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separately distributed in the Al matrix on the top and bottom 
of the weld nugget zone.

4.2. Electrochemical behavior
In some of the more complicated multi-pass processes 

compared to the FSW (e.g., equal channel angular pressing), 
the influence of texture variation (in addition to the grain size) 
on corrosion behavior should be considered22,23. However, 
during FSW, the extensive shear plastic deformation is the 
primary phenomenon, leading to a dynamic recrystallized 
fine grain microstructure in the WNZ8,24. Meanwhile, 
due to the rapid heat transfer and the reduction in plastic 
deformation along the thickness of the plates, the grain size 
in the top half of the WNZ is smaller than that in the bottom 
half for FSLW 1 and FSLW 2 (Figure 1).

It is important to note that the intermetallic particles in 
the top half of the WNZ experienced greater mechanical 
stirring and crushing mechanics. Accordingly, they have a 
smaller size than those in the bottom half. Meanwhile, due 
to the generation of a greater friction heat in the FSLW 2; 
its intermetallic particle sizes are larger than in FSLW 1 at 
both the top and bottom halves of the WNZ. Ralston et al.25, 
who evaluated the relationship between the corrosion rate 
and grain size (G.S.) across a diverse range of metals and 
suggested the following equation, presented the effect of 
grain size on the corrosion rate of metallic alloys:

icorr = α + β (G.S.)–0.5 (2)

where the constant α is claimed to be a function of the 
environment and β is a material dependent constant that 
will change based on the composition or impurity level.

Regarding the above equation, as the grain size (G.S.) 
increases, there will be a higher corrosion resistance, 
decreasing the icorr

25. Consequently, the corrosion resistance 
of the FSLW 1 is higher than that of the FSLW 2 at both the 
top and bottom halves of the WNZ. Based on Equation 2, 
by increasing the (ω/ʋ) ratio, the heat index in the WNZ 
increases, generating the coarse recrystallized grains in the 
WNZ8,22,25. In this regard, due to the increasing heat index 
in the FSLW 2 with respect to the FSLW 1, the grain size 
in both halves of the WNZ for FSLW 2 is smaller than that 
of FSLW 1.

Tafel polarization curves of different WNZ locations 
after immersion for 30 min in the 3.5 wt% NaCl solution for 
both welding conditions are presented in Figure 2. It is clear 
that the Tafel polarization plots for the WNZ are completely 
unsymmetrical for passive metals. According to the Purbaix 
diagram of aluminum, aluminum alloys are expected to 
develop immunity to corrosion by forming a passivation 
layer in the pH range of 4 to 8.5. The solution used in this 
research consisted of a 3.5 wt% aqueous NaCl solution at 
ambient temperature with a pH = 5.5. In these conditions, 
the aluminum alloy is prone to passive layer formation; 
however, this behavior was not seen in the various regions 
of the WNZ. The inability to form a passivation layer is 
related to the weld microstructure. With closer observation 
of the polarization curves, it is clear that the anodic branch 
of the polarization plots for the parent alloy and the different 
positions of the WNZ are similar to one other, meaning 
that all have a similar anodic dissolution mechanism. In 
comparison, the parent alloy and the different positions 
of the WNZ have an identical cathodic branch, but with 
different cathodic slopes. In other words, the cathodic branch 
of the curves (over -900 mV potential) are controlled by the 
diffusion of oxygen, and beyond a -800 mV potential, the 
cathodic reactions are controlled by water activation and 
oxygen reduction. Thus, from the polarization curves taken 
at the different WNZ positions, it is clear that the corrosion 
in these areas is controlled by a cathodic reaction because 
the cathodic Tafel slope is greater than the anodic slope. An 
increase in the cathodic Tafel slope with respect to the anodic 
slope can be related to the presence of the intermetallic 
particles in the Al matrix.

Intermetallic elements are more electrochemically 
active than the matrix, acting as anodes and undergoing 
dissolution, while particles nobler than the aluminum matrix 
act as cathodes. Generally, it is accepted that noble Fe- or 
Cu-containing intermetallic particles act as cathodes and 
support oxygen reduction.

Based on the electrochemical reactions of aluminum and 
its alloys in an aqueous, chloride-containing solution, the 
cathodic reactions are the reduction of water and of oxygen, 
shown below12,26:

Figure 2. Tafel polarization curves obtained with different positions of WNZ along the thickness of plates at both welding conditions 
and parent alloy (a) FSLW 1 (b) FSLW 2.
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2H2O + 2e– → H2 + 2OH– (3)

2H2O + O2 + 4e– → 4OH– (4)

whereas the oxidation of aluminum occurs at the anode12,26:

Al → Al+3 + 3e– (5)

It should be noted that reaction (3) can be easily detected 
by release of hydrogen gas at the electrode surface. However, 
reaction (4) is not clearly identifiable and is usually 
controlled by diffusion. Based on the above reactions, it 
is clear that the reduction of oxygen will occur near the 
cathodic regions (i.e., intermetallic particles) and the anodic 
oxidation of aluminum will occur on the Al matrix. When 
the oxygen was reduced, the concentration of hydroxyl ions 
(OH-) increases around the intermetallic particles leading 
to a local increase in pH26-29. Therefore, there is a localized 
pH increase on the cathodic intermetallic particles caused 
by dissolution of the passive oxide (passivation) layer. 
As a result, the Al matrix will then be in contact with the 
corrosive solution, and the localized corrosion will also 
cause passivation layer dissolution. The appearance of 
pitting corrosion can be related to the degree of the reduction 
reactions occurring on a set of intermetallic particles26-29. 
Moreover, the presence of Cl– ions in a neutral solution 
results in the following reactions30:

Al(s) + Cl– → AlClads + e– (6)

AlClads + Cl– → AlCl2ads + e– (7)

AlCl2 + Cl– → AlCl3ads + e– (8)

AlCl3 dissolves into the solution and hydrolyzes, leaving 
the bare Al matrix active sites open for a corrosion attack, 
meaning that the rate of corrosion increases in the presence 
of Cl– [30].

The amount of corrosion potential and the corrosion 
current densities are summarized in Table 4. As the observed 
corrosion potential values in FSLW 1 and FSLW 2 shifted 
towards the anodic direction from the bottom half to the 
top half of the WNZ, it is clear that the corrosion potential 
of the bottom half of the WNZ for both welding conditions 
is smaller than that of the top half; thus, the corrosion 
resistance of the bottom half of the WNZ in FSLW 1 is 
better than that of FSLW 2. On the other hand, the corrosion 
resistance of the top half of the WNZ in FSLW 2 is inferior 
to the top half in FSLW 1. It is obvious that the top half of 

the WNZ in FSLW 1 has a higher corrosion resistance than 
the parent alloy, but the corrosion resistance of the top half in 
FSLW 2 is similar to that of the parent alloy. Additionally, it 
was observed that the corrosion current density of the WNZ 
decreased in both FSLW 1 and FSLW 2 as opposed to the 
parent alloy. The larger corrosion current density causes 
the parent alloy to become more susceptible to localized 
corrosion. Thus, the localized corrosion of the bottom half 
was more severe than that of top half for both FSLW 1 and 
FSLW 2, whereas the highest current density was observed 
in the parent alloy. It should be emphasized that the corrosion 
resistance of the bottom half of the nugget zone for both 
welding conditions decreased with respect to the top half 
due to the larger intermetallic particle size and their greater 
distribution in the weld. Overall, it can be seen in Figure 2 
that the WNZ corrosion resistance of both positions was 
increased in the FSLW 1 rather than in the FSLW 2.

Figure 3 presents the curve’s polarization resistance 
variation and corrosion current density for the top and 
bottom of the WNZ along the nugget zone thickness in the 
test solution for FSLW 1 and FSLW 2. The polarization 
resistance reduces when moving from the top half to the 
bottom half of the WNZ. Additionally, the reduction in 
the polarization resistance from the top half to the bottom 
half of the WNZ is the highest for FSLW 2. In contrast, 
the corrosion current density increased in the bottom half 
of the WNZ for FSLW 2 with respect to FSLW 1. In this 

Table 4. Effect of welding conditions on variations of corrosion 
potential, current density and corrosion rate.

Material/process E(mV)
vs. SCE

Icorrosion
(µAcm–2)

C.R
(mpy)

Parent alloy (PA) –696 2.27 1.01
FSLW 1-Top –685 1.15 0.48
FSLW 1-Bottom –715 1.26 0.56
FSLW 2-Top –703 1.50 0.85
FSLW 2-Bottom –732 2.80 1.23

Figure 3. Polarization resistance for different positions of WNZ in 
parent alloy and different welding parameters.

Figure 4. Microhardness at different positions of WNZ in different 
welding parameters.
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regard, the maximum value in the bottom half, belonging 
to FSLW 2, was 2.8 µAcm–2, while the minimum value 
in the top half, belonging to FSLW 1, was 1.15 µAcm–2. 
Accordingly, the polarization resistance increased with a 
decrease in the corrosion current density in both the top 
and bottom of the WNZ for FSLW 1 as opposed to FSLW 
2. It is clear that the higher corrosion current density in 
both the top and bottom of the WNZ for FSLW 2 results 
in a greater susceptibility to corrosion attack. Thus, the 
corrosion resistance of the bottom half for both FSLW 1 
and FSLW 2 is lower than that of the top half. Therefore, 
the largest pit diameters and density occurs in the bottom 
WNZ half for FSLW 2.

4.3. Micro hardness
Figure 4 depicts the micro hardness profile variation 

from the bottom half to the top half of the WNZ along 
the thickness plates for FSLW 1 and FSLW 2. As seen 
in Figure 4, the hardness variation decreases from the 
bottom half to the top half of the WNZ for both welding 
conditions. There are obvious fluctuations in the hardness 
variation for FSLW 2. However, for FSLW 1, the hardness 
variation does not have any fluctuation, with a gradual 
decrease in the slope from the bottom half to the top half 
of the WNZ. It is also clear that the hardness variations in 
the top half of the WNZ for FSLW 1 are nearly identical, 
meaning that the distribution of intermetallic particles 
in the top half of the WNZ for FSLW 1 is greater and 
more uniform than that of the bottom half. As a result 
of the hardness variation, the adsorption capacity of the 
Cl- ions on the top half of the WNZ is less than that of the 
bottom half. The polarization plot displayed in Figure 2 
also confirms this.

4.4. Observation of the corrosion morphology
Figure 5 shows the observation of the corrosion 

morphology on the parent alloy’s surface after Tafel 
polarization. It can be seen that both a localized pit 
dissolution and intergranular corrosion were generated on 
the surface of the parent alloy. Large pits were observed, 
and the intergranular attack occurred on the pit walls. 
In fact, the intergranular attack was both intensive and 
extensive but remained localized around the pit walls. It 
can be seen in Figure 3 that the bottom half of the WNZ 
has larger and deeper pits than that of the top half for the 
FSLW 2 samples. Moreover, it is apparent that the grain 
boundaries were attacked across the pits in the bottom 
half of the WNZ, and intergranular corrosion spread from 
the pit, resulting in relatively narrow grooves in the grain 
boundaries. This can be attributed to the higher heat input 
of FSLW 2 during the welding process. The generation 
of high heat input sensitizes the grain boundaries in the 
bottom half of the WNZ during the welding process 
with passing time. In this way, the thermal transients 
experienced during the FSLW changed the chemistry of 
the grain boundaries and in regions near the boundary, 
selectively sensitizing the grain boundary region to 
varying degrees31.

Furthermore, across the corroded surface, some 
corrosion products, including corrosion chimneys, were 
observed. The majority of them were circular with a 
central hole in the top half of the WNZ for the FSLW 2 
samples (as shown in Figure 6a). It is believed that each 
hole beneath a circular corrosion product is a pit. Thus, 
the pit environment is isolated from the bulk solution by 
an abundance of aluminum hydroxide corrosion products 
(AlClx[OH]3-x), becoming acidic and high in chloride 
concentration32. The EDS analysis of the corrosion 
products is shown in Figure 6c, showing the presence 
of AlCl3 in the corrosion products. The presence of this 
component accelerates the breakdown of the aluminum 
hydroxide corrosion products33. The mud cracking 
(hydroxide breakdown)33 is displayed in Figure 6a. 
Moreover, it is hypothesized that after the pit environment 
becomes acidic, microscopic tunnels can begin nucleating 
on the pit walls, followed by the microscopic tunnels 
penetrating along the grain boundaries in contact 
with the growing pit (as shown in Figure 6b). In this 
regard, Guillaumin and Mankowiski32 also reported that 
intergranular corrosion will begin on the pit walls and 
then will spread from them.

Compared to the top half of the WNZ in the FSLW 2 
samples, pitting corrosion was observed to be dominant in 
the top half of the WNZ in the FSLW 1 samples (as shown 
in Figure 5). The observed pits are significantly ramified, 
presenting a rough profile on the surface of the sample. 
This can be attributed to the fact that the top half of the 
WNZ for FSLW 2 was exposed to high temperatures during 
the welding process, which modified the variation in the 
microchemistry and microstructure. In this case, due to 
the high temperature at the top of the WNZ for FSLW 
2, the intermetallic particles experienced an abnormal 
growth and were distributed separately in the Al matrix13. 
Indeed, in the bottom half of the WNZ for FSLW 1, similar 
to that for FSLW 2, pitting and intergranular corrosion 
were encountered together, but the pit size and depth was 
smaller than those of the FSLW 2 samples. Additionally, 
the intergranular corrosion across the pits occurred as 
broad grooves in the grain boundaries, extending from 
the pits. It should be emphasized that the presence of 
intergranular corrosion in the different positions of 
the WNZ for FSLW 1 and FSLW 2 contributed to the 
dissolution of intermetallic particles and their significant 
refinement during the friction stir lap welding. Moreover, 
it is obvious that the pitting corrosion mainly occurred in 
the vicinity of the iron (Fe) rich intermetallic particles. The 
EDS analysis of the corroded area confirmed the presence 
of Fe-rich precipitates in these areas; thus, the galvanic 
corrosion occurred between the Al matrix and the Fe-rich 
precipitates.

Figures 7, 8 and 9 display three-dimensional images 
of the parent alloy sample surface as well as those for the 
top and bottom halves of the WNZ after the corrosion test. 
These figures present a good amount of quantitative data 
related to the corrosion attacks occurring on the sample 
surfaces. Compared to the parent alloy, the amount of 
corrosion attacks increased significantly from the top half to 



Gharavi et al.1570 Materials Research

Figure 5. Corrosion morphology of (a) parent alloy and different position of WNZ: (b) top (c) bottom of FSLW 1 samples, (d) top (e) 
bottom of FSLW 2 samples after performing an Tafel polarization as shown in Figure 2, respectively.
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Figure 6. (a) Corrosion chimney in the top of WNZ at FSLW 2, (b) cross section of corrosion chimney24, (c) EDX of corrosion products.

the bottom half of the WNZ for both FSLW 1 and FSLW 2, 
and the intensity of corrosion attacks on the surfaces of the 
FSLW 2 samples is greater than that of the FSLW 1 samples. 
As seen in Figures 8 and 9, the average surface roughness 
(Ra) of the top and bottom halves of the WNZ for FSLW 
2 is greater than that for FSLW 1. The increase in average 

surface roughness for the FSLW 2 samples is related to the 
severe chemical dissolution of the intermetallic particles 
and the Al matrix. As a result, the susceptibility to corrosion 
attacks in the bottom halves of the WNZ for both FSLW 1 
and FSLW 2 is higher than that at the top halves, as opposed 
to the parent alloy.
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Figure 7. Three-dimensional AFM images (10 μm × 10 μm) of the 
samples surface after corrosion test: Parent alloy.

Figure 8. Three-dimensional AFM images (10 μm × 10 μm) of the samples surface after corrosion test: (a) Top (b) Bottom of WNZ in 
FSLW 1.

Figure 9. Three-dimensional AFM images (10 μm × 10 μm) of the samples surface after corrosion test: (a) Top (b) Bottom of WNZ in 
FSLW 2.

5. Conclusions
From this investigation, the following conclusions were 

obtained:
1. The microstructures at different positions of the 

WNZ in the FSLW 1 and FSLW 2 samples revealed 
dynamically recrystallized and fine equiaxed 
grain structures. The size and distribution of the 
intermetallic particles, especially the Fe-rich particles, 
increase from the top half to the bottom half in the 
WNZ of both FSLW samples. Furthermore, the Fe-
rich particle sizes at different positions of the WNZ of 
the FSLW 2 samples are larger and wider than those 
at the top and bottom halves of the WNZ at FSLW 
1. This can be attributed to the high temperature 
exposure of this section of the FSLW 2 sample during 
the welding process.

2. Intermetallic particles, including those that are Fe 
rich, become reactive in a 3.5 wt% NaCl solution, 
and it should be noted that they are suitable sites for 
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pit nucleation and consequently for intergranular 
corrosion. Indeed, the intergranular corrosion 
mechanism appears to dissolve the Fe-rich and Si-rich 
particles in the Al matrix during the welding process, 
and their distribution along the grain boundary acts 
as localized cathodes compared to the Al matrix as 
an anodic area.

3. The parent alloy of 6061-T6 is more susceptible to 
pitting and intergranular corrosion. The corrosion 
resistance in the top half of the WNZ for both FSLW 1 
and FSLW 2 is better than that of bottom half.

4. Tafel polarization test results indicate that the top half 
of the WNZ for both FSLW 1 and FSLW 2 has the 
highest corrosion potential (Ecorr), making it effective 
at resisting corrosion attack, but the bottom halves 
of the WNZ under both welding conditions have the 
smallest corrosion potential of all samples.

Finally, these results were be proven by the corrosion 
attack morphology in the SEM and AFM images, suggesting 
that the corrosion resistance at different positions in the 
WNZ for the FSLW 1 samples is greater than for the different 
positions of the WNZ for the FSLW 2 samples.
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