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1. Introduction

The application of adhesives is on the rise in various industries due to their mechanical
characteristics and versatility. They also make a low-weight alternative to the traditional
joining method which is a very important goal in top-notch industries (da Silva Lucas F. M.,
Ochsner Andreas, and Adams Robert D. 2011). Despite all these advantages they also come
with some problems attached. One of them is their sensitivity to environmental conditions
such as heat and humidity (Joviano Antdnio da Costa et al. 2022). The presence of humidity
negatively impacts the properties of the adhesive and worsens the strength of the joint
(Branddo et al. 2022; J.A da Costa et al. 2022) which can make them useless for some
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applications. There are three different types of failures on the joints: adhesive failure, cohesive
failure, and substrate failure. The aim is always to have a substrate failure with signs of
damage to the adhesive part since this shows that the weakest part of the connection is not
the adhesive nor the interface between the adhesive and the substrate but the substrate
itself. If no damage is seen on the adhesive part, it means the joint was overdesigned and
therefore it is not ideal (Silva, Magalhdes, and Moura 2007). However, when humidity is
introduced into the system the predominant type of failure is mostly adhesive failure rather
than cohesive failure (Borges et al. 2021; da Costa et al. 2021a). Water can enter the adhesive
joints via the adhesive, the substrate, or the interface between these two (Branddo et al.
2022). Once the water gets into the joint it causes two major problems: the degradation of
the adhesive and the degradation of the interface between the adhesive and substrate.
Regarding the first one, a consequence of the humidity is also the expansion of the adhesive
(da Costa et al. 2021b) which will cause internal tensions that damage the joint strength (da
Costa et al. 2021a; da Costa et al. 2022).

To avoid joint failures in service, first, it is essential to study different failure mechanisms that
occur in aged samples. Da Costa et al. (2022) showed that the strength of aged Arcan
specimens would have a loss of up to 63% after 15 days of ageing on static tests. In another
study, da Costa et al. (2022) concluded that aged adhesives joints would not be able to support
significant fatigue loads. Similar aged and unaged samples were subjected to static and fatigue
loading conditions to investigate the effects of aging on the failure modes. Both modes | and
Il loading angles were analyzed. The failure modes were finally investigated by the analysis of
the fracture surfaces.

2. Experimental details

2.1. Materials

In this paper, a two-component epoxy adhesive was used. It is made for connecting metallic
substrates, as well as composite materials, to provide high strength and impact resistance.
Since the joints were planned to be exposed to moisture at high temperatures during the
ageing process, stainless steel (AISI 304) substrates were used to avoid corrosion and
therefore a reduction in its mechanical properties that would affect the data obtained on the
considered tests.

2.2. Joint geometry and preparation

Arcan joints with the dimensions given in Figure 1 with widths of 10 mm were manufactured
and tested. This form of the joint was used due to its versatility regarding tests on different
loading modes. A mould was used (Sousa et al. 2020) to guarantee the adhesive alighnment of
the substrate during the curing process. The thickness of the adhesive layer was set to 0.2 mm
with the assistance of calibrated metal spacers. The curing process consisted of 24 hours at
room temperature followed by 1 hour at 80°C (da Costa et al. 2022).
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Figure 1. Dimension of an Arcan

2.3. Ageing conditions

To determine the rate of water uptake through the adhesive, the diffusion coefficient (D), as
a key parameter is required. The parameter is obtained using a gravimetric analysis as
discussed by da Costa et al. (2021a) using bulk plates. In this study, the plates were fully
immersed in distilled water and were kept in an oven at 50°C. The weight of the samples was
measured at specific time intervals. To age the Arcan joints, they were immersed in water for
15 days at 50°C. The joints then were taken out of the water and tested immediately.

2.4. Testing procedure

An Arcan apparatus (Sousa et al. 2020) was used to test Arcan joints in mode | and mode Il
loading conditions both for static and fatigue tests. For the fatigue test, a load-controlled test
with a frequency of 10 Hz and an R ratio of 0.1 was used. In the static tests, a displacement
rate of 1 mm/min was considered. A fractography analysis using microscopic pictures was
conducted for all the tested joints.

3. Fick’s Law

Fick’s law is the most common model to simulate the diffusion of water into the adhesives. It
is based on mass variation as a function of time. It does not, however, adhere to a universal
paradigm for all materials and conditions investigated. As a result, numerous models for
describing the water uptake behavior of materials have been presented (Borges et al. 2021).
In this paper, the adhesive follows a dual Fick’s law. This model consists of two stages of water
absorption. Therefore, there will be different diffusion coefficients and saturation levels. The
total saturation is calculated by adding each saturation level together (Loh et al. 2005).
However, due to the short ageing time for the joints, the first saturation level of the adhesive
was assumed for the ageing analysis of Arcan joints.

4, Finite Element Model

A numerical simulation was built using the Finite element method (FEM). To this end, Abaqus
as a famous and robust FEM software was used. Two analysis steps were defined in this
analysis. In a first step, using the data obtained experimentally out of the diffusion tests and
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by considering Fick’s law results, the water uptake level in Arcan joints was simulated by the
heat transfer analogy where the nodal temperature shows the amount of water at each point.
The diffusion coefficient obtained by Fick’s Law was set as the conductivity of the adhesive.
The water uptake was simulated in the three-dimensional model for an Arcan joint. Due to
the symmetry, an eighth of the joint was simulated to reduce the processing time. Eight-node
thermally coupled brick elements (C3D8T) that measured trilinear displacement and
temperature were used in the numerical simulation.

Anti-
symimetry

Symmetry

U1=u2=0
Figure 2. Boundary conditions for mode | (left) and mode I (right)

The second step consisted of a tensile or shear loading mode simulation. The properties of the
adhesive on each node were defined by the amount of water present in the node. The type of
nodes and the mesh were equal to the ones used in the previous step. The boundary
conditions are shown in Figure 2 for both shear and tensile loading modes. From this step and
by simulating for both loading modes the maximum principal stress distribution for each case
was simulated. In this step, the properties of the elements were defined as a function of the
level of water. To this end, the dogbone tensile test results for unaged and aged conditions
were considered.

5. Results and Discussion

5.1. Testresults

The rate of water uptake as a function of time was obtained from the gravimetric analysis. A
two-step saturation behavior was found for this adhesive, which means that the considered
material probably follows a dual Fickian low. However, due to the low ageing time considered
for the Arcan joints, only the first saturation level corresponding to 3.15 % of water uptake
was considered to calculate the diffusion coefficient. Accordingly, by using the Fick’s law the
rate of water uptake was obtained as 9.06E 1?2 m2.s1.

Static tests were performed for both aged and unaged joints. Two different types of loading
modes were considered including pure shear and pure tensile. The average strength for
unaged joints was 27.32 + 3.06 MPa for mode | and 25.11 + 3.60 MPa for mode Il. Whereas
for the aged joints, it dropped to 15.37 + 0.80 MPa and 23.05 + 2.15 MPa for modes | and Il
respectively. Comparing the results of the static tests, after ageing for 15 days the strength
reduces by 43.8% for mode | and only 9.0% for mode Il.
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Fatigue tests were also conducted for both aged and unaged joints and for both mode | and
mode Il loading conditions. For mode I, for unaged joints at a load level of 2754 N the life was
982 cycles. A similar life (1741 cycles) was obtained for aged joints subjected to 1400 N
maximum fatigue load. For mode I, for unaged joints to reach around the same life, a fatigue
load of 2679 N was applied while for aged samples the load should be reduced to 2088 N for
a similar fatigue life (1184 cycles). To maintain an approximate number of life cycles, the joints
at mode | need a 49.2 % reduction in load after ageing for a similar fatigue life while in pure
shear loading a smaller reduction (22.1%) would be enough for similar fatigue lives. This
means that shear strength is less sensitive to the ageing environments than tensile strength.

5.2. Fracture Surface Analysis

One of the main parts of this research is the fractography analysis of the joints after failure.
Ageing procedure degrades the adhesive properties. Also, the presence of water at the
interface reduces the adhesion quality between the adhesive and the substrates leading to
the reduction of the joint's performance which is in alignment with the conclusions of da Costa
et al. (2022). It can also lead to an interfacial failure, which reduces the effective load-bearing
area leading to a significant reduction in joint strength and reducing the number of fatigue
cycles that the joint can experience. When comparing the strength results of modes | and Il it
can be concluded that joints loaded in mode Il are less sensitive to the ageing conditions as
they have a lower reduction in strength. On the other hand, the fracture surface for unaged
joints showed a complete cohesive failure mechanism. While a mixed adhesive/cohesive
failure mode was observed for the aged samples. The adhesive failure happened mostly at the
edges of the joint while the center of the overlap is mostly dry. This is what forces the joint
into a mixed failure mode with the edges being weakened by ageing tending to interfacial
failure and the center remaining with cohesive failure. If the surfaces from Table 1 are
compared it can also be concluded that mode Il has a higher percentage of interfacial failure
than mode | for both fatigue and static loading conditions.

A possible reason for this phenomenon is the different rate of property degradation in the
adhesive layer and the interface due to the ageing. On the other hand, the sensitivity of the
aged adhesive and the aged interface differs in mode | and mode Il loading conditions. These
differences in the behavior of the interface and adhesive after ageing change the failure
mechanism of the joints loaded in modes | and Il as shown in Table 1. Accordingly, it can be
concluded that if the joint has a cohesive failure in mode | loading conditions it can’t be
assumed that cohesive failure will happen when it is loaded in mode Il and vice versa.
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Table 1. Fracture surfaces of the tested joints
Mode | Mode Il

Unaged
Static
Aged
Unaged
Fatigue
Aged

5.3. Numerical results

As mentioned before a water absorption simulation using FEM was performed to predict the
distribution of water through the adhesive layer in bonded Arcan joints. The results are
presented in Figure 3 where due to the symmetry only a quarter of the bonded area is shown.
Due to the ageing process, the properties of the adhesive are degraded. Accordingly, in this
analysis, the properties of the adhesive are defined as a function of the percentage of water
at each material point.

+3.150e+00
+3.054e+00
+2.958e+00
+2.862e+00
+2.767e+00
+2.671e+00
+2.575e+00
+2.479e+00
+2.383e+00
+2.287e+00
+2.192e+00
+2.096e+00
+2.000e+00

Figure 3. Water uptake simulation results
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S, Max. Principal
(Avg: 75%)

+6.625e+01
+4.000e+01
+3.833e+01
+3.667e+01
+3.500e+01
+3.333e+01
+3.16/e+01
+3.000e+01
+2.833e+01
+2.667e+01
+2.500e+01
+2.333e+01
+2.167e+01
+2.000e+01
+3.973e+00

a) b)

Figure 4. Maximum stress distribution a) Mode | b) Mode I

According to the numerical results shown in Figure 4, for mode | there is a higher maximum
stress concentration at the edges of the adhesive layer while for mode Il the tensions are more
distributed by the whole area.

Authors (Da Costa et al., 2022) have shown that the adhesive/substrate interface experience
a significantly higher rate of water uptake. This often leads to significant degradation of the
adhesion property leading to the adhesive failure (or mixed adhesive/cohesive failure) of the
aged joints if they are sufficiently exposed to a humid environment. The results obtained in
the current study also showed that the aged samples experience an adhesive failure at the
edges of the overlap. Based on the fracture surface analysis results, the crack in aged joints
initiates at the edges of the joints at the adhesive/substrate interface. However, after
initiation, the crack can follow different paths. It can directly kink to the adhesive layer or it
can continue propagating through the interface. The crack path is a function of the loading
angle. Results showed that in mode Il loading, the crack propagates through the interface first,
and then it kinks to the adhesive layer while when the joint is loaded in mode | an earlier crack
kinking takes place after the crack initiation. However, further studies are needed to better
understand the fracture mechanisms of aged bonded joints as a function of loading mode.

6. Conclusions

The performance of aged and unaged Arcan adhesive joints was studied both experimentally
and numerically. Aging was found to decrease both the strength and fatigue performance of
the tested joints, with the mode | result showing a higher susceptibility to aging than mode Il
For joints of the same ageing conditions, different failure mechanisms were observed when
the joints were subjected to mode | and mode Il loading conditions. The results indicated that
the ratio of interfacial failure to cohesive failure at the fracture surfaces is higher when the
joints are loaded in mode Il compared to mode I. It also showed that for mode Il the maximum
principal stress is more evenly distributed through the adhesive layer while for mode | it is
more concentrated at the edges of the adhesive layer. Further studies on joints with different
aging levels and different loading modes are required to better understand the relevant
fracture mechanisms aged adhesive joints.
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