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Introduction                                                                   

Friction stir welding (FSW) is a relatively new 
joining technique invented at The Welding 
Institute (TWI) in 1991 for mainly welding Al 
alloys [1]. The high quality Al welds produced 
by this technique encouraged researchers to 
extend its application to include other alloys 
such as magnesium, copper, steel and dissimilar 
alloys. Since FSW is carried out in the solid 
state, all problems from solidification process are 
eliminated. Also, compared with the conventional 
fusion welding processes, the residual stresses 
and distortion are very low due to low heat input 
[2-6]. AA6061 is a typical alloy of 6xxx series and 
includes some alloying elements such as Al-Mg-
Si [7]. 

The corrosion of aluminum alloy FS welds 
is commonly investigated using methods such as 
immersion test and potentiodynamic polarization 
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technique. Concerning the corrosion properties 
of AA6061 FSW welded joints, the stir zones of 
the joints exhibit susceptibility to local corrosion 
[8]. In the welding of aluminum alloys by FSW 
process, it was found that the corrosion properties 
of welded joints are markedly affected by the 
welding parameters such as rotational and welding 
speeds. The effect of the FSW process parameters 
on the corrosion behavior of FS welded aluminum 
joints were studied by many workers [9-11]. Nam 
et al. [9] investigated the effect of welding speed 
on the corrosion properties of AA6061 FSW 
welded joints using potentiodynamic polarization 
test. They observed that the corrosion properties 
enhanced by increasing the welding speed due to 
formation of large protected film on the surface of 
the stir zone. Weifeng Xu et al. [10] investigated 
the effect of welding and rotational speeds on the 
corrosion properties of AA2219-O FSW welded 
joints using cyclic polarization. They observed 
that by increasing the welding speed from 60 to 
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100 mm/min or rotational speed from 500 to 600 
rpm, the corrosion resistance decreases. Mohiedin 
et al. [11] studied the effect of tool rotational and 
traveling speeds on the corrosion properties of 
AA5052 FSW welded joints using potentiodynamic 
polarization test. They observed that the optimum 
combination of tool rotational and traveling speeds 
at 400rpm and 250 mm/min respectively give high 
corrosion resistant of stir zone. 

It has been reported that the corrosion 
resistance of FS welds can be improved by 
several treatments after or during the welding 
[12-13]. Vincent Proton et al. [12] investigated the 
corrosion behavior of the nugget of a FSW joint 
employing a 2050 Al–Cu–Li alloy. They used two 
metallurgical states, the as-welded joint called 
NHT and a post-welding heat treatment joint 
called PWHT. The results showed that the post-
welding heat treatment significantly modified the 
corrosion behavior of the nugget. They observed 
that a susceptibility to intergranular corrosion was 
shown in the NHT nugget, and both intergranular 
and intragranular corrosion features were observed 
in the PWHT nugget. Vijaya et al. [13] studied 
the effect of post weld heat treatment, viz., peak 
aging (T6) and retrogression & reaging (RRA), 
on corrosion behavior of AA7075 aluminum 
alloy with 8mm thickness. It was observed that in 
peak aging (T6) condition the weld showed poor 
corrosion resistance but in RRA the resistance to 
pitting corrosion was improved. 

There are little studies about improving 
corrosion resistance that have been reported for 
FSW of AA6061 aluminum alloy, moreover, the 
use of T4 and T6, as pretreatment, were not used 
as a process for AA6061 aluminum alloys. Some 
treatments were done but not on the AA6061 
aluminum alloy [14-16]. The present work aims 
to study the effect of the FSW process parameters, 
typically, the tool rotational and welding speeds as 
well as the post weld heat treatment, typically, T4 
and T6 heat treatments on the corrosion behavior 
of friction stir welded AA6061 joints. 

Experimental                                                         

The materials and welding parameters
AA6061-O aluminum alloy plates having 8 

mm thickness were FS welded using conventional 
vertical milling machine. The chemical 
composition of the AA6061 alloy is: 0.52% Si, 
0.025% Fe, 0.005% Mn, 0.871% Mg, 0.259% Cu, 
0.2% Cr, 0.008% Zn, 0.04% Ti, and 98.08% Al. 
A non-consumable tool with a shoulder having 

30 mm diameter and a threaded probe of 12 mm 
diameter, 1.25 mm pitch and 7.8 mm height was 
used to weld the AA6061 Al plates. The welding 
tool is made of H13 alloy steel. FSW was carried 
out using three different tool rotational speeds of 
400, 500 and 630 rpm and two welding speeds of 
25 and 40 mm/min. The tool tilt angle was kept 
constant at 2 degrees. The surface of the plates 
was cleaned with acetone before welding. 

The FS welded plates were heat treated 
immediately after welding. Half of FS welded 
plates were heat treated at T4 by heating them 
in a furnace at 550 oC for 2 hours followed by 
quenching in water. Other half of the plates were 
heat treated at T6 by heating them in a furnace 
at 550 oC for 2 hours then quenched in water 
followed by artificial aging at 177 oC for 6 hours. 
After PWHT, all plates were cut using an electric 
discharge wire cutting machine. Metallographic 
samples were ground using emery paper of 
increasing finesse up to 1200 grit followed by 
polishing using 0.3 µm alumina suspension and 
then etched using solution of 1 ml HF +1.5 ml 
HCl +2.5 ml HNO3 + 95 ml distilled water for 
240 s at ambient temperature. Microstructural 
investigations were carried out using both optical 
microscope and scanning electron microscope 
(SEM). The microstructural measurements of 
the size of the α-Al grains were performed using 
image analyzing techniques.

Static immersion and Electrochemical 
measurement 

Static immersion and potentiodynamic 
polarization corrosion tests were used to investigate 
the surface morphologies of corroded samples 
and the corrosion behavior of FS welded samples 
after T4 and T6 heat treatments. In the static 
immersion tests, the samples were exposed to 3.5% 
NaCl solution for 15 days and then ultrasonically 
cleaned for 5 min in distilled water and ethanol. 
Finally, the surface morphologies of corroded 
samples were analyzed by field emission scanning 
electron microscope, 250 model QUANTA.  For 
potentiodynamic polarization tests, the corrosion 
properties of the samples were measured by using 
Autolab 302 N potentiostat/galvanostat workstation 
with NOVA 1.10 software. Conventional three-
electrodes configuration with platinum rod as 
a counter electrode (CE), standard Ag/AgCl 
electrode as reference electrode (RE), and AA6061 
aluminum alloy as working electrode (WE) were 
used. The electrochemical measurements were 
carried out at room temperature after rinsed the 
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test samples with double distilled water, degreased 
with ethanol, connected to a copper wire and 
sealed with epoxy resin with the exposure area 
of 1cm2. The test solution was also, 3.5% NaCl. 
Potentiodynamic polarization curves were obtained on 
the potential range from -2.5 V to 2 V with scan rate 
of 1.0 mV s-1. Corrosion current density (icorr) and 
resistance polarization (Rp), which is equivalent to 
the corrosion rate of the specimens, were estimated 
by using Tafel extrapolation.

Results and Discussion                                                    

Microstructural Observations
Figure 1 shows typical micrographs of the 

microstructure of the AA6061 Al alloy base 
metal (BM) after T4 and T6 heat treatments. In 
both cases, the microstructure of BM consists of 
elongated α-Al primary grains with an average 
size of 30±4 μm. Figures 2 and 3 show typical 
micrographs of the microstructure in the center 
line of the stir zones FS welded using different 
tool rotational and welding speeds after T4 and 
T6 heat treatments, respectively.

It is clear that, the microstructure of the stir 
zones consists of finer equiaxed grains due to the 
dynamic recrystallization occurred during FSW. 
Quantitative analysis of grain size revealed a clear 
dependence of grain size on the tool rotational and 
welding speeds. Figure 4 shows the variation of 
the average grain size at the center of the stirred 
zones with tool rotational speed at different 
welding speeds and post-weld heat treatments. 
The average grain size was found to be increased 
with increasing rotational speed and/or reducing 
the welding speed. The stirred zones heat treated 
at T6 exhibited slightly higher average grain size 
when compared with those heat treated at T4. 

Scanning Electron Microscope (SEM) was 
also used to investigate the microstructures of the 
6061 aluminum alloy base metal and stir zone of 
welded specimens after T4 and T6 treatments. 
Examination of the composition of the second 
phase particles in the stir zones shows that most 
of precipitates are AL2O3 and Mg2Si.[17].

Corrosion Behaviour 
Static Immersion Tests
Figure 5 shows SEM micrographs of the 

corroded surfaces morphologies of AA6061 base 
alloy after T4 and T6 heat treatments. It can be 
noted that the surface of the AA6061-T4 base 
alloy showed only local corrosion (pits) (see Fig. 
5a), while the AA6061-T6 base alloy showed that 
beside the pitting corrosion, a general corrosion (see 
Fig. 5b) were taken place. Such results indicated 
that AA6061-T6 base alloy have higher corrosion 
resistance than the AA6061-T4 base alloy. 

Figure 6 and 7 shows typical SEM micrographs 
for the corroded surfaces of the stirred zone FS 
welded using tool rotational speed of 400 rpm and 
different welding speeds for FS joints heat treated 
at T4 and T6 conditions. Examination of the 
corroded surfaces revealed that the stirred zones 
have higher corrosion resistance compared with 
the AA6061 base alloy. However, the corrosion 
resistance of stirred zone heat treated at T6 
condition is found to be higher than those heat 
treated at T4 condition. 

Potentiodynamic Polarization Measurements.
Figure 8 shows the polarization curves for 

the AA6061 base alloy as well as stirred zones 
FS welded at different tool rotational and 
welding speeds and heat treated at T4 and T6 
conditions. Table 1 and 2 list the electrochemical 

Fig. 1. Microstructure of base metal after (a) T4 and (b) T6 heat treatments.
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Fig. 3. Microstructures at the centers of the stir zones of joints after T6 heat treatment. 

The joints FS welded using tool rotational and welding speeds of (a) 400 rpm and 25 mm/min 
(b) 400 rpm and 40 mm/min, (c) 630 rpm and 25 mm/min and (d) 630 rpm and 40 mm/min.

Fig. 2. Microstructures at the centers of the stir zones of joints after T4 heat treatment.  

The joints FS welded using tool rotational and welding speeds of (a) 400 rpm and 25 mm/min 
(b) 400 rpm and 40 mm/min, (c) 630 rpm and 25mm/min and (d) 630 rpm and 40 mm/min.
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Fig. 4. Variation between the average grain size at the center of the stirred zone with the tool rotational speed at 
different welding speeds and post-weld heat treatments.

Fig. 5. SEM of the base alloy after immersion in 3.5% NaCl solution for 15 days (a) AA6061-T4and (b) AA6061-T6. 

Fig. 6. SEM micrographs of the corroded surfaces at the center of the stirred zones for joints FS welded at 400 
rpm and 25 mm/min and heat treated at (a) T4 and (b) T6.

 a 
 

 a 
 

 b 
 

 b 
 

Fig. 7. SEM micrographs of the corroded surfaces at the center of the stirred zones for joints FS welded at 400 rpm 
and 40 mm/min and heat treated at (a) T4 and (b) T6.

 a 
 

 b 
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Fig. 8. Potentiodynamic polarization curves of the AA6061-O base metal and stir zones of joints FS welded at 
different tool rotational and welding speeds and post-weld heat treatment at T4 (a, b) and T6 (c, d).

parameters obtained from potentiodynamic 
polarization measurements for the base alloy 
as well as stirred zones after T4 and T6 heat 
treatments, respectively. The results revealed 
that AA6061-T4 base alloy exhibited higher 
corrosion rates than AA6061-T6 base alloy. 
The AA6061-T4 and AA6061-T6 base alloys 
exhibited corrosion rates of 123.554 and 
79.511 µm/year, respectively. At constant FSW 
process parameters, the stirred zones exhibiter 
better corrosion resistance than the base alloys. 
However, the stirred zones heat treated at T6 
condition showed better corrosion resistance 

in 3.5% NaCl solution than that heat treated at 
T4 condition at the same welding parameters. 
For example, stirred zone FS welded using 400 
rpm and 40 mm/min exhibited corrosion rates 
of 16.382 and 5.326 mm/year when heat treated 
at T4 and T6 conditions, respectively.

The results revealed also that reducing the tool 
rotational speed and/or increasing the welding 
speed increase(s) the corrosion resistance of the 
stirred zones. For example, for stirred zones heat 
treated at T6 and FS welded using welding speed 
of 25 mm/min, increasing the tool rotational speed 

 c 

 b 

 d 

 a 
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TABLE. 1. Electrochemical parameters obtained from potentiodynamic polarization measurements for 
AA6061-T4 base alloy and stirred zones FS welded using different tool rotational and welding speeds.

Welding 
speed 

(mm/min)

Rotational 
speed 
(rpm)

βa 
(V.dec-1)

-βc 
(V.dec-1) -Ecorr (V) jcorr (µA.

cm-2)

Corrosion 
rate (µm/

year)

Polarization 
resistance 

(kΩ)

Base metal 0.180 0.179 1.0262 11.342 123.554 3.436

25

400 0.122 0.163 0.714 3.176 34.596 9.539

500 0.128 0.070 0.820 3.744 40.785 5.248

630 0.129 0.078 0.895 4.812 52.422 4.386

40

400 0.209 0.050 0.651 1.504 16.382 11.650

500 0.175 0.054 0.704 1.863 20.295 9.618

630 0.149 0.041 0.765 2.416 24.148 5.668

TABLE 2. Electrochemical parameters obtained from potentiodynamic polarization measurements for 
AA6061-T6 base alloy and stirred zones FS welded using different tool rotational and welding speeds.

Welding 
speed 

(mm/min)

Rotational 
speed 
(rpm)

βa 
(V.dec-1)

−βc 
(V.dec-1) -Ecorr (V) jcorr (µA.

cm-2)

Corrosion 
rate (µm/

year)

Polarization 
resistance 

(kΩ)

Base metal 0.179 0.132 0.897 7.299 79.511 4.520

25
400 0.100 0.250 0.631 2.900 31.590 10.695
500 0.090 0.139 0.679 3.245 35.349 7.310
630 0.127 0.100 0.745 3.336 36.341 7.282

40
400 0.171 0.089 0.607 0.489 5.326 51.987
500 0.164 0.097 0.649 0.519 5.650 50.99
630 0.101 0.116 0.697 0.549 5.980 42.703

from 400 rpm to 630 rpm increases the corrosion 
rate from 31.590 to 36.341 mm/year, respectively. 
While, for stirred zones heat treated at T6 and FS 
welded using tool rotational speed of 400 rpm, 
increasing the welding speed from 25 rpm to 40 
mm/mm reduces the corrosion rate from 31.590 to 
5.326 mm/year, respectively. The lowest corrosion 
rate (i.e. best corrosion resistance) of 5.326 mm/
year was observed for stirred zone FS welded 
using tool rotational speed of 400 rpm, welding 
speed of 40 mm/min and post-weld heat treated at 
T6 condition.

By increasing FSW speed from 25-40 mm/
min, the microstructure had smaller grains, refined 
microstructure and increased homogeneity which 
lead to an enhancement in the corrosion resistance 
[18]. It was observed from potentiodynamic 
polarization measurements an increase of the tool 
welding speed from 25–40 mm/min at the same 
post weld heat treatment improves the corrosion 
resistance due to shift in positive corrosion 
potential and reduced corrosion current density in 
the high welding speed 40mm/min compared to the 
low welding speed 25mm/min as listed in tables 1, 
2, this is  due to insoluble corrosion product film  
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formed (protective aluminum oxide passive film) 
on a surface can block the surface from further 
attack and significantly reduce the corrosion 
rate. These results are in good agreement with 
N.D. Nam [9], and observed that the corrosion 
resistance in T6 treatment is higher than T4 due 
to the shift in positive corrosion potential and 
reduction in corrosion current density at the same 
welding parameters as listed in tables 1, 2.

The corrosion resistance of T6 is higher 
than T4 condition in base metal and stir zones 
in the static immersion tests due to the rapid 
growth of dense adherent oxide film on the 
samples with T6 treatment, this film acts as a 
barrier between the metal surface and solution, 
but a breakdown in the film took place in T4 
treatment and appeared local corrosion (pits), 
these results are in good agreement with SEM 
micrograph shown in Fig. 5, 6.

Conclusion                                                                       

From the analyses, we can summarize the results 
as follows:
1. Both T4 and T6 post-weld heat treatments 

enhance the corrosion resistance of the stirred 
zones when compared with the base alloy. 
However, joints post-weld heat treated at T4 
showed lower corrosion resistance at the stirred 
zones when compared with post-weld heat 
treated at T6.

2. For AA6061 joints post-weld heat treated at 
T6 or T4 conditions, increasing the welding 
speed and/or reducing the tool rotational 
speed increase(s) the corrosion resistance of 
the stirred zones. The welding speed showed 
higher influence on the corrosion resistance 
of the stirred zones than the tool rotational 
speed.

3. The best corrosion resistance was observed 
for stirred zones of joints FS welded using the 
lowest tool rotational speed (i.e. 400 rpm), 
highest welding speed (i.e. 40 mm/min) and 
post-weld heat treated at T6 condition due 
to insoluble corrosion product film formed 
(protective aluminum oxide passive film) on 
a surface can block the surface from further 
attack and significantly reduce the corrosion 
rate. 
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تاثير المعامالت والمعالجات الحرارية (T4,T6) على سلوك التآكل لسبيكة األلومنيوم 6061 
الملحومه بطريقه اللحام التقليبى اإلحتكاكى

مصطفى سمير سيد الديب1، لبني عبد العزيز فؤاد خورشيد2، سيد عبدالونيس عبدهللا3، أحمد محمد جعفر3، 
تامر سمير محمود3

1قسم هندسة االنتاج وتكنولوجيا التصنيع باالكاديمية الحديثة بالمعادى.

2قسم الكيمياء الفيزيقية - المركزالقومي للبحوث - القاهرة - مصر.

3قسم الهندسة الميكانيكية بكلية الهندسة بشبرا - جامعة بنها.

على   T4,T6)) الحراريه  والمعالجات  اللحام  وسرعة  الدورانية  السرعة  تأثير  دراسه  هو  البحث  من  الهدف 
التآكل  سلوك  إختبار  تم  اإلحتكاكى.  التقليبى  اللحام  بطريقة  الملحومه   6061 األلومنيوم  لسبيكة  التآكل  سلوك 
اإلستقطاب  إختبار  بإستخدام   الثانية  والطريقة  جهد  بأى  التأثير  دون  الغمر  طريقة  األولى  طريقتين  بإستخدام 
البوتنشيوديناميكى كال فى محلول كلوريد الصوديوم. أظهرت النتائج أن كال المعالجتين (T4,T6) بتحسن من 
مقاومة التآكل للمنطقة الملحومة مقارنة بالمعدن األصلى وأظهرت النتائج أيضا أن الوصالت بالمعالجة T6 تتمتع 
بمقاومة أعلى للتآكل مقارنة بالوصالت المعالجة T4. وأظهرت النتائج أيضا أن بزيادة سرعة اللحام أو بتناقص 

السرعة الدورانية تزداد مقاومة التآكل للوصالت الملحومة.


