critical joint length, which is crucial for ensuring an effective bonded connection. The next
consideration should be determining the appropriate number of steps needed to achieve
the desired joint length.
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3.1. Overlap Shape

In adhesively bonded SLJs, the free ends of the overlap region (overlap ends) experi-
ence stress concentrations (see Figure 6), which can lead to the failure of adhesively bonded
joints under various loading conditions [58,59]. Several researchers attempted to create
local compressive stresses at the ends of the adhesive layer by designing non-flat bonding
surfaces [60,61]. To this aim, four primary geometric designs have emerged, including the
reverse bent, wavy, sinusoid interface, and zigzag interface SL]Js (Figure 7). Previous studies
that examined these types of adhesive joints are summarized in the following paragraphs.

Boss et al. [58] observed that modifying the shape of the adherends (changing their
thickness gradually) resulted in a decrease in peak shear and peel stresses in SL]s, leading
to an overall improvement in the joint’s strength. Based on results consistent with Boss’
study [58], Pires et al. [62] and Maclaren et al. [63] concluded that changes in geometry
should be at the overlap ends. This study aimed to enhance the uniformity of the stress
distribution. To achieve this goal, the study proposed bent SL]Js, in which the adherends
were subjected to a bending moment opposite to that in conventional SLJs. As a result,
the study demonstrated a significantly more uniform shear stress distribution. Despite
the considerable advantages they offered, reverse bent joints (Figure 7b) with composite
adherends have not received enough attention in the literature, due to the difficulty in
precisely controlling the geometry of the adherends during the manufacturing process.
The fatigue behavior of reverse-bent composite joints was investigated by Fessel et al. [64].
The study concluded that improvements achieved under static loading conditions can
lead to even greater benefits in fatigue loading. By reducing peel stresses, the reverse
bent joint experienced a significant increase in joint strength of up to approximately 190%
in comparison with conventional SL]Js, depending on the materials and fiber direction
used. Additionally, improved fatigue performance was found for the reverse-bent joints,
mainly due to reduced stress concentrations at the joint ends. The initiation of failure
in the reverse-bent joint was not at singular stress points, resulting in a less complicated
prediction of both static and fatigue strength. Overall, the combination of reduced peel
stresses and decreased stress concentrations in the reverse-bent joint leads to improved
joint strength and reliability. The efficiency of the reverse-bent joint configuration has been
well studied and documented by multiple researchers [65-67].

A widely used method to enhance the mechanical interlocking of adherends involves
creating a non-flat bonding surface on the adherends prior to the application of adhe-
sive [68]. Ashrafi et al. [69] conducted a study in which they varied the shape of the joint
interface while keeping the adhesive thickness constant. This was performed to ensure
comparability and to determine the potential for improving the structural performance
of composite SLJs. The usage of sinusoid interfaces (as depicted in Figure 7d) in glass
fiber-reinforced polymer adherends revealed that the non-flatness of the interface had
a notable influence on both the mechanical behavior and strength of the bonded joints.
However, it was noted that modifying the angle of the wavy lap joint could result in higher
strength and a more uniform distribution of stress [68].

Composite adherend

B Adhesive

Shear stress

Overlap

Figure 6. Shear stress distribution along the overlap length.
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Figure 7. (a) Conventional SL], (b) Reverse-bent SL]J, (c,e) Wavy SL], and (d) SL] with sinusoid
interface (adapted from [70]).
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Figure 8. Effect of wavy interface on the fatigue and static strength of joints (adapted from [46]).

Single-lap joints that experience cohesive/adhesive failure under fatigue loading
demonstrate an increased fatigue life with increasing overlap length, whereas joints that
undergo adherend failure, such as delamination and fiber tear, exhibit an opposite or non-
identifiable trend with respect to the overlap length. From another perspective, in cases
where the overlap length exceeds the adhesive thickness by 10 times, it is more likely that
the failure of the composite adherends would occur before any other failure modes [86].

The resulting improvement in fatigue strength for different configurations is depicted
in Figure 9. To allow for direct comparisons in the fatigue performance, the fatigue strength
is normalized by dividing it by the overlap area. This normalization takes into account the
use of a similar adhesive for the various configurations presented. In conclusion, the wavy
joint configuration can lead to improved joint strength compared to conventional SLJs,
particularly under fatigue loading conditions. The reduction in peel stresses and stress
concentrations at the joint ends are key factors contributing to these improvements.
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Figure 9. Fatigue strength improvement for different configurations compared to conventional SL]Js
(adapted from [46,56]).

The final aspect to consider is that utilizing non-flat overlap regions can enhance
the fatigue strength and behavior of adhesively bonded joints, and the significance of
locally modifying adherend geometry becomes even more crucial when joint configurations
are limited by their application. However, it is essential to address the complexity of
manufacturing and the lack of precise control over the geometry of composite adherends,
as these factors can lead to variations and increased costs.

3.2. Overlap Length

Changing the overlap length between joint components can lead to changes in how
stress is distributed within the joint. According to the available literature, it is crucial to
consider a minimum overlap length to attain the best possible fatigue performance for the
joints [27]. The impact of overlap length on the strength of composite joints is closely tied to the
adhesive’s ductility. While it is widely recognized that a longer overlap increases joint strength
when using a ductile adhesive, there is evidence that for a brittle adhesive, the failure load
remains constant once a specific point is reached [74]. However, the rate at which this strength
improves is influenced by various design factors like the materials used for the adherends and
the adhesive [75]. Consequently, to achieve the maximum fatigue life for the same load level,
the overlap length should be optimized for each configuration while considering the effect
of other design parameters [76]. For instance, a model called the Genetic Algorithm Tensile
Strength Estimation Model (GATSEM) was developed by Canyurt et al. [77] to estimate the
fatigue and static strength of adhesively bonded finger composite joints as a type of step lap
joint [78]. The model takes into account factors such as overlap length, bondline thickness,
pre-stress near the free edges of the bondline, and the material types of the joining parts. The
use of GATSEM enabled Canyurt et al. [77] to optimize the overlap length in order to achieve
the highest possible fatigue life while considering the effect of other design parameters. It was
found that the fatigue life of CFRP/CFRP configurations was 219% higher than the reference
finger joint with fixed overlap length and bondline thickness. This indicated that GATSEM
can be an effective tool for optimizing the design of adhesively bonded composite joints to
enhance their fatigue life.

The effect of overlap length on the fatigue behavior of adhesively bonded composite
joints was first proposed in the early 1970s by Renton and Vinson [52]. Using a ductile
adhesive, they found that the tensile ultimate load of single-lap composite joints increased
with the length of overlap. The absolute value of fatigue load also increased with the
increase in overlap length, as expected. However, the maximum normalized fatigue
strength (fatigue load divided by bonded area) decreased as the overlap length increased.
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This means that the maximum load that can be sustained for a 1-million-cycle fatigue life is
not directly and linearly proportional to the overlap length. Ferreira et al. [79] conducted
fatigue tests on composite SLJs, and in line with some other studies [52,80,81], found that
increasing the overlap length led to a reduction in normalized fatigue strength. In contrast,
conflicting trends have been recorded in alternative research, as illustrated in [82-85],
which have indicated that the fatigue strength of adhesively bonded joints improved when
increasing overlap length (refer to Figure 10).
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Figure 10. Opposite trend of the effect of overlap length on the fatigue strength of adhesively bonded
composite joints. (a) Fatigue strength increased by overlap [44,83-85]. (b) Fatigue strength decreased
by overlap [52,79,80].

SLJs experience slight bending due to the bending moment, generated by the applied
tensile-tensile fatigue load (see Figure 11). Increasing the overlap length raises the bending
distance, which can make failure more likely under fatigue loading [82]. Relying solely
on classical theory to explain these conflicting trends, as seen in Figure 10, can be difficult.
It is essential to also consider the failure initiation mode of the joints and the ductility of
the adhesive. For example, in terms of adhesive brittleness, it is widely recognized that
when using a brittle and rigid adhesive, increasing the overlap length results in higher
stress concentration at the overlap ends. Consequently, this intensified stress concentration
makes the occurrence of failure even more likely.

Single-lap joints that experience cohesive/adhesive failure under fatigue loading
demonstrate an increased fatigue life with increasing overlap length, whereas joints that
undergo adherend failure, such as delamination and fiber tear, exhibit an opposite or non-
identifiable trend with respect to the overlap length. From another perspective, in cases
where the overlap length exceeds the adhesive thickness by 10 times, it is more likely that
the failure of the composite adherends would occur before any other failure modes [86].

Eccentric Load Path

M

[l Composite adherend
Il Adhesive

Figure 11. Free-body diagram illustrating the bending moment resulting from eccentric loading in a
single-lap joint subjected to tensile loads.
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3.3. Corner Geometry

Although the length of the overlap in adhesively bonded joints has a significant
impact on both the initiation and propagation of fatigue crack growth, more so than
factors like the corner fillet [83], as shown in Figure 12, the strength of adhesively bonded
composite joints (the highest tensile stress that can be applied to the bonded joint without
causing failure until 1 x 10° cycles) has been enhanced by incorporating a spew fillet
at the overlap ends. This can be explained by the reduction in the stress concentration
within both the adhesive and the adherends [87,88]. Changing the joint-end geometry
with a spew fillet spreads the load transfer over a larger area, resulting in a more uniform
shear stress distribution (see Figure 13) [38]. In [83], the two-part 9323 B/ A epoxy was
used to prepare the tested SLJs. According to the results, for joints with fillets at bonding
ends, failure was initiated within the adhesive fillet, or, in some cases, it was at the
adhesive—adherend interface. Then interlaminar and intralaminar crack propagation
was observed. On the other side, for the square corner joints, the initiation was shown to
be interfacial at the adhesive/adherend interface while the crack propagation mechanism
was similar to the joints with a fillet.
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Figure 12. Effect of overlap length vs. corner fillet on fatigue strength [83].
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Figure 13. Effect of corner fillet on the load transfer path. D Square corner 2 Fillet corner (adapted
from [89]).
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The fatigue life and strength of joints are correlated with either peel stress, shear stress,
or a combination of both, depending on the joint configurations [50]. Consequently, it would
be reasonable that future studies on the fatigue life of adhesively bonded composite joints
could benefit from referencing previous research on optimizing the corner geometry of joints
to achieve higher static strength. Lang and Mallick [87] conducted a study that involved eight
different corner geometries for glass-epoxy composite SL]Js, including full and half triangular,
full and half rounded, and full rounded with fillet, oval, and arc. Their findings indicated
that shaping the spew to provide a smoother transition in joint geometry could significantly
diminish stress concentrations. As shown in Figure 14b, the full-rounded configuration with
fillet and arc spew fillets resulted in the highest percentage reduction in maximum stresses
(nominal in the direction of the applied load (x), as well as perpendicular (y) and shear), while
half-rounded fillets showed the least reduction. Furthermore, increasing the size of the spew
was also found to reduce the peak stress concentrations (see Figure 14). Quaresimin and
Ricotta [44] conducted a series of static and fatigue tests to evaluate the effect of different
geometry parameters on the strength of composite SLJs. As evident from Figures 12 and 15,
the use of fillets increases the average fatigue strength by approximately 27-55%. This increase
in fatigue strength due to the use of fillets can be explained by the lower stress concentrations
corresponding to the spew fillet corner geometry compared to a square edge [90].
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Figure 14. (A) Various fillet geometries, (B) decrease in maximum stresses at the interface between
the conventional SL] without a corner fillet and SLJs with the different spew geometries [87].
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Figure 15. Effect of corner geometry (fillet) on the fatigue life and strength of SLJs (adapted from [44]).

3.4. Adhesive Thickness

The thickness of the bondline (also known as the adhesive thickness) is an important
parameter that can affect the strength of bonded joints. Several experimental studies have
shown that for both metallic and composite SL]Js, increasing the bondline thickness (for
a value higher than approximately 0.2 mm) can lead to a reduction in joint strength due
to higher peeling stress [28,91]. This is also due to the fact that a thicker bondline can
lead to a decreased ability of the adhesive to effectively transfer stresses between the
adherends, potentially resulting in premature joint failure. In contrast, classical analytical
stress-based solutions of SLJs predict that increasing the bondline thickness would result
in an increase in the strength of the joint [50,92]. According to Niranjan [93], increasing
the bondline thickness raises the likelihood of the presence of imperfections, such as
voids and microcracks, within the joint. These imperfections can also cause the joints to
fail prematurely.

Thus, it can be concluded that there exists an optimal value for adhesive thickness.
The impact of bondline thickness on the static strength of SLJs varies depending on the
adhesive’s ductility [94]. Taib et al. [95] investigated the effect of adhesive thickness on the
strength of adhesively bonded composite SL]Js. It was indicated for ductile adhesives (Hysol
EA 9359.3) that as the bondline becomes thicker, the strength decreases (see Figure 16).
A similar trend was shown for metallic adherends [94]. For brittle adhesives (such as
LP-1Q-EX, epoxy), as Diharjo et al. [96] reported and as is shown in Figure 16, increasing
the bondline thickness results in an increase in static strength, which continues until it
reaches a certain threshold [96]. Beyond this point, the strength starts to decline (as reported
in other studies [86,97]). Consequently, the response to the bondline thickness variations
is primarily driven by the adhesive’s ductility and is not significantly influenced by the
adherends’ material.

Only a few studies have attempted to investigate the impact of bondline thickness on
the fatigue behavior of bonded composite joints, and among them, only concrete evidence
of a decrease in fatigue strength with an increase in bondline thickness was reported [50,98].
Renton et al. [99] experimentally studied the parameters that drive an efficient design.
They found that the choice of adhesive should be influenced by the expected loading
history of the joint. Under static loading, the adhesive should have high ultimate strength
values in both tension and shear while, for fatigue applications, the fracture toughness
of the adhesive should also be taken into account [99]. Some studies have indicated that
when it comes to structural epoxy adhesives, fracture toughness and fatigue resistance are
considerably influenced by the thickness of the adhesive [100]. Increasing the bondline
thickness leads to a reduction In the rate of fatigue crack growth, as well as an increase in its
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fracture toughness across the typical range of thickness employed in bonded joints (i.e., less
than 0.25 mm) [86]. The effect of adhesive thickness depends largely on whether it is smaller
or larger than the optimal thickness specific to the material, and a unique trend cannot
be observed for all cases [27]. In Figure 17, it is demonstrated that as the adhesive layer
becomes thicker, the anticipated lifespan of the joint diminishes. This prediction, which
is performed for composite adherends joints, is supported by the experimental results
provided by Crocombe [101], in which an increase in adhesive thickness was found to be
associated with a decrease in the strength of the joints, where aluminum adherends used.
It is recognized by the classic theory that when the thickness of the adhesive increases, the
peel stress also increases, leading to a decrease in the fatigue life [92]. While the adhesive
thickness is increased, the length of the “moment arm” over which the applied force acts is
effectively extended and makes a higher moment arm, subsequently leading to increased
peel stresses at the edges of the adhesive bond. To support this, considering that peel stress
is influenced by multiple factors, it becomes necessary to conduct a numerical investigation
into the impact of adhesive thickness on peel stress. In [50,97], finite element analysis
revealed that the peel stress increased with greater adhesive thickness.

ta=0.2,0.4,0.6, 0.8, 1 mm B Adherend ta=0.127, 0.635, 2.54 mm

B Brittle adhesive

Ductile adhesive

Brittle . Ductile .
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Figure 16. (a) Configuration of adhesively bonded composite joint with brittle and ductile adhesives
and different adhesive thicknesses. (b,c) Composite SL]Js strength as a function of adhesive thickness
for brittle and ductile adhesives, respectively (adapted from [95,96]).

The thickness of the adhesive also affects the failure mode so that failure occurs
within the adhesive layer, and with an increase in thickness, the failure mode changes and
delamination is raised due to an increase in peel stresses [97]. As previously discussed, it has
been observed that peel stress rises in response to an increase in adhesive thickness. Given
that peel stress significantly impacts the composite adherends at the ends of the overlap
(where peel stress is most pronounced), this leads to a heightened risk of deamination, as
depicted in Figure 18.
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Figure 17. How the adhesive thickness affects the highest load that can be applied to the bonded
joint without causing failure in 1 x 10° cycles (adapted from [81]).
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Figure 18. The correlation between the thickness of the adhesive and the level of peel stress, and its
consequent effect on delamination.

4. Adherend Modification

This section examines the impact of various modification methods applied to compos-
ite adherends on the fatigue behavior of adhesively bonded composite joints. Since this
review primarily focuses on composite materials, Section 4.1 is specifically dedicated to an-
alyzing the fatigue behavior of composite materials. After providing a concise overview of
this topic, the investigation shifts towards an in-depth examination of composite adherends,
which have been extensively studied in the context of fatigue performance.

4.1. Composite Materials under Fatigue Loading

Fatigue life improvement techniques for composite materials have been widely dis-
cussed since they were first introduced in the 1950s [102-104]. Several parameters, such as
control of the fiber type and size, stacking sequence, fiber volume fraction, manufacturing
methods, and the use of hybrid composites, are known to influence the fatigue life of
composite materials and thus have been extensively investigated [105-107].

Crack initiation and propagation in composites differ from metals. The paths taken by
cracks are more intricate and diverse, and the presence of cracks alone does not represent
the entire structural damage. It has been observed that composite materials experience
multiple forms of damage, such as delamination, matrix cracking, fiber failure, and void
growth. Any of these damage modes or any combination of them may be experienced in a
particular structure, and it is challenging to predict in advance which mode will prevail and
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ultimately lead to failure [108]. Hence, even though it is possible to detect and characterize
all the damages that occur within a composite material, accurately quantifying their impact
on fatigue life has proven to be exceptionally challenging [108]. Figure 19 illustrates the
contrasting damage evolution between composite materials and metal structures. In metals,
fatigue failure is typically characterized by the initiation of cracks, which subsequently
propagate in a predictable manner until failure, while there has been different fatigue failure
in composite materials including delamination, matrix cracking, debonding, fiber failure,
and void growth [109]. There was an initial expectation that composite materials would
exhibit greater damage tolerance compared to metals, depending on the orientation of the
laminate and the specific loading conditions. The primary fatigue damage mechanisms
observed in cross-ply laminates under tensile—tensile cyclic loading are transverse cracking,
delamination, and fiber breakage. Additionally, in the 0° ply block, longitudinal cracking
may also occur alongside fiber breakage [110].
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Figure 19. Difference between the fatigue failure pattern of composites and metals (adapted
from [111,112]).

Analyzing the impact of individual components on the fatigue performance of com-
posite materials can yield valuable insights. Since the fiber and matrix experience different
stresses under cyclic loading, while the strain remains the same for both, Talreja et al. [113]
introduced a novel concept involving the examination of the strain behavior of each compo-
nent as a function of fatigue life (e-N curve) (as depicted in Figure 20). Fibers play a crucial
role as the primary load-bearing components in composite materials, typically occupying
a volume fraction ranging from 30% to 70%. Variations in the fiber volume fraction and
properties, especially stiffness, can lead to changes in the stress—strain relationship of the
composite material. In the case of commonly used carbon fibers, commercially available
options exhibit different levels of stiffness and strain failure. These variations in fiber
properties have a notable impact on the shape of the e-N curve, which represents the
relationship between strain and the number of fatigue cycles, and consequently affects
the overall fatigue life of the composite material [114]. Region I in Figure 20 represents
the initial phase of fiber failure, characterized by non-progressive failures that remain
within a specific scatter range during the first half-cycle of load. Region II is related to
interfacial shear breakage and matrix cracking, which can occur simultaneously. Fiber type
selection significantly impacts region II of the e-N curve. In particular, when subjected to
the same fiber strain, high-modulus (HM) fibers endure higher stress levels compared to
low-modulus (LM) fibers. Consequently, composites containing HM fibers are expected to
experience lower levels of fatigue degradation. It is important to note that fatigue failure
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in composites cannot occur until cracks initiate in the matrix. Therefore, incorporating
stiffer fibers into the composite structure makes sense as they can effectively impede crack
propagation, thereby delaying fatigue failure.
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Figure 20. Relationship between strain and fatigue life for unidirectional composites. Region I: Initial
phase of fiber failure. Region II: Interfacial shear breakage and matrix cracking. Region III: Fatigue
limit (adapted from [111]).

The influence of fiber type (High modulus—HM, tensile modulus: 350-600 GPa; tensile
strength: 2.5-5 GPa [114], low modulus-LM, tensile modulus: 40-200 GPa; tensile strength:
1-3.5 GPa [114]) on the fatigue behavior of UD composite laminates has been investigated
in [115,116]. As shown in Figure 21, in line with the previous explanation, it is observed
that high-modulus (HM) fibers tend to display greater normalized fatigue strength in
unidirectional (UD) composites. The fatigue strength is normalized by static strength for
each condition. Regarding the damage modes, it is observed that high-modulus (HM) fibers
are more susceptible to sudden and catastrophic failures. On the other hand, low-modulus
(LM) fibers tend to experience more progressive damage over time [117]. The correlation
between fiber stiffness and failure mode can be explained by examining the stored energy
within the material. Catastrophic failure occurs as a consequence of the sudden release
of a significant amount of stored energy once the matrix fails. Conversely, progressive
failure emerges due to stress localization, leading to the gradual and incremental release of
localized pockets of stored energy.
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Figure 21. Normalized fatigue endurance: Investigating the strength for infinite composites life
(1 x 10° cycle). LM: Low modulus, HM: High modulus, HS: High strength (adapted from [115]).
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The influence of fiber size on the fatigue strength of composite materials is widely
recognized. Longer fibers might exhibit different mechanical properties, such as lower
flexibility or reduced resistance to stress concentrations, which can impact their fatigue
performance [114,118]. Furthermore, the interaction between the fibers and the surround-
ing matrix material may vary depending on the fiber length, resulting in variations in load
transfer and mechanisms for initiating and propagating damage. Sabiston et al. [119] evalu-
ated the impact of fiber length distribution (FLD) on the fatigue properties of CFRP. Their
findings were consistent with the results reported by Karger-Kocsis and Friedrich [120]
who demonstrated that increased fiber length leads to an extended fatigue life. Conversely,
Meneghetti et al. [121] reported a different trend for the relationship between fiber length
distribution and fatigue behavior that can be attributed to several factors, one of which is
the specific lengths of the fibers being considered. Sabiston et al. [119] also reported that
using 10 mm fibers resulted in a decreased fatigue life under fully reversed loading, com-
pared to using 1 mm fibers. However, Meneghetti et al. [121] may have utilized different
fiber lengths in their investigation.

The fatigue performance of composites can also be influenced by two other significant
factors: Fiber volume fraction (FVF) and fiber orientation [122]. Pinter and Brunbauer [123]
investigated the effect of various FVFs (30% and 50%) on the fatigue failure mechanism
of epoxy CFRP. Static and cyclic fatigue loading tests were conducted on unidirectional
composites that were manufactured with fiber orientations of 0°, 45°, and 90°. According
to Figure 22, which is a summary of their results, in both tension and compression, the
static strength is higher for samples with higher FVEF. In unidirectional (UD) specimens
with a 90° fiber orientation, the fatigue tests (both tension and compression) were primarily
affected by the fiber volume content, particularly in the high cycle fatigue regime. This is
due to the shift in damage mechanisms from fiber pull-out at higher stress levels to matrix
cracking at lower stress levels [124,125].

Roundi et al. [126] conducted an experimental analysis to examine how different
stacking sequences ([02/90;]s; [902/02]s; [03/90]s; [905/0]s) affect the fatigue properties of
glass/epoxy composites. Fatigue strength and life were evaluated through cyclic tensile tests.
Higher fatigue strength and longer fatigue life were exhibited in the case of the [03/90]s
stacking sequence, as illustrated in Figure 23. Mandell and Samborsky [127], in a vast
experimental study, investigated different stacking sequences including balance angle plies
([01s, [£45]3, [450]3, [+60]5, [£8013, [+90]3) and [90/0/+45/0]s, [£45/02/45]s, [0/ £45/0]s,
[90/+£45/90]s, [0/£45/0,/45]s. A comparison of the results obtained led to the conclu-
sion that the unidirectional laminate has the highest fatigue strength. Sharma et al. [128]
examined the impact of rearranging the position of (0°/90°) and (£45°) plies within an
eight-layer symmetric and asymmetric woven glass fiber-reinforced composite laminate.
The symmetric laminate had a stacking sequence of A [(0°/90°)/(£45°),/(0°/90°)]s, while
the asymmetric laminate had a stacking sequence of B [(0°/90°)/(£45°),/(0°/90°)//
(£45°)/(0°/90°), /(£45°)]. The effects were investigated through fatigue testing subjected
to stress levels ranging between 90% and 50% of their ultimate flexural strength. A longer
fatigue life was experienced when the (0°/90°) ply was on the outer sides of the symmet-
ric laminate. In general, the fatigue strength of composite materials can be enhanced by
increasing the percentage of the 0° layer in the composite lay-up and by increasing the
distance of the 0° layer from the middle plane (see Figure 23). The reason for this is that the
0° layer is responsible for carrying the majority of the load in the direction of loading. By
increasing the percentage of the 0° layer, more fibers are aligned with the loading direction,
which increases the strength of the composite material under such loads. Additionally, by
raising the distance of the 0° layer from the middle plane, it becomes possible to have a
greater moment arm of the 0° layer, which then increases its ability to resist bending stresses.
This configuration effectively distributes the load across a greater volume of the composite
material, reducing stress concentrations and enhancing fatigue resistance [129-131].
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Figure 22. Summary of the conclusions of Brunbauer’s study [123] on the effect of fiber volume
fraction on the static, fatigue, and failure mechanisms of different fiber-oriented composites.
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Figure 23. Effect of stacking sequence and 0° layer distance from the middle plane on fatigue strength
(adapted from [126]).

4.2. Hybrid Composite Laminate

The fatigue damage mechanisms of non-hybrid composites have been extensively
studied and documented in the past [132-134]. In the case of hybrid composites, which
involve the use of two or more fiber types, the failure mechanism undergoes several
changes [135,136]. Hybrid or modified composites can be formed by combining fibers
of varying modulus and/or diameter, either by using similar fibers or by incorporating
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dissimilar fibers into the composite structure [136] (see Figure 24). In the past, various
types of hybrid composites have been developed by combining different kinds of fibers.
These include mixtures like glass/carbon [137], Kevlar/carbon [138], Kevlar/glass [139],
and synthetic/natural fibers [140]. These combinations were aimed at enhancing material
properties and cost-effectiveness. The research presented in [141] demonstrated that a
hybrid material combining a glass fiber-reinforced polymer (GFRP) and CFRP exhibited
a lower S-N slope when compared to pure GFRP and pure CFRP across various fatigue
load levels. The impact of hybridization on the fatigue life of composite materials depends
on various factors, such as the loading condition (R ratio), fiber orientation [142], and fiber
volume fraction [143]. In some cases, hybrid composites may exhibit improved fatigue life
and strength compared to non-hybrid composites, depending on the specific combination
of parameters mentioned.
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Figure 24. Schematic representation of various composite laminate hybridization techniques (cate-
gorizing hybrid fiber types and arrangements). Different colors used shows the difference in fiber
materials (adapted from [136,144]).

The thickness of individual layers is a crucial aspect when designing hybrid laminates.
In recent decades, researchers have investigated the phenomenon known as the size ef-
fect, which relates to the influence of ply thickness. Numerous studies have focused on
experimentally evaluating the impact of the thickness of lamina under quasi-static loading
conditions [145-147]. However, only a limited number of researchers have specifically
explored the use of ultra-thin plies in their investigations. The utilization of thin plies
within a cross-ply stacking sequence has been extensively studied in [148,149] focusing
on the investigation of their impact on the fatigue behavior of composite materials. They
concluded that the utilization of thin-ply can decrease the slope of the S-N curve for the
laminate and, evidently, enhance the fatigue life [149]. Paris et al. [150], to clarify the
concept of size effect, offered a physical explanation of failure mechanisms observed during
quasi-static tensile loading. By adopting an energetic approach, they investigated the
progressive development of damage mechanisms within the weakest lamina, specifically
the 90° ply block. Their findings indicated that reducing the thickness of the transverse
damage within this lamina can be advantageous. In other words, thinner 90° ply blocks
exhibited less detrimental transverse damage. This beneficial feature of thinner 90° ply
blocks under fatigue loading has received limited attention in existing studies. Therefore,
further research is required to comprehensively analyze and understand the implications
and advantages of reducing the thickness of the 90° ply block in the context of fatigue
loading (effect of scale factor).
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Generally, in terms of non-hybrid composite laminates, those produced with the
highest-performing material typically exhibit the most favorable quasi-static and fatigue
behavior. The CFRP laminates have notably high specific mechanical properties, along
with impressive fatigue life, surpassing that of GFRP laminates. However, even CFRP
composites frequently undergo catastrophic failures due to brittleness, offering limited to
no opportunity for repair and maintenance. This challenge can be addressed through the
use of thin-ply hybrid composites, where fibers of similar material but varying diameters
or moduli are employed [151]. Hybrid composites provide a relatively higher ductility.
This approach leads to a more stable delamination growth. However, carbon fibers are
still somewhat brittle and come at a significant cost. Furthermore, hybrid materials were
developed with the aim of cutting down the expenses associated with using costly rein-
forcements in composites. This was achieved by employing a portion of more affordable,
lower-quality fibers into the hybrid laminate, while still maintaining the main advantage
and properties of the original composite. Moreover, hybrid materials were created with
the intention of enhancing the characteristics of a composite without causing a significant
impact on the overall cost. The process of hybridization is anticipated to yield novel ma-
terials that blend the properties of their individual components due to standard mixture
principles. Nevertheless, hybrid composites exhibit superior properties compared to those
predicted by the rule of mixtures. This phenomenon is referred to as the ‘hybrid effect’.
However, as mentioned before, in some cases, hybridization shows a reduction in fatigue
life and strength.

4.3. Stacking Sequence and Interface Ply Orientation of Adherends

It is widely accepted that modified composite laminates exhibit superior quasi-static
and fatigue behavior compared to conventional composites alone, as concluded in the
previous section. Despite this acknowledgment, the impact of modifying the compos-
ite adherends on the fatigue life of adhesively bonded composite joints has not received
the same level of attention as that of the composites themselves. Existing research has
primarily focused on examining how various factors such as the orientation of the ad-
hesive/adherends interface layer, adherends stacking sequence, adherends stiffness and
thickness, and the applied surface treatment affect the fatigue performance of adhesively
bonded composite joints under static loading, using stiffer adherends, which is achieved
by increasing the number of 0° layers or placing them closer to the outer surfaces and
enhances joint strength [152,153].

Renton and Vinson [52,99] were among the first to investigate this issue, examining
adherends made of glass/epoxy laminated with unidirectional, [0°], and multidirectional
[45/0/—45/0] specimens. Their findings indicated that fatigue strength deteriorates as
the nature of the adherend changes from unidirectional to multidirectional. This means
that, with the same number of cycles, the angle ply pattern can sustain only 60-90% of
the load carried by the full 0° adherend. In the first case ([0°]), cohesive failure occurred
within the adhesive, while the failure mechanism and crack path were observed to occur
within the adherend when a 45° layer was used as an adhesive adjacent layer. This can
be attributed to the elevated interlaminar and normal stresses within the resin of the
45° ply [154]. In the study conducted by Ferreira et al. [79], a 30% increase in fatigue
strength was reported due to a change in the stacking sequence from [+45/—45/+45/0]s
to [0/0/0/0]s. To summarize, the fatigue strength of a laminate is generally enhanced
when stiffer adherends are used (see Figure 25). Purimpat [155] described an experimental
technique involving the stacking of quasi-isotropic quasi-homogeneous (QIQH) sequences,
which can effectively separate the local (plies orientation adjacent to the adhesive) and
global (stiffness modification) properties of laminates. The main goal of this approach
was to modify the orientation of plies near the adhesive bonding without changing the
global elastic behavior of the adherends. Since the static strength was evaluated in this
study, from this point of view, investigating the adhesively bonded composite joint under
fatigue loading is crucial. Meneghetti et al. [83] analyzed the fatigue failure mechanism
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with a specific focus on the adhesive/adherend interface layer orientation (0°, 45°). In
more detail, the effect of the adhesive adjacent layer fiber orientation on the fatigue life
of joints in two initiation and propagation crack growth stages was examined. They
reported that the fatigue crack propagation life was extended when using an interface layer
consisting of a 45° orientation compared to using an interface layer with a 0° orientation
due to the more complex crack growth pattern in the presence of 45°. However, this has a
negligible effect on the fatigue life. The damage propagation pattern significantly changes
by the ply orientation of the adhesive/adherends interface layer. When the interface
joint is oriented at 0°, cracks propagate along the interface between the adhesive and
adherend. However, if there is a 45° interface present, the evolution of crack propagation
becomes significantly more complex, so that after nucleation, cracks may propagate at the
adhesive/adherend interface or become interlaminar delamination. Figure 25 displays SLJs
manufactured using composite adherends with various stacking sequences, as opposed to
SLJs where all adherends are oriented at 0°. As evident from the results, the proportion of
0° layers has a direct impact on the increase in fatigue strength and influences the mode of
failure [52,79,83,154,156]. It can be explained by increasing the stiffness of joints with more
0° layers. It is important to highlight that the impact of the stacking sequence in Figure 25 is
assessed under the assumption of maintaining the other parameters constant. For instance,
in the study referenced as [157], where both the stacking sequence and surface roughness
were examined simultaneously, it was observed that the [[+45]]s stacking sequence
exhibited greater fatigue strength compared to configurations with all 0° adherends. This
improvement in fatigue strength was attributed to alterations in the surface roughness of
the adherends.

4 Mostly delamination Mostly cohesive failure

Fatigue strength

100%
0% percentage of the number of 0-degree layers ’
Figure 25. Effect of proportion of 0-degree layer through the thickness of adherends on fatigue
strength [52,79,83,154].

Johnson and Mall [152,153], along with Rodriguez [154], conducted studies involving
lap strap joints using composites, with a specific focus on the impact of the interface layer
orientation on fatigue behavior. In their research, Johnson and Mall explored different
stacking sequences like [0/445/90]s, [£45/0/90]5s, and [90/£45/0],4 for both the strap
and lap configurations. On the other hand, Casas-Rodriguez examined the stacking se-
quence of [(0/—45/+45/0),]s. The total strain energy release rate was employed to compare
fatigue failure in different configurations of Johnson and Mall’s [152,153] study, instead of
a stress-based threshold, due to the varying number of adjacent 0° layers adjacent to the
adhesive in the different configurations. These researchers observed that joints with 0° or
£45° plies at the interface exhibited nearly identical values for the strain energy release
rate and fatigue strength [158]. Keeping the stiffness of adherends (through the stacking
sequence) and the adherends thickness constant were found to be the primary factors
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affecting fatigue strength. With cyclic adhesive separation remaining the main contributor
to fatigue damage initiation, it is anticipated that joints with various ply orientations at the
interface would show comparable fatigue strength. Li et al. [75] examined the influence of
adherend thickness on single-lap, double-lap, and scarf composite joints. They found that
increasing adherend thickness resulted in a greater failure load for all these configurations,
indicating higher strength for single- and double-lap joints, but conversely, lower strength
for scarf joints was observed. In [81], it has been demonstrated that with an increase in
adherend thickness, there is an expected corresponding increase in the number of cycles
required for joint failure. However, it is worth noting that there are still no available
experimental data to validate this prediction. This underscores the clear need for additional
research in this specific area.

As shown in Figure 26, as long as the interface plies are placed at 0°, debonding
occurs within the adhesive region in a cohesive manner and final failure occurs in the 0°
adjacent layer. However, in the case of 45° interface plies, debonding happens through
a combination of cyclic debonding in the adhesive and delamination in the +45" plies of
the laminate adherend. In more detail, the crack continues to grow until it reaches the
layer with 0° orientation and then the final failure occurs. For specimens with 90” plies,
damage initiates with transverse cracking in the 90" layers of the strap adherend, and
then progresses through delamination failure until it reaches the first 0" ply in the strap
adherend (see Figure 26).
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Figure 26. Changing crack path due to adhesive adjacent composite adherends layer orientation
(0/+45/—45/90), (45/—45/0/90), (90/ —45/+45/0) (adapted from [158-160]).

In general, based on existing literature, it is obvious that the stacking sequence and
the orientation of the adhesive adjacent layer have an impact on the fatigue crack path.
Consequently, this affects both the fatigue strength and fatigue life. Nonetheless, the impact
of these factors on fatigue strength varies significantly based on the joint configuration. As
previously discussed, using unidirectional fibers aligned with the load direction results in
greater fatigue strength. The least favorable stacking sequence involves a perpendicular
orientation, particularly evident in SLJs. However, in lap strap joints, these effects tend to
diminish.

4.4. Surface Treatment

In order to achieve optimal adhesion in adhesively bonded composite joints, it is
imperative to conduct a comprehensive surface treatment that adequately eliminates all
contaminants from the bonding surfaces while simultaneously increasing the surface area
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available for bonding. The strength of the joints significantly relies on the effectiveness of
the surface treatment in ensuring strong adhesion at the interfaces.

The success of the bonding process can be ensured by enhancing the wettability of
the surfaces, which involves increasing their surface energy and chemically activating
them to improve adhesion. Surface energy is a measure of the energy required to increase
the surface area of a material. Increasing the surface energy of a material signifies that
the molecules on the surface possess elevated potential energy. This heightened energy
state makes the surface more chemically receptive and enhances its level of adhesion.
Chemical activation is closely related to surface energy, as the goal of chemical activation is
to increase the surface energy of a material. Chemical activation can be achieved by various
methods such as plasma treatment [161], corona discharge [162], ion irradiation [163], laser
activation [164], solvent cleaning [165], and flame treatment [166,167], which improve the
wettability of the surface by increasing the surface energy of the material [168].

Alternatively, surface roughening can be used to increase the mechanical interlocking
between the adhesive and the adherend, further enhancing the strength of the bond [169,170].
Roughening the surface can be achieved by various methods, such as sand and bristle
blasting [31], grit blasting [171,172], and the peel ply technique [173,174]. This process
creates a rough surface topography, which increases the surface area and provides more
points of contact for mechanical interlocking between the adhesive and the adherend.
The resulting mechanical interlocking increases the strength of the bond, making it more
resistant to shear and peel stresses [175].

The effect of surface treatment on the static and fatigue strength of composite materials
has gained wide attention, but studies on the fatigue life of adhesively bonded composite
joints are less prevalent [15,176]. Wingfield [165], one of the earliest researchers in this field,
emphasized the importance of surface treatment in the adhesive bonding of composites.
He explained and identified several fundamental mechanisms that impact the effectiveness
of surface treatment, which included (i) removing the particles at the surface boundary
layer by removing contaminants and oxidized layers, (ii) enhancing the wetting ability of
low-energy surfaces, (iii) modifying the surface chemically, and (iv) increasing the surface
roughness to enhance mechanical interlocking and expand the bondable surface area. He
suggested that the surface treatment should be carried out on a thin layer of the surface
while ensuring that the properties of the bulk composite are not affected.

The surfaces of treated adherends are relatively fragile. Studies have revealed that
even contact with clean work gloves can diminish the surface energy [177]. As mentioned
before, surface roughening can increase mechanical interlock and result in greater adhesion
at the adherend/adhesive interface. However, excessive roughness can adversely affect the
fatigue strength of the composite adherends [178]. The relatively higher fatigue endurance
might be obtained due to favorable surface roughness made by sanding treatment [178].
Thésler et al. [179] investigated the static strength and fatigue life of single-lap composite
joints by applying two different surface treatments, including plasma jet and vacuum
blasting, and also generating surface roughness by combining release foil /peel at a constant
maximum force level of 4 kN for all configurations. In the case of a specific type of release
foil, vacuum blasting proved to be the most effective, resulting in a fatigue lifetime of 72,000
cycles. Plasma treatment yielded a fatigue lifetime of 16,000 cycles, while the untreated
joints had a fatigue lifetime of only 43 cycles.

Liu et al. [180] investigated the fatigue performance of SLJs composed of CFRP and
aluminum adherends bonded with a bi-component epoxy adhesive by applying a grit
blasting treatment with 180 mesh sandpaper. It was observed that the cohesive strength
was stronger than the interface strength between the aluminum adherend and the adhesive
during fatigue loading. However, in the case of quasi-static loading, cohesive failure
occurred. Additionally, the study revealed notable differences in crack initiation and
propagation between quasi-static loading and fatigue loading conditions. Similarly, in a
study by Park et al. [174], the fatigue life of single-lap composite joints was investigated
by comparing the surface energy and roughness of composite adherends prepared using
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grit blasting, hand sanding, and peel-ply plus grit blasting. They concluded that the peel-
ply plus grit blasting treatment resulted in the highest surface roughness and energy, as
measured by 3D image analysis and a contact profilometer. Although the static strength
of all surface treatments was relatively similar at approximately 22 MPa, the sanding
treatment exhibited a lower strength value of 20.5 MPa. The fatigue strength was found
to be 55.4% of the static strength for the sanding treatment after 1 x 10° cycles, and 47.5%
and 50.3% for grit blasting and peel-ply plus grit blasting, respectively (see Figure 27). The
scale of roughness can have a significant impact on fatigue resistance. This may either
decrease or increase the resistance to fatigue. As mentioned before, the roughness should
be optimized to gain higher fatigue strength. For instance, Park reported [174] that a
surface treatment using peel-ply plus grit blasting, which achieved a higher roughness
value (10.31 um), did not show higher fatigue strength compared to hand sanding with a
roughness of just 2.45 um. A surface with an optimized amount of roughness can result
in the highest fatigue life due to several reasons, including an increase in the bonded
area, enhancement of mechanical locking, and retardation of crack growth. Conversely,
a surface that is too rough can lead to the formation of voids and stress concentration
at the adhesive/adherend interface [181]. Surface treatments applied to adherends can
impact the behavior of composite bonded joints during fatigue and static loading. However,
this influence could depend on factors like the joint configuration and surface treatment
parameters (such as surface roughness). As a result, these treatments might either enhance
or degrade the strength of the joints.
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Figure 27. SL] fatigue test results (sanding, grit blasting (GB), peel-ply plus grit blasting (PPGBY)) [174,181].

5. Adhesive Modification

In composite joints, the adhesive layer is often the limiting factor in joint performance
due to its weaker properties compared to the adherend in most cases [182]. An analysis of
the stress distribution in an adhesively bonded joint provides insight into how the adhesive
properties impact the behavior of the joint. The strength of a joint is directly related to
the stresses that the adhesive layer experiences [183-185]. Adding fibers or particles into
the adhesive or using a bi-adhesive approach within the adhesive layer of the joints are
recognized methods for enhancing the fatigue strength of adhesively bonded composite
joints [186]. This section of the review paper focuses on exploring these techniques in
further detail.
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5.1. Nano-Reinforced Adhesive Layers

To enhance the performance of adhesively bonded joints, one potential approach in-
volves incorporating nanoparticles into the adhesive, even in small amounts
(1-1.5%) [23]. The strength of a joint reinforced with nanomaterials is influenced by
various factors that affect the adhesive’s behavior and its ability to transmit stress to
the composite adherends. One of the key factors is the type of adhesive, which can be
rigid, flexible, or toughened. Another significant factor is the ratio and type of the added
nanostructure, including materials such as carbon nanotubes and graphene. Further-
more, the characteristics of the nanostructures such as their size, shape, and aspect ratio,
can impact the dispersion and alignment of these structures within the adhesive [187].
Apart from these aspects, other factors such as the loading conditions, preparation of the
bonding surface, and the curing process can also play a role in the strength of the joint
reinforced with nanomaterials. Hence, considering all these variables is crucial in the
design of nano-reinforced adhesive joints to achieve optimal performance.

Using nanofillers to modify adhesives has been shown in many studies to en-
hance the mechanical properties such as strength, stiffness, toughness, and fracture
energy of adhesive joints, making them suitable for bonding composites [187,188] by
improving stress transfer between the adhesive and the composite adherends [23]. This
improvement can be attributed to the enhanced wettability of the adherends by the
adhesive [189] and also the greater resistance to crack initiation and propagation due
to the more complex crack path (see Figure 28), achieved through the utilization of
nanoparticles. Moreover, due to their size, they can penetrate the voids within the
composite adherends, increasing the mechanical interlock and consequently enhancing
the joints’ strength. These changes in behavior change the failure mode from adhesive
failure at the interface to cohesive failure within the adhesive, ultimately leading to
a more effective transfer of load to the adherends. In contrast, some studies have
indicated that the addition of nanofillers can lead to a decrease [190] in the strength
of the joints. This decrease may be attributed to an increase in the brittleness of the
adhesive and its glass transition temperature (T¢) [23]. For example, Kang et al. [190]
indicated that in the case of a composite/aluminum adhesive joint without carbon
nanotubes under tensile loading, there was an occurrence of interlaminar failure within
the composite adherend. This type of failure occurred because the adhesive was strong
enough to transfer the load effectively between the adherends. Conversely, adding
carbon nanotubes to the adhesive resulted in adhesive failure at the interface between
the adhesive and the composite adherend, as observed. This can be attributed to the
degradation of interfacial bonding between the carbon nanotubes and the adhesive,
which reduced the strength of the adhesive and its capacity to transfer stress to the
composite adherend. Furthermore, the analysis of fracture surfaces did not reveal any
significant difference in the behavior of the joints under fatigue compared to static
loading conditions. The effect of adding nanoparticles to the adhesive layer on the
static and fatigue strength of SLJs is shown in Figure 29. The addition of 2 wt% carbon
nanoparticles resulted in a minor enhancement of around 18% of the tensile-tensile
fatigue strength, but with a decrease of approximately 51% in static strength (see
Figure 29) [190]. The conclusion drawn is that the impact of incorporating nanopar-
ticles on the static and fatigue strength of adhesively bonded composite joints is not
necessarily uniform; it varies depending on multiple factors including the type of
adhesive and nanoparticles as well as the effect of nanoparticles on the ductility of the
adhesive [191-193].



Materials 2023, 16, 6468

28 of 41

[] Adhesive
M Crack path

[l Nano particle

Figure 28. Crack path affected by nanoparticle (greater resistance to crack initiation and propagation
due to more complex crack path).

W
4

= 2.9

Ay

S 3

=

s 2 1.2

< - 1.01

0 B B
0

Nano particle adhesive Neat adhesive

m Static strength  w Fatige strength

Figure 29. Effect of adding nanoparticles to the adhesive layer on the static and fatigue strength of
SLJs (adapted from [190]).

Zamani et al. [194] evaluated the effect of adding nanoparticles (graphene and silica) to
Araldite 2015 adhesive on the four-point bending fatigue behavior of aluminum-composite
SLJs. The study involved the preparation of four different adhesive groups, namely (I) the
neat adhesive, (II) the adhesive reinforced with nano silica particles, (III) the adhesive rein-
forced with nanographene particles, and (IV) a combination of both types of nanoparticles
(with a content of 0.5 wt% for each particle). The reinforcement content for groups II and
III varied from 0.5 wt% to 1.0 wt% and 1.5 wt%, respectively. Results revealed that the
adhesion of the adhesive with the nanoparticle is higher than that of the neat adhesive.
Specimens containing nano-particles experienced cohesive failure while the neat epoxy
specimens exhibited an adhesive failure mode. Furthermore, the use of a combination
of graphene nanoplatelet (GNP) and nano silica particles with a weight percentage of
0.5% each in the adhesive resulted in a higher static failure load and longer fatigue life
compared to using each type of reinforcement individually at 0.5 wt% and 1 wt% (see
Figure 30). Using the nanoparticle mixture with a lower weight percentage of each particle
is a more cost-efficient option than using them separately with a higher weight percent-
age. Consequently, assessing the weight percentage of each particle should be considered
precisely in order to be able to use the benefit of nanoparticles. Bali and Topkaya [195]
investigated the performance of SL]Js that were reinforced with adhesives containing GNPs
under tensile and tensile-tensile fatigue loading conditions. The study indicated that the
addition of GNPs can enhance the strength of the adhesive. However, the highest static
strength was achieved in samples containing 1% GNP as the optimum value [23]. The
highest fatigue strength was observed in samples containing 0.50% GNP, indicating that
there is an optimal weight percentage of GNPs that can improve the fatigue performance
of the adhesive. In [196], adhesives with and without glass bubbles (microspheres) were
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evaluated for SLJs with composite adherends, and the specimens were subjected to various
tension-tension fatigue loadings with a maximum load level of 90% of the bond shear
strength. It was found that the addition of glass bubbles in the adhesive significantly
improved the tensile strength and fatigue life of the SLJs. However, Khashaba et al. [197]
found that while the incorporation of multi-walled carbon nanotubes MWCNTs and SiC in
the scarf adhesive joints (SAJs) resulted in an improvement in their fatigue life, the fatigue
life of the SAJs reinforced with Al,O3 decreased. This work was followed by another [36],
where adhesive joints were fabricated using an epoxy adhesive system that was modified
with 1.5 wt% SiC nanoparticles. This adhesive was used to join two woven carbon fiber
composite adherends at a scarf angle of 5°. Adding SiC nanoparticles into the adhesive
layer showed an improvement in the tensile strength and fatigue limit of SAJs by 26.1%
and 22%, respectively, compared to unmodified joints.
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Figure 30. Comparative fatigue life analysis: Assessing the influence of nano-particle content,
specifically examining fatigue performance at approximately 30% of static failure load (adapted
from [194]).

Considering all of the explanations presented above, the process of reinforcing mate-
rials with nanoparticles is seen as a process that involves several variables that influence
the properties of the resulting composite, including the dispersion of nanoparticles, their
structural features, and their length and diameter. Although numerous studies [198] have
suggested that adding nanoparticles to adhesives can increase fatigue strength and lifes-
pan, the type and content of nanoparticles used should be carefully considered to achieve
optimal results [197].

5.2. Mixed Adhesive Layers

Previous studies have proposed the use of mixed modulus adhesive joints, which
consist of two different types of adhesives (one ductile and one brittle), to improve the
stress distribution and fatigue strength of adhesively bonded joints [199]. In this approach,
the stiff and brittle adhesive is placed at the center of the overlap, while a low-modulus
adhesive is applied at the edges where stress concentrations are more likely to occur.
Figure 31a shows the schematic of mixed adhesive joints and the combination of two
different adhesives [200]. Utilizing a mixed adhesive is a viable option for applications
that experience harsh environmental conditions and involve dissimilar adherends with
notable variations in properties [201]. Flexible adhesives are preferred for their resistance
to peeling, fatigue, crack propagation, and impact loads [202]. However, they typically
have lower cohesive strength. Brittle adhesives, on the other hand, have a higher modulus
and lower toughness. In [203], the bi-adhesive technique to enhance the performance of
SLJs made of composite and metal materials under impact fatigue loading conditions was
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proposed. An experimental analysis was conducted to evaluate the impact fatigue life of
composite-metal joints using a mixed-adhesives layer. The findings demonstrated that the
impact fatigue life of bonded joints could be significantly enhanced simply by employing
two different adhesives in the overlap region, following the mixed adhesive layer technique.
Furthermore, it was observed that the optimal length ratio of the adhesives, i.e., the fraction
of the overlap size occupied by the ductile adhesive, depended on the joint’s stiffness
(adherend material) and was more pronounced for bonded joints with lower stiffness.
Figure 31b illustrates how varying impact levels affect the fatigue life of mixed adhesive
joints, taking into account the length ratio of the mixed adhesive used. Akhavan-Safar
et al. [204] investigated the mixed adhesive joints under cyclic low-energy impacts and
reported the impact energy vs. impact fatigue life. Similarly to the other study [201],
it was observed that the impact fatigue life of bi-adhesive joints is highly influenced
by the length ratio. The results demonstrated that the impact fatigue life of the joints
improved significantly by employing the mixed adhesive technique. The experimental
results indicated that even small changes in the length ratio of the two adhesives in the
joint had a significant effect on its endurance to impact fatigue.
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Figure 31. (a) Schematic of mixed adhesive joints. (b) Impact fatigue life assessment of mixed
adhesive SLJ under varying impact energies: Exploring the effects of different impact levels on
fatigue life of mixed adhesive joints [21,203].

As far as the authors are aware, no previous studies have specifically focused on
investigating the cyclic fatigue behavior of mixed adhesive joints. This research gap
presents an interesting opportunity to explore the effects of employing this method in
adhesive bonding. The study may involve comparing the fatigue performance of mixed
adhesive joints with those of conventional adhesive joints and other bonding methods. This
comparative examination offers valuable insights into the relative benefits and limitations
of mixed adhesive joints, while it also highlights their potential utility in diverse industries
that encounter high-cycle fatigue scenarios.
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5.3. Other Modification Methods

Potter et al. [205] carried out a comprehensive experimental and numerical study of
a novel method to modify the performance of adhesively composite bonded joints under
quasi-static and fatigue loads. Their idea was to alter the design of adhesive joints in
composite structures so that any potential failure occurs within the bond interface and
does not propagate into the adjacent composite laminates. To achieve this goal, nylon mesh
and Kapton film were embedded within the adhesive. The modified joints were tested
under tension—-tension fatigue. The fatigue strength of the samples was higher compared to
that of the unmodified samples as illustrated in this context. In more detail, the modified
joints recorded a fatigue life of 10 million cycles at approximately 40 percent of their
static strength, whereas the unmodified samples only endured 20 percent of their static
strength within the same 10 million cycles. As shown in Figure 32a, the failure mechanism
observed in the Kapton-modified specimens was initiated at the tip of one of the adherends
similar to that of the unmodified joints. Subsequently, the crack propagated towards the
adhesive fillet, extending in the direction of the Kapton layer. Once the crack reached
the Kapton layer, it was deflected and followed a path along the Kapton layer. Failure
in nylon-modified specimens was observed to initiate at the interface between the nylon
and adhesive, as shown in Figure 32b. The separation occurred along the nylon/adhesive
interface, initially extending toward the adhesive fillet. With further extension, the crack
was deflected into the adhesive and eventually led to complete separation of the adhesive
fillet from the inner adherend. This failure sequence was consistent with the predictions
from Finite Element Analysis (FEA), as reported in [206]. The introduced modifications can
serve a dual role: They can act as potential sites for crack initiation or effectively redirect the
growth of cracks that originate within the adhesive, particularly at points of high adhesive
strain concentration. By impeding the propagation of adhesive cracks into the laminate,
these modifications play a critical role in preventing damage to the overall composite
adherends, consequently improving the fatigue strength of joints.

Region of initiation Direction of initial propagation

Failure through adhesive fillet Direction of final separation

Point of initiation Direction of initial propagation

Failure at Kapton film surface

Direction of final separation
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Figure 32. Fatigue crack growth in modified sample employing (a) Kapton film cloth. (b) Nylon
cloth, the arrows show the damage propagation path (adapted from [205]).
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6. Design Guidelines

In this dedicated section, we provide a comprehensive summary of how various
parameters impact the fatigue performance of adhesively bonded composite joints. The
objective is to offer a concise yet informative design guideline that highlights the critical
factors influencing the behavior of these joints under cyclic loading conditions. These guide-
lines are categorized into three main approaches: Configurations, adhesive modification,
and adherend modification. The paper concludes by summarizing the key findings and
insights from each category, highlighting the strategies employed to enhance the fatigue
performance of composite adhesive joints.

Configuration

- The utilization of a corrugated interface has resulted in a substantial enhancement
of approximately 40% in static strength [68]. In terms of fatigue loading conditions,
it was observed that the fatigue life of the material increased by up to five times,
depending on the applied load level [46].

- The implementation of reverse bent joints has led to a substantial improvement of up
to 190% in static strength compared to flat interface geometry. Additionally, in terms
of fatigue performance, the increase in strength can be greater than what is observed
in static conditions [64]. Nonetheless, achieving precise control over the geometry and
manufacturing of curved composite adherends remains a significant challenge.

- Increases in overlap length have been shown to correspondingly increase the static
failure load of the joint until the adherends reach a critical point [23,75]. However, this
effect becomes negligible when utilizing a brittle and stiff adhesive [23]. To achieve
optimal fatigue life and strength, it is advisable to determine a minimum overlap
length [27]. In general, extending the overlap length tends to enhance the fatigue
load [35,44,85]. Nevertheless, conflicting trends for the effect of the overlap length on
fatigue strength have been reported in some references. These inconsistencies can be
attributed to variations in the adhesive (Brittle or ductile) and composite adherend
properties as well as the initiation failure mode.

- Applying a fillet to the adherend corner eliminates the singularity in that particular
region [44,85]. Utilizing a fillet geometry has been shown to enhance both the static
and fatigue strength of adhesively bonded composite joints [93]. This improvement
can be attributed to the reduced intensity and degree of singularity associated with the
fillet corner geometry compared to a sharp square edge [90]. Nevertheless, the extent
of the fatigue strength increase achieved through the use of fillets may be influenced
by other factors, including the overlap length and other geometric parameters of the
joint. Consequently, it is essential to carefully assess and optimize these parameters in
order to attain the desired fatigue performance.

Adherend

- Considering the adhesive/adherend interface layer orientation, it is important to
note that it can have an impact on both the static strength and fatigue behavior
of the joint. In terms of static strength, there is a possibility of a slight increase
when specific orientations are employed [27,50,52,99,155]. The failure mode also
varies depending on the interface orientation. In the case of a 0° interface, failure
typically initiates due to adhesive/adherend interface debonding. However, when a
90° interface is present, failure tends to happen inside the composite adherends [130].
Furthermore, the orientation of the adhesive adjacent layers plays a role in fatigue
crack propagation. With a 0° orientation, cracks predominantly propagate within the
adhesive. However, at 45 and 90°, the crack growth becomes more complex. Using a
90° layer as the interface between adherends and adhesive represents the worst case
in terms of fatigue strength, while the 0° orientation is expected to deliver the best
performance [27,155,158].

- The stacking sequence has a significant impact on the static failure load simply
by modifying the layup configuration. Notably, the majority of [0];4 plies demon-
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strated higher failure loads, except for the [0/45/—45/90]4 configuration, which ex-
hibited 48% greater strength compared to the stacking sequence consisting entirely of
0° plies [23]. In terms of fatigue strength, the proportion of adherends’ layers oriented
at 0° plays a crucial role in determining the joint’s resistance to fatigue [79,156]. It
should be noted that the impact of these factors on fatigue strength varies significantly
based on the joint configuration.

The strength of the joint can be enhanced by using adherends with higher stiffness
specifically for bending and peel resistance [152,153]. This can be achieved by either
increasing the number of layers oriented at 0° or positioning them closer to the outer
surfaces of the adherends [130]. Similar to the static failure behavior, the fracture
characteristics under cyclic loading are influenced by the stress distribution along the
bondline, which, in turn, is affected by the rigidity of the adherends [27]. In general,
utilizing a stiffer laminate as adherends tends to improve the fatigue strength of the
joint [79].

In the context of surface treatment, the ultimate static strength of an adhesive-bonded
joint is lower when the failure occurs at the adhesive layer as compared to a cohesive
failure. The effectiveness of pretreatments has a notable impact on this aspect [43].
Furthermore, while failure is attributed to the adhesive, there is a considerable re-
duction in the fatigue resistance of the bonded joint. Consequently, employing an
effective surface treatment can shift the failure mode toward cohesive failure, leading
to an increase in fatigue strength [43].

Adhesive

According to studies, the addition of nanoparticles may have either a deleterious or
enhancing effect on static strength, depending on the type of nanoparticles used and
the adhesive type [190-193].

When it comes to the mixed adhesive layer, the improvement in static strength is not
guaranteed and largely depends on the specific adhesive materials used, as well as the
length ratio of the layers [199,207]. However, the effect of mixed adhesive layers on the
fatigue strength of adhesively bonded composite joints is still relatively unexplored
and should be addressed in future research.

The impact of adhesive thickness on joint strength is contingent upon the ductility
of the adhesive. In the case of brittle adhesives, there is a critical thickness beyond
which strength begins to decline as the adhesive thickness increases. Conversely,
for ductile adhesives, an increase in thickness can result in a reduction in static
strength [95,96,106]. Regarding fatigue strength, studies have shown a decrease in
fatigue resistance as the bondline thickness increases [50,98]. However, there exists a
specific thickness at which the maximum fatigue resistance is observed [27].

7. Conclusions

The fatigue behavior of adhesively bonded composite joints has been reviewed, with

a focus on enhancing their fatigue life and strength. The complexity of composite materials,
the limited research in this area, and the presence of numerous effective parameters,
including overlap length, bondline thickness, and joint configurations, along with their
interdependencies, make it difficult to draw definitive conclusions.

It has been shown that changing the geometry of joints can increase the fatigue strength.
These changes can take place in adhesive thickness, overlap length, and shape. The
influence of these parameters on fatigue life is interconnected, meaning that to investi-
gate the effect of them on fatigue behavior, they should be assessed simultaneously.
The primary factor that significantly influences joint strength is the configuration of
the joints. While wavy, step, butt, and double lap joints have demonstrated superior
fatigue strength compared to traditional single lap joints, it is worth noting that the
scarf joint has exhibited the most significant enhancement in this regard.
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e Increasing the overlap length had a more significant impact on improving the fatigue
strength of adhesively bonded composite joints compared to the use of corner fillets.

e In the context of composite adherends and their stacking sequence, the proportion of
0° layers directly affects the rise in fatigue strength and also alters the mode of failure
by affecting the adherends’ stiffness.

e  Applying an effective surface treatment can shift the failure mode toward cohesive
failure, leading to an increase in fatigue strength.

e  Modification of the adhesive layer can be achieved through the utilization of either
a mixed adhesive layer or an adhesive layer reinforced with nanomaterials. It has
been demonstrated that adhesive modification can enhance the fatigue behavior of
adhesively bonded composite joints, depending on the type of adhesive and nanopar-
ticles used.
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