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ABSTRACT 

 

Full Name : Ibrahim Hassan ZainElabdeen  

Thesis Title : [Impact of friction stir processing on mechanical, microstructural, 

tribological and electrochemical properties of aluminum alloys] 

Major Field : Mechanical Engineering 

Date of Degree : April -2020 

 

Friction stir processing (FSP) is a solid-state technique developed on the same principle of 

friction stir welding (FSW). However, rather than joining sheets or plates, FSP is employed 

to modify the surface/bulk microstructure and/or development of surface metal composite. 

 Herein, FSP was carried out on Al -Mg-Si and Al-Cu-Li  Alloys to improve the surface 

microstructure without adding reinforcement particles. The impact of various process 

conditions; i.e. traveling speed (ranging from 50 mm/min to 250 mm/min) and rotational 

speed (ranging from 400 rpm to 1200 rpm), on the microstructure, mechanical properties, 

wear characteristics, and corrosion behavior were studied in detail. 

Several characterization techniques such as scanning electron microscope (SEM), 

advanced optical microscope (OM) and X-Ray diffraction (XRD) were employed in the 

present study. Microstructural observation revealed a remarkable diminishing in grain size 

after employing FSP for both alloys. Moreover, higher tool traveling speed resulted in an 
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appreciable reduction in the grain size and that was ascribed to the reduction in heat input, 

while increasing the tool rotational speed caused noticeable grain coarsening for the same 

mentioned reason. Superior microhardness was obtained for all  Al -Mg-Si alloys processed 

samples under different process conditions where the sample processed at the lowest 

traveling speed showed an improved microhardness by approximately 100%. Wear 

resistance was found to be reduced marginally for the most of processed samples with no 

remarkable change in wear mechanism despite the marked enhancement in microhardness.  

Several electrochemical tests were carried out to evaluate the influence of surface 

processing on the corrosion behavior such as electrochemical impedance spectroscopy 

(EIS), linear polarization resistance (LPR) and potentioynamic polarization (PDP). In case 

of Al-Mg-Si alloy (6061 AA), all results obtained from various electrochemical techniques 

were found to be in a good agreement, where the base sample demonstrated the poorest 

corrosion resistance. Besides, increasing the tool traveling speeds resulted in a remarkable 

improvement in corrosion resistance where the sample processed at the highest traveling 

speed showed a reduction in the corrosion current density (Icorr) by approximately 600 

times when compared with the base sample. On the other hand, increasing the tool 

rotational speed has improved the corrosion resistance markedly where the sample 

processed at the highest rotational speed revealed a decline in the corrosion current density 

by about 55 times. For Al-Cu-Li alloy (2099 T-83), the non-destructive electrochemical 

examinations i.e. EIS and LPR were not in full agreement with PDP results. Both EIS and 

LPR results revealed appreciable enhancement in corrosion resistance where all processed 



xvii  

 

 

 

samples showed a significant improvement in corrosion resistance by either increasing the 

tool traveling speed or the tool rotation speed.  
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 ϣтЪтжϝЪтвЮϜ   амтжмвЮъϜ ШϚϝϠЂЮ ϣтϚϝтвтЪмϼлЪЮϜм 

 

:ЈЊ϶ϦЮϜЮϜ ϣЂϸжлЮϜϣтЪтжϝЪтв 

 

ϣтвЯЛЮϜ ϣϮϼϸЮϜ ϵтϼϝϦ:ЬтϼϠϒ 2020 

  .дϝϠмϻЮϜ ϢϼϜϽϲ ев ЭЦϒ ϢϼϜϽϲ ϣϮϼϸ ϹзК бϧϦ ϱГЂчЮ ϣϯЮϝЛв ϣуЯгК скм сЪϝЫϧϲъϜ ЩтϽϳϧЮϜ ϣузЧϦ аϜϹϷϧЂϜ ϩϳϡЮϜ Ϝϻк сТ бϦ

  ϱГЂъϜ ЈϜн϶ еЃϳϦ ϣуЯгЛЮϜ иϻк дϗТ ̪еужϹЛв аϝϳЮ еК ϝЎнК еЫЮ сЪϝЫϧϲъϜ сЫтϽϳϧЮϜ аϝϳЯЮϜ ϣуЯгК ев ϣГϡзϧЃв ϣуЯгЛЮϜ иϻк

 .ϣтϽлϯгЮϜ ϣузϡЮϜ ϽууПϦ ХтϽА еК ϸϜнгЮϜ еуЃϳϦ мϒ ϢнЦ ϽϫЪϒ ϸϜнв ϣТϝЎϜ ХтϽА еК 

 ϭЮϝЛгЮϜ ϽуО анужнгЮъϜ ϣЫуϡЂ нк ЬмъϜ ИнзЮϜ дϝЪ ϩуϲ ̪анужнгЮъϜ ЩϚϝϡЂ ев еуУЯϧϷв еуКнж пЯК ϣуЯгЛЮϜ иϻк ̭ϜϽϮϖ бϦ

  ϣЫуϡЂ слТ ϣужϝϫЮϜ ϣЫуϡЃЮϜ ϝвϜ ̪анужнгЮцϜ пЮϖ ϣуЂϝЂϒ ϽЊϝзЛЪ днЫуЯуЃЮϜм антϿузПгЮϜ рϽЋзК ϣТϝЎϜ ев ϭϦϝзЮϜм ̯ϝтϼϜϽϲ

.анужнгЮцϜ пЮϖ ϣуЂϝЂϒ ϽЊϝзЛЪ ануϫуЯЮϜм ЀϝϳзЮϜ рϽЋзК ϣТϝЎϜ ев ϭϦϝзЮϜм ̯ϝтϼϜϽϲ ϭЮϝЛгЮϜ анужнгЮцϜ 

  ыЫЮ ϣтϽлϯгЮϜ ϣузϡЮϜ пЯК ϣуЪϝЫϧϲъϜ ЩтϽϳϧЮϜ ϣуЯгК ̭ϝзϪϒ ϢϽуПϧгЮϜ ЭвϜнЛЮϜ ϽуϪϓϦ бууЧϦ нк ϣЂϜϼϹЮϜ иϻк ев сЃу ϚϽЮϜ РϹлЮϜ дϖ

  ϣЫуϡЃЮ ЭЪϑϧЮϜм ϣуЫужϝЫугЮϜ ЈϜнϷЮϜ пЯК ϢϽуПϧгЮϜ ЭвϜнЛЮϜ ϽϪϒ ϣЂϜϼϸ ϝЏтϒ ϥгϦ .ϣуϚϝугуЪ мϽϧЫЮшϜ ЉϚϝЋϷЮϜм еуϧЫуϡЃЮϜ

 ЩϚϝϡЂ пЯК сЪϝЫϧϲъϜ ЩтϽϳϧЮϜ ϣуЯгК ϽϪϒ бууЧϧЮ ϣвϹЧϧгЮϜ ϤϝузЧϧЮϜ ев ϸϹК аϜϹϷϧЂϜ бϦ .̯ϝтϼϜϽϲ ϣϯЮϝЛгЮϜ ϽуО анужнгЮъϜ

.ϣузуЃЮϜ ϣЛІъϜм  ϣЦϹЮϜ ХϚϝТ сжмϽϧЫЮъϜ ϱЂϝгЮϜм аϹЧϧгЮϜ сϚнЏЮϜ ϽлϯгЮϜ Эϫв анужнгЮъϜ 

 ϣуЫужϝЫугЮϜ ЉϚϝЋϷЮϜ ЭЪ пЯК бϷЎ сϠϝϯтϖ ϽϪϒ ϝлЮ (ϣужϜϼмϹЮϜ  ϣКϽЃЮϜм ϣуГϷЮϜ ϣКϽЃЮϜ) ϢϽуПϧгЮϜ ЭвϜнЛЮϜ дϒ ϭϚϝϧзЮϜ ϤϽлДϒ

  ϣЂϜϼϹЮϜ ϥϧϡϪϜ ̪̯ϝтϼϜϽϲ ϣϯЮϝЛгЮϜ ϽуО анужнгЮъϜ ϣЫуϡЃЮ ϣϡЃзЮϝϠм ЬϝϫгЮϜ ЭуϡЂ пЯК .ϝлϧЂϜϼϸ ϥгϦ сϧЮϜ ϸϜнгЯЮ ϣуϚϝугуЪ мϽϧЫЮшϜм

  ̪ϣуГϷЮϜ ϣужϜϼмϹЮϜ ϥуϡϫϦ ϹзК ϝвϒ .ϣуГϷЮϜ ϣКϽЃЮϜ ϥуϡϫϦ ϹзКм ϣужϜϼмϸ ϣКϽЂ сжϸϒ ϹзК ϝлϮмϒ ϥПЯϠ ϣуЫужϝЫугЮϜ ЉϚϝЋϷЮϜ дϒ

 ϥжϝЪ ϹЧТ ϣуϚϝугуЪ мϽϧЫЮшϜ ЉϚϝЋϷЯЮ ϣϡЃзЮϝϠ .ϣуГ϶ ϣКϽЂ пжϸϒ ϹзК ϥжϝЪ ϝлуЮϖ ЭЊнϧЮϜ бϦ ϣуЫужϝЫув ЉϚϝЋ϶ ЭЏТϒ дϗТ
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  йуГ϶м ϣужϜϼмϸ еуϧКϽЂ пЋЦϜ ϹзК ϥжϝЪ ϒϹЋЯЮ ϣвмϝЧв ЈϜн϶ ЭЏТϒ дϒ рϒ ϣуЫужϝЫугЮϜ ЈϜнϷЮϝϠ ϣжϼϝЧв ̯ϝвϝгϦ ЁЫЛЮϜ пЯК

  .ЭЪϑϧЮϜ ЈϜн϶ еуЃϳϧЮ ϣуЪϝЫϧϲъϜ ϣузЧϧЮϜ омϹϮ аϹК ϭϚϝϧзЮϜ ϤϽлДϒ .ϣужϜϼмϹЮϜм ϣуГϷЮϜ еуϧКϽЃЮϜ ϥуϡϫϦ ϹзК 

 ϭлж ЁУж пЯК дϝЪ ϣуϚϝугуЪ мϽϧЫЮшϜ ЉϚϝЋϷЮϜ сТ еЃϳϧЮϜ дϒ ϭϚϝϧзЮϜ ϤϽлДϒ ̪ϝтϼϜϽϲ ϣϯЮϝЛгЮϜ анужнгЮъϜ ϣЫуϡЃЮ ϣϡЃзЮϝϠ ϝвϒ

.̯ϝтϼϜϽϲ ϣϯЮϝЛгЮϜ ϽуО ϣЫуϡЃЮϜ
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CHAPTER 1 

INTRODUCTION  

1.1 Motivation  

As a result of their outstanding characteristics, including high ductility, good corrosion 

resistance, and high strength to weight ratio, aluminum alloys attracted more attention to 

be employed in several industries, such as automotive, defense and aerospace [1]. 

Nevertheless, despite unique properties that were mentioned earlier, aluminum alloys 

demonstrate poor surface characteristics such as wear-resistance and microhardness which 

was considered the major problem that restricted their applications [2][3]. It should be 

pointed out that the life of many engineering applications primarily relies on surface 

characteristics such as wear, corrosion and erosion resistance [4]. Thus, to overcome either 

poor surface or bulk properties, various conventional techniques were employed to add 

some fillers; forming a composite surface to enhance its mechanical properties. These 

techniques include, but are not limited to: diffusion bonding, casting, electron beam 

techniques, powder metallurgy, and spray depositions methods [5][6][7] Although metal 

matrix composites characteristics are governed through fractions and size of reinforcement 

particles and interfaces between incorporated particles and matrix, embedded ceramic 

particles sacrifice both materials ductility and toughness owing to the non-conformable 

nature of ceramic which may restrict their applications [3][8].  Moreover, fabrication with 

these techniques is carried out at an elevated temperature; in the liquid phase, which may 

lead to intermetallic reactions as well as adverse phases between reinforcements and 

substrate [7]. Furthermore, some of these methods are associated with particle clustering 

and porosity which reduces tensile properties considerably as reported by Gangil et. al [9].  
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Thus, the fabrication of surface composite beneath the melting temperature of the base 

material would result in solving most of the problems mentioned above [4]. Recently, the 

voluminous body of research has been conducted in developing surface metal matrix using 

friction stir processing. Friction stir processing (FSP) was developed on the same basis of 

friction stir welding (FSW) which was invented by The Welding Institute (TWI) in 1991 

[10].  Friction stir processing (FSP) resulted in a dramatic change in mechanical properties, 

wear behavior and corrosion resistance through a severe plastic deformation accompanied 

by heat generated during stirring action [11]. Thus, FSP affects the surface microstructure 

considerably and can result in ultra-fine equiaxed grains. Moreover, uniform dispersion of 

incorporated material as well as precipitates can also be obtained [11]. Several advantages 

were made FSP more favorable as compared to other conventional methods as it is 

considered a short rout technique to microstructure refinement. In addition, corrosion 

behavior, mechanical properties, microstructure and wear resistance can be controlled 

through changing process parameters of machine or tool design. Moreover, by changing 

the plunging depth, the depth of the processed zone can be controlled. Furthermore, FSP 

could be considered as a green technique wherein friction between tool and workpiece is 

main source of the heat input and no deleterious gas is used [12]. A huge volume of research 

was conducted to examine the change in microstructure, wear resistance, mechanical 

properties, corrosion behavior, particles dispersion during the fabrication of surface metal 

matrix using FSP. However, it is strongly believed that the enhancement in various 
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properties obtained through embedded hard phases can be gained with just varying process 

conditions.  

1.2 Objectives  

The main objectives of this research are:  

ü To modify 6061 and 2099 Aluminum alloys surfaces using friction stir 

processing.  

ü To explore the impact of varying process parameters i.e. rotation and traverse 

speeds on the microstructure and the corrosion behavior for both alloys.  

ü To study the tribological characteristics and mechanical properties of 6061 AA 

friction stir processed surfaces as compared to the base metal.  

1.3 Research Methodology  

In the present work, surfaces of 6061 and 2099 AA were modified using friction stir 

processing under different process parameters. A pin tool was utilized for 2099 AA, 

whereas a pinless tool was used for 6061 AA. Friction stir welder machine was operated 

under position control where welding speed was varied while rotational speed was kept 

constant and vice versa. As depicted in Figure 1-1, processing of samples was followed by 

sample preparation step where all samples were cut to suitable sample dimensions for 

microstructural evaluation, mechanical, tribological and corrosion testing. To investigate 

the change in microstructure, all samples were ground, polished and subsequently etched. 

However, to evaluate the microhardness and elastic modulus, diffident samples were 
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ground and polished before the test. For wear and corrosion tests, all samples were only 

ground to remove all FSP shoulder marks. After corrosion and wear tests, SEM technique 

was utilized to analyze the mechanisms associated with worn and corroded surfaces. The 

schematic diagram of Figure 1-1 describes the methodology followed during this work. 

 

Figure 1- 1 Schematic diagram of research methodology 
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1.4 Organization 

This thesis consists of five chapters organized as follows: chapter one is the introduction 

and contains the motivation and research objectives. The literature review is covered in the 

second chapter which includes the state-of-art research in the field of FSP and research 

gap. After that, detailed information about the experimental procedure is covered in the 

third chapter. The results and discussion of the 6061 AA is presented in chapter four, 

whereas the discussion of the obtained results of 2099 AA is presented in the fifth chapter. 

Finally, the conclusions and recommendations of this study is presented in the last chapter.  
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CHAPTER 2 

LITERATURE REVIEW  

 

2.1 Friction stir welding: 

Friction stir welding (FSW) is a solid-state welding process invented by The Welding 

Institute (TWI) at the beginning of the last decade from the previous century. Although, 

FSW process was designed to weld metals that cannot be welded easily by conventional 

methods such as Aluminum and magnesium; however, the usage of friction stir welding 

process has been extended these days from polymers to steel. Huge investments had been 

directed in the development of this process by research institutes, universities, and different 

companies. During 16 years of progress, the welding institute gave around 200 licenses to 

use the process, close to 2000 patent application related to this process have been filled 

[13]. The basic principle of this process is simple. A rotating tool consists of two parts, 

shoulder with a larger diameter and pin with smaller one, are pressed against abutting or 

lapping edges of sheets or plates that need to be welded and move along the line of joint as 

depicted in Figure 2- 1[4][12][14]. 



7 

 

 

 

 

Figure 2- 1 basic configuration of FSW (Butt Joint)  [15] 

The retreating side is commonly known for the side of the weld where the rotating tool 

moves contrary to traveling direction. On the other hand, as presented in Figure 2- 1 on the 

advancing side of the weld both the direction of tool rotation and tool traveling are the 

same. 
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2.2 Friction stir processing: 

It is one derivative of friction stir welding which is used widely for either surface 

modification for grain refinement or development of surface composites. FSP was 

developed by Mishra et al. in 2003 to fabricate al-SiC metal matrix composite [16].  

 Figure 2- 2 depicts a schematic representation of friction stir processing, where a rotating 

tool is pressed against the surface of bulk material and therefore provides the adequate heat 

to soften the area around the tool through the action of stirring. Obviously, FSP implicates 

a sever plastic deformation for the material around the tool at a temperature far low than 

the melting temperature. Thus, both elevated temperature and mechanical stirring result in 

a grain refinement and homogenization.  

 

Figure 2- 2 Schematic of fri ction stir processing  [16] 

 

2.2.1 Friction stir processing as a surface modification approach: 

 

Alidokh et al. [17] successfully modified A365 surface by using FSP. Rather than adding 

powder, they studied the effect of changing rotating speed on mechanical properties, 

microstructure, and wear resistance of modified surfaces. Their results showed that a higher 
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rotating speed caused a considerable modification in Si morphology as well as grain size. 

Furthermore, enhancement in hardness was also noticed which was the core reason for the 

improvement in wear resistance. Zahmatkesh et. [18] evaluated wear behavior, 

microstructure, and microhardness of friction stir processed Al2024. Fine equiaxed grains 

were detected at the nugget zone of the processed sample which contributed to hardness 

improvement. In addition, the friction coefficient of the processed sample was lower than 

that of the base metal which was attributed to a significant reduction in plastic deformation 

between contacted surfaces. Therefore, both lower friction coefficient and higher hardness 

were the main reasons for wear resistance improvement.  

2.2.2 Friction stir processing to synthesize surface composite 

Different mechanical characteristics, wear behavior, microstructural aspects and corrosion 

resistance were investigated whereby using single reinforce particles and dual reinforce 

particles.  

A surface metal composite of Al5083-B4C was fabricated using FSP by Yuvaraj et al. [19]. 

They addressed the influence of reinforcement size as well as the number of tool-passes on 

wear-resistance, microstructure, and mechanical properties of newly developed surfaces. 

Their findings demonstrated that the increment in the number of passes resulted in uniform 

dispersion of powder and thus a higher hardness. In addition, particles with smaller size 

had a great contribution in producing ultra-fine grains. Therefore, a higher number of 

passes with BC4 nanoparticles was optimum parameter because it gave the highest wear 

resistance, hardness, and tensile strength. 
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Sivanesh el al. [20] have successfully synthesized AA6082-CaCO3 using FSP and have 

inspected the influence of added particles on wear resistance, microstructure, and hardness. 

The results demonstrated that a slight enhancement in hardness for the sample processed 

without powder; however, the fabricated surface composite exhibited outstanding wear 

resistance which was owed to the initiation of a solid lubricant film and thereby reducing 

metal to metal contact.  

Thangarasu et al. [21] have synthesized 6082-TiC surface composite at various volume 

fractions of reinforcement using friction stir processing and have evaluated mechanical 

properties, microstructure and wear behavior. The finding revealed that all mechanical 

properties as well as wear resistance were the best at the highest volume fraction of 

reinforced particles of 24 %.  

Kumar et al. [22] have successfully embedded tungsten particles in the Al5083 matrix 

using friction stir processing and compared the fabricated metal composite surface with 

friction stir processed surface without powder and the base metal. The results indicated a 

homogenous distribution of reinforcement particles in the aluminum matrix. Moreover, the 

fabricated composite exhibited a considerable enhancement in hardness which led to 

improve the wear resistance of a composite surface. 

Kurt et al. [23] have incorporated SiC particles to A1050 using friction stir processing and 

have compared the influence of rotation speed and traveling speed on mechanical 

properties and microstructure of friction stir processed samples as well as friction stir 
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processed samples with added ceramic phase. The results indicated a remarkable 

enhancement in hardness with traveling speed rises for samples processed without powder, 

whereas, with adding powder increasing traveling speed resulted in hardness deterioration. 

On the other hand, rising rotation speed for samples processed without powder resulted in 

hardness reduction, while, changing the rotational speed for composite samples exhibited 

a marginal impact on hardness. Additionally, better reinforcement dispersion was observed 

at a higher rotation speed.  

Recently, Manochehrian et al. [24] have addressed the outcome of three different volume 

fractions of Ti3AlC2 added to A356 using FSP on microstructure, mechanical 

characteristics and wear resistance. The results have indicated homogenous dispersion of 

fine Si in the matrix and decrease in porosity was also obtained which was attributed to 

refinement in grains.  In addition, the composite sample with a higher reinforcement 

content exhibited the best mechanical properties meanwhile, the minimum friction 

coefficient was also observed at this higher volume fraction which had a great contribution 

to the reduction of mass loss. 

Bourkhani et al. [25] have fabricated AA1050-Al 2O3 composite using FSP and studied 

mechanical properties, microstructural changes and tribological behavior at different 

samples depth and tool passes. The finding demonstrated nonuniform particle distribution 

and heterogeneous grain structure after one pass; however, after the second pass, uniform 

particle distribution and grain structure were clearly observed. In addition, by changing 
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sample depth, a slight change in mechanical properties was detected; nevertheless, the wear 

resistance illustrated a significant improvement at higher sample depth. 

Rana et al. [26] have synthesized AA7075-B4C composite using FSP and have made a 

comparative study to investigate the influence of powder size and changing the direction 

between the passes on reinforcement dispersion, microstructure and wear behavior. The 

finding indicated a uniform dispersion of powder for samples processed by changing the 

direction after each pass. In addition, a sample with finer powder particles exhibited both 

the highest microhardness and lowest mass loss. 

S.A. Alidokh et al. [27] have fabricated A356- SiC-MoS2 hybrid metal matrix using 

friction stir processing and have compared the microstructure, wear resistance and 

mechanical properties of as-cast A356 with unitary A365-SiC and binary A365-SiC-MoS2 

composites. They demonstrated a significant change in the microstructure of composites. 

The main features of microstructural modification were breakage of Si circular particles 

and aluminum dendrites, which result in a uniform distribution of both ceramic and solid 

lubricant particles in the metal matrix. Moreover, the ceramic particles and MoS2 resulted 

in a considerable enrichment in both wear resistance and hardness. 

Yuvaraj et al. [28] have fabricated the Al5083-TiC-B4C surface matrix using friction stir 

processing and have assessed the impact of mono composite and hybrid composite on 

mechanical properties and wear resistance. A uniform dispersion of incorporated ceramic 

particles in the aluminum matrix was achieved for various composites. The results 
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demonstrated that both the highest hardness and tensile strength were observed for Al5083-

B4C composite; nevertheless, the least ductility was observed for this mono composite. 

Moreover, Al5083-TiC-B4C binary composite exhibited the maximum resistance to wear 

among all sample and that was attributed to the lubrication effect of TiC and higher load-

bearing capacity of B4C. 

Eskandari et.al [29] have utilized FSP to produce AA 8026-TiB2-Al 2O3 composite. They 

have investigated the impact of the changing number of passes, powder size, traveling 

speed, rotational speed on wear resistance, microstructure, and mechanical properties. The 

results have revealed that the higher rotation speed, lower traveling speed or higher number 

of passes resulted in a uniform distribution of reinforced particles in the matrix. 

Additionally, a vital role of particle size was also detected. Moreover, an enhancement in 

hardness on the fabricated composite at a higher rotation speed, lower traveling speed and 

higher number of passes and thereby improving wear resistance.  

Palanivel et.al [30] have synthesized AA6082-TiB2-BN surface composite via FSP and 

have addressed the influence of using unitary and binary reinforced particles on 

microstructure and wear resistance. The results showed a uniform distribution of added 

particles in the matrix without any segregation. Also, binary composite exhibited a slight 

enhancement in wear resistance as compared to two other mono composites. However, a 

considerable enhancement in wear resistance was detected as compared to the unreinforced 

sample.  
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Amra et.al [31] have studied the microstructural and tribological aspects of AA5083 

reinforced with SiC and CeO2 using friction stir processing. Their finding concluded that 

unitary AA5083-SiC showed the highest hardness. However, hybrid AA5083-CeO2-SiC 

exhibited the outstanding wear resistance and that was ascribed to lubricated layer made 

by CeO2. Likewise, a comparative study by Soleymani el al. [32] aimed to investigate the 

impact of adding mono composite of SiC or hybrid composite of SiC- MoS2 added to 

Al5083 using FSP. The results indicated the highest hardness of SiC mono composite; 

nevertheless, hybrid composite exhibited superior wear resistance which was attributed to 

the lubricant film made by MoS2. Similarly, A413-SiC- MoS2 hybrid composite surface 

was fabricated using FSP by Janbozorgi et al. [33]. They indicated that as compared to 

A413-SiC mono composite, A413-SiC- MoS2 binary composite exhibited a better wear 

resistance which was ascribed to the lubricant film that led to diminishing friction 

coefficient and thereby enhancing wear resistance. The impact of relative ratios of graphite 

and alumina added to Al5083 using FSP on wear and mechanical properties was 

investigated by Mostafapour et.al [34]. They illustrated that the highest wear resistance 

was observed for the composite with a higher graphite content which was owed to the 

lubrication properties of graphite. Additionally, the better mechanical performance was 

detected for the composite with a higher alumina content which was ascribed to the 

decrease of alumina mean interparticle spacing.  

Srinivasu et al. [35]  have fabricated A356-B4C-MoS2 composite using friction stir 

processing and have investigated the effects of adding micro size solid lubricant MoS2 to 
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different sizes of boron carbide on microstructure and wear behavior. The finding showed 

a significant refinement in the microstructure. Moreover, a binary composite of MoS2 and 

nano-sized B4C exhibited the lowest coefficient of friction and thus the least mass loss. 

Sudhakar et al. [36] have added B4C-MoS2 to AA7075- using FSP and have studied the 

influence of boron carbide particle size namely 160, 60, and 30 µm on wear resistance, 

mechanical properties and microstructure and thereafter have investigated the same 

properties when MoS2
 solid lubricant was added. The finding showed microstructural 

refinement and a homogenous distribution of carbides particles. In addition, 30 µm B4C 

have shown the greatest hardness and wear resistance among all mono composites; 

nevertheless, after adding MoS2 further improvement was obtained in both hardness and 

wear resistance which was ascribed to the formation of tribo-film. 

Mahmoud et al. [37] have fabricated A 1050-SiC- Al 2O3 hybrid composite surface using 

FSP and have studied the impact of relative fractions of reinforced particles on a hybrid 

composite surface wear resistance and hardness. The results demonstrated that wear rate 

showed a great dependency on the applied force and relative fractions of added particles. 

Further, at a normal force of 5 N, the binary composite with a ratio of 4:1 (SiC to Al2O3) 

illustrated an outstanding wear performance, whereas, at 10 N normal load, the mass loss 

for all processed samples under different ceramic ratios was almost equal to that of the 

unreinforced specimen.  
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Recently, Deore et al. [38] have incorporated three different kinds of fillers namely 

MWCNTs, SiC and Cu in AA7075 using friction stir processing and have investigated the 

effect of these fillers and age hardening on microstructure, mechanical properties and wear 

behavior. They revealed a significant grain refinement in all processed samples with or 

without additives; nevertheless, adding filler resulted in further refinement as a result of 

the pinning action of additives. In addition, age hardening that followed FSP has resulted 

in the existence of MgZn2 for all mono composite samples. Although all friction stir 

pressed samples demonstrated an improvement in mechanical properties and wear 

behavior, post heat treatment has resulted in further enhancement in these properties for all 

samples.  

2.2.3 Effect of varying number of passes and changing the direction during FSP 

Hashemi et al. [39] have investigated impact of varying the number of passes and tool 

geometry during fabricating of Al7075-TiN composite using FSP on microstructure, 

hardness and wear behavior. Three kinds of pin geometries were utilized including, 

threaded, triangular and square pins. The results indicated the threaded pin with four passed 

exhibited the lowest friction coefficient, the highest microhardness and the least mass loss 

which was ascribed to the formation of Al2O3 film that reduced metal to metal contact and 

thereby enhancing wear resistance.  

Huang et al. [40] synthesized Al1060-W surface composite using FSP and studied the 

effect of the number of passes on microstructure, particle distribution, electrical 

conductivity, and mechanical properties. The finding revealed a uniform distribution and 
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more grain refinement were gained with an increase in the number of passes. In addition, 

tensile strength and microhardness of composites surface were exhibited the best 

performance at the highest number of passes; however, the least influence of process was 

found on electrical conductivity.  

Ahmadifard et al. [41] have produced Al7075-Ti3AlC2 composite using FSP and have 

studied the influence of the number of passes on reinforcement dispersion, mechanical 

properties, microstructure and wear behavior. The results showed a uniform distribution in 

strengthening particles after four passes rather than one pass. In addition, both 

microhardness and strength have shown superior properties after four passes; nevertheless, 

this ceramic phase has resulted in a considerable reduction in the ductility. Furthermore, 

four passes have resulted in a coefficient of friction decrement and thus wear resistance 

improvement. 

Gao et al. [42] compared Al7075 base metal with friction stir processed Al7075 and 

Al7075-Pl composites produced using FSP at different number of passes. They have 

investigated the effect of increment in the number of passes on the dispersion of the 

particles, mechanical properties and wear behavior. The finding showed a uniform 

dispersion of particles with a higher number of passes. In addition, the effect of Pl soft 

particles was reflected on microhardness which illustrated a slight reduction as compared 

to the process sample without powder. Moreover, the wear resistance was the highest for 

the sample that process with highest number of passes. 
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In situ composite of Al050-Fe3O4 was synthesized using multi pass FSP by Eftekhari et al. 

[43]. They have changed the direction after each pass to obtain a uniform microstructure 

and have investigated the contribution of passes number on strengthening, particulate 

distribution, grain size, wear behavior, tensile strength and corrosion susceptibility. They 

demonstrated that the higher number of passes led to gain refinement and better particles 

distribution and therefore, improvement in strength and hardness. In addition, the fractured 

surface after one pass illustrated a brittle fracture compared to a mixture of ductile and 

brittle fractures that was obtained at higher number of passes. Moreover, the sample 

processed with the highest number of passes displayed the least amount of material loss 

during sliding which was attributed to the lower friction coefficient. Furthermore, 

processed samples showed more noble potential than that of base metal and pitting 

resistance also improved; however, the corrosion rate for the processed samples increased 

as compared to as received specimen. 

Shafiei et al. [44] have successfully fabricated Al6082-Al 2O3 composite via FSP and have 

investigated the influence of varying number of passes on the grain size, reinforcement size 

and dispersion, microhardness and wear resistance. They indicated that a rise in the number 

of passes resulted in more grain refinement, reduction in the clustering of particles. In 

addition, the microhardness of the composite sample processed at a higher number of 

passes showed a considerable improvement which was interpreted by grain size refinement 

and better reinforcement particle distribution. Moreover, this improvement in 

microhardness led to outstanding wear performance of the composite. 
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Patel et al. [45] have utilized FSP in the synthetization of A4047-ZrSiO4 unitary composite 

and have assessed the impact of an increase in the number of passes on microstructure, 

mechanical properties and wear resistance. They demonstrated more uniform distribution 

of added particles with increasing in process passes. In addition, uniform dispersion of 

particles has reflected in wear resistance as well as mechanical properties enhancement.  

The effects of a varying number of tool pass during fabrication of AA5053-ZrO2 

nanocomposite using FSP on microstructure, mechanical properties and wear behavior 

were studied by Mirjavadi et al. [46]. The finding demonstrated an obvious refinement in 

grain structure and further improvement in particle distribution with an increasing number 

of passes. In addition, at higher passes number, the composite exhibited superior 

mechanical properties. Moreover, the least mass loss was observed for the sample 

fabricated with the highest number of passes which was interpreted by hardness 

enhancement and load-bearing capacity of zirconia. 

2.2.4 Impact of tool design during FSP 

Chen et al. [47] have conducted an experiment aimed to study the effect of pin eccentricity 

during friction stir processing of Al5052 on mechanical properties and microstructure. 

They used three different tools including a concentric tool, 0.4 mm and 0.8 mm eccentric 

tools. The results showed enlargement in the onion ring area after using eccentric pins as 

compared to a concentric pin. In addition, an optimized eccentric pin can result in 

improvement in mechanical properties; nevertheless, over-eccentric pin produces much 
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than desired heat which leads to grain coarsening and therefore mechanical properties 

declines. 

Hussain et al. [48] have studied the effect of tool pin shape during fabrication of Al7075-

TiN composite using multi-pass FSP on mechanical properties, microstructure and wear 

behavior. Different tool geometries were used including, threaded, square and triangular. 

It was observed that the tool geometry has a great impact on strengthening particulates 

distribution and therefore composite surface properties. Additionally, the highest tensile 

strength was captured for the square tool compared to the least mass loss which was 

observed for the threaded tool; however, all process samples demonstrated a poor ductility 

as compared to the base metal and this is attributed to a hard phase of embedded ceramic. 

2.2.5 Influence of varying speed during FSP 

Recently, Zhang et al. [49] utilized FSP to synthesize Al1060 -CNTs nanocomposite, 

wherein the tool rotation speed was varied from 600 to 950 rpm while traverse speed was 

increased from 15 to 90 mm/min. They have used an equation to estimate the energy level 

of each process parameters and thereafter correlated this energy level with resultant 

microstructure and mechanical properties. The results indicated a marginal coarsening in 

the grain of aluminum matrix associated with a higher energy level. In addition, better 

dispersion of CNTs in the matrix was observed at higher energy level which resulted in 

better mechanical properties.  Cao et al. [50] have reinforced AA5052 with carbon fiber 

using FSP in which tool travel speed was increased from 50 to 100 mm/min while 
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maintained tool rotation speed at 1000 rpm. Obtained results showed superior properties 

for the composite manufactured at 75 mm/min and 1000 rpm. 

2.3 Friction stir processing of 6061 AA 

Graphene nanoplatelets have been added successfully to 6061 AA via friction stir 

processing using novel multiple micro channel reinforcing approach and subsequently its 

impact on microstructure and mechanical properties have been outlined by Sharma et. al 

[51] . The results have shown that as compared to the conventional single channel 

technique, both tensile and microhardness have been improved by approximately 28 and 

84 % respectively while the yield strength slightly declines. Sharma et al. [52] have 

investigated the influence of adding different fillers such as SiC, CNTs and GNPs to 6061 

AA either in a binary or in a unitary phase on microstructure, microhardness and 

tribological behavior. The results have shown a homogenous distribution of GNPs in the 

aluminum matrix. In addition, an appreciable improvement by approximately 36 % in 

microhardness was observed in Al-SiC- GNPs composite. Moreover, the later composite 

has demonstrated an enhancement in wear resistance by about 56% compared with the base 

sample. Sharma et al. [53] have compared the tribological performance of G, Gr and CNTs 

added to 6061 AA using FSP. The results have illustrated a significant improvement in 

wear resistant for Al-G-SiC composite by approximately 50%, whereas Al-SiC-CNTs 

composite have displayed a considerable deterioration. Sharma et al. [54] compared mono 

and hybrid SiC and Gr added to 6061 AA via FSP and concluded a better mechanical 

properties for hybrid composite when compared with mono composite and the base sample. 
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Maurya et al. [55] have successfully reinforced 6061AA by different carbonaceous 

particles such as CNTs, Gr and G using FSP and have investigated the mechanical and 

tribological behavior of synthesized composites. The results outlined an enhancement in 

hardness by approximately 116%, 100% and 84% for Al-G, Al-CNTs, Al-Gr composites 

respectively. Moreover, a similar trend in microhardness improvement was also reported 

for wear resistance where the Al-G composite exhibited the highest wear resistance. Riaz 

et al. [56] have reinforced 6061 AA with CNTs using FSP and have studied the resultant 

microstructure and mechanical properties. The results have demonstrated an enhancement 

in microhardness and tensile strength for the developed nanocomposite with approximately 

47.4 and 32.4% respectively as compared to the sample processed without powder. 

Balakrishnan et al. [57] have compared the microstructure and mechanical properties of 

zirconium particles added to 6061 AA with and without FSP. The results approved that 

FSP resulted in uniform dispersion of added particles. Besides, casting defects were 

considerably eliminated. Moreover, as compared to casted composite, FSP significantly 

enhanced the tensile strength which was ascribes favorable modification in microstructure. 

Dinaharan et al. [58] have investigated the impact of employing FSP on the modification 

6061- Al 3Ti and 6061-Al 3Zr prepared via casting. The results have revealed a significant 

improvement in the dispersion of reinforced particles. Moreover, substantial enhancement 

in both microhardness and wear resistance for friction stir processed samples over the 

casted 6061, casted 6061- Al 3Ti and casted 6061-Al 3Zr. Similarly, Balakrishnan et al. [59] 

have successfully utilized FSP to modify AA6061-Al 3Fe composite fabricated via casting. 
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The results have shown a homogenous dispersion of added particles after FSP as well as 

elimination of cast defects. Moreover, severe plastic deformation caused by FSP and 

pinning effect of added particles resulted in considerable reduction in grain size and 

subsequently enhanced tensile strength.  

Dinaharan et al. [60] have fabricated AA6061-rice hush ash composite using FSP and have 

studied the microstructure and tensile strength of the synthesized composite. The results 

have revealed homogenous grain structure for the composite and uniform dispersion of 

added particles which resulted in substantial enhancement in tensile strength compared 

with that for aluminum matrix. Likewise, Dinaharan et al. [61] have used FSP to alter 

AA6061- Al 2Cu composite fabricated via casting and have investigated microstructure and 

tensile strength. The results have illustrated a homogenous microstructure and uniform 

dispersion of reinforcement particles after deploying friction stir processing. Additionally, 

the tensile strength of the composite considerably improved after FSP. Barati et al. [62] 

have evaluated the effect of the combination of vibration and FSP of AA6061-SiO2 

composite on microstructure, tensile strength and corrosion resistance compared to the base 

sample and conventional FSP. The results have shown a decline in grain size for the sample 

processed with a new approach by approximately 38% compared to conventional friction 

stir processed sample. Additionally, the FSP sample have exhibited the highest corrosion 

rate followed by the base sample, while combining vibration to FSP results in reducing the 

corrosion rate by about 87%. Moreover, tensile strength and wear resistance was the 

highest for the sample processed with a new novel technique.  Zhang et al. [63] have 
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modified casted AA6061-ZrB2 using several passes of FSP and have investigated the new 

microstructure and mechanical properties. The results have revealed a considerable 

enhancement in microstructure homogeneity after FSP. Besides both microhardness and 

tensile strength increases regularly with rising number of passes.  

Aruri et.al [64] have compared AA6061- SiC-GR and AA6061 SiC- Al 2O3 hybrid 

composites synthesized via FSP at different rotational speeds. Their results have 

demonstrated that the highest microhardness was for AA6061-SiC-Al 2O3 at the lowest 

rotational speed and that was attributed to the pinning effect of Al2O3 and SiC. On the other 

hand, the highest wear resistance was for AA6061-SiC-Gr composite which was 

interpreted by the load-bearing capacity of SiC and lubricant film of Gr. Moreover, 

presence of brittle reinforcement resulted in reduction in tensile strength compared to base 

metal 

Devaraju et al. [65] employed Taguchi methodology to address the influence of rotation 

speed, reinforcement type and fractions therein on mechanical properties and wear 

resistance of friction stir processed AA6061-SiC-Gr.  The finding revealed that the rotation 

speed was the major contributor in most properties. Furthermore, the pinning effect and 

lubrication film made by SiC and Gr caused a significant enhancement in hardness and 

wear resistance respectively. 

 Taguchi methodology was employed to optimize rotation speed and relative powder 

fractions of SiC and Al2O3 which added to AA6061 using FSP by Devaraju et.al [66]. The 
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results illustrated a uniform dispersion of reinforcement powder in aluminum metal matrix. 

In addition, a significant deterioration in strength was observed for all processed samples. 

However, considerable improvement was detected for hardness as well as wear resistance.  

 Devaraju et al. [67] compared the performance of AA6061-SiC- Al 2O3 with AA6061-SiC-

Gr composites fabricated using friction stir processing. The finding showed that the soft 

phase of Graphite was the main reason for microhardness reduction; nevertheless, this solid 

phase contributed toward coefficient of friction reduction and thereby enhancing the wear 

resistance. 

In situ approach was employed to fabricate Al6061-Cr2O3 using plasma spray and 

consequently friction stir processing was applied on the surface [68]. The powder was 

distributed uniformly along the nugget zone and no defects were captured. Friction stir 

processed sample without powder demonstrated the poorest wear performance and that was 

attributed to the loss of precipitation hardening which was caused by the process. However, 

the highest wear resistance was observed at aluminum reinforced sample and that was 

interpreted by the presence of hard ceramic in the aluminum matrix. 

Sharma et al. [69] synthesized AA6061- B4C- MoS2 composite using FSP and studied the 

performance of each mono composite as well as binary composite with different relative 

fractions on microstructure, microhardness and wear resistance. The results indicted 

uniform dispersion of reinforcement particles without agglomeration. In addition, mono 

composite AA6061-B4C exhibited the highest microhardness; however, with modifying 
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the composite by introducing 25% - vol. of MoS2, a considerable reduction in hardness was 

noticed meanwhile, the highest wear resistance was obtained due to the incorporation of 

this solid lubricant that reduced metal to metal contact. Moreover, a noticeable decrement 

in hardness and wear resistance in the friction stir processed sample without powder which 

owed to the dissolution of strengthening precipitates.  

Kheirkhah et al. [2] have incorporated BN to 6061 AA via FSP and have studied the 

resultant structure and subsequent mechanical properties as well as corrosion behavior. The 

results have revealed a homogenous dispersion of reinforced particles over the aluminum 

matrix. Additionally, an enhancement in microhardness with approximately 62% and 23% 

for samples processed with and without adding BN particles respectively as compared with 

the base metal. Moreover, the corrosion resistance for the composite surface was 

substantially higher than that of the friction stir processed surface and base metal.  

Kishan et al. [70] have investigated the impact of volume fraction of TiB2 nanoparticles 

incorporated to AA6061 via friction stir processing and have assessed wear resistance 

microstructure, and mechanical properties of the resultant surface composite. It was 

observed that all processed samples exhibited a lower tensile strength as compared to the 

as-received specimen. Nevertheless, both microhardness and wear resistance for all 

processed samples were higher than that of as-received material. Particularly, TiB2-8% 

volume fraction showed the highest microhardness among all samples; whereas, the 

highest wear resistance was observed at TiB2-4% volume fraction. 
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Dinaharan et al. [71] have incorporated waste fly ash into the AA6061 matrix using FSP 

have inspected the impact of different volume fractions on mechanical properties, 

microstructure and wear resistance. The finding illustrated that a higher volume fraction 

yielded favorable properties. Besides the pinning effect of fly ash particles, an intense 

plastic deformation has contributed to a further reduction of grain size and hardness 

improvement and therefore wear resistance enhancement. 

Rejil et al. [72] have addressed the impact of different fractions of TiC-B4C added to 

AA6360 using Friction stir processing on both microstructure and wear resistance. They 

have found a uniform dispersion of ceramic reinforcements in the aluminum metal matrix. 

In addition, the film formation at an equal relative fraction of particles caused in a 

significant enhancement in wear resistance. 

Mehta et.al [73] utilized friction stir processing to incorporate B4C to Al-6061. Their study 

was aimed to assess the effect of change the stirring direction during multi-passes on 

microstructure, hardness and wear behavior. They indicated that reverse the traveling 

direction played an essential role in the improvement of particle distribution and 

refinement. As a result, the surface of the sample fabricated through reversing of the 

traveling direction showed the best hardness and wear performance 

Rathee et al. [74] conducted an evaluation study to optimize tool over plunging depth 

during the fabrication of AA6061-SiC using FSP. Six tools over plunging depth were used, 

ranged from 0.1 mm to 0.35mm. The results specified 0.25 mm as an optimum plunging 
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depth, while a higher over plunging depth caused a sticking of tool to the workpiece and 

powder scattering. Moreover, a tool with lower over plunging depth resulted in low contact 

between the workpiece and tool and thus low heat generation which had a great 

contribution to poor material flow and therefore cavities formation.  

2.4 FSW of Al-L i alloys 

Among aluminum alloys, the third generation of aluminum lithium alloys (Al-Li -Cu-X) 

has been considered as a highly promising material for aerospace applications. This is 

mainly due to its superior properties as compared to other aluminum alloys such as 

outstanding properties at low temperatures, good corrosion resistance, low density, 

superplasticity, high fracture toughness and enhanced specific strength [75][76][77]. As 

compared to the previous two generations of Al-Li that exhibited unexpected failures due 

to either hot or cold expansion and short traverse fracture toughness which resulted in the 

complicated design thereby restricting applications, the new generation with the content of 

lithium less than 2% was able to solve the mentioned drawbacks [78][79]. 

Indeed, adding 1% of lithium to aluminum alloy results in increasing the elastic modulus 

for the alloy by approximately 6 % and this mainly attributed to the fact that lithium is one 

of the rare elements considered to have relatively high solubility in aluminum. Moreover, 

a reduction of 3% in a density of aluminum alloys is another consequence of adding 1 % 

of lithium. In addition, heat treatment is an influential candidate in determining precipitates 

which play a vital role in determining mechanical properties and corrosion resistance [76].  
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Wang et al. [76] have studied the effect of rising rotational speed during FSW of AA2198 

from 400 rpm to 1000 rpm with an interval of 200 rpm; while the welding speed was kept 

unchanged of 42 mm/min, on microstructure and mechanical properties. The results have 

indicated that increasing rotation speed remarkably coarsening the grain in the stir zone 

and reducing the density of precipitates. Additionally, tensile strength has initially 

exhibited an improvement upon rising the rotational speed; nevertheless, a reduction in the 

strength was detected with further increasing of rotational speed. Bitondo et al. [80] have 

performed a statistical study aiming to investigate the contribution of various process 

parameters of traveling speed and rotation speed during friction stir welding of AA2191-

T3 on yield and ultimate tensile strengths. The results have shown a great dependence of 

ultimate strength on tool rotational speed compared to yield strength that has exhibited a 

strong correlation with tool traveling speed. Ma et al. [81] investigated the influence of 

raising the ratio between rotation speed and traveling speed on microstructure, fatigue 

behavior and mechanical properties. The results showed finer equiaxed grain in the stir 

zone area that becomes wider upon increasing the ratio. In addition, with rising the ratio, 

the strength of the joint, as well as microhardness, revealed significant reduction. 

Moreover, similar crack growth rates were observed at different ratios.  

Muthumanickam et al. [82] have studied the impact of both traveling speed and rotation 

speed on microstructure and mechanical properties during friction stir welding of AA2195. 

The obtained results have indicated that for both the highest and lowest rotational speed 

defect-free zone was not detected. In addition, more grain refinement was observed with 
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either rising traveling speed or reducing rotation speed. Moreover, the influence of tool 

traveling speed on tensile strength found more pronounced compared to rotation speed.  

2.5 Research gap  

It is evident from the previous literature that most of the conducted work was focused to 

enhance various mechanical, tribological and corrosion characteristics through adding 

ceramic particles to the aluminum metal matrix using FSP. Metal matrix fabrication using 

FSP has several advantages over other conventional approaches where the fabrication 

temperature is beneath the melting point. Nevertheless, it is believed that varying process 

parameters have a great contribution to the heat input which markedly alters microstructure 

and thereby changing different properties. It is to be noted that varying process condition 

i.e. plunging depth, tilt angle, shoulder features, pin shape, pass number, the direction of 

passes, processing speed and rotational speed was not getting the same attention for various 

aluminum alloys when compared with composite fabrication. Additionally, the 

investigation of electrochemical behavior after FSP is scarce as compared to the 

mechanical and tribological properties. It is worthy to mention that the processing of 

aluminum surfaces gathered a lot of attention because of high availability of aluminum 

metal and its relatively poor surface properties. Therefore, enhancing surface 

characteristics would widen the usage of these alloys. Hence, FSP was performed on two 

aluminum alloys i.e. Al-Cu-Li and Al-Mg-Si, and subsequently the change in different 

properties associated with the process was investigated.    
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

 

 

3.1 Workpiece material  

In the current study, 6061 AA and 2099 AA with 6 mm in thickness and 120, 60 mm in 

length and width respectively was utilized. The chemical composition for the 6061 and 

2099 aluminum alloys was obtained using a spark atomic emission spectrometer and 

presented in Table 3- 1 and Table 3-2 respectively.  

Table 3- 1 Elemental composition of 6061 AA 

Element  Mg Si Cu Fe  Mn Al  

wt% 0.82 0.71 0.23 0.63 0.14 Bal. 

 

Table 3- 2 Elemental composition of 2099 AA 

Element  Cu  Li  Mg   Mn Zn  Zr Al  

wt% 2.65 1.75 0.25 0.28 0.7 0.1 Bal. 
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3.2 Equipment  

Research-based friction stir welder machine (RM-1-MTI, USA) is shown in Figure 3- 1 

was used to carry out the surface modification. Further, this machine is equipped with a 

CNC operation system and built-in data acquisition system to record different forces and 

the torque generated during the process. To process 6061 AA surface, pinless tool with two 

circular grooves shoulder of 23 mm (see Figure 3-2) was used. The tool was made from 

tool steel 4041 and heat-treated to achieve a hardness level of 54 HRC. On the other hand, 

an 11.5 mm diameter H13 tool steel shoulder with 6 mm pin diameter and 5.3 mm pin 

length (see Figure 3- 3 (a) ) was used to process the surface of 2099 AA.  

 

Figure 3- 1 RM-1 FSW machine 
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Figure 3- 2 FSP pin-less tool for 6061 AA  
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Figure 3- 3 (a) FSP tool for Al-Li alloys, (b) FSP Pin 

3.3 Electrochemical analysis  

All electrochemical measurements were performed on the base sample as well as processed 

samples using typical three-electrode cell: consisting of a sample as a working electrode, 

Graphite as a counter electrode and saturated calomel electrode (SCE) as a reference 

electrode; as seen in Figure 3- 4. Gamry instrument (Reference 3000) potentiostat; shown 

in Figure 3- 5 was utilized for the data collection and analysis while Echem Analyst 6.0 

software was used to fit electrochemical data. All samples were cut into a suitable size and 

then ground using silicon carbide paper up to 400 grit to eliminate the surface roughness 

effect and thereafter samples were masked using Gamry masks and only 1 cm2  of the 

(a)

(b)
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processed zone was exposed to 3.5 % NaCl solution at 23o C. Prior to performing the 

corrosion tests, all samples were cleaned using a distilled water. The polarization was 

carried out in an applied potential varying from -25 mV cathodically to 25mV anodically 

with respect to the open circuit potential (EOCP) at scanning rate of 0.125 mV/s. 

Electrochemical impedance spectroscopy (EIS) tests was carried out using a frequency 

ranging from 10-2 to 105 Hz with an AC voltage of 10 mV. Finally, the potentiodynamic 

polarization experiments were carried out between ±0.25 V at a scanning rate of 0.25 mV/s. 

Thereafter, corrosion potential and corrosion current density were determined using the 

Tafel extrapolation method.  
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                                    Figure 3- 4 Gamry Paracell for flat samples 

The cell 
The reference electrode  

The counter electrode  
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Figure 3- 5 Gamry Potentiostat 

 

3.4 Mechanical properties  

In order to assess the mechanical properties of processed and base samples, micro indenter 

(MicroCombi Tester, CSM Instruments, Switzerland);presented in Figure 3- 6, was used. 
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A pyramidal diamond indenter was used with a normal load of 200 g (2 N) for 10 seconds 

dwelling time, at 4 N/min loading and unloading rate. A minimum of 6 (2 x 3 matrix) 

measurements at different locations on each sample were recorded for hardness (H) and 

modulus of elasticity (E). 

 

Figure 3- 6 Micro indenter equipment  

 

3.5 Tribological evaluation  

A wear test was conducted using a linear reciprocation tribometer (Docum, India) which is 

presented in Figure 3- 7. The configuration of the test was ball on disc under dry and room 

temperature conditions. Stainless steel ball was used as a counter face with 6 mm in 
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diameter. Prior each test the counter face ball was cleaned using acetone and subsequently 

dried.  

    

Figure 3- 7 Linear reciprocating tribometer  
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3.6 Characterization techniques  

3.6.1 Microstructural analysis  

Base metal and processed samples were cut into a suitable size, thereafter grinded using 

silicon carbide paper with grit size varied from 240 to 800. Consequently, grinded samples 

were polished using Diamond Lapping Paste with size ranged from 7 to 2 µm and finally 

Al 2O3 with 50 nm size was used. To etch 6061 AA, NaOH solution (2g of NaOH dissolved 

in 100 ml of distilled water). On the other hand, killer regent was used to etch 2099 AA. 

3.6.2 Present phases 

X-ray diffractometer (Advance D8 XRD, Bruker, USA) was used to assess any structural 

changes between the base and the processed samples. The samples were scanned from 10 

to 80o at a rate of 0.02 o/s using a CuKŬ radiation source (wavelength of 0.15406 nm) 

operating at 40 kV and 40 mA. 

3.6.3 Grain size 

In order to determine grain size and morphology, optical digital microscope (Olympus, 

DSX 510, Japan) was utilized. Olympus stream software equipped to the microscope was 

used to calculate average grain size according to ASTM 112-13 [83]. 

3.6.4 Morphology of worn and corroded surfaces  

To study the morphology of samples after wear and corrosion tests field emission Scanning 

electron microscope (FESEM) (Quanta 250, Czech Republic) equipped with energy 

dispersive spectroscopy was used.  
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3.6.5 Wear measurement  

To measure the amount of material loss after wear, weight balance (phoenix instrument, 

Germany) was used. A minimum of three measurements were taken before and after wear 

test and the average value was recorded.  

Samples designation:  

Table 3-3 Samples designationTable 3-3 shows samples designations used in the thesis 

for 2099 AA and 6061 AA.  

Table 3-3 Samples designation 

ɤ 

 (rpm) 

V 

(mm/min) 
Sample designation 

400 250 400-250 

600 150 600-150 

800 150 800-150 

800 250 800-250 

1000 50 1000-50 

1000 100 1000-100 

1000 150 1000-150 

1000 200 1000-200 

1000 250 1000-250 

1200 150 1200-150 

1200 250 1200-250 
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CHAPTER 4  

FRICTION STIR PROCESSING OF 6061 AA  

In this chapter, the impact of friction stir processing on microstructure, mechanical 

properties, corrosion resistance and wear behavior of Al-Mg-Si alloy (6061AA) was 

studied in detail.  

4.1 Effect of changing traveling speed  

4.1.1 Generated torque 

. Figure 4- 1 shows the effect of raising traveling speed from 100 mm/min to 250 mm/min 

on the generated torque. It can be observed from the figure that increasing traveling speed 

results in torque raising. Also, it is evident from the graph that either increasing traveling 

speed by 50 mm/min (from 100 to 150 mm/min) or by 100 mm/min (from 150 to 250 

mm/min), the generated torque appreciably increases. The considerable increase in torque 

with traveling speed increasing can also be attributed to flow stress raising [87]. 
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Figure 4- 1  Effect of traveling speed on generated torque 

4.1.2 Microstructural analysis  

The optical microscopic images of the processed surface for the samples fabricated at 

various traveling speeds, namely 100, 150 and 250 mm/min and as received sample (base) 

are presented in Figure 4- 2 (b), (c), (d) and (a), respectively. It is to be noted that the only 

source of heat during this investigation was due to the tool shoulder interaction with the 

workpiece material. As compared to the base metal, samples processed at different 

traveling speeds exhibited substantial grain refinement.  In addition, the measured mean 

grain size for the base metal was 93.93 µm and after processing became 17.74, 16.38 and 

15.58 µm for the 1000-100,1000-150 and 1000-250 samples, respectively as depicted in 

Table 3. The grain refinement with increasing traveling speed during friction stir 
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processing was extensively reported in the literature and was attributed to heat input 

reduction. It worthwhile to know that quantitative analysis of heat input did not establish 

yet; nevertheless, for specific process parameters. It is evident that rising tool traveling 

speed under constant rotation speed results in heat input reduction whereas increasing tool 

rotation speed and fixing tool traverse speed results in increase heat input during friction 

stir processing and vice versa. Accordingly, the heat input for each process parameter may 

calculate using the measured torque, rotating speed and traveling speed using eq. 4.1.   

                      (
Ȣ

                                                           (4.1) 

Where H is heat input in J/mm, T is the average spindle measured torque in N.m, ɤ is tool 

rotation speed in rad/s, v is tool traveling speed in mm/s.  

Table 4- 1 Effect of process parameters on generated torque, heat input, and grain size 

SAMPLE Torque (N.m) Heat input (J/mm) Grain size (µm) 

1000-100 65 4084.07 17.74 

1000-150 68 2848.38 16.38 

1000-250 72 1809.56 15.53 

 

Correspondingly, heat input and mean grain size for the processed samples are presented 

in Table 4- 1.  The obtained results are consistent with what was carried out in the literature. 

For example, Zhang et al. [49] have incorporated CNTs to a commercial aluminum 1060 

via FSP and have concluded that finer grains were obtained under different process 

parameters; however, increasing heat input has resulted in a marginal coarsening of grains. 

Likewise, Azizieh et al. [88] fabricated AZ31/Al2O3 composite using FSP and reported that 
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with increasing rotation speed, the heat input improves and therefore grains size increases.  

Similarly, Moghaddas et al. [89] have investigated the impact of the thermal condition 

during friction stir processing of Al5754 and have demonstrated that with either reducing 

rotating speed or rising traveling speed, more grain refinement can be obtained. Various 

restoration mechanisms were proposed for grain refinement during friction stir 

processing/welding of aluminum and alloys therein, namely discontinuous dynamic 

recrystallization (DDRX), dynamic recovery (DRV) and geometric dynamic 

recrystallization (GDR)[90]ï[93]. It should be emphasized that the peak temperature of 

friction stir welding/processing plays a vital role in determining grain size according to 

recrystallization principles [94]. Therefore, grain size decreases either with increasing of 

traveling speed or with rotation speed reduction [95].  
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Figure 4- 2 Representative grain of (a) base, (b) 1000-100, (c) 1000-150, (d) 1000-250 
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4.1.3 XRD  

  

Figure 4- 3 shows the influence of FSP on 6061 AA, where welding speed increased from 

100 up to 250 mm/min on XRD patterns. As obviously depicted in Figure 4- 3 (a), only 

four aluminum matrix peaks were detected which proves that no intermetallic phases have 

been formed due to the high frictional heat. Fundamentally, the diffraction method is only 

able to catch phases with a minimum volume fraction of 2 % and therefore other peaks of 

alloying elements were not detected [96]. Interestingly, samples after processing showed 

an appreciable shift toward high 2ɗ and the sample processed at the highest processing 

speed showed the most pronounced shift as clearly presented in Figure 4- 3 (b). To our 

knowledge, a shift in aluminum peaks after FSP was not reported before, it is however 

reported for magnesium and copper after FSP. This phenomenon of peaks shifting was 

ascribed to the reduction in lattice parameters which caused compressive strength [97][98].  

 

Figure 4- 3 XRD patterns for all sample before and after FSP at different traveling speeds 
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4.1.4 Micro-hardness and elastic modulus  

Figure 4- 4 shows the effect of varying traveling speeds during FSP of 6061 AA on 

microhardness and elastic modulus. The microhardness and elastic modulus of the base 

sample were obviously much lower when compared with the processed samples, 

irrespective of the process parameter. The microhardness of the base sample is around 50 

HV whereas, for the samples processed at 100, 150 and 250 mm/min are approximately 

97, 74 and 70 HV. Interestingly, the hardness of the sample processed at the lowest 

traveling speed is almost two times that of the base metal. In addition, the elastic modulus 

of the base sample is around 64 GPa while after performing FSP at the lowest speed the 

elastic modulus increased to around 68 GPa. Moreover, the elastic modulus for the samples 

processed at moderate and the high speeds showed only marginal improvement to 

approximately 70 GPa. The enhanced hardness is ascribed to higher heat input that resulted 

in the diminishing of second precipitate particles[99]. Besides, the improvement in 

modulus of elasticity may be attributed to dynamic recrystallization [55]. 
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Figure 4- 4 Impact of increasing tool traveling speed on microhardness and elastic modulus 

4.1.5 Electrochemical behavior. 

4.1.5.1 Electrochemical Impedance Spectroscopy (EIS) 

Alternating current impedance approach was implemented extensively in the investigation 

of the metal-electrolyte border, treatment of surfaces, oxides films, kinetics, mechanism 

analysis, and corrosion of coating on the metallic substrates [100], [101]. Thus, in order to 

investigate the effects of friction stir processing on kinetics and characteristics of the 

electrochemical process, Electrochemical impedance spectroscopy (EIS) measurements 

were carried out on base sample and all processed samples in 3.5% NaCl solution after 15 

days of immersion.  
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Figure 4- 5 displays Nyquist curves, phase angle, and modulus for all samples. As depicted 

in Figure 4- 5 (a and b), the Nyquist plots illustrate relatively a larger  semicircle capacitive 

arc at the low-frequency region and larger counterpart at a lower frequency for the base 

sample; however, for (1000-100) and (1000-150) processed samples the arc becomes larger 

at the high-frequency region and slighter at the low-frequency region. The larger 

uncompleted semicircle capacitive arc for processed samples may be ascribed to the charge 

transfer reaction at the interface between metal, the oxide film formed and NaCl electrolyte 

[102]. Accordingly, the charge transfer existed where an oxide film formed at the border 

between the electrolyte and metal. However, the occurrence of the second uncompleted 

semicircle arc is attributed to diffusion-controlled processes [103]. Depression 

phenomenon can be clearly identified through the uncompleted semicircle behavior of arcs 

which is probably caused by surface heterogeneities due to corrosion products and 

frequency dispersion [104], [105]. As can be observed from Figure 4- 5 (a) the capacitive 

arc radius raises with increasing the traveling speed. In addition, the smallest radius was 

observed for the base sample while the sample processed with the highest traveling speed 

(1000-250) demonstrates the highest radius. Moreover, the variation in radius between the 

base sample and the sample processed at the lowest traveling speed (1000-100) was 

remarkably low as compared to deviation in radius between the sample processed at 

moderate velocity (1000-150) and that fabricated at highest velocity (1000-250). 

Interestingly, the variance in radius between the base sample and (1000-250) sample was 

not even distinguishable without zooming the base sample area in the Nyquist plot as seen 
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in Figures 4- 5 (a and b). A huge alteration in semi-circle radii revealed that the corrosion 

rate is significantly affected by the surface processing. Furthermore, increment in semi arc 

radii with the process is interpreted by enhancement in surface protectiveness due to the 

rising of stability and compactness of the passive film formed [106], [107]. Therefore, the 

corrosion resistance is found to improve in the order of 1000-100, 1000-150, and 1000-

250, demonstrating a markedly improved resistance as compared to that of the unprocessed 

sample.  

The impedance-frequency bode plots for all samples are presented in Figure 4- 5 (c). It is 

evident from the figure that total impedance for all processed samples is significantly 

higher than that of the base metal at the low frequency of 0.01 Hz which reflects the 

corrosion protection provided by the surface processing technique. In addition, total 

impedance revealed a rapid increment with increasing traveling speed. Moreover, the 

deviation in total impedance was at its low level when comparing the base metal with 

sample processed at the lowest traveling speed; however, with increasing traveling speed, 

the deviation between sample processed the intermediate speed and another at the lowest 

speed was much higher. Furthermore, a huge variation was observed between (1000-150) 

sample and the sample processed at the highest speed which indicates a superior corrosion 

resistance for the highest speed sample compared to all other samples.  

Typical Phase angle-frequency plots for both processed and base samples are shown in 

Figure 4- 5 (d). It can be detected that phase angle maxima of the base sample shifted 

toward -78° at a frequency of 25 Hz which suggests a deterioration in the barrier stability 
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even at higher frequency [108]. On the other hand, (1000-100) sample demonstrated two 

times constant, the first time constant shifted toward -71° at the frequency of 6.4 Hz, while 

second-time constant shifted toward -69° at the frequency of 241 Hz. Additionally, samples 

(1000-150) and (1000-250) exhibited phase angle maxima shifted toward -81 and -83 and 

at frequencies of 8 and 0.78 Hz respectively. Moreover, it can be noticed that the base 

sample demonstrated the narrowest phase peak and further broadening can be observed 

with increasing the traveling speed which ascribed to the interaction of two times constant 

[109]. Furthermore, more peak broadening indicates an enhancement in a passive 

protective barrier over a wide frequency range and consequently corrosion resistance 

improvement [108][110]. It should be emphasized that shifting of phase angle maxima to 

a higher frequency illustrating that the corrosion would have instigated at the sample 

surface for the long duration [111]. Therefore, the optimum traveling speed for processing 

to obtain the highest corrosion resistance in 3.5% NaCl media is 250 mm/min.  
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              Figure 4- 5 (a,b) Nyquist plots, (c) impedance, (d) phase angle 

All the impedance curves were fitted to appropriate corresponding circuits for further 

numerical estimation of the barrier characteristics of processed surfaces and properties of 

active corrosion protection. Accordingly, two equivalent circuits were used. The first one; 

shown in  Figure 4- 6 (a), simulates the corrosion behavior at the base surface, which 

involves charge transfer resistance (Rct) connected in series with Warburg resistance (W) 

0 100k 200k 300k 400k 500k 600k

0

100k

200k

300k

400k

500k

600k

700k

-Z
im

a
g

. 
(W

)

Zreal (W)

 BASE

 1000-100

 1000-150

 1000-250

    Fitting

 

 

-5.0k 0.0 5.0k 10.0k 15.0k 20.0k 25.0k 30.0k

-5.0k

0.0

5.0k

10.0k

15.0k

20.0k

25.0k

30.0k

-Z
im

a
g

. 
(W

)

Zreal (W)

 BASE

 1000-100

 1000-150

 1000-250

    Fitting

 

 

1m 10m 100m 1 10 100 1k 10k 100k 1M

10

100

1k

10k

100k

1M

 BASE

 1000-100

 1000-150

 1000-250

    Fitting

Z
m

o
d

(W
)

Freq. (Hz)

 

 

1m 10m 100m 1 10 100 1k 10k 100k 1M

-120

-100

-80

-60

-40

-20

0

 BASE

 1000-100

 1000-150

 1000-250

     Fitting

P
h

a
s
e

 a
n

g
le

 
(o

)

Freq. (Hz)

 

 

(a) (b)

(c) (d)



54 

 

 

 

and in parallel to a constant phase element for double-layer capacitance (CPEdl), while both 

(W, Rct  ùù CPEdl) are connected in series with solution resistance (RS); between the reference 

and working electrodes. It is suggested that all processed samples contain two resistances, 

inner resistance and outer ones compared to the base sample which contains only one 

resistance. This suggest the improvement in corrosion resistance for all processed samples. 

The second circuit as illustrated in Figure 4- 6 (b) was used to simulate all processed 

surfaces contains charge transfer resistance serially connected to Warburg resistance (W) 

and both are in parallel with constant phase element accounting for the double-layer 

capacitance of the inner barrier layer(CPEdl), and the mentioned three components are 

connected in series with film resistance (Rf). Further, W, Rct, CPEdl, and Rf are parallelly 

connected with the constant phase element of the outer passive film (CPEf), and the 

previous circuit is serially connected with the solution resistance between reference and 

working electrodes (RS).  

It is worthwhile to know that constant phase elements were utilized as an alternative of 

pure capacitance because of non-ideal capacitive behavior indicated by the deviation in 

phase shifts from 90°. Therefore, double-layer capacitance (Cdl) for a cell containing a 

constant phase element (CPE) may be calculated from eq. 4.2 

ὅ   ὣ ‫                                                                      (4.2)  
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Here,  ʖ  is frequency when the imaginary part of impedance at its maximum value, Y0 

is the constant phase element component (admittance) and n is value corresponding to the 

surface roughness.  

It can be seen from Table 4-2 that the double-layer capacitance (Cdl) of the constant phase 

element exhibits a significant reduction for all processed samples as compared to the base 

material and the order of decrease is (1000-100), (1000-150) and (1000-250). The dual-

layer between the charged aluminum surface and 3.5 % NaCl is reflecting an electrical 

capacitance behavior [112]. Accordingly, the reduction in capacitance for the processed 

surfaces indicates a corrosion resistance enhancement with traveling speed changing which 

can be attributed to a rapid decrease in surface activeness resulted from the formation of a 

passive film [113][114]. In this regard, Deng et al. [115] interpreted the reduction in CPE 

by the improvement in electrical double layer thickness and/or local dielectric constant 

diminishing. Accordingly, the thickness of the passive film (t) may be calculated using the 

Helmholtz model [116] (eq. 3)  

ὸ 
 

 
                                                                          (4.3)  

where Cdl refers to double-layer capacitance (µF), stands the vacuum permittivity 

(8.85e-14 F cmī1[117]),  represents passive layer dielectric constant (for aluminum, 

ρπ)[117]. 

As illustrated in Table 4- 2, charge transfer resistance (Rct) exhibited a rapid increment for 

all processed samples over the base material. Moreover, it is evident from the table that 
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charge transfer resistance rapidly increases with an increase in traveling speed which can 

be ascribed to the passive film formed at the metal-electrolyte interface. The presence of 

this film isolated aluminum metal surface from corrosion ions attack and thereby 

obstructing further transfer of charge or mass [118]. It should be noted the there is a 

remarkable difference between charge transfer resistance (Rct) and film resistance (Rf) 

particularly if processing was carried out at higher speed which may be attributed to oxide 

film formed which took the key role in corrosion protection at a particular speed [119]. 

Moreover, the huge variation between the outer and inner resistances indicates that the 

resistance provided by the inner barrier is much higher when compared with the outer film 

[120].  

Generally, Warburg resistance is added to stimulate the diffusion effect as indicated by the 

straight line close to 45° to the impedance imaginary axis. Comparing Warburg impedance, 

it is obvious from the table that the lowest Warburg resistance was obtained at the highest 

traveling speed of 250 mm/min and with reducing traveling speed to 150 mm/min, 

Warburg impedance demonstrated a slight increment. Moreover, with further reduction in 

traveling speed down to 100 mm/min, a considerable improvement in Warburg impedance 

was observed which is relatively comparable with the base metal. A lower Warburg value 

indicates a reduction in the diffusion of chloride ions through an oxide passive film and 

thereby improving corrosion resistance [121][111]. 
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Figure 4- 6 Equivalent circuits for (a) base, (b) processed samples 

 

Table 4- 2 Electrochemical parameters obtained from EIS plots 

 

Samples 
Rs 
(ɋ) 

Yn*10-6 

(S*s^a) 
n Rf (kɋ) 

Yc*10-6 
(S*s^a) 

c 
Rct 

(kɋ) 

Cdl 

(µF) 
W*10-5  

S*s^(1/2) 

Base  12.38    23.5 0.924 6.14 33.3 41.4 

1000-100 11.26 10.94 0.878 1.59 3.92 0.92 18.7 11.6 56.7 

1000-150 12.24 6.94 0.921 0.088 5.25 0.93 83.9 9.99 7.26 

1000-250 12.79 4.43 0.892 1.72 2.16 0.95 1500 7.28 4.20 
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4.1.5.2 Potentiodynamic polarization (PDP) 

The typical potentiodynamic polarization curves after 15 days of immersion in 3.5 % NaCl 

solution are presented in Figure 4- 7. Various electrochemical parameters such as anodic 

Tafel slope (a), cathodic Tafel slope (c), corrosion current density (Icorr), and corrosion 

potential (Ecorr) for the base sample as well as processed samples derived from 

potentiodynamic polarization curves are depicted in Table 4- 3. Polarization curves 

exhibited significant differences between all samples. As can be noticed from Figure 4- 7, 

there is a considerable variation in corrosion potential between the base and processed 

samples. It is evident that from Figure 4- 7 and Table 4- 3 that with an increase in traveling 

speed, corrosion potential (Ecorr) is shifted to a more positive noble position. Moreover, 

1000-100 sample exhibited the highest corrosion potential compared to 1000-250 sample 

that showed the noblest behavior among all processed and base samples. This shift to a 

noble direction is an indication of the improvement in corrosion resistance. Further, as can 

be inferred from Figure 4- 7 and Table 4- 3, the corrosion current density (Icorr) for all 

processed samples was lower than that of the base metal. Additionally, a further reduction 

can be observed as traveling speed increases. Diminish in Icorr. is strong evidence that 

friction stir processing for 6061 AA enhanced the corrosion resistance.  Furthermore, the 

ratio between corrosion current density for the worst sample (base) to the best sample 

(1000-250) is in the order of magnitude 600 which indicated outstanding corrosion 

protectiveness for 1000-250 sample. Also, as compared to a base sample, the pitting 

potential of 1000-250 sample raised from -780 mV to -600 mV which suggested an 

enhancement in pitting resistance.  
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A remarkable variation in cathodic and anodic Tafel slopes can be detected after the 

inspection of Table 4- 3.  Particularly anodic behavior revealed that unprocessed sample 

had less tendency to be oxidized as compared to all processed samples where a value for 

the unprocessed sample was the highest and a further reduction in the anodic slope can be 

noticed with traveling speed increasing which suggest an improvement in oxidation 

tendency [122].  

 

Figure 4- 7 Typical PDP curves for all samples after 15 days of immersion in 3.5% NaCl 
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Table 4- 3 Electrochemical parameters obtained from PDP plot 

Samples a c Icorr (µA) Ecorr (V) corrosion rate (mpy) 

Base 1.994 2.78E-01 3.28 -0.832 1.498 

1000-100 7.38E-01 1.68E-01 1.7 -1.05 7.79E-01 

1000-150 6.57E-01 1.10E-01 1.12E-01 -0.867 5.11E-02 

1000-250 8.69E-02 7.60E-02 5.47E-03 -0.693 2.50E-03 

 

4.1.5.3 Linear polarization resistance (LPR) 

Linear polarization plots for different samples (processed and base) after 15 days of 

immersion in 3.5 % NaCl are presented in Figure 4- 8. The polarization resistance (RP) was 

obtained as a slope of potential with the current. To calculate the corrosion current density 

based on the linear polarization resistance approach, the Stern Geary equation was utilized 

which correlated the current density (Icorr) with polarization resistance (RP) according to 

eq 4.4 [123]. 

                     Ὅ
Ȣ     

                                               (4.4) 

Where Rp is polarization resistance obtained from LPR slope, c, a are the cathodic and 

anodic Tafel slopes derived from PDP curves.  

Subsequently, to calculate the corrosion rate (mpy), eq. 4.5 was used  

             CR=
  0.131* Icorr*EW

ɟ
                                                              (4.5) 
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Where  is the sample density, EW sample equivalent weight. 

As indicated in Table 4- 4, the corrosion current density for all processed samples was 

lower than that of base metal counterpart. Additionally, the highest polarization resistance 

was obtained for sample processed at the highest speed and further reduction can be 

observed with traveling speed reduction. It should be emphasized that polarization 

resistance is proportional to corrosion resistance and therefore a sample with the highest 

polarization resistance exhibited the highest corrosion resistance.  

All the linear polarization resistance results above demonstrate a strong consistency with 

the results obtained from Electrochemical impedance spectroscopy (EIS) and 

potentiodynamic polarization without a major difference where the base sample shows the 

highest corrosion susceptibility and after employing FSP further increment in corrosion 

resistance was observed upon rising tool traveling speed.  
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Figure 4- 8 Typical LPR plots for all samples after immersing all samples in 3.5% NaCl for 15 days 

 

Table 4- 4 LPR data obtained after 15 days on immersion sample in 3.5% NaCl 

Sample Rp(kohms) Icorr. (µA) C.R (mpy) 

Base 35.87 2.724 1.168 

1000-100 34.63 1.72 0.736 

1000-150 220.1 0.185 0.0795 

1000-250 2087 .00844 0.00362 
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4.1.5.4 SEM images for corroded samples processed at different traveling speeds 

The morphology of intense corrosion attack for processed and base sample after 15 days 

of immersion in 3.5 % NaCl is depicted in Figure 4- 9. For the base sample, severe 

corrosion attack on the surface can be clearly noticed and indicated by corrosion products 

(C.Ps) adhered to the surface. Additionally, within the corrosion products, large pits are 

observed. Surprisingly, microcracks can also be detected beneath the corrosion products 

which may be ascribed to initiations of intergranular corrosion. Corrosion marks after 

processing samples using FSP demonstrated different appearance as seen in Figure 4- 9 

(b), (c), and (d). Obviously, the size and the dense of pits became lower compared with that 

for the base sample. Moreover, the adsorption of corrosion products (C.Ps) is hardly 

detected on samples processed at 100 and 250 mm/min as shown in Figure 4- 9 (b and d) 

which attributed to grain refinement that enhanced passive film formed. Interestingly, the 

adhesion of corrosion products can be seen for 1000-150 sample Figure 4- 9 (d), 

nevertheless, with completely different characteristics compared base counterpart which 

interpreted by the reduction in outer film resistance for this sample (88.63 ɋ) compared 

with (6.14 kɋ), (1.92 kɋ) and (2.16 kɋ) for the base, 1000-100 and 1000-250 samples 

respectively. Besides, a dense layer of corrosion products may act as a barrier to impede 

further corrosion attack.  
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Figure 4- 9 SEM images for the corroded surface for (a) base sample, (b) 1000-100 sample, (c) 1000-150 sample, 

(d) 1000-250 sample after 21 days of immersion in 3.5 % NaCl 

4.1.6 Discussion of corrosion results 

Owing to its ability to form a spontaneous passive film in an atmospheric environment, 

aluminum and alloys therein demonstrate a good corrosion resistance. Nevertheless, their 

tendency to pitting corrosion rises in an aggressive environment of chloride media wherein 

the passive film is attacked by the ions. Formation of passive film is not instantaneously 

after immersion in aggressive media, it may need time. Subsequently, once the passive film 

is formed, chloride ions may attack the film and therefore cause pitting. Consequently, the 

rapid dissolution of a passive film results in corrosion current density increasing. 
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Therefore, it was suggested that passive film thickness and formality play a vital role in 

impeding ions attack for aluminum and its alloys. Thus, to study the corrosion behavior for 

aluminum and its alloys, it is worthwhile to investigate the key factor affecting the 

formation of the passive film which is grain size [128][129]. Due to its unique properties 

when compared with bulk material, namely diffusion rates, atomic coordination and 

reactivity, it is expected that reducing grain size will result in altering the electrochemical 

behavior [129]. It should be noted that the reduction in grain size results in a high density 

of grain boundary and thereby breaking intermetallic particles [130]. Also, surface with 

finer grain and more dense grain boundaries results in more readily passive film and thus 

improved the corrosion resistance [128]. Several studies have presented the corrosion 

behavior for aluminum-based alloys after grain refinement. For example, Jilani et al. [131] 

have studied the influence of varying the number of passes during equal channel angular 

pressing (ECAP) process on the passive film efficiency. The results have demonstrated that 

the ECAP process can improve the corrosion resistance of 1xxx aluminum alloys by 

reducing the grain size and enhancing the distribution of precipitate and thereby forming a 

continuous film. Likewise, the influence of severe plastic deformation of 2099 Al-Li on 

the formation of passive film was studied by Jinlong et al [132]. The results illustrated that 

the corrosion susceptibility reduces due to refinement in both grain and precipitates 

whereby grain refinement leads to electron work function decline and thus a thicker passive 

film. 
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Besides, various studies in the literature have shown that FSP resulted in rising the fraction 

of a high angle of grain boundaries [133][134]. The consequence of this shift to a higher 

fraction of a high angle of grain boundaries (HAGBs) on corrosion behavior was 

intensively investigated by Argade et. al., Dan et. al.  and Rao [135][136] [137]. For 

example,  Argade et al. have concluded that the corrosion enhancement after friction stir 

processing of AA 5083 was attributed grain refinement which resulted in improving the 

polarization resistance, passivation and pitting potential. Moreover, high angle grain 

boundaries provided by the process rises the corrosion resistance by accelerating the 

passivation re-passivation phenomenon [135]. Rao et al have demonstrated that the 

transformation from low angle grain boundaries to high angle counterparts after friction 

stir processing of Alï30Si alloy is a vital reason in the stability of the oxide film formed 

[136]. Dan et al. have studied the impact of grain refinement on corrosion behavior of pure 

aluminum and have disclosed a significant enhancement in corrosion and pitting resistance 

for the sample with finer grain and that was attributed to a denser passive film. Further, it 

was also suggested that the oxide film favored a higher grain boundary which protects the 

surface of the processed sample against chlorides attack and thereby enhancing the 

corrosion resistance [137]. Therefore, the obtained results may follow the same behavior 

whereby employing FSP significantly diminishing grain size and rising the fraction of high 

angle grain boundaries. Moreover, further reduction in grain size was detected upon rising 

tool traveling speed which resulted in superior corrosion resistance due to the more adhered 

and compacted passive film. 

https://www.sciencedirect.com/science/article/pii/S0921509312016188#!
https://www.sciencedirect.com/science/article/pii/S0921509312016188#!
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4.1.7 Wear behavior  

Figure 4- 10 shows the coefficient of friction graph for the base and processed sample 

under a normal load of 20 N for 60 m sliding distance. It is clear from the plot that the base 

sample revealed a relatively higher friction coefficient as compared to processed samples. 

However, no major change was detected between various processed samples.  

 

Figure 4- 10 COF for different samples processed at different traveling speeds  

 

The effect of varying process conditions during FSP of 6061 AA on mass loss compared 

with that for the base sample is presented in Figure 4- 11. As obviously seen in the figure, 

most of the processed samples have demonstrated a considerable deterioration in wear 
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resistance. In addition, samples processed 150 and 250 mm/min have displayed a marginal 

rise in mass loss with approximately 8 and 3% respectively. Moreover, an appreciable 

decline in mass loss with about 11% is observed for the sample processed at the lowest 

traveling speed. It worth noting that the hardness is not the only important factor in 

evaluating wear properties [124]. 

It is should be emphasized that several studies have illustrated that the wear resistance of 

aluminum alloys has shown a significant decline after grain refinement despite hardness 

improvement [124][125][126]. They have ascribed the deterioration in wear resistance to 

grain refinement and loss in strain hardening capability. 

 

Figure 4- 11 Mass loss for different samples processed at different traveling speeds 
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The representative high magnification scanning electron images are depicted in Figure 4- 

12 Wear mechanism to demonstrate the wear mechanism for the base and processed 

samples. In fact, the wear mechanism does not demonstrate significant differences for 

processed samples when compared with the base metal. As obviously seen in Figure 4- 12 

Wear mechanism a, b, c and d the predominant wear mechanisms are delamination, 

adhesive and abrasive wear which occurred simultaneously on all surfaces. Besides, the 

damage on the surface of the base sample due to delamination is more pronounced. 

Moreover, the adhesive wear accompanied by delamination caused the removal of small 

particles (debris particles) which act as 3 body abrasion and resulted in abrasive wear. 

Interestingly, the sample with a finer grain structure (1000-250) demonstrates a high 

density of small wear debris compared to all other samples and this possibly due to the 

high density of grain boundaries [127].    
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Figure 4- 12 Wear mechanism for (a) base, (b) 1000-100, (c) 1000-150, (d) 1000-250 samples 

 

4.2 Effect of changing tool rotational speed 

4.2.1 Generated torque 

The influence of increasing rotational from 400 to 1200 rpm on generated torque during 

FSP is presented in Figure 4- 13. Generated torque from the samples processed at different rotational 

speeds. It should be mentioned that the traveling speed was maintained at 250 mm/min for 

all the tests.  It is obvious from the graph that rising rotational speed from 400 rpm to 800 

rpm resulted in decreasing the generated torque from about 100 to 80 N.m and further 

increment in tool rotation speed to 1200 rpm caused the decline of spindle torque to around 
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70 N.m. The reduction in generated torque with rising rotation speed may be ascribed to 

the heat input increment and thereby diminishing in flow stress [87]. Moreover, low 

fluctuation in recorded torque at 1200 rpm can be noticed from the plot as compared to 

other conditions. Lower values of spindle torque are observed at the first stage of the graph 

which is ascribed to transient traveling speed before steady-state condition.  

 

Figure 4- 13. Generated torque from the samples processed at different rotational speeds 

4.2.2 Microstructural analysis  

The impact of rising rotation speed from 400 to 1200 rpm at an unchanged tool traveling 

speed of 250 mm/min during friction stir processing of 6061 AA on grain structure 

compared to the base metal is illustrated in the optical micrograph in Figure 4- 14. It is 

evident from Figure 4- 14 that employing friction stir processing substantially change the 
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grain structure. Also, a considerable refinement can be observed for all processed samples. 

Further, as shown in Error! Reference source not found., a significant reduction in the 

grains size from 94 Õm for the base sample to 15.48 Õm for the sample processed at 400 

rpm. Moreover, with increasing tool rotational speed from 800 to 1200 rpm, the grain size 

demonstrated a slight increment from approximately 17.36 to 19.12 Õm, while the heat 

input increased remarkably from 1608 to 2111 J/mm. Similar observation was extensively 

reported in the literature [88], [138]. It was suggested that rising tool rotation speed caused 

higher heat input and elevated temperature exposure and thereby increasing the grain size 

at the surface of these workpieces [88]. It is worthwhile to mention that the grain refinement 

of the processed zone during friction stir processing was ascribed to the combination of 

temperature increase and severe plastic deformation resulting from the rubbing action of 

the tool with the specimen[139].  Various mechanisms were proposed to be responsible for 

grain refinement during friction stir processing, namely discontinuous dynamic 

recrystallization (DDRX), Dynamic recovery (DRV), and geometric dynamic 

recrystallization (GDRX) [90]ï[93]. 
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Figure 4- 14 . Optical micrograph of the grain structure for the (a) base, (b) 400-250, (c) 800-250 and (d) 1200-

250 samples 

 

 

 

a b

c d
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Table 4- 5 Grain size for the base and processed samples 

Samples 
Generated 

torque (N.m) 

Heat input 
(J/mm)  

Grain size 

Base -  94 µm 

400-250 100 1005.31 15.48 µm 

800-250 80 1608.5 17.36 µm 

1200-250 70 2111.15 19.12 µm 

 

4.2.3 XRD 

Figure 4- 15 (a) shows XRD patterns for the base sample as well as processed samples. It 

is obvious from the graph that the four aluminum peaks are found without any extra peaks 

which suggest that no intermetallic phases were formed due to the process. In addition, 

relatively narrow peaks were found for the base sample which indicates a higher grain size 

and a lower lattice distortion [140]. Moreover, a phase shift is clearly observed in Figure 

4- 15 (b) for all processed samples toward a higher diffraction angle. A similar observation 

was reported before after friction stir processing of magnesium and copper and was 

attributed to the existence of compressive strength which resulted from the reduction in 

lattice parameter [97][98]. 
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Figure 4- 15 . XRD (a) patterns of the base material and material processed at various rotational speeds, (b) first 

peak for all samples to demonstrate the phase shift 

4.2.4 Evaluation of mechanical properties  

The influence of rising tool rotation speed from 400 to 1200 rpm during friction stir 

processing of 6061 AA on processed surface microhardness, modulus of elasticity and 

indenter penetration depth is depicted in Figure 4- 16. It is evident from the figure that the 

average microhardness of the base sample is 49.7 HV and after processing samples using 

FSP, the microhardness significantly improved to 71.4, 69.1 and 68.3 HV for the samples 

processed at 400, 800 and 1200 rpm respectively. The substantial increment in 

microhardness after samples processing may be attributed to grain refinement which 

follows the Hall-Petch relationship [141]. Similarly, a marginal enhancement in elastic 

modulus was also attained after samples processing with 7%, 8% and 6% for 400-250,800-

250 and 1200-250 samples respectively. Such an increment modulus of elasticity was 

reported before and may be ascribed to dynamic recrystallization [55].  
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Figure 4- 16  Hardness, maximum penetration depth and modulus of elasticity for the base and   processed 

samples 

4.2.5 Evaluation of corrosion behavior  

4.2.5.1 Electrochemical impedance spectroscopy (EIS) 

In order to investigate surface metal oxides, corrosion mechanisms, kinetics, and surface 

treatment. Electrochemical impedance spectroscopy (EIS) is extensively deployed [100], 

[101]. Therefore, EIS measurements were done to explore the impact of changing tool 

rotational speed from 400 to 1200 rpm during friction stir processing of 6061 AA on 

corrosion kinetics as compared to the as-received specimen after immersing all samples in 

3.5% NaCl electrolyte for 15 days.  
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Figure 4- 17 presents the Nyquist plot for the base sample as well as processed samples. 

As observed from the plot, all processed samples demonstrate a larger uncomplete arc at a 

higher frequency and smaller at a lower frequency compared to the base sample, which 

illustrates relatively smaller uncomplete semi-circle at a higher frequency and larger 

uncomplete arc at a lower frequency. It was suggested that the uncomplete capacitive arc 

for processed samples refers to charge transfer resistance at the border between passive 

film formed, sodium chloride electrolyte and the metal [102]. Consequently, the charge 

transfer resistance occurred when the passive film exists at the interface between the 

electrolyte and metal surface. It is worthy to mention that the existence of the second 

uncomplete arc may be attributed to diffusion-controlled processes [103]. It can be clearly 

seen in Figure 4- 17 that the radius of capacitive arc significantly increases with rotational 

speed rises and all processed samples displayed a larger radius as compared to the base 

metal. Interestingly, the radius of the capacitive arc for the base sample was not able to be 

captured without enlarging.  A vast variation in capacitive arc radius between the base and 

processed samples demonstrated that the corrosion resistance was altered by friction stir 

processing. In addition, a raise in arc radius after processing is ascribed to improvement in 

surface protectiveness which resulted from stability and compactness increment of the 

passive film [106], [107]. 
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Figure 4- 17 Nyquist graph for both base and processed samples after immersing in 3.5 % NaCl for 15 days 

 

Figure 4- 18 illustrates an impedance-frequency graph after immersing all samples in 

3.5% NaCl electrolyte for 15 days. It is noticed from the graph that the total impedance 

at the low frequency of 0.01 Hz for all processed samples is greatly higher than that of 

the base sample which revealed the surface protectiveness provided by friction stir 

processing. Furthermore, a rise in total impedance was noticed with increasing rotation 

speed where 1200-250 sample reveals the highest corrosion resistance compared to 800-

250 sample which showed lower resistance to corrosion. Moreover, the sample 

processed at the lowest rotational speed demonstrated the lowest corrosion resistance 
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among all processed samples; it is however showed markedly higher corrosion 

resistance when compared with the base sample. 

 

Figure 4- 18 Impedance plot for the base as well as processed samples after immersing in 3.5 % NaCl for 15 days 

   

Figure 4- 19 shows a typical plot for phase angle-frequency for the base sample as well as 

processed samples after 15 days of immersion in 3.5% NaCl. As clearly seen in the figure, 

the base sample exhibits a phase angle maxima of -78.5Á at a frequency of 25 Hz. Further, 

observing maxima at such a high frequency revealed a weakening in the stability of the 

barrier at high frequency [108].  
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In contrast, all 400-250, 800-250 and 1200-250 samples illustrated a shift in phase angle 

maxima toward 76.2Á, 84Á and 81.9Á at a frequency of 12.4, 6.3 and 6.3 Hz respectively. It 

is evident from the figure that the base sample shows the narrowest phase peak; however, 

after deploying FSP further widening was captured with rising the rotational speed which 

could account for two times constant interaction [109]. In addition, peak widening after 

surface processing may ascribe to improvement in a passive layer over a wide range of 

frequencies and thereby enhancing corrosion resistance [108][110]. It is worthwhile to 

mention that phase angle maxima shifting to a higher frequency demonstrating that the 

corrosion would have launched on the sample for a long exposure time [111]. Thus, a severe 

corrosion attack is expected on the surface of unprocessed sample and consequently a 

higher corrosion rate when compared with other processed samples. 
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Figure 4- 19 Phase angle graph for the base and processed samples after immersing in 3.5 % NaCl for 15 days 

 

With an objective of numerical estimation for the characteristics of the barrier for the base 

sample as well as processed samples, all curves were fitted to equivalent circuits. 

Consequently, two corresponding circuits were utilized to simulate the corrosion behavior 

of base and processed surfaces. Figure 4- 20 illustrates the corresponding circuit that 

simulates the corrosion behavior on the surface of the base sample which consists of 

polarization resistance (Rp) connected in series with Warburg resistance (W) and both are 

connected in parallel to constant phase element of double-layer capacitance, and the 
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previous configuration is serially connected to the solution resistance (Rs). On the other 

hand, to simulate the behavior of corrosion on samples processed at 400, 800 and 1200 rpm 

a circuit involve charge transfer resistance (Rct) serially connected to Warburg resistance 

(W) and both are parallelly linked to constant phase element of double-layer capacitance 

and all are serially connected to polarization resistance which connected in parallel to 

constant phase element and the whole previous circuit is connected in series to the solution 

resistance (Rs). It should be emphasized that pure capacitance was replaced by constant 

phase elements due to non-ideal capacitive behavior that revealed by the deviation from 

90Á in the phase angle. Thus, to calculate the double layer capacitance, eq. 4.2 was used.  

Table 4- 6 presents the electrochemical parameters derived from two electric circuits. It 

evident from Table 4- 6 that double-layer capacitance (Cdl) of constant phase element 

demonstrates a significant drop for all processed samples as compared to the base metal 

and the order of reduction for the samples was the base, 800-250, 1200-250 and 400-250. 

It is worthwhile to know that the diminishing in double-layer capacitance after surface 

processing suggesting an improvement in the corrosion resistance which may be ascribed 

to the decline in the activeness of the surface as a result of passive film formation 

[113][114]. Accordingly, a reverse relationship between the double-layer capacitance (Cdl) 

and the thickness of the protective film was disclosed in the Helmholtz model (eq. 4.3). 

[142][143][144]. 
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 As clearly seen in Table 4- 6, all processed samples have shown a lower value of double-

layer capacitance (Cdl) and therefore a higher protective film thickness when compared 

with the base sample. It is also obvious from Table 4- 6 that charge transfer resistance (Rct) 

for the base sample is 6.4 kɋ and after deploying FSP the Rct revealed a noticeable boost 

to 29.4 kɋ for the sample processed at the lower speed. Additionally, further increment in 

tool rotational speed from 800 to 1200 rpm resulted in remarkable improvement in Rct from 

80.7 to 144 kɋ. It should be emphasized that the raise in charge transfer resistance after 

samples processing may be interpreted by the formation of the passive film at the border 

between the electrolyte and surface of the metal. Therefore, the existence of such a passive 

film protects the metal surface from ions attack and thereby impeding the addition of charge 

or mass transfer [118]. Commonly, Warburg resistance (W) is added to stimulate the 

influence of diffusion and it is signaled by a straight line in the Nyquist plot near to 45Á to 

the real axis of impedance. It is clear from the table that most of the processed samples 

illustrated a lower Warburg resistance value when compared with the base sample. It should 

be mentioned that a lower value of this resistance implies a diminishing in the flow of 

chloride ions across the passive film and thereby enhancing corrosion resistance 

[121][111]. 
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Table 4- 6 Electrochemical parameters derived from Nyquist plot 

Samples 
Rs 

(ɋ) 

Y01 (S*s^a) 

10-6 
a1 

Rp 

(kɋ) 

Y02 

 (S*s^a) 

10-6 

a2 
Rct 

(kɋ) 

Cdl 

(µF) 

W 

S*s^(1/2)*10-

6 

X -

2*10-

4 

Base 12.38 23.5 0.92 6.14    0.340 413 0.29 

400-250 10.2 11 0.90 1.89 1.61 0.97 29.4 0.138 527 4.64 

800-250 11.54 12.94 0.955 0.044 5.78 0.94 80.7 0.159 57.6 6.20 

1200-250 12.92 7.39 0.92 0.118 4.04 0.94 144 0.165 41.5 5.50 

 

 

Figure 4- 20 Equivalent circuits utilized to fit: (a) the base sample, (b) 400-250, 800-250 and 1200-250 samples 
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4.2.5.2 Potentiodynamic polarization (PDP)  

Figure 4- 21 presents typical potentiodynamic polarization curves of the base as well as 

processed samples after immersing for 15 days in 3.5% NaCl electrolyte. Table 4- 7 reveals 

different parameters obtained from the fitting of potentiodynamic curves for all samples, 

namely corrosion potential (Ecorr.), corrosion current density (Icorr) and both cathodic and 

anodic Tafel slopes (c& a). Interestingly, corrosion potential exhibits a significant shift to 

the positive direction after rising the tool rotation speed from 800 to 1200 rpm, however, 

the base sample shows more positive potential. Despite the lower corrosion potential (Ecorr) 

of the unprocessed sample when compared with the processed counterpart, the samples 

processed at 400 and 1200 rpm showed a lower pitting potential as depicted in Figure 4- 

21 which reveals an enhancement in pitting resistance for these processed samples.  

The inspection of Table 4- 7 demonstrates that the corrosion current density of the base 

sample is 3.22 ÕA and after employing friction stir processing the corrosion current density 

sharply drops. Additionally, with increase tool rotation speed from 400 to 800 rpm, the 

corrosion current density drastically reduced from 0.914 to 0.468 ÕA. Interestingly, the 

sample processed at the highest tool rotation speed of 1200 rpm revealed the maximum 

resistance to corrosion with corrosion current density of 0.057 ÕA. Hence, a considerable 

reduction in (Icorr) and therefore corrosion rate revealed that the friction stir processing has 

a great potential in reducing the corrosion susceptibility of 6061 AA.  
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Figure 4- 21 Potentiodynamic Polarization curves after 15 days of immersion in 3.5 % NaCl for the base and 

processed samples 
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Table 4- 7 Corrosion parameters derived from Tafel curves fitting 

Samples ba bc Icorr (µA) Ecorr (V) 
corrosion 

rate (mpy) 

Base 1.856 2.56E-01 3.22 -0.832 1.469 

400-250 6.62E-01 1.74E-01 0.914 -0.93 3.92E-01 

800-250 1.830 1.52E-01 0.468 -1.18 2.13E-01 

1200-250 4.43E-01 1.25E-01 5.68E-02 -0.906 2.59E-02 
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4.2.5.3 Linear polarization resistance (LPR) 

Figure 4- 22 illustrates linear polarization curves for all samples after immersing in 3.5% 

NaCl for 15 days. Accordingly, polarization resistance was observed as the slope of 

corrosion potential vs current. Consequently, the Stern-Geary equation was used to obtain 

the corrosion current density (Icorr) knowing the polarization resistance (Rp) according to 

eq. 4.4 and subsequently eq. 4.5 was used to calculate the corrosion rate.                           

Inspecting Table 4- 8 reveals that the corrosion current density of all processed samples is 

lower than that of the base metal and the sample processed at the highest rotational speed 

displayed the lowest corrosion current density and therefore the lowest corrosion rate.  

 

   Figure 4- 22 Linear polarization curved for all samples after immersing in 3.5% NaCl for 15 days 
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Table 4- 8 Polarization resistances values obtained from LPR curves 

Samples Rp (kohms) Icorr. (µA) C.R. (mpy) 

Base 35.87 2.724 1.168 

400-250 119 0.503 0.2157 

800-250 322.8 0.1889 0.0389 

1200-250 379.4 0.1115 0.0291 

 

4.2.5.4 SEM images for corroded samples processed at different rotational speeds 

To study the morphology of the corroded surfaces and to compare the influence of 

processing samples using friction stir processing, various scanning electron images were 

taken from the area that was exposed to 3.5 % NaCl for 15 days and after potentiodynamic 

polarization test. As depicted in Figure 4- 23 (a), deeper corrosion pits were noticed for the 

base sample especially around the corrosion products. Additionally, as compared to 

processed samples, the base metal demonstrates a severe corrosion attack which confirmed 

the results obtained from the phase angle-frequency plot b, c and d. Further, the higher pit 

potential for all processed samples compared to the base sample is another way to explain 

the higher severity of corrosion attack on the base sample.  

4.2.5.5 Discussion of corrosion results  

To sum up, besides scanning electron images, all electrochemical tests show a strong 

agreement in the trend of corrosion resistance where the base sample revealed the highest 

corrosion rate and a further reduction in corrosion susceptibility was observed upon rising 
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the tool rotational speed. A similar observation has been disclosed by Surekha et al. and 

Navaser et al. upon friction stir processing of 2219 AA and 7075 AA respectively [145] 

[146]. For both cases, the enhancement in corrosion resistance with increasing tool rotation 

speed was ascribed to precipitation dissolution[ref]. Likewise, Zhou et al. [147] have 

studied the influence of increasing rotation speed on the microstructure of Al-Mg-Si alloy 

and have concluded that the rise in tool rotation speed resulted in the dissolution of Mg2Si 

precipitate due to the increase in heat input. Indeed, the corrosion behavior of this 

precipitate relative to the aluminum matrix was extensively studied in the literature 

[148][149][150]. There is a strong agreement between all authors that Mg2Si has cathodic 

behavior and therefore it is expected that its dissolution will have a positive impact on 

corrosion resistance. It should be emphasized that the corrosion behavior after grain 

refinement is not fully understood yet. Nevertheless, according to electrochemical results 

in Table 4- 6, there is mismatching between the increase in passive film thickness and the 

reduction in corrosion susceptibility.  

It is strongly believed that a combination of both grain refinement and precipitation 

dissolution are the main reasons for superior corrosion resistance obtained after processing 

the samples surfaces. 
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Figure 4- 23 Scanning electron images of (a) base, (b) 800-250, (c) 1200-250 samples after 15 days of immersion 

in 3.5% NaCl. 
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CHAPTER 5 

FRICTION STIR PROCESSING OF 2099 AA 

In this chapter, the influence of FSP on microstructure and corrosion resistance of Al-Cu-

Li alloy (2099-T83) was studied in detail.  

Figure 5- 1 shows an optical image of etched as an extruded sample which was taken in 

the extrusion direction. As clearly seen in the figure, an unprocessed sample illustrates 

unrecrystallized elongated grains parallel to the extrusion line, despite the heat-treatment 

that the sample experienced. Besides, recrystallized grains can be seen in low proportion 

which their formation is ascribed to heat-treatment. 

 

Figure 5- 1 Optical image of an as extruded 2099 T83 base sample  
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5.1  Effect of changing traveling speed 

5.1.1 Generated Torque 

Figure 5- 2 Influence of changing tool traveling speed on spindle torque  shows the effect 

of changing tool traveling speed from 50 to 200 mm/min while keeping tool rotation speed 

constant at 1000 rpm on resultant spindle torque. As clearly seen, all samples showed a 

jump at the beginning of the process which is attributed to the cold run. In addition, spindle 

toque of around 26 N.m resulted from moving of tool at a rate of 100 mm/min. Besides, 

rising tool traveling speed from 150 to 200 mm/min caused a remarkable increment in 

spindle torque from approximately 29 N.m to 33 N.m. High fluctuations in spindle torque 

is observed at the lowest traveling speed which revealed the crucial role played by traveling 

speed in determining heat input.  
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Figure 5- 2 Influence of changing tool traveling speed on spindle torque  

 

 

5.1.2 Microstructure analysis  

Figure 5- 3 (a), (b), (c) and (d) show the microstructure of processed zone after deploying 
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speed of 1000 rpm. As clearly seen in the figure, FSP remarkably refines and homogenized 

the microstructure of the processed zone. Additionally, with traveling speed increment, the 

grain size demonstrates a noticeable reduction. Further, heat input, generated torque and 

grain size for different samples are listed in Table 5- 1.  It is evident from the table that 
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an appreciable increase in generated torque, while the both heat input and grain size 

substantially reduced. It should be emphasized that the more grain refinement after 

increasing tool traveling speed was reported before. Such a refinement was ascribed to 

reduction in heat input which play a crucial role in determining grain size according to the 

principles of recrystallization [94]. 
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Figure 5- 3 Impact of changing tool traveling speed on the microstructure of the processed zone for samples 

processed at (a) 50 mm/min, (b) 100 mm/min, (c) 150 mm/min and (d) 200 mm/min 
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Table 5- 1 Effect of process conditions on heat input and grain size 

Samples 
Generated torque 

(N.m) 

Heat 

input (J/mm) 

Grain size 

(µm) 

Base -  34 

1000-50 23 2890 12.5 

1000-100 26 1633.628 10.3 

1000-150 29 1214.749 8.7 

1000-200 33 1036.726 7.5 

Microstructure across processed zones for samples processed at a constant rotation speed 

of 1000 rpm and tool traveling speed of 50, 100, 150 and 200 mm/min is displayed in 

Figure 5- 4. Interestingly, samples processed at 50 mm/min and 100 mm/min showed a 

similar shape of processed zone. However, rising tool rotation speed from 50 mm/min to 

100 mm/min resulted in homogenizing the microstructure and further homogeneity is 

clearly observed at a higher traveling speed. Three distinct zones namely stir zone (SZ), 

thermomechanically affected zone (TMAZ) and heat affected zone (HAZ) have been 

identified. In addition, fine recrystallized grains formation within the stir zone is 

consequence of frictional heating and severe plastic deformation. Further, the creation of 

TMAZ during FSP is ascribed to both temperature and deformation. This region is 

characterized by its deformed unrecrystallized gains resulted from insufficient deformation 

strain. Moreover, HAZ is located next to TMAZ where no plastic deformation occurs; 

however, the formation of this region is attributed to thermal cycle. Further, under studied 
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process parameters no defects were captured, and basin shaped of stir zone with wide top 

region was detected. 
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Figure 5- 4 Optical images across the processed zone for samples processed at a constant rotational speed of 1000 

rpm and different traveling speeds. 
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5.1.3 Electrochemical behavior 

5.1.3.1 Electrochemical impedance spectroscopy (EIS) 

Electrochemical impedance spectroscopy (EIS) has been widely used to characterize the 

electrochemical properties of metal surfaces. Electrochemical impedance spectroscopy 

was carried out to investigate the impact of changing traverse speed over a wide range from 

50 mm/min to 200 mm/min at a constant interval of 50 mm/min during friction stir 

processing of 2099 AA on corrosion protection performance. Nyquist plots after immersing 

all samples (base and processed) for 7 days in 3.5 NaCl are depicted in Figure 5- 5. It is 

clear from the figure that all samples have revealed the same behavior where two capacitive 

loops (two times constant) are clearly found over the entire frequency range. Additionally, 

diameters of unfinished circles have shown remarkable variance between all samples where 

all samples processed at different traveling speeds have demonstrated higher unfinished 

arc when compared with the base sample which reflected the better corrosion resistance 

offered by surface processing. Moreover, the sample processed at the lowest traveling 

speed, i.e. 1000-50, has shown the smallest unfinished arc among all processed samples 

which followed by 1000-150 and 1000-200 samples that exhibited comparatively the same 

radii. In addition, the sample processed at a traveling speed of 100 mm/min showed the 

highest corrosion resistance among all samples processed at different traveling speeds. 
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Figure 5- 5 Nyquist plots for samples processed at different traveling speeds after 7 days of immersion in 3.5% 

NaCl 

Typical impedance and phase angle plots for samples processed at several traveling speeds 

as well as the base sample (unprocessed) after 7 days of immersion in 3.5% NaCl are 
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demonstrated the lowest impedance in comparison to other  processed samples; however, 

its impedance still noticeably higher than that of the base sample. Furthermore, the base 

0.0 2.0k 4.0k 6.0k 8.0k 10.0k 12.0k 14.0k

0.0

2.0k

4.0k

6.0k

8.0k

Z
im

a
g

(o
h

m
)

Zreal (ohm)

 1000-200

 1000-150

 1000-100

 1000-50

 BASE



101 

 

 

 

sample, as well as the sample processed at the lowest traveling speed revealed relatively 

narrower phase peak as compared to higher traveling speeds samples. It worth mentioning 

that peak widening for higher speeds samples is possibly attributed to enhancement in 

passive protective film over a wider frequency range and therefore better corrosion 

resistance. As clearly depicted from the figure that the phase angle maxima for all samples 

were far less than 90°. 

  

Figure 5- 6 Impedance and phase angle plots for samples processed at different traveling speeds after 7 days of 

immersion in 3.5% NaCl 
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to 3 circuits each one of them include constant phase element (CPE) parallelly connected 

to resistance as depicted in Figure 5- 7. Electrochemical parameters obtained after fitting 

EIS data of samples processed at different traveling speeds are listed in Table 5- 2. It is 

clearly observed from the table that the lowest total resistance was seen for the base sample 

and all processed samples exhibited an improved corrosion resistance. In addition, the 

sample processed at the lowest traveling speed (1000-50) showed the lowest total 

resistance among all processed samples. Moreover, rising tool traveling speed to 100 

mm/min, significantly improve the total resistance to its peak. Furthermore, both samples 

processed at 150 mm/min and 200 mm/min exhibit a total resistance lower than that of the 

sample processed at 100 mm/min; however, the later samples showed total resistance 

noticeably higher than that of the sample processed at 150mm/min. Additionally, a 

significant reduction in CPE component of the outer circuit (Yf) is clearly seen for all 

processed samples compared to the base metal. This reduction is generally attributed to the 

reduction in activeness of the surface which resulted from the formed passive film  

[113][114].  

 

Figure 5- 7 Equivalent circuit for all samples 
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Table 5- 2 Electrochemical parameters obtained from EIS plots 

Samples Rsόʍύ 
Rf 

*E+3 
όƪ ʍύ 

Rct 
*E+3 
όƪ ʍύ 

Rp 
*E+3 
όƪ ʍύ 

Yp 
*E-
5(*) 

a6 
Yc 
*E-
4(*) 

a8 
Yf 

*E-5(*) 
a10 

Rt 

όƪ ʍύ 
Chi 
*E-5 

base  22.43 3.25 3.49 0.04 6.91 0.93 2.04 0.80 693 0.98 6.78 3.09 

1000-50 24.54 4.15 0.02 4.48 39.4 0.74 53.6 1.00 9.85 0.93 8.86 4.15 

1000-100 22.65 5.32 1.13 30.8 8.77 1.00 7.08 0.76 15.6 0.86 37.3 39.8 

1000-150 27.31 17.3 7.27 2.25 6.01 0.93 32.4 0.55 296 0.98 26.8 8.11 

1000-200 22.29 21 9.31 0 5.14 0.91 2.27 0.86 167 0.85 30.3 4.45 
      *=S*sa 

5.1.3.2 Potentiodynamic Polarization (PDP) 

Figure 5- 8 shows typical potentiodynamic polarization curves for different samples after 

1 week of immersion in 3.5% NaCl. Table 5- 3 presents several electrochemical parameters 

obtained from fitting of PDP curves, namely corrosion current density Icorr, corrosion 

potential Ecorr, cathodic and anodic Tafel slopes (c& a). It is clear from the figure that 

most of the processed samples displayed a shift to positive corrosion potential. 

Interestingly, the only processed sample with a more negative corrosion potential when 

compared to the base sample was (1000-50) sample which exhibited a noticeable 

improvement in pitting potential. The inspection of Table 5- 3  revealed that the highest 

corrosion current density (Icorr) and therefore the worst corrosion performance was 

observed for the base sample with Icorr of 3.55 uA. Moreover, deploying FSP at the lowest 

traveling speed resulted in a considerable drop in Icorr to about 2.15 µA. Furthermore, with 

further increment in traveling speed from 100 to 150 mm/min, the resulted Icorr exhibited a 

significant drop comparing with the base sample from 0.282 µA to 0.268 µA. However, 
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processing the surface at the highest traveling speed of 200 mm/min resulted in a 

significant increment in Icorr to approximately 1.6 µA.  

 

Figure 5- 8 PDP curves for the base sample and samples processed at different traveling speed after 7 days of 

immersion in 3.5% NaCl  

 

Table 5- 3 Results obtained from PDP test for the base and processed samples at different traveling speed 

Samples 
a 

(V/decade) 

c 

(V/decade) 
Icorr (µA) 

Ecorr 

(mV) 

Corrosion rate  

(mpy) 

Base 2.17E-01 1.05E-01 3.55 -771 1.563 

1000-50 1.35E-01 9.56E-02 2.15 -812 0.95 

1000-100 5.46E-02 4.47E-01 0.282 -594 0.12 

1000-150 8.09E-02 5.88E-02 0.268 -692 0.12 

1000-200 8.92E-02 4.66E-01 1.6 -567 0.70 
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5.1.3.3 Linear Polarization Resistance (LPR) 

Linear polarization curves for samples processed at different traveling speeds as well as 

the base sample after immersion for 1 week in 3.5 % NaCl is depicted in Figure 5- 9. The 

linear polarization resistance (RP) was found from the slope of lines. Consequently, the 

Stern Gearty equation (eq. 4.4) was used to get corrosion current density Icorr utilizing the 

Tafel slopes a and b which were acquired from PDP curves.                Table 5- 4 shows 

polarization resistance (Rp), corrosion current density (Icorr) and corrosion rate. Careful 

inspection of the table demonstrated that the highest corrosion current density and therefore 

corrosion rate was detected for the base sample whereas all processed samples revealed an 

improved corrosion resistance. It is evident from the table that the sample processed at the 

lowest traveling speed (1000-50) showed the poorest corrosion performance among all 

processed samples and with traveling speed rising the corrosion rate exhibited a remarkable 

reduction.  
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Figure 5- 9 LPR curves for the base sample and samples processed at different traveling speed after 7 days of 

immersion in 3.5% NaCl. 

 

               Table 5- 4 Results obained from LPR curves  

Samples Icorr. (µA) RP (kohms) 
Corrosion rate 
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Base 3.273 7.96 1.441 

1000-50 2.591 10.05 1.141 

1000-100 0.676 38.57 0.298 

1000-150 0.995 26.18 0.438 

1000-200 0.987 26.39 0.435 
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5.1.3.4 SEM images for corroded samples processed at different traveling speeds 

SEM images of different samples processed at several traveling speeds and the base 

counterpart after exposure to sodium chloride environment for 1 week is presented in 

Figure 5- 10. It is evident from the figure that corrosion pits are clearly noticed on the 

surfaces of the base as well as the sample processed at the lowest traveling speed as seen 

in Figure 5- 10 (a and b). Additionally, increasing tool traveling speed from 100 mm/min 

to 200 mm/min resulted in reducing the adhesion of corrosion products on aluminum 

surfaces as shown in Figure 5- 10 (c, d and e).  
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Figure 5- 10 SEM images for (a) base, (b) 1000-50, (c) 1000-100, (d) 1000-150, (e) 1000-200 samples after 7 

immersion days in 3.5 % NaCl 
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5.2  Effect of changing rotation speed 

5.2.1 Generated torque 

Spindle torque resulted from changing tool rotation speed 800 to 1200 rpm at a fixed 

traveling speed of 150 mm/min is presented in Figure 5- 11 Influence of changing tool 

rotation speed on spindle torque. As observed from the figure that processing the sample 

at the lowest rotational speed of 600 rpm resulted in spindle torque of approximately 46 

N.m. Moreover, rising tool rotational speed from 800 to 1000 rpm resulted in reducing 

spindle torque from about 36 N.m to around 29 N.m and far reduction in spindle torqued 

to 25 N.m is noticed upon increasing tool rotation speed to 1200 rpm.  

 

Figure 5- 11 Influence of changing tool rotation speed on spindle torque 


































