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A B S T R A C T   

Adhesive joints are frequently exposed to cyclic ageing conditions during their service life, which can have a 
substantial impact on the mechanical properties of both the adhesive and the substrates. The safe life philosophy, 
commonly employed in the design of bonded joints, underscores the importance of obtaining an accurate esti-
mate of the adhesive’s durability. Therefore, it is essential to enhance the predictive capabilities of the adhesive’s 
mechanical behavior under cyclic ageing conditions. 

This research aims to expand the use of quasi-static cohesive zone modelling (CZM) for damage and fracture 
analysis of dissimilar adhesive joints subjected to cyclic ageing environments. The first step involved measuring 
the mechanical properties of the adhesive through tensile tests on unaged and cyclically aged dogbone speci-
mens, considering their moisture content and ageing cycles. Based on the results, a degradable CZM was 
developed. To validate the numerical model, dissimilar double cantilever beam specimens (DCBs) of glass fibre 
reinforced polymer (GFRP) and aluminium were manufactured and tested before and after ageing. The load- 
displacement curves of the bi-materials bonded joints were successfully predicted using the developed model 
where the properties of the material are defined as a function of the moisture uptake and ageing cycles at each 
material element. The obtained results showed that after 4 ageing cycles, the maximum load of DCB specimens 
decrease considerably.   

1. Introduction 

Adhesion technology is widely utilized in various industries, 
including aeronautics and automotive, as it offers several advantages 
over traditional bonding methods such as riveting and bolting. These 
conventional methods can lead to pre-damage of the substrates, while 
welding cannot bond dissimilar materials like composites and metals. 
Adhesion technology provides a solution to these limitations [1]. In 
recent years, glass fibre reinforced polymer (GFRP) composites have 
gained significant attention and utilization because of their outstanding 
mechanical properties and cost-effectiveness [2]. For composite mate-
rials, adhesive bonding is one of the most common and suitable 

techniques used for joining [3,4]. This joining technique has been also 
considered for dissimilar joints where a GFRP substrate is bonded to a 
metal part using structural adhesives [1,5]. When designing dissimilar 
adhesive joints, the fracture energy plays a crucial role in determining 
their ability to withstand mechanical loads. Although the fracture en-
ergy of the joint is typically viewed as a material property, studies by 
various authors have demonstrated that it is also affected by the joint 
geometry. Hence, joint geometry should be taken into account when 
considering fracture energy in the design of dissimilar adhesive joints 
subjected to mechanical loads [6,7]. Accordingly, it is recommended to 
perform a dissimilar fracture test for joints that use dissimilar substrates. 

The double cantilever beam (DCB) joint is a commonly used joint 
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geometry for fracture analysis of adhesive joints. In DCB specimens with 
the same substrates, mode I fracture energy can be studied effectively. 
However, achieving mode I condition in dissimilar DCB adhesive joints 
is a challenge. To address this issue, previous studies have proposed 
various approach for mode I loading in DCB joints made by dissimilar 
substrates. 

One approach proposed by researchers is to design the joint based on 
an equivalent bending (flexural) stiffness of the substrates used in the 
DCB joint. Using an equivalent longitudinal strain distribution at the 
interface has been also proposed by some authors to achieve mode I 
condition in DCBs with dissimilar substrates [8–10]. It is asserted by 
Wang et al. [8] that the latter technique is more effective as its results is 
closer to pure mode I. In summary, selecting an appropriate loading 
technique is critical in achieving mode I condition in DCBs with non- 
similar substrates. The choice of loading technique depends on various 
factors, such as the substrate materials, joint geometry, and experi-
mental conditions. 

Adhesive joints in applications such as airplane and marine struc-
tures[2,11] often experience high humidity conditions, which can affect 
their mechanical properties [12–14]. Moisture diffusion can alter the 
Young’s modulus and tensile strength of adhesives, reducing the former 
and the latter and increasing their ductility [15–19]. Previous studies 
have shown that moisture diffusion can increase or in some cases 
decrease the fracture energy of adhesives, depending on the dominant 
moisture diffusion mechanisms in the adhesive [20–23]. For example, 
Fernandes et al. [20] found that the fracture energy of adhesives changes 
depending on the ageing conditions, with distilled water reducing the 
fracture energy and a saltwater environment increasing it. In contrast, 
some authors [24] analyzed the residual strength of single lap joints 
exposed to ageing and found that the adhesive joints strength initially 
decreases during the first 20 days but then increases by 40 days. These 
contradicting results suggest that understanding the mechanisms of 
moisture diffusion and their effects on the mechanical properties of the 
joint is critical for designing adhesive joints that can withstand high 

Table 1 
Mechanical properties of material used in this study (direction 1 is along the fibre (longitudinal); and 2 denotes the transverse direction).  

Material E1(MPa) E2(MPa) G12(MPa) ϑ12 G1c(J/m2)

UD-0◦ E-glass lamina [8] 38,070 11,160 3951  0.28 – 
Aluminium 7076-T6 [22] 71,000 ±3500 – –  0.33 – 
Araldite 2011[22] 1550 ±150 – –  0.45 2116  

Fig. 1. Geometries of dogbone specimen (a), GFRP laminates (b), and DCB (c) (dimensions in mm and not to scale).  
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humidity environments. Further research is needed to develop a more 
comprehensive understanding of the effects of moisture diffusion on 
adhesive joint performance and to develop effective strategies for 
mitigating these effects. 

Moisture diffusion in composite substrates occurs through voids or 
micro cracks, as well as through the fibre/matrix interface via capillarity 
diffusion [25–27]. Two mechanisms have been proposed to explain the 
effects of moisture diffusion in composite structures: polymer plastici-
zation and degradation of the fibre/matrix interface [28]. Experimental 
results have shown that moisture diffusion can significantly affect the 
fibre/matrix interface [29,30]. Moisture diffusion through the resin 
causes a volume expansion, while the fibre is non-absorbent [31]. This 
resin swelling creates residual stresses and can lead to debonding at the 
fibre/matrix interface [32]. It is important to note that the effects of 
moisture diffusion on composite structures depend on various factors, 
such as the type of composite material, environmental conditions, and 
duration of exposure. Therefore, understanding the specific mechanisms 
and effects of moisture diffusion on composite substrates is critical for 
designing and selecting materials that can withstand high humidity 
environments. 

Moisture can be absorbed both monotonously and cyclically, while 
in many applications, adhesives are subjected to cyclic humidity 
[33–36]. According to a study conducted on the residual strength joints 
after different ageing times [37], it was revealed that moisture 

absorption and desorption results in degradation and recovery of the 
joint strength, respectively. Other authors [17,38] have also investi-
gated the cyclic ageing of bulk adhesives and found that the Young’s 
modulus of the adhesive degrade and recover during moisture absorp-
tion and desorption, respectively (the same results for the joint 
strength). Despite significant research on the effect of monotonous 
moisture uptake on adhesive joints in recent years, there is still limited 
understanding of the cyclic ageing effects on bonded joints, particularly 
those involving polymer composite substrates. 

In this paper, the effect of cyclic ageing on the mechanical response 
of dissimilar DCB adhesive joints with GFRP/aluminium substrates is 
investigated. The aim of this research is to extend the quasi static 
cohesive zone modelling (CZM) technique for the damage and fracture 
analysis of dissimilar adhesive joints subjected to cyclic ageing 
environments. 

2. Experimental procedure 

2.1. Materials 

In this study, three different types of specimens were manufactured: 
bulk dogbone, glass fiber reinforced polymer (GFRP) beams, and dis-
similar DCB adhesive joints with aluminum-GFRP substrates. Araldite 
2011 (Huntsman, Basel, Switzerland) that is an epoxy adhesive, was 
used to bond the substrates. To produce the bulk dogbone specimens, the 
two adhesive components were mixed using a SpeedMixer DAC 150TM 

(Hauschild, Hamm, Germany) at 2300 rpm for 2 min. After mixing, the 
adhesive was cured between two glass plates to form adhesive sheets. To 
control the adhesive thickness, spacers with the thickness of 1 mm was 
used. The adhesive sheets were cured for 40 min at 80 ◦C according to 
the manufacturer’s technical data sheet. The dog-bone bulk specimens 
were then cut from the cured adhesive sheets. The GFRP specimens were 
fabricated by layering four quadraxial E-glass layers, which consisted of 
unidirectional (UD) fabric oriented in the [45/90/+45/0] direction. 
This laminate was created through a vacuum infusion process. The GFRP 
laminate was cured at 23 ◦C for one day, and post cured at 60 ◦C 12 h 
[39]. GFRP and aluminum alloy 7075-T6 were bonded together to create 
the dissimilar joint. The properties of the materials used are listed in 
Table 1 [8,22]. 

2.2. Samples geometries 

Dogbone specimens were created from bulk adhesive sheets to assess 
the elastic modulus and tensile strength of the adhesive under varying 
moisture diffusion conditions. Additionally, 12 GFRP specimens were 
tested to determine the flexural properties of the GFRP substrates in 
dissimilar double cantilever beam (DCB) adhesive joints during different 
ageing cycles. To simulate moisture diffusion boundary conditions of 
aged DCB adhesive joints on GFRP substrates, one side of the GFRP 
laminates was sealed with aluminum foil to prevent moisture absorption 
[40]. The GFRP substrates were then cyclically aged and tested after 
moisture absorption in various ageing cycles under three-point bending 
conditions. Dissimilar DCB specimens with GFRP/aluminum substrates 
were also fabricated, cyclically aged, and tested to obtain 
load–displacement curves in different ageing cycles. Fig. 1 provides a 
schematic representation of the dogbone, GFRP laminate, and dissimilar 
DCB adhesive joint geometries. 

In order to speed up the effects of moisture diffusion on the dogbone 
and DCB specimens, a study by Costa et al. [41] suggested the use of 
mini dogbone and mini DCB specimens as shown in Fig. 1. The re-
searchers found that there was a negligible difference in mechanical 
properties using the standard specimens and the mini specimen. 
Therefore, to accelerate the ageing process, dogbone and DCB specimens 

Fig. 2. DCB specimens: (a) in aluminium mould and (b) after curing.  

M. Moazzami et al.                                                                                                                                                                                                                             
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Fig. 3. The ageing conditions (a), and exposure times for dogbone samples (b).  
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were fabricated based on the previous findings [41]. The composite 
laminate was cut into the dimensions of 5 mm by 200 mm based on the 
geometry of mini DCBs, which are suitable for investigating ageing ef-
fects. To obtain a pure mode I condition, the longitudinal strain criterion 
was considered [8]. It should be noted that the thickness tolerances were 
0.2 mm for the GFRP and 0.05 mm for the aluminium. 

2.3. Manufacturing of DCBs 

Several procedures were implemented to prepare the surfaces of 
substrates for bonding in the production of dissimilar double cantilever 
beam (DCB) adhesive joints. To begin with, the surface of GFRPs were 
sanded with sandpaper (240 grit) followed by acetone cleaning. The 
aluminium substrates, on the other hand, were grit blasted. Aluminium 
surfaces were then cleaned using acetone. The procedure was followed 
by immersing the aluminium specimens in a sol–gel AC-130 bath. The 

Fig. 4. Three points bending (a) and fracture (b) test setup.  
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Fig. 5. Boundary conditions for dogbone samples (a) and DCB adhesive layer (b) (dimensions in mm).  

Fig. 6. Diffusion coefficients and final moisture contents in different absorption and desorption steps for Araldite 2011 [22].  
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specimens were kept in the bath for 90 s following by 60 min drying at 
room temperature. To decrease moisture diffusion in the aluminium/ 
adhesive interface and prevent interface failure after ageing, EW-5005 

(that is a primer) was sprayed on the aluminium substrate surfaces. 
After 30 min keeping the samples at room temperature the primer was 
cured for 60 min by putting the samples in an oven set to 121 ◦C. Sub-
sequently, Araldite 2011 was applied to the joints and then the DCBs 
were cured at 80 ◦C for 40 min. A pre-crack was made in the adhesive 
layer using a sharp razor blade during the fabrication, and an aluminium 
mould with spacers was used. 

2.4. Ageing process 

All of the produced specimens, including bulk dogbone, GFRP, and 
DCB adhesive joints, were subjected to 4 distinct ageing cycles, with 
each cycle consisting of 14 days of wetting followed by 7 days of drying. 
The cumulative duration of the ageing process was (14 + 7) × 4 = 84 
days, which is the product of the number of cycles and the total number 
of days for each cycle. The temperature of the ageing chamber was 
maintained at 25 ± 1 ◦C during both the wetting and drying stages. 
During wetting, the specimens were submerged in distilled water, 
whereas during drying, they were placed in a container containing silica 
gel powder with a relative humidity of less than 4 % (as shown in 
Fig. 3a). 

The study selected and evaluated GFRP substrates and DCB adhesive 
joints after completing the absorption process in the 1st, 2ed, and 4th 
ageing cycles. Dogbone samples were extracted from the ageing cham-
ber at varying exposure durations and subjected to tensile loading. 
Fig. 3b illustrates the exposure durations during each cycle when the 
tensile tests of the dogbone specimens were carried out. The tensile tests 
of the aged dogbone samples were conducted at the same exposure 
durations in the 1st, 2ed, and 4th cycles. 

2.5. Experimental tests 

During this research, three different types of experimental tests were 
conducted, including tensile tests, three-point bending tests, and mode I 
fracture tests. Tensile tests were performed at 23 ◦C and 35 % RH 
(relative humidity). To minimize experimental errors, each condition 
was tested three times. The loading rate was constant during the tensile 
tests and was set to 0.5 mm/min, and the crack length was recorded 
using a digital camera during fracture tests. Loading rate for dogbone 

Fig. 7. Triangular traction-separation curves for unaged and aged adhesive.  

Fig. 8. Schematic of the configuration of the elastic and cohesive elements.  

Fig. 9. Flexural stress–strain as a function of ageing cycles curves for GFRP substrates.  
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and GFRP samples was considered as 1 mm/min, and the deformation of 
GFRP specimens and strains of the dogbone specimens were calculated 
using digital image correlation (DIC) data. Digital camera pictures were 
captured continuously from the specimen’s (GFRP and dogbone) surface 
with a constant rate of one picture every second. The DIC setup consisted 
of an 8-bit “Point Grey’’ camera with a resolution of 5 MP, equipped 
with a ”XENOPLAN 1.4/23″ lens. The software used for capturing the 
images was VIC-Snap 8, a product of “Correlated Solutions Inc.”. Using 
this setup, the resolution of the captured images was about 2048 × 2048 
pixels. The output from the tensile test machine was used to synchronize 
the captured images with their corresponding load and displacement at 
different measurement times. The DIC setup was installed at a distance 
of 65 cm from the specimen surface. During the image correlation pro-
cess the subset size and step size parameters were considered 51*51 and 
7, respectively. The experimental setup for the fracture (DCB) and three- 
point bending (GFRP) tests is illustrated in Fig. 4. 

During this investigation the crack propagation path through the 
adhesive layer was checked by a 3D measurement system (Keyence VR- 
3200 Wide-Area). In this process based on the height of substrate surface 
and fracture surface the thickness of remained adhesive on fractured 
substrates can be determined. 

3. Numerical simulation 

This research involved conducting numerical simulations in two 
stages. Firstly, the moisture distribution of the dogbone and adhesive 
layer of the DCB specimens were simulated for various ageing condi-
tions. Secondly, based on the mechanical properties of the adhesive, 
which vary with moisture content and ageing cycles, load–displacement 
curves of DCB specimens were simulated using a degradable cohesive 
zone model. 

3.1. Moisture diffusion simulation 

To simulate the distribution of moisture in the dogbone specimens 
and in joints for different ageing conditions, FEM was employed. For this 
purpose the moisture diffusion constant and the final moisture contents 
were defined as the properties of absorbing material and boundary 
conditions, respectively. These parameters were obtained from a pre-
vious research performed by the authors and described in [22]. In that 
research, gravimetrical specimens were fabricated and exposed to cyclic 
aging. During the cyclic aging the gravimetrical specimens were 
weighed using electronic analytical balance with a precision of 0.1 mg 
continuously. Based on these results the moisture uptake of gravi-
metrical specimens in each aging cycle were obtained. In the simulation 
performed in the current paper, the moisture content of the specimen at 
the end of the aging cycles (final moisture content) is defined as the 
boundary conditions in the simulations. In addition, the diffusion con-
stant in absorption and desorption process, were calculated from the 
initial slope of the moisture uptake versus time curve where this curve is 
linear using the Fick’s law equation. In the current paper, this parameter 
is defined as the material properties in each aging cycles in FEM simu-
lation. More details can be found in [22]. In this research the moisture 
diffusion constant and the final moisture contents (at the end of each 
ageing cycle) obtained in [22] were defined as the material properties 
and boundary conditions, respectively. Since there is some remaining 
moisture from the previous ageing cycles in cyclic ageing simulations, 
the final moisture distribution of each cycle was defined as the initial 
moisture distribution in the next cycle [22]. Abaqus software was used 
for the numerical simulation, utilizing eight-node quadratic heat trans-
fer or DC2D8 (mass diffusion quadrilateral brick) elements. In total, 
12,500 and 25,700 elements were used for the DCB adhesive layer and 
dogbone specimens, respectively. Fig. 5 illustrates the geometry of the 
boundary conditions for moisture for different specimens. 

To simulate the moisture distribution in the adhesive layer, it is 
necessary to determine Fick’s law constants as a function of ageing 

Fig. 10. Flexural modulus and strength of GFRP substrates for different numbers of ageing cycles.  
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Fig. 11. Stress–strain curves for different ageing cycles and for both ageing and drying processes: (a) and (b) are for the first cycle (absorption and desorption, 
respectively), (c) and (d) are for the second cycle (absorption and desorption, respectively), and (e) and (f) are for the fourth cycle (absorption and desorption, 
respectively). 
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Fig. 11. (continued). 
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cycles. For Araldite 2011, the diffusion constant and moisture content at 
the end of ageing cycles were calculated in previous research [22]. Fig. 6 
shows the Fick’s law parameters for Araldite 2011. 

3.2. Developing a degradable CZM as a function of ageing level/cycles 

In this step, a numerical model based on a degradable cohesive zone 
approach was developed to estimate the load–displacement behavior of 
DCB specimens for different moisture contents and ageing cycles. The 
model was able to simulate the elastic region, damage initiation and 
evolution of the adhesive layer. The traction-separation law was used to 
relate the stress to the relative displacement of the nodes in the cohesive 
elements. Various curves were considered for the traction-separation 
law, but the model showed that the elastic deformation of the cohe-
sive element was followed by a peak value of traction, after which the 
damage initiated, leading to complete failure of the adhesive layer. The 
developed model was validated by comparing its predictions with the 
experimental results [42,43]. The area under traction-separation curves 
represents the fracture energy of the adhesive. The most common types 
of traction-separation laws are triangular, exponential and trapezoidal 
[42,44,45]. In general, the triangular shapes are mostly suitable for 
brittle adhesives [46]. The trapezoidal curves consider plastic de-
formations and are used for ductile materials [47]. In this research, 
triangular traction-separation law was applied for Araldite 2011 (see 
Fig. 7). 

Fig. 7 displays the triangular traction-separation curve, which is 
characterized by three primary parameters: initial stiffness, cohesive 
traction, and fracture energy. The initial stiffness (K in Fig. 7) and 
cohesive traction were determined by conducting tensile tests on bulk 
dogbone specimens, whereas the fracture energy was calculated in a 
prior study [22]. The initial stiffness was defined as K = E/ha, where E 
represents the elastic modulus of the adhesive and ha denotes the 
thickness of the adhesive layer. To determine the elastic modulus, the 
bulk adhesive dogbone specimens were subjected to cyclic ageing and 
tested under tensile conditions. The stress–strain curves obtained under 
different ageing conditions were used to calculate the elastic modulus 
and initial stiffness in CZM as a function of ageing level/cycles. The 
cohesive traction (tm in Fig. 7) was established as the tensile strength of 

bulk dogbone specimens obtained from tensile tests of cyclically aged 
specimens. The mode I fracture energy, another crucial parameter in 
CZM, was measured using the open-DCB (ODCB) technique under 
varying moisture contents and ageing cycles [22]. The ODCB method 
was employed to accelerate moisture diffusion in the adhesive layer of 
DCB samples since the geometry of the normal DCB adhesive joint makes 
the moisture diffusion process time-consuming. CZM parameters change 
with different ageing conditions as a function of moisture content and 
ageing cycles and must be updated based on moisture diffusion condi-
tions in each cohesive element. To achieve this, moisture concentration 
was simulated in the adhesive layer at the end of the moisture absorp-
tion process. Subsequently, a subroutine code was utilized to define the 
required cohesive parameters (initial stiffness, cohesive traction, and 
mode I fracture energy) of the adhesive in each element as a function of 
moisture contents and ageing cycles based on the simulated moisture 
content. 

Within the Cohesive Zone Model (CZM), there are several methods 
that can be utilized for predicting the point of damage initiation 
(including maximum or quadratic values of the nominal or principal 
stress or strain), as well as for damage propagation (such as displace-
ment or energy controlled). For the purposes of this study, a quadratic 
nominal stress approach was employed to determine the damage initi-
ation, as demonstrated in Equation (1): 

(
tn

t0
n
)

2
+(

ts

t0
s
)

2
= 1 (1) 

where, tn is the tensile stress and ts is the shear stress, respectively. t0
n 

and t0
s are the initiation tensile and shear stresses, respectively. It is 

further assumed that normal compressive stresses don’t cause damage 
[48]. When the damage initiation equation is fulfilled, the softening of 
the material’s stiffness starts. In this research, the damage evaluation 
process was controlled by the linear mode-mixity fracture energetic 
criterion, which is shown in Equation (2): 

Gn

GC
n
+

Gs

Gc
s
= 1 (2) 

where, Gn is the normal energy and Gs is the shear energy. GC
n in 

Equation (2) is the fracture energy in mode I and Gc
s is the fracture 

Fig. 12. Variation of elastic modulus during the (a) absorption and (b) desorption and tensile strength in (c) absorption and (d) desorption process.  
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Fig. 12. (continued). 
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energy in mode II. 
The numerical simulations in this study utilized 3D state of stress by 

considering C3D8R elements (8-node linear solid elements in Abaqus). 
The cohesive layer, was modelled with 8-node 3D cohesive elements 
(COH3D8). The configuration of the elastic and cohesive elements in 
DCB specimens is depicted in Fig. 8. 

The cohesive elements were modelled as a single row in the middle of 
the adhesive layer with a thickness of 0.1 mm. The suitable dimension of 
cohesive elements was obtained based on mesh convergence analysis. 

4. Results and discussions 

4.1. Flexural properties of GFRP substrates 

Previous researchers revealed that moisture diffusion can change the 
flexural modulus of GFRP laminates [30]. The variation of flexural 

modulus in GFRP substrate during the cyclic ageing changes mode 
mixity in dissimilar DCB adhesive joints [49]. As a result, the variation 
of the flexural modulus of GFRP substrates in different ageing cycles 
should be considered in numerical simulations. In this section, the 
flexural parameters variation of GFRP specimens exposed to cyclic 
ageing is reported. For this purpose, the flexural stress–strain curves of 
GFRP specimens before ageing and after the first, second, and fourth 
absorption process were measured using three points bending test. The 
flexural stress–strain curves of the unaged and aged GFRP specimens are 
represented in Fig. 9. 

Based on curves obtained for the GFRP substrates, the flexural 
modulus and strength of GFRP in different ageing conditions were 
calculated. Fig. 10 shows the flexural modulus and strength of GFRP 
specimens after different ageing cycles. 

Based on the results presented in Fig. 10, it can be inferred that the 
flexural modulus of GFRP substrates remains relatively constant during 

Fig. 13. Moisture distribution of dogbone cross-section for unaged (a) and after 8 h (b), and 2 (c), 6 (d), and 14 (e) days ageing for the first absorption cycle.  
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cyclic ageing, whereas the flexural strength experiences a substantial 
decrease after the first cycle, with further negligible changes. These 
findings indicate that the flexural modulus can be considered a reliable 
parameter for simulating DCB specimens during different ageing cycles, 
and has been utilized as such in this study. 

4.2. Stress-strain curves of aged dogbone specimens 

This section presents the stress–strain curves for dogbone specimens 
that were unaged and subjected to cyclic aging at varying levels of 
moisture content and cycles. The obtained stress–strain curves were 
used to determine the tensile strength and elastic modulus of the ad-
hesive for different moisture exposure times and aging cycles. The ten-
sile stress–strain curves for various exposure times and cycles are 
displayed in Fig. 11. 

The stress–strain curves of unaged and cyclically aged dogbone 
specimens with different levels of moisture content and ageing cycles are 
presented in this section. Fig. 11 illustrates the tensile stress–strain 
curves after different moisture exposure times and ageing cycles. The 
results indicate that the tensile strength and elastic modulus of the 

adhesive decrease with increasing exposure time (Fig. 11a, c, and e). The 
reduction of these parameters is more prominent during the first mois-
ture absorption process compared to subsequent cycles. During the 
moisture desorption process after different ageing cycles, the elastic 
modulus and tensile strength of the dogbone specimens increase 
(Fig. 11b, d, and f). Thus, the material becomes more ductile with 
moisture absorption and more brittle with moisture desorption. The 
comparison of stress–strain curves after different absorption and 
desorption cycles indicates that the tensile strength and elastic modulus 
vary significantly at the beginning of each process compared to long- 
term ageing results. Fig. 12 illustrates the influence of ageing condi-
tions on the tensile strength and elastic modulus of the adhesives. To 
have a better perception of the variation of these parameters after 
different aging conditions, the ratio aged/unaged were also added to 
Fig. 12. 

€As can be observed from Fig. 12, during the process of moisture 
absorption the tensile parameters of different ageing cycles tend to have 
similar values for higher exposure times (see Fig. 12a and c). In contrast, 
after the drying process, the difference between tensile parameters in-
creases (see Fig. 12b and d). 

Fig. 14. Moisture distribution of dogbone cross-section for (a) unaged, (b) 8 h drying, (c) 2 days drying, and (d) 7 days drying for the first desorption process.  
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In order to investigate the relationship between the mechanical 
properties of the adhesive and its moisture content and ageing cycles, a 
numerical simulation of the moisture distribution within the dogbone 
specimens was conducted at various exposure times. The simulation was 
based on the moisture diffusion parameters, including the diffusion 
constant and moisture contents, which were determined in a prior study. 
Fig. 5a illustrates the results of the moisture distribution simulation 
[22]. Details of the moisture distribution simulation process can be 
found in [17]. The moisture distribution in dogbone cross-section during 
the first cycle is shown in Figs. 13 and 14 as a function of exposure times. 

The moisture content of dogbone specimens was calculated from the 
moisture distribution of specimen cross-section obtained from numeri-
cal simulation. For this purpose the average of moisture concentration in 
dogbone cross-section nodes obtained from FEM simulation were 
calculated in each exposure times and defined as moisture content 
parameter. Based on the results shown in Figs. 13 and 14, the moisture 
content in the first desorption process is more than 0 w%, due to the 
remaining moisture from the previous cycle. The results of previous 
investigations [22] show that numerical simulations of moisture distri-
bution based on Fick’s law constant for Araldite 2011 is a reliable 
technique for the calculation of the moisture level. Fig. 15 shows the 
effect of moisture content on the tensile strength and elastic modulus for 
different ageing cycles. 

Fig. 15 depicts the variation of elastic modulus and tensile strength of 
the adhesive as a function of moisture content and ageing cycles. The 
results indicate that during the first moisture absorption process, both 
elastic modulus and tensile strength decrease substantially with 
increasing moisture content. However, during the subsequent moisture 
desorption process, as the moisture content decreases, tensile strength as 
well as the Young’s modulus increase significantly. Nonetheless, these 
parameters do not fully recover to their unaged levels after the 
desorption process, and there is still a significant reduction in elastic 
modulus and tensile strength after the first cycle compared to the unaged 
condition. During the second and fourth cycles of moisture absorption 
and desorption, the elastic modulus and tensile strength decrease and 
increase gradually, respectively. Comparing the results during the sec-
ond and fourth cycles reveals that their changes strongly depend on 
moisture content after the first cycle, while their sensitivity to ageing 
cycles is not significant. 

4.3. Moisture distribution in DCB joints 

In this section, the results of moisture distribution simulation in the 
DCB adhesive layer are reported. For this purpose, the adhesive layer 
between two substrates was simulated based on Fick’s law constant and 
considering suitable boundary conditions (see Fig. 5b). Fig. 16 illustrates 

Fig. 15. Elastic modulus as a function of (a) absorption and (b) desorption process and also the effects of absorption (c) and desorption (d) on the tensile strength.  
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moisture concentration distribution in the adhesive layer at the end of 
different absorption and desorption process. 

According to the results it is observed that the distribution of mois-
ture in the adhesive is completely different from aged dogbone speci-
mens (see Figs. 13 and 14). This difference is due to different boundary 
conditions. Accordingly, for simulation of aged DCB adhesive joints 
using CZM, the traction-separation curves should be defined as a func-
tion of the distribution of moisture through the bondline in DCBs. 

4.4. Exposure time and cycle-dependent cohesive zone model 

The aim of this study was to predict the load–displacement behavior 
of DCB adhesive joints under various ageing cycles using a degradable 
time-dependent traction-separation law. To accomplish this, cohesive 
parameters were varied based on experimental results and extrapolation 
techniques to reflect different ageing conditions. The triangular traction- 
separation curves, which are characterized by initial stiffness, maximum 
cohesive traction, and fracture energy, were generated using the varia-
tion of cohesive parameters during moisture absorption processes. For 

determination of these curves in different aging conditions, the variation 
of three parameters including: elastic modulus, tensile strength and 
fracture energy should be considered as a function of moisture content. 
Elastic modulus and tensile strength variations were determined from 
the tensile tests of dogbone specimens in different aging conditions, 
during this research. In addition, the variation of fracture energy in 
different moisture contents were reported using open DCB (ODCB) 
specimens in previous investigation [22]. It means that, in elastic 
modulus and tensile strength parameters the moisture distribution in 
dogbone specimen should be considered, but in fracture energy varia-
tion the moisture content of ODCB adhesive layer is important. Because 
of different geometries of adhesive layer and dogbone specimens the 
moisture distribution of dogbone and ODCB specimens in the same aging 
time are different. As a results, plotting of traction-separation curves as a 
function of moisture content needs some interpolation estimation. The 
resulting traction-separation curves for different moisture contents are 
presented in Fig. 17. 

In these curves the moisture contents parameters are determined 
based on moisture distribution of dogbone specimens in different aging 

Fig. 15. (continued). 
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Fig. 16. Moisture distribution of DCB adhesive layer after the first absorption and desorption (a and b, respectively), second absorption and desorption (c and d, 
respectively) and fourth absorption and desorption (e and f respectively) (see Fig. 5b). 
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times and fracture energy parameters in calculated moisture content 
were estimated using interpolation process. For this purpose, after 
simulation of moisture distribution in specimen cross-section the 
average of moisture concentration in all FEM nodes was calculated and 
defined as moisture content parameters. The moisture concentration 
simulation in DCB adhesive layer (see Fig. 16) shows that moisture 
distributions in adhesive layer are different from that in dogbone spec-
imens (see Fig. 14). As a results, the traction-separation curves in some 
moisture contents should be extrapolated based on the experimental 
results. In other words, the moisture contents in which traction- 
separation curves are illustrated as a function of moisture distribution 
in DCB adhesive layer (see Fig. 16). 

As can be seen in Fig. 17, the initial stiffness and cohesive traction 
decrease and damage initiation separation and the critical effective 
separation value (separation with complete damage) increase a function 
of the ageing time at each cycle. Previous investigated results [22] show 
that fracture energy decreases with increasing moisture content. 

4.5. CZM model validation 

In order to validate the CZM, firstly, the crack propagation path of 
aged DCB specimens should be checked since the CZM model developed 
is valid only in cohesive failure condition. For this purpose, the fracture 
surface of all specimens were carefully analyzed by visual observation 
and in some selected samples using the Keyence VR 5000 wide-area 3D 
profiling system as shown in Fig. 18. Based on the roughness of the 
fracture surface and on the thickness of the substrate, the thickness of 
the remaining adhesive on the fractured surface was determined. For all 
of DCB specimens, the cohesive failure through the adhesive layer was 
confirmed. 

To accurately predict the load–displacement curves of dissimilar 
DCB adhesive joints subjected to different ageing cycles, it is necessary 
to simulate the moisture distribution in the adhesive layer. This was 
achieved through numerical simulation of moisture diffusion constants 
and boundary conditions during different moisture absorption processes 
in the adhesive layer of the DCB specimen. The resulting moisture dis-
tribution was measured in each element of the adhesive layer during 
different ageing cycles (see Fig. 16). Subsequently, cohesive elements in 
the Abaqus software were applied with traction-separation curves based 
on their moisture contents using a user material routine (UMAT). 
Cohesive parameters for each element were defined based on experi-
mental results obtained from the present and previous studies [22]. 
Fig. 19 shows the flowchart of FEM implementation. 

The developed numerical model was then used to predict the 
load–displacement curves of DCB adhesive joints after the first, second, 
and fourth absorption cycles. To validate the developed numerical 
model, load–displacement curves for unaged dissimilar adhesive joints 
were simulated numerically and compared with experimental results. 
Fig. 20 demonstrates the comparison between experimental and nu-
merical load–displacement curves for unaged DCB specimens. 

The comparison of the obtained results from experimental tests and 
CZM shows that the developed CZM can estimate load–displacement 
curves of unaged dissimilar DCB adhesive joints precisely. Using the 
numerical model and based on cohesive parameters variation in 
different ageing conditions, the load–displacement curves of unaged and 
aged DCB adhesive joints after the first, second, and fourth absorption 
process were calculated numerically. Fig. 21 shows the variation of 
load–displacement curves in different moisture absorption processes. 

The comparison of the load–displacement curves reveals that there is 
a slight decrease in the maximum load after the first absorption process, 

Fig. 16. (continued). 
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which is attributed to the minor moisture absorption in the adhesive 
layer during this stage (as depicted in Fig. 16a). Subsequently, with an 
increase in the number of ageing cycles, the maximum load significantly 
decreases in comparison to the unaged results. To verify the CZM 
model’s accuracy, it was utilized for aged DCB specimens having a non- 
uniform distribution of water uptake along the overlap. The CZM- 
predicted load–displacement curves were then compared against the 
experimental results. Fig. 22 illustrates both the experimental and nu-
merical load–displacement curves for DCB adhesive joints after the 
fourth absorption process. 

The comparison between the experimental and numerical 
load–displacement curves in Fig. 22 indicates a discrepancy in the 
maximum load, which could be due to errors in the extrapolation pro-
cess or experimental testing. However, the overall trend of the curves is 
similar, demonstrating the potential of the developed CZM for predict-
ing load–displacement curves in DCB specimens after cyclic ageing. In 
order to compare numerical and experimental results, the initial stiffness 
and maximum loads obtained from CZM and experiments are reported 
in Table 2. 

The comparison of the maximum load and initial stiffness obtained 
from CZM and experiments for unaged and aged specimens after fourth 
absorption shows that the developed CZM can estimated 
load–displacement behaviour of DCB specimen with high accuracy. 

5. Conclusions 

This study explored the impact of cyclic ageing on the mechanical 
behavior of DCB adhesive joints featuring dissimilar substrates of GFRP 
and aluminum. To accomplish this, the study developed a mode I 
cohesive zone model that degrades with respect to both moisture con-
tent and ageing cycles. The following points can be drawn out of the 
results.  

• The variation in the flexural modulus of GFRP substrates exposed to 
cyclic moisture absorption is negligible.  

• During cyclic ageing, the tensile strength (and elastic modulus) of the 
adhesive decrease as a result of moisture absorption and increase 
during the desorption process.  

• The effect of ageing cycles on the tensile strength and elastic modulus 
decreases with increasing number of cycles.  

• The initial stiffness and cohesive traction decrease while the damage 
initiation separation and critical effective separation value increase 
with increasing moisture content. Fig. 17. Traction-separation laws as a function of moisture contetn and cycle: 

first cycle (a), second cycle (b) and fourth cycle(c) absorption processes. 

Fig. 18. A 3D scan of surface fracture near the crack tip.  
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• The use of CZM and user material routine in numerical simulation of 
dissimilar DCB adhesive joints has shown to be an accurate method 
for predicting the strength of cyclically aged adhesive joints.  

• The load–displacement curves of DCB adhesive joints for unaged 
conditions and after the first absorption are similar, which could be 
due to the minimal moisture diffusion during the first absorption.  

• A significant reduction in the DCB strength was found during the 
second and fourth moisture absorption cycles. 
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Fig. 19. Flowchart of FEM implementation.  

Fig. 20. Load-displacement curves for an unaged DCB specimen obtained 
experimentally and numerically. 

Fig. 21. Load-displacement curves for unaged and aged DCB specimens at the 
end of the moisture absorption process in different ageing cycles obtained 
numerically. 

Fig. 22. Load-displacement curves for DCB specimen after fourth absorption 
obtained experimentally and numerically. 

Table 2 
Initial stiffness and maximum load obtained from experiments and CZM for 
unaged and aged specimens after fourth absorption.  

Parameters Unaged Fourthabsorption 

CZM Experiments CZM Experiments 

Initial stiffness (N/m) 54,200 49,091 49,000 50,400 
Maximum load (N) 132.54 137.07 104.18 107.46  
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