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Abstract 

Corrosion damage assessment of aircraft aluminum alloys is nowadays mostly 

made by accounting for the metallographic features of corrosion damage, such as pit 

shape, density and depth, the onset of exfoliation, etc. Corrosion damage equivalence, 

therefore, is considered as these features present the same characteristics when 

induced by different corrosive environments. For the case of static loading, corrosion 

damage is usually accounted through reducing the metal thickness by the depth of 

corrosion attack and then calculating the corresponding stress increase. For the case of 

fatigue, corrosion pits are considered as possible onsets for fatigue cracks. Despite of 

the evidence provided on the impact of other effects in 2024-T3 aluminum alloy’s 

mechanical properties, such as hydrogen embrittlement, the approach remains to some 

extent controversial. 

The aim of the present PhD thesis is to contribute to establish a link between the 

metallographic features of corrosion damage caused by environments of different 

aggressiveness and the degradation of the mechanical properties of a corroded 

material, suggesting the need to expand current corrosion damage interpretation, to 

account not only for geometrical metallographic features but also for mechanical 

properties of the affected material. Towards this objective, a methodology is developed 

which allows the numerical simulation of the tensile behavior of the corroded material 

based on the combined effects of the metallographic features of the corrosion damage 

and the presence of hydrogen embrittlement. The present work is divided in two parts: 

a) the experimental investigation and b) the numerical analysis. 

The experimental investigation includes an extensive metallographic 

investigation of the occurring corrosion damage in low-aggressiveness corrosive 

solution. Moreover, tensile tests were performed on the pre-corroded material which 

was exposed to the low-aggressiveness corrosive solution for several exposure periods. 

The results are compared to the ones obtained in a previous work utilizing a high-

aggressiveness solution, aiming to trace a correlation between the damages caused by 
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both environments. The results allow the formulation of correlation functions between 

corrosion damage’s geometrical metallographic features from low- to high-

aggressiveness environment exposures. On the other hand, the degradation of tensile 

properties, and particularly of tensile ductility, is more pronounced in specimens 

exposed to higher corrosion rate environments, even when damage in both 

environments leads to equivalent metallographic features. This suggests significant 

differences in the underlying physical mechanisms of the damage accumulation process 

when the same material is exposed to different corrosive solutions. A major responsible 

for such differences is the occurrence of hydrogen embrittlement in high-

aggressiveness corrosive solutions. Further evidence of this effect in 2024-T3 aluminum 

alloy induced by different aggressiveness corrosion environments is presented by 

means of nanohardness and hydrogen desorption tests. Nanohardness tests were 

carried out aiming to quantify the depth and local mechanical properties of the affected 

zone, while hydrogen desorption tests had the objective to verify the correlation 

between damages of environments of different aggressiveness beyond their 

metallographic features. The results show that nanohardness tests offer a suitable base 

to the analysis of the local mechanical properties and that the underlying physics of the 

corrosion process impact greatly on the degradation of mechanical properties. This 

implies that the exploitation of current accelerated corrosion tests for assessing the 

corrosion susceptibility of an alloy at the expected in-service conditions can be 

considered to be reliable as long as the underlying corrosion damage physical 

processes activated during the accelerated corrosion test remain the same with the 

respective mechanisms activated in-service. 

The simulation procedure involves the development of an updated multi-scale 

modeling approach for simulating the tensile behavior of the corroded aluminum alloy 

2024 T3, accounting for both the geometrical features of corrosion damage and the 

effect of corrosion-induced hydrogen embrittlement. The approach combines two FE 

models: a model of a three-dimensional Representative Unit Cell (RUC) representing an 

exfoliated area and its correspondent Hydrogen Embrittled Zone (HEZ), and a model of 

the tensile specimen. The models lie at the micro- and macro-scales, respectively. The 

characteristics of the HEZ are determined from measurements of nanohardness 
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conducted on pre-corroded specimens. Using the model of the RUC, the local 

homogenized mechanical behavior of the corroded material is simulated. Then, the 

behavior of the exfoliated areas is assigned into different areas (elements) of the tensile 

specimen and final analyses are performed to simulate the tensile behavior of the 

corroded material. For the validation of the approach, tensile tests have been used. The 

numerical results show that this approach is suitable for accurately simulating the 

tensile behavior of pre-corroded experimental specimens, accounting for both 

geometrical features of corrosion damage and corrosion-induced hydrogen 

embrittlement. 

The developed methodology represents a step towards the establishment of a 

link between the metallographic features of the corrosion damage and the residual 

mechanical properties of the material, accounting for a more holistic interpretation of 

corrosion damage. This leads to a more reliable estimation of the residual strength of 

the corroded aircraft structures and the possibility of more accurate prediction of 

corrosion-induced properties’ degradation. 
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CHAPTER 1  

Introduction 

In this Chapter, the technological problem that led to the attainment of this 

investigation is presented. In sequence, the objectives aimed to be achieved with this 

work are laid out, separated in general and specific objectives. After that, a brief 

presentation of each of the Chapters that comprise this thesis is given. 

1.1 Technological Situation 

Heat treatable aluminum alloys such as 2024-T3 are widely employed in 

aeronautic industry due to their high stress to weight ratio, but are prone to corrosion 

damage in chloride environments [1]. Available information on the aging of aeronautical 

fleet and on the effects of corrosion damage on the mechanical behavior of corroded 

aircraft structures is not yet sufficient to predict changes on their behavior or to 

determine failure criteria, especially on the base of corrosion damage tolerance 

principles. 

The evaluation of pitting corrosion damage, as foreseen by ASTM G46-94 [2], is 

restricted to the geometrical metallographic features of the pits. Consequently, two parts 

presenting the same pit density, depth and diameter as another, are assumed to 

present the same corrosion damage. Yet, a series of investigations [3–10] have shown 

that the assumption that corrosion damage may be assessed and quantified solely by 

means of the geometrical metallographic features prescribed in the specification ASTM 

G46-94 is, for a number of cases, not sufficient. 

In order to move towards a real-world corrosion perspective of aircraft corrosion 

and prediction there is the need for a broader interpretation of corrosion damage than 

its geometrical metallographic features. In its most generic interpretation corrosion 

damage might be understood as the totality of parameters downgrading the material. 

This interpretation implies the reference to the variety of physical and chemical 
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mechanisms involved in the corrosion process; they are dependent on material, 

corrosive environment and exposure time. From the mechanical point of view, the 

above consideration of damage calls for the evaluation of the mechanical properties 

after corrosion exposure as an essential parameter to assess corrosion damage. On the 

base of the above interpretation, in the present work corrosion damage will be 

evaluated by accounting for not only corrosion metallographic features and the 

mechanical properties of the part affected by corrosion, but also within the frame of 

hydrogen embrittlement and numerical analysis. Such knowledge are important to 

contribute on the prediction of mechanical behavior of an in-service aeronautical 

aluminum alloy, accessed through accelerated laboratory tests, and on the statement of 

more realistic numerical models of post corroded materials, aiming to contribute on the 

development of a damage tolerance concept accounting for the complete corroded state 

of the part. 

1.2 Objectives 

The present work has as a general objective to contribute on the assessment, 

determination and prediction of the evolution of corrosion damage on the aeronautical 

aluminum alloy 2024-T3, accounting for the aspects of metallographic features of 

corrosion damage, mechanical behavior of the pre-corroded specimen and the 

presence of hydrogen embrittlement, trough experimental and numerical evaluations. 

Figure 1.1 shows schematically the methodology followed in this work. The 

methodology comprises both the experimental and numerical approaches described in 

this section. 
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Figure 1.1 - Methodology for connecting the metallographic characteristics of corrosion with the 

degradation of tensile properties. 

 

Primarily, the work aims to investigate and compare the effects of the 

aggressiveness of the corrosion environment on the metallographic features of 

corrosion damage and the mechanical behavior of Al 2024-T3 alloy specimens 

subjected to 3.5% NaCl solution and Exfoliation Corrosion (EXCO) environment, 

respectively, thus contributing on the assessment of a more realistic and comprising 

interpretation of corrosion damage. 

In this context an extensive experimental investigation was carried out to obtain 

and quantify the metallographic features and tensile properties of the aircraft aluminum 

alloy 2024-T3 exposed to 3.5% NaCl solution as well as to derive their dependencies on 
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corrosion exposure time. These characteristics are linked to the corrosion damage 

induced by accelerated EXCO tests carried out for different exposure times, performed 

in [11]. The established correlations of metallographic features and mechanical 

properties are used to make evident that equivalent geometrical metallographic features 

of corrosion damage, evaluated according to ASTM G46-94 do not necessarily yield to 

equivalent degradation of the mechanical properties of the alloy and underline the need 

for a more holistic interpretation of corrosion damage.  

In sequence, the work focus on providing further evidence of the presence of the 

hydrogen embrittled layer in 2024-T3 aluminum alloy, by means of the assessment of 

nanohardness values in the hydrogen embrittled zone. Nanohardness tests were 

carried out aiming to quantify the depth and local mechanical properties of the hydrogen 

embrittled layer identified in 2024-T3 specimens exposed to Exfoliation Corrosion 

(EXCO) tests and determine the mechanical behavior of the affected material locally. 

Then, an updated multi-scale modeling approach for simulating the tensile 

behavior of a 24 hour EXCO corroded aluminum alloy 2024 T3 was developed. The 

approach is based in the work in [10], which integrates two FE models: a three-

dimensional model of a Representative Unit Cell (RUC) representing the exfoliated 

areas (micro-scale) and a model of the tensile specimen (macro-scale). The geometry 

of the RUC is constructed based on the combination of data from detailed 

metallographic analysis of corroded specimens obtained by Setsika et. al [11] and the 

local mechanical properties of the HEZ obtained by the previous nanohardness 

measurements. The approach has been validated against tensile tests conducted on 

corroded specimens in a previous work [11]. 

1.2.1 Thesis Development 

This investigation consists of seven Chapters. In the first Chapter, an overview of 

the technological situation currently faced and the objectives to be accomplished are 

given, as well as the presentation of the followed methodology aiming to fulfill the 

established objectives. 
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On the second Chapter, an extensive bibliographic review is carried out, 

describing the assessment of corrosion damage accounting for both, metallographic 

features and hydrogen embrittlement, and the influence of corrosion on the mechanical 

properties of the aeronautical aluminum alloy 2024-T3. Also, a description of the 

performed attempts to numerically simulate corrosion damage and the mechanical 

performance of the material of interest is performed. 

The third Chapter describes the experimental approach followed in the present 

work, detailing the steps performed to obtain metallographic and tension specimens, the 

corrosion process, metallographic evaluation, tensile tests and the assessment of 

nanohardness and hydrogen desorption measurements. 

On the fourth Chapter, the results of the experimental investigations are 

presented, comprising the investigations of metallographic features of corrosion 

damage, their mathematical correlation when comparing two solutions of different 

aggressiveness, the results of the performed tensile tests on pre-corroded specimens, 

the examination of local mechanical properties of the hydrogen embrittled zone, 

assessed through nanohardness and hydrogen desorption. 

On the fifth Chapter, the approach employed to numerically simulate the tensile 

behavior of the corroded material is described. For this, a multi scale Finite Element 

(FE) modeling approach was developed, based on the work in [10], combining an FE 

model in micro-scale, representing a single pit or exfoliated area and its respective 

hydrogen embrittled zone, and the FE model of the tensile specimen in macro-scale. 

On the sixth Chapter, the results of the numerical analysis of the developed 

models are presented. These results are compared with experimental data of pre-

corroded tensile specimens and with the results obtained in a previous work [10], 

accounting only for the metallographic features of corrosion damage. 

On the seventh Chapter the conclusions based on the performed investigations 

are presented, as well as suggestions for further research. Lastly, the list of consulted 

bibliography is shown. 
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CHAPTER 2  

Literature Review 

An extensive bibliographic review is carried out, describing the assessment of 

corrosion damage accounting for both, metallographic features and hydrogen 

embrittlement, and the influence of corrosion on the mechanical properties of the 

aeronautical aluminum alloy 2024-T3. Also, a description of the performed attempts to 

numerically simulate corrosion damage and the mechanical performance of the material 

of interest is performed. 

2.1 Corrosion Assessment in Aeronautical Aluminum Alloys 

Corrosion of aluminum alloys is usually of a localized nature; its most common 

form is pitting and involves electrochemical mechanisms. In acidified solutions, the 

basic anodic reaction is metal dissolution and the cathodic reactions are oxygen and 

hydrogen reduction as a result of aluminum ion hydrolysis [1]. 

Heat treatable aluminum alloys such as 2024-T3 are widely employed in 

aeronautic industry due to their high stress to weight ratio, but are prone to corrosion 

damage in chloride environments [1]. 

The accumulation of corrosion damage during service represents a major threat 

for the structural integrity of aluminum aircraft structures [12–15]. The issue of 

corrosion, which is even today sometimes underestimated, may lead to catastrophic 

events [13]. However, available information on the aging of aeronautical fleet and on the 

effects of corrosion damage on the mechanical behavior of corroded aircraft structures 

is not yet sufficient to predict changes on their behavior or to determine failure criteria, 

especially on the base of corrosion damage tolerance principles. 
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There is a considerable economic interest in keeping airframes in service as long 

as possible [16]. The economic aspects concerning aging aircrafts are related, among 

others, to a series of corrective and preventing approaches to face corrosion and the 

appreciable costs associated to corrosion [12,17]. The repair of a corroded structure 

mainly includes removal of the corroded material until the allowable repair limits are 

exceeded. After this stage, the structure needs to be replaced [16,18,19].  

In order to be able to properly account for corrosion damage, its main 

characteristics must be assessed. At present time corrosion damage is assessed by 

involving metallographic features such as mass loss, for the case of uniform corrosion 

and pit depth, pitting density and pit shape for the case of pitting corrosion [3,7,20–22].  

 

2.1.1 Metallographic Features of Corrosion 

Several works, e.g. [2,23–29] have been produced in the past years aiming to 

provide means to understand and quantify both, pitting initiation and the evolution of 

pitting corrosion in aeronautical aluminum alloys exposed to different corrosive 

environments. Most of these studies explore accelerated laboratory corrosion tests, 

which are usually designed to assess the corrosion susceptibility of the alloys in the 

corrosive environments under consideration. In this context, the aggressiveness of the 

corrosive environment is a significant parameter influencing corrosion damage 

evolution, as well as the underlying corrosion process’ physics.  

Investigations [30] as well as industrial practice [31] indicate that in-service 

obtained corrosion damage correlates well to the one caused by a 3.5% NaCl solution 

[30], with pitting density, depth and shape evolving with exposure time. In the work of 

Yang et al [32], the synergistic effect of environmental media, namely, air, 3.5% and 

5.0% NaCl corrosive solutions, and stress/strain on fatigue lives of aluminum alloys was 

assessed, showing that for 2024-T4 aluminum alloy fatigue lives decreased as the 

concentration of NaCl aqueous solution increased. 



[11] 
 

On the other hand, in a series of investigations, Exfoliation Corrosion (EXCO) 

has been used to assess the corrosion susceptibility of aircraft aluminum alloys, 

including 2024-T3 [3,4,31,33–35]. 

In the investigation in [11], 2024-T3 aluminum alloy specimens were exposed to 

EXCO environments according to ASTM G34-01 [36] for various exposure times. The 

evaluation of corrosion damage included the derivation of the following metallographic 

features: corrosion density, shape, depth and diameter, and their evolution with time in 

the corrosive environment, as well as the derivation of the tensile performance of the 

alloy following to same corrosion exposure. The results have shown a gradual, non-

linear increase of the measured geometrical corrosion damage features, which leads 

after a certain time from shallow pitting to intergranular and exfoliation corrosion. It was 

observed that the type of corrosion damage induced by the EXCO test refers to 

corrosion damage observed in a series of different environmental conditions, which are 

described in Table 2.1, based on pit depth and corrosion type (pitting, intergranular and 

exfoliation). 

Table 2.1 - Corrosion damage comparison between laboratory and environment conditions. 

EXCO test Environment corrosion 

2 hours Marine environment – 1 year [37] 

4 hours Marine environment – 7 years [37] 

8 hours Industrial environment – 20 years [1] 

12 hours Industrial environment – 20 years [1] 

16 hours Severe industrial environment – 7 years [37] 

 

The results of tensile tests performed in the work in [11] after corrosion exposure 

of specimens for different times in EXCO solution have shown a gradual, non-linear and 

moderate degradation of the tensile strength properties of the alloy, as well as a 

gradual, non-linear and dramatic decrease of the tensile ductility. The observed 

reduction of the load carrying cross section of the specimens as well as the notch 
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effects caused by pitting and exfoliated areas are sufficient to explain the moderate 

reduction of tensile strength properties. 

The evaluation of pitting corrosion damage, as foreseen by ASTM G46-94 [2], is 

restricted to the geometrical metallographic features of the pits. Consequently, two parts 

presenting the same pit density, depth and diameter as another, are assumed to 

present the same corrosion damage. Yet, a series of investigations [3–8,10,11] have 

shown that the assumption that corrosion damage may be assessed and quantified 

solely by means of the geometrical metallographic features prescribed in the 

specification ASTM G46-94 is for a number of cases not sufficient. 

It should be underlined that the variables involved in aircraft corrosion are 

convoluted, complex and interacting. Therefore, and despite of the significance of 

several studies in order to understand the physics of corrosion, the relevance of the 

observed corrosion susceptibility to the corrosion behavior observed in the various in-

service conditions remains very questionable. 

An evidence of this statement is dramatic reduction of tensile ductility of pre-

corroded specimens detected by several authors [5,10,33], which cannot be explained 

nor could be predicted in the work in [10] by accounting only for pits or exfoliation 

induced notches. Extensive investigations have shown that hydrogen produced during 

corrosion process is trapped in the material in preferable trapping sites [3,5,6,33], which 

were identified in [38]. Hydrogen trapping results to hydrogen embrittlement, which is 

held responsible for the drastic reductions in elongation to fracture of the corroded 

material, and the cause of a quasi-cleavage zone observed after tensile fracture under 

the corroded surface of the alloy [5]. These effects will be better discussed in the 

following section. 

 

2.1.2 Corrosion-Induced Hydrogen Embrittlement 

Hydrogen embrittlement is a severe environmental type of failure that affects 

almost all metals and alloys [39], which was proved to play a significant part in 
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degradation of mechanical properties of materials exposed to higher aggressiveness 

corrosive environments. Even though several studies have been done in the past 

aiming to characterize this phenomenon in both ferrous and non-ferrous alloys, reports 

of the mid 1970’s affirmed that aluminum alloys were immune to low-temperature 

hydrogen embrittlement [40,41]. It was not until recent years that the development of 

different research methods and approaches allowed observing this phenomenon in 

aeronautical aluminum alloys. 

Hydrogen is produced by surface corrosion reactions and part of it is absorbed in 

atomic form into the material [42], as shown schematically in Figure 2.1. In particular, 

the production of atomic hydrogen by a single-electron transfer process, according to 

the reaction 

Equation 2.1 

𝐻2𝑂 + 𝑒−  → 𝑂𝐻− + 𝐻+ 

makes water an aggressive environment for aluminum alloys [43]. Absorbed 

hydrogen diffuses towards the interior of the material and may be retained at various 

preferential locations. Solute hydrogen occupies and diffuses between interstitial lattice 

sites in metals, and can be trapped to various degrees at other sites (i.e., occupy lower 

potential-energy sites relative to normal interstitial sites). These other sites, listed 

generally in order of trapping strength, include: (i) some solute atoms, (ii) free surfaces 

and sites between the first few atomic layers beneath surfaces, (iii) mono-vacancies and 

vacancy clusters (which are present in concentrations well in excess of thermal-

equilibrium values because hydrogen reduces the vacancy-formation energy), (iv) 

dislocation cores and strain fields, (v) grain boundaries (including prior-austenite grain 

boundaries in martensitic steels), (vi) precipitate/matrix interfaces and strain fields 

around precipitates, (vii) inclusion/matrix interfaces, and (viii) voids and internal cracks 

(Figure 2.1) [44–46]. 
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 (a) 

 (b) 

Figure 2.1 - Schematic illustrations of sites and traps for hydrogen in materials (a) on the atomic scale, 

and (b) on a microscopic scale [46]. 

 

Hydrogen diffuses through the lattice in response to gradients in hydrogen 

concentration, temperature, and hydrostatic stress fields [46]. In corrosion of aluminum 

alloys, once a stable pit is formed its bottom can be correlated with the tip of a micro 

crack. This way, hydrolysis of aluminum ions will lead to ongoing localized production of 

acidity and the potential for hydrogen embrittlement. This type of attack weakens the 

grain boundary network ahead of the corrosion attack front, resulting in accelerated 

crack growth and in a loss of mechanical properties [3,4,38,47], as shown schematically 

in Figure 2.2.  
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Figure 2.2 - Crack propagation in presence of hydrogen. Adapted from [48]. 

 

A commonly used description of regions of hydrogen-induced fracture surfaces is 

‘‘quasi-cleavage’’ i.e., failure on non-cleavage planes with fine lines that run 

approximately parallel to the direction of crack advance [49]. Discontinuous cracking 

can be explained by a trapped-hydrogen mechanism in terms of an increment of 

cracking occurring when a critical concentration of hydrogen is built up over a critical 

distance ahead of cracks, followed by crack-arrest and blunting when cracks run into a 

region of lower hydrogen concentration [46]. This was observed in the work in [3], in 

which a quasi-cleavage (embrittled) zone always appeared between intergranular 

corrosion and the ductile uncorroded matrix, as shown in Figure 2.3. 
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Figure 2.3 - Observation of a quasi-cleavage zone in 24h EXCO specimens [3]. 

 

Hydrogen traps are mechanistically classified as reversible and irreversible 

[50,51], depending on the steepness of the energy barrier needed to be overcome by 

hydrogen to escape from them. The existence of critical temperatures, below which no 

hydrogen evolution takes place, classifies these traps as irreversible [50]. In Figure 2.4, 

the evolution of hydrogen desorption with continuous heating is shown. The pattern of 

evolution is a strong function of the specimens’ temperature, indicating the existence of 

multiple trapping sites. Different curves correspond to specimens with varying exposure 

time to the exfoliation solution. It is evident that the quantity of hydrogen increases 

drastically with exposure time [3]. 
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Figure 2.4 - Desorption of H2 in specimens of 2024-T3 AA for continuous heating up to 600°C. [3] 

 

Another key question addressed by the experiments performed in the work in [3] 

is how deep into the material does hydrogen penetrate. To answer this question, the 

authors progressively sectioned the material and hydrogen desorption measurements 

were performed after each sectioning. With this, it was shown that the hydrogen 

affected zone extended beyond 350 μm, which was the observed corrosion depth of 

attack.  

The results of hydrogen desorption and tensile tests after the removal of the 

corroded layer, 350μm, are depicted in Figure 2.5. The sectioning of the specimen was 

not sufficient to fully restore the values of elongation to fracture to their original (Figure 

2.5a), and even after the removal of the corroded layer, the presence of hydrogen was 

still detected with continuous heating (Figure 2.5b). 
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(a) 
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(b) 

Figure 2.5 – (a) The procedure of mechanical removal of corrosion attack and respective elongtion values 

and (b) The amount of H2 remaining after removal of 350 µm [52]. 

 

Even though the occurrence of corrosion-induced hydrogen embrittlement and 

the effects of this phenomenon over the material's mechanical behavior are known, the 

quantification of the hydrogen embrittled region is not a trivial task. Traditional methods 

of diffusion identification, such as Secondary Ion Mass Spectroscopy (SIMS) and 

Fourier Transform Infrared Spectroscopy (FT-IR), do not readily distinguish corrosion 

products from atomic hydrogen, and its spatial resolution can be limited [53]. In that 

base, Kelvin probe force microscopy was shown to be efficient in the detection of atomic 

hydrogen in 2024-T3's lattice [53,54], with maximum depth of penetration of the order of 

300μm. Other techniques, such as temperature-programmed desorption employed in 

the work in [3] have resulted in the detection of hydrogen up to 500μm from the 

corroded surface.  

Yet, none of these techniques was initially designed to quantify the local 

mechanical properties of a material within the embrittled zone, which however are 
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necessary for any reliable predictive modeling effort of the mechanical behavior of the 

corroded material. 

Barnoush et al. [55] have demonstrated the applicability of in situ electrochemical 

nanoindentation for studying hydrogen deformation interaction in both nickel and copper 

surfaces, observing that this method, despite being laborious, can be successfully 

employed to the identification of the mechanical properties of hydrogen-enriched 

regions. The work was focused on the determination of the acting mechanisms 

responsible for previously noticed changes in mechanical behavior, but sheds a light on 

the possibility of applying techniques such as nanohardness tests to determine the 

mechanical properties of hydrogen-embrittled layers. Nanohardness tests allow 

measuring the extent of the affected zone, as well as calculating the hardness and 

elastic modulus of a material. The method is based on indentation load versus 

displacement data, obtained during one cycle of loading and unloading [26]. 

However, the EXCO test employed in the mentioned investigative works is very 

aggressive, remaining uncertain if its corrosion rates can be correlated with realistic 

aeronautic service conditions [33]. On the other hand, up to now, there is no evidence in 

the literature regarding the presence of hydrogen embrittlement mechanism in the 

corrosion process of 2024-T3 aluminum alloy exposed to 3.5% NaCl solution. 

Nevertheless, the variation of extent and mechanical properties of the corrosion-

induced hydrogen embrittled layer with time are still not fully stated, with the need of 

further studies to be performed in order to contribute with the optimization of product 

development and existing numerical models that account for corrosion damage. 

2.2 Finite Element Analysis of Corrosion 

Understanding and prediction of corrosion damage are very important for the 

structural integrity of materials and structures. While much is understood regarding 

corrosion damage from electrochemical factors and alloy's microstructure, there is a 

limited amount of studies dealing with the evolution of the mechanical behavior due to 

corrosion in aeronautic and aerospace metals from a numerical perspective [56]. 
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Only a few concepts were reported aiming to directly correlate the metallographic 

features, which characterize corrosion damage of a material, to the resulting 

degradation of its mechanical properties. Such a correlation is not an easy task as 

corrosion damage evolution follows non-linear time functions [10,57,58].  

In the investigation in [59] a correlation between the metallographic features of 

corrosion damage developed on the magnesium alloy AZ31 and the residual 

mechanical properties of the corroded material has been made manageable by using 

artificial neural networks. This approach is formalistic and rather empirical with limited 

reference to the underlying mechanisms. Another approach followed by many 

researchers is the development of analytical models aiming to assess the effects of 

idealized metallographic features which characterize corrosion damage, e.g. a semi-

elliptical pit, a stress field caused by a mechanical load, etc [29,33,60–67].  

In the work in [60] the stress distribution under uniaxial tension loading at semi- 

elliptical corrosion pits was investigated by developing 3D pit models with varying 

diameter and depth. It was concluded that the pit aspect ratio is the main parameter 

affecting the value of the stress concentration factor and that any pit formation can 

cause crack initiation under mechanical loading. In [29] Pidaparti and Patel investigated, 

using 3D FE models, the evolution of stresses around a single corrosion pit with 

exposure time. They found that at the beginning the stresses increase dramatically and 

after a period of corrosion exposure they decrease probably due to crack initiation 

caused by the presence of the pit.  

In the work in [68], a mechanical model has been devised to calculate the 

specimen’s remaining effective thickness after different corrosion exposure times. It has 

been shown that the decrease in the alloy’s fracture toughness is mainly associated 

with the thickness reduction degradation mechanism and a small reduction is attributed 

to hydrogen embrittlement. 

In the work in [10], a multi-scale modeling approach for simulating the tensile 

behavior of a 24 hour EXCO corroded aluminum alloy 2024 T3 was developed. The 

approach integrates two FE models: a three-dimensional model of a Representative 
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Unit Cell (RUC) representing the exfoliated areas (micro-scale) and a model of the 

tensile specimen (macro-scale). The geometry of the RUC is constructed based on the 

combination of data from detailed metallographic analysis of corroded specimens 

obtained by Setsika et. al [11] and validated against tensile tests conducted on corroded 

specimens in that investigation. 

Based on the combined observations of the above mentioned works, it is realistic 

to insert the hydrogen embrittlement effect in the development of a numerical model that 

simulates tensile behavior of post-corroded 2024 Al alloy. 
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CHAPTER 3  

Experimental Approach 

This Chapter describes the experimental approach followed in the present work, 

detailing the steps performed to obtain metallographic and tension specimens, the 

corrosion process, metallographic evaluation, tensile tests and the assessment of 

nanohardness and hydrogen desorption measurements. 

3.1 Aeronautical Aluminum Alloy 2024-T3 

The material employed in this experimental study is a bare aluminum alloy 2024 

with the T3 thermal treatment in the form of 1.27mm nominal thickness sheet. This 

specific alloy is widely employed in the aeronautic industry due to its special properties, 

such as high stiffness to density rate and high damage tolerance. It belongs to the 

series 2xxx, is thermally processable and subjected to solubilization heat treatment, 

followed by an aging process, with the goal of increasing the strength and hardness of 

the material. The symbolism T3 characterizes the heat treatment of the alloy, which 

includes solid solubilizing heat treatment, cold working and natural aging [69]. Table 3.1 

shows its typical composition and Table 3.2 shows the average mechanical properties 

of the alloy [69]. 

 

Table 3.1 - Chemical composition (wt%) of aluminum alloy 2024-T3. 

Material Al Fe Cu Mn Mg Cr Zn Ti Other 

2024-T3 90.7-94.7 ≤0.5 3.8-4.9 0.3-0.9 1.2-1.8 ≤0.1 ≤0.25 ≤0.15 ≤0.15 
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Table 3.2 - Mechanical Properties of aluminum alloy 2024-T3. 

Material 
Ultimate Tensile 

Stress [MPa] 

Yield Stress 

[MPa] 

Elongation to 

Fracture (A50) [%] 

Elastic Modulus 

[GPa] 

2024-T3 485 345 18 73 

 

3.2 Specimens 

The specimens used for the metallographic analysis were cut in the shape of 

orthogonal parallelepipeds. Five metallographic specimens of 50mm in width and 

100mm in length were used. One of the surfaces of each specimen was protected from 

corrosion with natural wax. Their geometry is represented in Figure 3.1. 

 

Figure 3.1 - Geometry of specimens for metallographic analysis.  

 

The specimens used for the tensile tests were manufactured according to the 

ASTM E8M-04 standard [70]. The specimens were cut along the rolling direction (L) and 

their geometry is represented in Figure 3.2. Also for this case, one of each specimen's 

useful length's surface and all the gripping surfaces were isolated from corrosion by the 

application of natural wax (Figure 3.3). 
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Figure 3.2 - Geometry of specimens for tensile tests. 

 

 

Figure 3.3 - Tensile specimens isolated with natural wax. 

3.3 Corrosion Procedure 

Two solutions of different corrosion rates were considered to compare corrosion 

damage in accelerated laboratory tests, namely constant immersion exfoliation 

corrosion (EXCO) solution and 3.5% NaCl solution. EXCO tests simulate high corrosion 

rate environments and have been providing an useful prediction of the corrosion 

behavior of aeronautical aluminum alloys in various types of outdoor service, especially 

in marine and industrial environments [36]. On the other hand, in-service obtained 
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corrosion damage correlates well to the one caused by a 3.5% NaCl solution [30], with 

pitting density, depth and shape evolving with exposure time.  

The low corrosion rate environment was simulated through the use of the 3.5% 

NaCl solution, prepared according to ASTM G44-99 [71]. The temperature of the 

solution was kept constant at 25°C and the pH value was 6.8±0.4. The volume of 

solution per surface area was of 30ml/cm2. The specimens were exposed for six 

different periods of time, namely 500, 750, 1000, 1500, 2000 and 3000 hours. After the 

exposure, corrosion products were chemically removed from the surface utilizing nitric 

acid, according to ASTM G1-03 [72]. In sequence, the specimens were stored at -21°C 

until the moment of usage for metallographic analysis and tensile testing. EXCO test 

results were gathered from the work of Setsika [11]. 

3.4 Metallographic Analysis 

Metallographic evaluation of corrosion damage was performed in accordance to 

ASTM G46-94 [2], based on microscopic observations of pit density, depth and 

diameter on the upper (top) and lateral (side) surfaces of the specimens, as represented 

in Figure 3.4. Four areas of 100mm2 (10x10mm) were randomly selected on the top 

surface, summing up 12.5% of the total area of the specimen. 

 

Figure 3.4 - Study surfaces to quantify corrosion damage. 
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For the measurements of the geometrical discontinuities a LEICA DM LM optical 

microscope was employed. Pits were characterized both in upper and lateral surfaces 

through the observations of the specimens as follows: 

✓ Measurements of average and biggest pit depth: The average pit depth 

was determined by the average of all the pits encountered in the selected 

areas. The value of the biggest pit depth was determined by averaging the 

depth of the ten biggest pits measured in the selected areas. Since the 

areas were randomly selected, the biggest pit of the specimen may not 

have been selected for measurement. 

✓ Measurements of average and biggest pit diameter: For each discontinuity 

detected, the two perpendicular diameters were measured and averaged, 

describing the diameter of the pit. 

✓ Measurements of pit density: The number of pits was counted for each 

selected area. 

✓ Characterization of pit shape: The cross-sections performed in the 

material showed the shape of the discontinuities, which were 

characterized according to the specification ASTM G46-94 [2].  

Measurements of pit depth and pit diameter of the ten biggest pits observed for 

each exposure period were employed as evolution parameters. Pit depth is measured 

by two distinctive methods. The first one involves the use of a calibrated optical 

microscope focused first on the top of the pit and then on its bottom. Since the shape of 

the pits is irregular and can be undercutting, a second method is employed to ensure 

the safety of the results. In this, representative measurements on cross sections were 

performed for all periods of exposure. 
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3.5 Tensile Tests 

To determine the effect of corrosion damage on mechanical properties, tensile 

tests were carried out in pre-corroded tensile test specimens as well as in non-corroded 

reference samples. The tests were conducted in accordance with the ASTM E8M-04 

specification. To perform these experiments, servo-hydraulic MTS equipment with load 

application ability of 100kN was employed, as well as strain gauges to record 

deformations. The test speeds were kept constant and equal to 2mm/min. The amount 

and specifications of the performed tensile tests are presented in Table 3.3. 

Table 3.3 - Mechanical Tests. 

Material 
Amount of 

Specimens 
Cutting Direction 

Exposure Time 

[hours] 

2024-T3 

3 

3 

3 

3 

3 

3 

3 

L 

0 

500 

750 

1000 

1500 

2000 

3000 

 

The evaluation of the tensile properties involved the measurement of the 

following elements: 

✓ Yield Strength (Rp0.2): the strength value corresponding to the deformation 

of 0.2%. 

✓ Ultimate Tensile Strength (Rm): the maximum strength value in the stress-

strain diagram. 

✓ Elongation to Fracture (A50): the maximum strain value supported by the 

material. 
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3.6 Nanohardness Tests 

Nanohardness tests were carried out aiming to quantify the depth and local 

mechanical properties of the hydrogen embrittled layer identified in 2024-T3 specimens 

exposed to Exfoliation Corrosion (EXCO) test and determine the mechanical behavior of 

the affected material locally. The nanohardness is a precise method to continuously 

monitor the applied indenter force versus the occurring penetration depth. This 

measurement consists of two steps, the so-called loading stage and the unloading 

stage, as shown in Figure 3.5. During the loading stage, a load forces the diamond 

indenter to penetrate into the specimen. The load is gradually applied and at the same 

time the indentation depth is measured [73]. 

 

Figure 3.5 - Method for the measurement of nanohardness [73]. 

 

The equipment was developed by the team of the Laboratory of Machine Tools 

and Manufacturing Engineering of the Design and Structures Department of the 

Aristotle University of Thessaloniki. A conical indenter with a tip height of 2 nm and a tip 

roundness width of 52.5 nm was employed for the measurements, utilizing the Oliver 

and Pharr method [74] and the specimens analyzed are quantified in Table 3.4. 
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Table 3.4 - Nanohardness Tests. 

Material 
Corrosive 

Environment 

Amount of 

Specimens 

Exposure Time 

[hours] 

2024-T3 EXCO 

1 8 

1 16 

1 24 

 

The measurements of nanohardness were performed by the team of the 

Laboratory of Machine Tools and Manufacturing Engineering of the Design and 

Structures Department of the Aristotle University of Thessaloniki, in Thessaloniki, 

Greece. 

3.7 Hydrogen Desorption Tests 

Hydrogen evolves with controlled heating in an inert atmosphere and was 

measured by a gas chromatograph. The specimen is placed in a 10mm diameter quartz 

tube and is held in place by an inert porous bottom (quartz wool). The tube is inserted in 

a temperature controlled (±1°C), vertical furnace and is heated at a controlled rate. 

High-purity nitrogen continuously flows through the tube at a rate of 20 ml/min, and is 

then driven to a gas chromatograph equipped with a TCD detector. Calibration runs 

were performed using standard H2-N2 samples. Blind experiments were conducted with 

an empty tube heated to 600°C and no hydrogen was detected. After detection of the 

temperatures at which hydrogen first appears, the bulk of the experiments are 

conducted at an optimum heating rate (5–6°C/min), which permits separation of the 

peaks and reliable integration. The specimen's sum-up is shown in Table 3.5. 
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Table 3.5 - Hydrogen desorption. 

Material 
Corrosive 

Environment 

Amount of 

Specimens 

Exposure Time 

[hours] 

2024-T3 
3.5% NaCl 

3 2000 

3 3000 

EXCO 1 12 

 

The measurements of hydrogen desorption were performed by the team of the 

Laboratory of Materials of the Department of Mechanical and Industrial Engineering of 

the University of Thessaly in Volos, Greece.  
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CHAPTER 4  

Experimental Results and Discussions 

In the following Chapter the results of the experimental investigations are 

presented, comprising the investigations of metallographic features of corrosion 

damage, their mathematical correlation when comparing two solutions of different 

aggressiveness, the results of the performed tensile tests on pre-corroded specimens, 

the examination of local mechanical properties of the hydrogen embrittled zone, 

assessed through nanohardness and hydrogen desorption. 

4.1 Metallographic Analysis 

Corrosion in 3.5% NaCl begins with the accumulation of corrosion products on 

the specimens’ surface, showing progressive evolution of corrosion damage from pitting 

initiation, to pit growth and pit coalescence. Only pits deeper than 20μm were taken into 

account, as the effect of shallower pits on the reduction of strength properties can be 

considered negligible compared to the effect of deeper pits [75]. Since the areas of 

examination have been randomly selected, the average depth of the ten deepest pits 

that have been detected was considered as the representative value concerning the 

maximum depth of attack [1]. 

In Figure 4.1 the corrosion damage evolution with time on the top surfaces of the 

specimens exposed to 3.5% NaCl solution is depicted. It can be seen that the evolution 

is progressive with time, with bigger pits being observed after longer periods of 

exposure. 
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(a) (b) 

(c) (d) 

(e) (f) 
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(g) 

Figure 4.1 – 3.5% NaCl corrosion damage evolution with time on top surfaces of specimens exposed for 

(a) 0 hours, (b) 500 hours, (c) 750 hours, (d) 1000 hours, (e) 1500 hours, (f) 2000 hours and (g) 3000 

hours. 

 

Figure 4.2 shows the evolution of corrosion damage in representative cross 

sections of specimens exposed to 3.5% NaCl solution after each period. 

(a) (b) 
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(c) (d) 

(e) (f) 

(g) 

Figure 4.2 - 3.5% NaCl corrosion damage evolution with time on cross sections of specimens exposed for 

(a) 0 hours, (b) 500 hours, (c) 750 hours, (d) 1000 hours, (e) 1500 hours, (f) 2000 hours and (g) 3000 

hours. 
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Pits were not identified after 500hrs of exposure and only pits shallower than 

20μm were observed after 750 hours, so it is considered that there was no significant 

evidence of pitting corrosion for these periods. After 1000 hours of exposure the amount 

of corrosion products on the surface increased appreciably and deeper pits could be 

observed. Overall characteristics showed increase after 1500 hours, with corrosion 

products giving way to wider and deeper pits, distributed in bigger amounts. After 2000 

hours of exposure the severity of pitting corrosion increased, presenting evidences of 

pitting coalescence, what seems to remain of approximately constant order of 

magnitude after 3000 hours. Intergranular and exfoliation corrosion were not observed 

in the specimens exposed to 3.5% NaCl solution for the time period investigated. 

Metallographic analysis of the specimens’ cross sections revealed that pits can 

be characterized as wide and shallow, with diameter presenting bigger values than 

depth for all cases (Figure 4.3a). This characterization can also be noticed in [11], 

depicted for reference purposes in Figure 4.3b, what suggests that a similar type of 

corrosion evolution happens for pitting in both corrosive environments. Pitting was found 

as dominant in [11] for periods up to 12 hours of exposure, developing exfoliation 

characteristics after 16 hours in EXCO solution. Therefore the period between 12 and 

16 hours of exposure was characterized in that work as transitory, in which corrosion 

damage characteristics change from pitting to exfoliation.  

Figure 4.4 shows the evolution with time of the ten biggest pits found on the 

metallographic observation of the top surfaces, in (a) 3.5% NaCl and (b) EXCO [11] 

solutions. 
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(a) 

(b) 

Figure 4.3 – Corrosion damage evolution through time regarding average depth and diameter of the pits 

in (a) 3.5% NaCl and (b) EXCO [11] solutions. 
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(a) 

(b) 

Figure 4.4 - Corrosion damage evolution through time regarding depth and diameter of the ten biggest 

pits in (a) 3.5% NaCl and (b) EXCO [11] solutions. 
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Figure 4.5 illustrates the evolution of average pit depth and diameter of the side 

surfaces with time in both solutions. In 3.5% NaCl solution (Figure 4.5a) shallow pitting 

was observed after 500 hours, evolving progressively with time to deeper pits after 750 

and 1000 hours. As observed on the top surface, there is a tendency of stabilization of 

both pit depth and diameter after 2000 hours of exposure, with average dimensions of 

160μm depth and 470μm diameter after 3000 hours. In EXCO solution (Figure 4.5b) the 

evolution of side pitting follows a quasi-linear trend, with diameter still evolving more 

rapidly than depth. This evolution is discussed in detail in the work in [11]. 

(a) 
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(b) 

Figure 4.5 - Corrosion damage evolution through time regarding average depth and diameter on the side 

surfaces in (a) 3.5% NaCl and (b) EXCO [11] solutions. 

 

In the work in [11] it was observed that EXCO corrosion damage presents 

different behavior in the top and side surfaces, with the last one being more severe than 

the first. This happens due to the bigger amount of grain boundaries exposed to the 

solution in the side surface, favoring pit initiation and growth. On the other hand, 

measurements performed in 3.5% NaCl specimens had shown that there is a difference 

in corrosion severity for both top and side surfaces, but not as pronounced as in EXCO 

tests. 

4.2 Correlations of Geometrical Metallographic Features 

The curves in Figure 4.6 give the time correlation to obtain the same 

metallographic features in both environments. The plotting of the interpolated values 

resulted in the tendencies exhibited in Figure 4.6a and Figure 4.6b, adjusted with the 
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use of exponential fitting and resulting in values of coefficient of determination, R2, of 

92.99% and 89.71%, respectively. 

As it can be seen in Figure 4.6 both parameters show permanent increase with 

time, with nearly linear evolution for periods of up to 8 hours in EXCO. It is noticeable 

that in EXCO a transient behavior from pitting to exfoliation corrosion was observed at 

the time range between 12 and 14.4 hours [11], which was not observed in 3.5% NaCl 

exposed specimens within the time range investigated. 

(a) 

(b) 

Figure 4.6 - Time correlations leading to equivalent damage in both solutions and exponential decay 

fitting curves considering (a) pit depth and (b) pit diameter of the ten biggest pits as base parameters. 
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Since the same type of corrosion, namely pitting, occurs in both environments up 

to a limit of 8 hours in EXCO, this period was taken as a threshold for comparison. This 

way it is possible to trace exponential correspondences between different 

aggressiveness corrosion tests, taking as base parameters any of the determined pit 

characteristics. Chapman-Richards fittings (Equation 4.1), generally employed to 

describe cumulative growth, presented high coefficient of determination, meaning a 

good correlation between the effects found in low and high aggressiveness 

environments. Since the deepest pits found in each specimen also presented the 

biggest diameter, the necessary amount of time in each solution to reach the biggest 

geometrical damage features (depth and diameter values) was averaged. This way, a 

single acceleration function that takes all base parameters into account could be 

estimated. Although the average value does not provide precise correlations, it is useful 

for rough comparison, enabling the monitoring of the most accessible pit characteristic 

measurable in situ in order to get approximations for the general corrosion damage of 

the part. The observed correlation is depicted in Figure 4.7. The fitting constants and 

values of R2 are summarized for each case in Table 4.1. 

Equation 4.1 

𝑦 = 𝑎(1 − 𝑒−𝑏𝑥)𝑐 

(a) 
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(b) 

(c) 

Figure 4.7 - Chapman-Richards fitting curves considering (a) pit depth and (b) pit diameter as base 

parameters and (c) equivalent average curve. 

 

It is obvious that the use of the average function increases the deviation from the 

experimental results. Yet, as the observed values of adjusted R2 of over 98% remain 

acceptable, the use of the average function provides a useful tool for an approximate 
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correlation of the main metallographic features of pitting corrosion damage with the 

mechanical behavior of the affected material. 

Table 4.1 - Chapman-Richards fitting constants and coefficients of determination for each of the pit 

characteristics considered as base parameters. 

Depth Diameter Average 

a1 88.934 a2 9.096 a 9.967 

b1 2.02E-3 b2 7.9E-3 b 8.09E-3 

c1 16.33 c2 860.56 c 1016.505 

R1
2 98.437 R2

2 99.215 R2 99.65 

 

As discussed and explained, previous investigations [11] have shown that the 

corrosion at the side surface of the specimens is much more severe as compared to the 

top surface corrosion. In Figure 4.8 Dose-Response fitting was used to trace the 

correlation between side pits depth measured in specimens exposed to both corrosive 

environment, resulting in a value of R2 of 95.72%. As observed in [11], exposure in 

EXCO presented severe pitting and pitting coalescence on the side surface already 

after 4 hours of test, limiting the pitting corrosion and the consecutive correlation 

between corrosion damage in the studied environments to this period. It's shown that, 

for this case, 3000 hours of exposure in 3.5% NaCl solution corresponds to 

approximately 3.2 hours in EXCO solution. 
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Figure 4.8 - Time correlation to obtain equivalent corrosion damage and dose-response fitting curve 

considering side pit depth as corrosion damage base parameter. 

4.3 Tensile Tests 

According to the interpretation of corrosion damage adopted in this work, tensile 

tests on pre corroded specimens exposed to 3.5% NaCl for various time periods were 

performed to obtain the effect of existing corrosion on the tensile behavior of the 

material. Tensile properties of EXCO exposed specimens were taken from the work in 

[11]. Tensile results for each test series represent the average value of three tensile 

tests and obtained data are presented as percentages of the respective reference 

values in Figure 4.9. 
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(a) 

(b) 

Figure 4.9 - Tensile properties of corroded specimens after different periods of exposure to (a) 3.5% NaCl 

and (b) EXCO solutions. 
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Exposure in 3.5% NaCl solution (Figure 4.9a) results in a progressive damage 

increase, reflected to a gradual degradation of the tensile properties of the material. The 

reduction of tensile properties remains insignificant. Yield stress values show a marginal 

drop of 1.28% after 750 hours, which increases to a still insignificant 2.33% drop after 

3000 hours of exposure. The drop of tensile strength remains also small and slightly 

exhibits 5% for 3000 hours exposure time. This insignificant drop is due to the notch 

effect caused by the pits observed at 3000 hours. It is worth recalling that the exposure 

to 3.5%NaCl did not cause any exfoliation, which would represent a more pronounced 

notch effect. On the other hand, tensile ductility exhibits an appreciable drop already 

after relatively short exposure times to 3.5% NaCl. Elongation to fracture evolves from 

25% reduction after 750 hours in this environment to 50% reduction after 2000 hours of 

exposure, which is maintained after 3000 hours of corrosion test. This is consistent to 

the observation of a very slight increase of the geometrical metallographic features of 

corrosion damage in the time between 2000 and 3000 hours.  

Figure 4.9b shows the reduction of the tensile properties after exposure in EXCO 

solution [11]. It is obvious that the more aggressive environment of the EXCO solution 

results to a much higher decrease of tensile properties as compared to the 3.5% NaCl 

solution. Yet, the loss on tensile strength properties remains moderate also in this 

aggressive environment. The Yield strength value reaches its highest drop of 8.36% 

after 24 hours of exposure in EXCO solution. The loss on tensile strength is higher and 

reaches 17.3% after an exposure time of 24 hours. On the other hand, the drop on 

tensile ductility is dramatic. The value of Elongation to Fracture is 50% lower than the 

one of the raw material already after 2 hours of exposure, degrading progressively to 

30% of the original value after 4 hours in this solution and to 25% after 8 hours of 

exposure. After this period a tendency of stabilization of the Elongation to Fracture up to 

24 hours of exposure could be observed.  

As for the degradation of the tensile properties following to exposure in 

Exfoliation Corrosion, a series of investigations [3–6] provided sufficient evidence that 

its cause is the synergistic effects of notches, due to pits and exfoliated areas, and 

hydrogen embrittlement, resultant from atomic hydrogen produced during the corrosion 
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process. The notch effects have been proved to be the dominant cause for the loss on 

tensile strength properties and hydrogen embrittlement the dominant cause of the 

observed dramatic reduction of tensile ductility [3,11]. The adoption of the above 

statement to explain the results of the tensile tests following to exposure to 3.5% NaCl 

is not straightforward. At first sight one should not expect the production of atomic 

hydrogen during the initial corrosion process; atomic hydrogen first comes in place as 

the result of the pitting initiation mechanism and the dissolution of aluminum [25]. In 

addition, the by far more aggressive EXCO environment results in much higher 

corrosion rates, what facilitate the production of hydrogen in bigger amounts and the 

activation of hydrogen trapping sites in the aluminum alloy. Therefore, even though 

geometrical metallographic features are correspondent in both employed solutions, the 

assumption that they lead to the same corrosion damage and have the same influence 

over the mechanical properties is not self-evident.  

For these comparisons, only the metallographic parameters of the ten biggest 

pits found in the top surface were taken into account, since they play a more significant 

role in the degradation of the mechanical properties than average-sized pits. 

(a) 
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(b) 

(c) 

Figure 4.10 - Effect of depth of the 10 biggest pits on the degradation of (a) elongation to fracture, (b) 

yield stress and (c) ultimate tensile stress. 

 



[50] 
 

As it can be seen, pits of 100μm of depth lead to approximately 30% reduction in 

elongation to fracture in 3.5% NaCl solution, but over 60% reduction in EXCO solution 

(Figure 4.10a).  Figure 4.10b illustrates the reduction of Yield stress with pit depth, also 

resulting in less pronounced losses in 3.5% NaCl than in EXCO. The relation between 

pit depth and ultimate tensile stress for both environments, shown in Figure 4.10c, 

follows the less compatible comparison. It was proven in the work in [3] that ultimate 

tensile stress is dependent exclusively on the presence of pits and exfoliated areas, with 

the mechanical removal of the corroded layer restoring its original values. Therefore, 

one should expect that geometrically equivalent pits would lead to equivalent Ultimate 

Tensile stress losses, regardless of the corrosive solution; as so, the obtained results in 

Figure 4.10c are not intuitively understandable. On the base of the results in Figure 4.10 

one may conclude that same metallographic features of corrosion damage caused by 

exposure to EXCO and 3.5% NaCl respectively, result to significantly different effects on 

the tensile behavior of the corroded alloy. Yet, it is worth recalling that according to the 

investigations in [11] it is the side pits that give a more pronounced effect over the 

degradation of the tensile properties of the material. Because of the effect of the 

direction on the microstructure of the aluminum alloy sheets, the sides of the specimens 

exhibit a higher amount of grain boundaries, prolonged at the rolling direction, being 

exposed to the corrosive solution in comparison with the top surface, thus facilitating 

both, the creation and evolution of pits. Figure 4.11 shows the correlations between the 

depth of side pits and the observed tensile properties for each solution's exposure 

periods. 
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(a) 

(b) 
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(c) 

Figure 4.11 - Effect of depth of side pits on the diminishing of (a) elongation to fracture, (b) yield stress 

and (c) ultimate tensile stress. 

 

For the cases depicted in Figure 4.11, the degradation of tensile properties is 

more gradual, showing that this comparison fits better than the one observed 

accounting for top surfaces' pits. With this, one could expect that since grain boundaries 

are more exposed in the side surfaces, corrosion damage would be enhanced and 

facilitated in both solutions. It is necessary to recall, however, that there was no 

evidence of severe pitting coalescence on the side surfaces of 3.5% NaCl exposed 

specimens, even after the longest exposure periods, while specimens exposed for 4 

hours in EXCO solution presented severe pitting coalescence in the work in [11]. 

Therefore, it is clear that the correspondence of tensile properties of the pre-corroded 

materials is limited to the shortest periods of exposure in EXCO solution, while 

corrosion damage is under dominance of pitting corrosion and the same corrosion 

mechanisms operate in both solutions.  
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The degradation of 50% in Elongation to Fracture observed after 3000 hours in 

3.5% NaCl (Figure 4.11a), which in EXCO is not related to the geometrical 

metallographic features of corrosion damage but to the presence of a corrosion-induced 

hydrogen embrittled layer [3], indicates the need for further metallographic investigation 

concerning the potential presence of trapped hydrogen in the alloy after exposure to 

mild aggressiveness corrosive environments.  

4.4 Hydrogen Desorption 

Displayed in Figure 4.12 is the desorption of hydrogen in two specimens of 2024-

T3 aluminum alloy exposed for 3000 hours in 3.5% NaCl for continuous heating up to 

600°C. For comparison, the respective results for a specimen exposed for 12 hours in 

EXCO are also shown. It is worth mentioning that the geometrical metallographic 

features of specimens exposed to 3.5% NaCl for 3000 hours correlate well to the 

respective features of specimens exposed for 12 hours in EXCO solution. Corroded 

specimens are heated at a constant rate in an inert atmosphere and the evolving gases 

are analyzed by a gas chromatograph. The measurements of hydrogen desorption were 

made at the Laboratory of Materials of the Department of Mechanical and Industrial 

Engineering of the University of Thessaly in Volos, Greece. As can be seen, a small 

amount of hydrogen, of the order of 0.2 ppmw, is desorpted after continuous heating of 

a specimen exposed for 3000 hours to 3.5% NaCl solution up to 600°C. This supports 

the assumption that even small amounts of trapped hydrogen might be responsible for 

appreciable degradation of tensile ductility, regardless of the geometrical metallographic 

features of corrosion damage presented by the part. 
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Figure 4.12 - Desorption of H2 in specimens of aluminum alloy 2024-T3 for continuous heating up to 

600°C. 

 

Table 4.2 shows the theoretical surface concentration (cS) of hydrogen based on 

the solution's pH. As expected, the cS value of EXCO solution is much higher than the 

one found in 3.5% NaCl solution by several orders of magnitude.  

Table 4.2 - Surface hydrogen concentration based on solution's pH. 

 EXCO 3.5% NaCl 

pH 0.4 6.8 

cS 0.40089392 1.5959874E-7 

 

The above results make evident the need for further investigations and more 

evidence concerning the contribution of hydrogen embrittlement in the observed tensile 

behavior for specimens exposed to 3.5% NaCl for longer periods.  
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4.5 Nanohardness Measurements 

As for the quantification of both extension and local mechanical properties of the 

hydrogen embrittled zone, the Physical Metallurgy Laboratory of the Department of 

Mechanical Engineering of the Aristotle University of Thessaloniki performed 

measurements of nanohardness. At least 11 indentations were carried out at each level 

of depth using a Berkovich tip on the cross sections of the pre-corroded materials. The 

indentations were initiated at the bottom of the exfoliated areas and performed 

sequentially at every 50μm, as represented schematically in Figure 4.13. 

 

Figure 4.13 - Placement of the nanohardness measurements from the bottom of the pit. 

 

The indentation’s displacement and load (Figure 4.14a) are employed as inputs 

to calculate nanohardness values [74], which show progressive increase with distancing 

of the pit bottom (Figure 4.14b). The interpretation of the results presented in 

Figure 4.14b is not intuitive, as one could expect that the effect of HE would be of 

increase local values of hardness, with posterior diminishing with distancing of the pit 

bottom. However, it’s seen that the opposite occurs. The mechanisms of embrittlement, 

especially in aeronautical aluminum alloys, are not yet well understood and require 

further studies. An initial approach to this understanding is presented as follows. Lower 

values measured near the bottom of the pits can be explained by the presence of 
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atomic hydrogen diffused into the lattice. The presence of these atoms can weaken 

lattice’s chemical bonds, with a reduction in the cohesive energy of the metallic matrix 

and decrease in the load carrying capacity of the affected layer, approaching the 

Hydrogen Enhanced De-cohesion (HEDE) mechanism [46,76,77]. The progressive 

increase can happen due to a limited capacity of atomic hydrogen to diffuse into the 

lattice, accumulating in higher concentrations within stress fields, such as the one 

generated at the bottom of the pit [55]. These stress fields were observed in the works 

of [53,54], where corrosion-induced hydrogen accumulated within the vicinities of high-

stress regions, such as grain boundaries and pits, through the employment of Kelvin 

Probe Force Microscopy and Secondary Ion Mass Spectrometry. With distancing of the 

affected layer, and approaching the characteristics of the raw material, load carrying 

capacity is restored and the maximum depth of penetration decreases, leading to 

increased nanoindentation hardness values. However, the HEDE mechanism alone 

does not seem sufficient to explain all the effects of HE observed in previous works, 

such as the presence of a quasi-cleavage zone in tensile fracture surfaces or the 

decrease in strain of corroded specimens [3–5,9,11,33]. Most likely, a combination of 

different mechanisms is responsible for these results, with the need of more 

experimental observations to fully characterize the main acting mechanism. 
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(a)                                                                    (b) 

Figure 4.14 – (a) Indentor's depth of penetration with load variation and (b) Nanohardness evolution, per 

distance from the pit bottom after 24 hours in EXCO solution. 

 

The local elastic modulus (Figure 4.15a) is calculated at each measured depth 

from the nanoindentation hardness measurements within the HEZ of the specimens, 

utilizing the “FANOS” algorithm [78], which is based on the acquired data of indentation 

depth and force. The evolution of this property accompanies the progressive increases 

shown in Figure 4.14b. The trend, presented by the calculated results of local elastic 

modulus for the 24 h exposure period, obeys a Stirling exponential fitting (Equation 4.2), 

in which a, b and k are empirical constants, x represents the depth from the bottom of 

the pit and y represents the local elastic modulus. The resultant exponential fitting is 

shown in Figure 4.15b, with an adjusted coefficient of determination (R2) of 99%. These 

values were employed as inputs for the material properties of the HEZ in the numerical 

approach, which will be detailed in an upcoming section. 
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Equation 4.2 

𝑦 = 𝑎 +
𝑏 ∗ (𝑒𝑘∗𝑥 − 1)

𝑘
 

  

(a)                                                                    (b) 

Figure 4.15 – (a) Evolution of HEZ’s Local Elastic Modulus with depth and (b) Exponential fitting of local 

elastic modulus values, for 24 hours exposed specimens. 

 

It’s important to recall that quasi-cleavage zones were noticed in the works in 

[5,11], related to the presence of trapped hydrogen. Even after the removal of 350μm of 

corroded material of specimens exposed for 24 hours in EXCO solution, Petroyiannis et 

al. [5] have noticed the permanence of these zones, showing approximately 200μm 

depth. These observations allow us to attest that the progressive trend presented by the 

nanohardness values found in this work can be associated to the presence of trapped 

hydrogen. Moreover, the tendency of stabilization of these measurements observed 

after 200μm depth confirms the accuracy of the nanohardness technique in the 

quantification of the extension of the corrosion-induced HEZ.  

On that base, a possible manner to roughly estimate the extent of the HEZ for 

different periods of exposure in EXCO solution would be the assessment of the extent 

of the quasi-cleavage zones on the fractured surfaces of corroded specimens. This way, 
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the depth of HEZs after 8 hours of EXCO exposure would be of the order of 100μm and, 

after 16 hours, of the order of 150μm [11]. 

When comparing corrosion damages prevenient from different exposure periods 

but derived from the same corrosive solution, the corrosion mechanism and its inherent 

hydrogen diffusion process are invariable. With this in mind, an initial approach for the 

estimation of the evolution with time of local mechanical properties within the hydrogen 

embrittled zone in specimens exposed to EXCO solution can be assessed, through the 

employment of the Stirling exponential fitting. By inserting the initial and final values of 

both, depth from the bottom of the pit, x0 and xf, and local elastic modulus, y0 and yf, in 

Equation 4.2 the variation of local elastic modulus can be estimated throughout the 

hydrogen embrittled zone.  

The initial values of nanohardness measured at the bottom of the pits (0μm) and 

the calculated local elastic modulus for periods of 8 and 16 hours of exposure are 

presented in Table 4.3. The values are in accordance to the initial value observed for a 

24 hour exposure period. 

Table 4.3 - Nanohardness values (HM) and Local Elastic Modulus (GPa) at the bottom of the pits (0μm). 

EXCO time (hrs) Nanohardness (HM) Local Elastic Modulus (GPa) 

8 1906.8 35.5 

16 2093.6 39.7 

24 1957.7 39.3 

 

The data employed as inputs for the estimations of the exponential evolution of 

local elastic modulus after 8 and 16 hours of exposure are shown in Table 4.4. A final 

stabilization value of elastic modulus of 73GPa, as presented by the uncorroded 

material, was set at a constant depth of 250μm from the bottom of the pits. 
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Table 4.4 – Input data for the estimations of the exponential evolution of HEZ’s local elastic modulus after 

8 and 16 hours in EXCO solution. 

EXCO time (hrs) 
Depth (μm) Local Elastic Modulus (GPa) 

x0 x1 y0 y1 

8 0 100 35.5 73 

16 0 150 39.7 73 

a = 39.96, b = 0.42, k = -0.01. 

 

The resultant exponential fittings are shown in Figure 4.16. These values were 

employed as inputs for the material properties of the HEZ in the numerical approach, 

which will be detailed in an upcoming section. 

  

(a)                                                                    (b) 

Figure 4.16 - Estimations of the exponential evolution of local elastic modulus after (a) 8 and (b) 16 hours 

of exposure in EXCO solution, through Stirling fitting. 

 

The understanding of the global evolution of extent of the hydrogen embrittled 

zone is important for the determination of the overall behavior of the affected material. 

However, different severities of corrosion damage can be observed on different parts of 

the specimens, especially when comparing different periods of exposure. In Figure 4.17, 
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different damage severities can be observed in specimens exposed for 8, 16 and 24 

hours to EXCO solution. 

(a) (b) 

(c) 

Figure 4.17 - Damage severity with exposure time: (a) severe damage after 8 hours of exposure, (b) 

moderate damage after 16 hours of exposure and (c) low damage after 24 hours of exposure. 

 

Nanohardness measurements performed in these sections resulted in the local 

elastic modulus’ values shown in Figure 4.18. After 8 hours of exposure, in which local 

corrosion damage’s severity is the highest, the values of local elastic modulus 

decreased progressively with depth. After 16 hours of exposure, the values remained 

approximately constant with depth, unlike the increasing profile presented by the 

measurements after 24 hours of exposure. This suggests that hydrogen embrittlement 

damage can be understood locally as not only correlated to the exposure time, but to 

the extension of the local corrosion damage on the specimen. Regardless of the 

exposure time, the severity of corrosion damage provides more significant effects over 

the local mechanical properties of the studied regions. 
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Figure 4.18 - Evolution of HEZ’s Local Elastic Modulus with depth, accounting for different severities of 

corrosion damage. 
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CHAPTER 5  

Numerical Approach 

5.1 The Multi-Scale Approach 

To simulate the tensile behavior of corroded material, a multi scale FE-based 

modeling approach was developed. This approach is based on the work in [10], which 

combines two FE models: the FE model of a Representative Unit Cell (RUC) (micro-

scale) representing a single pit or exfoliated area and the FE model of the tensile 

specimen (macro-scale). The model of the RUC, which is constructed based on 

experimental data gathered in the work in [11], was updated in this work through the 

insertion of its respective hydrogen embrittled zone (HEZ). The mechanical behavior of 

the exfoliated areas was simulated and used as input at specific elements of the 

specimen’s FE model. The quantification of corrosion damage and the establishment of 

the physical background of materials’ property degradation serve as the base for the 

development of the multi- scale modeling approach. 

5.1.1 Basic Considerations 

The development of the multi-scale methodology was based in the work in [10]. 

The assumptions taken in that work are summarized here for the sake of completeness 

of this thesis:  

• For the macro-scale model, a random distribution of exfoliated areas throughout 

the whole specimen is considered. The higher degree of damage observed for 

the side surface of the specimens as compared to the degree of damage 

observed at top surfaces has also been taken into account.  

• The metallographic analysis performed in [11] revealed that the deepest 

exfoliated areas also have the largest diameter. On the base of this observation, 

it was assumed that the largest and deepest exfoliated areas have the most 

significant effect on the mechanical properties of the corroded material. 
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• The shape of the exfoliated areas was irregular. For simplicity reasons all of 

them were considered to have the shape of a truncated cone.  

 

The following assumptions, derived from the evaluation of experimental findings 

and considering the simulation capabilities, were taken: 

• The observation of a quasi-cleavage transition zone below the intergranular 

fracture zone in pre-corroded tensile specimens in previous works [3–5,11] is 

attributed to the presence of trapped hydrogen in the region under the pit 

bottom. Also, nanoindentation hardness values are lowest at the initial 

measurements (0 μm). Therefore, the HEZ was considered to start immediately 

below the bottom of the pits and exfoliated areas for all cases. 

• Following the measurements of nanohardness after 24 hours of exposure, each 

correspondent numerical HEZ was divided in three parts of equal dimensions 

and progressively increasing mechanical properties for all simulated periods. 

• Even though the dimensions of the exfoliated areas were considered to differ 

from top to side surfaces, the dimensions of the HEZ were kept constant for all 

cases. 

5.2 The RUC (micro scale) 

5.2.1 Geometry and FE model 

A schematic representation of the RUC is displayed in Figure 5.1. It comprises a 

3D cube with an embedded exfoliated area and its respective HEZ. The geometrical 

features of exfoliation corrosion were considered as in the work in [10] for 24 hours of 

exposure in EXCO solution. In both top and side surfaces, the external width (equal to 

the length) and depth of the RUC (w and t respectively) are constant and equal to the 

deepest and largest pit or exfoliated area observed in the specimen, which is located at 

its side. The exfoliated areas located at the top surface were modeled by their mean 

geometrical values. A summary of the external dimensions of the RUC and the 
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dimensions of the exfoliated areas for different geometrical features of corrosion is 

given in Table 5.1 and  

Table 5.2. 

 

 

Figure 5.1 - Schematic representation of the RUC. 

 

Table 5.1- RUC dimensions (Top surface) 

EXCO (hrs) 
Cubic part  Depth range 

(μm) [11] 
Embedded pit 

w(μm) t(μm) d (μm) a (μm) 

8 790 480 

>100 165 177 

91≤d≤100 94 240 

81≤d≤90 84 194 

71≤d≤80 76 174 

61≤d≤70 65 133 

16 1300 580 Mean values 203 921 

24 1480 680 Mean values 233 1217 
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Table 5.2 - RUC dimensions (Side surface) 

EXCO (hrs) 
Cubic part  Depth 

range (μm) 
[11] 

Embedded pit 

w (μm) t (μm) d (μm) a (μm) 

8 790 480 

>400 463 762 

351≤d≤400 377 668 

301≤d≤350 325 754 

251≤d≤300 276 561 

201≤d≤250 224 469 

151≤d≤200 175 336 

101≤d≤150 127 247 

≤100 80 209 

16 1300 580 

>500 564 1286 

401≤d≤500 443 1056 

301≤d≤400 345 1044 

≤300 243 850 

24 1480 680 

>500 660 1450 

401≤d≤500 452 1340 

301≤d≤400 357 960 

≤300 245 731 

 

The HEZ was considered to start immediately under the bottom of the pits and 

exfoliated areas. Three sections of equal dimensions, covering the entire width and 

length of the RUCs, starting immediately under the truncated cone, were selected and 

new material properties assigned to each of them. This approach aims to simulate the 

variation of local mechanical properties with depth according to the respective values 

obtained by nanoindentation hardness. 

The materials employed for the simulation of the HEZs were defined through the 

exploitation of nanoindentation hardness values into bilinear stress strain curves, 

established by values of yield stress and ultimate tensile stress. From the 

nanoindentation hardness tests, the local values of yield stresses were estimated at 

each depth. These calculations were based on the linear relations presented by values 

of nanoindentation hardness and Vickers hardness, and, in turn, by Vickers hardness 

and yield stresses [79–81]. For an initial approximation effort, the linear constants were 

calculated based on the relationships presented by the uncorroded material. These 
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constants are shown in Equations (2–3), in which HV accounts for the Vickers 

hardness, HM accounts for the nanoindentation hardness value and σy accounts for the 

yield stress. The use of linear correlations to estimate the bilinear curves for each 

material section is useful and simple; however, to improve their accuracy, experimental 

validations are also necessary. These will be presented in an upcoming work.  

𝐻𝑉 =
𝐻𝑀

31.5796
 

(
(1) 

𝜎𝑦 = 2.5 𝐻𝑉 
(

(2) 

Ultimate tensile stresses were calculated by employing constant strain-hardening 

values. After the realization of a convergence study, which observed which value better 

fits the trend observed at the tensile tests of the uncorroded material, encompassing 

values that varied from 1.15 to 1.4, the constant value of 1.2 was chosen. Strain values 

at the HEZs were considered to remain constant and equal to the ones presented by 

the uncorroded material. The stress-strain curve of the uncorroded material and the 

calculated bilinear curves of each HEZ material are depicted in Figure 5.2. 

 

Figure 5.2 - Materials employed in the definition of the hydrogen embrittled zone. 
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The RUCs were modeled using the ANSYS SOLID187 element [82]. This is a 

higher order 3-D, 10-node element, well suited to modeling irregular meshes. Each 

material of the HEZ was defined using the ANSYS Bilinear Kinematic Hardening 

material model, while the non-linear behavior of the unaffected material of the RUC was 

simulated using the ANSYS Multilinear Kinematic Hardening material model [82]. These 

material models were chosen, given the authors’ interest in simulating the 

experimentally-observed diminishment in elongation to fracture of pre-corroded 

specimens, attributed to the presence of an HEZ. The stress-strain data for the core 

material model were derived from the experimental tensile stress-strain curve of the 

reference material. Core material properties were applied at the region around the pit, 

based on the observations in the work in [3], in which the mechanical removal of the 

geometrical features of corrosion was not sufficient to restore the tensile properties of 

the material to its original values; this was attributed to the presence of an HEZ located 

below the region affected by pitting and intergranular corrosion. In this way, it was 

considered in this work that the mechanical properties of the HEZ are restricted to sub-

pitting regions. The RUC was loaded in uniaxial tension through the application of an 

incremental displacement. In parallel, periodic boundary conditions were applied, to 

derive the homogenized tensile behavior of the RUC, employing the maximal plastic 

strain value as a boundary condition at each loading step. A representative image of the 

typical FE mesh and selected materials employed in the micro-scale analysis is shown 

in Figure 5.3. 
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Figure 5.3 - Typical FE mesh and materials employed in the definition of the RUC 

5.2.2 Simulation of the Mechanical Behavior of the RUCs 

Using the FE model, the degraded homogenized mechanical behavior of the 

RUCs was simulated for the cases listed in Table 5.1 and Table 5.2, with the addition of 

each respective HEZ. Figure 5.4 presents the stress-strain curves, resulting from 

numerical simulations of the RUCs, considering the exfoliated areas on the top and side 

surfaces, depicted representatively for the case of 24 h of EXCO exposure.  

 

The insertion of corrosion damage, accounting for both the geometrical features 

of the pits (Tables Table 5.1-Table 5.2) and layers of different material properties 

representing the HEZs (Figure 4.15a), is represented in Figure 5.4a. It leads to a 

decrease in yield stress and ultimate tensile stress, when compared to the RUC’s 

reference model (uncorroded). Such decreases are analogous to the depth of the 

exfoliated regions. 
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The model of the RUC developed in [10], accounting exclusively for the 

geometrical features of corrosion damage and depicted in Figure 5.4b, could 

successfully simulate the decreases in yield and ultimate tensile strengths observed 

experimentally, but did not represent the accompanying dramatic reduction in 

elongation to fracture. The insertion of the mechanical properties of the HEZ accounting 

for the fracture criterion observed for the corroded material in the work in [10], however, 

such reduction could be observed also in the numerical model, as shown in Figure 5.4a. 

For the cases of 8 and 16 h of exposure, the same observations could be traced. 

Experimentally, this was shown in [3], where the mechanical removal of the 

corrosion layer, and therefore, of the geometrical features of corrosion damage, was 

followed by heating of the material at 495 °C, which removes the trapped hydrogen and 

fully restores both the yield strength and elongation to fracture to the reference values. 

 

(a) 
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(b) 

Figure 5.4 - RUC analyses’ results for the exfoliated areas of the top and side surfaces after 24 hours of 

exposure (a) accounting for HEZ and (b) accounting for exfoliated areas only. 

5.3 The Tensile Specimen (macro scale) 

In order to simulate the tensile behavior of the corroded aluminum material, the 

same procedure followed in the work in [10] was applied. A brief description will be 

given in this section for the sake of completeness of the present work. 

5.3.1 Geometry and FE model 

The tensile specimen described in the ISO 6892-01 standard was modeled. 

Considering the symmetry of the specimen and loading, a section of a quarter of the 

specimen was modeled. A representative model is shown in Figure 5.5. 
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Figure 5.5 - Geometry of specimens for numerical simulation of tensile tests. 

 

For modeling the specimen, the ANSYS 3D SOLID185 [82] element, a 3D 8-

node element, was used. The non-linear tensile behavior of the core material of the 

specimen was specified using the ANSYS Multilinear Kinematic Hardening material 

model [82], based on the experimental tensile stress-strain curve of the reference 

material. Following the mesh optimization study performed in [10], in which the tensile 

behavior of the uncorroded material was simulated with the use of different density 

meshes, the second denser mesh, also employed in that work, was chosen for this 

work, with a total of 110000 elements. This mesh has shown more accurate results with 

lower computational time when compared to the denser mesh studied, as observed in 

Figure 5.6. The tensile load was modeled through the application of an incremental axial 

displacement at the edge of the specimen. 
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Figure 5.6 - Mesh convergence study [10]. 

5.3.2 Loading, failure conditions and assumptions 

For simulating the tensile behavior of the corroded specimens, one side of the 

macro-scale model was kept fully constrained, while an incremental axial displacement 

was applied in the x-axis in the opposite side, as shown in Figure 5.7. The displacement 

was determined in the work in [10] based on a parametric convergence study with 

criteria of convergence, the behavior of the model and the computational time, and 

employed in this work as an initial value. 

The length L = 25mm (Figure 5.7), employed on the calculations of the 

deformation of the model, equals half of the length of the extensometer used to 

measure the tensile test’s strain. By this measurement procedure, the comparison 

between the results of the virtual axial load and the experimental engineering tests is 

derived. 

In order to predict the tensile strength and fracture strain of the corroded 

specimen, the method of progressive damage modeling was applied. Using the 
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Maximum Strain failure criterion, strains at the elements were checked and when 

fracture was predicted, their Young’s modulus was degraded to a very small value in 

order to prevent them from carrying load. The failure criterion was considered to be the 

critical local strain of the 24h EXCO corroded specimen, measured in the work in [10] 

using the GOM Aramis 5M optical device. The critical local strain value was found to be 

equal to 13%. 

 

Figure 5.7 - Loading of the macro-scale model. 

5.3.3 Simulation of Corrosion Damage 

The process for introducing exfoliated areas into the specimen’s FE model is 

equal to the one employed in [10]. It involves the following assumptions: 

• Corrosion damage is modeled by assigning the mechanical behavior of the 

RUCs with their respective HEZs to specific elements of the specimen. 

• The number of degraded elements is extracted from the pit distributions 

presented in [11]. The groups of degraded elements are randomly placed in 

the specimen, according to the pit density observed in the cited work after 

each corrosion period. 

• The volume of each group of elements is equal to the volume of the respective 

RUC model for each case. 
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• The depth of each group is equal to the depth t of the respective RUC for each 

case. 

The flowchart depicted in Figure 5.8 represents the sequence followed in this 

work to introduce corrosion damage into the specimens’ FE model, from the definition of 

the RUCs until the numerical simulation of the tension specimen. It starts with the 

insertion of the HEZ in the RUC, as explained in Section 5.2. The obtained stress-strain 

curves of each simulated RUC are then defined as the material properties of a specific 

set of elements, volumetrically equal to their respective RUC. This set of elements now 

represents the local corrosion damage, which accounts for both the geometrical 

features of corrosion damage and HE. The volumes of different material properties are 

then inserted throughout the tension specimen, according to the random distribution and 

density of pits and exfoliated areas encountered after each exposure period, as 

observed in [11].  

 

Figure 5.8 – Sequence of introduction of corrosion damage into the specimens’ FE model 
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In Figure 5.9 the FEA macro-scale models for simulation of tensile tests, 

accounting for corrosion damage, are represented for each of the evaluated time 

periods. 

(a) (b) 

 

(c) 

Figure 5.9 – FEA models of tensile specimens with corrosion damage after (a) 8 hours, (b) 16 hours and 

(c) 24 hours in EXCO solution. 

 

To predict the tensile strength and fracture strain of the corroded specimen, the 

method of progressive damage modeling was applied. Using the maximum strain failure 

criterion, strains at the elements were checked and when fracture was predicted, their 

Young’s modulus was abruptly degraded to a very small value to prevent them from 

carrying load. This characteristic was employed, aiming to diminish the necessary 

computational time at each load step, which would be increased with the use of 

progressive deterioration of the material. The failure criterion was considered to be the 

critical local strain of the 24 h EXCO corroded specimen, measured in [10] using the 

GOM Aramis optical device (Patras, Achaia, Greece). The critical local strain value was 

found to be equal to 13%.  
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CHAPTER 6  

Numerical Results and Discussion 

Using the multi-scale modeling approach the effect of exfoliated areas on the 

tensile properties of corroded aluminum alloy 2024 T3 can be directly predicted, 

accounting for the effect of hydrogen embrittlement, as described in Chapter CHAPTER 

5.  

Considering that the tensile load was modeled through the application of an 

incremental axial displacement at the edge of the specimen, a convergence study was 

performed regarding the effect of the reduction of the considered displacements, or 

loading steps. The study was performed utilizing data derived from the 24 h exposure 

period and showed that smaller incremental axial displacement steps performed more 

accurately than the original values employed by Setsika [10]. The original value 

presents, therefore, an underestimation of the effect of the HEZ on the diminishing 

elongation to fracture of the material. However, the use of the smallest displacement 

steps employed in the present study (0.5 mm/min) lead to an increase in the required 

computational time to complete the simulation and an overestimation of the effect of the 

HEZ on the diminishing elongation to fracture of the material, thus making the use of 

0.1 mm/min a reasonable choice for the following comparison results. In Figure 6.1 the 

results of the convergence study are presented. The deviation between the numerical 

and experimental Young’s moduli observed in Figure 6.1 and the forthcoming figures is 

due to the damage model used and to the adopted load step. As shown, the decrease 

in the applied load step improves the correlation between the numerical and 

experimental Young’s moduli. However, a better correlation could not be achieved, due 

to the significant increase in the computational effort. 
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Figure 6.1 - Results of the convergence study performed on the effect of incremental axial displacement 

reduction. 

 

In Figure 6.2 the predicted stress strain curves derived from the numerical 

analysis of the updated model, accounting for the presence of the HEZs, are compared 

with the experimental curves of the pre-corroded specimens. Also, the predicted curves 

obtained by Setsika [10], accounting only for geometrical features of corrosion damage, 

are displayed for comparison.  

In the work in [10] the significant effect of HE on elongation to fracture of the 

specimens became evident. Regarding the yield strength, it was shown that by 

considering the corrosion damage, only in the form of pits or exfoliation, the numerical 

and the experimental results correlate well. It was concluded that the damage in the 

form of pits or exfoliation leads to deterioration in the yield strength, due to a decrease 

in the load bearing capacity of the corroded layer. Moreover, the geometrical features of 

corrosion damage act as stress raisers, thus leading to stress concentration and as a 

result of the degradation of the yield strength [3,10]. 
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The comparison between the numerical and experimental curves in Figure 6.2 

reveals that the inclusion of the local mechanical properties of the HEZ in the numerical 

models, along with the geometrical features of corrosion damage, made the simulation 

of tensile behavior, when compared to the results of the experimental specimens for all 

cases, manageable, accounting also for the reduction in elongation to fracture. This 

finding is a clear indication of the significant effect of HE in the elongation to fracture of 

the material. On the other hand, it is worth noticing that a careful evaluation of the 

stress-strain curves reveals that the HE plays a role also, to a much smaller extent, in 

the yield and ultimate tensile strengths, as it accelerates local fracture. These 

observations are possible, even for an 8 h exposure period, where the main damage 

mechanism is the formation of pits, whereas for over 16 h of corrosion exposure, it is 

the exfoliation [11]. 
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(c) 

Figure 6.2 – Experimental and numerical stress-strain curves of the corroded material, for the cases of (a) 

8 hours, (b) 16 hours and (c) 24 hours of exposure. 

 

The accuracy of the results for elongation to fracture is highly dependent on the 

accuracy of the nanoindentation hardness measurements, as can be noticed through 

the comparison of the results in Figure 6.2. The mechanical properties of the HEZ in the 

8 and 16 h analyses were calculated based on the extent of the quasi-cleavage zones, 

with the use of a large amount of approximation and simplification, causing the accuracy 

of the resultant numerical curves shown in Figure 6.2a,b to be smaller than the results 

obtained, with the use of an experimentally derived curve, as employed in the numerical 

simulation of the 24 h case (Figure 6.2c). 

Larger discrepancies between the experimental and numerical results can be observed 

for the case of 16 h of exposure (Figure 6.2b). This exposure period was characterized 

in the work in [11] as a transitional period from pitting to exfoliation corrosion, presenting 

a high variation in depth, diameter and density of the geometrical features of corrosion 

damage. In this way, the insertion of a HEZ with constant depth, independent of the pit 

geometry, may have overrated its effect on the mechanical properties of the macro 

model. 
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For all cases, a discrepancy can be observed between the experimental and 

numerical values of Young’s modulus. This can be explained by the simplifications 

performed in the material models of the HEZ, simulated using the Bilinear Kinematic 

Hardening material model. The use of a Multilinear Kinematic Hardening material 

model, accounting for more specific data within the elastic-plastic transition zone, can 

approximate the numerical from the experimental values and is the object of a future 

study. 

 

Figure 6.3 - Experimental and numerical reductions in elongation to fracture with corrosion exposure time. 

 

The reduction of elongation to fracture, attributed in previous works [3,5] to the 

presence of a hydrogen embrittled zone, is also predicted with the employment of the 

method described in this work and shown in Figure 6.3. It is important to note that in 

[10] the reduction of elongation to fracture could not be fully simulated, even though the 

model predicted a significant effect of pits and exfoliated areas on this property, allowing 

the estimation of reductions to be 39.49% for 8 h of exposure, 50.15% for 16 h and 

43.05% for 24 h of exposure. The insertion of degraded local mechanical properties of 
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the hydrogen embrittled zone is sufficient to simulate the reduction in elongation to 

fracture observed experimentally, with reductions of 69.75%, 76.85% and 71.52%, for 8, 

16 and 24 h, respectively. The use of experimentally derived data as inputs for the 

simulation of the HEZ’s material properties approximates the numerical and 

experimental reductions in elongation to fracture, showing results within the standard 

deviation range. Mathematically derived properties, although sufficient for a rough 

approximation, did not present the same accuracy. The observed differences between 

experimental and numerical results for all times can be related to both the performed 

simplifications to determine the material properties of the HEZ and the hypothesis for 

the homogenous extent of the HEZ employed in the present simulations. 
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CHAPTER 7  

Conclusions – Remarks 

7.1 Investigation’s conclusions and remarks 

In this work the effects of aggressiveness of the corrosive environment on the 

metallographic features of corrosion damage and the mechanical behavior of Al 2024-

T3 alloy specimens subjected to 3.5% NaCl solution and EXCO test, respectively, were 

compared. Furthermore, the quantification of extent and local mechanical properties of 

the corrosion-induced hydrogen embrittled zone was assessed by means of 

nanohardness tests. The results of these observations were inserted in a Finite Element 

Model aiming to accurately numerically simulate the tensile behavior of the pre-corroded 

aluminum alloy 2024-T3. Regarding the corrosion damage evaluation and evolution with 

time, accounting for the comparison between damages caused by different 

aggressiveness environments, the conclusions are as follows: 

✓ Metallographic analysis have shown that corrosion damage starts in the 

top surface of specimens exposed to 3.5% NaCl solution in the form of 

pits after 750 hours and evolves progressively to pitting coalescence, with 

pit depth and diameter increasing with exposure time. Side surfaces 

presented comparatively increased metallographic features, but did not 

show severe pitting coalescence or signs of exfoliation corrosion for any of 

the exposure periods. 

✓ The comparison of geometrical metallographic corrosion damage of the 

specimens was determined by setting each of the metallographic features 

as a base parameter and performing correlations to obtain exposure times 

equivalences. Initial rapid growth of the Stirling fitting curves for all pit 

characteristics can be explained by the accelerated damage evolution in 

Exfoliation Corrosion Test. Transition regions from pitting corrosion to 

pitting coalescence are expected in time periods that vary from 8 to 12 
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hours of exposure in EXCO solution, evolving to exfoliation corrosion, 

what did not occur after the studied periods of exposure to 3.5% NaCl 

solution.  

✓ Each analyzed geometrical metallographic parameter on the top surfaces 

of the specimens lead to similar comparisons while under dominance of 

pitting corrosion, allowing for the establishment of exponential correlations 

up to 8 hours in EXCO solution, and presented bigger variations after the 

occurrence of pit coalescence and transition to exfoliation corrosion. Side 

pitting correlations between the two corrosive environments are shown to 

obey a Dose-Response fitting curve, presenting a comparable behavior up 

to a limit of 4 hours in EXCO solution. This suggests that corrosion 

damage correlation in these solutions is limited to a certain range, while 

the degradation of the material is under the dominance of pitting and the 

corrosion mechanisms are comparable. 

✓ The underlying mechanisms of corrosion play a significant role on the 

physical understanding of corrosion damage and consequently on the 

tensile behavior of the corroded specimens. Even though the geometrical 

metallographic features of corrosion damage on the top surfaces can be 

correlated up to a limit of 8 hours in EXCO, tensile behavior do not present 

the same tendencies, since the same pit depth in both solutions leads to 

very different degradation of the tensile properties.  

✓ Side pitting evolution presents a better correlation with the degradation of 

tensile properties, although evidentiating the difference between the 

physical mechanisms of both solutions. Short periods of exposure to 

EXCO solution provide tensile degradation that is achieved after much 

longer periods in 3.5% NaCl solution.  

✓ Exposure to solutions of different corrosion environments and, as 

consequence, different physical backgrounds and corrosion mechanisms, 

although correlatable in what concerns the geometrical metallographic 



[85] 
 

features of the corrosion damage, result in significant discrepancies on the 

tensile properties of the pre-corroded materials.  

Regarding the quantification of extent and local mechanical properties of the 

corrosion-induced hydrogen embrittled zone, and assessment of hydrogen desorption in 

specimens exposed to different corrosive environments: 

✓ Nanohardness tests offer a suitable base to the analysis of the local 

mechanical properties, allowing for the assessment of both stress strain 

curves and the extent of the affected zone. Reductions on the local 

mechanical properties are related to the depth of analyzed pits and local 

damage extension, not being directly correlated to the corrosion exposure 

period. 

✓ Small amounts of hydrogen could be found in specimens exposed to 3000 

hours in 3.5% NaCl solution, what might explain the observed diminishing 

of elongation to fracture presented after this exposure period.  

✓ Hydrogen desorption results have shown that specimens exposed to 

different corrosive environments, even though presenting equivalent 

metallographic features, do not present equivalent amounts of desorpted 

hydrogen. As so, the underlying physics of the corrosion process impact 

greatly on the degradation of the material’s mechanical properties.  

✓ The assessment of metallographic features, solely, does not give a 

complete understanding of corrosion damage. Corrosion damage is not 

represented only by the presence of pits and exfoliated areas, but instead, 

by a complex interaction of these pits with the presence of intergranular 

corrosion, the nature of corrosion products, the presence of hydrogen-

embrittled zones and the influence of these factors on the mechanical 

behavior of the material. Therefore, current accelerated corrosion tests for 

prediction of in-service accumulated corrosion damage, based on and 
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compared by the assessment of metallographic features, are not entirely 

suitable. 

About the numerical analysis performed in the present work, the following 

conclusions can be taken: 

✓ The employment of a multi-scale approach is suitable for the simulation of 

the tensile behavior of 2024-T3 aluminum alloy pre-corroded specimens, 

accounting for both, the metallographic features of corrosion damage and 

the effect of hydrogen embrittlement on the diminishing of local 

mechanical properties. 

✓ The insertion of the degraded properties of the hydrogen embrittled zone 

in the Representative Unit Cell, upgrading the existing model accounting 

only for geometrical features of corrosion damage, is sufficient to simulate 

the experimentally observed diminishing of elongation to fracture. 

✓ The model could be applied for the simulation of the mechanical behavior 

of any corroded structural part in which there is the possibility of 

occurrence of hydrogen embrittlement (e.g. a mechanically fastened panel 

exposed to marine or industrial environments) made from the aluminum 

2024 T3 alloy. 

7.2 Proposals for further investigations 

The research that has been undertaken for this thesis has highlighted a number 

of topics on which further research would be beneficial. Several areas where 

information is lacking were highlighted in the literature review. Whilst some of these 

were addressed by the research in this thesis, others remain. Some of those would be: 

❖ The quantification of corrosion damage in short periods of EXCO 

exposure and its effect on the mechanical properties of the affected 

material should be compared with damage caused by in-service 
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conditions and other corrosive solutions in order to assess the possibility 

of damage correlation. 

❖ Corrosion damage induced by other common laboratory techniques, such 

as salt-spray and electrolytic cells, should be explored in depth, keeping in 

mind the complex and convoluted nature of corrosion, and the correlation 

between corrosion damage and its underlying physical mechanisms. 

❖ More information on the identification and role of hydrogen embrittlement 

introduced by corrosive solutions of different aggressiveness is still 

necessary. Further studies should be performed aiming to assess the 

presence and extension of the affected zone, and the quantification of 

corrosion damage caused by hydrogen embrittlement, when induced by 

low-aggressiveness corrosive solutions. 

❖ The identification of the main mechanisms causing hydrogen 

embrittlement in 2024-T3 aluminum alloy. 

❖ The identification of hydrogen embrittlement induced by means other than 

corrosion, such as anodizing processes. 
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