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Adhesively bonded joints, particularly those featuring Carbon Fiber 

Reinforced Polymer (CFRP) adherends, have become indispensable in 

aerospace and automotive industries due to their superior strength-to-

weight ratios. However, the long-term structural integrity of these joints is 

severely challenged by hygrothermal environments (the synergistic effect 

of moisture and temperature) which induces degradation in both the 

polymer matrix and the adhesive interface. This review provides a 

systematic discourse on the fundamental principles of composites, 

nanotechnology, and the mechanisms of environmental aging. It critically 

analyzes various joint configurations and failure modes, such as cohesive 

and adhesive failures, under adverse conditions. A significant portion of 

this study is dedicated to the efficacy of incorporating zero-, one-, and two-

dimensional nanoparticles to enhance the environmental resilience of 
epoxy adhesives. Furthermore, this review evaluates the recent 

advancements in Cohesive Zone Modeling (CZM) for predicting the 

residual strength and fracture energy of aged joints through environment-

dependent traction-separation laws. This work identifies critical gaps in 

accelerated aging methodologies and highlights the necessity for high-

fidelity predictive models to ensure the safety of hybrid structures in high-

stakes engineering applications. 
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1. Introduction 

Composites are engineered materials consisting 
of two or more constituent phases with distinct 
physical and chemical properties. Currently, 
among various composite categories, Polymer 

Matrix Composites (PMCs) have garnered 
significant attention across a wide spectrum of 
industries due to their exceptional strength-to-
weight ratios, superior corrosion resistance, and 
design versatility [1]. Carbon Fiber Reinforced 
Polymers (CFRP), Glass Fiber Reinforced 
Polymers (GFRP), Aramid Fiber Reinforced 
Polymers (AFRP), and natural fiber-reinforced 

composites represent the most prevalent types of 
PMCs. The selection of a specific PMC is 
typically dictated by the required mechanical 
properties, cost considerations, and 

manufacturing constraints. 

Compared to other PMCs, CFRP composites 
exhibit superior mechanical performance. These 
materials are predominantly joined using epoxy 
adhesives, which offer substantial benefits, 

including higher specific strength and enhanced 
fatigue life. Despite the widespread 
implementation of CFRP in the aerospace [2], 
automotive [3], and marine [4] industries, 
adhesive joints involving CFRP adherends are 
seldom utilized in primary load-bearing 
structures. This limitation stems from complex 
failure mechanisms that remain partially 

understood. This complexity is inherent to the 
integration of multiple materials with 
heterogeneous physical and mechanical 
characteristics. Furthermore, predicting their 
behavior is complicated by factors such as 
material anisotropy, size effects, non-linear 
material response, multi-modal failure, and 

environmental sensitivities [5, 6]. 

Among these factors, environmental stressors 
specifically humidity, temperature, and 

hygrothermal conditions (the synergistic effect of 

moisture and heat) can induce degradation in both 
the epoxy adhesive and the CFRP adherend. Such 
degradation ultimately compromises the long-
term durability and structural integrity of the joint 

[7]. Consequently, recent research has focused on 
the incorporation of various nanoparticles into 
adhesives to enhance their mechanical properties 

and provide environmental insulation. 

Therefore, the application of diverse laboratory 
techniques and advanced modeling frameworks 
is of paramount importance for the reliable 
prediction of degradation in nanoparticle-
reinforced adhesive joints with composite 
adherends. These approaches are crucial for 

identifying potential failure mechanisms and 
developing robust strategies to mitigate joint 
failure [8]. Significant research efforts have been 
dedicated to achieving a more profound 
understanding of the fracture behavior of 
composite adhesive joints under hygrothermal 
exposure [9]. However, existing studies primarily 

rely on fracture experiments using conventional 
aging protocols, which are inherently time-
consuming. This necessitates the adoption of 
accelerated aging methods, such as the open-face 

approach [10]. 

Nonetheless, significant challenges persist in 
integrating data derived from accelerated aging 
tests into the predictive failure models of real-
scale joints. This review aims to address these 
critical gaps. As shown in Figure 1, to provide a 

comprehensive perspective, it is essential to first 
establish a foundation based on the existing 
literature, the fundamental principles of 
composites, and the vulnerability of adhesive 
bonds to hygrothermal environments. 
Accordingly, the subsequent sections provide a 
detailed discourse on the fundamentals of 
composites, adhesive bonding, and 

nanotechnology, followed by an in-depth analysis 
of the impacts of hygrothermal exposure on joint 

performance. 
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Figure 1 Schematic flowchart representing the organizational structure, key thematic areas, and methodology 

evaluated in this review. 

2. Overview of Core Principles: 

Composites, Adhesive Bonding, and 

Nanotechnology 

2.1. Composites 

As illustrated in Figure 2, composites are 
engineered by combining several constituent 

materials with unique properties into a single 
structural entity. This integration results in a 
consolidated material possessing characteristics 
distinct from those of its individual components. 
Composites can be categorized through various 
methodologies; for instance, based on the type of 
reinforcement phase, they are classified into 
fiber-reinforced, particle-reinforced, and 

structural composites [1]. 

Following this classification, Fiber Reinforced 

Polymers (FRPs) are extensively employed 
across a diverse range of applications. Various 
types of FRPs are manufactured with different 
fiber orientations tailored to specific functional 
requirements. Depending on the end-use 
scenario, reinforcing fibers may be continuous, 

woven, chopped, or hybrid. Among these, 
continuous fibers offer the maximum directional 
reinforcement capability, which is frequently 
advantageous in advanced engineering 

disciplines. 

Some of the most common continuous FRPs 
include CFRP, GFRP, and AFRP. In these 
systems, the fibers provide the primary load-

bearing capacity and strength, while the matrix 
phase serves to support the fibers, protect them 
from environmental damage, and facilitate 

uniform load distribution among them. 

 

Figure 2 Schematic of FRPs 

2.2. Adhesives 

 Adhesives are polymeric materials utilized to 

bond and resist the separation of two substances. 
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The term "adhesive" encompasses various 
materials such as cements, glues, and pastes, 
while the joined materials are typically referred 
to as adherends [11]. Adhesives are classified into 

various categories based on their physical, 
chemical, and bonding characteristics. Epoxy 
adhesives are a widely utilized and popular type 
of structural adhesive that offer several 
advantages. These adhesives consist of two parts 
resin and hardener which react to form a strong 
and durable bond. Their exceptional bonding 
properties make them suitable for joining various 

materials, including composites, plastics, and 
metals. Epoxy adhesives primarily consist of an 
epoxy resin, usually derived from di-glycidyl 
ether of bisphenol A [1], which undergoes a 
polymerization reaction [2] (step-growth or 
addition) with a curing agent containing amine, 
amide, or acid anhydride groups [3]. The curing 

agent reacts with the epoxy groups to form a 
thermoset polymer. This type of adhesive is 
widely used for bonding load-bearing structures 
in various industries and applications requiring 

durability and resistance to harsh environments. 

2.3. Adhesives joints with composite 

adherends and automotive applications 

 The increasing number and variety of vehicles, 
coupled with rising operational speeds, have 
significantly contributed to the occurrence of 
traffic accidents, resulting in severe human 

injuries. Although vehicle designs and road 
infrastructures are continuously evolving, the 
complete eradication of road accidents remains 
an elusive goal. Currently, traffic collisions often 
cause severe or even fatal injuries to the 
individuals involved. Consequently, engineers 
specialized in passive safety have focused their 
efforts on mitigating the consequences of such 

accidents [12, 13]. 

 Automotive passive safety systems incorporate 

energy-absorbing components designed to 
dissipate kinetic energy during crash scenarios. 
Structures engineered as energy absorbers must 
not only minimize the forces transmitted to the 
vehicle’s occupants but also possess the 
capability to reduce the impact forces on 
pedestrians and individuals outside the vehicle. 

Therefore, the design of structures capable of 
irreversible energy absorption without 
detrimental environmental impacts is of 
paramount importance [14]. Figure 3 illustrates 
the evolutionary trends in designing a bio-

inspired geometry for energy absorbers. 

 

Figure 3 The evolutionary trends in bio-inspired energy absorbers [14]. 
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As previously noted, adhesive joints featuring 

composite adherends are extensively utilized 

across various sectors, including aerospace, 

automotive, marine, and wind energy industries, 

due to their superior strength-to-weight ratios and 

exceptional durability [15]. Specific applications 

of CFRP-based composites and their 

corresponding adhesive joints are depicted in 

Figure 4 [16, 17]. 

 

Figure 4 Common type of application of adhesive, 

composite, and metal joints together [16, 17]. 

2.4. Joint Configurations and Failure 

Mechanisms 

  Various adhesive joint configurations are 
implemented in engineering practice, including 
butt joints, single and double lap joints, and 

stepped lap joints, as illustrated in Figure 5. The 
selection of a specific joint design is critically 
influenced by factors such as the adhesive type, 
the properties of the adherends, the anticipated 
stress levels, and the required structural strength. 
The most prevalent configurations are discussed 

below [11]: 

• Butt Joint: A configuration in which two 
members are joined at a 90-degree angle. This 
joint is commonly utilized in structural frames 

and is capable of resisting both tensile and 

compressive loads. 

• Single Lap Joint (SLJ): In this configuration, 
one adherend surface overlaps another. SLJs are 
predominantly used in applications where the 

joint is subjected to shear loading. 

• Strap Lap Joint: This involves adding a strap or 
reinforcement to a single lap joint to enhance its 

load-bearing capacity. This design is widely 
adopted in scenarios where the joint is exposed to 

extreme stress conditions. 

• Double Lap Joint (DLJ): A configuration where 
both surfaces of the adherends overlap. 
Compared to single lap joints, DLJs provide 
significantly higher strength and enhanced long-

term durability. 

• Stepped Lap Joint: This features a stepped 

overlap between the adherends. This 
configuration is typically preferred when an 
exceptionally robust and high-performance bond 

is required. 

Figure 5 presents these various joint types along 
with representative examples of their industrial 

applications. 

 

Figure 5 Types of joints and connections in 

common applications [18]. 

Among the various joint configurations 
previously discussed, Single Lap Joints (SLJs) 
are the most extensively utilized in structural 
applications. Figure 5 illustrates their 
implementation in demanding sectors such as 

wind turbines and marine engineering. 

Since these joints are frequently subjected to 

diverse environmental stressors for extended 
durations, their physical and mechanical 
properties are susceptible to significant 
degradation or alteration resulting from such 

exposure. 

The factors governing the failure modes of 
adhesive joints encompass surface preparation 
conditions, material parameters, geometric 
configurations, and environmental variables [19]. 
The intricate interplay between these factors and 

their subsequent impact on various failure 
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mechanisms introduces a high level of 
complexity, making the development of accurate 
predictive models a formidable challenge. Figure 
6 depicts several predominant failure modes 

observed in adhesive joints. 

 

Figure 6 Typical failure modes in FRP composite 

adhesive bonding [20]. 

2.5. Advantages, Disadvantages, and 

Limitations of Adhesive Joints 

Adhesive joining offers several notable benefits, 
including considerable static and fatigue strength, 
effective sealing performance, and strong 
capability for vibration attenuation. In addition, 
because loads are transmitted more evenly 
throughout the bonded interface, local stress 
concentrations are reduced, which can improve 

the fatigue durability of the connection. Another 
important benefit is that this technique avoids the 
need for mechanical fastening processes such as 
drilling, thereby preventing damage to the joined 
substrates. Adhesive bonding also contributes to 
structural weight reduction; however, one of its 
most significant merits is its suitability for joining 

dissimilar materials [9]. This feature makes it 
particularly attractive for incorporating modern 
lightweight materials, including composites, into 
vehicle structures as part of weight-saving 

strategies. 

Despite these advantages, adhesive joints are 
associated with several challenges. In particular, 
their mechanical performance is highly sensitive 
to service environment parameters such as 
temperature and moisture exposure. Variations in 

these conditions may degrade the bond strength 
and, in severe cases, result in sudden joint failure. 
The principal drawbacks of adhesive bonding 

include: 

• Requirement for precise and rigorous 

design. 

• Difficulty in long-term life estimation 

and durability prediction. 

• Necessity for meticulous surface 

preparation. 

• Need for specialized fixtures and 

clamping during the bonding process. 

• Requirement for controlled curing 

cycles. 

• Sensitivity to environmental degradants. 

• Vulnerability to peeling and cleavage 

stresses. 

• Presence of residual stresses induced 

during the curing process. 

2.6. Degradation in Adhesive Joints 

An adhesive joint is considered to have 
undergone degradation when it experiences 

changes in its physical properties, such as 
mechanical strength, relative to its initial state. 
Since adhesive joints are frequently exposed to 
diverse environmental conditions, the impact of 
such variables must be integrated into any 
comprehensive study. Temperature, moisture, 
and UV exposure duration are the most prevalent 
environmental variables [11], with temperature 

and moisture being the primary drivers of 

degradation. 

The term hygrothermal refers to the synergistic 
effect of these two factors. Nevertheless, 
accurately predicting the degradation of adhesive 
joints in response to environmental stressors 
remains a complex task. This complexity arises 
from a limited understanding of the underlying 
degradation mechanisms, the lack of standardized 
and reliable testing methodologies, and the 

inherently time-consuming nature of aging 

experiments [11]. 

2.7. Introduction to Nanoparticles and Their 

Role in Adhesive Reinforcement 

Materials can be classified based on their 

structure, properties, applications, and 
dimensions. A particularly significant 
classification is the categorization of 
nanomaterials based on their dimensionality. This 
section provides a brief overview of various 
nanostructures and discusses their fundamental 

differences [21]. 
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2.7.1. Introduction to Nanostructures 

All materials occupy a three-dimensional 
framework composed of length, width, and 
height. A material is generally regarded as a 
nanostructure when at least one of these 
dimensions lies within the nanometer scale. 
Although no single definition of nanomaterials 

has been universally standardized, the description 
proposed by the U.S. National Nanotechnology 
Initiative (NNI) is among the most commonly 
adopted. Based on this definition, nanomaterials 
are materials whose characteristic dimensions are 
smaller than 100 nm. Nevertheless, in some 
studies, materials with dimensions slightly above 

this threshold are also considered within the 

scope of nanomaterials [21]. 

The nanoscale corresponds to a dimensional 
regime in which materials exhibit properties 
markedly different from those observed in their 
bulk form. One of the most frequently used 
approaches for classifying nanomaterials is to 
consider how many of their dimensions are 
within the nanometer range. As shown in Figure 
7, nanomaterials can therefore be divided into 

three main categories: 

• Zero-dimensional (0D) nanostructures: 

Materials where all three dimensions are at the 

nanoscale. 

• One-dimensional (1D) nanostructures: 

Materials where two dimensions are at the 

nanoscale. 

• Two-dimensional (2D) nanostructures: 
Materials where only one dimension is at the 

nanoscale. 

 

Figure 7 A schematic of types of zero-, one-, and 

two-dimensional nanomaterials along with images 

taken with electron microscopes [21]. 

The dimensional classification of nanomaterials 

is regarded as one of the most critical taxonomies 

in the field. These three categories of 

nanostructures exhibit profound differences 

concerning their synthesis methodologies, 

production techniques, physicochemical 

properties, and practical applications. Their 

electrical, optical, magnetic, and surface 

characteristics vary substantially, which 

consequently dictates their specialized and 

unique industrial and scientific utilities. 

For instance, zero- (0D), one- (1D), and two-

dimensional (2D) nanomaterials demonstrate 

distinct capacities for light absorption and 

emission. Specifically, 1D nanostructures are 

uniquely suited for electronic interconnects, an 

application for which 0D and 2D nanomaterials 

are generally unsuitable. A critical nuance in this 

dimensional classification is that for 1D 

nanomaterials, it is not strictly required that only 

one dimension resides outside the nanoscale; 

rather, 1D materials can be synthesized with all 

three dimensions within the nano-range, provided 

that one dimension is significantly (several orders 

of magnitude) larger than the other two. 

Similarly, in the case of 2D nanomaterials, while 

dimensions may fall within the nanoscale, two of 

these dimensions must be substantially larger 

than the third [21]. Figure 8 presents images of 

1D and 2D nanostructures captured via 

Transmission Electron Microscopy (TEM). 

 

Figure 8 images of one-dimensional and two-

dimensional nanostructures taken with a 

transmission electron microscope [21]. 

Zero-dimensional (0D) nanomaterials represent 

one of the most significant classes of nanoscale 

structures. In comparison with one-dimensional 

and two-dimensional nanomaterials, their 
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broader acceptance and more extensive 

utilization are largely associated with easier 

fabrication methods and reduced manufacturing 

expenses. Typical examples of 0D nanomaterials 

include fullerenes, quantum dots, and 

nanoclusters [21]. 

One-dimensional (1D) nanostructures can 

generally be categorized as nanorods, nanowires, 

or nanotubes. This classification is based on 

features such as the geometry of the cross section 

and the aspect ratio, which is defined as the 

proportion of length to cross-sectional diameter. 

After preparation, these nanomaterials are 

commonly either suspended in a surrounding 

medium, most often a solvent, or grown in a 

vertically aligned arrangement on a solid support 

or template. Among the best-known 

representatives of 1D nanostructures are quantum 

wires and carbon nanotubes [21]. 

Two-dimensional (2D) nanostructures are 

typically classified into thin films, nanosheets, 

and nanoplates. Well-established examples of 

this group include graphene and quantum wells, 

both of which have attracted considerable 

attention because of their unique structural and 

functional characteristics. 

As summarized in Table 1, nanoparticles with 

different compositions and formulations can play 

an important role in improving material 

performance and strengthening adhesive joints. 

The addition of nanoparticles to adhesive systems 

helps address several inherent shortcomings 

while enhancing key properties, including tensile 

strength, adhesion capability, and fracture 

resistance. Owing to their extremely small 

dimensions and large specific surface area, 

nanoparticles can interact efficiently with the 

adhesive matrix and act as reinforcing agents 

within the structure. Their presence also 

promotes a more homogeneous transfer of 

mechanical stress and improves interfacial 

bonding in different regions. In addition, certain 

nanoparticles, particularly metallic and oxide-

based types, can increase resistance to thermal 

exposure, humidity, and corrosive environments, 

which ultimately leads to longer service life and 

greater durability of adhesive joints. 

Table 1 Common nanoparticles and their functions in epoxy adhesives. 

Nanoparticle 

Category 
Specific Type Characteristics/Functions  Reference 

Carbon-based 

Nano-diamond Tribological properties [22-25] 

Carbon Nanotubes (CNTs) Mechanical and thermal reinforcement, electrical conductivity [26-28] 

Carbon Nanofibers (CNFs) Thermal resistance, mechanical reinforcement [29, 30] 

Graphene Nanoplatelets 

(GNPs) 
Electrical conductivity, lubrication, fracture resistance [31, 32] 

Graphene Oxide (GO) 

Nanoplatelets 
Flame retardancy [33-35] 

Inorganic 

Clay Nanosheets 
Low cost, flame retardant, rheological modifier, mechanical 

reinforcement, liquid penetration resistance 
[36, 37] 

Halloysite Nanotubes 

(HNTs) 
Low cost, toughening agent, mechanical reinforcement [38, 39] 

Gold Nanoparticles Tunable optical and electronic properties [40] 
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Metal/Metal-Oxide 

based 

Silver Nanoparticles Antibacterial properties, electrical conductivity [41] 

Al2O3 
Mechanical and thermal reinforcement, wear resistance, electrical 

properties, adhesion 
[42, 43] 

ZrO2 Electrical properties, arc resistance [44, 45] 

Fe3O4 Magnetic properties [46, 47] 

Silica Nano-silica Improvement of strength, flexibility, durability, and workability [48, 49] 

Rubber Rubber Nanoparticles Toughening agent [50] 

2.8. Summary of Section 2 

This section has highlighted the critical 

importance of composite materials, specifically 

Polymer Matrix Composites (PMCs), and the 

growing adoption of adhesive bonding as a 

preferred joining technique across various 

sectors, most notably the automotive industry. It 

has further emphasized the necessity of 

understanding and managing environmental 

degradation in adhesive joints. This issue remains 

a formidable challenge that restricts the broader 

implementation of adhesively bonded composite 

structures. 

Furthermore, the preceding discussion 

underscored the imperative for high-fidelity 

predictive models capable of accounting for the 

synergistic effects of environmental factors, such 

as humidity and temperature, on joint 

performance. Such models are essential for the 

design and realization of safe, durable, adhesively 

bonded composite structures in high-stakes 

industries like automotive engineering. 

Ultimately, this section serves as the foundational 

framework for the proposed research. This study 

aims to address the challenges posed by 

environmental degradation in composite/metal 

hybrid structures. This objective is pursued 

through the synthesis and incorporation of 

specialized nanoparticles into the adhesive to 

enhance its environmental resistance, coupled 

with the development of a Cohesive Zone Model 

(CZM) that accurately predicts joint behavior 

under varying hygrothermal conditions. The 

following section provides a comprehensive 

review of prior literature to offer a deeper 

understanding of existing research and to identify 

potential avenues for further investigation. 

3. Fundamentals, Procedures, and 

Governing Theories 

This section introduces the procedures, 

mechanisms, and governing theories pertinent to 

the research problem addressed in this review 

article. In this regard, the effects of moisture are 

examined first, followed by the impact of 

adherend dissimilarity. Finally, the mechanics 

and governing theories of the Cohesive Zone 

Model (CZM) and the Traction-Separation Law 

(TSL) are discussed. 

3.1. Fundamentals of the Cohesive Zone Model 

The Cohesive Zone Model in fracture mechanics, 

developed based on the foundational studies of 

Dugdale [51] and Barenblatt [52], is recognized 

as a highly efficient computational method for 

simulating damage evolution. This model 

investigates crack propagation in materials and 

postulates that when a pre-cracked material is 

subjected to loading, microcracks begin to initiate 

within a localized region known as the Fracture 

Process Zone (FPZ). 

Within this zone, the stress at the crack tip 

increases as the separation between the surfaces 

increases. Upon reaching a critical stress 
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threshold, T0, this stress gradually softens and 

decreases until it completely diminishes to zero. 

At this exact moment, new fracture surfaces are 

generated, and the macroscopic crack propagates 

through the material. This variation of applied 

stress relative to the crack opening displacement 

is graphically represented by a traction-

separation curve, widely known as the "Traction-

Separation Law" [53]. 

According to this model, the underlying 

structural micromechanisms can be entirely 

described by two fundamental cohesive 

variables: 

• Damage Initiation Stress (T0): The 
critical stress at which the separation of 
surfaces initiates. 

• Separation Limit (δ0): The ultimate 
separation value beyond which the 
cohesive element completely loses its 
load-bearing capacity, leading to crack 
propagation by one element length. 

Furthermore, as illustrated in Figure 9, the 

integral under the traction-separation curve, 

which equates to the fracture energy GI or GII, can 

also serve as an alternative parameter to 

characterize fracture behavior (this cohesive 

element is depicted in Figure 10). This energetic 

approach facilitates a more comprehensive 

description of material behavior under fracture 

and crack propagation conditions. 

 

Figure 9 Cohesive Zone Model: (a) Schematic of 

the physical process of separation and crack 

growth and its modeling; (b) Application of 

cohesive elements to connect material elements 

and the corresponding traction-separation 

diagram [53]. 

 

Figure 10 8-node zero-thickness cohesive element 

[54]. 

3.1.2. Fundamentals and Theory of the 

Traction-Separation Law 

To directly extract the parameters of the cohesive 

zone model, two principal approaches can be 

employed : 

• Linear Elastic Fracture Mechanics 
(LEFM): This approach is utilized to 
analyze the fracture behavior of materials 
under the assumption of linear elasticity. 
The objective of employing LEFM is to 
derive a relationship between the 

adhesive fracture energy in Mode I or 
Mode II and the crack opening 
displacement. This relationship is 
obtained by curve-fitting the data 
extracted from Digital Image Correlation 
(DIC) recorded during experimental 
testing . 

• J-Integral Theory: This approach, which 
is particularly highly applicable in the 
analysis of cohesive materials and 
complex fracture phenomena, calculates 
the fracture energy utilizing the J-
integral. This theory allows for a more 

rigorous and precise investigation of 
stress distributions and fracture energies 
within the cohesive zone . 

To evaluate the fracture state under mixed-mode 

loading, the fracture energies associated with the 

pure modes (Mode I and Mode II) are required. 

Prevailing research indicates that the fracture 

energy in Mode II and Mode III are typically 
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assumed to be equal [55]. This assumption is 

justified by the similarities in the underlying 

fracture mechanisms of these shear modes and 

facilitates analytical simplification . 

Consequently, for accurate analysis and 

derivation of cohesive zone parameters, data 

obtained from digital images can be coupled with 

appropriate curve-fitting techniques based on 

either LEFM or the J-integral theory. 

3.1.3. Fundamentals and Theory of the Classic 

Bilinear Model 

As previously stated, various phenomenological 

models have been proposed to describe the 

traction-separation law. In the present proposal, 

the bilinear model has been selected as the 

definitive choice. The bilinear traction-separation 

model demonstrates robust accuracy in 

evaluating the behavior of the adhesive layer. To 

model the linear elastic behavior of the adhesive 

prior to damage initiation, the following 

constitutive relationship is established: 

[

𝜎𝑛

𝜎𝑠

𝜎𝑡

] = [

𝐾𝑛𝑛 0 0
0 𝐾𝑠𝑠 0
0 0 𝐾𝑓𝑓

] [

𝛿𝑛

𝛿𝑠

𝛿𝑡

] (1) 

Where σ is the stress matrix, δ is the crack 

opening separation matrix, and K represents the 

initial stiffness matrix. 

According to Figure 11, the bilinear model 

initially assumes a linear elastic response, 

followed by damage initiation and subsequent 

damage evolution. The crack opening 

displacement at the onset of damage and the final 

failure separation are calculated based on the 

following relations: 

𝛿𝑖
0 =

𝜎𝑖

𝑘𝑖𝑖

, 𝑖 = 𝑛, 𝑠, 𝑡 (2) 

𝛿𝑖
𝑓 =

2𝐺𝐼𝐶/𝐼𝐼𝐶

𝜏𝑖𝑐

, 𝑖 = 𝑛, 𝑠, 𝑡 (3) 

 

Figure 11 Bilinear Traction-Separation Model 

Damage initiation is governed by various criteria, 

generally categorized into two main groups: 

stress-based criteria and strain-based criteria. 

Stress-based criteria encompass the maximum 

nominal stress (MAXS) and quadratic nominal 

stress (QUADS), whereas strain-based criteria 

include the maximum nominal strain (MAXE) 

and quadratic nominal strain (QUADE). The 

mathematical formulations for these criteria are 

summarized in Table 2 [56]. 

Table 2 Damage Initiation Criteria [56]. 

Stress Based Strain Based 

𝑀𝐴𝑋𝑆 ∶ max {
〈𝜎𝑛 〉

𝜎𝑛
0

,
𝜎𝑠

𝜎𝑠
0

} 𝑀𝐴𝑋𝐸 ∶ max {
〈𝜀𝑛〉

𝜀𝑛
0

,
𝜀𝑠

𝜀𝑠
0

} 

𝑄𝑈𝐴𝐷𝑆 ∶ { 
〈𝜎𝑛 〉

𝜎𝑛
0

}

2

+ {
𝜎𝑠

𝜎𝑠
0

}
2

= 1 

𝑄𝑈𝐴𝐷𝐸 ∶ { 
〈𝜀𝑛〉

𝜀𝑛
0

}

2

+ {
𝜀𝑠

𝜀𝑠
0
}

2

= 1 

*εs and εn are the instantaneous strains, εs
0 and εn

0 are the ultimate 

strains, and the Macaulay brackets >  < are used to signify that 

compressive stresses do not initiate damage. 

Total separation and complete failure are dictated 

by a damage evolution criterion. Based on the 

power law criterion, failure is determined using a 

relationship where the equivalent mixed-mode 

energy equals the energy required to induce 

failure in pure Modes I and II. Additionally, the 

Benzeggagh-Kenane (BK) criterion is an 

efficient and widely adopted approach, especially 

since fracture behaviors in Modes II and III are 

treated identically. 
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𝑃𝑜𝑤𝑒𝑟 − 𝐿𝑎𝑤: {
𝐺𝐼

𝐺𝐼𝑐

}
2

+ {
𝐺𝐼𝐼

𝐺𝐼𝐼𝑐

}
2

= 1 (4) 

𝐵𝐾 ∶ 𝐺𝐼𝑐 + (𝐺𝐼𝐼𝐶 + 𝐺𝐼𝐶 ) {
𝐺𝐼𝐼 + 𝐺𝐼𝐼𝐼

𝐺𝐼 + 𝐺𝐼𝐼 + 𝐺𝐼𝐼𝐼

}
𝜂

= 𝐺𝐶  

(5) 

Where η is the mode-mixity ratio and acts as a 

material constant. 

In a 2018 study, Rocha and Campilho [57] 

investigated Araldite 2015 adhesive and found 

that both stress-based damage initiation criteria 

yield results that closely align with experimental 

data. The percentage of deviation for these two 

criteria compared to experimental results for an 

overlap length of 50 mm was 8.8% for MAXS 

and 0.8% for QUADS. Upon reducing the 

overlap length to 25 mm, this deviation decreased 

to 7.3%. The findings also demonstrated that 

strain-based criteria were unsuitable for this 

specific adhesive, exhibiting significant 

discrepancies with experimental observations. 

Based on these findings, the QUADS criterion for 

damage initiation and the power law (or BK) 

criterion for damage evolution have been 

identified as the most appropriate choices. 

3.1.4. Pure Mode I in Dissimilar Specimens 

One of the fundamental challenges in the study of 

dissimilar (bi-material) joints is the methodology 

for extracting the precise properties of the 

specimen under pure Mode I loading. Currently, 

standardized test methods for fracture energy 

extraction are exclusively established for similar 

(homogeneous) specimens, and no universal 

standard test exists for dissimilar configurations. 

A comprehensive review of the literature 

suggests that flexural stiffness matching (bending 

stiffness equalization) of the two adherends is the 

most widely adopted design criterion for 

dissimilar specimens. This approach ensures that 

under identical loading conditions, both 

adherends deform uniformly, thereby making the 

subsequent analytical interpretation more 

straightforward and reliable [58]. 

As depicted in the schematic of the crack opening 

displacement in Figure 12, kinematic relations 

indicate that in addition to Mode I (vertical crack 

opening), Mode II (interfacial shear sliding of the 

crack faces) can also be induced, as detailed 

below. This highlights the inherent complexity in 

the analysis and design of dissimilar joints, where 

mixed-mode fracture conditions are highly prone 

to occur. 

Accounting for this phenomenon in the 

experimental design and numerical modeling of 

composite material fracture behavior is critically 

important, as a rigorous understanding of fracture 

micromechanisms can significantly contribute to 

the optimization of materials and joining 

methodologies. 

 

Figure 12 schematic of deformation near the 

adhesive crack tip in a DCB specimen [58]. 

𝜀𝑦𝑦 =
𝑣1 − 𝑣2

𝑡𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒

 

 

(6) 

𝛾𝑦𝑦 =
𝑢1 − 𝑢2

𝑡𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒

 (7) 

Where E1 and E2 are the elastic moduli, h1 and h2 

are the thicknesses of the adherends, a is the crack 

length, d is the distance from the applied load to 

the neutral axis, εyy is the normal strain, and γyy is 

the shear strain. Assuming negligible shear strain, 

the expression reduces to: 

𝑢1 = 𝑢2 (8) 
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Consequently, the following condition must be 

satisfied: 

𝐸1 ℎ1
2 = 𝐸2ℎ2

2 (9) 

To achieve identical bending in both adherends, 

their flexural stiffness must be equal: 

𝐸1 ℎ1
3 = 𝐸2ℎ2

3 (10) 

Evidently, if both adherends are identical, pure 

Mode I is readily attainable, as both materials 

respond symmetrically to the applied load. 

However, if the adherends differ (dissimilar 

joint), the experimental setup must be designed 

according to specific criteria. 

The two predominant criteria for designing 

dissimilar joints are [58]: 

1. Strain-based criterion (Equation 9): This 
design criterion is implemented when the 
objective is to equalize the strain 
distribution along the joint overlap. 

2. Bending-based criterion (Equation 10): 
This criterion is applied when the goal is 
to equalize the bending moment 

distribution across the two arms of the 
specimen. 

In certain studies [59], to mitigate this 

complexity, composite adherends have been 

tailored such that their ultimate elastic modulus 

and thickness are as close as possible (or 

practically equal) to those of the metallic 

adherend. Due to the inherent discrepancies in the 

mechanical and structural properties of dissimilar 

materials, this approach remains highly 

challenging. 

For composite/metal Double Cantilever Beam 

(DCB) specimens, research has demonstrated that 

utilizing the strain-based criterion yields higher 

precision in results [58]. Nevertheless, the 

application of simplified reduced equations relies 

strictly on the condition that the flexural 

characteristics of both specimen arms are 

identical. 

Therefore, in this proposal, the bending-based 

criterion is adopted. This selection is driven by 

the necessity for enhanced analytical precision 

and the need to rigorously account for the 

complexities arising from multi-material 

structural assemblies. 

3.2. Hygrothermal Conditions 

This section investigates the theoretical 

fundamentals and governing constitutive 

equations related to moisture absorption and 

hygrothermal conditioning in structural 

adhesives. As previously mentioned, 

hygrothermal conditions refer to the synergistic 

combination of moisture and temperature, which 

can significantly degrade the mechanical and 

chemical integrity of adhesives. Comprehending 

these environmental conditions and the 

corresponding material response is absolutely 

vital for the structural design and optimization of 

adhesively bonded joints operating in such harsh 

environments. 

3.2.1. Fundamentals and Theory of Moisture 

Diffusion 

According to the foundational investigations by 

Hopfenberg and Frisch [60], various diffusion 

processes can occur during the penetration of a 

solute into a solvent. A summary of these specific 

diffusion conditions is detailed below: 

• Concentration-independent Fickian 
diffusion: Occurs when the rate of 
polymer relaxation in the adhesive is 

significantly lower than the mobility of 
the water molecules. This type of 
diffusion predominantly takes place at 
temperatures well below the glass 
transition temperature (Tg). During the 
diffusion process, the concentration 
gradient continuously diminishes until it 
reaches equilibrium (zero). 

• Concentration-dependent Fickian 
diffusion: Occurs when polymer 
relaxation in the adhesive is a time-
dependent function. This mechanism 
typically manifests at temperatures above 
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the glass transition temperature (Tg). 
Consequently, the diffusion becomes 
boundary-concentration-dependent and 
time-dependent. 

• Non-Fickian or Anomalous diffusion: 
Arises when the mobility of the water 
molecules and the polymer relaxation 
rate are comparable. This usually occurs 
at temperatures below Tg and is 
frequently correlated with the crystalline 

regions of the polymer network. 

• Case II diffusion: Happens when the 
mobility of the permeating water 
molecules is drastically higher than the 
polymer relaxation rate. This occurs at 
temperatures below Tg and induces 

severe internal swelling stresses. 

• Crazing: Generally recognized as a 
subset of Case II diffusion. It occurs 
when the mobility of water molecules is 
exceptionally high and is usually the 
consequence of anomalous diffusion 

occurring in localized regions. 

The penetration of water molecules induces 

plasticization, which inherently involves the 

dilation of intermolecular free volume to 

accommodate further absorption, thereby 

increasing the segmental mobility of the 

adhesive's polymeric chains and consequently 

deteriorating its ultimate macroscopic strength. 

To mathematically model the moisture diffusion 

into the adhesive, Fick's diffusion model is 

employed, which adequately characterizes the 

water absorption behavior of adhesives at 

temperatures below the glass transition 

temperature. According to this model, the 

diffusion flux, J, is proportional to the 

concentration gradient dφ/dx and the diffusion 

coefficient D: 

𝐽 = −𝐷∇𝜑
𝑑𝜑

𝑑𝑥
 (11) 

𝑑𝜑

𝑑𝑡
= 𝐷∇2𝜑 (12) 

Assuming that the thickness of the adhesive layer 

is infinitesimally small compared to its planar 

dimensions, the diffusion equations can be 

simplified and rewritten in one-dimensional 

form: 

𝐽 = −𝐷
𝑑𝜑

𝑑𝑥
 (13) 

𝑑𝜑

𝑑𝑡
= 𝐷

𝜕2𝜑

𝜕𝑥2
 (14) 

The analytical solution to the one-dimensional 

Fickian diffusion equation is expressed as 

follows: 

𝜑(𝑥, 𝑡)

𝜑∞

= 1 −
4

𝜋
∑

(−1)𝑛

2𝑛 + 1
[𝑒

(−
𝐷(2𝑛+1)2𝜋2𝑡

𝑎ℎ2 )
cos

(2𝑛 + 1)𝑛𝑥

2ℎ
]

∞

0

 

(15) 

Where 𝜑∞ represents the equilibrium 

concentration at the boundaries and t is the 

elapsed time. The diffusion coefficient can be 

experimentally extracted using the following 

relationship: 

𝐷 = 𝜋 (
ℎ

4𝑀∞

)

2

(
𝑀2 − 𝑀1

√𝑡2 − √𝑡1

)

2

 (16) 

Where h is the specimen thickness, and M1 and 

M2 are the fractional moisture uptakes at times t1 

and t2, respectively. 

The fractional moisture uptake, Mt, defined as the 

ratio of the total mass of absorbed moisture at 

time t to the initial mass of the dry specimen 

(expressed as a percentage), is calculated as: 

𝑀𝑡

𝑀∞

= 1 −
8

𝜋2
∑

(−1)𝑛

(2𝑛 + 10)2
[𝑒

(
−𝐷(2𝑛+1)2𝜋2𝑡

4ℎ2 )
]

∞

0

 

(17) 

Where 𝑀∞ is the saturation (equilibrium) weight 

gain. 
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The determination of the fractional weight gain, 

Mt, is conducted via gravimetric measurements, 

and its numerical value is given by Equation 18: 

𝑀𝑡 =
𝑤𝑡 − 𝑤𝑖

𝑤𝑖

× 100% (18) 

 

3.2.2. Procedure for Applying Temperature 

and Moisture to Laboratory 

Specimens 

The conventional methodology for conditioning 

laboratory specimens under varying temperature 

and humidity profiles involves placing them 

inside controlled environmental humidity 

chambers. As depicted in Figure 13, over 

extended periods, moisture permeates from the 

exposed boundaries into the core of the specimen . 

In this configuration, the diffusion process is 

extremely sluggish due to the extended diffusion 

path length, and it may require several months for 

uniform saturation to occur. Furthermore, 

mechanical testing results obtained prior to 

complete saturation cannot be reliably 

extrapolated to other specimens due to the severe 

non-uniformity of the moisture concentration 

gradient [61]. To circumvent this critical 

limitation, Chang [62] proposed that diffusion 

uniformity must be optimized. Additionally, to 

mitigate galvanic or environmental corrosion, the 

application of primer coatings rather than 

mechanical machining is highly recommended to 

prevent the initiation of surface microcracks. 

 

Figure 13 Moisture application methods. Left: 

Conventional method; Right: Open-faced method 

[61]. 

To drastically accelerate the moisture absorption 

kinetics and concurrently ensure a homogeneous 

moisture distribution, "open-faced" specimens 

can be utilized, as illustrated in Figure 14. In this 

approach, the individual adherends are 

conditioned prior to bonding. Following 

saturation, the adherends are removed from the 

environmental chamber, their surfaces are 

meticulously wiped dry, and they are 

immediately bonded together using the structural 

adhesive. 

 

Figure 14 Preparation process of open-faced 

specimens [15]. 

3.2.3. Environmental Degradation of 

Adhesive Joints with Composite 

Adherends 

The majority of investigations focusing on the 

prediction of degradation behavior under various 

environmental exposures heavily rely on 

analytical, computational, and experimental 

methodologies. For instance, Phani and Bose [63] 

proposed a semi-empirical model elucidating 

how intrinsic material properties degrade under 

hygrothermal conditions. This continuous 

degradation model successfully predicts strength 

retention in wet environments, where the residual 

strength after an exposure time t is given by 

Equation 19: 

𝜎(𝑡) = (𝜎0 − 𝜎∞) × 𝑒𝑚𝑡 + 𝜎∞  (19) 

Where 𝜎0 denotes the initial strength of the 

unconditioned joint, 𝜎∞ denotes the residual 

strength after prolonged (infinite) exposure to the 

specific environmental conditions, and m 

represents the rate of degradation. The 

degradation rate m can be evaluated using the 
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Arrhenius equation, as formulated in Equation 20 

[64]: 

𝑚 = 𝐵 × 𝑒(−
𝐸𝑑
𝑅𝑇

)
 (20) 

Where B is a material-dependent pre-exponential 

constant, 𝐸𝑑 represents the activation energy for 

degradation, R is the universal gas constant, and 

T denotes the absolute temperature. The 

Arrhenius expression can similarly be adapted to 

compute the activation energy governing water 

diffusion, defined by Equation 21 [64]: 

𝐷 = 𝐷0 × 𝑒(−
𝐸𝑑
𝑅𝑇

)
 (21) 

Where 𝐷0 is the pre-exponential diffusion 

constant related to water permeation at a given 

reference temperature. Consequently, the 

deployment of such analytical models provides 

indispensable predictive capabilities regarding 

material degradation kinetics under hygrothermal 

aging. The Arrhenius formulation is equally vital 

for estimating the apparent activation energy for 

moisture diffusion and quantifying the 

degradation rate. 

Overall, these multifaceted approaches offer 

profound insights into the physical and chemical 

degradation micromechanisms of adhesively 

bonded joints, ultimately facilitating the 

development and optimization of highly durable 

composite structures. The service life of 

structural adhesive joints is governed by several 

critical environmental factors, notably moisture 

concentration, thermal gradients, fire exposure, 

and ultraviolet (UV) radiation [7]. 

Table 3 details the exposure environments and 

the corresponding water diffusion parameters for 

various structural adhesive joints as reported in 

the literature. The fundamental diffusion kinetics 

are broadly classified into Fickian, Dual-Fickian, 

and Langmuir models. This comprehensive 

summary also highlights that water diffusion 

parameters exhibit substantial variability 

depending heavily on the specific chemical 

formulation of the adhesive and the exact 

environmental aging conditions. 

Table 3 Water Diffusion Parameters Reported in Previous Literature 

Adherend/Adhesive RH (%) Temp. (°C) Initial D (10^-7 mm²/s) 𝑴𝒎𝒂𝒙 (%) Diffusion behavior 

Al/Epoxy FM 73 [65] 

95.8 50 5.0 2.2 

Fickian 

79.5 70 79.0 2.5 

Al/epoxy EA9321 [66] 95.8 50 3 3.8 Fickian 

Steel/AV119 epoxy [67] 

95.8 50 2.4 5.0 Fickian/ 

81.2 50 2.4 3.1 Dual Fickian 

Al/Epoxy FM 73 [68] 100 50 7.18 3.75 Fickian 

Al/epoxy FM 1000 [69] 

65 25 2.4 3.0 

Fickian 95 25 2.4 6.0 

95 50 3.4 13.4 
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Al/AV138/2015 [15] 

30 25 0.15 2.29 

Fickian 

75.3 25 0.22 2.97 

Steel/ Hysol 3425 [70] 100 50 0.74 4.5 Fickian 

Al/ epoxy 4532 [71] 

30 65 5.1 0.42 

Fickian 

60 65 8.0 2.1 

Al/ toughened epoxy [72] 

95 40 13.4 4.78 Fickian/ 

82 40 14.2 3.55 Dual Fickian/ 

75 40 15.9 2.79 

Langmuir 43 40 11.3 1.65 

31 40 13.9 1.26 

CFRP/GFRP/ steel/ epoxy adhesive [73] 

100 45 4.28 1.34 Fickian/ 

100 20 0.35 1.36 

Dual Fickian 

95 45 6.02 1.10 

CFRP/epoxy SY14 [74] 100 90 62.8 8.13 Fickian 

Al/epoxy EA9346 [75] 100 67 2.2 5.3 Fickian 

CFRP/epoxy FM300 [76] 100 70 6.76 1.24 Fickian 

3.3. Summary of section 

In this section, the procedures and governing 

theories underlying the various stages of the 

problem investigated in this review article have 

been comprehensively discussed. Furthermore, 

specific theoretical frameworks accounting for 

the dissimilarity of the adherends, including the 

methodologies for calculating and applying 

moisture conditions, were introduced. 

Additionally, the fundamental mechanisms of the 

Cohesive Zone Model (CZM) were briefly 

outlined. 

4. A review of the research background 

Adhesively bonded joints with composite 

adherends have gained significant prominence 

across diverse industries due to a combination of 

factors, including exceptional strength-to-weight 

ratios, outstanding durability, and superior 

corrosion resistance. However, their long-term 

degradation can compromise structural integrity 

and safety, necessitating robust degradation 

prediction methodologies. 

The following discourse provides a critical 

review of existing research concerning: 

• The application of Cohesive Zone 
Modeling (CZM) for predicting adhesive 
behavior. 

• The impact of hygrothermal conditions 

on adhesive performance. 
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• The efficacy of nanoparticle 
reinforcement in enhancing 
environmental resistance. 

• Digital Image Correlation (DIC) 

approaches for constitutive law 
determination. 

The primary objective is to identify existing gaps 

in the literature and highlight potential research 

areas to address these deficiencies. 

4.1. Cohesive Zone Model (CZM) in Adhesive 

Joints 

The Cohesive Zone Model (CZM) aims to 

characterize failure mechanisms through the 

implementation of traction-separation laws 

(TSLs). Generally, cohesive zone models are 

categorized into two primary frameworks: 

potential-based models, which are energy-driven, 

and effective traction-displacement models. 

In potential-based models, the traction-separation 

laws are derived using fracture energy potential 

functions. Conversely, in non-potential-based 

models, these relationships are developed based 

on effective displacement and traction vectors. 

Consequently, various models have been 

proposed to simulate material behavior under 

different loading modes, as illustrated in Figure 

15 [77]. 

 

Figure 15 Models of the law of attraction-

separation: a) Polynomial b) Trapezoidal c) 

Smooth trapezoidal d) Exponential e) Bilinear f) 

Smooth bilinear [77]. 

 

In 2010, Carlberger and Stig [78] evaluated the 

response of steel and aluminum top-hat and H-

shaped components joined using two different 

epoxy adhesives. In the context of reducing 

vehicle mass, the bonded specimens were 

examined under dynamic conditions through 

drop-weight impact experiments performed at an 

impact speed of 9 m/s. For the numerical 

representation of the adhesive joint, a bilinear 

cohesive zone model (CZM) was adopted . 

According to the results presented in Figure 16, 

the numerical simulations differed from the 

experimental observations by approximately 

10%. This close agreement was mainly 

associated with the use of a suitable constitutive 

description capable of accurately characterizing 

the adhesive interface behavior. 

 

Figure 16 Left: Experimental and numerical hat-

shaped specimen, right: Damage resistance at 

different joints [78]. 

Later, in 2015, May et al. [79] carried out an 

extensive investigation into the performance of a 

crash-tolerant adhesive under a wide spectrum of 

strain rates, ranging from 0.067 s-1 to 104 s-1. 

They introduced a strain-rate-sensitive cohesive 

zone model in which both the damage initiation 

stress and the fracture energy vary as functions of 

strain rate. As shown in Figure 17, the proposed 

formulation was based on a bilinear traction–

separation relation for Mode I and a trapezoidal 

constitutive relation for Mode II. 
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Figure 17 Combined bilinear and trapezoidal 

tension-separation law [79]. 

Subsequently, in 2019, Gheibi et al. [80] utilized 

a bilinear CZM to extract the material constants 

for an automotive structural adhesive. To 

evaluate the adhesive fracture energy, several 

data interpretation techniques were examined, 

among which Modified Beam Theory (MBT) and 

Compliance-Based Beam Theory (CBBT) 

received particular attention. The comparison 

indicated that CBBT provides greater reliability 

and is better suited for measurements performed 

at the laboratory scale. In addition, the numerical 

predictions generated using the cohesive zone 

model showed strong agreement with the 

corresponding experimental observations . 

In a study conducted in 2021, Peres et al. [81] 

explored how the overlap length and the adhesive 

formulation influence the behavior of composite 

Single Lap Joints (SLJs) subjected to dynamic 

impact conditions. Their work combined 

experimental testing with numerical simulations 

based on the cohesive zone model. The outcomes 

revealed that, in the case of more compliant and 

ductile adhesives, extending the overlap length 

markedly improves the load-carrying capacity of 

the joint. 

4.2. Environment-Dependent Cohesive Zone 

Models 

The Cohesive Zone Model (CZM) serves not 

only as a robust tool for simulating the baseline 

performance of adhesive joints but has also been 

increasingly adopted in recent years to 

characterize the influence of environmental 

conditions on joint integrity. 

In 2007, Liljedahl et al. [65] employed the CZM 

to investigate aluminum Single Lap Joint (SLJ) 

and End Notched Flexure (ENF) specimens 

bonded with an epoxy-based adhesive under 

humid conditions. Their methodology involved 

an initial extraction of cohesive zone parameters 

from experimental data, which were subsequently 

utilized to predict the residual strength of joints 

with diverse geometries. 

In a concurrent study [82], the authors utilized the 

CZM to evaluate composite-to-composite, 

aluminum-to-aluminum, and hybrid composite-

to-aluminum joints subjected to the synergistic 

effects of moisture and mechanical stress. Their 

findings indicated that the simultaneous exposure 

to these conditions accelerates the degradation of 

mechanical properties. It was also reported that 

non-identical (hybrid) single-lap joints (SLJs) 

developed greater residual stresses than similar-

material joints. This behavior was mainly 

associated with the discrepancy in the 

coefficients of thermal expansion (CTE) of the 

two adherends . 

In 2018, Costa et al. [83] investigated how 

moisture ingress contributes to the mechanical 

deterioration of adhesive joints by employing 

Double Cantilever Beam (DCB) specimens. 

Their study was aimed at quantifying the loss of 

tensile strength and fracture energy in two 

different adhesive systems. Based on the 

experimental observations, empirical constitutive 

expressions were formulated to predict the 

reduction in mechanical performance as a 

function of the level of absorbed moisture. As 

shown in Figure 18, these formulations, which 

were established on the basis of moisture 

concentration and Fickian diffusion behavior, 

revealed that increasing moisture uptake leads to 

a reduction in both joint strength and fracture 
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energy, while the failure strain, and thus the 

ductility, increases. When this degradation 

framework was incorporated into the cohesive 

zone model (CZM), the predicted failure loads of 

adhesive joints exposed to humid conditions 

matched the experimental results with high 

accuracy . 

 

Figure 18 Comparison of experimental and 

numerical results of the failure force for different 

samples (right table) and different viscous zone 

models [83]. 

In 2019, Machado et al. [84] studied the effects of 

temperature and strain rate on the Mode I fracture 

energy of CFRP DCB specimens. The 

experimental program involved falling-wedge 

impact tests performed at an impact speed of 4.7 

m/s. According to the results presented in Figure 

19, temperature had a substantial effect on the 

fracture energy, whereas the influence of strain 

rate was comparatively limited. 

 

Figure 19 Right: Failure energy in dynamic and 

static tests at 24 and 80 degrees Celsius, left: 

Failure energy as a function of temperature at 

different strain rates [84]. 

Later, in 2020, Li et al. [85] investigated the 

damage mechanisms, impact energy dissipation, 

and residual load-bearing performance of 

adhesively bonded single-lap joints (SLJs) 

subjected to different temperature conditions and 

impact energy levels. Their numerical analysis 

was based on a bilinear cohesive zone model 

(CZM). The force–displacement responses were 

obtained from Double Cantilever Beam (DCB) 

and End-Notched Flexure (ENF) experiments 

with the aid of Digital Image Correlation (DIC). 

In addition, the cohesive properties and the 

resistance curve (R-curve) were identified. The 

study showed that when the service temperature 

moves closer to the adhesive glass transition 

temperature (𝑇𝑔), the joint experiences a marked 

reduction in both absorbed energy and residual 

load-carrying capability. 

Also in 2020, Joher et al. [86] examined 

aluminum DCB, ENF, and Mixed-Mode Flexural 

(MMF) adhesive joints bonded with Araldite 

2015 under humid conditions in order to evaluate 

how varying strain rates influence fracture 

energy. Based on the assumption that higher 

loading rates can promote interfacial degradation, 

they applied the CZM framework to establish a 

numerical model capable of predicting joint 

response. Their results indicated strong 

agreement between the experimental 

observations and the numerical predictions. 

In 2023, Du et al. [54] proposed a CZM 

specifically for strain-rate-sensitive materials to 

simulate the failure of steel top-hat specimens 

under various impact velocities and temperatures. 

In this framework, the separation energy and peak 

stress are formulated as functions of strain rate 

and temperature. The model constants were 

derived from a hybrid approach combining 

experimental data and simulations. As shown in 

Figure 20, the results emphasized that both 

separation energy and peak stress are highly 

dependent on temperature and strain rate, 

highlighting the necessity of incorporating these 

variables to ensure modeling accuracy. 
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Figure 20 Tension-separation law considering the 

effects of strain rate and temperature, top: Modes 

II and III, bottom: pure Mode I [54]. 

A summary of selected research on adhesive joint 

modeling using the Cohesive Zone Model is 

presented in Table 4. 

Table 4 Selected research in the field of Cohesive Zone Modeling (CZM) for adhesive joints. 

Year Ref. Authors 
Traction-Separation 

Law (TSL) 

Environmental 

Condition 
Key Findings 

2009 [87] Marzi et al. Trapezoidal - 
Proposed a new model accounting for strain rate and 

adherend plasticity. 

2010 [78] 
Carlberger et 

al. 
Bilinear - 

Investigated dissimilar top-hat specimens under dynamic 

loading. 

2015 [79] May et al. Bilinear – Trapezoidal - 
Examined strain rate effects on initiation stress and fracture 

energy. 

2019 [80] Gheibi et al. Bilinear - 
Extracted constants for an automotive adhesive; compared 

data reduction methods. 

2019 [88] Valente et al. Bilinear - 
Used CZM to determine the optimal adhesive-adherend 

combination. 

2019 [89] Lissner et al. Trapezoidal - 
Developed a model considering strain rate and adhesive 

layer thickness. 

2020 [90] 
Machado et 

al. 
Trapezoidal - 

Extracted constants for composite DCB specimens at 

varying strain rates. 

2018 [83] Costa et al. Bilinear Moisture 
Investigated the effect of moisture diffusion on DCB 

mechanical properties. 

2019 [15] 
Zaeri & 

Saeidi 
Bilinear Moisture 

Studied 1K and 2K adhesive DCB joints under humid 

conditions. 

2019 [84] 
Machado et 

al. 
Bilinear Temperature 

Analyzed the effect of temperature and strain rate on 

composite DCB fracture energy. 

2020 [85] Li et al. Bilinear Temperature 
Determined energy absorption and failure force of SLJs 

post-impact at various temperatures. 
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2020 [86] Joher et al. Bilinear Moisture 
Investigated the synergistic effects of strain rate and 

moisture on adhesive joints. 

2023 [54] Du et al. Bilinear Temperature 
Proposed a CZM for strain-rate-sensitive materials under 

dynamic and thermal loading. 

4.3. Temperature Effects on Adhesive Joints 

Automotive body structures are exposed to a 

broad spectrum of service temperatures, typically 

from −40∘𝐶 to 80∘𝐶, although the exact range 

varies with component position, distance from 

the engine bay, and surrounding environmental 

conditions. Under particularly severe operating 

conditions, the temperature may rise beyond 

these limits. Variations of this kind can markedly 

influence the physicochemical characteristics of 

structural adhesives and, as a result, alter their 

mechanical response [91]. 

Among the thermal parameters affecting 

adhesive performance, the glass transition 

temperature (𝑇𝑔) plays a central role. When the 

service temperature approaches this critical 

threshold, the adhesive gradually changes from a 

stiff, glass-like material into a softer and more 

deformable rubber-like phase. This 

transformation is generally accompanied by a 

decline in stiffness, strength, and resistance to 

interfacial failure, thereby reducing both the load-

carrying capability of the joint and the 

effectiveness of adhesion [92]. Because of this, 

the influence of temperature on bonded joints has 

been widely examined in the literature, and 

several important observations are outlined 

below. 

Bauwens and co-workers [93, 94] presented two 

influential studies in 1972 addressing the 

dependence of polymer behavior on temperature 

and strain rate. Their work examined the link 

between yield stress and loss tangent, as well as 

the relationship between stored energy and 

dissipated energy under different thermo-

mechanical conditions. By characterizing the 

variation of loss tangent with temperature and 

strain rate, they were able to predict compressive 

stress-strain responses under constant loading 

conditions, and the predicted curves showed 

strong agreement with experimental data. 

Later, Banea et al. [95] analyzed the Mode I 

fracture energy of an epoxy adhesive used in 

automotive applications over an extended 

temperature interval. Their findings confirmed 

that fracture energy is highly sensitive to 

temperature changes. In particular, as illustrated 

in Figure 21, a pronounced dro87p in fracture 

energy was observed once the temperature 

exceeded the glass transition temperature (𝑇𝑔). 

 

Figure 21 Right: Effect of temperature on the 

fracture energy of 1244-XN adhesive Left: R-

Curve for experimental and numerical DCB 

samples as a function of temperature [95]. 

Blackman et al. [96] reported in 2000 on the 

fracture energy behavior of several adhesives 

tested at temperatures of 23°C and -40°C under a 

separation velocity of 2 m/s using Tapered 

Double Cantilever Beam (TDCB) specimens. 

Their results demonstrated a consistent decline in 

Mode I fracture energy for all investigated 

adhesives as the temperature decreased . In 2008, 

Adamvalli et al. [97] investigated the mechanical 

performance of titanium Single-Lap Joints (SLJs) 

bonded with Araldite 2014 over a temperature 

interval from 25°C to 100°C by means of a Split-

Hopkinson Pressure Bar (SHPB). The study 
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revealed that increasing temperature adversely 

affects joint strength, with the bonded joints 

exhibiting approximately 35% lower strength at 

100°C than at ambient conditions . 

Carlberger et al. [98], in 2009, analyzed the 

influence of both temperature and strain rate on 

Mode I and Mode II fracture energies of the 

automotive adhesive Betamate 1044xv. Their 

findings highlighted that, due to the adhesive’s 

viscoelastic response, these two parameters are 

strongly interrelated. This correlation, commonly 

described through the time–temperature 

superposition principle, suggests that thermal 

experiments may serve as practical alternatives to 

dynamic impact testing. In 2017, Machado et al. 

[99] experimentally explored the effects of 

temperature and strain rate on Mode I fracture 

behavior in CFRP DCB specimens. Their 

observations confirmed that both factors 

significantly affect the fracture energy of the 

bonded interface. As shown in Figure 22, lower 

temperatures combined with higher strain rates 

generally lead to diminished fracture energy. 

 

Figure 22 Fracture energy as a function of 

temperature and strain rate [99]. 

4.4. Moisture Effects on Adhesive Joints 

Moisture penetration is widely recognized as one 

of the most influential factors responsible for the 

long-term deterioration of adhesive joint 

mechanical performance [100]. Under humid 

service conditions, water molecules diffuse into 

the adhesive polymer network and, much like the 

effect of increased temperature, modify the 

response of the bonded assembly and reduce its 

load-carrying capability, especially when 

subjected to impact forces [101]. Numerous 

studies have therefore focused on evaluating the 

role of moisture in altering adhesive behavior 

under static and quasi-static loads, as well as on 

the combined influence of temperature and 

humidity, commonly referred to as hygrothermal 

aging. Key contributions in this area are 

summarized below. 

Kinloch et al. [102] examined aluminum TDCB 

specimens bonded with an epoxy adhesive in 

2000. By comparing fracture energy values 

obtained in dry and moisture-conditioned states, 

they showed that surface treatment plays a 

decisive role in joint durability. In particular, the 

use of a primer before bonding improved 

resistance to humid environments by filling 

microscopic surface voids and promoting 

stronger interfacial bonding. 

Later, Liljedahl et al. [103] investigated moisture 

uptake in bulk adhesive samples in 2012. Their 

study showed that water absorption substantially 

impairs the mechanical characteristics of the 

adhesive. This degradation was mainly attributed 

to plasticization, which causes a reduction in the 

glass transition temperature (𝑇𝑔). As a 

consequence, the adhesive exhibits lower 

stiffness, reduced yield strength, and a decrease 

in Poisson’s ratio, while its strain to failure 

increases, indicating enhanced ductility. 

Similarly, Moazzami et al. [104] analyzed the 

moisture diffusion response of bulk epoxy 

adhesives exposed to cyclic environmental 

conditions in 2020. Their results demonstrated 

that higher equilibrium moisture content 

(𝑀∞) and larger diffusion coefficients (𝐷) are 

associated with significant losses in tensile 

strength and elastic modulus. 

It should also be emphasized that moisture-

related degradation is not confined to the 

adhesive layer or the adhesive/adherend 

interface. The adherends themselves, especially 
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when made of composite materials, are also 

susceptible to moisture absorption. In such cases, 

water ingress may deteriorate the matrix resin, 

weaken fiber–matrix bonding, and cause 

hygroscopic expansion in the laminate structure 

[105]. 

As noted earlier, the response of an adhesive in 

bulk form may differ considerably from its 

behavior when constrained within an actual 

bonded joint. In this context, Viana et al. [106] 

used DCB specimens in 2017 to determine both 

the absorbed moisture content and the 

corresponding fracture energy of the joint. They 

also developed a numerical approach for 

estimating the diffusion coefficient at the 

adhesive/adherend interface as a function of 

aging duration. The influence of moisture uptake 

on the fracture energy of two different adhesive 

systems is presented in Figure 23. 

 

Figure 23 Effect of moisture absorption on the 

fracture energy of two adhesive samples, right: 

Sikapower4720, left: XNR6852 [106]. 

In 2013, Perez-Pacheco et al. [107] evaluated the 

effect of humid environments on the mechanical 

properties and failure modes of unidirectional 

(UD) composites. Specimens were exposed to 

relative humidity (RH) levels of 25%, 55%, and 

95%, with some surfaces treated with a primer. 

Their findings confirmed that moisture 

absorption leads to a decline in Tg and mechanical 

performance. However, the application of a 

primer was found to reduce the sensitivity of the 

composite’s mechanical properties to 

environmental stressors under tensile loading. 

 

4.5. Adhesively Bonded Joints Aged Under 

Hygrothermal Conditions 

The study of adhesively bonded joints under 

hygrothermal conditions involves investigating 

how material properties and the bonding process 

influence the residual strength of aged joints. 

Various factors, including surface preparation, 

water ingress (moisture diffusion), and 

experimental methodologies, can significantly 

affect joint performance and lead to failure in 

hygrothermal environments. These parameters 

influence the overall characteristics and structural 

integrity of the aged assembly. Consequently, 

understanding the complex interplay between 

these factors is crucial for optimizing adhesive 

joints across diverse applications. The following 

review of prior research provides a 

comprehensive discourse on these variables and 

emphasizes the necessity for further investigation 

to enhance the fidelity of predictive models for 

joint performance. 

In 2014, Jiang et al. [108] carried out an 

experimental study on the mechanical 

performance of adhesive joints in Fiber 

Reinforced Polymer (FRP) sandwich structures 

after hygrothermal aging. Their observations 

showed that, when subjected to shear loading, 

failure predominantly took place as cohesive 

rupture inside the adhesive layer. In contrast, 

under tensile and mixed-mode loading, damage 

was mainly associated with fiber crushing and 

delamination within the composite adherends . 

In 2019, Mariam et al. [109] evaluated how 

hygrothermal aging influences adhesive joints 

made from both similar and dissimilar adherends, 

namely AA7075 aluminum alloy and Glass Fiber 

Reinforced Epoxy (GFRE). The study 

demonstrated that longer exposure to 

hygrothermal conditions led to greater moisture 

uptake in the bonded region. At the same time, 

the mechanical strength of the joints gradually 

declined, which in turn promoted different failure 
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patterns. As presented in Figure 24, the fracture 

surfaces exhibited a range of damage 

mechanisms, including cohesive failure, adhesive 

failure, structural failure, and interlaminar failure . 

In 2022, Moazzami et al. [110] explored the 

influence of cyclic hygrothermal aging on the 

Mode I fracture energy of dissimilar adhesive 

joints using the Double Cantilever Beam (DCB) 

configuration. Their results indicated a reduction 

in fracture energy with increasing moisture 

absorption and longer environmental exposure. 

Nevertheless, during the desorption or drying 

stage, part of the lost fracture energy was restored 

as drying progressed. According to Figure 25, the 

Mode I fracture energy throughout both 

absorption and desorption stages depended on the 

combined effects of moisture concentration and 

the number of aging cycles. It was also reported 

that specimens containing higher levels of 

moisture were less affected by aging cycles than 

dry samples. Moreover, increasing the number of 

cycles reduced the extent to which additional 

cycling influenced the Mode I fracture energy. 

 

Figure 24 Failure mode of aged specimen: (a) 

homogeneous - AA7075/AA7075, (b) homogeneous 

- GRE/GRE, and (c) heterogeneous - AA7075/GRE 

[109]. 

 

Figure 25 Change in failure energy of Mode I 

loading in the absorption of different moistures in 

the processes of (a) absorption (b) desorption 

[110]. 

In In 2024, Yu et al. [111] developed an analytical 

framework to investigate degradation-related 

failure behavior in adhesively bonded corrugated 

sandwich structures (ABCSS) exposed to three-

point bending and hygrothermal aging 

conditions. The stress profiles in the adhesive 

layer at different immersion durations in 

deionized water at 50°C are presented in Figure 

26 . 

As shown in Figure 26, hygrothermal exposure 

alters the initially uniform stress pattern in the 

adhesive layer as a result of progressive material 

degradation. The highest stress level throughout 

the adhesive layer was observed after 100 days of 

aging. In addition, stress values in the flat region 

of the adhesive were generally greater for aged 

specimens than for the unaged configuration, 

whereas the fillet region exhibited lower stress 

levels after hygrothermal aging compared with 

the non-aged condition. 
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Figure 26 Shear stress distribution of the adhesive 

layer for different aging periods [111]. 

Table 5 summarizes the Traction-Separation Law 

(TSL) parameters specifically fracture toughness 

(Gc), cohesive strength (Tmax), and failure 

displacement (𝛿𝐹) extracted from various 

experimental studies on adhesive joints subjected 

to hygrothermal aging. 

As indicated in the table, for metallic joints such 

as Al/2015 and Al/AV138, the Mode I fracture 

energy (GI) and cohesive strength exhibit a 

significant decline as the Relative Humidity (RH) 

increases. Conversely, for composite systems like 

CFRP/epoxy and CFRP/epoxy SY14, the Mode I 

fracture toughness remains relatively stable 

across varying RH levels. However, a universal 

trend observed across all four joint configurations 

is that elevated temperatures consistently lead to 

a reduction in Mode I fracture toughness. 

Regarding Mode II fracture behavior, the fracture 

toughness of Al/2015 and Al/AV138 decreases 

synergistically with both increasing temperature 

and RH. For CFRP/epoxy and CFRP/epoxy 

SY14, while Mode II toughness is comparatively 

insensitive to RH fluctuations, it undergoes a 

marked degradation at higher temperatures. 

Overall, the TSL parameters derived from prior 

literature underscore the profound impact of 

hygrothermal aging on the fracture envelope of 

adhesive joints. These empirically determined 

parameters are essential input variables for 

Cohesive Zone Modeling (CZM), enabling the 

reliable prediction of structural failure in joints 

operating under adverse environmental 

conditions. 

 

Table 5 Hygrothermal Traction-Separation Law (TSL) parameters derived from various literature sources. 

Adherend/Adhesive 
RH 

(%) 

Temp. 

(°C) 

Mode I: GI 

(N/mm) 

Mode I: TI 

(MPa) 

Mode I: 

δfI (mm) 

Mode II: GII 

(N/mm) 

Mode II: TII 

(MPa) 

Mode II: 

δfII (mm) 
Ref. 

Al/2015 

30 25 0.57 21 - 4.87 18 - 

[15] 

75.3 25 0.35 12 - 2.98 12 - 

84.2 25 0.37 10 - 2.16 10 - 

100 25 0.23 6 - 0.70 6 - 

Al/AV138 

30 25 0.26 39 - 0.44 30 - 

[15] 

75.3 25 0.12 30 - 0.21 32 - 

84.2 25 0.16 24 - 2.24 36 - 

100 25 0.19 18 - 2.10 25 - 

CFRP/epoxy 95 45 0.94 22.3 0.136 5.98 20.2 0.577 [73] 
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100 45 0.63 17.2 0.128 5.54 18.6 0.578 

100 45 0.70 19.1 0.118 6.27 21.8 0.639 

CFRP/epoxy SY14 

20 22 1.2 66 - 2.5 40 - 

[74] 

100 22 0.53 33 - 1.2 20 - 

20 95 0.7 38 - 1.4 23 - 

100 95 0.3 15 - 0.6 10 - 

CFRP/epoxy 

85 70 0.65 55 0.008 0.75 39 0.030 

[112] 85 70 0.62 45 0.600 3.00 37 0.250 

85 70 0.25 44 0.200 3.15 35 0.150 

4.6. Effect of Nanoparticles on Enhancing 

Adhesive Resilience Against Environmental 

Conditions 

The use of nanoparticles as modifiers in structural 

adhesives has gained considerable attention as an 

effective approach for improving adhesive 

performance, especially when exposed to harsh 

service environments. In engineering 

applications, structural adhesives are widely 

valued because they enable more homogeneous 

stress transfer and allow reliable joining of 

materials with different properties. Nevertheless, 

as noted earlier, their durability over extended 

periods can be adversely affected by 

environmental factors, including humidity and 

thermal variations. Overall, the incorporation of 

nanoscale reinforcements represents an efficient 

means of enhancing both the mechanical 

behavior and the environmental durability of 

adhesive systems, thereby supporting the design 

of sustainable and high-performance bonding 

materials. 

In 2014, Gkikas et al. [113] examined the effects 

of Multi-Walled Carbon Nanotube (MWCNT) 

incorporation into adhesives with respect to lap 

shear performance, galvanic corrosion behavior, 

and resistance to environmental degradation. 

Their objective was to assess whether the 

degradation behavior of MWCNT-modified 

adhesives under environmental exposure is 

influenced by either nanoparticle concentration 

or substrate material. The results showed that 

incorporating 0.1 wt% MWCNT into the epoxy 

system reduced the galvanic interaction between 

Al 2024 and the neat epoxy. In contrast, when the 

MWCNT content was increased to 0.5 wt%, the 

galvanic effect in the aluminum/neat epoxy 

configuration became markedly more severe . 

In 2018, Khoramishad et al. [114] investigated 

how temperature affects the fracture strength of 

adhesive joints enhanced with MWCNTs by 

employing Double Cantilever Beam (DCB) 

specimens. As presented in Figure 27, their 

results demonstrated that the reinforcing 

contribution of MWCNTs decreases to some 

extent as the testing temperature rises. Moreover, 

beyond a certain critical temperature, the 

inclusion of these nanoparticles can adversely 

affect the shear strength of both DCB and Single 

Lap Joint (SLJ) specimens. By applying a 

mathematical modeling approach, the authors 

also determined the optimum MWCNT weight 

fractions for adhesive systems subjected to 

different temperature conditions. 
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Figure 27 Effects of MWCNT weight percentage 

and test temperature on the strength of adhesive 

joints [114]. 

In 2023, Hajizamani et al. [115] introduced an 

epoxy adhesive reinforced with Ti3C2Tx MXene 

nanoparticles, evaluating the tensile and shear 

strength of the adhesive film in aluminum joints. 

They also assessed the thermal stability of the 

adhesive in the presence of MXene. The results 

demonstrated that incorporating 1.0 wt% of 

inorganic MXene nanoparticles into an 

epoxy/phenolic resin blend led to improvements 

of 16.49% in tensile strength, 43.51% in 

modulus, and 17.19% in toughness. Furthermore, 

as shown in Figure 28, the addition of 1.0 wt% 

MXene induced a shift toward a cohesive failure 

mode. 

 

Figure 28 Failure mode of epoxy adhesive joints 

and epoxy film containing MXene [115]. 

 

Esmail et al. [116] examined how the 

incorporation of Single-Walled Carbon 

Nanotubes (SWCNTs) and Fullerene 

nanoparticles affects the shear performance of 

CFRP single-lap joints (SLJs) under both initial 

and hygrothermally aged conditions. Their 

findings showed that the presence of 

nanoparticles, with Fullerene being especially 

effective, decreased moisture uptake and 

consequently improved the lap shear strength of 

the bonded joints. Although exposure to 

hygrothermal environments led to a decline in the 

shear strength of neat epoxy and systems 

containing only one type of nanofiller, the 

adhesive joints modified with a hybrid 

combination of Fullerene and SWCNTs 

demonstrated an increase in strength. In terms of 

fracture behavior, the joints generally exhibited a 

mixed adhesive–cohesive failure pattern. 

Nevertheless, both hygrothermal aging and 

nanoparticle incorporation contributed to a larger 

proportion of cohesive failure, indicating 

improved integrity within the adhesive layer . 

In another work, Farzanehfar et al. [117] 

introduced an advanced epoxy-based 

nanocomposite adhesive containing Silica 

Nanoscale Ionic Materials (SiO₂-NIMs), 

prepared via a solvent-free route, which resulted 

in improved bonding performance and greater 

thermal resistance. As shown in Figure 29, the 

fracture characteristics varied significantly 

among the tested systems: neat epoxy 

predominantly failed adhesively, the SiO₂/EP 

adhesive displayed a mixed adhesive/cohesive 

mode, whereas the SiO₂-NIMs/EP 

nanocomposite showed fully cohesive failure. 

For the SiO₂-NIMs/EP adhesive, residual 

adhesive material remained attached to the 

aluminum surface after failure, confirming that 

fracture occurred within the adhesive bulk rather 

than at the interface. This behavior reflects 

stronger interfacial interaction and better 
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compatibility with the substrate relative to the 

other formulations. 

 

Figure 29 a) Stress-strain curves b) shear strength 

results of pure epoxy, SiO2/EP (2 wt%) and SiO2-

NIMs/EP (1, 2, 5 and 10 wt%) c) adhesive and 

cohesive failure modes. d) Failure images and 

failure modes of pure epoxy, SiO2/EP (2 wt%) and 

SiO2-NIMs/EP (1, 2, 5 and 10 wt%) [117]. 

In 2023, Ceylan et al. [118] evaluated the 

adhesion between AA7075-T6 aluminum (treated 

via FPL etching) and epoxy adhesives reinforced 

with Boron Nitride Nanopowder (BNNP), 

Alumina Nanopowder (ANP), and MWCNTs in 

SLJ configurations. The bonded assemblies were 

exposed to hygrothermal conditioning at 60°C 

and 100% relative humidity for periods extending 

to six weeks. Among all nanofiller-modified 

systems, the MWCNT-containing joints 

consistently preserved the greatest proportion of 

their shear strength throughout the aging process, 

while ANP- and BNNP-modified adhesives 

ranked second and third, respectively. After two 

weeks of exposure, the average shear strength of 

the neat adhesive joint decreased by 64.72%. In 

contrast, the corresponding reductions for joints 

reinforced with BNNP, ANP, and MWCNTs 

were 61.11%, 56.31%, and 39.34%, respectively . 

More recently, Ejaz et al. [119] reported an 

experimental assessment in 2024 on the influence 

of MWCNTs and graphene nanoplatelets (GNPs) 

incorporated at 0.25, 0.5, 0.75, and 1 wt% on the 

mechanical behavior of both SLJ and double 

strap joint (DSJ) configurations. Their findings 

indicated that SLJ and DSJ specimens reinforced 

with MWCNTs were mainly characterized by 

adhesive failure regardless of nanoparticle 

content. In contrast, DSJ specimens displayed a 

noticeable difference in failure behavior when 

GNPs were used instead of MWCNTs. As 

illustrated in Figure 30, DSJ samples containing 

MWCNTs predominantly failed adhesively, 

whereas GNP-modified SLJ and DSJ specimens 

tended to exhibit cohesive failure at lower filler 

loadings, followed by a transition toward 

adhesive failure when the concentration reached 

1 wt%. 

 

Figure 30 Failure modes of SLJ and DSJ 

specimens [119]. 

Numerous studies have investigated the influence 

of various nanoparticles on the Lap Shear 

Strength (LSS) of epoxy adhesives. A 

comprehensive summary of recent research 

focused on the enhancement of the shear 

performance of epoxy-based systems through the 

incorporation of diverse nanofillers is 

consolidated in Table 6. 
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Table 6 Effect of various nanoparticles on the lap shear strength of epoxy adhesives 

Nanoparticle 
Content (wt.%) 

Adherents 
Lap shear strength change 

(%) 
Ref 

MWCNT and nanoclay 0.5, 1 and 1.5 aluminum 52 [120] 

alumina 5 and 10 aluminum 15 [121] 

alumina 
0.5, 1.0, 1.5 

and 2.0 
aluminum 52 at 1.5 wt.% [122] 

silica 10 stainless steel 20 [49] 

SWCNTs 1 
carbon fiber reinforced 

plastics 
-10 [123] 

elastomeric nanoparticles 

20 aluminum 98 

[124]  copper 93 

 steel 18 

MWCNT 1 aluminum 53 

[125] SWCNTs 0.5  46 

graphene 0.5  49 

MWCNT 0.5 steel 39 [126] 

MWCNT 1 
glass fiber/epoxy 

composites 
7 [127] 

graphene 0.5 steel -21 [128] 

graphene 1 aluminum -14 [129] 

montmorillonite clay 

2 steel 40 

[130] 

5  65 

HNT@SiO2 core/shell 2 Steel-epoxy/carbon fiber 130 [38] 

Fe3O4 1 epoxy plastic slides 19 [47] 

silver plating nano-graphite 20 carbon steel 8 [131] 

TiO2 10 mild steel-aluminum 62 [132] 

Zirconia 1 vol.% aluminum 60 [133] 

nano‐Al2O3 1.5 aluminum 70 [134] 

MWCNT 3 aluminum 50 [134] 

Poss 3 aluminum 46 [135] 

Clay 1 Glass/epoxy composite 7 [36] 
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graphene 1 aluminum -125 [129] 

Peptide Nanotube 5 aluminum 67 [136] 

5. Conclusion  

This review has synthesized the critical 

challenges and advancements in the field of 

adhesively bonded composite joints subjected to 

hygrothermal exposure. The primary conclusions 

are as follows: 

• Environmental Sensitivity: 

Hygrothermal aging remains a 
formidable barrier to the widespread use 
of composite adhesive joints, as moisture 
ingress induces plasticization, lowers the 
glass transition temperature (Tg), and 
significantly reduces the load-bearing 
capacity. 

• Nanotechnology as a Solution: The 
integration of specialized nanoparticles, 
such as Multi-Walled Carbon Nanotubes 
(MWCNTs) and Graphene 
Nanoplatelets, offers a robust strategy to 
mitigate degradation by enhancing 
interfacial adhesion and providing 

environmental insulation. Research 
shows that optimal weight percentages of 
these nanofillers can lead to a marked 
shift from adhesive to cohesive failure 
modes, even after prolonged aging. 

• Modeling Fidelity: Cohesive Zone 
Modeling (CZM) has emerged as a 
powerful tool for predicting joint 

integrity. However, the accuracy of these 
models relies heavily on the empirical 
determination of environment-dependent 
Traction-Separation Laws (TSLs) that 
account for variables like strain rate, 
humidity, and temperature. 

While accelerated aging methods like the open-

face approach provide time-efficient data, 

significant challenges remain in correlating these 

results with the real-scale, long-term performance 

of joints. 

While significant progress has been made in 

understanding joint degradation, a high-quality 

predictive framework requires transitioning from 

descriptive models to proactive, real-time 

assessments. Future research should prioritize the 

formulation of advanced Environment-dependent 

CZM approaches coupled with Physics-informed 

machine learning (PIML). Such hybrid 

algorithms have the potential to dynamically 

predict the non-linear degradation kinetics of 

nano-engineered adhesives under fluctuating 

hygrothermal conditions, significantly reducing 

the reliance on computationally expensive and 

time-consuming experimental aging tests . 

Furthermore, integrating these multi-scale 

predictive models into Digital Twins represents a 

critical frontier. By synergizing theoretical 

degradation models with data acquired through 

real-time structural health monitoring (SHM) 

sensors embedded within the bondline, engineers 

will be able to continuously assess the residual 

strength and predict the remaining fatigue life of 

bonded composite structures in service. This 

holistic, data-driven framework will be 

indispensable for the safe, reliable, and 

widespread implementation of multi-material 

adhesive joints in next-generation aerospace and 

automotive applications.  
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