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Abstract 

In the present study, the exfoliation susceptibility of a commercial Al-Cu-Li alloy of the third 

generation, AA2098-T351, joined by FSW was investigated according to ASTM G34 standard 

practice and the results were compared with the results of the parent material. Susceptibility to 

exfoliation attack was classified by the depth of attack penetration. The cross-sections of the 

samples after test were observed by optical and scanning electron microscopy (SEM) to 

evaluate the penetration depth of corrosion attack. A comparison to conventional Al-Cu alloys 

(AA2024-T3/T351) was carried out and the results showed that the Al-Cu-Li alloy tested 

(AA2098-T351) was more susceptible to exfoliation. Besides, exfoliation susceptibility varied 

with each welded zone and the active zones remained active for long periods of time after 

removal from the test solution when the attack continuously propagated in the corrosion front. 
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Introduction 

 

 The friction stir welding (FSW) process was developed in the 90’s as an 

alternative process for welding materials that are hardly welded by conventional 

processes. The major characteristic of this process is that welding occurs in the solid 

state. The heat source for joining the materials is provided by the rotation and transverse 

movements of a pin generating sufficient heat for softening and welding. This process 

showed advantages for welding of Al-alloys and has been employed in the aircraft 

industry [1–3]. 

 Despite the good mechanical properties of the joints generated by FSW process, 

it causes changes in the material microstructure. The different thermal and mechanical 

effects along the welded joint allow the classification of the zones into three main zones 

affected by welding. The stir zone (SZ) is the zone where the mixture of the joined 

materials occurs and high temperatures are reached, consequently, recrystallization and 

phase dissolution are observed. The thermomechanically affected zone (TMAZ) is the 

zone where the effect of tool rotation, the high temperatures and the enclosure caused 

by the shoulder lead to grain deformation, phase dissolution and coarsening. In the heat 

affected zone (HAZ) the temperatures reached are not sufficient to change the grain 

shape relative to the base metal (BM) but dissolution and phase coarsening has been 

reported [4–8]. 

 Aluminum alloys are susceptible to many types of localized corrosion, such as 

intergranular corrosion (IGC) and stress corrosion cracking (SCC) [9–13]. Exfoliation is 

a kind of intergranular corrosion where the stresses caused by the corrosion products 

formed in the grain boundaries lead to separation of grains [14]. The elongated grain 

shape is an important microstructural feature for this form of corrosion [14,15]. 

According to the literature [15], galvanic coupling between the precipitates and the 

precipitate free zones (PFZ) are also requisites for this type of corrosion attack. 

According to Robinson [15], heat treatment conditions influence exfoliation corrosion. 

 Aluminum-copper-lithium (Al-Cu-Li) alloys were developed as potential 

substitutes for the conventional aluminum alloys of the 2XXX series, for example, 

AA2024 alloys [16–19]. The exfoliation behavior of AA2024 was reported by many 

authors [20–23]. Keddam et al. [20] used electrochemical techniques to report the 

exfoliation susceptibility of AA2024-T351 in EXCO solution. The susceptibility to 

exfoliation corrosion of AA2024-T3 was studied by Liu et al [14] using the foil 

penetration. The effect of the  different artificial ageing conditions to exfoliation 

susceptibility of AA2024 was reported by Alexopoulos [24]. Kamoutsi et al. [22]  

showed that corrosion attack starts with pitting that develops into intergranular attack 

and exfoliation. Posada et al. [23] cited  chemical differences between the boundaries of 

high angles and those parallel to the plate plane.. They also suggested that the anodic 

sites play less significant role in the propagation of exfoliation than the corrosion 

products which forms between the elongated grain boundaries.  

 In a similar manner to the conventional alloys of the 2XXX series, Al-Cu-Li 

alloys are susceptible to exfoliation corrosion [25]. Giummarra et al .[25] observed that 

the 2199 Al-Cu-Li alloy has significantly better exfoliation corrosion resistance 

compared to the AA2024. According to Liang et al. [26] intergranular corrosion and 

exfoliation corrosion of an Al-Cu-Li alloy is caused by anodic dissolution of T1 phase 

and the precipitate-free zone (PFZ). Kelly and Robinson [27] also showed that for Al-

Cu-Li alloys, the grain shape and heat treatment conditions are factors that influence the 

exfoliation susceptibility of this class of materials. 



 It is well known that FSW process affects the corrosion behavior of Al-alloys 

[28,29,38,30–37]. However, despite the large information about the exfoliation 

corrosion susceptibility of Al alloys, the effect of the FSW process on the exfoliation 

susceptibility of Al-Cu-Li alloys is still rare. Chen et al. [29] reported that the HAZ of 

an Al-Cu-Li alloy is susceptible to exfoliation and attributed this to the high 

temperatures reached in HAZ promoting the precipitation of T2 phase at the grain 

boundaries. According to Chen et al. [29] the T2 phase is responsible for the severe 

intergranular exfoliation corrosion observed. In the present work, the exfoliation 

susceptibility of the AA2098-T351 was investigated in EXCO solution and compared 

with that of the AA2024-T3 and AA2024-T351 alloys. The exfoliation susceptibility of 

the AA2098-T351 alloy welded by FSW was also evaluated and the results were 

compared with that of the parent metal.  

 

Experimental 

 

The chemical composition of the alloys used in this study is shown in Table 1.  

 

Table 1 - Chemical composition (wt%) obtained by Inductively Coupled 

Plasma-Atomic Emission Spectroscopy (ICP-AES) of the Al alloys used. 

Al-

alloy\Element 

Al Cu Li Mg Ag Zr Fe Si Zn Mn 

AA2024-T3 93.5 4.2 - 1.6 - - 0.20 0.01 0.02 0.4 

AA2024-T351 93.2 4.5 - 1.4 - - 0.12 0.03 0.02 0.6 

AA2098-T351 94.5 3.4 1.0 0.3 0.3 0.4 0.04 0.05 0.02 0.003 

 

FSW was performed using a rotational speed of 700 rpm, a transverse speed of 

300 mm/min and load in the range of 8 kN – 15 kN. A H13 steel tool with a 16 mm 

diameter shoulder and adjustable pin, 3.2 mm of length in accord with the plate 

thickness, was used. Thermocouples were attached underneath the plate, at distances of 

6, 9 mm and 12 mm from the center of the joint to obtain the thermal profile and to 

perform simulations referring to the temperature profile. Thermal simulations were 

performed using the finite element COMSOL v5.2 software. The physical phenomena 

in welding, such as heat transfer by conduction and radiation, were considered. The 

welding model counted 86009 elements. The thermal conductivity and specific heat of 

the AA2024 alloy were adopted as reference in the COMSOL database, since the data 

for the alloy used in this work are not yet available. Measurements obtained by the 

thermocouples were used as input data for calibration of the thermomechanical model. 

Exfoliation corrosion susceptibility test was performed according to the ASTM G34 

practice. Prior to immersion, the specimen surface was cleaned by immersion for 10 

min in alcohol isopropyl using an ultrasonic bath. After surface preparation, specimens 

were immersed for 48h in the test solution composed of 4.0 mol L
-1

 of NaCl, 0.5 mol L
-

1
 of KNO3 and 0.1 mol L

-1
 of HNO3. Optical and scanning electron microscopy (SEM) 

images of surface and cross section were acquired using a Leica model DMLM and a 

Hitachi TM 3000 microscope with an incident beam of 15 keV. The surface was 

prepared by metallographic techniques, specifically mechanical polishing with silica 

carbide abrasives (#320, #550, #800, #1200, #4000) and diamond suspension of 3 m 

and 1 m. An etching solution composed by 25% HNO3 and 3% HF in deionized H2O 

was used for revealing of microstructural features. Monitoring of exfoliation evolution 

after removal from test solution was carried out at different times of samples exposure 



to the room ambient. Samples of AA2024- T351, AA2024-T3 and AA2098-T351 plates 

were used. The welded sample was cropped in 3 parts as shown in Figure 1.  
 

 
 

 

Figure. 1 – Schema of welded samples crop used in the exfoliation test according to 

ASTM G34. 
 

Results and discussion 

 

Macroscopic observations of the samples during exposure to EXCO test solution 

showed high reactivity of the samples to the tested media, mainly the ones with T351 

temper, by the bubbles formation, Figure 2. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

Figure 2 – Samples during the immersion test in EXCO solution. (a) AA2024-T351; (b) 

AA2024-T3; (c) AA2098-T351; (d) Welded sample (retreating side); (f) Welded 

sample; (d) Welded sample (retreating side. 

 

Stretching largely increased the reactivity of the AA2024 alloy, as observed in 

Figure 2a and 2b, and the AA2098-T351 alloy showed the highest susceptibility to 

corrosion attack in the EXCO solution. As for the welded samples, Figure 2 (d)-((f), the 

welding joint (SZ and TMAZ) was the most resistant to corrosion attack in EXCO and 

no bubbles were observed on this zone. On the other hand, the HAZ and parent metal 

(PM) of the AA2098-T851 alloy, either in the advancing or retreating sides, were highly 

susceptible to corrosion attack. After 48h of exposure to EXCO, the samples were 

removed from this solution rinsed and then left to dry at room temperature. Figure 3 

shows the surface of the tested samples after 48h of test. 
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Figure 3 – Surface of samples after 48h of immersion in EXCO solution. (a) AA2024-

T351; (b) AA2024-T3; (c) AA2098-T351; (d) AA2098-T351 (retreating side); (e) 

AA2098-T351 welded by FSW; (f) AA2098-T351 (advancing side). 
 

The effect of stretching on exfoliation susceptibility of Al-alloys is supported by 

the macroscopic observation of the Al-alloys surfaces after 48h of immersion in EXCO 

solution, Figure 3a and 3b. The AA2024-T3 showed small pits distributed over the 

surface, however, in the AA2024-T351, some entire grains were completely attacked. 

Grains separation was observed in the AA2024-T351. Comparatively to the tested 

alloys, the AA2098-T351 showed the highest susceptibility to exfoliation, Figure 3c. 

Besides, the various zones in the welded sample presented different corrosion 

resistance. The cropped regions, Figure 3d and 3f, showed the same surface aspect of 

the parent metal (PM), Figure 3c. However the welding joint (ZTMA and SZ), Figure 

3e, showed the highest resistance to exfoliation. It must be highlighted that a region in 

the HAZ, the nearest to the welded joint (yellow dashed lines) also showed high 

resistance to exfoliation. 

 The influence of grain shape on exfoliation susceptibility of Al-alloys has been 

previously reported [15,27,39,40]. Figure 4 shows the different grains morphologies for 

the samples analyzed.  
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Figure 4 – Macrographs of the cross section of samples exposed to exfoliation test 

(ASTM G34 practice). 
 

The tested samples presented different grain shapes. The AA2024-T351showed 

elongated grains, Figure 4a, whereas the AA2024-T3, presented much smaller grains with 

different shapes, Figure 4b. Besides, at the welding joint, specifically in the SZ, equiaxial grains 

were observed, Figure 4f, whereas in the other welded zones, elongated grains were seen 

(Figure 4e and 4g). Elongated grains are also characteristics of the parent metal (PM). In the SZ, 

the high temperatures reached lead to recrystallization of the alloy [4,8,41]. 

 Optical micrographs of the cross section of samples exposed for 48h to EXCO solution 

were also obtained. Figure 5 compares the effect of tempers T3 and T351 on the exfoliation 

susceptibility of AA2024. 
 

 
(a) 

 
(b) 

Figure 5 – Micrographs of AA2024 with different tempers and tested for 48h of 

exposure to EXCO solution; (a) T351; (b) T3.  
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According to Figure 5 the AA2024-T351 showed more susceptibility to 

exfoliation than AA2024-T3. For both alloys the blisters formations were observed, 

however the major amount of corrosion products in AA2024-T351 was responsible for 

the opening of the blister. The temper condition T351 comprise an step of pre-strain 

which is known for increase the amount of  the precipitates. The main precipitate 

responsible for increase the strength in the Al-Cu alloys is the S phase (Al2CuMg) 

which is anodic in relation to the matrix. According to Robinson [15] , the  first stage of 

exfoliation corrosion is the intergranular attack which occurs as result of local cells. The 

intergranular corrosion (IGC) mechanism in AA2024 alloys caused by the development 

of precipitation free zones (PFZ) along the grain boundaries. These sites are preferential 

regions of attack, but S phase particles at the grain boundaries are also attacked [42]. S 

phase dissolution leads to Cu deposition in the grain boundaries vicinities protecting 

these sites and the corrosion attack propagates in the grain boundaires [42]. Zhou et 

al.[43] related IGC with the attack of clusters of S-phase particles that resulted in a deep 

corrosion front and when this encounters a grain boundary, the attack develops 

preferentially through the grain boundaries.  For Hughes et al. [44] copper-rich 

precipitates (CuAl2) can be formed at grain boundaries and copper-depleted regions can 

develop adjacent to these boundaries, which are anodic with respect to copper-rich grain 

boundaries and the alloy matrix. Also, S phase particles (typically <100 nm) anodic 

relatively to the adjacent matrix, are preferentially precipitated at grain boundaries, 

resulting in their preferential dissolution. Luo et al. [45] cited that grains with high 

dislocation densities are more susceptible to preferential attack in the grain boundaries. 

The effect of temper condition was also reported by Zhang et al. [42] . In their study, 

the T351 temper favored precipitation of fine intermetallic S phase particles at the grain 

boundaries leaving a matrix impoverished in copper and forming copper-depleted zones 

along the grain/subgrain boundaries that favored IGC propagation.  

 Higher exfoliation susceptibility was presented by the AA2098-T351 in relation 

to AA2024, in both temper conditions. In the AA2098-T351, exfoliation susceptibilities 

varied according to the zone tested. Figure 6 shows micrographs of the BM and the 

welded sample after 48h of exposure to EXCO solution.  
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Figure 6 – Optical micrographs of AA2098-T351 after 48h exposure to EXCO solution. 

(a) PM; (b) AA2098 sample with FSW (Retreating side); (c) Welding joint; (c) AA2098 

with FSW (Advancing side). 
 

Intergranular corrosion of Al-Cu-Li alloys has been described by many authors 

and often associated to Cu depleted zones and the T1 microgalvanic coupling with the 

PFZ [26,46–48]. Kertz et al. [49] showed that localized corrosion along the grain 

boundaries is related with the T1 precipitation at high angle boundaries. According to Li 

et al [13] the susceptibility of Al alloy to exfoliation is dependent on precipitates size; 

heat treatments that promote precipitation of large phases decrease resistance to 

exfoliation.  

Figure 6b,c and d showed different parts of the FSW-2098 samples, as the 

results showed, exfoliation was not observed in the welding joint (SZ and ZTMA). This 

behavior is due to the high temperatures reached in these zones that allow 

recrystallization and phase dissolution, Figure 7. Besides, in the HAZ nearest to the 

weld joint, no susceptibility to exfoliation was observed, despite the fact that this region 

presented grains with similar aspect to those of the BM, Figure 6a. The extension of this 

region was larger for the advancing side, Figure 6d, than for the retreating one, Figure 

6b.  The white arrows in Figure 6 (b) and (d) indicate the sites where exfoliation 

corrosion was clearly seen. 
 

9 mm 9 mm 

4 mm Welding 
joint 

Welding 
joint 



 
Figure 7 - Thermal simulation profile at different thickness distances. 

 

Low temperatures can also affect the microstructure of Al alloys [50–52] 

According to Chen and Bhat [53], the T1 phase is affected by temperatures as low as 

around 137 
o
C. The results presented showed that resistance to exfoliation starts at 12 

mm and 17 mm from the weld centerline, for retreating and advancing sides, 

respectively. At these positions, the temperatures reached during the welding process 

were about 210 – 160 
o
C (dashed lines), Figure 7. For more than 5 mm, approximately, 

the grain shapes are elongated as the metal base, however no exfoliation was observed. 

Thus, the behavior observed in Figure 6, is related to T1 phase dissolution that is also 

responsible for microgalvanic coupling with the PFZ zones promoting intergranular 

corrosion and, consequently, exfoliation. The effect of the temperatures reached during 

FSW in each zone on T1 phase distribution and morphology were investigated by TEM 

analysis in our previously work [54].  

An interesting behavior was observed in the different samples cropped from the 

welded AA2098-T351 and the BM tested for 48h of exposure to EXCO solution 

followed by their removal from this solution, drying, and monitoring of the corrosion 

front advance with time of exposure to the environment at room temperature. It was 

seen that in the tested samples corrosion remained active for long periods of time, as 

Figure 8 shows. 
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Figure 8 – Actives sites that remained in welded samples tested by exposure for 48h in 

EXCO solution. Withe arrows point to bubbles.  

 

 This behavior indicates that the susceptibility to corrosion of the AA2098-T351 

alloy welded sample The continuous observation of hydrogen bubbles and corrosion 

products formation on the AA2098-T351 alloy surface even after weeks of removal 

from the electrolyte means that once exfoliation is initiated, the driving force for its 

propagation is high. There is enhanced dissolution and hydrolysis due to the presence of 

Li in the matrix and in the high volume fraction of the highly active T1 phase. This 

results in more significantly pH decrease at the corrosion front of the AA2098-T35, and 

together with the ingress of chloride ions (for electro-neutrality, especially as the active 

corrosion front is deprived of oxygen due to the covering from corrosion products), the 

attack is much more autocatalytic. 
 

Conclusions 

 

The susceptibility to exfoliation attack of the Al- alloys was evaluated. The AA2024-T3 

showed higher resistance to exfoliation than the AA2024-T351one. The AA2098-T351 

showed the highest susceptibility to exfoliation compared to the AA2024 in both 

tempers tested. The sample welded by FSW showed different susceptibility to 

exfoliation according to the zones affected by welding. The welding joint showed 

higher resistance to exfoliation than the parent metal. Resistance to exfoliation was also 

found in the HAZ nearer to the weld centerline. The widths of HAZ with high resistance 

to exfoliation varied between the advancing and retreating side. Monitoring of the 

samples tested in EXCO after removal from this solution with time of exposure to the 

laboratory environment showed that corrosion activity remained for long periods of 

time after their removal form the solution and drying.  
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