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In marine structures adhesive joint structures are often exposed to cyclic conditioning where the
ambient humidity changes cyclically during their service. Though some comprehensive studies on
the aging of adhesives exist, these researches mainly focus on monotonic aging conditions where
the adhesive joints are exposed to a wet condition continuously for a long time. However, the few
investigations performed on the cyclic moisture absorption of adhesive materials show that the
parameters obtained in monotonic aging conditions are not suitable for estimation of the aging
behaviour of adhesive exposed to alternating humidity. An important question that can arise is
whether or not this frequency affects the mechanical behaviour of adhesive joints under cyclic
aging condition. In this investigation bulk dogbone and square samples were manufactured,
subjected to cyclic aging conditions with four different aging frequencies and tested. The results
show that the moisture diffusion constant of adhesives exposed to higher aging frequencies in-
crease more than those exposed to lower aging frequency conditions. In addition, the moisture
content only affects the degradation of strength and stiffness of the tested adhesives in different
aging frequencies.

1. Introduction

Environmental factors such as moisture and temperature can dramatically degrade the mechanical properties of polymer adhesives
in marine structures [1-6]. Moisture affects the mechanical properties of the adhesive, and the substrate (when composite substrates
are included) [7-10], and the interface between the adhesive and the substrate [11-16]. Scientists have categorized the effects of
moisture diffusion into adhesives into reversible (swelling [17] and plasticization [18]) or irreversible (oxidation and hydrolysis [19])
processes. Some investigators [20-22] showed how water molecules bond chemically with the polymeric chains.

Most of the moisture diffusion models are
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the moisture diffuses according to Fick’s law [23]. However, in some other cases, more complex models have been observed [24]. In
addition, Mubashar et al. [25] reported a dual Fickian model for moisture diffusion in an epoxy.

Some authors have studied the variation in mechanical properties of bulk adhesives as a result of monotonous [26] and
absorption-desorption aging [27]. Other scientists have investigated the effects of moisture uptake in adhesives as part of a bonded
joint [28]. They have reported that the moisture diffusion rate at the interface region is significantly higher than through the adhesive
[28]. According to the literature [29] water diffusion at the interface region depends on the substrate surface preparation. Residual
stresses caused by swelling in the adhesive can also significantly affect the mechanical performance of adhesive joints [30]. Envi-
ronmental effects on the performance of adhesive joints have been reviewed more widely in literature [31-34]. Accordingly the
behavior of aged adhesive joints strongly depends on the adhesive’s chemical formulation, type of surface preparation, curing process,
and other environmental conditions such as temperature [34].

Despite extensive studies on the monotonous (continuous) aging of adhesives and bonded joints, however, in practice, bonded
structures are often exposed to changing humidity conditions, where the aging-drying cycle is repeated several times in service. Some
researchers [35-40] studied the effects of cyclic aging on the moisture diffusion constant and the mechanical properties of adhesive. It
was shown that with increasing the aging cycles, the moisture absorption and desorption rate, respectively during the wetting and
drying process increases. In addition, the achieved results show that the sensitivity of the tensile strength and elastic modulus decrease
with the number of aging cycles [35]. The few studies conducted on the cyclic aging of adhesive joints show that the behaviour of
adhesive joints under monotonic aging is completely different from that under cyclic aging conditions. One of the most important
parameters in cyclic aging condition is the aging frequency. This parameter can be completely different during the service time of
adhesive joints exposed to cyclic aging. This study delves into the impact of aging frequency on the mechanical performance of ad-
hesive joints within a cyclic aging environment. It addresses a notable gap in current research, focusing on the specific effects of cyclic
aging conditions with varying frequencies on the mechanical and moisture diffusion behavior of epoxy adhesive—an aspect that has
garnered limited attention in existing literature. The paper explores the intricate relationship between aging frequency and the me-
chanical and moisture diffusion behaviour of epoxy adhesive under cyclic aging conditions. For this purpose, some bulk specimens
made of epoxy adhesive were made and exposed to cyclic aging with different frequencies and tested experimentally. Based on these
experimental results the effect of aging frequency on the adhesive’s mechanical behavior was analysed.

2. Basic theories

In order to analyse the moisture diffusion in polymers, several models have been developed by researchers. The most common and
simplest moisture diffusion model is Fick’s law [41]. Fick’s law can be employed for moisture uptake modeling in most epoxy ad-
hesives. During the moisture diffusion process in polymers, water molecules occupy the free spaces between the polymeric chains and
some of them are chemically bonded, turning into bound water. According to Fick’s law the variation of the moisture concentration for
a large plate during water exposure can be obtained as follows [41]:
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where C is the moisture concentration, t is the exposure time, D is diffusion coefficient, and x is the moisture diffusion direction. By
integrating the moisture distribution equation over the absorbent plate thickness (h), the instantaneous moisture uptake (M;) during
the absorption can be calculated using the following relation [41].
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where M, is the moisture content in saturation condition. Eq. (2) is suitable for monotonous moisture diffusion of the specimens that
are initially dried. However, in cyclic aging conditions, the moisture remaining from previous cycles should be considered in the next
cycle. During the cyclic aging, with the presence of initial moisture from previous cycles, the instantaneous moisture content during
the absorption process can be calculated by the equation below [41]:
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where M, is the presence of the initial moisture content that remained from the previous cycles. It should be noted that in the first
absorption process M, is equal to zero. To model the moisture content during the desorption process the corresponding Fick’s law gives
instantaneous moisture content based on the following formula [36]:
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where Dy is the diffusion constant of the desorption process. In Eq. (4), M, is minimum fractional retained moisture after the desorption
process and M, is the maximum moisture uptake when the desorption process starts. The diffusion constant (D and Dy) in absorption
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and desorption process, can be measured from the initial slope of the moisture uptake curve using the following equation:
h \? ( M, — M, )2
D=g|{—| (——= 5)
(4Mm) Vi — Vi
3. Experimental procedure

3.1. Material

A two-component epoxy-based adhesive, Araldite 2011, Huntsman, Basel, Switzerland, was used in this study. The adhesive was
mixed with a weight ratio of 100/80 (resin/hardener) using a centrifuge mixing machine, SpeedMixer DAC 150™ (Hauschild, Hamm,
Germany), for 2 min at 2300 rpm. After mixing, the adhesive bulk plates were manufactured by curing the adhesive mixture between
two thick glass plates coated with a release agent. In order to control the thickness of the adhesive plates, 1 mm thick metal spacers
coated by a release agent were used. The adhesive plates were cured for 40 min at 80 °C according to the technical datasheet. Fig. 1
shows the adhesive plate before and after curing.

These adhesive plates were used to make squared and dogbone shaped bulk specimens. These specimens were used in gravimetric
and tensile tests, respectively. Table 1 reports the unaged properties of the Araldite 2011 adhesive obtained from tensile tests of
dogbone specimens.

3.2. Geometry of the specimens

Square and dogbone bulk specimens were cut out of the adhesive plates. The squared plates were used for the measurement of
moisture diffusion parameters in different aging cycles. Dogbone adhesive specimens were used to measure the variation of tensile
strength and elastic modulus of cyclically aged adhesive. The geometries of the tested bulk specimens are shown in Fig. 2.

The dimensions of the dogbone specimens are in accordance with the mini dogbone specimens proposed and used by Costa et al.
[42].

3.3. Aging process

In various industrial sectors, such as marine structures, adhesive joints undergo cyclic aging due to environmental conditions. The
aging frequency varies across different service conditions; for example, offshore structures experience long-duration aging cycles,
while small boats may endure high-frequency aging cycles. To explore the impact of aging frequency on the cyclic aging of bonded
structures, the manufactured bulk specimens (both the square and dogbone samples) were subjected to four different aging frequencies
to analyse the effect of aging frequency on the mechanical response of the tested adhesives. Afterwards, the cyclically aged samples
were exposed to a continuous aging condition until saturation.

Table 2 shows the details of the 4 different aging frequencies. As can be seen in Table 2, the total duration of the cyclic aging process
was 63 or 65 days, which can be considered constant for all of aging process. This error is unavoidable because of aging cycle duration
and number of aging cycles.

After the cyclic aging, the specimens were continuously immersed in distilled water to reach the saturation level. In addition, extra
specimens, which were not exposed to cyclic aging, were immersed continuously in distilled water until saturation. The schematic of
applied cyclic aging and the final moisture absorption process are illustrated in Fig. 3a.

Adhesi -

|
| -
< —

Fig. 1. Adhesive plate before (a), and after curing (b).
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Table 1

Physical and mechanical properties of the unaged adhesive.
Property Value Unit
Elastic modulus 1550 MPa
Tensile strength 35 MPa
Density 1.05 g/cm?
Viscosity at 25°C 30-45 Pas

(a) | 60

60

(b)

84 | 1
e et

L
3

Fig. 2. Geometry of gravimetric (a), and dogbone (c) specimens (dimensions in mm and not to scale).

Table 2
Cyclic aging details.
Process No. absorption-desorption Absorption time (day) desorption time (day) Aging cycles Total aging time (day)
34-29 34 29 1 63
14-7 14 7 3 63
8-5 8 5 5 65
5-2 5 2 9 63

The temperature of the aging chamber for all the considered aging procedures was set to 25 + 1 °C. The bulk square and dogbone
specimens were immersed in distilled water for the absorption process, while for the desorption part the specimens were kept at a
relative humidity of less than 4 % using a box containing dried silica gel powder (see Fig. 3b).

3.4. Experimental tests

Two types of tests were performed during this research: gravimetrical and tensile tests. In the gravimetrical measurements the
square specimens were weighed using AB204-S electronic analytical balance (Mettler Toledo, Switzerland) with a precision of 0.0001 g
at specific aging time intervals. The gravimetrical tests were performed repeatedly during the cyclic aging and the final continuous
moisture absorption as well and subsequently, the moisture diffusion coefficients were calculated based on Fick’s law (Eq. (5)). For the
gravimetrical analysis, five samples were manufactured and tested for each aging condition.

For the tensile tests, a Zwick tensile test machine equipped with a 100 N load cell (with the precision of 0.5 %) was used. Dogbone
specimens were tested under a constant displacement rate of 1 mm/min. These experimental tests were performed at laboratory
conditions (23 °C, 35 % RH). For the tensile experiments, three repetitions were performed for each condition. In order to measure the
displacement and strain of the specimens during the tensile tests, a digital image correlation (DIC) setup was used. The experimental
setup of the tensile tests is illustrated in Fig. 4.
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Fig. 3. Aging cycles and exposure times (a), and schematic representation of the aging conditions (b).
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Load cell

Digital camera

Fig. 4. Tensile test setup.

4. Moisture distribution simulation

Moisture distribution inside the dogbone specimens was simulated using a Finite Element Method (FEM) during the cyclic aging
and final moisture absorption. For this purpose, the obtained moisture diffusion coefficients were subsequently utilized in numerical
simulations to predict water uptake in dogbone specimens. The aim of numerical simulation is to establish a correlation between the
mechanical properties of aged dogbones and their corresponding levels of aging. During simulation process, the moisture diffusion
constants measured from Fick’s law equation (Eq. (5)) were defined as the material diffusion property. For the first absorption process
the specimen was considered completely dry. During the aging cycles, a small amount of water always remains inside the sample after
each aging cycle, which should be taken into account in the numerical simulation in order to define the boundary conditions correctly.
The numerical simulation was carried out using Abaqus software. 8-node quadratic heat transfer or mass diffusion quadrilateral brick
(DC2D8) elements were employed to model the sample behaviour. The most suitable element size was obtained based on the
experimental and numerical moisture content comparison which is 0.02 mm. Overall, a total of 20000 elements were created in the

Moisture absorption E

Moisture desorption EE

1

A
{1

{

$i1ttd

2
v

%i

Fig. 5. Schematic of the simulated dog-bone specimen and boundary conditions (dimensions in mm).
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Fig. 6. Experimental and Fick’s law curves for specimens without (a), and with 34-29 (b), 14-7 (c), 8-5 (d) and 5-2 (e) cyclic aging.
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dogbone cross section. Fig. 5 shows the geometry of the simulated dogbone specimen and moisture boundary conditions.
5. Results and discussions

5.1. Moisture absorption-desorption characteristic

Fig. 6 shows the experimental (average of 5 specimens) and Fick’s law moisture uptake curves during the cyclic aging process and
the final continuous moisture absorption procedure of the gravimetrical specimens.

The comparison of the experimental and Fick’s law results shows a good agreement between the curves especially after the first
absorption (see Fig. 6). Hence, it can be concluded that the moisture uptake in Araldite 2011 adhesive is Fickian. As can be seen in
Fig. 6, in the cyclic aging process 34-29, the adhesive reached the saturation condition at the end of the first moisture absorption
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Fig. 8. Moisture diffusion constant and maximum/minimum moisture contents in different aging cycles of 34-29 (a), 14-7 (b), 8-5 (c) and 5-2 (d)
cyclic aging.
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process (after 34 days). Afterwards, it dried completely at the end of the desorption process (after 29 days). In the remaining 3 cyclic
aging conditions, the specimens did not saturate during the aging cycles.

In order to compare the absorption and desorption curves in different aging cycles, these curves are represented separately in
different aging cycles. The experimental results for different cyclic aging frequencies are shown in Fig. 7.

As shown in Fig. 7a, in the 34-29 process, the specimen in final absorption reaches the saturation condition faster than during the
1st absorption. The comparison of moisture absorption curves in Fig. 7b shows that, in 14-7 cyclic aging, the moisture absorption in the
1st absorption is completely different from others; on the contrary, the moisture absorption curves in the 2nd, 3rd, and final absorption
curves are similar. The most important reason for this difference between the 1st and other absorption processes is the difference in
initial moisture content. On the other hand, as shown in Fig. 7b, the comparison of desorption curves show that they are close together
(especially after the 1st cycle) and the moisture uptakes in the same exposure time of different cycles are almost the same. In 8-5 cyclic
aging, the moisture absorption and desorption curves in the 1st and 2nd cycles are different from others, and after the 2nd cycle, the
moisture absorption and desorption curves are very close to each other (see Fig. 7c). In 5-2 cyclic aging, the moisture absorption and
desorption curves in the 1st, 2nd and 3rd cycles are completely different from others, and after the 3rd cycle, the moisture absorption
and desorption curves are almost the same (see Fig. 7d).

In general, the moisture absorption and desorption curves show that with increasing the aging frequency, the number of the aging
cycles where the moisture diffusion curves become similar, increases. For instance, in 14-7 cyclic aging, only the 1st absorption and
desorption curves are different from others, but in 5-2 cyclic aging, the curves in the 1st, 2nd and 3rd cycles are different from others.
The comparison of the moisture content curves shows that once the specimen reaches the saturation condition at the end of absorption
process, the subsequent moisture uptake curves align together.

To study the moisture diffusion parameters in different aging cycles, Fig. 8 shows the moisture diffusion constants and maximum
moisture uptake in each aging cycle.

As can be seen in Fig. 8a, in 34-29 cyclic aging, the moisture diffusion constant increases considerably, but the maximum moisture
content at the end of the 1st and final absorption are almost the same.

The comparison of moisture diffusion parameters in 14-7 cyclic aging shows that the moisture diffusion constant in the absorption
process increases with the number of aging cycles. This parameter triples from the 1st to the 2nd absorption. In addition, in 14-7 cyclic
aging, the moisture diffusion coefficient in the desorption process changes smaller than that in the absorption process. As a result, in
the 1st and 2nd cycles, the diffusion coefficient of the absorption is smaller than the desorption. However, in the 3rd cycle, diffusion
constant in the absorption becomes bigger than that in the desorption process, which is unusual in monotonous moisture diffusion (see
Fig. 8b).

Fig. 8c shows that in 8-5 cyclic aging, the moisture diffusion constants change similar to 14-7 cyclic aging. The moisture diffusion
constant in final continuous moisture absorption is 6 times larger than in the 1st absorption diffusion. In this cyclic aging the maximum
and minimum moisture contents increase between the 1st and 3rd cycles and remain almost constant after the 3rd cycle.

The variation of moisture diffusion constants in different aging cycles in 5-2 cyclic aging are similar to that of other frequencies. The
moisture absorption and desorption constant increase 10 and 2 times, respectively, during the cyclic aging. In this cyclic aging, the
maximum and minimum moisture contents increase between the 1st and 4th cycles and remain almost constant after the 4th cycle.
There is an important difference in 5-2 cyclic aging in comparison with other aging cycles. In each cycle, the moisture diffusion
constant of absorption is always smaller than the moisture diffusion constant in desorption, which is different for other cyclic aging.

The significant variation in the moisture diffusion coefficients of the absorption process can be the result of the swelling and the
changes in the dominant diffusion mechanism during the cyclic aging. During the moisture absorption, some mechanisms such as
chemical reaction of water molecules with polymer chains, the diffusion of the free water molecules, and micro-cracking takes place.
Diffusion of free water molecules is faster than that of other mechanisms. As a result, when micro-cracking and chemical reactions are
the dominant mechanisms during the absorption, the diffusion occurs slowly and moisture diffusion coefficient is small in comparison
with the diffusion of free water molecules. In each aging frequency, the increasing of moisture diffusion coefficients, shows that, with
increasing the aging cycles, the slow diffusion mechanism (such as: micro-cracking and chemical reaction) decrease and fast diffusion
of free water molecules will dominantly take place. Another reason for the significant increase of the moisture diffusion rate is the
swelling. Swelling happens during the absorption and does not recover completely during the desorption process. Therefore, the
moisture absorption will take place faster during the next absorption process.

5.2. Stress-strain curves after different cyclic aging

Tensile tests were carried out on dogbone specimens subjected to the cyclic aging followed by continuous aging at different
exposure times. The obtained stress-strain curves are shown in Fig. 9. With the exception of Fig. 9a which shows the results for samples
subjected to continuous aging. The other results shown in Fig. 9 correspond to samples subjected to cyclic aging followed by
continuous aging.

As shown in Fig. 9 during the final continuous moisture absorption, the tensile strength and elastic modulus decrease and the
maximum elongation increases with the exposure time. With the increase of the aging frequency the elastic modulus reduces and the
tensile strength decreases. The 34-29 cyclic aging leads to a considerable reduction in these parameters while in the 5-2 cyclic aging,
the stress-strain curves are close together. However, the most significant reduction of elastic modulus and tensile strength can be
observed in joints with no cyclic aging condition.

Fig. 10 shows the variation of elastic modulus and tensile strength of specimens subjected to cyclic aging followed by a continuous
aging.
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Looking at the results in “0 day” exposure time it can be observed that, the elastic modulus and tensile strength of specimens that
experienced cyclic aging are smaller than without cyclic aging. The results obtained after 1 day exposure time in continuous moisture
absorption (1 day column) show that with increasing cyclic aging frequencies, the elastic modulus and tensile strength decrease. With
increasing exposure time and moisture content (2 days and 6 days), the elastic modulus and tensile strength of specimens decrease
continuously and the most significant drop in tensile properties can be found in specimens without cyclic aging. In the saturation
condition, the tensile properties (including elastic modulus and tensile strength) of different aging cyclic frequencies approaches
together. It means that, with the increase of moisture content, the sensitivity of elastic modulus and tensile strength to the aging
frequency decreases during the final moisture uptake. In order to investigate the variation of elastic modulus and tensile strength as a
function of moisture content in different aging frequencies, moisture distribution should be simulated during the final moisture ab-
sorption for different specimens. This process is reported in the next section.

5.3. Numerical simulation

Based on the parameters obtained experimentally, such as the moisture diffusion constant (D), the moisture distribution in a section
of the dogbone specimen was simulated during the cyclic aging and the final continuous moisture absorption. Fig. 11 represents the
moisture distribution in dogbone specimens during the final moisture absorption process for different specimens after cyclic aging. It
should be mentioned that to account for the residual moisture content from the cyclic aging, the moisture distribution at the end of the
cyclic aging phase was considered as the initial moisture content for the second aging phase, which was a continuous aging process.

According to Fig. 11, the initial moisture content remained from cyclic aging (0-day exposure time), the moisture content increased
with the cyclic aging frequency, which was observed similarly in the experimental section (see Fig. 8). Fig. 12 shows the variation of
moisture content during the final moisture absorption process and after the cyclic aging with different aging frequencies.

The comparison of moisture content during the final moisture absorption process shows that in the same exposure time of final
absorption, the moisture contents are completely different, which is due to difference in initial moisture uptake and the moisture
diffusion constant. In 14-7, 8-5 and 5-2 cyclic aging the moisture content curves approach each other. From Fig. 12 it can be concluded
that in all moisture uptake curves the moisture content increases linearly between 0 and 2 days and after that the moisture absorption
rates decrease with increasing exposure times.

The simulated moisture contents during the final moisture absorption process were used in order to study the variation of elastic
modulus and tensile strength of the adhesive as a function of moisture content. Fig. 13 illustrates the variation of elastic modulus and
tensile strength as a function of moisture content during the final moisture absorption process after the cyclic aging processes.

As can be seen in Fig. 13 the elastic modulus and tensile strength of the specimens change strongly as a function of moisture content
during the final absorption process. In addition, the curves of different aging cycles tend to coincide with each other. The comparison of
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Fig. 10. Variation of elastic modulus (a) and tensile strength (b) during the final continuous moisture absorption after different cyclic aging.
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Fig. 11. Simulated moisture distribution during the final moisture absorption process without cyclic aging (a), after 34-29 (b), 14-7 (c), 8-5 (d) and
5-2 (e) cyclic aging (CONC=Moisture concentration).
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Fig. 11. (continued).

experimental results from different cyclic aging conditions shows that these parameters are not sensitive to cyclic aging frequencies in
relation to most of the moisture contents. In other words, the variation of the tensile strength as a function of moisture content is
similar for different cyclic aging processes (see Fig. 13b). But in case of elastic modulus there is considerable difference in 14-7 and 8-5
cyclic aging in comparison with other cyclic aging processes (see Fig. 13a).

The experimental design, involving bulk specimens exposed to cyclic aging conditions with different frequencies, closely simulates
the practical scenarios experienced by adhesive joints in marine structures. This realistic approach enhances the relevance of the study
to actual service conditions. The findings contribute valuable insights into the behaviour of epoxy adhesive under cyclic aging con-
ditions, emphasizing the importance of considering aging frequency in the assessment of moisture diffusion and mechanical properties.
This information has direct implications for the design and performance evaluation of adhesive joints in marine structures. Also, the
study provides analysis on both the moisture diffusion properties and mechanical behaviour of the adhesive. This dual focus enriches
the understanding of how cyclic aging frequency influences not only the material’s moisture. However, it should be noted that this
research has focused exclusively on distilled water. The potential impact of saltwater needs to be explored in future studies. Also the
investigation centered on bulk specimens. Subsequent research is required delve into joint ageing, considering factors like substrate
effects and interfacial cyclic aging.
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Fig. 12. Simulated moisture content during the final moisture absorption process after different cyclic aging.
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Fig. 13. Variation of the elastic modulus (a) and tensile strength (b) during the final continuous moisture absorption process after different cyclic

aging processes.

6. Conclusion

In this paper, the mechanical and moisture diffusion properties of an epoxy adhesive after cyclic aging conditions under different
moisture exposure frequencies were investigated.
Based on the obtained results, the following conclusions can be drawn:

e Throughout cyclic aging at all frequencies, the moisture diffusion parameters (diffusion constant and final moisture content) in-
crease with aging cycles.
e Comparative analysis of moisture diffusion variation in different aging cycles reveals a higher rate of increase in the moisture
diffusion constant during the absorption process than the desorption process.
e At all aging frequencies, as aging cycles increase, the moisture uptake curves converge. Initial cycles exhibit different curves,
becoming similar after the second cycle.
e The reduction in mechanical properties of specimens during the final moisture absorption process diminishes with an increase in
cyclic aging frequency, indicating insignificant reduction in high-frequency cyclic aging.
e Across all aging frequencies, during the final moisture absorption process, the elastic modulus and tensile strength gradually
decrease in specimens with moisture content exceeding 6 % for the tested adhesive.
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o Future studies should investigate the potential impact of saltwater. Further research is needed to explore joint aging, considering
factors such as substrate effects and interfacial cyclic aging.
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