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Abstract.

The durability of adhesively bonded structures under environmental conditions remains a critical
challenge in advanced engineering applications. This study examines the effect of hygrothermal
aging on the mechanical response of bonded joints through the investigation of
aluminum-—carbon/epoxy composite assemblies. The configuration is modeled as a single-lap joint
with a defined geometry and bonded using the structural adhesive Adekit A140 to ensure
consistency in the analysis.Accelerated aging was performed under 100% relative humidity at three
temperatures (20 °C, 40 °C, and 60 °C) for exposure durations of 4, 10, and 24 weeks. A three-
dimensional finite element model was developed in Abaqus, incorporating degradation of material
properties based on experimental data reported in the literature.The numerical results indicate that
the equivalent Von Mises stresses are highly localized at the overlap ends, confirming these regions
as critical zones for stress concentration and damage initiation. Furthermore, the combined effect of
temperature and exposure time has a significant impact on the adhesive layer's load transfer
capability. This study enhances our understanding of the relationship between material properties
and hygrothermal conditions, supportingthe identification of more durable bonded configurations
for long-term structural applications.

Introduction

Structural adhesive joints are widely used in aerospace, automotive, and civil engineering due to
their lightweight nature, uniform stress distribution, and ability to bond dissimilar materials.
However, hygrothermal aging caused by moisture absorption at elevated temperatures significantly
affects adhesive microstructure and mechanical performance.

Previous studies have shown that moisture exposure reduces fatigue life and mechanical strength of
bonded joints. Rushforth et al. [1] reported a decrease in fatigue life of aluminum joints near



saturation, while Jiang et al. [2] observed significant reductions in tensile and shear strengths after
prolonged immersion. El Sallah et al. [3] highlighted that degradation of Adekit A140 stiffness is
associated with increased plasticity, which may improve stress redistribution. Similarly, Robert et
al. [4] demonstrated that prolonged hygrothermal exposure leads to severe degradation in
composite materials, particularly for natural fiber systems.

Finite element investigations by Medjdoub et al. [5] showed that geometric optimization can
significantly reduce stress concentrations, although aging reduces adhesive stiffness and increases
joint wvulnerability. Moreover, Venkatappagari et al. [6] emphasized the critical role of
environmental conditions and design parameters in the durability of adhesive bonded joints.

In this context, the present study examines the effect of hygrothermal ageing on bonded joints by
analysing aluminium—carbon/epoxy assemblies using Adekit A140 adhesive. The influence of
material degradation on stress distribution is evaluated using a 3D finite element model developed
in Abaqus, under accelerated aging conditions of 100% humidity, 20, 40 and 60 °C, and 4, 10 and
24 weeks.

Methodology

A bonded joint configuration was examined in this study to assess the mechanical behavior under
hygrothermal ageing. The configuration corresponds to a metal-to-composite hybrid joint,
comprising an aluminium plate and a carbon—epoxy composite laminate. The joint was modelled as
a single-lap configuration with the following defined dimensions: length L. = 100 mm, width W = 25
mm, . The adhesive used is ADEKIT A-140 with the dimensions: length Lc = 25 mm, width w = 25
mm, and thickness t = 0.2 mm, axially loaded along the X-axis by an imposed displacement of 5
mm. The adhesive joint is for a single lap joint of the two aluminium plates (see Fig.1).

Fig. 1: Geometric configurations of SLJ models

Table 1. Mechanical properties of the aluminum alloy 2024-T3 and Adekit A-140 adhesive.

Materials Aluminium 2024-T3 Adekit A-140
Young’s modulus (GPa) 72 2.69
Poisson’s ratio v 0.3 0.3

Table 2. Mechanical properties of the composite material.



Materiel E1 (GP(I Ez E3 G12 G13 ng Vi2 Vi3 Va3

Carbon-epoxy 109 8.819 8.819 4.315 4.315 3.2 0.342 0.342 0.38

Numerical Results

This section presents the numerical results obtained for the carbon/epoxy—aluminum joint, focusing
on the effect of hygrothermal aging on stress distribution. The unaged is compared with aged
conditions at 20, 40, and 60 °C (RH = 100%) for exposure durations of 2, 16, and 28 weeks.
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Fig 2. Distribution of Von Mises stress in the adhesive layer for carbon/epoxy—aluminum joint under
different aging temperatures: (a) 20 °C, (b) 40 °C, (c) 60 °C.

At 20 °C, the maximum Von Mises stress decreases from 10.88 MPa (unaged) to 8.23, 6.77, and
5.78 MPa after 4, 10, and 24 weeks, corresponding to a reduction of approximately 47%, indicating
progressive adhesive plasticisation and moderate stiffness degradation. At 40 °C, the degradation
becomes significantly more pronounced, with the peak stress dropping to 3.44 MPa after 4 weeks
and reaching nearly 77% reduction after 24 weeks, highlighting the accelerating effect of
temperature on moisture-induced damage mechanisms.

Under the most severe condition (60 °C), the stress levels further decrease to 2.79, 2.29, and 1.49
MPa after 4, 10, and 24 weeks, respectively, corresponding to an overall reduction of about 86%..
Overall, the combined effect of temperature and exposure time leads to a critical loss of stiffness
and load transfer capability, confirming that the adhesive layer governs the durability of the bonded
joint under hygrothermal conditions.

Comparative ageing response

Figure 3 highlights a clear temperature-dependent degradation of the adhesive behavior, with the
maximum Von Mises stress decreasing over time under all conditions. This reduction becomes
significantly more pronounced as temperature increases, indicating the combined influence of
moisture diffusion and thermal effects. After 24 weeks, higher stress levels are maintained at 20 °C
compared to 40 °C and 60 °C, confirming that temperature governs the severity of degradation.
Quantitatively, the strength loss increases from about 47% at 20 °C to nearly 86% at 60 °C, showing



that the effect of exposure time is strongly amplified at elevated temperatures due to accelerated
plasticisation and material deterioration.
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Fig. 1: Maximum Von Mises stress evolution in the adhesive layer versus ageing time (4, 10, 24 weeks)
under hygrothermal conditions (100% RH) at 20, 40, and 60 °C

Conclusions

The results show that hygrothermal aging significantly degrades the mechanical performance of the
adhesive joint, with temperature and exposure time acting as key factors. Although stress
concentrations decrease, this reflects adhesive softening and reduced stiffness rather than improved
behavior. The degradation becomes more severe with temperature, with strength loss increasing
from about 47% at 20 °C to nearly 86% at 60 °C. This evolution indicates a transition toward less
efficient load transfer and confirms the dominant role of the adhesive layer in joint durability.
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