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ABSTRACT:-  This work aims to study the effect of heat treatment on the corrosion 

resistance of friction stir welded joint of AA 6061 T6.  

Friction stir welding process carried out using CNC milling machine with a tool of  

rotational speed (1000 rpm) and welding speed of (20mm/min) to obtain butt joint welding of 

sheets which prepared from AA 6061 T6 in the dimensions of (100 mm x 70mm x 6mm ).    

After obtaining the welded joints  many corrosion specimens were prepared in 

dimensions of (15*15*2) mm according to ASTM G 71-31 , specimens subjected to solution 

heat treatment at 500ºC for half an hour then water quenched, this process followed by  

artificial ageing  at 190ºC for 2, 4, and 6hrs. 

All specimens subjected to hardness test and microstructure examination to show the 

effect of the heat treatment on the mechanical properties and microstructure.  

Corrosion behavior of the specimens were studied before and after heat treatment by using 

potentiostatic method in sea water at 3.5%NaCl and temperature of 30ºC, then corrosion rate 

was calculated by using Tafel equation. 

The obtained results show that artificial aging treatment contributed in increasing the 

corrosion resistance of weld because of presence of precipitate phases occurring in the 

microstructures of the welding zone but corrosion resistance decreased as increasing ageing 

time because of the increasing of the precipitating elements. It was found that artificial ageing 

for 2 hours gives the best corrosion resistance. 

Keywords:- Friction stir welding, 6061T6 Al-alloys, corrosion resistance, solution heat 

treatment. 
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INTRODUCTION  

In recent years, aluminum alloys have attracted attention of many researchers, 

engineers and designers as promising structural materials for automotive industry or 

aerospace applications. Especially, Aluminum–magnesium–silicon (Al–Mg–Si) denoted as 

6xxx series aluminum alloys have been studied extensively because of their benefits such as 

medium strength, formability, weld ability, corrosion resistance, and low cost, comparing to 

other aluminum alloys (1). Age hardening heat treatment (T4 or T6) is generally used for 

increasing the strength in heat treatable aluminum alloys of (2000, 6000 and 7000 series) (2). 

In products of fusion welding processes such as (TIG) or (MIG), hot cracking often 

occurs without filler metals. These problems can be eliminated by Friction stir welding 

(FSW) process.  Friction Stir Welding (FSW) has emerged as a new solid state joining 

technique (3), especially for aluminum alloys. It was invented by The Welding Institute (TWI) 

in 1991.  

In friction stir welding, a tool with a probe attached to its tip is rotated while being 

pushed against the butt sections of the pieces of metal to be welded. The frictional heat 

generated by this process softens the metal to produce a plastic flow that effectively stirs the 

metal from the sections on both sides and melding them together to create a weld 

The quality and property of the welds are controlled by the welding parameters for the 

technique, such as pin rotation speed, diameters of the pin and shoulder, pressure and rate of 

translation of the pin. Fig. (1) (4). 

A post weld solution treatment and subsequent ageing result an improvement in 

mechanical properties (hardness and tensile strength) of Friction Stir Welds of AA6061 and 

AA2024 aluminum alloys (5), (6) and hardness was found to be uniform across the weld region 

after the PWHT while the brittleness of the welds did not reduced when the heat treatment 

reduce the grain size (7). 

Won Bae Lee (8) investigate the effect of PWHT (post weld heat treated) 6061 T6 Al 

alloy on hardness distribution and its relating to the precipitates behavior as friction stir 

welded applied to the alloy, they show that Frictional heat and plastic flow during friction stir 

welding created a fine, eqiuaxed and elongated microstructure near the weld zone due to 

dynamic recovery and recrystallization. PWHT (SHT+ Aging) homogeneously recovered the 

hardness distribution over that of the base metal without softening region, resulted from non-

homogeneously distributed hardness only aging treated. 

http://www.scientific.net/author/Won_Bae_Lee
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Microstructure is directly affected by the microchemistry and the welding parameters 

such as rotation speed, titling angle tool geometry, etc., which in turn have an effect on the 

thermal transient and control the mode and the extent of the corrosion behavior of friction stir 

welds.  

Since microstructure and microchemistry are greatly affected by the length of the 

friction stir welding process, in order to achieve a significant improvement of corrosion 

resistance of welds it is important to homogenize the microstructure for that a post weld heat 

treatment and change in microchemistry during welding are ways to improve the corrosion 

resistance (9). 

V. Fahimpour (10) study the corrosion behavior of Al 6061 T6 joined by friction stir 

welding and arc welding, they found that resistance to corrosion was greater for the FSW 

grains than the GTAW structure. In both cases, susceptibility to corrosion attack was greater 

in the welded region than the base metal section. T6 heat treatment resulted in shifting of the 

corrosion potential towards bigger positive values. This effect was stronger in the welded 

regions than the base metal section.   

Kh. S. Hassan (11) study the effect of heat treatment on corrosion resistance of friction 

stir welded joint of 2024  T3 Aluminum alloy, they found that  Post weld aging treatment 

leads to increase the corrosion resistance of weld because of precipitation homogeneity 

occurring in the microstructures of various welding regions. 

Aim of this present work is to study the effect of artificial aging time at 2,4,6 hrs on 

the microstructures and corrosion rate of 6061 T6 aluminum alloy welded by friction stir 

process choosing the best time that gives the best corrosion resistance. 

 

EXPERIMENTAL WORK 

1- Metal Selected: 

The base metal used in this work was 6mm thick AL6061-T6 Aluminum alloy 

plate, whose chemical composition is provided in Tab.(1) ARL Spectrometer in the 

specialized institution of engineering industries of Industry ministry, has been used 

for this purpose. 

2- Welding Process: 

As shown in Fig. (2), the two sheet metals of (100 mm x 70mm x 6mm) were 

longitudinally butt welded using CNC milling machine (type Bridgeport). All similar 

welds of 6061-T6 aluminum alloy were performed using a welding tool made of tool 
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steel (T2). The welding tool is composed of shoulder of (20mm diameter) and probe 

of (5mm diameter and 4.7 mm length). The welding tool is rotated at high speed and 

plunged into the joint line between two plates to be butt welded together. In this 

study, the welding parameters such as tool rotation speed of (1000 rpm) and travel or 

welding speed of (20mm/min) are constants. 

3- Preparation of specimens: 

Corrosion Specimens were manufactured by cutting a cross section from the 

FSW joints with the dimensions of (1.5*1.5*0.2) cm according to ASTM G 71-30.  

4- Categorization of specimens: 

Specimens were categorized to simplify the work as in Tab. (2)  

5- Heat Treatment: 

Included solution heat treatment and aging for aluminum alloy AA 6061-T6 

welded joints in electric furnace at temperature of 500ºC for 30min then rapid 

quenching in water, Following by aging process by pre heating at 190ºC for 2,4,6 hrs 

then cooled in air according to Al heat treatment (T6 ) 

6- Micro hardness test: 

The Vickers hardness instrument with a 300gf load was used for hardness 

profile across the friction stir weld joint. 

7- Microstructure examinations: 

Specimens in Tab. (2) were prepared for microstructure test including wet 

grinding operation using emery paper of SiC with different grits of (220,320,500, and 

1000). Polishing process was done by using diamond paste of size (1μm) with special 

polishing cloth. They were cleaned with water and alcohol and dried with hot air. 

Etching process was done to the samples by using etching solution which is composed 

of (99% H2O+1%HF).Then the samples were washed with water and alcohol and 

then dried a hair dryer. The friction stir welded joint samples were examined by 

Nikon ME-600 computerized optical microscope provided with a NIKON camera, 

DXM-1200F.  

8- Corrosion Tests: 

Polarization resistance tests were used to obtain the corrosion rates. Cell 

current readings were taken during a short, slow sweep of the potential. The sweep 

was taken from (-100 to + 100) mV relative to (OCP). Scan rate defines the speed of 

the potential sweep in mV/sec. In this range the current density versus voltage curve 
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is almost nearly linear. A linear data fitting of the standard model gives an estimate of 

the polarization resistance, which is used to calculate the corrosion current density 

(Icorr) and corrosion rate. The tests were performed by using a WENKING Mlab 

multi channels potentiostat and SCI-Mlab corrosion measuring system from Bank 

Electroniks-Intelligent control GmbH, Germany 2007, as shown in Fig (3). In this 

test, aluminum alloy (6061-T6) and FSW samples were used as working electrode 

(WE), a saturated calomel electrode immersed in the salt solution was used as 

reference electrode (RE), and a platinum electrode was used as auxiliary electrode 

(AE). 

 

RESULTS AND DISCUSSION 

1- Micro structure Examinations 

The microstructure of FSW joints can be separated to four zones; base material; heat 

affected zone (HAZ); thermo-mechanical affected zone (TMAZ)  which is affected by heat 

and deformation but is not re-crystallized containing  highly deformed grains from the 

stirring action and the weld nugget which is a is fully recrystallized region at the weld center.   

Fig. (4) shows a comparison between the base metal and nugget region  indicating the 

recrystallized grains, where we can see a fine, equiaxed grains due to heavy plastic 

deformation followed by dynamic recrystallization due to thermo-mechanical processing, this 

is goes with what  (10) achieved. 

Fig. (5) shows the microstructures of the of welded joint weld zone (W.Z) for all 

specimens. The microstructure of Sample (A) shows recrystallized grains with clear grain 

boundaries. While microstructure of Sample (B) shows a thick grain boundary precipitation 

and homogeneity in this perception, this thickness is increased as increasing in ageing time 

where this is obvious in Sample (C) then Sample (D). The thickness in the grain boundaries 

means that there is a wide precipitate zone. 

After heat treatment the grains of the heat treated joints are coarsened because of 

heating and low cooling.  The instability of the grains in the weld zone is largely due to the 

imbalance between thermodynamic driving forces for the grain growth and the pining forces 

impeding grain boundary migration (12). The pinning force decreases during solution heat 

treatment because of the dissolution of precipitate during treatment. As pinning forces 

decrease, the balance mentioned above breaks down and the grains coarsened. 
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It also can be observed from Fig. (5) that variation in grain size of the alloy (6061-T6) 

depend mainly on the proportion of the silicon and magnesium elements in the alloy and the 

presence of the other alloying elements causing the forming of different soluble or insoluble 

compounds in solid state. These results give good evidence that the aging time have an 

important effect on both microstructure of alloy and their electrochemical properties. 

Hardness Profiles. 

Fig. (6) indicates the cross-sectional hardness profile from retrieving side metal 

through center of the weld to advancing metal at a constant rotation speed and welding speed 

for as–weld and post weld solution treated and aged condition at 500ºC for 2,4 and 6 hrs. 

The stir zone shows a great change in the hardness distribution from the weld center, nugget, 

TMAZ to HAZ and base metal. 

Hardness of the stir zone was lower than base metal. The average hardness values in 

the TMAZ are slightly lower than in the weld nugget while the HAZ region gives the lowest 

value of hardness, this is because HAZ zone affected only by conducting heat and slow 

cooling which could cause a coarsening and /or a dissolution of precipitates elements, while 

the nugget and TMAZ affected by direct heat introducing melting the metal in this area and 

then rapid cooling which increased the hardness there. 

The post welds solution treatment resulted in significant improvement in hardness 

throughout the weld zone, this is due to the re-precipitation of the precipitates during age 

treatment, that is increased as the ageing time increased from 2 to 4 then to  6 hours which 

gives the higher hardness value , and this is goes with what (13) achieved. 

2- Corrosion Results 

Aluminum has excellent corrosion resistance in a wide range of water where as in sea 

water and due to the presence of chloride ions the corrosion rate could be very high 

(14).Further the corrosion behavior of Al-alloys largely depends on heterogeneity of their 

microstructures. The friction stir welding process induces dramatic changes in 

microstructures. 

In this study, electrochemical corrosion test by Tafel extrapolation method was 

carried out on all samples of base alloy of 6061-T6 and FSW in sodium chloride solution of 

3.5% NaCl to determine corrosion Parameters, such as corrosion potential (Ecorr) and 

corrosion current (Icorr) as shown in Tab. (3). These parameters will leads to calculate the 

corrosion rate according to the equation below (15). 

C.R (mpy) = 0.13 * Icorr * eq.wt / d                                        (1)       
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Where    

mpy = milli-inches per year  

Icorr = corrosion current density (μΑcm2)   

 E.W = equivalent weight of the corroding species,  

d = density of the corroding species, (g/cm3).  

Fig. (7) shows the polarization curves of the FSW sample of 6061-T6 before and after 

age hardening heat treatment respectively in 3.5%NaCl at temperature of 30ºC. It was shown 

in Fig. (7a) that the friction stir weld has higher corrosion current (or less corrosion 

resistance) before age treatment; that is because of microstructure inhomogeneity of weld 

zones 

At heat treatment condition as shown in Fig. (7b) it was noticed that corrosion current 

(Icorr) is low in sample (B) due to the homogeneity in phases precipitation in microstructures 

of various welding zones This cause an increasing in  hardness ( brittleness) of the metal then 

the corrosion resistance, and also during FSW process only coarser precipitates could 

nucleate and grow but not finer ones. This aids in the formation of passive film, which 

remains more intact on surface of the sample and improves the corrosion resistance of the 

weld. These results are in agreement with those of other researchers where (9) indicates that 

heat treatment resulted in improving corrosion resistance by reducing corrosion potential 

values. 

Fig.7 (C, d) shows the polarization curves of Sample (C) and (D) where the ageing 

time increased to 4 and 6 hours respectively, the corrosion rate increased as increasing the 

ageing time, this is due to the increasing of the precipitation elements (silicon and 

magnesium) where these elements locate below Al in the electrochemical series for that it has 

a bigger potential than Al encouraging to core faster than Al. 

 

CONCLUSION 

1- Age hardening heat treatment increases the hardness values of welded joint because of 

a perception zone and homogeneity or uniform distribution of precipitates in 

aluminum matrix of friction stir weld zones. 

2- Post-weld solution and aging treatment (age hardening) increase the corrosion 

resistance of the friction stir welded joint because of presence of precipitate phases 

occurring in the microstructures of the welding zone, and ageing at 2 hrs gives the 

best corrosion resistance. 
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3- Increasing the age hardening time (4 and 6 hours) leads to increase corrosion rate 

because of the increasing of the precipitating elements. 
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Table (1): Chemical composition analysis of 6061 T6 Al – alloy. 

Element Cu Mn Mg Si Fe Cr Zn Al 

Wt. % 

(Actual)  

0.23 0.13 0.3 0.64 0.42 0.17 - 98 

Wt. % 

(Standard) 

0.15- 

0.4 

Max 

0.15 

0.8-

1.2  

0.4-

0.8 

Max 

0.7 

0.04-

0.35 

Max 

0.25 

Rem. 

 

Table (2): Specimen categorization. 

      A As weld without heat treatment 

B Solution heat treatment at 500ºC +  artificial aging at 190ºC   for 2 hours 

C Solution heat treatment at 500ºC + artificial aging at 190ºC   for 4 hours 

D Solution heat treatment at 500ºC + artificial aging at 190ºC    for 6 hours 

 

Table (3): Corrosion test result. 

 

 

 

 

 

Samples 1 2/ CmA  E mv C.R (m.p y.) 

A 223.22   -732.2 98.21 

B 163.49   -759.6 71. 93 

C 177.21  -710.3. 77.97 

D 208.8  -707.5 91.872 

http://www.crepress.com/
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 Fig. (1): Friction stir welding with a rotating tool. 

 

       

 

Fig. (2): Friction stirs welding process. 

 

Fig. (3): The electrochemical corrosion unit and its cell. 
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                           Fig. (5): Microstructure with different ageing time with X 200 μm.  

 
 

 

Fig. (6): Hardness profiles of a transverse cross section of welds for all specimens after age  

                                                    hardening heat treatment.              

 

Base metal Weld zone 

 Fig. (4): Microstructure of the as-welded sample showing recrystallized grains with X 200 μm. 

 

Sample A Sample B 

Sample A Sample B 
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Sample A 

Fig. (7-a):  Polarization curves for specimen (A). 

 

-3.00 -2.00 -1.00 0.00 1.00

current density [mA/cm2]

-900.00

-800.00

-700.00

-600.00

-500.00

P
o
te

n
ti
a

l 
[m

V
]

Sample B 

Fig. ( 7-b):  Polarization curves for specimen (B). 
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Sample C 

Fig. (7-c ): Polarization curves for specimen (C). 

 

 

Fig. (7-d): Polarization curves for specimen (D). 
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 AA  الألمنيومالصناعي على مقاومة التآكل لوصلة لحام احتكاكي من  تأثير زمن التعتيق
6061T6 

 
 

 

 الخلاصة
سبيكة من لحام الاحتكاكي ال تدراسة تأثير المعاملات الحرارية على مقاومة التآكل  لوصلا إلىيهدف البحث 

 .المعاملة الحراريةتم فحص البنية المجهرية وسلوك التآكل للسبيكة قبل وبعد حيث   6061T6ألمنيوم
دورة  1000عملية  لحام احتكاكي باستخدام  ماكنة مبرمجة ذات قطب لحام دائري يدور بسرعة  إجراءتم 

لحام تناكبية متعددة. ومن هذه الوصلات تم تصنيع عينات اختبار  وصلات لإعدادملم/ دقيقة  20بالدقيقة و سرعة لحام 
المعاملة الحرارية  التي  إجراءومن ثم  .ASTM G 71-31ملم وفق المواصفة القياسية  ) 2*15*15بالابعداد )  التآكل 

لمدة نصف ساعة وبعدها التبريد السريع بالماء   500ºC حرارةدرجة  إلى معاملة محلولية في فرن كهربائي إجراءتضمنت 
 .ساعة بعدها التبريد بالهواء 2,4,6 لفترات زمنيه  190ºCدرجة إلىالتسخين  إعادةتعتيق صناعي عن طريق  إجراءثم تم 

انيكية والبنية اختبار الصلادة  والبنية المجهرية لكافة العينات لبيان تأثير المعاملات الحرارية على الخواص الميك إجراءتم 
 .المجهرية للوصلات

كهروكيميائي قبل وبعد المعاملة الحرارية باستخدام جهاز المجهاد الساكن في وسط ماء البحر  تأكلاجري اختبار 
وحساب معدل التآكل وفق معادلة تافل. ومن النتائج التي تم الحصول  30ºCملح الطعام وعند درجة حرارة  %3.5بتركيز 

المترسبة وان  الأطواربسبب مساهمته بزيادة  التآكلتعتيق الصناعي بعد عملية اللحام يحسن  من مقاومة عليها وجد ان ال
بزيادة زمن التعتيق يزداد معدل ترسيب العناصر  إنساعة اي  4,6مقارنة بزمن تعتيق عند  2زمن تعتيق عند  أفضل

 المكونة للسبيكة.
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