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ARTICLE INFO ABSTRACT

Keywords: In some industrial applications, adhesive joints are cyclically exposed to a moist environment,
Mode I fracture energy where cyclic moisture absorption and desorption can significantly alter the fracture energy of the
FTIR

bonded joints. Most previous studies are based on monotonic aging conditions, while the per-
formance of bonded joints under cyclic aging is not well explored The aim of the current study is
to investigate the effect of cyclic aging on mode I fracture energy of dissimilar DCB (double
cantilever beam) adhesive joints. Accordingly, bulk adhesive plates were manufactured and
exposed to 4 aging cycles. After the aging process, at different exposure times, the aged adhesive
plates were used to bond dissimilar Al/GFRP substrates using a secondary adhesive. Then the
prepared DCBs were tested and subsequently the mode I fracture energy of the adhesive was
determined. Meanwhile, using gravimetrical tests and numerical simulation, moisture diffusion of
the adhesive layer in different exposure times was analysed. Using experimental and numerical
results, the variation of fracture energy as a function of moisture uptake was studied. In addition,
glass transition temperature (T,) and chemical bonding of the aged adhesive were analysed in
different aging cycles. The results showed that by increasing the number of aging cycles, the
reduction rate of mode I fracture energy between the aging cycles decreases.

Dissimilar DCB
Cyclic aging
Moisture diffusion

1. Introduction

The adhesive joining technology is extensively used in different industries due to its advantages in comparison with traditional
joints such as a more uniform stress distribution and the possibility of bonding dissimilar materials such as composites, polymers, and
metals [1]. The adhesive joining technique is a suitable technology for bonding fiber reinforced polymer substrates [2]. Glass fiber
reinforced polymer (GFRP) composites have received attention in recent years due to their reasonable cost and their outstanding
mechanical properties [3,4]. Simultaneous application of GFRP components and metal structures generated a growing research in-
terest in making adhesive joints between dissimilar materials [5-8].

One of the basic parameters used in damage analysis of these types of bonded joints is fracture energy. For mode I fracture energy
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analysis, standards suggest DCB specimens with the same substrates [9]. However, some researchers shared that joint configuration
can affect fracture energy [10]. Based on these results, for a precise measurement of mode I fracture energy in dissimilar joints,
performing a DCB fracture test using different substrates to come as close as possible to the real practice is recommended [11]. In DCB
adhesive joints with different substrates, obtaining mode I loading is a challenge. Previous researchers developed different techniques
for mode I fracture tests in dissimilar DCB specimens [12,13]. Some researchers used the criterion based on the equivalent flexural
stiffness of the two substrates to obtain pure mode I loading [13]. Wang et al. [12] proposed a new criterion based on the equivalent
longitudinal strain distribution at the interface of the substrates. They observed that the new criterion decreases the mode-mixity
(mode II/mode I) in dissimilar DCB joints in comparison with the equivalent flexural stiffness criterion.

In many industrial applications such as marine structures [3,14], adhesive materials are exposed to high humidity environments.
During the service, the moisture diffusion changes the mechanical properties of the adhesive layer and of the composite substrate.
Moisture absorption reduces the tensile modulus and strength and increases the ductility of adhesives [15-17]. In addition, previous
researchers revealed that moisture absorption in the adhesive layer can either increase or decrease the fracture energy of adhesive
materials [18,19]. These contrary results are due to different moisture diffusion mechanisms in the adhesive layer. Fernandes et al.
[18] showed that the adhesive fracture energy is a function of the aging environment. They found that saltwater diffusion improves the
fracture energy while distilled water degrades fracture energy. Zheng et al. [20] studied the residual strength of CFRP/Al adhesive
joints after hygrothermal aging. They concluded that the strength of the adhesive joints exhibits a non-monotonic variation during the
aging process. Before 20 days, the strength decreased; whereas by 40 days, this parameter increased noticeably.

In most industrial applications, adhesive joints are exposed to cyclic moisture absorption and desorption conditions. Mubashar
et al. [21] studied the failure load of single shear lap joints after different exposure times in a single cycle of moisture absorption/
desorption. They observed degradation and recovery of the joint strength during the moisture absorption and desorption, respectively.
Some researchers [22,23] have studied the moisture diffusion behaviour of bulk adhesive materials exposed to cyclic aging. They
found that the elastic modulus and tensile strength of adhesive decrease with the number of aging cycles. A literature review showed
that research on the effect of cyclic aging on the adhesive joint’s properties is limited and there is a knowledge gap in cyclic aging
effects.

In this paper, the effect of cyclic aging on the mode I fracture energy of DCB adhesive joint with dissimilar GFRP/aluminium
substrates is studied. For this purpose, based on the results of gravimetrical tests and using Fick’s law, the moisture diffusion pa-
rameters in different aging cycles were measured. Multi-layer DCBs based on the ODCB (Open DCB) concepts [ 18] were manufactured
and tested. ODCB technique was used in order to accelerate the aging process of the adhesive layer in DCB samples. In normal DCB
joints due to the geometry of the specimen, the saturation procedure takes several months. Thus, in order to accelerate the diffusion
process, ODCB specimens were used, as they are able to replicate the diffusion process that occurs in an adhesive plate. Using
load—-displacement curves obtained from fracture tests, the mode I fracture energy for different aging conditions was determined. Using
the experimentally obtained moisture diffusion parameters, the moisture distribution in the aged adhesive layer was simulated
numerically after different exposure times. Finally, the variation of mode I fracture energy as a function of the moisture distribution in
the adhesive layer in different aging cycles was studied for dissimilar GFRP/aluminium joints.

2. Basic theories
2.1. Fick’s law equation

In order to study moisture diffusion in polymers, several models have been developed by previous investigators. The most common
and simplest moisture diffusion model is Fick’s law [24]. Previous authors showed that Fick’s law can be used for moisture diffusion
modeling in epoxy adhesives [22]. During the moisture diffusion in adhesive material, water molecules occupy the free spaces between
the polymeric chains and some of them form bonding with the polar chains and turn into bound water. According to this model, the
variation of the moisture concentration over the exposure time for a large plate can be calculated as follows [24]:

2
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where C is moisture concentration, t is the exposure time, D is the diffusion constant, and x is the moisture diffusion direction. By
Solving the Eq. (1) based on initial and boundary conditions, using the separation of variables technique, the moisture concentration
distribution can be calculated. By integrating the moisture distribution equation over the thickness of the absorbent plate (h), the
instantaneous moisture uptake (M,) during the absorption process can be obtained by [24]:
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where M,, is maximum moisture content. Eq. (2) is suitable for monotonous moisture absorption for the initial dried specimen. In cyclic
aging conditions, the remaining moisture from previous cycles should be considered. In the cyclic aging process, with initial moisture
from previous cycles, the instantaneous moisture uptake during the absorption process can be obtained by [22]:

(2)
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where M, is initial moisture remained from previous cycles. For the absorption process in the first cycle M; is equal to zero. To predict
the moisture concentration during the desorption process the corresponding Fick’s law gives instantaneous moisture uptake based on
the following equation [25]:
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where Dy is the diffusion constant of the desorption process. In Eq. (4), M, is minimum fractional retained moisture after drying and Mp,
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Fig. 1. Geometry of gravimetrical specimen (a), primary adhesive layer (b), and ODCB (c) (dimensions in mm and not to scale).
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is maximum moisture content when the drying process starts. Previous researchers [26] showed that the diffusion constant (D) in
absorption and desorption process, can be calculated from the initial slope of the moisture uptake M, versus v/t curve where this curve
is linear using the following formula.
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2.2. Data reduction approach

The most common specimen for calculation of mode I fracture energy (Gy.) is the double cantilever beam (DCB), described in the
American standard ASTM D3433-99 [9]. During the fracture test, the applied load (P) and the displacement of the cross-head of the
testing machine (6) are recorded at different crack lengths, a. Accordingly, the mode I fracture energy can be calculated by means of the
Irwin-Kies equation [27]:

P%nax dCS
G =2 da ©
where Py, is the maximum applied load, b is the adhesive joint width, C; is the substrate compliance, and a is the crack length. Using
the Timoshenko beam theory the relationship between specimen compliance and crack length is:
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where, E and G are the tensile and shear modulus of substrates, respectively. Based on Egs. (6) and (7) the mode I fracture energy of
DCB adhesive joints can be calculated as follows:
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The previous investigators showed that Eq. (8) (simple beam theory (SBT)) is suitable for fracture energy measurement of thin
brittle adhesives [28].

3. Experimental procedure
3.1. Materials and manufacturing

The main adhesive chosen for this study was the two-component epoxy adhesive Araldite 2011 (Huntsman, Basel, Switzerland). For
fabrication bulk specimens Araldite 2011 was mixed with a weight ratio of 100/80 (resin/hardener) using a centrifuge mixing ma-
chine, SpeedMixer DAC 150™ (Hauschild, Hamm, Germany), for 2 min at 2300 rpm. After mixing, the adhesive plates were made by
curing the adhesive between two thick glass plates. For controlling the thickness of the adhesive plates, 1 mm spacers made of a metal
coated by a release agent were used. The adhesive plates were cured for 40 min at 80 °C according to the manufacturer’s technical
datasheet. These adhesive plates were cut to make square and rectangular bulk specimens. These specimens were used in both
gravimetrical tests and open-DCB (ODCB) adhesive joints fabrication, respectively. ODCB specimens are a modification of the standard
DCB specimens proposed by previous investigators to accelerate the moisture diffusion process [18]. ODCB specimens include three
adhesive layers, instead of one (see Fig. 1c). These kinds of specimens constitute one primary adhesive and two secondary bonds. The
primary adhesive is the aged rectangular specimen made of the adhesive plate, in this case, Araldite 2011. For the fabrication of ODCB
specimens, the rectangular adhesive plate was exposed to the aging environment. Since the adhesive plate was not bonded to any
substrate, the area exposed to the aging environment is much larger than the area of the adhesive layer in standard DCB specimens.
After aging of the primary adhesive plates, they were bonded to GFRP and aluminium substrates using the epoxy adhesive Araldite
2020 (Huntsman, Basel, Switzerland). The GFRP specimens were fabricated with quadraxial E-glass fabric consisting of stacking of four
unidirectional (UD) layers of E-glass lamina with the orientations of [45/90/4-45/0]. This laminate was made by vacuum infusing of
the fabric stacking sequence with a rubber-modified epoxy based vinyl ester resin. The GFRP laminate was cured for 1 day at 23 °C
followed by 12 h at 60 °C in an oven. The mechanical properties of UD-0° E-glass lamina had been measured previously using standard
specimens [12] (Table 1). On the other hand, the mechanical properties of aluminium 7075-T6 and Araldite 2011 adhesive were

Table 1

Mechanical properties of adhesive and substrates.
Material E;(MPa) E;(MPa) G12(MPa) 912 Gre(j/m?)
UD-0° E-glass lamina [12] 38,070 11,160 3951 0.28 -
Aluminium 7076-T6 71,000 £3500 - - 0.33 -
Araldite 2011 1550 +150 - - 0.45 2116

Subscript 1: longitudinal/fiber direction; Subscript 2: transverse direction.
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measured in this research (Table 1). In order to measure the tensile properties of aluminum 7075-T6 and adhesive, some specimens
were fabricated and tested under tensile load at ambient conditions based on ASTM E8 and ASTM D638 standards, respectively. The
mode I fracture energy of adhesive was measured based on fracture tests of standard DCB specimens according to the recommendations
of ASTM D5228-01 standard. For each case, three specimens were tested to show the reproducibility of the results.
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Fig. 2. Schematic representation of the aging conditions (a), aging cycles and exposure times considered for the ODCB specimens (b).
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3.2. Samples’ geometries

Square and rectangular bulk specimens were fabricated from the manufactured adhesive plates. The square plates were used for the
measurement of moisture diffusion parameters in different aging cycles using gravimetrical tests. The rectangular adhesive specimens
were used to fabricate ODCB specimens. The geometries of the employed bulk and ODCB specimens are shown in Fig. 1.

The adhesive layer dimensions are according to the mini DCB specimen geometry proposed by Costa et al [29]. They revealed that
there is no significant difference in mode I fracture energy obtained using regular size DCBs [9] and mini DCBs.

The thickness of the substrates should satisfy-two conditions. The first one is avoiding plastic deformation in the aluminium
substrates and failure in the GFRP laminates before adhesive layer fracture. An aluminium 7075-T6 substrate with 5 mm thickness
satisfies this criterion based on numerical simulations [26]. During the numerical simulation the mode I fracture energy of the adhesive
was considered as 2.116 N/mm. The second criterion which should be satisfied is the achievement of pure mode I loading condition in
the adhesive layer. For this purpose, the longitudinal strain criterion was considered. Based on this criterion, it has been shown that Eq.
(9) should be satisfied to get mode I loading conditions in dissimilar DCB joints [12].

2 _ 2
E s vuminium s puminivm = EGFRPNGEgp )

where E and h are the flexural modulus and the substrate thickness, respectively. The flexural modulus of the GFRP had been measured
previously as 21014 MPa for [45/90/ + 45/0]5/[45/90/ + 45/0]5 configuration [12]. Based on Eq. (9) the aluminium and GFRP
substrates with thicknesses of 5 and 9.2 mm are satisfying the longitudinal strain criterion. Unfortunately, this criterion cannot be
perfectly satisfied due to the fixed stacking sequence and thickness of the quadraxial E-glass fabric and available aluminium plate
thicknesses. Due to mentioned limitations, the thickness of fabricated GFRP substrates was 8.6 mm, which is obtained with 10 layers of
quadraxial E-glass fabric. The numerical simulation shows that thickness reduction of GFRP substrate to 8.6 mm increases the mode

mixity ratio %”’ to 0.12, and this configuration can be considered as a mode I adhesive joint [12].

3.3. Aging process

The bulk specimens made of adhesive (square and rectangular specimens) were exposed to 4 aging cycles. In each cycle the ab-
sorption time was 14 days, followed by 7 days drying. The total aging duration was (14 + 7) x 4 = 84 days, as shown in Fig. 2b. The
temperature of the aging chamber for the wetting and drying procedures were both set to 25 + 1 °C. The bulk specimens were

Steel pin

ODCB specimens

Razor blade

Fig. 3. ODCB specimens in aluminium mould (a) and after curing (b).
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immersed in distilled water for the wetting process, while for the drying part the specimens were kept at a relative humidity of less than
4 % using a box containing silica gel powder (see Fig. 2a).

At different exposure times, selected gravimetrical specimens were taken out of the aging chamber and their moisture uptake was
measured. In addition, the rectangular specimens at different aging times were bonded to substrates and were tested. Fig. 2b illustrates
a schematic of exposure times in which ODCB tests were performed for one cycle. These ODCB tests were repeated at the same exposure
times in the first, second and fourth cycles.

3.4. Joint manufacturing

For the fabrication of dissimilar DCB adhesive joints, the substrate surfaces were prepared for bonding. For this purpose, the bonded
surfaces of the GFRP laminates were lightly sanded manually with 240 grit sandpaper without causing any damage to the glass fibres.
The sanded GFRP surfaces were cleaned before and after the process using acetone. The aluminium alloy surfaces were grit blasted
using aluminium oxide powder. The abrasive material was white corundum iron-free quality Corublast Super Z-EW FEPA nr.100
(A1203 particles with a particle size: 0.10-0.15 mm). During this process, the air pressure was set to 3 bars with the grit blasting nozzle
at a distance of 4-6 cm from the specimen with an angle of 30°. The grit blasted surfaces were cleaned before and after grit blasting
using a cloth soaked with acetone. Then the aluminium specimens were immersed in the sol-gel AC-130 (3 M, Unitek) bath for 90 s,
and subsequently dried at room temperature for 60 min. Finally, in order to improve adhesion between the aluminium and the sec-
ondary adhesive, metal primer 3901 (3 M, Unitek) was sprayed on the grit blasted surfaces using an airbrush, and the aluminium
specimens were again dried at room temperature during 60 min according to technical datasheet. After the surface treatment, aged
adhesive layers made of Araldite 2011 (Fig. 1b) were abraded with sandpaper and cleaned with a cloth soaked with acetone in order to
improve adhesion to the secondary adhesive. After preparation of the aged adhesive layers, they were bonded to the substrates using a
secondary adhesive. For bonding the aged adhesive specimens to the substrates the Araldite 2020 was mixed with a weight ratio of
100/30 (resin/hardener) using a mixer for 1 min at 2300 rpm. After mixing, the secondary adhesive was applied on the surfaces of
GFRP and aluminium substrates, using a syringe. To control the distance between the substrates, 1 mm metal spacers coated by a
release agent were used on both sides of the DCB specimens. It should be mentioned that the aged adhesive layer thickness after
abrasion was smaller than 1 mm and the secondary bonding filled the gaps between aged adhesive layer and substrates (see Fig. 1c).
The adhesive joints were cured for 25 h at 25 °C according to the manufacturer’s technical datasheet. After curing a sharp razor blade
was used to make a pre-crack in the middle of the aged adhesive layer manually. Fig. 3 shows the ODCB specimens before (in mould)
and after curing.

3.5. Experimental tests

Four kinds of experimental tests were carried out during this research. (1) Gravimetrical, (2) ODCB, (3) DMA, and (4) FTIR tests. In
the gravimetrical test at specific exposure time intervals, the specimens were weighed using AB204-S electronic analytical balance
(Mettler Toledo, Switzerland) with a precision of 0.1 mg. The water diffusion parameters were determined from the results of the
gravimetrical tests. Based on the water content variation at different times and the Fickian law equations (Eq. (5)), the moisture

Fig. 4. Weight measurement of square bulk specimen.
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diffusion parameters were calculated for all of aging cycles. Five repeats of gravimetrical specimens were tested. The weighing process
of square bulk specimen is shown in Fig. 4.

For the ODCB tests, a Zwick tensile test machine, equipped with a 1 kN load cell (with a precision of 0.5 %) was employed. The
dissimilar ODCB specimens were tested under a constant displacement rate of 0.5 mm/min. The ODCB tests were carried out at
laboratory conditions (temperature of 23 °C and relative humidity of 35 %). Three repeats of each ODCB adhesive joint were tested.
Using a digital camera, the crack length and the load-line displacement were recorded during the tests. In order to check the crack
propagation path through the aged adhesive layer, a 3D measurement system (Keyence VR-3200 Wide-Area) was used. During this
process based on the height of substrate surface and fracture surface the thickness of remained adhesive on fractured substrates can be
determined. Different heights on the fracture surface show the cohesive failure inside the aged adhesive layer. The experimental setup
of the ODCB tests is shown in Fig. 5.

In order to check the variation of T, as result of different aging conditions, aged specimens were tested using DMA after the ab-
sorption and desorption process in the first, second, and fourth cycles. DMA was conducted using a TA RSA-G2 apparatus. The heating
ramp of 3 °C/min was applied from 0 to 100 °C. Three repeats of bulk adhesive specimens were tested in each condition. Based on the
DMA results and using the damping (Tans) parameter, the T, values for the unaged and aged adhesives were determined. FTIR analysis
was performed on unaged and aged adhesives after the absorption and desorption process in the first, second, and fourth cycles to
study the effect of moisture absorption and desorption on the chemical structure of the adhesive. The FTIR spectra have been recorded
using Perkin Elmer Spectrum over the region 4100-600 cm™!.

4. Numerical moisture distribution simulation

The moisture diffusion process in the aged primary adhesive layer was simulated using the Finite Element Method (FEM) at
different moisture diffusion conditions. In order to simulate moisture content, the moisture diffusion constants obtained from the
Fickian law equation (Eq. (5)) were defined as the material property and the final moisture content at the end of each absorption and
desorption process was defined as the boundary condition. In the first absorption process simulation, there is no initial moisture in the
specimen, but after the first absorption, there is some moisture remaining from the previous diffusion process, which should be
considered. In order to apply moisture remaining in the specimen from the previous cycles, the final moisture concentration distri-
bution of each diffusion process was defined as the initial moisture distribution in the next diffusion process. For instance, in numerical
simulation of the second absorption, the final moisture distribution of the first desorption was considered as predefined moisture
distribution. The numerical simulation was performed using Abaqus software. 8-node quadratic heat transfer or mass diffusion
quadrilateral brick (DC2D8) elements were used for the simulation procedure. The most suitable element size was determined based on
numerical and experimental moisture uptake comparison which is 2e-5 m. Overall, a total of 12,500 elements were employed. Fig. 6
shows the geometry of the simulated specimen and moisture boundary conditions.

5. Results and discussions
5.1. Moisture absorption—desorption characteristic

The experimental water uptake curves (average of 5 specimens) and theoretical results based on Fick’s law equation in the moisture
absorption—desorption process of the gravimetrical specimens, for four aging cycles, are shown in Fig. 7. The experimental results were
obtained from the gravimetrical tests at different exposure times. Due to the small deviation between the moisture content of speci-
mens, error bars are not visible in Fig. 7. The moisture uptake curves obtained experimentally and Fick’s law equations show a good
agreement between the results especially after the first cycle (see Fig. 7). It can be concluded that the moisture absorption and
desorption follow the Fick’s law.

Fig. 5. ODCB test setup.
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Fig. 7. Experimental and Fick’s law curves.

As shown in Fig. 7, the moisture uptake at the end of the absorption and desorption process increases significantly from the first to
the second cycle, and after that it remains almost constant. This significant difference between the first and the second cycles is due to
incomplete drying of specimen after the first desorption. As a result, after the first cycle, there is still moisture remain in the specimen
after the desorption; on the contrary, the first absorption starts when the specimen is completely dried. During the second cycle, due to
the initial moisture remaining from the first cycle and larger moisture diffusion rate, the specimen approaches a saturation condition
and absorbs water more than the first cycle. The experimental results for different aging cycles are shown in Fig. 8.

As shown in Fig. 8a, the moisture uptake in the first absorption cycle is significantly different from other cycles; on the contrary, the
moisture uptake curves in the second, third, and fourth absorption curves are similar. The most important reason for the difference
between the first cycle and other cycles is the initial moisture content in the specimen when the different absorption processes started.
On the other hand, as shown in Fig. 8b, the comparison of the desorption curves in different cycles show that these curves are close
together (especially after the first cycle) and the moisture uptakes in the same exposure time of different cycles are almost the same. It
should be mentioned that, in line with the absorption process the difference between the first and other desorption parts is due to the
difference in initial moisture uptake at the start of desorption.
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Fig. 8. Experimental moisture absorption (a) and desorption (b) behaviour in different aging cycles (average of 5 specimens results).

Using Eq. (5), the moisture diffusion constant can be calculated based on gravimetrical test results. The moisture diffusion co-
efficients, and final moisture content at different absorption and desorption cycles are illustrated in Fig. 9.

As can be seen in Fig. 9, the moisture diffusion coefficient in the absorption process increases significantly with the number of aging
cycles. The moisture diffusion constant increases more than 3 times between the first and the second absorption. The variation in the
moisture diffusion constant can be a result of the changes in the dominant diffusion mechanism and moisture swelling during the
absorption. During the absorption process, some mechanisms such as the diffusion of the free water molecules, chemical reaction of
water molecules with polymer chains and micro-cracking takes place. Diffusion of free water molecules takes place faster than other
mechanisms. As a result, when chemical reaction and micro-cracking are dominant mechanisms during the absorption, the diffusion
takes place slowly and moisture diffusion rate is small in comparison with the diffusion of free water molecules. The variation of
moisture diffusion constant in different absorption process show that with increasing aging cycles, the chemical reaction and micro-
cracking mechanisms decrease and diffusion of free water molecules take place dominantly. Another reason for the significant growing
of the rate of moisture diffusion is the swelling. Swelling takes place during the absorption and do not recover completely during the
desorption phase. Therefore, the moisture absorption occurs faster during the next absorption process. The experimental results show
that after the first cycle, the growth of diffusion constant decreases with each aging cycle. On the other hand, the variation of the
diffusion constant in the desorption process is smaller than in the absorption process. The moisture diffusion constant in desorption
process increases up to the third aging cycle and decreases after that. The insignificant variation of moisture diffusion constant in
desorption processes is due to the diffusion of free water molecules which takes place as a dominant mechanism in all desorption
processes [30]. The comparison of moisture diffusion constant in different absorption and desorption processes show that in the first
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Fig. 9. Diffusion constants and final moisture contents in different absorption and desorption processes.

and second cycles diffusion constants of the absorption process are smaller than the desorption process but in the third and fourth
cycles diffusion constant in the absorption process becomes bigger than desorption parts. In other words, after the second cycle, the
moisture diffusion in absorption is faster than the desorption process, which is not common in monotonous moisture diffusion [21].

5.2. DMA and FTIR results

DMA and FTIR analysis were performed on unaged and aged specimens after 14 days wetting in the absorption process and 7 days
drying in the desorption process at the first, second, and fourth aging cycles. The DMA analysis was conducted in order to measure the
T, of the aged specimens. The DMA results for different aging conditions are shown in Fig. 10a.

Fig. 10a shows variation of damping (Tand) in different temperatures. Using the peak point of damping (Tans) parameter curves,
the T of specimens can be determined. The T, of aged specimens in different aging conditions are illustrated in Fig. 10b.

According to the DMA results, the T, of the tested adhesive decreases significantly from 49 °C to 32 °C after the first absorption. T,
increases again to 46 °C after the first desorption. This trend remains during the subsequent aging cycles, but the T, in all aging cycles is
lower than for the unaged condition. The reduction in T, during the absorption process is due to the single hydrogen bound between
water molecules and polymer chains. Single hydrogen bounds disrupt the initial Van der Waals force between polymer chains, they
increase the polymer chains mobility and consequently decrease the T, [31]. This kind of the water/adhesive bound has low activation
energy and can be removed from the polymer during the desorption process. With decreasing the number of the single hydrogen
bounds during the desorption process, T, increases.

A chemical evaluation using FTIR analysis was made for unaged and aged adhesive at different aging cycles to investigate the effect
of repeated moisture absorption and desorption mechanism on the chemical structure of the tested adhesive. Fig. 11 shows the
spectrum in the 4000-600 cm~! wavenumber range for unaged and cyclically aged adhesive after the absorption and desorption
process for the first, second, and fourth aging cycles. The spectrums of unaged and aged specimens show several same peaks. The peaks
at 1509 and 825 cm™! can be assigned to p-phenylene groups. The characterization of the spectrum diglycidyl ether of bisphenol
(DGEBA) molecules can be done by some absorption peaks such as: the aliphatic carbon-oxygen (1035 cm™!) and the aromatic carbon
oxygen stretching (strong band at 1244 cm™!). There is a peak at 2922 cm™!, due to the stretching vibration of the —CH, — groups. The
peaks at 3296 cm™! can be a result of the chemical bond between polymer chains and water molecules. The comparison of spectrums
for different aging conditions shows a small difference in chemical structure for the unaged and aged specimens (see Fig. 11) in peak at
3296 cm™!. As can be seen in Fig. 11 (magnified part) with the aging cycles the peaks of the absorption and desorption curves increases
for the 3296 cm~! wave number. It means that the amount of chemical bound between the polymer and water increases with aging
cycles. In absorption process there is a significant difference between the first and the second absorption while the second and fourth
absorption curves are close together. The obtained curves for different absorption and desorption processes show that after the
desorption process the chemical bound between the water and polymer chains decreases. This reduction is related to the breaking of
single hydrogen bounds during the desorption stage. The remained peaks after the desorption process show that there are some
multiple hydrogen bounds between water molecules and polymer chains with high activation energy which cannot be removed during
the drying process. The FTIR curves show a good agreement with the moisture uptake curves in different cycles as shown in Fig. 7. The
peak in the unaged specimen curve shows chemical water bound, which can be due to the initial moisture bonding absorbed during the
fabrication process and moisture absorption during the FTIR test.
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Fig. 10. Damping changes at different temperature for different aging conditions (a) and T, of aged adhesive in different aging cycles (b).
5.3. Mode I fracture energy

Mode I fracture tests of ODCB adhesive joints for both the aged and unaged adhesive joints were performed in order to investigate
the effects of cyclic aging on mode I fracture energy of dissimilar GFRP-Al ODCB joints. The load-displacement curve of unaged
specimen is illustrated in Fig. 12a. In order to analyse the crack propagation path through the aged adhesive layer, a 3D measurement
system (Keyence VR-3200 Wide-Area) was used. During this process based on the roughness of the fracture surface and the thickness of
the substrate the thickness of the reamaining adhesive on the fractured surface was determined. Accordingly, the cohesive failure
through the aged adhesive layer was confirmed as shown in Fig. 12b.

Due to the dissimilarity in substrates of adhesive joints, using the SBT equation for mode I fracture energy calculation is chal-
lenging. In the SBT relation (Eq. (8)) the thickness, tensile, and shear elastic modulus of one of the substrates were considered.
Consequently, for adhesive joints with the same substrates, both substrates can be considered in the SBT equation, but in dissimilar
adhesive joints the thickness and tensile and shear elastic modulus of the substrates are different. In dissimilar adhesive joints designed
based on the equality of the flexural stiffness of substrates the SBT equation is not sensitive to the chosen substrate and both substrates
can be considered in the SBT equation. In this study, in order to reach the pure mode I loading condition, ODCB adhesive joints were
designed based on the longitudinal strain criterion (using Eq. (9)). In dissimilar DCB adhesive joints designed based on the longitudinal
strain criterion, the flexural stiffness of substrates is different and accordingly, the calculated mode I fracture energy based on different
substrates will lead to different results. It means that SBT results are sensitive to the chosen substrate in this condition. In order to check
the accuracy of SBT for mode I fracture energy calculation, the mode I fracture energy of unaged dissimilar adhesive joints were
calculated using different approaches such as FEM and Penado-Kanninen (PK) model. PK model which proposed for energy release rate
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Fig. 11. FTIR spectrum, in the 4000-600 cm~! wavenumber range for unaged and aged specimens in different aging conditions.

calculation of DCB joints by previous investigators [32,33] was used in this study. This model has been already developed and verified
for fracture energy calculation of dissimilar DCBs by other authors [8]. The details of the fracture energy calculation using PK model
can be found in [8]. In this process, the flexural and out of plane shear modulus of the GFRP laminate were considered as 21,014 and
4125 MPa, respectively [12]. In addition, the details of the numerical simulation process using the FEM can be found in [34]. The
comparison of obtained mode I fracture energy from different methods shows that the SBT with aluminum as substrates agrees very
well with the PK model. Accordingly, SBT with Al substrates is accurate enough to get the fracture energy of the dissimilar DCBs tested.
The comparison of PK model and SBT results shows that the maximum difference between SBT (with aluminum substrate) and PK
model is about 7 %. Therefore, for the calculation of the mode I fracture energy of cyclically aged dissimilar DCBs, the SBT (considering
aluminum for both substrates) was used.

The calculation of mode I fracture energy was conducted for the first, second, and fourth cycles based on load—-displacement curves.
The variation of mode I fracture energy for different exposure times in the first, second and fourth cycles (see Fig. 2b) are shown in
Fig. 13.

As can be concluded from Fig. 13, during the fracture test of different specimens, the crack propagates in two or three steps and
fracture energy can be measured in two or three different crack lengths (see Fig. 12a). R-curves show that the fracture energy obtained
from the initial crack length (pre-crack created by razor blade manually) is slightly larger than other crack lengths. This difference is
mainly due to the crack tip condition for the initial pre-crack, which is not usually a perfect sharp crack. The reported fracture energy in
this study is the average fracture energy of three tested ODCB specimens. Fig. 14 shows that fracture energy decreases by aging time
and with the aging cycles.

Fracture tests were carried out also during the desorption process. This process was repeated for the first, second, and fourth
desorption. The mode I fracture energy as a function of crack length during the drying process is shown in Fig. 15.

As can be seen in Fig. 15, during the desorption process mode I fracture energy increases by drying time. The fracture energy curves
of desorption cycles show that during the desorption process before 2 days, fracture energy increase significantly and after 2 days
drying this parameter changes slowly. Fig. 16 displays the mode I fracture energy at different drying times of different desorption
cycles.

As shown in Fig. 16 by increasing the drying time the sensitivity of fracture energy to aging cycles decreases. In order to compare
mode I fracture energy in the same moisture content in different absorption and desorption process, numerical simulation of moisture
diffusion in different aging cycles are needed.

5.4. Moisture distribution simulation

The moisture concentration distribution of the adhesive layer cross-section (see Fig. 6) was simulated numerically based on the
moisture diffusion parameters such as the diffusion constant and the moisture contents calculated from the gravimetrical test at the end
of the absorption and desorption processes. In order to simulate moisture concentration, the final moisture content obtained from
gravimetrical tests was defined as the boundary condition. For instance, in the second absorption process, the moisture concentration
in specimen boundaries was considered by 11.47 %, which is moisture uptake after the second absorption. The moisture content of
different elements in different exposure times during the second adsorption and desorption are illustrated in Figs. 17 and 18,
respectively.

As shown in Fig. 17a, the moisture content in the adhesive layer before starting the absorption is more than 3.83 %, which is due to
the moisture remaining from the first cycle. When the absorption process starts, the moisture diffuses into the specimen. The obtained
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Fig. 12. Load-displacement curve (a) and 3D scan of surface fracture near the crack tip (b).

results show that after 8 h the moisture concentration of a thin layer of the specimen surface reaches 11.51 % and with increasing
exposure time this layer becomes thicker and the moisture concentration of the specimen increases. After 14 days, the moisture
concentration of the specimen in different elements changes between 11.51 %and 11.21 %. It means that moisture content in most
elements is close to maximum moisture uptake in second absorption (11.47 %).

In the drying process, the moisture content decreases with drying time (see Fig. 18). After 8 h drying, a thin layer around the
specimen reaches to moisture concentration of 4.72 %. With increasing drying time, this layer becomes thicker and the moisture
content of the specimen decreases. The moisture concentration in the specimen after 7 days desorption in different elements is between
4.72 % and 5.57 %. In order to obtain the mode I fracture energy of aged specimens as a function of moisture diffusion conditions, the
average moisture content of specimens was calculated at different exposure times. For this purpose, the moisture concentration
parameter of specimen elements was averaged at different times and aging cycles. Fig. 19 represents the averaged moisture content at
different exposure times numerically obtained using FEM.

As expected, except for the first cycle the moisture content curves for different cycles are very close to each other. In order to verify
the moisture distribution simulation obtained from FEM, the moisture uptakes of the second cycle, obtained from FEM were compared
with the results of gravimetrical tests and Fick’s law. Fig. 20 represents the moisture uptake obtained from different approaches in
second absorption and desorption.

As shown in Fig. 20, the moisture content of the specimen in the second cycle obtained using different methods are very close
together. It means that FEM simulation based on Fick’s law equation is suitable for modelling the moisture concentration distribution
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Fig. 14. Variation of mode I fracture energy in different exposure times of absorption process.

in the tested specimens. The comparison of moisture content of different methods shows that, in the absorption process, moisture
content simulated by FEM is bigger than other methods, while in the desorption process, FEM moisture contents are smaller than the
results of experimental and Fick’s law. The difference between the results of FEM and other methods is due to the difference between
the dimension of the adhesive layer and gravimetrical specimens. Two-dimensional moisture diffusion takes place in the adhesive layer
(see Figs. 17 and 18), but in gravimetrical specimens, one-dimensional moisture diffusion occurs. Based on moisture concentration
simulated numerically for different aging conditions, and using the experimental fracture tests results, the variation of fracture energy
can be represented as a function of moisture content and aging cycles as shown in Fig. 21.
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and 14 days (e) aging for the second absorption cycle.

(d)

As illustrated in Fig. 21, during the absorption process with increasing the exposure time and moisture content the fracture energy
decreases and in the drying process with increasing of drying time the fracture energy increases. The results presented in Fig. 21 show
that the mode I fracture energy during the absorption and desorption is a function of aging cycles and moisture content. In other words,
the mode I fracture energy is sensitive to aging cycles and for analysis of adhesive joints exposed to cyclic aging conditions, the ob-
tained results from monotonous moisture tests are not reliable and the cyclic aging test is needed. It means that specimens with more
moisture content are less sensitive to aging cycles than dried specimens. In addition, the results showed that by increasing the number
of ageing cycles the sensitivity of mode I fracture energy to aging cycles decreases.

The variation of the fracture energy in each cycle including the absorption and desorption processes is illustrated in Fig. 22.

As shown in Fig. 22a, in the first aging cycle, the fracture energies of the adhesive after the adsorption and desorption processes in
the same moisture content are close together. With the aging cycles, the difference between the absorption and desorption fracture
energies increases. It was also found that at similar moisture content, the fracture energy of the desorption process is smaller than that
in the absorption process at each aging cycle (see Fig. 22b and c).

6. Conclusions

In this paper the effect of cyclic aging on mode I fracture energy of dissimilar DCB adhesive joints was investigated. For this
purpose, the moisture adsorption and desorption behaviour of adhesive specimens in different aging cycles were studied. Then, using
the load-displacement curves obtained from the fracture tests of DCB including an aged adhesive layer, mode I fracture energy at
different moisture contents was calculated. Finally, based on FEM simulation, the variation of mode I fracture energy at different
moisture diffusion conditions was investigated. According to the obtained results, the following conclusions can be drawn:

e In cyclic aging, the diffusion constant and the final moisture contents in absorption and desorption processes increase by aging

cycles. The moisture diffusion constant in the absorption process is more sensitive to aging cycles than the desorption process
constant.
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e The variation of moisture diffusion parameters such as moisture diffusion constant and final moisture uptake decrease with aging
cycles specifically after the first cycle.

In the first and second cycles the diffusion constant of the absorption process is smaller than the desorption process. Due to a

significant increase of the diffusion constant in the absorption process in the third and fourth cycles the diffusion constant of the
absorption process becomes bigger than that in desorption process.
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For the Araldite 2011 adhesive, mode I fracture energy decreases with moisture content, and increases with drying.
In each cycle the fracture energy reduction during the moisture absorption is more than fracture energy recovery during the
moisture desorption.



M. Moazzami et al.

(a) 2200

2000
1800

1600

Gic J/m?)

1400
1200

1000

(b) 1800

1600

1400

Gy (J/m?)

1200

1000

(C) 1600

1400

1200

Gie (J/m?)

1000

Engineering Fracture Mechanics 271 (2022) 108675

-e-First absorption

-O-First desorption

4 6
Moisture content(%)

& -Second absorption
-0+ Second desorption

6

—+ -Fourth absorption

=0~ Fourth desorption

6 8
Moisture content(%)
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e During the moisture absorption the glass transition temperature decreases and with drying specimens this parameter increases. In
different cycles, the fluctuation of glass transition temperature decreases with the increase of aging cycles.

e The combination of experimental and numerical results shows that by increasing the number of aging cycles, the rate of reduction
in mode I fracture energy between the aging cycles decreases.
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