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Abstract 
This study highlights the analysis of corrosion shape effects under thermo-mechanical loading on the 
development of damage in corroded and cracked aluminum plates. This study is divided into two parts, the 
numerical analytical part, was performed to compare the effect of the corrosion geometry on the repair and 
adhesive damage; We analyzed the effects of damaged areas on the level of corrosion in the adhesive layer 
of three composite materials (boron/epoxy, glass/epoxy, and graphite/epoxy), and studied the change of the 
stress intensity factor for circle or square-shaped corrosion. The second part related to an experimental study 
of the corrosion shape on the ultimate strength of the damaged plate repaired by the boron/epoxy composite 
material. The results obtained, indicated that the effect of the circular shape of corrosion is small compared 
to the square shape. The type of composite material (boron / epoxy) has proven its optimal effect on repair. 
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1 INTRODUCTION 

In order to study, optimize and extend the life of bonded assemblies, a variety of experimental and analysis models 
have been developed studying the aspects of formulation, implementation, characterization and aging or durability of 
adhesives and bonded assemblies. Several researchers studied cracks in the structure (Liu et al. 2019; Blond and Mouro 
1999; Bouchekara et al. 2021), corrosion(Karatzas et al. 2013; Ely et al. 2017;Chegeni et al.2019), or both at the same 
time (Nakano et al. 2012; Umamahshwer Rao et al. 2016; Wei et al. 2021) with or without repairs. 

In aluminum alloys, localized corrosion is a common occurrence due to surface defects at the passive film level. This 
subject has been extensively investigated in the literature. According to researches, localized corrosion on metals can 
occur rapidly because of fatigue or stress, causing structural damage. Studies have been conducted on localized corrosion 
on aluminum, such as the susceptibility to intergranular corrosion of the 2024 Al alloy during re-aging after solution 
treatment and cold rolling (Wang et al. 2016). A high-resolution 2D and 3D electron imaging study of the de-alloying of 
the S phase (Al2CuMg) in the aluminum alloy AA 2024-T3 was conducted by(Hashimoto et al. 2016). 

During mechanical loading of materials with elasto-plastic behavior, the crack tip blunts and propagates based on the 
stress distribution. In order to evaluate the change in the concentration of stresses in the damaged zone, SIF in the vicinity 
of the crack must be studied. In order to offer the best repair model, several models have been developed, studying the 
stress field in the adhesive layer and composite(Benyahia et al. 2014), optimizing the shape of composite patch (Ramji et al. 
2013), analyzing the rupture of substrate/patch bonding adhesives (Berrahou and Bouiadjra 2016), and the optimization of 
the repair of a cracked plate by composite patches treated by microwaves (Xiaoyau et al. 2019). These studies have led to 
close and distinct results, according to chosen parameters for the repaired structure. 

Damaged zone theory has been studied in recent literature; these studies have analyzed adhesive damage 
(Albedah et al. 2011; Chang–Su, et al. 2008), optimal patch shapes (Bouanani et al. 2013), and shear stresses, which has 
an important part in the damage of adhesives (Shishesaz and Reza2013). 

In this work, experimental tests had been made on rectangular aluminum 2024 T3 corroded and cracked plate with 
different shapes of localized corrosion (circular and square shapes).Similarly, we simulate and evaluate the effects of 
corrosion geometrical shapes on the stress’s evolution of welded assemblies, using an AL 2024 T3 plate with V-notch 
cracked and corroded, repaired by different types of composite patches under thermo-mechanical loading. To evaluate 
the results of experimental and the simulation works, we have examined the effects of corrosion geometry on the 
stresses around the crack and corrosion, analyzing crack length variations and thermal variations on SIF and investigating 
variations on adhesives layer as well. 

2 RESULTS AND ANALYSIS 

This research consists of two parts. The first part relates to the use of the Finite Element Method (FEM) to find out 
the types of composite materials and the appropriate shapes for corrosion repair, whether corrosion in the shape of a 
circle or a square shape under thermo-mechanical loading. After making sure in the analytical part of the appropriate 
type for repairing corroded structures, in the second part, an investigation is made to select which shapes of corrosion 
affect structures the most. We carried out experimental research on corrosion-prone aluminum plates (i.e., corrosion in 
the form of a circle or square) and treated them with boron/epoxy composite materials, where fiber orientations are 
directed in tensile strength direction (longitudinal direction ϴ= 0°). 

2.1 simulation part 

This study is carried out on AL 2024-T3 plate with V-notch with an angle α=60°.The dimensions of the plate are the 
length Hpl= 204 mm, the width Wpl= 152mm with thickness epl= 2mm. It is assumed that the crack emanating from the 
notch is straight and has different depths. 

In Figure 1, the plate is stressed under uniaxial tensile in the longitudinal direction "y" of 150MPa of stress and 
embedded in opposite side. 

The corrosion geometric shape examined are square and circle form with a thickness 0.25 mm. Before repairing the 
structure, the corroded area is cleaned to remove the Corrosion film and keep the same mechanical properties. We will 
analyze this shape in two regular shapes: circular with radius R=30mm and square with dimension L =30mm, the patch 
thicknesses epat = 1.5mm glued with FM73 adhesive with a thickness ead =0.127mm.All mechanical and thermal properties 
materials are shown in Table 1; Obtained from Salem et al. (2017). 
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Figure 1 Geometric model: (A) of the AL plate with corrosion and (B) the shape of patch. 

Table 1 Mechanical and thermal properties of all materials 

 Al 2024 FM-73 Boron/Epoxy Glass/Epoxy Graphite/Epoxy 

E1 (GPa) 72  200 50 127.5 
E2 (GPa)   19.6 25 9.00 
E3 (GPa)   19.6 25 4.80 

υ12 0.3 0.32 0.3 0.21 0.342 
υ13   0.28 0.21 0.342 
υ23   0.28 0.21 0.38 

G12 (GPa)  4.2 7.2 7.2 4.8 
G13 (GPa)   5.5 5.5 4.8 
G23 (GPa)   5.5 5.5 2.55 

α12(10-6 C°)   4.5 5.5 -1.2 
α13(10-6 C°)   23 15 34 
α23(10-6 C°)   23 15 34 

The three-dimensional finite element method is used to analyze the model of this study using the ABAQUS software 
(Abaqus 2007). The finite elementmesh was generated using brick elements with 20 nodes. The FEM model simulates 
the plate, the adhesive and the composite patch. The number of elements used in this study: is 37062 elements for the 
aluminum plate, 17024 elements for the glue layer and 17024 elements for the composite patch. Figure 2 presents the 
FEM mesh of the plate and around the point of the crack; the mesh is refined in the crack front to have better results.The 
total number of elements of the structure is 71000 quadratic hexahedral elements of type C3D20R, with 68829 nodes. 
The geometric shape of the crack is 3d. The plate has eight layers of elements in the thickness direction, the adhesive 
has only one layer of elements through thickness and the patch has four layers of elements through thickness. To 
generate crack front some brick elements are replaced by “crack block”. These crack-blocks are meshes of brick elements 
which are mapped into the original element space and merged with surrounding mesh. 

 
Figure 2 Plate mesh. 
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2.1.1 Effect of crack length on Variations of SIF (KI) as a function of temperature variation (∆T) 

The stress intensity factor "K" is the main parameter for the evaluation of the integrity of structures containing 
cracks, which must be calculated with great precision in order to evaluate the evolution of the crack under stress. The 
3D FEM method is used to determine the stress and strain field as well as the stresses at the crack tip. 

The Von-Mises criterion is introduced to model the material non-linearity of the adhesive. The stress intensity 
factors at the crack tip are calculated using the virtual crack technique. They are obtained for the 03 modes by the 
following equation (eq.1): 

Gi = Ki2 /E (1) 

G: the energy release, Ki: is the SIF; E: is the Young's modulus. 
The model referred to above is called the linear elastic fracture mechanics model and has found wide acceptance 

as a method for determining the resistance of a material to below-yield strength fractures. The model is based on the 
use of linear elastic stress analysis; therefore, in using the model one implicitly assumes that at the initiation of fracture 
any localized plastic deformation is small and considered within the surrounding elastic stress field. 
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The stress in the third direction are given by 𝜎𝜎𝑧𝑧 = 𝜎𝜎𝑥𝑥𝑧𝑧 = 𝜎𝜎𝑦𝑦𝑧𝑧 = 0 for the plane stress problem, and when the third 
directional strains are zero (plane strain problem), the out of plane stresses become 𝜎𝜎𝑥𝑥𝑧𝑧 = 𝜎𝜎𝑦𝑦𝑧𝑧 = 0 and𝜎𝜎𝑧𝑧 = 𝜗𝜗(𝜎𝜎𝑥𝑥 + 𝜎𝜎𝑦𝑦). 
While the geometry and loading of a component may change, as long as the crack opens in a direction normal to the 
crack path, the crack tip stresses are found to be as given by Equations 6. 

The stress intensity factor (K) is used in fracture mechanics to predict the stress state "stress intensity" near the tip 
of a crack or notch caused by a remote load or residual stresses. It is a theoretical construct usually applied to a 
homogeneous, linear elastic material and is useful for providing a failure criterion for brittle materials, and is a critical 
technique in the discipline of damage tolerance. The concept can also be applied to materials that exhibit small-scale 
yielding at a crack tip. 

The magnitude of K depends on specimen geometry, the size and location of the crack or notch, and the magnitude 
and the distribution of loads on the material. It can be written as (Soboyejo 2003; Janssen 2004): 

𝐊𝐊 = 𝛔𝛔√𝟐𝟐𝛑𝛑𝐟𝐟( 𝛑𝛑𝐖𝐖)  (3) 

Where: f( a
W

) is a specimen geometry dependent function of the crack length a, the specimen width W, and σ is the 
applied stress. 

In 1957, G. Irwin found that the stresses around a crack could be expressed in terms of a scaling factor called the 
stress intensity factor. He found that a crack subjected to any arbitrary loading could be resolved into three types of 
linearly independent cracking modes (Suresh 2004).These load types are categorized as Mode I. Mode I is an opening 
(tensile) mode where the crack surfaces move directly apart. 

The stress intensity factor for mode I is designated KI and applied to the crack opening mode. This factor is formally 
defined as (Rooke and Cartwright 1976): 

𝑲𝑲𝑰𝑰 = 𝐥𝐥𝐬𝐬𝐥𝐥
𝒓𝒓→𝟎𝟎

√𝟐𝟐𝝅𝝅𝒓𝒓𝝈𝝈𝒚𝒚𝒚𝒚(𝒓𝒓,𝟎𝟎)  (4) 

𝑲𝑲𝑰𝑰 = 𝜶𝜶𝜶𝜶√𝝅𝝅𝝅𝝅 (5) 
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With: 

𝜶𝜶 = (𝟏𝟏 − 𝟎𝟎.𝟎𝟎𝟐𝟐𝟎𝟎𝜶𝜶𝟐𝟐 + 𝟎𝟎.𝟎𝟎𝟎𝟎𝜶𝜶𝟒𝟒)�𝒔𝒔𝒔𝒔𝒔𝒔 𝜶𝜶𝝅𝝅𝟐𝟐   

Where, 
KI=Stress intensity factor 
β = Geometry factor 
α = 2a/W 
2a = Crack length 
W = Width of the plate 
σ = Force applied 
Where the factor β is used to relate gross geometrical features to the stress intensity factor 
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Figure 3 presents the variations of SIF as a function of temperature variations (∆T) under uniaxial tensile mechanical 
stresses of σ = 150Mpa, using normal patch shape for the repair. 

The behavior of the graphs is almost similar and they are increasing with the increase of temperature. For the effect 
of square shape of corrosion model, we note that at the interval T=[0°C, 30°C], the stresses are minimal and increasing 
rapidly with temperature variations T, but when the temperature increases and exceeds 30°C, the stresses increases 
slightly. However, for the circular shape of corrosion model, the graphs are increasing with the same rate of temperature 
(T) increases. We note that SIF values are minimal for the model with circular shape of localized corrosion than the other 
one by up to 30%. As for the comparison between the composites types, the SIF values of graphite/epoxy are the highest, 
and this type is more sensitive to temperature changes than the others types. The optimal type was boron/epoxy since 
it had the lowest SIF values. 

 
Figure 3 Variation de SIF en fonction de la température (∆T) for different crack length. 

2.1.2 Effect of corrosion shape on Variations of SIF (KI) as a function of temperature variation (∆T) 

This study was made for a crack length a = 40 mm under tensile stress σ= 150MPa and temperature variations (∆T), 
using only boron/epoxy type patch, because in the previous paragraph, it proved to be the best type compared to the 
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other types in this study.Figure 4 shows that the graphs are ascending and they increase with the increase of 
temperature, the values of stress intensity factors IF in case of circular shape corrosion model are minimal compared to 
those of square shape of corrosion model. This illustrates that the circular geometric shape of corrosion influences the 
stress state of the bonded assembly less than the square-shaped corrosion. This may explain that de geometric of square 
corrosion is more influencing for its square borders which is not letting the flow of stresses move easily, and that increase 
the constraints in those borders. 

 
Figure 4 Variation of SIF as a function of temperature (∆T) for different corrosion shapes. 

2.1.3 Von Mises variations as a function of normalized horizontal path distance 

This study was made for a crack length a = 15 mm, under temperature T= 60°C for the two models which have the 
two shapes of circular and square shape of corrosion; using only boron/epoxy type for the repair. 

The path is measured according to crack length of the horizontal path. We note at figure 5 that the Von-Mises stress 
values starts with a high value at the notch tip, whenσxx= 300MPa for the model that contains the circular corrosion shape, 
and σxx=500MPa for the second model. The Von Mises values increases suddenly at the crack tip to reach σxx=750MPa for 
the first model (circular corrosion) and σxx=1260MPa for the second one (square corrosion). After that, the graphs descend 
fast beyond the crack front; these stresses are low at the corrosion level, which illustrates that the Von stresses variations 
at corrosion level are minimal comparing to the stress variations at the crack front, almost negligible. Then, these stresses 
run down to σxx=85MPa at the plate edge for circular corrosion andσxx=240MPa for square corrosion. 

 
Figure 5 Variation of Von-Mises stress σxx as function of a normalized distance along horizontal path. 

2.1.4 Variations of the Von Mises stresses as a function of the normalized path distance (vertical path) 

Figure 6 shows the variations of the Von-Mises stresses as a function of the normalized distance of the vertical path 
passing through the crack front under the same conditions as the horizontal path. 

The graphs are similar and have the same inclination. We note that the graphs begin with a slight rise in Von-Mises 
stresses on the upper and lower edge points of the plate, where the tensile stresses are applied on one side as well as 
the embedding in the other side, under thermal loads. Then these stresses decrease slightly but at the crack front 
increases fast to a maximum point, whenσyy=875MPa for the model which have the circular corrosion shape and 
σyy=1230MPa for the second one. 

It is noted that the Von-Mises stresses in case of a circular corrosion shape model are always minimal compared to 
those of the square corrosion shape model. 
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Figure 6 Variation of Von-Mises stress σyyas function of a normalized distance along vertical path. 

2.1.5 Analysis of damaged area ratio (DR) 

This study was made to determine the evolution of damaged area in adhesive joint in bonded assemblies. The 
damaged zone criterion was proposed by (Sheppard et al. 1998) for the analysis of adhesive joints damage in bonded 
assemblies. (Chang-Su et al. 2008)introduced modifications to the above-cited damaged area model; the damaged area 
ratio was suggested to predict the failure load of adhesive joint. 

For the FM73 adhesive, the ratio of damaged area DR has been shown to be approximately 0.2474 [22].The damaged 
area ratio DR is defined as follows: 

DR = ∑Ai / L .W  (7) 

Ai: the surface on which the equivalent strain exceeds 7.87%. 

L: adhesive length. W: adhesive width. 
The plate is subjected to a uniaxial tension of σ=150MPa and temperature variations (∆T) from (T=0°C) to 

(T=100°C).This theory is used to analyze the thermo-mechanical effect on adhesive damage in bonded assemblies in AL 
2024 T3 plates repaired by composite patches of several types. 

2.1.5.1 Analysis of FM73 adhesive damage: 

Since the effect of corrosion is negligible compared to the effects of the crack in terms of stresses, the study of DR 
was made for the two models( square and circular corrosion shape) and for different patch type (boron/epoxy, 
glass/epoxy and graphite/epoxy).This study was carried out with the aim to illustrate the evolution of damaged zone in 
adhesive layer in repaired structures by composites patches under thermo-mechanical loadings and a tensile stress σ = 
150MP for a crack length a= 40 mm. 

Since adhesive damage begins to be apparent at high temperatures, then we compare damaged adhesive surfaces 
only at temperature T=100°C for all shapes of corrosion. 

Figure 7 shows the evolution of adhesive damaged area. It is noted that damaged zone is located around the 
crack for all the different patch types and all corrosion shapes. For this crack length, the damaged area is significant; 
indicating that the stresses at the crack front are sufficient to cause significant damage to the adhesive layer. This 
allows us to deduce that the adhesive damaged area can have an effect on the efficiency of the repair and durability 
of the bonded assemblies. 

The damaged area develops around the crack and on the edge of adhesive layer at all figures. The damaged surfaces 
in the edge of adhesive layer are negligible comparing to the crack tip. Similarly, the damaged area includes a part of 
corrosion zone in the first model (with square shape corrosion), unlike the corroded plate in the second model (with 
circular shape corrosion), as it absorbs stress and appears only at the crack level and at the edges. 
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Figure 7 The damaged area of FM73 adhesive, for crack length a = 40mm. 

2.1.5.2 Damaged area ratio DR variations as function of crack length: 

Figure 8 presents the variations of the DR according to crack length for three types of composite at temperature 
T= 100°C for the two models of localized corrosion shapes (circular and square shape). 

The variations of damaged area ratio DR are increasing slightly from a point a = 5mm, but from the length of the 
crack a = 15 mm, the DR increases considerably as a function of the increase of crack length. We note that the 03 types 
of patches did not reach the critical limit of the damaged area of the FM73 adhesive layer DRC = 0.2474,in this case, all 
repaired models are resistant to failure. However, the plate with circular-corrosion gives the lowest DR values compared 
to the plate with square-corrosion, which makes it more efficient in reducing the risk of adhesive damage. As for the 
optimal type, we recorded after studying the DR values that Boron / Epoxy is the best type compared to other types. 

 
Figure 8 variations of DRvs crack length for square and circular corrosion. 

2.2 Experimental part 

In this experimental study, we used AL 2024 aluminum alloy. To obtain the appropriate samples for the experiment, 
we accelerate the corrosion using water + salt basins, and then immerse these plates in this solution, and then we cut 
the 2024 alloy into several samples. These samples have a rectangular shape with dimensions (204x154x2) mm. 

Aluminum is naturally covered with a layer of oxide, which often protects it from corrosion. In neutral aqueous 
solutions (4 < pH < 9), this oxide film is 50 Å thick and protects the metal (passivation), but chloride (Cl) ions have a very 
destabilizing effect on this oxide layer, then a rupture of the oxide layer occurs, which leads to corrosion. The following 
figures 9, 10, and 11 show the completed experiment stages to obtain corroded aluminum plates. 
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Figure 9 Before the process. 

 
Figure 10 A week in process. 

 
Figure 11 Three weeks after the operation. 

The corroded plate repair procedures: 
Through previous studies, we found that there are several solutions to repair the damaged structures with 

composite materials, which are determined above all according to the severity of the damage. 
In this study, we focus only on the structural repair of corroded structures by adhesion of composite patches. This 

procedure is used to stop the corrosion growth in the aluminum plate, raise its efficiency, and restore its mechanical 
properties. In this experimental study, we focus only on investigation of the corrosion shape effects, we chose the boron 
/ epoxy type patch for repair, since it has the optimal results in the analytical study compared to other types (glass/ epoxy 
and graphite / epoxy) with fiber orientation in the direction of the tensile strength (longitudinal direction). 
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The principle of these repairs is to remove the damaged area (the corrosion layer) and cover it with a composite 
patch. In the literature, several references (Salem et al.2019; Salem et al 2017; Benzineb et al. 2022)referred to the repair 
of composite materials by patches, which were classified into two categories: external and internal patches. 

We have followed several steps to do this repair: 

1- Preparing the corroded surface to be repaired: In order to stop the spread of corrosion in the structure, we 
begin by removing the laminated surface of all damaged corroded samples by rubbing the corrosion layer until 
reaching a healthy layer, by sanding and reactivating the surface with styrene (Figure 12). 

 
Figure 12 surface preparations before repair. 

2- After the reactivation of the surface to be repaired, an attachment mat (300g mat) is placed on the two 
elements to be assembled, and then the lamination of the different layers of reinforcements is continued 
according to the sequence of the structure to be repair (Figure 13). 

 
Figure 13 Illustration of the first stage of the repair. 

3- In order to ensure the continuity of the part to be repaired, after the two components to be repaired are assembled, 
one is continued by sanding and reactivating the surface on which either external folds or glue are deposited. 

Which the tensile properties were measured was according to the ASTM D3039-76 (ASTM 1990), where the ultimate 
strength is obtained. The ASTM D3039 tensile test is used to measure the force required to break the sample and how 
far the sample stretches or elongates to that breaking point. Tensile testing produces a stress–strain diagram which is 
used to determine the tensile properties. 

2.2.1 Ultimate strength of the failure of different composites types for ambient temperature T=20°C 

According to Figure 14, we can see that the longitudinal direction of circular corrosion shape has the best resistance 
to rupture since its maximum stress is the highest (300MPa) by a rate of 20% compared to the other shape of corrosion. 

For the transverse direction, the resistance to failure was reduced to approximately a quarter of the longitudinal 
direction (ϴ = 0°).The maximum pressure was at 83MPa for the plate with circular-corrosion. As for the other type of 
plate (with a square-shape), all the results recorded were lower than the net of the first plate. 

For the longitudinal compressive and transverse compressive directions have the same behavior as the two other 
directions mentioned above. The compressive stress of plate with circular corrosion shape is one-third more efficient 
than the other shape of corrosion. 

 
Figure 14 Tensile properties values as a function forseveral corrosion shape. 
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2.2.2 Study of ultimate strength as a function of temperature 

This study is made to evaluate the loss of stiffness during the influence of varying temperatures on corroded 
aluminum plates, by accentuating the effect of corrosion shape on the safety of structures. 

Figure 15 shows the variations in ultimate strength as a function of thermal variations for the corroded and cracked 
plate with different shapes of localized corrosion (circle or square shapes), repaired by composite patch (boron/epoxy), 
with longitudinal fiber orientations. 

The failure resistance maintained its value near (240-300)MPa for a plate with circular corrosion and (170-250)MPa 
for a plate with square corrosion, until 60 °C of temperature for the fibers longitudinal , but after this value it begins to 
decline rapidly up to half (50%) at 80°C. 

As for the comparison between the shapes of corrosion, we notice that the plate with square corrosion was more 
susceptible to damage than the plate with circular corrosion. 

 
Figure 15 Ultimate strength values as a function of temperature for several corrosion shape. 

3 CONCLUSIONS 

Corrosion and crack effects are significant in metal a structure, which is why this study was conducted in two parts: 
an experimental part and a simulation part. The analytical part focused, using the finite element method, on evaluating 
the damaged area of the FM73 adhesive used in bonding structure, determining the stress intensity factor and then 
comparing the results to conclude which type of composite material and corrosion shape is better. In the experimental 
part, we compared the maximum ultimate strength of the damage of aluminum plates with a shape (circular and square) 
for corrosion repaired by boron/epoxy patch under thermal loading. 

The obtained results show that the effects of corrosion geometry on the evolution of the constraints are significant, 
in addition to the effect of crack length under thermo-mechanical loads. As a result, we conclude the following 
observations: 

- stress intensity factors (SIF) increase with increasing temperature 

- Damaged area ratio (DR) variations increase with increasing temperature variations (∆T). 

- DR differences increase with increasing crack length. 

- Boron/Epoxy is the optimal type of combination patch for this type of repair. 

- The geometry of the circular localized corrosion has few effects compared to the square corrosion shape; the 
circular shape of corrosion is more absorbing stress and more efficient in resisting damage compared to the 
square corrosion shape. 
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