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ABSTRACT. The effect of corrosion environment aggressiveness on the tensile 
mechanical properties degradation of AA2024-T3 was investigated. Tensile 
specimens were pre-corroded for various exposure times to different corrosive 
solutions, i.e., exfoliation corrosion (EXCO) and 3.5 wt. % NaCl. Then they 
were tested mechanically. In non-corroded specimens, surface notches of vari-
ous depths were machined to simulate the degradation of the tensile mechanical 
properties due to the presence of artificial surface defects. A mechanical model 
was developed to correlate the corrosion-induced tensile ductility degradation 
due to pitting and possible hydrogen embrittlement with the equivalent artifici-
ally induced surface notches. The cases studied for this physical correlation 
were: a) EXCO exposure with artificial notches, b) EXCO with 3.5 wt.% NaCl 
exposure and c) 3.5 wt.% NaCl exposure with artificial notches. Higher correla-
tion was noticed for short exposure times for all cases where the dominant de-
gradation mechanism is slight pitting formation. It was found that 1 h EXCO 
exposure is equivalent to 92 h exposure to NaCl solution regarding the tensile 
ductility degradation while 24 h EXCO exposure has the same effect on duc-
tility decrease with a 240 μm surface notch or 4000 h exposure to NaCl solution. 
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INTRODUCTION 

uring the last decades attention has been paid by the aviation industries to the reduction of aircrafts maintenance 
costs. Damage tolerance evaluation for the skin and the fuselage of the aircraft is of major importance for the 
decrease of the inspection intervals and therefore of the respective maintenance costs. Among the greatest D 
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problems in maintenance and repair of aircraft structures is corrosion. The possibility that corrosion will interact with other 
forms of damage, e.g. fatigue cracks, impact etc. can result in significant loss of the structural integrity and may lead to 
fatal consequences, e.g. the Aloha Airlines accident. The synergetic interaction of corrosion and fatigue has a deteriorating 
effect on the mechanical performance of aeronautical aluminum alloys, mainly because of accelerated crack propagation 
[1]. The major damage mechanism on the corroded surface affecting the integrity of aircraft structures is the formation of 
pitting, e.g. [2-4]. Corrosion-induced pits initiate on the surface due to chemical or physical heterogeneities such as inter-
metallic particles, dislocations or mechanical damage and flaws, e.g. [5,6]. Wrought aluminum alloys used in aircraft 
applications, contain numerous intermetallic particles increasing substantially the mechanical properties (yield stress, fatigue 
crack growth etc.), nevertheless they play a pivotal role in the nucleation of pitting, e.g. [7,8]. 
Aluminum alloy 2024, is highly used in the aircraft industry due to its improved mechanical properties and high damage 
tolerance capability, nevertheless it shows high susceptibility to corrosion attack due to its microstructure [9-11]. Corrosion 
involves several electrochemical mechanisms; in acidified solutions, the basic anodic reaction is the metal dissolution while 
the cathodic reactions are oxygen and hydrogen reduction resulting from aluminum ion hydrolysis [2]. Dealloying of S-
type (Al2CuMg) particles, that are the most common intermetallic phases in 2xxx aluminum alloys, leads to Cu-rich remnants 
within the clusters [12] that switch the anode reaction to the alloy matrix adjacent to the particle and eventually to the 
grain boundaries; thus, it assists the formation of sub-surface micro-cracks [13-15]. Cracking formation generally starts at 
local defects such as microstructural features inside the material, surface features such as notches or in-service damage pro-
cess such as corrosion (e.g. pitting) that act as stress concentrators [16,17]. Accumulated corrosion damage can be noticed on 
aging aircrafts due to corrosion-induced embrittlement mechanisms. Hydrogen embrittlement phenomenon along with 
corrosion of aluminum alloys can lead to the rapid failure of the materials. Hydrogen is usually produced by surface 
corrosion reactions and afterwards diffuses into the material and is trapped at preferential sites [18] as shown in [19,20]. It 
can be adsorbed at crack tips or notches or diffuse ahead of cracks [21] that embrittles the material below the crack tip. 
To face the corrosion-induced structural degradation issue, available data usually refer to accelerated laboratory tests. Many 
researchers focused on the development of damage functions to account for the corrosion assessment on the mechanical 
properties, e.g. [21-23]. The most common accelerated corrosion test used for the aluminum alloys of the 2xxx and 7xxx 
alloy series is the exfoliation corrosion (EXCO) test according to ASTM G34. It has been reported that 24 h exposure of 
the aluminum alloy 2024-T4 to the EXCO solution corresponds to nearly 6 years of natural exposure of the same 
structural element regarding its surface exfoliation [24]. Various mechanical tests had been carried out on AA2024-T3 to 
assess the effect of the corrosion damage on the material’s structural integrity. Tensile and fatigue mechanical tests had 
been carried out in pre-corroded material, resulting to the mechanical properties degradation [25,26]. Corrosion of 
AA2024 was found to result in a moderate decrease of the strength properties (yield stress and ultimate tensile strength) 
with a significant reduction of tensile ductility [27,28]. According to Alexopoulos and Papanikos [29] the cross-sectional 
area of AA2024 specimens which was supposed to be unaffected by micro-cracks (referred as ‘effective thickness’), 
decreases exponentially with increasing exposure time to EXCO solution due to the crack propagation mechanism that 
leads to higher corrosion penetration into the material. Corrosion exposure was found to have a negative effect on yield 
stress mainly due to the cross-sectional decrease at higher exposure times as well as on tensile ductility decrease due to the 
combination of hydrogen embrittlement in the low exposure times and decrease of the cross-section for the higher 
exposure times [30]. The reduction of the load carrying cross section of the specimens as well as the notch effects caused 
by pitting formation and exfoliated areas are sufficient to explain the moderate reduction of tensile strength properties. 
The corrosion problem includes several degradation mechanisms and the damage could be described and analyzed as the 
sum of several parameters downgrading the mechanical properties. In order to better interpret the corrosion-induced 
damage, various mechanisms involved in the corrosion process should be taken into consideration; they may depend on 
material, temper, corrosive environment and exposure time. The aggressiveness of the corrosive environment is a significant 
parameter influencing corrosion damage evolution as well as the underlying corrosion mechanism. Recent investigations 
[31] indicate that in-service obtained corrosion damage correlates well to the one caused by a 3.5 wt. % NaCl solution, with 
pitting density, depth and shape evolving with exposure time. Vasco et al. [32] performed correlations between corrosion 
damage from accelerated corrosion tests of varying aggressiveness by accounting for both, the metallographic features of 
corrosion damage and the mechanical properties of the corroded material. Correlations regarding geometrical metallographic 
features were found under dominance of pitting corrosion and up to 8 hours in EXCO solution; higher variations after the 
occurrence of pit coalescence and transition to dominance of exfoliation corrosion were presented. 
The aim of the present work is to simulate the real corrosion-induced degradation of the mechanical properties due to cor-
rosion surface pits and possible hydrogen embrittlement and to correlate it with the equivalent degradation by the artificially 
induced surface notches. Moreover, a comparison between the effects of the aggressiveness of the corrosion environment 
on the mechanical behavior of AA2024 specimens subjected to EXCO and 3.5 wt.% NaCl solution will be investigated. 
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EXPERIMENTAL PROCEDURE 
 

he material used was a wrought aluminum alloy 2024-T3 which was received in sheet form of 3.2 mm nominal 
thickness. The weight percentage chemical composition of the alloy is 4.35 % Cu, 1.50 % Mg, 0.64 % Mn, 0.50 % 
Si, 0.50 % Fe, 0.25 % Zn, 0.10 % Cr, 0.15 % Ti and Al rem. Tensile specimens were machined from the material 

sheet according to ASTM E8 specification with 12.5 mm x 50 mm being the reduced cross section of the specimen. All 
the specimens were cut parallel to the longitudinal (L) rolling direction of the material. 
Reference specimens were tensile tested according to ASTM E8 specification, while two series of tensile specimens were 
exposed for various times to different laboratory corrosion environment, namely exfoliation corrosion (hereafter called 
EXCO solution) and 3.5 wt. % sodium chloride (hereafter called NaCl solution) according to the specifications ASTM 
G34 and G44, respectively. The EXCO solution consisted of the following chemicals diluted in 1 l distilled water; sodium 
chloride (4.0 M NaCl), potassium nitrate (0.5 M KNO3) and nitric acid (0.1 M HNO3). The results of the EXCO solution 
exposure have been performed and reported in a previous article of the authors [33]. The concentration of the NaCl 
solution consisted of 3.5 g NaCl for each 96.5 ml of water. The solution volume was calculated per exposure area of the 
specimens and it was constant for all specimens. In both experimental procedures, the specimens were cleaned with 
alcohol prior to corrosion exposure according to specification ASTM G1. Additionally, the specimens were masked with 
appropriate insulating PVC tape in order to be exposed only at the reduced surface area of approximate 55 mm in length. 
The experimental procedure was carried out in laboratory environmental conditions and at room temperature. 
According to the literature [26], corrosion damage and hydrogen embrittlement is evident on the large surfaces of the 
tensile specimen’s gauge length and not so intense on the side surfaces. Machining of the artificial notches was decided to 
be performed on the large surfaces of the tensile specimen, namely vertical to the loading axis. A drawing of the specimen 
with manufactured two surface notches can be seen in Fig.1. The two artificial notches facing one the other (on the same 
vertical level) can be well seen in the Figure as well as the maximum depth of 0.5 mm per notch. This notch depth per 
surface was the maximum depth of attack of corrosion products (pits and cracks) generated after approximating 72 h 
exposure time in exfoliation corrosion solution. In different specimens, notches with smaller depths were manufactured 
(ranging from 0.1 till 0.5 mm) to incrementally simulate the corrosion surface damage on AA2024-T3 as well as the 
specimen’s residual tensile strength and tensile ductility after the corrosion exposure. 
Tensile tests were carried out in a servo-hydraulic Instron 8801 100 kN testing machine according to ASTM E8M 
specification, with a constant deformation rate of 3.3 x 10-4 sec. An Instron extensometer 50 mm ± 10 mm maximum 
travel was attached to the specimen’s gauge length before the tensile test. A data logger was used during all tensile tests to 
store the values of load, displacement and axial strain in a computer. To get representative average values of the tensile 
properties, at least three tensile tests have been carried out per each test series. Evaluated properties were the conventional 
yield stress Rp0.2% (0.2 % proof stress), ultimate tensile strength Rm and elongation at fracture Af. 
 

 
Figure 1: Sketch of the tensile specimen with machined two (upper and lower) surface notches on the large surfaces. 

 
 
RESULTS AND DISCUSSION 
 
Surface characterization of pre-corroded specimens 

he exposure of AA2024 specimens to the corrosive environment (EXCO or 3.5 wt. % NaCl solution in the 
present study) results in the deterioration of the surface of the specimens due to the nucleation of corrosion-
induced surface pits, as can be seen in Fig.2. The depicted corroded area has dimensions of 12.5 mm x 55 mm being T 
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(a)  (b)  (c)  
 

(d)  (e)  (f)  

Figure 2: Typical photographs of AA2024-T3 pre-corroded tensile specimens exposed to the EXCO solution for (a)-(c) 2 h, 4 h and 
24 h of EXCO solution and (d) – (f) 6 h, 168 h and 720 h of 3.5 wt. % NaCl solution, respectively. 
 
the width and the length of the exposed area of the specimens, respectively. For short exposure times to exfoliation 
corrosion solution and up to 2 h, pitting formation on the corroded surfaces remains rather limited. With increasing 
exposure time to EXCO solution, an increase in the pitting density is evident. Corrosion damage initiates in the form of 
surface corrosion pits and evolves to the formation of micro-cracks and exfoliation areas due to the presence of 
intergranular corrosion. Regarding the corrosion environment of 3.5 wt. % NaCl solution, it is evident that for the short 
exposure times the surface deterioration remains limited since pits were not identified after 6 h of exposure. However, the 
pitting density and size tend to increase with increasing exposure time; corrosion damage in the form of pits was observed 
after 168 h of exposure while more pits of higher diameter as well as pit coalescence are evident after 720 h exposure. 
 
Typical tensile curves of pre-corroded specimens 
Typical nominal tensile stress-strain curves for the investigated exposure times of AA2024-T3 to EXCO and 3.5 wt. % NaCl 
solutions can be seen in Figs.3(a,b), respectively. The nominal stress calculation was based on the nominal cross-section of 
the tensile specimens, namely width x thickness = 12.5 mm x 3.2 mm. It can be noticed that for the short corrosion exposure 
times to EXCO solution and up to 2 h, the values of axial nominal stress are not essentially influenced by the corrosion 
exposure while for higher exposure times, e.g. after 4 h, a significant stress drop was noticed [33]. This stress drop was 
attributed to the decrease of the specimen’s cross-section – due to the corrosion-induced micro-cracks formation - that 
withstand the applied mechanical loading, so called as “effective thickness” [29]. On the contrary, an essential decrease of 
tensile ductility is evident even for the very short exposure times, e.g. 0.5 h that can be attributed to the hydrogen 
embrittlement phenomenon. For even higher exposure times, both the axial nominal stress and axial nominal strain are 
essentially decreased. Regarding corrosion exposure to 3.5 wt. % NaCl solution, no essential stress decrease was noticed 
even for the highest exposure time, e.g. 4200 h. However, elongation at fracture exhibited a significant degradation even 
for the very short exposure times such as 6 h. It is worth mentioning that higher ductility degradation was observed at the 
time range between 6 and 168 h, where pitting incubation takes place, as well as in the time range of 720 and 2184 h, 
probably because of the change in the degradation mechanism, e.g. pit growth and coalescence. 
Typical nominal tensile curves for the specimens of AA2024-T3 with machined surface notches can be seen in Fig.3c; the 
surface notch depth is a varying parameter. In the same figure, a reference tensile curve without any notches (black circles) 
was added for comparison. As can be seen, the surface notches act as stress concentrators and tend to decrease the tensile 
mechanical properties of the alloy and especially elongation at fracture that decreases in higher rates than the yield stress. 
An essential decrease of the axial nominal strain was noticed even for the low-depth notches; nevertheless, this was not 
the case for the strength properties that seem to be almost unaffected even for the notch depth of 0.30 mm. For instance, 
the tensile curves of 0.10 and 0.15 mm notch depths showed quite the same behavior with the reference one with the 
exception of the significant loss in ductility. By increasing the notch depth, up to 0.50 mm in this work, a continuous 
elongation at fracture decrease was noticed (magenta circles) exhibiting extremely low tensile elongation at fracture values. 
 
Characterization of the fracture mechanism  
Stereoscopical examination on the fractured, pre-corroded specimens of AA2024-T3 (Fig.4) revealed that the pitting 
corrosion mechanism is extremely limited for the very short corrosion exposure times, i.e., up to 2 h to EXCO solution. It 
is evident that with increasing exposure time to EXCO solution, the pitting density tends to increase. A ductile fracture 
mechanism is evident from the 45˚ slope of the fracture surface as can be seen in Figs.4(a,b). For the higher exposure 
times, e.g. 24 h in Fig.4c, it seems that the fracture paths follow a non-linear pattern and definitely from pit to pit. For the 
specimens exposed to 3.5 wt. % NaCl solution, pitting was not as evident as observed in the respective EXCO specimens. 
Pitting density for relatively short exposure times of 6 h (Fig.4d) and 168 h (Fig.4e) was extremely small, while the pits 
substantially increased for higher exposure times, e.g. 720 h (Fig.4f). However, the 45˚ slope of the fracture surface 
remains even after 720 h of exposure revealing a ductile fracture mechanism. 
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(a)  (b)  
 

 (c)  

Figure 3: Typical tensile nominal stress - strain curves of AA2024-T3 after corrosion exposure for different exposure times to (a) EXCO 
solution, (b) 3.5 wt. % NaCl solution and (c) varying depth of artificial surface notches. 

 

(a) (b)  (c)  
 

(d)  (e)  (f)  

Figure 4: Typical photographs of AA2024-T3 pre-corroded tensile specimens exposed to the EXCO solution (a)-(c) for 2 h, 4 h and 
24 h, respectively and 3.5 wt. % NaCl solution (d)-(f) for 6 h, 168 h and 720 h, respectively. 

0.00 0.05 0.10 0.15 0.20
0

100

200

300

400

500

Nominal axial strain ε [-]

Aluminum alloy 2024-Τ3
t = 3.2 mm, L direction 
Exposure at EXCO solution

N
om

in
al

 a
xi

al
 s

tr
es

s 
σ

 [
M

P
a]

reference

0.5 hours

1 hour

2 hours

4 hours

12 hours
8 hours

24 hours

stress drop

0.00 0.05 0.10 0.15 0.20
0

100

200

300

400

500

2184 hours

Aluminum alloy 2024- T3
t= 3.20 mm, L direction
Exposure at 3.5 % NaCl solution 

N
om

in
al

 a
xi

al
 s

tr
es

s 
σ

 [
M

P
a]

Nominal axial strain ε [-]

reference

6 hours168 hours
720 hours

4200 hours 

0.00 0.05 0.10 0.15 0.20
0

100

200

300

400

500

0.50 mm

0.30 mm

0.15 mm

N
om

in
al

 a
xi

a
l s

tr
es

s 
σ

 [
M

P
a]

Nominal axial strain ε [-]

AA2024-T3 L, t = 3,2 mm
with artificial surace-notches

reference0.10 mm



 

                                                         N. Alexopoulos et alii, Frattura ed Integrità Strutturale, 50 (2019) 342-353; DOI: 10.3221/IGF-ESIS.50.29 
 

347 
 

Effect on the conventional yield stress  
The experimental results of the conventional yield stress Rp0.2% (nominal values) for the (a) exposure times to EXCO 
solution, (b) exposure times to 3.5 wt. % NaCl solution and (c) notch depths are presented in Fig.5. The results are pre-
sented in decreasing normalized values (y-axis) from the initial value of the conventional yield stress for comparison pur-
poses. The black circles and dotted line represent the experimental results and fitting line of exposure to EXCO solution 
in both figures, the orange triangles and line corresponds to the fitting results of exposure to 3.5 wt. % NaCl solution and 
the blue squares and dashed line to the respective results of notch depth. Regarding the comparison of conventional yield 
stress decrease between the two investigated corrosive environments, it is evident that the more aggressive solution (EXCO) 
leads to higher decrease of conventional yield stress up to 12 h of exposure. For the very short exposure times, the stress 
decrease seems to be almost the same for both investigated solutions; however specimens exposed to the mild corrosion 
solution (3.5 wt. % NaCl) needed more hours for the same degradation percentage, e.g. approximately 99 % normalized 
decrease of Rp0.2% can be noticed after 168 h of exposure to NaCl solution as well as after 1 h of exposure to EXCO 
solution (Fig.5a). It is worth to mention that the 3.5 wt. % NaCl solution does not reveal any exfoliation of the corrosion 
attacked material surfaces which could represent a more pronounced notch effect reducing the specimens’ cross-sectional 
area. However, the decrease of conventional yield stress, remains limited for all the investigated corrosion exposure times 
of both investigated environments and does not exceed 40 % at maximum and for the investigated exposure times. The 
highest normalized decrease of Rp0.2% was approximately 68 % for the specimens exposed to 3.5 wt. % NaCl solution and 
79 % for the specimens exposed to EXCO solution.  
The comparison of the conventional yield stress decrease between the exposure to exfoliation corrosion solution and 
machined notch depths, is performed in Fig.5b. The specimens exposed to exfoliation corrosion exhibited higher 
conventional yield stress Rp0.2% degradation than the specimens with the machined artificial surface notches up to 12 h of 
corrosion exposure as well as 0.3 mm notch depth. Corrosion exposure decreases the conventional yield stress with higher 
rates even from the short exposure times, e.g. 2 h where the pitting formation is limited, probably because of the 
hydrogen embrittlement phenomenon. No essential decrease of Rp0.2% was noticed even after the notch depth of 0.30 mm, 
e.g. a 97 % normalized decrease on Rp0.2% was observed. For the short exposure times and low notch depth values, the 
contribution of EXCO and notch depth to the normalized property decrease is almost the same, e.g. the 0.1 and 0.15 mm 
notch depths resulted approximately in the same decrease as for the 0.5 and 1 h of exposure to EXCO solution; however, 
after 2 h corrosion exposure a higher decrease rate is noticed because of the synergetic effect of pitting corrosion and 
hydrogen embrittlement. Nevertheless, the machined notch depth of 0.50 mm yielded the same normalized conventional 
yield stress decrease as for the highest exposure time to EXCO, with the normalized decrease, reaching almost 80 %. The 
decrease in the conventional yield stress with increasing notch depth is well accepted since high notch depth values tend 
to increase the plasticity induced in front of the notch tip; plastic region increases with increasing stress level and general 
yielding at the reduced cross-section occurs for lower applied force level, thus resulting in lower nominal stress level. 

 

        
(a)              (b) 

Figure 5: Normalized decrease of conventional yield stress Rp0.2% values for the various exposure times of AA2024-T3 to the EXCO 
solution compared with (a) 3.5 wt. % NaCl solution and (b) notch depths. 
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Effect on tensile ductility 
The results of the residual elongation at fracture Af values can be seen in Fig.6 for the three investigated cases, namely the 
EXCO exposure, the NaCl exposure as well as the artificial notches. The results are presented in the form of normalized 
decrease from the initial value of Af with double X-axis for comparison reasons. Corrosion exposure has a deleterious 
effect on tensile ductility (elongation at fracture in the present case) even from the short exposure times to both investigated 
corrosive solutions. The normalized decrease of elongation at fracture Af is almost the same for both solutions at short 
exposure times where the pitting formation remains limited; approximately 75 % remaining percentage of the initial mech-
anical property was observed after only 1 h of exposure to EXCO solution while the same decrease was noticed for the 
case of exposure to 3.5 wt. % NaCl solution after 48 h (Fig.6a). The same was observed for 2 h at EXCO and 168 h at 3.5 
wt. % NaCl with a normalized decrease value of 68 %. Nevertheless, higher exposure times are needed for the 3.5 wt. % 
NaCl solution in order to result in the same degradation percentage with the respective specimens exposed to EXCO 
solution. It should also be taken into consideration that the hydrogen embrittlement phenomenon takes place in this case, 
especially at the short exposure times in EXCO solution. 
The respective results for the comparison between corrosion exposure to EXCO solution and artificial surface notches are 
presented in Fig.6b. It is evident that the normalized Af decrease is not linear proportional to the notch depth nor to the 
exposure time increase in the reduced cross-section. An essential Af decrease was observed even for the low-depth 
notches, e.g. approximately 70 % normalized decrease for 0.10 mm, as well as for the short exposure times such as 75 % 
normalized decrease after 1 h of exposure. After 12 h of exposure to exfoliation corrosion solution, the Af decrease seems 
to reach a plateau value and further corrosion exposure did not decrease the tensile ductility considerably while for the 
increasing notch depth it decreases continuously to extremely low values such as 6 % for the 0.50 mm notch depth; this is 
evidence of maximum depth of attack of the surface corrosion-induced cracks [30]. It is well accepted that the ductility 
decrease from the short corrosion exposure times can be attributed to the hydrogen embrittlement phenomenon. 
 

     
(a)            (b) 

Figure 6: Normalized decrease of elongation at fracture Af  values for the various exposure times to the EXCO solution of AA2024-T3 
compared with (a) 3.5 wt. % NaCl solution and (b) notch depth. 
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As shown in the previous two sections, the increase of the surface notch depth decreases the tensile elongation at fracture 
(ductility) of AA2024-T3 and to a lesser extent the conventional yield stress. From the experimental tensile test results of 
pre-corroded 2024-T3 specimens, an essential decrease in tensile ductility was noticed even for the short corrosion exposure 
times, for both investigated corrosive solutions as well as for small artificial notch depth values. Hence, it is obvious that 
the empirical correlation between the problem of corrosion-induced degradation and the equivalent problem with artificial 
surface notches should be assessed through the residual tensile ductility property. 
The experimental results of the residual elongation at fracture Af of the pre-corroded in EXCO solution tensile specimens 
of AA2024-T3 can be seen in Fig.7. In the same figure, the exponential decrease curve fitting was plotted as well. For the 
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conversion of the total depth of the surface notches in equivalent exposure time to corrosion solution, an empirical coef-
ficient was devised. The value of this coefficient was selected such as to ‘tailor’ the equivalent ductility decrease curve of 
the surface notches in order to take approximate values with the experimental ductility decrease curve of the pre-corroded 
specimens. The empirical correlation factor m in [h/mm] was calculated based on the following equation to correlate the 
available elongation at fracture test results as: 
 

equivalent notch depth (mm) = 
௘௫௣௢௦௨௥௘ ௧௜௠௘ ሺ௛ሻ

௠
.  (1) 

 
Fig.7 shows the correlation of the elongation at fracture decrease induced by the exposure to EXCO solution as well as by 
the presence of the surface notches. The best calculation results were found by using the value m = 20 for the empirical 
coefficient and the simulation of the ductility decrease curve of the investigated AA2024-T3 specimens for the short expo-
sure times, where the synergy of pitting formation and hydrogen embrittlement is the dominant degradation mechanism. By 
using this coefficient value, it is obvious that the results of the artificial notch depths are very close to the experimental 
values for the short corrosion exposure times and up to 2 h. It seems that the total notch depth of 0.10 mm corresponds 
to 2 h of exfoliation corrosion regarding the elongation at fracture decrease. On the other hand, the empirical coefficient 
that better simulates the tensile ductility decrease for the long exposure times, where the exfoliation of the corroded 
surfaces along with hydrogen embrittlement are the responsible mechanisms for the elongation at fracture decrease, was 
found to be approximate m = 100. For instance, a total depth of 150 μm surface notch results in the same Af decrease as 
for 15 h of exposure to exfoliation corrosion solution. Summarizing the available test results, the factor m takes values as:  
 

mEXCO to notch= ൜       20,    0 ൏ 𝑡 ൏ 4 h,       
 100, 16 ൏ 𝑡 ൏ 48 h,

୮୧୲୲୧୬୥ ୟ୬ୢ ୦୷ୢ୰୭୥ୣ୬ ୣ୫୰୧୲୲୪ୣ୫ୣ୬୲
ୣ୶୤୭୪୧ୟ୲୧୭୬ . (2) 

 

 
Figure 7: Correlation of the elongation at fracture Af decrease due to exposure to the EXCO solution as well as to the presence of the 
artificial surface notches. 
 
Fig.8 shows the correlation of elongation at fracture decrease resulting from the exposure to 3.5 wt. % NaCl solution, along 
with the respective results from the artificial surface notches. It can be noticed that the residual elongation at fracture of the 
two different cases is well correlated for the short exposure times by using a coefficient value m = 500. This means that 50 h 
of exposure to 3.5 wt. % NaCl solution results in the same elongation at fracture decrease as for 0.1 mm surface notch depth. 
The pitting corrosion mechanism is responsible for the ductility decrease for the short exposure times. However, a different 
value of this coefficient should be used, m = 15000, in order to obtain good correlation for the long exposure times and 
high notch depths, wherein the effect of micro-cracks formation due to pit growth and coalescence is responsible for the 
Af degradation. Hence, the following equation can be drawn by the findings of the results of the experimental protocols: 
 

mNaCl to notch = ൜           500,          0 ൏ 𝑡 ൏ 400 ℎ,
      15.000, 2000 ൏ 𝑡 ൏ 8000 ℎ

                ୧୬ୡ୳ୠୟ୲୧୭୬ ୭୤  ୮୧୲ୱ
୮୧୲ ୥୰୭୵୲୦ .  (3) 
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Figure 8: Correlation of the elongation at fracture Af decrease due to exposure to the 3.5 wt. % NaCl solution as well as to the 
presence of the artificial surface notches. 
 
Fig.9 shows the correlation results of the effect of the two corrosive environments, i.e. EXCO and 3.5 wt. % NaCl 
solutions, with regard to the same corrosion-induced tensile ductility decrease. To this end, for the conversion of exposure 
times to EXCO solution to the respective times of exposure to NaCl solution, the n coefficient in [-] is formulated as:  
 

nEXCO to NaCl = 
ୣ୶୮୭ୱ୳୰ୣ ୲୧୫ୣ ୲୭ ୒ୟେ୪ ሺ୦ሻ

ୣ୶୮୭ୱ୳୰ୣ ୲୧୫ୣ ୲୭ ୉ଡ଼େ୓ ሺ୦ሻ
. (4) 

 
The best calculation results were found by using the value n = 92 for the empirical coefficient and for the simulation of 
the tensile ductility decrease curve of the investigated specimens for short exposure times regime. The same rate decrease 
is evident between the two different corrosive solutions at the short exposure times where slight pitting formation is the 
dominant degradation mechanism. By using this coefficient value, it is obvious that the results of the exfoliation corrosion 
are very close to the experimental values of exposure to 3.5 wt. % NaCl up to 1 h of exposure and 14 % elongation at 
fracture. Thus, it can be concluded that 1 h of exposure to EXCO solution is equivalent to 92 h of exposure to 3.5 wt. % 
NaCl solution regarding the Af degradation. For higher exposure times, there is no correlation between the corrosive 
environments regarding the ductility decrease since the corrosion-induced degradation mechanism is different.  
By exploiting this empirical tool, the design engineer could estimate the equivalent surface notches problem (fictitious notch) 
with the true problem of corrosion exposure of AA2024-T3. This might be a very useful tool as through experimental 
data or through finite element calculations, the design engineer could estimate the residual mechanical properties of the sheet 
alloy for maintenance and repair actions. 
It is obvious that the proposed empirical correlation for 2024-T3 gives reliable results for short exposure duration in exfoli-
ation corrosion solution. In short corrosion exposure times, the degradation mechanism of ductility has been correlated in 
the open literature with the hydrogen embrittlement. To this end, the above-mentioned empirical correlation is suggested to 
be exploited for exposure times higher than 2 h, where the first surface pits and sub-sequent micro-cracks are beginning 
to be formed in the investigated cross-section of the AA2024-T3. 
 
 
CONCLUSIONS 
 

ummarizing the findings of the present experimental study, it could be concluded that surface pitting corrosion 
remains limited for the short exposure times to both corrosive environments, e.g. up to 2 h in EXCO and 168 h in 
NaCl solution; a substantial increase in pitting density and size was observed with increasing exposure times for both 

investigated solutions. Moreover, all investigated tensile mechanical properties of AA2024-T3 are exponentially decreasing 
with increasing exposure time to corrosive solutions as well as surface notch  depth;  tensile  ductility  decreases  with  higher 
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Figure 9: Correlation of the elongation at fracture Af decrease due to exposure to the EXCO solution as well as to 3.5 wt. % NaCl 
solution. 
 
rates than conventional yield stress for both, EXCO and 3.5 wt. % NaCl solutions as well as for artificial surface notches. In 
addition, it was shown that a ductile fracture mechanism is evident from the 45˚ slope of the fracture surface for up to 4 h 
for the specimens exposed to EXCO solution and even after 720 h for the specimens exposed to NaCl solution; however, 
for higher exposure times to EXCO solution, the fracture path seems to follow the surface pits. 
Another interesting finding of the study is that the more aggressive environment (EXCO) results in higher decrease of the 
conventional yield stress, especially for the short exposure times. Higher exposure times to 3.5 wt. % NaCl solution are 
needed for the same degradation of Rp0.2% as for the EXCO solution, e.g. approximately 99 % normalized Rp0.2% decrease 
was noticed after 1 h of exposure to EXCO solution while the same decrease is evident after 168 h of exposure to NaCl 
solution. The specimens exposed to exfoliation corrosion exhibited higher conventional yield stress Rp0.2% degradation 
than the specimens with the machined artificial surface notches, especially for the short exposure times and low depth of 
notches. However, the highest notch depth of 0.50 mm resulted in the same normalized decrease, approximately 80 %, as 
for the highest exposure time. 
An empirical coefficient was introduced for the correlation between the corrosion-induced tensile ductility degradation 
with the equivalent artificially induced surface notches. Three cases were investigated: (a) EXCO exposure with artificial 
notches, (b) EXCO exposure with 3.5 wt. % NaCl exposure and (c) 3.5 wt. % NaCl exposure with artificial notches. 
Higher correlation regarding the ductility decrease was noticed for the short exposure times, where the slight pitting 
formation as well as hydrogen embrittlement for the case of EXCO solution are the dominant degradation mechanisms, 
and low-depth notches for all investigated cases. The best correlation between exposure to EXCO solution and artificial 
surface notches was found by using m = 20 for the short exposure times where the main degradation mechanisms are the 
pitting formation along with hydrogen embrittlement; thus, a total notch depth of 0.10 mm corresponds to 2 h of 
exfoliation corrosion with regard to the same tensile ductility degradation. For the case of correlation between 3.5 wt. % 
NaCl solution and artificial notches, the coefficient value that better simulates the corrosion-induced ductility decrease was 
found to be m = 500 for exposure times less than 400 h, where the incubation of pits is the dominant degradation mech-
anism; hence, 100 μm surface notch depth results in the same elongation at fracture decrease as for 50 h of exposure to 3.5 
wt. % NaCl solution. For the case of correlation between exposure to EXCO and 3.5 wt. % NaCl solutions, it is proposed 
that 1 h EXCO exposure is equivalent to 92 h exposure to NaCl solution regarding tensile elongation at fracture decrease. 
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