
 

 

 

 

 Trans. Nonferrous Met. Soc. China 26(2016) 684ī696 

 
Corrosion evaluation of friction stir welded lap joints of 

AA6061-T6 aluminum alloy 
 

Farhad GHARAVI
1
, Khamirul A. MATORI

1,2
, Robiah YUNUS

1
, Norinsan K. OTHMAN

3
, Firouz FADAEIFARD

1
 

 

1. Materials Synthesis and Characterization Laboratory, Institute of Advanced Technology, 

Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia; 

2. Department of Physics, Faculty of Science, Universiti Putra Malaysia, 43400 UPM Serdang, Selangor, Malaysia; 

3. Schools of Applied Physics, Faculty of Science and Technology, University Kebangsaan Malaysia, 

43600 UKM Bangi, Selangor, Malaysia 
 

Received 24 February 2015; accepted 11 January 2016 

                                                                                                  
 

Abstract: Corrosion behavior of friction stir lap welded AA6061-T6 aluminum alloy was investigated by immersion tests in sodium 

chloride + hydrogen peroxide solution. Electrochemical measurement by cyclic potentiodynamic polarization, scanning electron 

microscopy, and energy dispersive spectroscopy were employed to characterize corrosion morphology and to realize corrosion 

mechanism of weld regions as opposed to the parent alloy. The microstructure and shear strength of welded joint were fully 

investigated. The results indicate that, compared with the parent alloy, the weld regions are susceptible to intergranular and pitting 

attacks in the test solution during immersion time. The obtained results of lap shear testing disclose that tensile shear strength of the 

welds is 128 MPa which is more than 60% of the strength of parent alloy in lap shear testing. Electrochemical results show that the 

protection potentials of the WNZ and HAZ regions are more negative than the pitting potential. This means that the WNZ and HAZ 

regions do not show more tendencies to pitting corrosion. Corrosion resistance of parent alloy is higher than that for the weldments, 

and the lowest corrosion resistance is related to the heat affected zone. The pitting attacks originate from the edge of intermetallic 

particles as the cathode compared with the Al matrix due to their high self-corrosion potential. It is supposed that by increasing 

intermetallic particle distributed throughout the matrix of weld regions, the galvanic corrosion couples are increased, and hence 

decrease the corrosion resistance of weld regions. 
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1 Introduction 
 

As an emerging green solid state joining process, 

friction stir welding (FSW) is used to join Al alloys of all 

compositions such as alloys essentially considered 

unweldable [1]. In this process, joining metal plates are 

done based on a thermo-mechanical action used by a 

non-consumable welding tool onto metal plates [1]. Most 

AA6xxx alloys are generally considered to have good 

corrosion resistance compared with other series of 

aluminum alloys. However, some treatments or processes 

such as thermomechanical treatment or alloying have an 

effect on the localized corrosion alloys. Accordingly, the 

treatments or processes can lead to create a pitting 

corrosion and intergranular corrosion (IGC) in the  

alloys [2]. In fact, FSW is a thermomechanical treatment, 

which combines frictional heating and stirring motion to 

soften and mix the interface between two metal plates to 

produce fully consolidated welds [3]. Although the heat 

input in the FSW process is relatively low and the time at 

process temperature is short compared with fusion 

welding, various grain structures and grains 

recrystallization phenomena dynamically occurring 

during the FSW process, in 6xxx series of stir welded Al 

alloy, have different corrosion susceptibilities in each 

area of the jointed zone. In FSW process, generally, in 

the weld nugget zone (WNZ), and heat affected zone 

(HAZ), the time at peak temperature is short, and cooling 

is relatively rapid. In this case, a corresponding 

microstructural gradient can be developed from the WNZ 

into the parent alloy (PA) with the precipitation 

distribution at and around grain boundaries as a result of 

temperature excursions [3].
 
When exposed to a corrosive 
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environment, some of these microstructures exhibit a 

selective grain boundary attack, and the pitting potential 

is decreased as opposed to the parent alloy. As a matter 

of fact, the response of the microstructure to the welding 

is intense, and intergranular corrosion (IGC) is mainly 

placed along the interface of the WNZ and HAZ. In this 

respect, the IGC attack increases as a result of coarsening 

of the grain boundary precipitates [4]. The IGC initiation 

is generally believed to begin along the precipitate 

regions. Accordingly, the created pits and intergranular 

attack connect together and grow as microstructural pits, 

which result in selective corrosion of grains [4]. There is 

a limited research on the relationship between 

microstructure and corrosion characteristics of friction 

stir lap welded Al alloy. The purpose of the present work 

is to evaluate how the changes in microstructure in the 

weld zone affect corrosion behavior. 

 

2 Experimental 
 
2.1 Materials and welding parameters 

By applying automatic CNC machine, friction stir 

welding technique was used to produce lap welds. The 

materials used were AA6061-T6 aluminum plates with 

the thickness of 5 mm. The nominal composition is 

displayed in Table 1. The lap joint configuration was 

prepared to produce the joints. The direction of welding 

was normal to the rolling direction of aluminum plates. A 

non-consumable welding tool made of high carbon steel 

(H13) was applied to fabricating the joints. The welding 

conditions used to produce the joints in this investigation 

are listed in Table 2. The schematic representation of 

welding process and joint design are shown in Fig. 1. 

 

2.2 Lap shear test 

In order to investigate the mechanical property of 

 

Table 1 Chemical composition of Al6061 parent alloy used in 

welding process (mass fraction, %) 

Si Fe Cu Mn Mg Cr Ti Zn Al  

0.66 0.30 0.27 0.03 1.00 0.18 0.02 0.05 Bal. 

 

Table 2 Welding conditions and process parameters used in this 

work 

Parameter Value 

Rotation speed/(r·mī1) 1000 

Welding speed/(mm·minī1) 60 

Tool shoulder diameter/mm 20 

Pin diameter/mm 8 

Pin length/mm 8 

Tilt angle/(°) 3 

Pin profile 
Coniformed and left hand 

thread of 1 mm pitch 

 

 

Fig. 1 Schematic of friction stir lap welding process and joint 

design used in this research 

 

welded joint, room temperature lap shear tests were 

performed by using a 100 kN Instron mechanical testing 

machine with the cross head speed fixed at 2.0 mm/min. 

Due to no test standards for friction stir welded lap joints, 

ASTM: D3164 [5] providing test method for strength 

properties of adhesively bonded joints was chosen as the 

reference test standard for lap shear test. Dimensions of 

the samples used for lap shear testing is longer than those 

used by CEDERQVIST and REYNOLDS [6]. For tensile 

shear-testing specimen, fracture locations were recorded 

by scanning electron microscopy (SEM). 

 

2.3 Immersion corrosion test 

In the present research, the behavior against the IGC 

of friction stir welded lap joints of AA6061 aluminum 

alloy has been studied under specific conditions. 

Immersion corrosion tests were performed by using the 

ASTM G110 [7]. The tests were carried out for 24 and 

48 h immersion time with a constant concentration of 

hydrogen peroxide based on ASTM standard [7]. After 

immersion tests, the corroded specimens were subjected 

to the surface cleaning procedure recommended in 

ASTM standard [8]. 

 

2.4 Electrochemical measurements 

Electrochemical measurements were carried out 

with a conventional three-electrode-electrochemical 

glass cell using an EG&G Princeton Applied Research 

2273 Potentiostat controlled by softcorr 352. The cell 

was opened to the air and the measurements were 

conducted at ambient temperature. Each set of working 

electrodes, which were the WNZ (weld nugget zone), 

HAZ (heat affected zone), and parent alloy (PA) 

specimens, was connected to a copper wire, and sealed in 

epoxy resin with the exposure area of 1 cm
2
 for the PA 

and 0.8 cm
2 
for the WNZ as well as 0.3 cm

2 
for the HAZ. 

The graphite rod was used as the auxiliary electrode, and 

the saturated chalomel electrode (SCE) as a reference 

electrode. During the measurement, the solution was not 

stirred. All potential values were reported in mV (SCE). 

The exposed surface of each specimen was ground using 

abrasive SiC papers through 600-grade to 1200-grade, 
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and were mechanically polished with 1 ɛm diamond 

paste, rinsed with double distilled water, and degreased 

with ethanol. The degreased working electrodes were 

then dipped in concentrated HNO3 for 30 s. After that, 

they were rinsed with deionized water and inserted into 

3.5% (mass fraction) NaCl solution. 

After 30 min of immersion in the electrolyte, the 

cyclic potentiodynamic polarization (CPP) of specimens 

were performed by starting scanning electrode potential 

from an initial potential of ī0.25 V below the OCP up to 

ī0.2 V. The scan direction then was reversed and the 

potentials were scanned back to the initial potential. A 

vertex current density of 0.001 A/cm
2
 was applied. From 

cyclic polarization, various corrosion parameters such as 

corrosion potential (űcorr), pitting potential (űpit), 

repassivation/protection potential (űprot), and pit 

transition potential (űptp) were obtained. 

 

2.5 Microstructure characterization 

Microstructural examination of AA6061-T6 welded 

lap joints before and after corrosion tests were analyzed 

by scanning electron microscopy (SEM) with energy 

dispersive spectroscopy (EDS) and atomic force 

microscopy (AFM) techniques. 

 

3 Results and discussion 
 

3.1 Mechanical properties 

The obtained tensile shear strength of the welds was 

(128±5) MPa (whereas the shear stress of AA6061-T6 is 

207 MPa [9]) as a mean of four tests of this welded joint. 

This demonstrates more than 60% of the strength of 

parent alloy in lap shear testing. The fracture path was 

through the weld along the interface of top and bottom 

sheet whereas it was propagated from advancing side 

toward retreating side. The SEM image of fracture 

surface predominately shows a brittle fracture as 

indicated in Fig. 2. 
 

 

Fig. 2 SEM image of fracture surface 

 

3.2 Microstructural analysis 

3.2.1 Microstructure of parent alloy (PA) 

The parent alloy exhibited elongated alpha grains, 

the sizes of which are less homogeneous in size and the 

lengths of them are around 50 ɛm. Moreover, the PA also 

displayed two kinds of intermetallic particles including 

inhomogeneous distributed semi-round particles and 

irregular-shaped particles, as shown in Fig. 3(a) [10]. 

According to Figs. 3(a) and 3(b), EDS point analysis 

performed on these particles disclosed that irregular- 

shaped particles which appeared in bright color (point A) 

contained the Fe-rich particles, whereas semi-round 

particles which appeared in dark color (point B) 

contained the Si-rich particles. It was also observed that 

the size of Fe-rich particles present in the Al matrix 

is comparable to that of the Si-rich particles. This can be 

 

 

Fig. 3 BSE micrograph of PA (a) and associated EDX analysis 

taken at indicated locations (b, c) 
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attributed to the chemical composition of plate and its 

heat treatment condition. Additionally, as shown in   

Fig. 4, a lot of small grain boundary phases (dark points) 

can also be seen at the grain boundaries. As illustrated in 

Fig. 4(b), EDS point analysis displayed that these 

particles are rich in Si phases. As a matter of fact, these 

precipitates cause an increase in the strength of parent 

alloy. This means that they act as strengthening 

precipitates in the parent alloy. Thus, the strengthening 

precipitates can affect localized corrosion of parent alloy 

in corrosive environments. 

 

 

Fig. 4 BSE micrographs of small grain boundary phases in 

parent alloy (PA) (a, b) and associated EDX analysis (c) 

 

3.2.2 Microstructure of weld regions 

Backscattered electron micrographs of grains and 

distribution of intermetallic particles in the WNZ and the 

HAZ regions of welded lap joint are shown in Figs. 5 

and 6, respectively. As can be seen in Fig. 5, the 

prominent feature is obvious difference of the size and 

shape of the grains in the HAZ region. The HAZ area 

 

 

Fig. 5 BSE micrograph of HAZ (a) and associated EDX 

analysis taken at indicated locations (b, c) 

 

exhibited bigger grains than the WNZ region (Fig. 6), 

due to the heating effect. In this regards, according to 

ASTM E562 standard [11], the average volume fractions 

of intermetallics in the WNZ and HAZ are about 0.02 

and 0.04, respectively. The HAZ experiences heating 

without mechanical deformation during welding. Thus, 

the induced heat in this region and the cooling rate after 

FSLW can significantly alter the grain size and lead to 

grains coarsening in the HAZ region. On the contrary, 

the structure of WNZ region contains fine and equiaxed 

grains. This structure is a typical feature of dynamically 

recrystallized structure when the WNZ is subjected to 

high temperature and extensive plastic deformation [12]. 
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Fig. 6 BSE micrograph of WNZ (a) and associated EDX 

analysis taken at indicated locations (b, c) 

 

The results of EDX analysis of two different 

intermetallic precipitates are shown in Figs. 5(b,c) and 

6(b,c). From the EDS point analysis, it is easy to identify 

two particles: the Fe-rich particles (bright points, labeled 

as C and E) and the Si-rich particles (dark points, 

denoted as D and F). According to Figs. 5(a) and 6(a), 

the sizes of iron- and silicon-rich particles in the HAZ 

region are bigger than that in the WNZ area. This can be 

attributed to that in the WNZ region, the string crashed 

the intermetallic particles and distributed them into the 

Al matrix. The number of intermetallic particles in the 

WNZ region is higher than that in the HAZ region, but 

their volume fraction is lower. As matter of fact, it can be 

said that the intermetallic particles are the main factor 

that controls the corrosion properties of the parent alloy 

and weldments and the corrosion resistance of 

weldments is basically affected by the composition, 

density and distribution of intermetallic particles within 

the microstructure [10,13]. 

 

3.3 Corrosion morphology analysis 

3.3.1 Microstructure of parent alloy after 24 h of 

immersion 

Figure 7 presents the corrosion morphology of the 

parent alloy after 24 h of immersion in the test solution. 

According to Fig. 7, it is obvious that localized corrosion, 

i.e., tunnel like pitting, is not the dominant corrosion type 

observed in the parent alloy, and it also shows 

susceptibility to intergranular corrosion along grain 

boundaries. Accordingly, it is important to consider that 

the pits formed in the matrix have no growths in depth 

and size due to the lack of immersion time, and it seems 

that many small pits in an early stage are formed on Al 

matrix with ring-like deposits (corrosion products) 

consisting of oxy-hydroxide compounds around the  

pits [12]. It can be said that the corrosion products are 

formed where Al ions become oversaturated due to local 

dissolution of the Al matrix. Indeed, the IGC mechanism 

 

 

Fig. 7 SEM images of parent alloy after 24 h of immersion:  

(a) Low magnification; (b) High magnification 
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including micro galvanic cell formation of grain 

boundaries can contribute to the grain boundaries 

intermetallic precipitates so that they are either more 

active or nobler than the surrounding Al matrix (Fig. 4 

and Fig. 7). Overall, it seems that the formation of small 

pits with lower growth in depth and size as well as lower 

intergranular corrosion along grain boundaries implies 

minor susceptibility to localized corrosion in parent alloy 

after 24 h of immersion. 

3.3.2 Microstructure of parent alloy after 48 h of 

immersion 

According to Fig. 7, it is obvious that localized 

corrosion attacks were generated by semi-pitting and 

intergranular attacks. In this case, it seems that the 

grooves, that so-called circumferential pit, were formed 

around strengthening precipitates due to the cathodic 

reduction of oxygen, and occurred at the intermetallic 

particles. They caused an increment in the pH of the 

solution to alkalinity around the particles, leading to the 

dissolution of Al matrix, ascribed to the localized 

galvanic attack of the more active matrix by the more 

noble particles [13]. A relevant fact observable from the 

images in Fig. 8 was that when the immersion time was 

extended to 48 h, intergranular corrosion attacks were the 

main feature in Al matrix, and they grow widely on it. 

Finally, it seems that the formation of semi-pits with high 

growth in depth and size as well as higher intergranular 

corrosion along grain boundaries implies major 

susceptibility to localized corrosion in parent alloy after 

48 h immersion. 

3.3.3 Microstructure of welded lap joint after 24 h of 

immersion 

Microscopic images of corrosion attack of the lap 

welded specimens after 24 h of immersion in 5.7% 

sodium chloride and 0.3% hydrogen peroxide solutions 

are shown in Fig. 9, revealing the following important 

findings. 

First, although all areas show the same corrosion 

attacks, the HAZ shows higher rate of corrosion attack 

than the WNZ due to a bigger size and more intermetallic 

particles in the interior grain and grain boundaries  

(Figs. 5 and 6). Additionally, the IGC was not the 

dominant corrosion type in the weld regions. Second, the 

evidence of cathodic reactivity of the kinds of rings of 

attack around constituent intermetallic particles can be 

explained as corrosion attack mechanism in the weld 

zones. In this regard, the rings of attack (or grooves) 

around the intact intermetallic particles were ascribed to 

the localized galvanic attack of the more active Al matrix 

by the more noble particle. Third, the corrosion products 

that were naturally formed as the aluminium hydroxyl 

chloride compounds (AlClx[OH]3īx) [4] were not 

observed in the WNZ and HAZ. 

 

 

Fig. 8 SEM images of parent alloy after 48 h of immersion (a, b) 

and associated EDX analysis (c) 

 

3.3.4 Microstructure of welded lap joint after 48 h of 

immersion 

Figure 10 depicts the microscopic images of 

corrosion attack of the lap welded specimens after 48 h 

of immersion in the test solution. Some important 

findings are explained as follows. 

First, the intensive corrosion attack in the nugget 

region is poorer than that in the other regions. In this 

case, although corrosion resistance of the WNZ is higher 

than that of the HAZ region, by increasing the immersion 

time (48 h), some corrosion chimneys are observed in 

this region (see Fig. 11). Second, in the nugget region,  
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Fig. 9 SEM images of corrosion attacks in weld regions after 24 h of immersion (a, b, c, d) and associated EDX analysis (e) 

 

despite other regions, the corrosion products form only 

as a corrosion chimney product. This means that the 

corrosion products are only formed locally on the surface 

of the WNZ. Third, both formations of grooves around 

the intermetallic precipitates and the corrosion chimney 

were dominant corrosion types in the nugget region. 

Fourth, the value of corrosion attacks in the HAZ region 

was more intensive than that in the WNZ. In this case, it 

seems that the corrosion chimneys are uniformly created 

in the HAZ region, and the corrosion products cover the 

whole surface of the HAZ area. In addition, it is 

observed that the depth of grooves formed in these areas 

is more than that in the WNZ. As a result, it seems that 

by increasing immersion time, the corrosion behavior of 

weld regions is different, and the corrosion attacks will 

be increased intensively. 

 

3.4 Electrochemical measurement 

Cyclic potentiodynamic polarization (CPP) plots 

obtained for the parent alloy and weld regions in contact 

with 3.5% NaCl solution having near natural pH are 

shown in Fig. 12. The average values of potentials are 

summarized in Table 3. 

From Table 3, it is evident that the almost similar 

values of űpit for the WNZ and HAZ regions of welded 

lap joints in test solution may indicate that the onset of 

pitting is mainly determined by Cl
ī
 ion concentration and 

not by O2 content
 
[14]. According to Fig. 12, it is obvious 
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Fig. 10 SEM images of corrosion attacks in weld regions after 48 h of immersion (a, b, c, d) and associated EDX analysis (e, f) 

 

that the cyclic plots of parent alloy and each region of 

welded lap joint show an example of negative hysteresis, 

with pitting potential located at the same position of that 

of corrosion potential, the protection potential (űprot) less 

than űcorr, and narrow area of the hysteresis loop, 

suggesting no nucleation and growth of pitting during the 

reverse scan [14,15]. The lower hysteresis in the 

presence of oxygen is due to repassivation assisted by O2 

reduction on constituent particles sites, indicating that 

not all such species have been consumed in accelerating 

pitting corrosion. Moreover, the protection potentials of 

the WNZ and HAZ regions are more negative than the 

pitting potential. This means that the WNZ and HAZ 

regions did not show more tendencies to pitting 

corrosion. The solid arrows next to the forward and the 

reverse anodic branches indicate potential scan direction. 

The cyclic polarization curves show a small region of 

passivity with the current density practically dependent 

on applied potential up to pitting potential űpit=ī0.750 

mV. Then, the current density increases abruptly until it  


