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Abstract: The aim of the present work is to study the effect of the welding conditions and T4 and T6 post-weld heat 
treatments (PWHT) on the microstructure and hardness values of AA6061-O aluminum plates joined using friction 
stir welding (FSW). The welding was conducting using three rotational speeds of 400, 500 and 630 rpm and two 
welding speeds of 25 and 40 mm/min. After FSW, the AA6061 joints were subjected to T4 and T6 heat treatments. 
Microstructural characterization was examined using optical and scanning electron microscope (SEM) equipped 
with energy dispersive x-ray spectroscopy (EDS). The results showed that the grain size of the stir zone increased by 
increasing the rotational speed or by decreasing welding speed. Hardness significantly decreased as rotation speed 
increased and the values of hardness for the welded joints after artificial aging (T6) are greater than solution heat 
treatment (T4). 
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1.Introduction. 

Friction stir welding (FSW) is a relatively new 
joining technique invented at The Welding Institute 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 copper, magnesium, 
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 [2-4]. 
Aluminum and its alloys are used in many industrial 
applications due to high strength to weight ratio, 
excellent corrosion resistance and high electrical and 
thermal conductivity. AA6061 is a typical alloy of 
6xxx series and includes some alloying elements such 
as Al-Mg-Si [5]. It used in ship and aircraft structures, 
transportation and utensils [6]. The solidification 
problems and formation of intermetallic compounds in 
the welded joints have prohibited the use of fusion 
welding processes for joining these heat treatable 6061 
aluminum alloys for long time [2,7,8]. Due to its great 
advantages mentioned above, FSW is extremely very 
attractive for joining 6061 heat treatable alloys. 

Concerning the welding of AA6061 by FSW 
process, it was found that the microstructure and 
mechanical properties of welded joints are markedly 

affected by the welding parameters such as rotational 
and welding speeds as well as welding tools 
geometries [9–10]. The effect of the FSW process 
parameters on the microstructure and mechanical 
properties of friction stir welded aluminum joints were 
studied by many workers [11-14]. For example, H. J. 
Liu et al. [11] investigated the effect of welding speed 
on microstructure and mechanical properties of 
friction stir welded 6061-T6 aluminum alloy. It was 
observed that as the welding speed increased, the grain 
size of the stir zone decreased and the micro hardness 
in the welded zones is strongly increase and observed 
that the tensile strength increases with increase of 
welding speed. F. Fadaeifard el al. [12] investigated 
the effect of welding rotational speed on 
microstructure of friction stir lap joints of AA 6061-
T6 aluminum alloy. They observed that the grains of 
stir zones became finer and smaller than the grains of 
base metal. F.F. Wang et al. [13] investigated the 
effect of tool rotational speed on microstructure and 
mechanical properties of friction stir welded Al–Li 
alloy. They observed that the grain size of the stirred 
zone increases by increasing the rotational speed and 
by increasing rotational speeds from 600–1000 rpm, 
the hardness rises above 104 Hv within the SZ W. 
Boonchouytan et al. [14] obtained the highest 
mechanical properties (179.80 MPa) of AA 6061-T6 
welded joint at a welding speed of 160mm/min and 
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rotating speed of 1400 rpm. It has been reported that 
the microstructure and mechanical properties of FS 
welds can be improved by several treatments after or 
during the welding [15-16]. for example, P. Vijaya 
Kumar et al. [15] investigated the effect of post weld 
heat treatment, viz., retrogression and reaging (RRA) 
and peak aging (T6) on the microstructure and 
mechanical properties of friction stir welded AA7075 
aluminum alloy with 8mm thickness. They observed 
that in T6 condition, the microstructure has relatively 
coarse and closely spaced precipitates along the grain 
boundaries and fine precipitates in the grains and in 
case of RRA condition, the grain boundary 
precipitates are discontinuous and coarser than that in 
T6 condition. It was observed that the hardness is high 
in T6 condition compared to other post weld heat 
treatments. Jitlada boonma et al. [16] studied the 
hardness of both as welded and as quenched samples 
of friction stir welded AA6061. They observed that, 
the hardness profile of the FSW specimens after 
PWHT higher than the hardness of as welded samples. 
Therefore, 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 microstructure and mechanical properties of 
friction stir welded AA6061 joints. 
 
2. Experimental Procedure. 

AA6061-O aluminum alloy plates having 8 mm 
thickness were Friction Stir butt 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 welding tool is made of H13 alloy 
steel and composed of 30mm diameter shoulder and 

12mm diameter threaded probe, 1.75 mm pitch and 7.8 
mm height was used to weld the AA6061 Al plates. 
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. 

Post weld heat treatment PWHT was carried out 
immediately after welding and the samples were 
heated in furnace at 550oC for 2 hrs, and then 
quenched in water (T4). Half of samples were tested 
after quenching and the other half were artificially 
aged at 177 oC for 6 hrs (T6). Then all samples were 
cut to analyze their microstructure and mechanical 
properties on base metal and weld zones. Samples 
were cut out from the T4 and T6 heat treated 
conditions using an electric discharge wire cutting 
machine for metallographic evaluations and hardness 
measurements. 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 optical 
microscope and Scanning Electron Microscope (SEM) 
equipped with Energy Dispersive x-ray Spectroscopy 
(EDS). The microstructural measurements of the size 
of the α-Al grains were performed using image 
analyzing techniques. Hardness measurement was 
carried out at the mid thickness along the cross section 
transverse to the welding direction with an internal 
spacing of 0.5 mm under the load of 4.903 N for a 15 s 
of loading time. 
 
3.  Results and Discussion. 

3.1 Microstructural Observations 
 

 
Fig. 1. Microstructure of base metal after (a) T4 and (b) T6 heat treatments. 
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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. 

 
 

  

  
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. 
 
 

  

(a) 

(d) (c) 

(b) 

(a) (b) 
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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. 

 
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 as a result of increasing 
heat input. The stirred zones heat treated at T6 
exhibited slightly higher average grain size when 
compared with those heat treated at T4. 

 

 
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. 
 

3.2.  SEM-EDS analysis for the second 
phase particles. 

Scanning Electron Microscope (SEM) equipped 
with Energy Dispersive x-ray Spectroscopy (EDS) 
was also used to investigate the microstructures of the 
6061 aluminum alloy base metal and stir zone of 
welded specimens after T6 and T4 treatments. 
Examples of the microstructures of the base metal are 
shown in Figure 5. SEM microstructures of the base 
metals of T6 and T4 condition are similar and 
representing elongated grains with random distribution 
of second phase particles. It can be seen that, the grain 
sizes approximately the same by the comparison 
between solution treatment and artificial aging for the 
base metals. On the other hand, Figure 6 represents 
examples of the microstructures of the stir zones for 
the samples with conditions (a) (400rpm, 25mm/min, 
T6), (b) (630rpm, 40mm/min, T6), (c) (400rpm, 
25mm/min, T4), (d) (630rpm, 40mm/min, T4). The 
microstructures consisted of equiaxed grains with 
small sizes compared to the large elongated grains of 
BM as a result of the dynamically recrystallization 
occurred during friction stir welding. Grain size 
increases with increasing rotation speed. These results 
are in good agreement with the previous works done 
by F.F. Wang et al. [13]. 

Examination of the compositions of the second 
phase particles in the stir zones of the samples with 
condition (400rpm, 25mm/min, T6) and (630rpm, 
40mm/min, T4) was carried out using EDS spots 
analysis. The results are listed in Table 1. The analysis 
of point 1 contains high percentages of Al, Ti, O and 
Mg indicating that the small white particles were Ti-O 
containing precipitates. Analysis of point 2 showed 
high percentages of Al, Fe, Si, Cr and Mg indicating 
that the elongated white particles were Al-Fe-Si-Cr-
Mg-containing precipitates. Analysis of point 3 
showed high percentages of Si, Al, and Mg indicating 
that the small rounded grey particles were Mg2Si 
precipitates. Analysis of point 4 showed high 

(d) (c) 
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percentages of Al, Fe Cr, and Cu indicating that the 
small irregular shape grey particles were Al-Fe-Cr – 
Cu containing precipitates. On the other hand, Si and 
Al were only the dominant elements in the EDS spot 
analysis of point 5, indicating that these large irregular 

shape grey particles were Al-Si precipitates. All these 
precipitates were also observed in the EDS maps 
analysis of base metal and stir zones as shown in 
Figures 7 to 10. 

 
 

 
Fig. 5. SEM images of the base metal: (a) T6 and (b) T4. 

 

 
Fig. 6. SEM images of the stir zones: (a) (400rpm, 25mm/min, T6), (b) (630rpm, 40mm/min, T6), (c) (400rpm, 
25mm/min, T4), and (d) (630rpm, 40mm/min, T4). 
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Table. 1. EDS spot quantitative analysis of the five points shown in Figure 6. 
Wt. % Element 

Point 5 Point 4 Point 3 Point 2 Point 1 
44.78 76.17 33.14 72.53 73.27 Al 
53.48  36.99 5.55 - Si 
- 13.21 - 14.48 - Fe 
- - 2.29 - 18.13 Ti 
- - - - 6.75 O 
0.55 1.7 25.9 2.29 1.39 Mg 
1.19 2.44 1.16 0.58 0.45 Cu 
- 6.48 1.33 4.58  Cr 

 
 
 
 
 
 
 

 
Fig. 7. EDS map analysis of the base metal with T6 condition. 
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Fig. 8. EDS maps analysis of the base metal with T4 condition. 
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Fig. 10. EDS maps analysis of the stir zone of sample with condition 630rpm, 40mm/min, T4. 

 
3.3. Hardness of AA6061 Al Friction Stir 

Welded Joints. 
Hardness profiles of the FSW welded joints for 

both T4 and T6 conditions were measured at mid 
thickness of the cross sections transverse to the 

welding direction in order to detect if there is any 
remaining welding effect on the joints after heat 
treatments. 

 

 
Fig. 11. Effect of rotational speed at constant welding speed 25mm/min on the micro hardness distribution for some 
joints at T4, T6 treatment. 
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Fig. 12. Effect of welding speed at constant rotational speed 630rpm on the micro hardness distribution for the joint 
at T4 treatment. 

 
Figure 11 shows the hardness distributions of 

some FSW joints welded at constant welding speed of 
25mm/min and two rotational speeds of 400, 630rpm 
after T4 and T6 treatment conditions. Hardness values 
for the BM, HAZ and SZ are similar. However, the 
slight decrease in hardness values with increasing 
rotation speed for all joints indicates the remaining 
welding effect after both treatment conditions. These 
results are in good agreement with the previous works 
done by M. Ilangovan [17] and Y. Chen et al. [18]. 
Effect of the welding speed on the hardness 
distribution of welded joints after T4 treatment is 
shown in Figure 12. Hardness is slightly increased 
with increasing welding speed indicating also, the 
remaining effect of welding process after T4 
treatment. Generally, from figure 11 hardness 
distribution for joints after T6 treatment is higher than 
T4 ones. This could be attributed to the fine 
precipitates (GPZ) formed after artificial aging (T6). 
During solutionization, the precipitates are dissolved 
in the matrix and form super saturated solid solution 
upon cooling. Further aging leads to the precipitation 
of a secondary phase which reinforces the strength of 
aluminum alloy. Since AA6061 is a heat treatable 
aluminum alloy, the hardness is mainly attributed to 
the presence of precipitates. These results are in good 
agreement with the previous works done by M. 
Movahedi et al. [9] and B.K.B. Nadikudi et al. [10]. 

 
4.  Conclusions 

From the analyses, we can summarize the results 
as follows: 

1. Equiaxed grain size of the SZ increased with 
increasing rotation speed. Increasing rotation speed 

resulted in finer and homogenous distributions of 
second phase particles in the SZ. On the other hand, 
grain size decreases with increasing welding speed. 

2. Hardness distributions are almost 
homogenous through the welded joints and showed 
remaining effected of welding process after T4 and T6 
treatments. Hardness decreased as rotation speed 
increased and vice versa for welding speeds. and the 
values of the hardness after artificial aging (T6) are 
greater than solution heat treatment (T4). 

 
Acknowledgments 

The authors acknowledge the Faculty of 
Engineering at Shoubra - Benha University and, 
Central Metallurgical Research and Development 
Institute, Cairo, Egypt for providing facilities to 
achieve this work. Many thanks and appreciation to 
Dr. lobna khorshed, doctor at National Research 
Center for supporting and helping me to achieve this 
work. 

 
References 
1. Thomas W.M., E.D. Nicholas, J.C. Needham, 

M.G. Murch, P. Templesmith, C.J. Dawes, 
International patent application no. 
PCT/GB92/02203, 1991. 

2. Xue P., D. R. Ni, D. Wang, B. L. Xiao, Z. Y. Ma, 
“Effect of friction stir welding parameters on the 
microstructure and mechanical properties of the 
dissimilar AlCu joints”, Materials Science and 
Engineering A, 2011, 528, pp. 4683-4689. 

3. MISHRA R. S., Z. Y. MA, “Friction stir welding 
and processing”, Materials Science and 
Engineering R, 2005, 50, pp. 1-78. 



 Journal of American Science 2016;12(11)           http://www.jofamericanscience.org 

 

115 

4. KWON Y. J., S. B. SHIM, D. H. PARK, 
“Friction stir welding of 5052 aluminum alloy 
plates”, Transactions of Nonferrous Metals 
Society of China, 2009, 19, pp. 23-27. 

5. Nikseresht Z, Karimzadeh F, Golozar MA, 
Heidarbeigy M, “Effect of heat treatment on 
microstructure and corrosion behaviour of 
Al6061 alloy weldmentˮ, Mater Des 2010, 31, 
pp. 2643–2648. 

6. Sakano R, Murakami K, Yamashita K, Hyoe T, 
Fujimoto M, Inuzuka M, “Development of spot 
FSW robot system for automobile body 
membersˮ, Proceedings of the 3rd International 
Symposium of Friction Stir Welding. Kobe, 
Japan, 2001, pp. 27-32. 

7. Cabibbo M., A. Forcellese, M. Simoncini, M. 
Pieralisi, D. Ciccarelli, “Effect of welding 
motion and pre-/post-annealing of friction stir 
welded AA5754 jointsˮ, Trans. Nonferrous Met. 
Soc. China, 2015, 25, pp. 1080-1090. 

8. YAN Yong, ZHANG Da-tong, QIU Cheng, 
ZHANG Wen, “Dissimilar friction stir welding 
between 5052 aluminum alloy andAZ31 
magnesium alloyˮ, Transactions of Nonferrous 
Metals Society of China, 2010, 20, pp. 619-623. 

9. Movahedi M., A.H. Kokabi, S.M. Seyed Reihani, 
H. Najafi, “Effect of tool travel and rotation 
speeds on weld zone defects and joint strength of 
aluminium steel lap joints made by friction stir 
weldingˮ, Sci. Technol. Weld. Join 2012, 17, 
pp.162-167. 

10. Nadikudi B.K.B., M.H. Davidson, N.R. Akasapu, 
M. Govindaraju, “Formability analysis of 
dissimilar tailor welded blanks welded with 
different tool pin profilesˮ, Trans. Nonferrous 
Metals Soc. China 2015, 25, pp. 1787-1793. 

11. Liu H.J., J.C. Hou and H. Guo, “Effect of 
welding speed on microstructure and mechanical 
properties of self-reacting friction stir welded 
6061-T6 aluminum alloy ˮ, Materials and 
Design, 2013, 50, pp. 872-878. 

12. Firouz Fadaeifard, Khamirul Amin Matori, 
Meysam Toozandehjani, Abdul Razak Daud, 

Mohd Khairol Anuar Mohd ARIFFIN, Norinsan 
Kamil OTHMAN, Farhad GHARAVI, Abdul 
Hadi RAMZANI and Farhad OSTOVAN,“ 
Influence of rotational speed on mechanical 
properties of friction stir lap welded 6061-T6 Al 
alloyˮ, Trans. Nonferrous Met. Soc. China, 2014, 
24, pp. 1004−1011. 

13. Wang F.F., W.Y.Li, J. Shen, S.Y.Hu, J.F. dos 
Santos, “Effect of tool rotational speed on the 
microstructure and mechanical properties of 
bobbin tool friction stir welding of Al–Li alloyˮ, 
Materials & Design, 2015, 86, pp. 933-940. 

14. Worapong Boonchouytan, Jaknarin Chatthong, 
Surasit Rawangwong, Romadorn Burapa, “Effect 
of Heat Treatment T6 on the Friction Stir Welded 
SSM 6061 Aluminum Alloysˮ, Energy Procedia, 
2014, 56, pp.172-180. 

15. Vijaya P. Kumar, G. Madhusudhan Reddy, K. 
Srinivasa Rao, “Microstructure, mechanical and 
corrosion behavior of high strength AA7075 
aluminium alloy friction stir welds -Effect of 
post weld heat treatmentˮ, Defence Technology, 
2015, 11, pp. 362-369. 

16. Jitlada boonma, Narin Sirikulrate and Chatdanai 
Boonruang, “Microstructures and Hardness of 
Aluminume Alloy 6061 Friction Sir Butt Weld 
After Post-Weld Heat Treatmentˮ, International 
Graduate Research Conferrence 2013, Chiang 
Mal University, Thailand. 

17. Ilangovan M., S. Rajendra Boopathy, V. 
Balasubramanian, “Microstructure and tensile 
properties of friction stir welded dissimilar 
AA6061AA5086 aluminium alloy joints,ˮ Trans. 
Nonferrous Met. Soc. China, 2015, 25, pp.1080-
1090. 

18. Yu CHEN, Hua DING, Ji-zhong LI, Jing-wei 
ZHAO, Ming-jie FU, Xiao-hua LI, “Effect of 
welding heat input and post-welded heat 
treatment on hardness of stir zone for friction 
stir-welded 2024-T3 aluminum alloyˮ, Trans. 
Nonferrous Met. Soc. China, 2015, 25, pp. 
2524−2532. 

 
 
  
  
11/6/2016 


