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ABSTRACT

Full Name : Ibrahim Hassan ZainElabdeen

Thesis Title  : [Impact of friction stirprocessing on mechanical, microstructural,
tribological and electrochemical properties of aluminum ajloy

Major Field : MechanicalEngineering

Date of Degree: April-2020

Friction stir processin@-SP)is asolid-statetechniquedeveloped othe same principle of
friction stir welding(FSW). However, rather than joinirgheets or plategSPis employed

to modify thesurfacébulk microstructureand/or develoment of surface metal composite.

Herein, FSP was carried out ofl-Mg-Si and AFCu-Li Alloys to improvethe surface
microstructure without addingeinforcement particles. The impact warious process
conditions i.e. travelingspeedrangingfrom 50 mm/min to 250 mm/mirand rotational
speedrangingfrom 400 rpm tal200 rpm), onthe microstructure, mechanical properties,

wear characteristicendcorrosionbehavior verestudied in detail

Several characterization techniques such as scanslieciron microscopgSEM),
advancedptical microscope (OMand X-Ray diffraction(XRD) wereemployedin the
present studyMicrostructural observation revealademarkable diminishinig grain size

after employing FSRor both alloys Moreover,highertool traveling speed resulted am
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appreciableeduction inthegrain size and that was ascribed to the reduction in heat input
while increasinghetool rotational speedaused nticeable grain coarsening for the same
mentioned reasokuperior microhardness was obtained fbA&Mg-Si alloysprocessed
samples under different process conditiovitere the sample processed the lowest
traveling speed showedn improved microhardness by approximately 100%ear
resistancevas found tdoe reduced marginallipr the most of processed sample#th no

remarkable change in wear mechanigspitethe marked enhancement in microhardness.

Several electrochemical tests were carried ouevaluatethe influence of surface
processing orthe corrosion behaviosuch as electrochemical impedance spectroscopy
(EIS),linear polarization resistanceRR) and potentioynamic polarization (PDP)case

of Al-Mg-Si alloy (6061 AA) all results obtained from various electrochemical techniques
werefound to bein a good agreementvherethe base sample demonstrated the poorest
corrosion resistanc&esides, increasintpetool traveling speeds resultedarremarkable
improvementin corrosion resistance where the sample processed at the highest traveling
speedshoweda reductionin the corrosion current density k) by approximately600
times when compared with the base samf@la. the other handincreasingthe tool
rotational speedhas improved the corrosion resistancearkedly where the sample
processed at the highest rotational spegdiled a decline irthecorrosioncurrent density

by about 55 timed~or Al-Cu-Li alloy (2099 T-83), the nondestructive electrochemical
examinations i.e. EIS and LPR were not in full agreemaht PDP resultsBoth EIS and

LPR results revealed appreciablghancement in corrosion resista where all processed
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samples showedsgnificant improvement in corrosiorsistancdy either increasg the

tool traveling speedr thetod rotation speed
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CHAPTER 1
INTRODUCTION

1.1 Motivation

As a result of their outstanding characteristiosluding 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 aefd$pace
Nevertheless, despite unig properties that were mentioned earlier, aluminum alloys
demonstrate poor surface characteristics such asregiatance and microhardness which

was considered the major problem that restricted their applicd2¢33. It should be
pointed out that the life of many engineering applications primariigsren surface
characteristics such as wear, corrosion and@mnasisistancgl]. 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 meaigroperties. These
techniques include, but are not limited to: diffusion bonding, casting, electron beam
techniques, powder metallurgy, and spray depositions mefa8H7] Although metal

matrix conposites characteristics are governed through fractions anof seaaforcement
particles and interfaces between incorporated particles and matrix, embedded ceramic
particles sacrifie both materials ductility and toughness owing to the-camformable

naure of ceramic which may restrict their applicatifdi$8]. Moreover, fabrication with

these techniques is carried out at an elevated temperatdine liquid phasewhich may

lead to intermetallic reactions as well as adverse phases between reinforcements and
substratg7]. Furthermore, some of these methods are associated with particle clustering

and porosity which reduces tensile properties considerably as repof&zhby et. a[9].



Thus, the fabrication of surface composite beneath the melting temperature of the base
material would result in soirg most of the problems mentioned ab{de Recently, the
voluminous body of research has been conducted in developing surface metal matrix using
friction stir processingrriction stir proessing (FSP) was developed on the samis bas
friction stir welding (FSW) which was invented yne Welding Institute(TWI) in 1991

[10]. Friction stir processing (FSRsultedn a dramatic change in mechanical properties,
wear behavior and corrosion resistance through a severe plastic deformation accompanied
by heat generated during stirring act[@d]. Thus, FSP affects the surface microstructure
considerably ath can result in ultrdine equiaxedgrains. Moreover, uniform dispersion of
incorporated material as well as precipitates can alebtaned11]. Several advantages

were made FSP more favorable as compared to other conventional methods as it is
considered a short rout technique nicrostructure refinementin addition, corrosion
behavior, mechanical properties, microstructure and wear resistance can be controlled
through changing process parameters of maahirieol design Moreover, by changing

the plunging depth, the depth oktprocessed 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 i$1&ed huge volume of research

was conducted to examine the change in microstructure, wear resistance, mechanical
properties, corrosion behavior, particles dispersion during the fabnaa surface metal

matrix using FSPHowever, it is gongly believedthat the enhancement in various



properties obtainethroughembedded hard phases t@ngained with just varyingrocess

conditions.

1.2 Objectives

The main objectives of this research are:

U To modify 6061and2099Aluminum alloyssurface usingfriction stir
processing.

U To explore thempactof varying process parameteérms. rotation andraverse
speed®nthemicrostructure anthe corrosion behavior for both alloys

U To study the tribological characteristics and mechanical properties 0?3061

friction stir processedurfaces as compared to the base metal.

1.3 Research Methodology

In the present worksurfaces of 6061 and 2099AA were modified using friction stir
processingunder differentprocessparametersA pin tool was utilized for2099 AA,
whereas ainlesstool was used for 606AA. Friction stir welder machine was operated
under position control whenselding speedvas variedwhile rotational speewas kept
constanandvice versaAs depicted irFigure 1, processg of samplesvasfollowed by
sample preparation step where all samplere cut to suitable sampléimensionsfor
microstructural evaluation, mechanictibological and corrosiotesting.To investigate
the change in microstruge, all samples were groymablishedand subsequently etched

However, to evaluatéhe microhardness and elasticodulus, diffident samples were



ground and polishellefore the test. For wear and corrosion tests, all samgiesonly

ground to removell FSPshoulder marks. Afterorrosion and wear tests, SEbthnique

was utilized toanalyzethe mechanisms associat@dh worn and corroded surfaceshe

schematic diagram of Figurelldescribes the methodolotpllowed during this work.

Friction stir
processing

Various process

conditions

Samples
preparation

machining

grinding

polishing

eaching

Electrochemical

behavior

|_— Wear behavior

Potentiostat

Mechanical
properties

Tribometer
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Figure 1- 1 Schematic diagram of research methodology

after corrosion
and wear tests

Micro
indenter

Microstructural

analysis

Optical
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1.4 Organization

This thesis consists of five chapters organized as follows: chaptés treintroduction
andcontainghe motivation and research objectivEeliterature review is covered in the
second hapter which includes the statéart researchin the field of FSP and research
gap. After that, detailed information about the experimental procedem/éedin the

third chapter. The results and discussion of the 6061 AA is presented in chapter four,
whereas the discussion of the obtaineslltsof 2099 AA is presented in the fifth chapter.

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



CHAPTER 2
LITERATURE REVIEW

2.1 Friction stir welding:

Friction stir welding (FSW) is a solistate welding process invented Bbite 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 easilwbgtmnal
methods such as Aluminum and magnesium; however, the usage of friction stir welding
process has been extended these days from polymers to steeintesgmentdrad been
directedn the development of this process by research institutes remiee, 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 ofhis 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 m Figure 2 1[4][12][14].
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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 directio@n theotherhand as presented iRigure 2 1 onthe
advancing side of the weld both the direction of tool rotation and tool traveling are the

same



2.2 Friction stir processing:

It is one derivative of friction stir weldingvhich is used widely for either surface
modification for grain refinement or development of surface composiEP was
developed by Mishra et ah 2003to fabricate alSiC metal matrix composi{é6].

Figure 2 2 depicts a schematrepresentationf 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 deforation for the material around the tool at a temperature far low than
the melting temperature. Thus, both elevated temperature and mechanical stirring result in
agrain refinement and homogenization.

FSP region

Figure 2- 2 Schematic offri ction stir processing [16]

2.2.1Friction stir processing as a surface modification approach

Alidokh et al.[17] successfully modified A365 surface by using FSP. Rather than adding
powder, they sidied the effect of changing rotating speedmechanical properties
microstructure, and wear resistané¢enodifiedsurfacesTheir 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 retagon for
improvement in  wear resistance Zahmatkesh et.[18] evaluated wear behaviqr
microstructureand microhardness of friction stir processed Al2@2de equiaxed grains

were detectedat 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.

2.2.2Friction stir processing to synthesize surfaceomposite

Different mechanical characteristics, weahavior, microstructural aspects and corrosion
resistance were investigated whereby using single reinforce padiulietual reinforce

particles

A surface metal composite of AI5083C was fabricated using FSP by Yuvaraj ef].

They addressdthe influence of reinforcement size as well as the number cptsses on
weakrresistance, 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 wfnae grains. Therefore, a higher number of
passes with B&nanoparticles was optimum parameter because it gave the highest wear

resistance, hardness, and tensile strength.



Sivanesh el al[20] have successfully synthesized AA668ACQ using FSP and have
inspected the influence of added particlesvear resistangenicrostructureandhardness.

The results demonstrated that a slight enhancement in hardness for the sample processed
without powder; however, the fabricated surface contpaskhibited outstanding wear
resistance which waswedto the initiation of asolid lubricant film and thereby reducing

metal to metal contact.

Thangarasu et aJ21] have synthesized 608HC surface compositat variousvolume
fractions of reinforcement using friction stir processing and have evaluated mechanical
properties, microstructure and wear behavithe finding revealed thatll 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 AI5083 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
homogenasdistributionof reinforcement particles in the aluminum matrix. Moreover, the
fabricated composite exhibited ansiderableenhancement in hardness which led to

improvethe wear resistance of a composite surface.

Kurt et al.[23] have incorporated SiC particles to ADO&sing friction stir processing and
have compared thénfluence of rotation speed and traveling speed mechanical

propertiesand microstructure of friction stir processed samples as well as friction stir
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processed samples withdded ceramic phase. Theesults 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 tonples processed without powder resulted in
hardness reduction, while, changihg rotationakpeed for composite samples exhibited

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

at a higher rotation speed.

Receantly, Manochehrian et a[24] have addressetthie outcome of three different volume
fractions of T3AIC> added to A356 using FSP on microstructure, mechanical
characteristiceand wearesistanceThe resulthaveindicated homogenouwispersionof

fine Si in the matrix andlecrease 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 minimunonfricti
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 AA1058|.03 composite using FSP and studied
mechanicalproperties, 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

paticle 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.

Rara et al.[26] havesynthesized\A7075-B4C compositeusing FSP and have made a
comparative study to investigate the influence of powder sidechanging the direction
between the passes oginforcement dispersiomicrostructure and wedrehavior The
finding indicated a uniform dispersion of powder for samples processed by changing the
direction after each pass. In addition, a sample witr foowder particles exhibited both

the highest microhardness and lowest mass loss.

S.A. Alidokh et al.[27] have fabricated A356SiC-M0S2 hybrid metal matrix using
friction stir processing and have compared the microstructure, wear resistance and
mechanical properties of-aast A356 with unitary A365iC and binary A365iC-MoS2
composites. They demonstrated a significant change in the mictastrao¢ composites.

The main features of microstructural modification were breakage of Si circular particles
andaluminum dendrites, which resutt a uniform distribution of both ceramic and solid
lubricant particles in the metal matrix. Moreover, theangc particles and MoS2 resulted

in a considerable enrichment in both wear resistance and hardness.

Yuvaraj et al[28] have fabricated the AIS08BIC-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 acledvfor various composites. The results
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demonstrated that both the highest hardness and tensile strength were observed for AI5083
B4C composite; nevertheless, the least ductility was observed for this mono composite.
Moreover, AlI5083TiC-B4C binary composé 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 .

Eskandari et.gl29] have utilized FSP to produce AA 8GZ@B,-Al.O3z 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, l@aneement 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.a[30] have synthesized AAG608PRiB,-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 segregatiéihso, 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 CeQusing friction stir processing. Their finding concluded tha
unitary AA5083SiC showed the highest hardness. However, hybrid AASDS3-SIC
exhibited the outstanding wear resistance and that was ascribed to lubricated layer made
by CeQ. Likewise, a comparative study Bpleymani el al[32] aimed to investigate the
impact of adding mono composite of SIC or hybrid composit8iGf MoS; added to
AI5083 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 bWoS,. Similarly, A413-SiC- Mo, hybrid composite surface

was fabricated using FSP by Janbozorgi ef3d]. They indicated that as compared to
A413-SiC mono composite, A413iC- MoS; binary composite exhibited a better wear
resistance which was ascribed to the lubricant film that led to diminishing friction
coefficient and thel®y enhancing wear resistance. The impact of relative ratios of graphite
and alumina added to AI5083 using FSP on wear and mechanical properties was
investigated by Mostafapour et[&4]. They illustrated that the highest wear resistance
was observed for the composite with a higher graphite content which was owed to
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 A3584C-M0S; composite using friction stir

processing and have investigated the effetedding micro size solid lubricant Me®
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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 ofavidS

nanasized BC exhibited the lowasoefficient of friction and thus the least mass loss.

Sudhakar et al36] have added EC-MoS;to AA7075 using FSP and have studied the
influence of boron carbide particle size namely 160, 60, and 30 um on wear resistance,
mechanical properties and microstructure and thereafter have investigated the same
properties when Ma$Ssolid lubricant was added. The findirsipowed microstructural
refinement and a homogenous distribution of carbides particles. In addition, 3QGum B
have shown the greatest hardness and wear resistance among all mono composites;
neverheless, after adding Me$urther improvement was obtained in both hardness and

wear resistance which was ascribed to the formation offitiino

Mahmoud et al[37] have fabricated A 1058iC- Al>O3 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 gr& 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@g)Al
illustrated an outstanding wear performance, whereas, at 10 N normal load, the mass los
for all processed samples under different ceramic ratios was almost equal to that of the

unreinforced specimen.
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Recently, Deore et al38] have incorporated three different kinds of fillers namely
MWCNTSs, SiC and Cu in AA7075 using friction stir processing and have investigated th
effect of these fillers and age hardening on microstructure, mechanical properties and wear
behavior. They revealed a significant grain refinemerall processed samples with or
without additives; nevertheless, adding filler resulted in further reméras a result of

the pinning action of additives. In addition, age hardening that followed FSP has resulted
in the existence of Mgznfor all mono composite samples. Although all friction stir
pressed samples demonstrated an improvement in mechaniqart@® and wear
behavior, post heat treatment has resulted in further enhancement in these properties for all
samples.

2.2.3Effect of varying number of passes and changing the direction duringSP

Hashemi et al[39] have investigated impact of varyirtige number of passes and tool
geometry dung fabricating of AI7075TiIN 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 he lowest friction coefficient, the highest microhardness and the least mass loss
which was ascribed to the formation ob@4 film that reduced metal to metal contact and

thereby enhancing wear resistance.

Huang et al[40] syrthesized AI1060N surface composite usingSP 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 nurhpasses. 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 AlI707%izAlC> composite using=SP 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 ductiliherfumte,

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 usikfSP at differentnumber ofpasses. They have
investigated the effect of increment in the number of passes on the dispersion of the
paticles, 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 agedmpa

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 AIO5Fe304 was synthesized using multi pdsSPby Eftekhari et al.

[43]. They have changed the direction after each passtainca uniform microstructure

and have investigated the contribution of passes number on strengthening, particulate
distribution, grain size, wear behavior, tensile strength and corressaeptibility 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 comparadixture 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 fricti@oefficient. Furthermore,
processed samples showed more noble potential than that of base metal and pitting
resistance also improved; however, the corrosion rate for the pedsessples increased

as compared to as received specimen.

Shafiei et al[44] havesuccessfully fabricated Al608&I.,0s compositevia FSPandhave
investigatedhe influenceof varyingnumber of passes on the grain sie@forcemensize
anddispersionmicrohardness and wear resistance. They indicated that a rise in the number
of passes resulted more grain refinement, reduction in the clustering of particles. In
addition, the microhardness of the composite sample procassettigher number of
pases showed eonsiderablémprovement which was interpreted by grain size refinement
and better reinforcement particle distribution. Moreover, this improvement in

microhardness led toutstandingvearperformane of the composite.
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Patel et al[45] have utilized FSP in the synthetization of A484rBiO4 unitary composite

and have assessed the impact of an increase in the number of passes on microstructure,
mechanical propertieendwear 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 avarying number of tool pass during fabrication of AASGG®,
nanocomposite using FSP on microstructure, mechanical properties and wear behavior
were studied by Mirjavadi et g¥6]. 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 compaditibited 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 lodmbaring capacity of zirconia.

2.2.4Impact of tool designduring FSP

Chen et al[47] have conducted an experiment aimed to study the effect of pin eccentricity
during friction stir processing of AlI5052 on mechanical properties and microstructure.
They used three different tools including a concentric @dlmm and 0.8nm 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,-es@ntric 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 AF7075

TiN composite using mulpassFSPon 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 tereforecompositesurfaceproperties Additionally, the highest tensile
strength was captured for the square tool compared to the leastasssghich was
observed for the threaded tool; however, all process samples demonstrated a poor ductility
as compared to the base metadl thisis attributed to a hard phase of embedded ceramic.
2.2.5Influence of varying speed duringFSP

Recently, Zhang et a[49] utilized FSP to synthesize 2060 -CNTs nanocomposite,
wherein the tool rotation speed was varied frorfi 80950 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 propertiese Tésults indicated a marginal coarsening in

the grain of aluminum matrix associated with a higher entrgsl. In addition, better
dispersion ®CNTSs in the matrix was observed at higher energy level which resulted in
better mechanical propertie€ao 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 7Bimin and 1000 rpm.

2.3 Friction stir processing of6061 AA

Graphene nanoplatelets haveebeadded 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 imeproved by approximately 28 and

84 % respectively while the yield strength slightly declines. Sharma €2l 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 phasas 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&C- GNPs compadge. Moreover, the later composite

has demonstrated an enhancement in wear resistance by about 56% compared with the base
sample. Sharma et §3] 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 resistat for Al-G-SiC composite by approximately 50%, whereasSAI-CNTs
composite have displayed a considerable deterioration. Sharm§é{ abmpared 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 obynthesized composites. The results outlined an enhancement in
hardness by approximately 116%, 100% and 84% fe®ARI-CNTs, AFGr composites
respectively. Moreover, a similar trend in microhardness improvement was also reported
for wear resistance whethe AlG 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 developedoapmsite with approximately

47.4 and 32.4% respectively as compared to the sample processed without powder.
Balakrishnan et a[57] have compared the microstructure and mechanical properties of
zirconium particles added to 60&JA 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 tensigrength whib was ascribes favorable modification in microstructure.
Dinaharan et a[58] have investigated the impact of employing FSP on the modification
6061 AlsTi and 6061AlsZr prepared via casting. The results have reveakdraficant
improvement in the dispersion of reinforced particles. Moreover, substantial enhancement
in both microhardness and wear resistancefriotion stir processedgsamples over the
casted 6061, casted 6064 :Ti and casted 606AlzZr. Similarly, Balakrishnan et d59]

have successfully utilized FSP to modify AA66AIkFe composite fabricated via casting.
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The results have shovanhomogenous dispersion of added particles after FSP as well as
elimination of cast defects. Moreover, severe plastic defbom caused by FSP and
pinning effect of added particles resulted in considerable reduction in grain size and

subsequently enhanced tensile strength.

Dinaharan et a[60] have fabricated AA606tice hush ash composite using FSP and have
studied the nerostructure 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 1] have used FSP to alter
AA6061- Al.Cu composite fabricated via casting and have investigated microstructure and
tensile strength. The results have illustrated a homogenous microstructure and uniform
dispersion ofeinforcement particles after deploying friction stir processing. Additionally,

the tensile strength of the composite considerably improved after FSP. Baraf6&i al.

have evaluatedhe effect of the combination of vibration and FSP of AAGGED,
composite on microstructure, tensile strength and corrosion resistance compared to the base
sample and conventional FSP. The results have shown a decline in grain sizedorgte
processed with a new approach by approximately 38% compared to convenittioal

stir processedample. Additionally, the FSP sample have exhibited the highest corrosion
rate followed by the base sample, while combining vibration to FSP restdtducing the
corrosion rate by about 87%. Moreover, tensile strength and wear resistance was the

highest for the sample processed with a new novel technigharg et al.[63] have
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modified casted AA606ZrB> using several passes of FSP and have investigated the new
microstructure and mechanical properties. The results have revealed a considerable
enhancement in microstructure homogeneity d&®P. Besides both microhardness and

tensile strength increases regularly with rising number of passes.

Aruri et.al [64] have compared AA6061SIC-GR and AA6061 SiC- Al>Oz hybrid
composites synthesized via FSP at different rotational spédusr results have
demonstratedhat the highest microhardness was for AAG&C-Al Oz at the lowest
rotational speed and that was attributed to the pinning effect©g Ahd $C. On the other
hand, the highest wear resistance was for AAEBELIGr composite which was
interpreted by the loadearing capacity of SiC and lubricant film of Gr. Moreover,
presencef brittle reinforcement resulted in reduction in tensile strengthpened 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 AA6EBIC-Gr. The fnding 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 methodologwwas employed to optimize rotation speed and relative powder

fractions of SiC and ADs which added to AA6061 using FSP by Devaraju ¢6@). 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 weklaresistance.

Devaraju etl.[67] compared the performanoc€AA6061-SiC- Al .03 with AA6061-SiC-

Gr compositedabricated using friction stir processing. The finding showed that the soft
phase of Graphite was the main reason for microhardness reduction; neverthekesg] this
phasecontributed toward coefficierf friction reduction and #rebyenhancing the wear

resistance.

In situ approach was employed to fabricate Al6@I0; using plasma spray and
consequently friction stir processing was applied on the suf&&je The powder was
distributed uniformly along the nugget zone and no defects were capkurettbn 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 redfesmnple and that was

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

Sharma et a[69] synthesized AA6061B4C- MoS, 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 AA6064B4C exhibited the highest microhardness; however, with modifying
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the composite by introducing 25%0l. of MoS, a considerable reduction in hardness wa
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 inftistion stir processedample withat powder which

owed to the dissolution of strengthening precipitates.

Kheirkhahet 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 resistancethercomposite surface was

substantially f[gher thanthat ofthefriction stir processedurface and base metal.

Kishan et al[70] have investigated the impact oflume fraction of TiB 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 exhibitedvarltensile strength as comparedhe
asreceived specimen. Nevertheless, both microhardness and wear resistance for all
processed samples were higher than that -oéesived material. Particularly, TiB2/6
volume fraction showed the highesticrohardness among all samples; whereas, the

highest wear resistance was observed at -A®2volume fraction.
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Dinaharan et al[71] have incorporated waste fly ash into the AA6@&4trix 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 propertie®esides the pinning effect of fly agfarticles, 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-BiC added to
AAG6360 using Friction stir processing on both microstrucand 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.a[73] utilized friction stir processing to incorporate@®to Al-6061. Their study

was aimed to assess the effect of change the stirring direction duritigpaases on
microstructure, hardness amekear 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 ¢hbest hardness and wear performance

Rathee et al[74] conducted an evaluat study to optimize tool over plunging depth
during the fabrication of AA6068iC 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 plungingpdk 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 flowna therefore cavities formation.

2.4FSW of Al-Li alloys

Among aluminum alloys, the third generation of aluminum lithium alloysL{ACu-X)

has beerconsideredas 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 temperasirgood corrosion resistance, low density,
superplasticity, highracture toughnesandenhanced specific strength5][76][77]. As
compared to the previous two generations eLiAhat exhibited unexpected failures due

to either hot or cold expansion and short traverse fracture toughness which reshiked in
complicated design thereby restricting applications, the new generation with the content of

lithium less than 2% was able to solve the mentioned drawlha8Kz9].

Indeed, dding 1% of lithium to aluminum alloy results in increasing the elastic modulus
for the alloy byapproximately6 % andthis mainy 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 alloysnstaerconsequence of adding 1 %

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

which play a vital role in determining mechanical properties and corrossistanc¢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 rpahile the welding speed was kept
unchanged of 42 mm/miron 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 precipitatesdditionally, tensile strength has initigl
exhibited an improvement upon rising ties¢ationalspeed; nevertheless, a reduction in the
strength was detected with further increasing of rotational speed. Bitond$3&] dlave
performed a statistical study aiming to investigate the contribution of various process
parameters of traveling speed and rotation ¢pkeing 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 traviely speed. Ma et aJ81] 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 increasingatiw tn 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.

Muthumarckam et al [82] have studied the impact of both traveling speed and rotation
speed on microstructure and mechanical propertiesgifiiction stir welding of AA2195.
The obtained results have indicated that for both the highest and lowest rotational speed

defectfree zone was not detected. In addition, more grain refinement was observed with
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either rising traveling speed or reducirgjation speed. Moreover, the influence of tool

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

2.5Research gap

It is evidentfrom the previous literature that most tdfe conducted work wafocusedto
enhance variousnechanical, tribologicahnd corrosion characteristicgirough adding
ceramic particles tthealuminum metamatrix using FSPMetal matrix fabrication using
FSP has several advantagesver other conventionapproachesvhere the fabrication
temperature is beneath theltimgy point Nevertheless, it is believed thatrying process
parameterbave a great conthutionto the heat inputvhichmarkedly altersnicrostructure
and thereby changingdjfferent propertieslt is to be noted thatarying process condition
i.e. plunging depthtilt angle, shoulder featurepin shape, pass numbdhnge direction of
passesprocessing speed and rotational speed wagatbhgthe same attentidior various
aluminum alloys when compard with composite fabrication. Additionallythe
investigation of electrochemical behaviafter FSP is scarcas compared tdhe
mechanical and tribologicaroperties.It is worthy to mention that the processing of
aluminum surfacegatheed a lot of atention because of high availability aluminum
metal and its relatively poor surface properties. Theref@aehancing surface
characteristics would wideihe usage of these alloydence,FSP vasperformed on two
aluminumalloysi.e. Al-Cu-Li and Al-Mg-Si, andsubsequentlythe change in different

propertiesassociated with the processas investigated.
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CHAPTER 3
EXPERIMENTAL PROCEDURE

3.1 Workpie ce material

In the current study, 6061 AAand 2099 AAwith 6 mm inthickness and 20, 60mm in

length and width respectivelyas utilized. The chemical composition fahe 6061 and

2099 aluminumalloys was obtained usinga spark atomic emission spectrometard

presented in Table-3 and Table 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

Researctbased fiction stir welder machingRM-1-MTI, USA) is shownin Figure 3 1
was usedo carry outthe surface modification. Furtheris machire is equipped witla
CNC operation systerand built-in data acquisition system to record different forces and
the torque generated during the proc&ssprocess 6061 AAurfacepinless tool withtwo
circular grooveshoulder of 3 mm (seeFigure 3-2) wasused.Thetool was made from
tool steel 4041 and heteated to achievahardness levalf 54 HRC.On the other hand,
an 11.5 mm diameter H13 tool steel shoulder with 6 pmmdiameterand 5.3 mm pin

length(seeFigure 3 3 (a) ) was used to process the surface of 2099 AA.

Figure 3- 1 RM-1 FSW machine
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3.3 Electrochemical analysis

All electrochemical measurememtsreperformed orthebase sample as well as processed
samples usingypical threeelectrode cell: consisting of a sample as a working electrode,
Graphite as a counter electrode and saturated calomel ele¢(BG#g as a reference
electrodeasseen inFigure 3 4. Gamry instrument (Reference 3000) potentipstabwn

in Figure 3 5 wasuutilized for the data collection and analysis while Echem Analyst 6.0
softwarewasused to fit electrochemical data. All samphesrecut into a suitable size and
then gound using silicon carbide paper up to 400 grit to elimiratesurface roughness

effect and thereafter samplegre masked using Gamry masknd only 1 crf of the
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processed zonwas exposed to 3.5 % NaCl solution 28° C. Priorto performingthe
corrosion testsall sampleswere cleaned using distilled water. The polarizatiowas
carried out inanapplied potential varying from25 mV cathodically to 25mV anodically
with respect tothe open circuit potential (kbcp) at scaming rate of 0.125 mV/s.
Electrochemicaimpedance spectroscopy (EIS) tests was carriedising a frequency
ranging from 1& to 1¢ Hz with an AC voltage of 10 mVFinally, the potertiodynamic
polarizationexperimentsverecarried out between®25 V atascanning rate d.25mV/s.
Thereafter, corrosion potential and corrosion current demgtg determined usinghe

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

36



Figure 3- 5 Gamry Potentiostat

3.4 Mechanical properties
In order to assess the mechanical propertipsarfessed and base sampieiro indenter

(MicroCombi Tester, CSM Instruments, Switzerlgpdsented ifrigure 3 6, wasused.
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A pyramidal diamond indentevasused with a normal load of 200 g (2 N) for 10 seconds
dwelling time at 4 N/minloading and unloading rate. A minimum of 6 (2 x 3 matrix)
measurements at different locations on each sample were recorded for hétiireass

modulus of elasticity (E

Figure 3- 6 Micro indenter equipment

3.5Tribological evaluation
A wear test was conducted usalinear reciprocation tribometéDocum, Indiawhichis
presented ifrigure 3 7. The configuration of the test was ball on discler dryandroom

temperatureconditions. Stainlesssteel ballwas used as counter face with 6 mm in
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diameterPrior each test the counter face ball was clearisety acetone and subsequently

dried.

Figure 3- 7 Linear reciprocating tribometer
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3.6 Characterization techniques

3.6.1Microstructural 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 usinBiamond Lapping Paste with sizenged from 7 to im ard finally

Al203 with 50 nm size was used. &tch 6061 AANaOHsolution (2g of NaOH dissolved

in 100 ml of distilled water). On the other hakiler regent wasised to etch 2099 AA.
3.6.2Present phases

X-ray diffractometer (Advance D8 XRD, Bruker, USWasused to assess any structural
changes between the base and the processed samples. The samgdeanned from 10
to8Patarate of 0.0 s using a CuKU radiation source (
operating at 40 kV and 40 mA

3.6.3Grain size

In order to determine grain size and morphology, optical digital microscope (Olympus,
DSX 510, Japanyasutilized. Olympus stream software equipped to the microsa@se

used to calculate average grain size acogrth ASTM 11213[83].

3.6.4Morphology 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 spectroscopyasused.
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3.6.5Wear measurement

To measure thenaount of material loss aftevear, weight balancéphoenix instrument,
Germany)was usedA minimumof threemeasurementseretakenbefore and after wear

test and the average value was recorded.

Samples designation:

Table 33 Samples dsignationTable 33 shows samples designatiamsed in the thesis
for 2099 AA and 6061 AA.

Table 3-3 Samples deignation

(rgm) (mm\;min) Sample designation
400 250 400-250
600 150 600-150
800 150 800-150
800 250 800-250
1000 50 100650
1000 100 1006100
1000 150 1006150
1000 200 1006200
1000 250 1006250
1200 150 1206150
1200 250 12006250
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CHAPTER 4
FRICTION STIR PROCESSING OF 6061 AA

In this chater, the impact of friction stiprocessing on microstructure, mechanical
properties, corrosion resistance and wear behavior éMghSi alloy (6061AA) was

studied in detail.

4.1 Effect of changingtraveling speed

4.1.1Generated 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 increasinggrspeéd
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 consideraddesénio torque

with traveling speed increasing can also be attributed to flow stress [&8g]ng
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Figure 4- 1 Effect of traveling speedon generated torque

4.1.2Microstructural analysis

The opticalmicroscopicimages of theprocessedsurface for the samples fabricated at
various traveling speeds, namely 100, 150 and 250 mm/min and as received sas&)le (b
are presented iRigure 4 2 (b), (c), (d) and (ayespectively. It is to be noted that the only
source of heat during this investigation vehee tothe tool shoulderinteraction with the
workpiece material As compared to the base metal, samples processed at different
traveling speeds exhibited substantial grain refinemén@addition, themeasuredmean
grainsizefor the base metalas93.93 um and after processibgcamel7.74, 16.38 and
15.58 pm forthe 1000-:100,1000150 and 100250 samplesrespectively as depicted in

Table 3. The grain refinement withincreasingtraveling speedduring friction sir
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processing was extensively reported in the literaamd was attributed to heat input
reduction. It worthwhile to know that quantitative analysis of heat input did not establish
yet; nevertheless, for specific process paramelers evident that risg tool traveling

speed under constant rotation speed results in heat input reduction whereas increasing tool
rotation speed and fixing tool traverse speed resultscheaseheat input during friction

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

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

( - — (4.1)
WhereH is heat input in J/mm, Tis tleverages pi ndl e measured torque in

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

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

SAMPLE Torque (N.m) Heat input §/mm)  Grain size gm)
1000100 65 4084.07 17.74
1000150 68 2848.38 16.38
1000250 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 thetliterature.

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 al88] fabricated AZ31/AlOsz composite using FSP and reported that
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with increasing rotation speed, the heat input improves and therefore grains size increases.
Similarly, Moghadds 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 graineafent can be obtainedarious
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 aiyic
recrystallization (GDHYO0]i [93]. It should be emphasized thhe peak temperatuia

friction stir welding/processinglays a vital role in determining grain siaecording to
recrystallization principle§94]. Therefore, grain size decreassther withincreasing of

traveling speed awith rotation speed reductidf5].
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Figure 4- 2 Representative grain of (a) base, (b) 100000, (c) 100€150, (d)1000250
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4.1.3XRD

Figure 4 3 shows the influencef FSPon 6061 AA where welding speedcreasedrom
100 up to 250 mm/miron XRD patternsAs obviously depicted in Figur¢ 3 (a),only
four aluminum matripeaksweredetected whiclproves that no intermetallic phases have
beenformed due to the high frictional he&undamentallythe diffraction method isonly
able to catclphases with a minimum voluniection of 2 % and thereforher peaks of
alloying elements were not detect®b]. Interestingly,samples after processispowed
an appreciable shift toward higlf 2nd the sample processed at the highestessing
speed showethe most pronounced shéis clearly presented Figure 4 3 (b). To our
knowledge,a shift in aluminum peaks aftdfSPwas not reportetbefore it is however
reported for magnesium and coppdter FSP.This phenomenon of peaks shifting was

ascribed tahereduction in latticgparametersvhich caused@¢ompressive strengf@7][98].
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Figure 4- 3 XRD patterns for all sample before andafter FSP at different traveling speeds
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4.1.4Micro-hardness and elastic modulus

Figure 4 4 shows the effect of varying traveling spesatlring FSPof 6061 AA on
microhardess and elastic modulus. The microhardness and elastic modulus of the base
sample wvere obviously much lower when compared with the processed samples
irrespective of the procegmrameterThe microhardness of the base sample is around 50
HV whereasfor the samples processed at 100, 150 and 250 mnafragpproximately

97, 74 and 70 HV. Interestingly, the hardness of the sample processed at the lowest
traveling speed is almost two timistof the base metal. In addition, the elastic modulus

of thebase sample is around 64 GPa while gienformingFSP at the lowest speed the
elastic modulus increadéo around 68 GPa. Moreover, the elastic modulus for the samples
processed at moderate and the high speddwed onlymarginal improvementto
approximately 70 GPaThe enhanced hardness is ascribed to higher heat input that resulted
in the diminishing of second precipitate partif®€§. Besides, the improvement in

modulus of elasticity may be attributed to dynamic recrystalliz§&bh
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Figure 4- 4 Impact of increasing tool traveling speed on microhardness and elastic modulus
4.1.5Electrochemical behavior

4.1.5.1Electrochemical | mpedance Spectroscopy (EIS)

Alternating current impedance approach was implemented extensively in the investigation
of the metalkelectrolyte border, treatment of surfaces, oxides films, kinetics, mechanism
analysis, and corrosion of coating on the metalllzstateg100], [101] Thus, in order to
investigate the effects of friction stir processing on kinetics and characteristics of the
electrochental 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 5displays Nyquist curves, phase angle, and modulus for all ean#s depicted

in Figure 4 5 (aandb), the Nyquist plots illustrate relatively a larger semicircle capacitive
arc at the lowfrequency region and larger counterpart at a lower frequency for the base
sample; however, for (100000) and (1004.50) procesed samples the arc becomes larger

at the highkfrequency region and slighter at the lw@quency region. The larger
uncompletd semicircle capacitive arc for processed samples may be ascribed to the charge
transfer reaction at the interface between mttabxide film formed and NaCl electrolyte

[102]. Accordingly, the charge transfer existed where an oxide film formtue diorder
between the electrolyte and metal. However, the occurrence of the second unabmplete
semicircle arc is attributed to diffusiamontrolled processeqd103]. Depression
phenomenon can be clearly identified through the uncongdetaicircle behavior of arcs
which is probably caused bsurface heterogeneities due to corrosion products and
frequency dispersiofl04], [105] As can be observed froRigure 4 5 (a) the capacitive

arc radius raises witimcreasing thdraveling speed. In addition, the smallestiva 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 speedoQ) was
remarkably low as compared to deviation in radius between the sample processed at
moderate velocity (100050) and that fabricated at highest velocity (1Q60).
Interestingly, the variance in radius between the base sample and28@0€mple was

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

rate is significantly affected by the surface processing. Eurtbre, 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 forfhéd], [L07] Therefore, the
corrosion resistance is found to improve in the order of I@W) 1000150, and 1000

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

sample.

The impe@ncefrequency bode plots for all sampla®presented ifrigure 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 techniquedditioa, 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 increaselmng speed,

the deviation between sample processed the intermediate speed and another at the lowest
speed was much higher. Furthermore, a huge variation was observed betweetb)000
sample and the sample processed at the highest speed whictesdisaperior corrosion

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

Typical Phase anglgequency plots for both processed and base samples are shown in
Figure 4 5 (d). It can be detected that phase angle maxima of the bag#esahifted
toward-78° at a frequency of 25 Hz which suggests a deterioration in the barrier stability
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even at higher frequen¢g08]. On the other hand, (10d®0) sample demonstrated two
times constant, the first time constant shifted towaidat the frequency of 6.4 Hz, while
seconetime constant shifted towar@9’ at the frequency of 241 Hz. Additionally, samples
(1000150)and (1006250) exhibited phase angle maxima shifted tow&8ddand-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
improvemen{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 duratidt11]. Therefore, the optimunnavelingspeed for processing

to obtainthe 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 protectiodccordingly, twoequivalent circuits were usethe first one;

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

involves charge transfer resistance;(Ronnected in series witWarburg resistance (W)
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andin parallel to a constant phase element for delebler capacitance (CRIg while both

(W, Rt U g)XaReEonnected in series with solution resistangg fRtween the reference

and workingelectodes It is suggestedhat all processed samples contain two resistances,
inner resistance and outer ones compared to the base sample which contains only one
resistance. This suggest the improvemegbimosion resistance for all processed samples.
The second circuit as illustrated igure 4 6 (b) was used to simulate all processed
surfaces contains charge transfer resistance serially connedéattiarg resistnce (W)

and both aran parallel with constant phase element accounting for the déayjse
capacitance of the inner barrier layer(G,Eand the mentioned three components are
connected in series wiffiilm resistance (R. Further W, R:, CPEy, andRs are parallelly
connected with the constant phase element of the outer passive film),(@RdE the
previous circuit is serially connected with the solution resistance between reference and

working electrodes (§.

It is worthwhile to know thatonstant phase elements were utilized as an alternative of
pure capacitance because of #id@al capacitive behavior indieat by the deviation in
phase shifts from 90 Therefore, doubkayer capacitance (J for a cell containing a

constant phase elemeg(CPE) may be calculated from &2

o) M (4.2)
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Here, is frequency when the imaginary part of impedance at itsrmam value, Yo
is the constant phase element component (admittance) and n is value corresponding to the

surface roughness.

It can be seen fromable 42 thatthe doubldayer capacitance (@ of the constant phase
element exhibits a significant reduction for all prassssamples as compared to the base
material and the order of decrease is (1000), (1006150) and (100250). The dual

layer between the charged aluminum surface and@3MacCl is reflecting an electrical
capacitance behavi¢t12]. 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, Dengt al.[115] interpreted the reduction inRE

by the mprovement 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 mode[116] (eqg 3)

o — (4.3
where G refers to doubldayer capacitance (UF), stands the vacuum permittivity

(8.85%=-14 Fcm'[117]), represents passive layer dielectric constant (for aluminum,

p N117].

As illustrated inTable 4 2, charge transfer resistancedRxhibited 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 resistan@gidly increases with an increase in traveling speed which can
be ascribed to the passive film formedra metalelectrolyte interface. The presence of
this film isolated aluminum metal surface from corrosion ions attack and thereby
obstructing further transfer of charge or m@ks8]. It should be noted the there is a
remarkable difference between charge transfer resistangea(i® film resistance (R
particularly if processing was carried out at higher speed which may betatirtbwoxide

film formed which took the key role in corrosion protection at a particular Jid&dl
Moreover, the huge variation between the outer and inner resistances inthiaati®e
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 4%0 the impedance imaginaaxis. 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 increnhdoteover, 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 Mei@mlver Warburg value
indicates a reduction in the diffusion of chttgiions through an oxide passive film and

thereby improving corrosion resistarjé@1][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

Rs  Yn*10° *10° Ret Ca  W*10°
Samples n Rf
P (o (S*s"9 ( (S*s"9 ( kq (UF) S*s™1/2)
Base  12.38 235 0924 614 333 414
1000100 11.26 10.94 0.878 1.59 3.92 0.92 187 116 56.7
1000150 12.24 6.94 0.921 0.088 5.25 093 839 999 7.26
1000250 12.79 443 0.892 1.72 2.16 0.95 1500 7.28 4.20
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4.1.5.2Potentiodynamicpolarization (PDP)

The typical potentiodynamic polarization curves after 15 days of immersion % IS&C|
solution are presented Higure 4 7. Various electrochemical parameters such as anodic
Tafel ) opat kodi ¢),cdradoe turrestldengitegk),(and corrosion
potential (Eor) for the base sample as wells processed samples derived from
potentiodynamic polarization curves are depictedTable 4 3. Polarization curves
exhibited significant differences between all géas. As can be noticed froRigure 4 7,

there is a considerable variation in corrosion potential between the base and processed
samplesilt is evident thatrom Figure 4 7 andTable 4 3 that with an increase in traveling
speed, corrosion potential f&) is shifted to a more positive noble positidioreover,
1000100 sample exhibited the highest corrosion potential eoetpto 100250 sample

that showed the noblest behavior among all processed and base saimplasift to a

noble direction is an indication of the improvement in corrosion resistance. Further, as can
be inferred fromFigure 4 7 and Table 4 3, the corrosion current densityd}) for all
processed samples was lower than théhebase metal. Additionally, a further reduction

can be observed as traveling speed increases. Diminishriis Istrong evidence that
friction stir processing for 6061 AA enhanced the corrosion resistance. Furthermore, the
ratio between corrosion a@nt density for the worst sample (base) to the best sample
(1000250) is in the order of magnitude 600 which indicated outstanding corrosion
protectiveness for 100P50 sample. Also, as compared to a base sample, the pitting
potential of 100250 sample aised from-780 mV to-600 mV which suggested an

enhancement in pitting resistance.
58



A remarkable variation in cathodic and anodic Tafel slopes can be detected after the
inspection ofTable 4 3. Particularly anodic behavior revealed that unprocessed sample
had | ess tendency to be oxidizedavaugfor ompar
the unprocessed sample was the highesadmdher reduction in the anodstope can be

noticed with traveling speed increasing which suggest an improvement in oxidation

tendency[122].
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Figure 4- 7 Typical PDP curvesfor all samples after 15 days of immersion in 3.5% NalC
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Table 4- 3 Electrochemical parameters obtained fromPDP plot

Samples a c lcorr (MA) Ecorr(V)  corrosion rate (mpy)
Base 1.994 2.78E01 3.28 -0.832 1.498
1006100 7.38E01 1.68EO01 1.7 -1.05 7.79E01
1006150 6.57E01 1.10EO01 1.12E01 -0.867 5.11E02
1000250 8.69E02 7.60E02 5.47E03 -0.693 2.50E03

4.1.5.3Linear polarization resistance (LPR)

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

immersion in 3.5 % NaCl are presentedrigure 4 8. The polarization resistancBg) was

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

based on the linear polarization resistance apprdaelstern Geary equatiovas utilized

which correlated the current densityo) with polarizationresistance (RP) according to

eq4.4[123].

O

WhereRi s pol ari zati on

anodic Tafel slopes derived from PDP curves.

Subsequently, to

Cr - 1EITEW

}
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Where is the sample density, EW sample egient weight

As indicated inTable 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 processedhat highest speed and further reduction can be
observed with traveling speed retlan. It should be emphasized that polarization
resistance is proportional to corrosion resistance and therefore a sample with the highest

polarization resistance exhibitedethighest corrosion resistance.

All the linear polarization resistance results above demonstrate a strong consistency with
the results obtained from Electrochemicahpedance spectroscopy (EISand
potentiodynamic polarization without a major differendeeve 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 samplesafter immersing all samples in 3.5% NaCl for 5 days

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

Sample Rp(kohms) lcorr. (LA) C.R (mpy)
Base 3587 2.724 1.168
1000100 34.63 1.72 0.736
1000150 220.1 0.185 0.0795
1000250 2087 .00844 0.0B62
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4.1.5.4SEM images for corrodedsamples processed at different traveling speeds

The morphology of intense corrosion attack for processed and base sample after 15 days
of immersion in3.5 % NacClis depicted inFigure 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 ptediacge 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 appeasaseen irFigure 4 9

(b), (c), and ¢l). Obviously, the size and the dense of pits became lower cethpiin that

for the base sample. Moreover, thdsorption of corrosion products (C.Ps) is hardly
detected on samples processed at 100 and 250 mm/min as shegurén4 9 (b and d)

which attributed to grain refinement that enhanced passive film foimiedestingly the
adhesion of corrosion prodscican be seen for 100®0 sampleFigure 4 9 (d),
nevertheless, with completely different characteristics compared base counterpart which

interpreted by the reduction outerf i | m r esi stance for this

S

a

with 6.14dkgq)X 1. 92 kq) and (2. 1-600 &nd JOO@E50 sampleb e b a's

respectively. Besides, dense layer focorrosion products may act adarrier to impede

further corrosion attack.
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Figure 4- 9 SEM images for the corrodel surface for (a) base sample, (b) 100000 sample, (c) 100050 sample,
(d) 1000250 sample after 21 days of immersion in 3.5 % NaCl

4.1.6Discussion 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 ioRsrmation of passive film is not irettaneously

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 entrrdensity increasing.
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Therefore, it was suggest#iuat 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 irstegate the key factor affecting the
formation of the passive film which is grain sfA28][129]. Due to its unique properties
when compared with bulk material, namely diffusion rates, atomic coordination and
reactivity, it is expected that redugigrain 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 partid&6]. Also, surface with

finer grain and more dense grain boundaries resuttsore readily passive film and thus
improved the corrosion resistanfE28]. Several studies have presented the corrosion
behavior for aluminunribased alloys after grain refinement. For example, Jilani gt3l]

have studied the influence of varying the number gbpa duringgqual channel angular
pressingECAP) process on the passive film efficiency. The results have demonstrated that
the ECAP process can improve the corrosion resistandecof aluminum alloys by
reducing the grain size and enhancing the digiohuof precipitate and thereby forming a
continuous film. Likewise, the influence of severe plastic deformation of 2099 @

the formation of passive film was studied by Jinlong §t32]. 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 thukex théssive

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 boundarigs33][134]. The consequence of this shift to a higher
fraction of a high angle of grain boundaridslAGBs) on corrosion behavior was
intensively investigated byrgadeet. al., Dan et. al. and R4&35][136] [137]. For
example, Argadeet al. have concluded that the corrosion enhaerot¢mfter 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 corrosiostaieseé by accelerating the
passivation rgassivation phenomenofl35]. Rao et al have demonstrated tha¢ th
transformation from low angle grain boundaries to high angle counterparts after friction
stir processing of AI30Si 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 ioori@rsd 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 icldsrattack and thereby enhancing the
corrosion resistandd.37]. Therefore, the obtained results may follow the same behavior
whereby employing FSP significantly diminishing grain size and rising the fraction of high
angle gain 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.
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4.1.7Wear behavior

Figure 4 10 shows the coefficientf driction graph for the base and processed sample
under a normal loadf 20 N for 60 nsliding distance. It is clear from the plot that the base
sample revealed a relatively higher friction coefficient as compared to processed samples.

However, no majoritange was detected between various processed samples.
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Figure 4- 10 COF for different samples processed at different traveling speeds

The effect of varying process conditions during FSP of 6061 AA on masedogsared
with that for the base sample is presenteligure 4 11. As obviously seen in the figure,

most ofthe processed samples have demonstrated a considerabi®m@ion 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%lis observed for the sampleqeessed at the lowest
traveling speedIt worth noting thatthe hardness is not the only important fadtor

evaluating weapropertieq124].

It is should be emphasid¢hat several studies have illustrated that the wear resistance of
aluminum alloys hashown a significant declinafter grain refinemendespitehardness
improvemen{124][125][126]. They have ascribed the deterioration in weasstasce to

grain refinement and loss strain hardeningapability.
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Figure 4- 11 Mass losdor different samplesprocessed at different traveling speeds
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The representative high magnification scanning electron images are depiEtgdran4

12 Wear mechanisnto 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 metahwviously seen iRigure 4 12

Wear mechanisna, b, ¢ 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 (3PB0) demonstrates a high
density of small wear debris compared to all other samples and this possibly due to the

high density of grain boundarigs27].
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Figure 4- 12 Wear mechanismfor (a) base, (b) 100400, (c) 1000150, (d) 1006250 samples

4.2 Effect of changingtool rotational speed

4.2.1Generated torque

The influence of increasing rotational from 4

FSP i s pFegaehBederianed toamgpkekesrpmotctbdsesed at differ

speddts shouwmltd omedmdé hat the traveling speed was
all tHe tiesstodbwvious from the graph that rising
rpm resulted in decreasing the generated torc
i ncr enmetnotoli rotation speed to 1200 rpm caused
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Figure 4- 13. Generated torque from thesamples processed at different rotationadpeeds

4.2.2Microstructural analysis
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Figure 4- 14 . Optical micrograph of the grain structure for the (a) base, (b) 40250, (c) 806250 and (d) 1200
250samples
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Table 4- 5 Grain size for the base and processed samples

Generated Heat input

Samples torque(N.m) (3/mm) Grain size
Base - 94 pm
400-250 100 1005.31 15.48 pm
800-250 80 1608.5 17.36 pm
1200250 70 2111.15 19.12 pm
4.2.3XRD

Fi gull ggsdhows XRD patterns for the base sampl e
i s obvious from the graph that the four al umi
which suggesmetahbhtcnphaséerwere formed due tc
relatively narrow peaks were found for the ba:
and a | ower [ h4Mdirceeo veeirs t oar tpihoans e shiigur d s c | e:
4-1%b)f or all proceswabedhseamgl eAidmotvaodobselreatic
was reported before after friction stir proc
attributed to the existence oft hreednpateissn vien st

latticel[ plagd.&lmet er
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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 thehase shift

4.2.4Evaluation of mechanical properties

The influenoebtodt iromsisamgeed from 400 to 12
processing of 6061 AA on processed surfacece
indenter pendckdpiadRiiegputidde #Atth iiss evi dent from
average mictrhbbdasadpéesief 49. 7 HV and after
FSP, the microhardness significantly i mprov
processed at 400, 800 and 1200 rpm resp
mi crohardness after samples processing ma)
f ol Itchves-Peaticlh r e[l 1a4Siijom ¢ haird vy, a marginal en|
modul us was al so attained after4G®B50pd80EB0 pr
250 an#@ds5€8@2mMWl es respectively. Such an incr

reported before amdnimay elca ydddrlilbedttiomndyn
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Figure 4- 16 Hardness, maximum penetration depth and modulus of elasticity for the base and proceds
samples

4.2 5Evaluation of corrosion behavior

4.25.1Electrochemical impedance spectroscopyE(S)

I n order to investigate sur fkaicnee tmectsa | aonxdi dseusr,
treat ment . El ectrochemical i mpedancleO Osjpectros
[ 10TLHer ef oraesurkEelnte nmmes were done to teoxopll ore th
rotatiohabmspeeedtdourli2nO0 frrpneti on stir process
corrosion kinetiaecaed veampgpreed mem talfd eas i mmer

3.9 NacCl elfeact rdbbydays.

76



Figudé@gr4esents the Nyquist plot for the bas
As observedalpphrometskedplsampl es demonstrate

hi gher freqeenay and owmal If requency compar e
i || ugterl aattsamad Il ye r unccoimpcl leet eatseani hi gher fre
uncompl ete arc at a | owemhérengquemglyet ¢t cavp
for procegsedersammwl eesharge transfer resi stz
film formed, sodi um c hl[b6PCoen selqaucetninte lyg har @
transfer resi stance occurred when the pas:
el ectrolyte and insetvadr tshuyr fitaoc enmxeinst ti eomc et haaft

uncompl ete arc may -cboaetabdbtirepdupiBpcewesdef ¢t s

seeRrRi gt @ hat the radisgslisgriffiioeapmtalsye s vei ahcr

speed ralplrecanded samples displayed a | arg
met al . | nt eruess toif n g lhye, fcoatpeat chi & d tiwaes eanrece mp b B e
captured without enlarging. A vast wvariat|

processed samples demonstrated that the co
procesdinng@qddition, a raise in arc radius a
surface protectiveness which resulted fror

passi yao®6i]l, m[ 107]

77



° | I I I
1000k4| © BASE
1200-250
800-250 _
80.0k4| & 400-250
| |— Fitted
g 60.0K - 7
o
©
£
l\lj 40.0k - i
20.0Kk -
0.0 - : Y Y Y
1 ' 1 ' 1 ' - 1 '
0.0 50.0k 100.0k 150.0k 200.0k

Zreal W)

Figure 4- 17 Nyquist graph for both base and processed samples after immersing in 3.5 % NacCl for 15 days
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Figure 4- 18 Impedance plot for the base as well as processed samples after immersing in 3.5 % NaCl for 15 days
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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
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Table 4 6 Electrochemical parameters derived from Nyquist plot

Samples (qu Yo g_%’;s"a) al (RE) q (S:\L%Z‘&) a2 (Rf(t) q (igl) S*SA(\Z:.G\/IZ)*lo 23%6'
Base 12.38 23.5 092 6.14 0.340 413 0.29
400250 10.2 11 090 1.89 161 097 294 0.138 527 4.64
800250 1154 12.94 0.5 0.04 578 094 807 0.159 57.6 6.20
1200250 12.92 7.39 0.92 0.118 404 094 144 0.165 41.5 5.5

Figure 4- 20 Equivalent circuits utilized to fit: (a) the base sample, (b) 40@50, 800-250and 1200-250 samples
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4.2.52 Potentiodynamic polarization (PDP)
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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

Table 4- 7 Corrosion parameters derived from Tafel curves fitting

Samples e Be  loon(MA) Ecor(V) r‘;‘:g‘(’rﬂg;‘)
Base 1856  256E01 322  -0.832  1.469
400250  6.62E01 1.74E01 0914  -093  3.92E01
800-250 1830 152-01 0468 -1.18  2.13E01

1200250 443E01 1.25E01 5.68E02 -0.906 2.59E02
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4.2.53 Linear polarization resistance (PR)

Figuked l4ustrates | inear polarization curve
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Figure 4- 22 Linear polarization curved for all samples after immersing in 3.5% NaCl for 15 dag
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Table 4- 8 Polarization resistances values obtained from LPR curves

Samples Rp (kohms) lcorr. (MA) 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
1200250 379.4 0.1115 0.0291

4.2.5.4SEM imagesfor corroded samples processed at different rotégonal speeds

To study the morphol ogy of the corroded surf
processing samples using friction stir proces
taken from the area that was exposedcto 3.5 %
pol ari zation Fiegt2Adeegpepi cbedoisnon pits were
base sample espeacrirapdiganactouu.ndAddieti onal l vy, a .
processed samples, the basieomeatati adlemomisch ac @r
the results obtaifnreadqgd etwgny ¢ ot hdes ghiethg!l e
potential for abimppredesoecitiheamabkiess ampy et o e

t he Imsieytewfri tcyorr osi on attack on the base sampl e

4.2 .55 Discussion of corrosion results

To sum up, besides scanning electron 1 mages,
agreement in the trend of corrosion tresistanc
corrosion rate and a further reduction in cor
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the tool rotational speed. A similar obser
Navaser et al. upon friction séecti[ypledibyles si
[ 14F6dr bot h cases, t he enhvihincreasimgmhobiotation cor r o
speed was ascribed fwecipitation dissolutiofref]. Li kewi se, [Zdhlodv et al
studied the influence of increa#Mig8ig abltayi
and havetdtancltheedi se in tool rotatxBbn spe
preci pitthiencdiieeh gtadn p utl n the eodosion behavior of this
precipitate relative to the aluminum matrix was extensively studied in the literature
[148][149][150]. There is a strong agreement betwakmuthors that Mgsi has cathodic

behavior and therefore it is expected that its dissolution will have a positpacton

corrosion resistancd. t should be emphasized that t he

refinement i s not ftuhélyesundeastomodi ygtt o Ne
imable 4here is mismatching between the in
reduction in corrosion susceptibility.

|l t st songldt hbaegl i;eveombi nati on of both grai
di ssolution are the main reasons for super.|

the samples surfaces.
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Figure 4- 23 Scanning electron images of (a) basé)) 800-250, (c) 120250 samples after 15 days of immersion
in 3.5% NaCl.
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CHAPTER 5
FRICTION STIR PROCESSING OF 2099 AA

I n this chaptergntriecrn andtlueantcier o bd Fd®Pcor r o
Li all-08g%wp230%9 udaed. in de

Figure 5 1 showsan optical image of etched as extruded sample which was taken in

the extrusion direction. As clearly seen in the figameunprocessed sample illustrates
unrecrystallized elongated@ns paallel to the extrusion ling despitethe heatreatment

that the sample experiencdgiesidesrecrystallizedgrains can be seen in low proportion

which their formation is ascribed to hdstatment

100pm

_

Figure 5- 1 Optical image of an as extruded 2099 T83 base sample
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5.1 Effect of changingtraveling speed

5.1.1GeneratedTorque

Figure 5 2 Influence of changing tool traveling speed on spindle torsfugws the effect

of changing tool traveling speed frd@ to 200 mm/min while keeping tool rotation speed
constant at 1000 rpm on resultant spindle torque. As clearly seen, all sahmplexd a

jump at the beginning of the process which is attributed to the cold run. In addition, spindle
toque of around 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 ralarkncrement in
spindle torque from approximately 29 N.m to 33 NHigh fluctuations inspindletorque

is observed at the lowest traveling spesatch revealedhe crucial role played by traveling

speed irdetermining heat input.
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Figure 5- 2 Influence of changing tool traveling speed on spindle torque

5.1.2Microstructure analysis

Figure 5 3 (a), (b), (c) and (d) show the microstructure of processed zone after deploying
FSP afour different traveling speeds i.e. 50, 100, 150 and 200 mm/min and fixed rotating
speed of 1000 rpm. Adearly 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 reduckanther,heat input, generate¢drqueand

grain sizefor different samples are listed in Table® It is evidentfrom the table that

with at constantotational speed of 1000 rpm, increasing the tool traveling spmesked
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an appreciablencrease in generatetdrque while the bothheat input and grain size
substantially reducedt should be emphasized that th@ore grain refinementafter
increasingtool traveling speed was reporteééfore. Such a refinement was ascribed to
reduction inheat inputwhich play a crucial role in deteming grain size according 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 andrain size

Sambles Generatedorque Heat Grain size
P (N.m) input (J/mm) (um)
Base - 34
1000-50 23 2890 12.5
1000-100 26 1633.628 10.3
1000-150 29 1214.749 8.7
1006200 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. Interestimgly, samples processed at 50 mm/min and 100 mm/miwesha
similar shape of processed zohmwever, 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 traveliggeed Three disinct zonesnamely stir zone (SZ)
thermomechanically affectedone (TMAZ) and heat affected zone (HAZ)ave been
identified In addition, fine recrystallized gram formation within the stir zonds
consequencef frictional heating and severe plastic deformatieurther, the creation of
TMAZ during FSPis ascribed to both temperature and deformatidhis region is
charaterized byits deformedunrecrystallizedjains resulted from insufficierdeformation
strain. Moreover,HAZ is located next to TMAZ wherao plastic deformatiomccurs

however the formation of this regiois attributed to thermal cycl&urther under studied
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process parameten® defects wereapturedandbasin shaped of stir zondth wide top

regionwas 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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5.1.3Electrochemical behavior

5.1.3.1Electrochemical 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 wedearang

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 depiEigdrm5 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 dberentire 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 skmhich reflected the better corrosion resistance
offered by surface processing. Moreover, the sample processed at the lowest traveling
speedi.e. 100050, has shown the smallest unfinished arc among all processed samples
which followed by 100150 and D00-200 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 bassample (unprocessed) after 7 days of immersion in 3.5% NacCl are
depicted irFigure 5 6. As obviously seen in the graph, the lowest impedanceletasted

for the base sample while, after samples processing via FSP, impedance illustrated
remarkable increment. Moreover, samples processed at higher traveling speeds have shown
relatively same impedance whereas, the sample processed at the lowasytspesd
demonstrated the lowest impedamnteomparison tmther processedampleshowever,

its impedance still noticeably higher than that of the base sample. Furthermore, the base
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sample, as well as the sample processed at the lowest travelingepeadd 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 ftirerébetter corrosion
resistance. As clearly depicted from the figure that the phase angle maxima for all samples

were far less than 90
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Figure 5- 6 Impedanceand phase angle plots for samples processeddifferent traveling speeds after 7 days of
immersion in 3.5% NaCl

For further numerical analystf barriercharacteristicsall EISplotsfor all samplesvere

fitted to corresponding ciuit which containedolution resistance @rserially connected
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to 3 circuits each one of theimclude constant phase element (Cp&dallelly connected
to resistancas depicted ifrigure5- 7. Electrochemical parameters obtained after fitting
EIS data of samples processed at different travelingdspare listed ifable 5 2. It is
clearly observed from the table that the lowest total resistance was seen for the base sample
and all processed samples exhibitedimproved corrosion resistanck addition the
sample processed at the lowest traveling speed {80p&Ghowedthe lowest total
resistance among all processed sampseover, rising tool traveling speed to 100
mm/min, significantly improve the total resistance to its keurthermore, both saples
processed at 150m/min and 200 mm/min exhibittatal resistance lower than that of the
sample processed D0 mm/min; however, the later samples showadl resistance
noticeably higher than that of the sample processed at 150mmAuwiditionally, a
significant reduction in CPE componeuit the outer circuit (¥) is clearly seerfor all
processed samples compared to the base.fmbtalreduction is generally attributed to the

reductionin activeness of the surface which resulted frima formedpassive film

[113][114].
i p e
all ) L
um; ' 2 T = = .
| At A A

Hp Hl

Figure 5 7 Equivalent circuit for all samples
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Table 5 2 Electrochemical parameters obtained from EIS plots

Samples RO m *E+3 *E+3 *E+3 *E- a6 B a8 .5, al0 oo g
61 o1 o1 5() 4(*)

base 2243 325 349 0.04 691 093 204 0.80 693 0.98 6.78 3.09
100050 24.54 4.15 0.02 4.48 394 0.74 53.6 1.00 985 0.93 886 4.15
1006100 22.65 5.3 1.13 308 8.77 1.00 7.08 0.76 156 086 37.3 39.8
1000150 27.31 173 7.27 225 6.01 0.93 324 055 296 098 26.8 8.11
10006200 2229 21 931 O 514 091 227 0.86 167 085 30.3 4.45

*—grea
5.1.3.2Potentiodynamic Polarization (PDP)

Figure 5 8 shows ypical potentiodynamic polarization curves for different samples after

1 week of immersion in 3.5% Nadlable 5 3 presents several electrochemical pagters
obtained from fitting of PDP curves, namely corrosion current density dorrosion
potential Eor, cathodic and &&nap ldis clearTrani thd figuselthatp e s
most of the processed samples displayed a shift to positive corrosiemtial.
Interestingly, the only processed sample with a more negative corrosion potential when
compared to the base sample was (3B0D samplewhich exhibited a noticeable
improvement in pitting potential. The inspectionTable 5 3 revealed that the highest
corrosion current density ¢¢k) and therefore the worst corrosion performance was
observed for the base sample wih:0f 3.55 uA.Moreover, deploying FSP at the lowest
traveling speed resulted in a considerable drogyirtd about 2.15 pA. Furthermore, with
further increment in traveling speed from 100 to 150 mm/min, the resedtexkhibited a

significant drop comparing witthé base sample frot282 pA to 0.268 pA. However,
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processing the surface at the highest traveling speed of 200 mm/min resulted in a

significant increment inchrr to approximately 1.6 pA.
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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 (V/de?:ade) (V/dezade) loorr (LA) (Ir_:rif;r) Corzcrf;;(;? e
Base 217801 1.05801  3.55 771 1.563
100050 1.35E01  9.56E02 2.15 812 0.95
1000100 5.46E02 4.47E01 0282  -594 0.12
1000150 8.09E02 5.88E02 0268  -692 0.12
1000200 8.92E02  4.66E01 1.6 567 0.70
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5.1.3.3Linear 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 % NacCl is depickéglire 5 9. The

linear polarization resistand®p) was found from the slope of lines. Consequently, the
Stern Gearty equatiafeq. 4.4)was used to get corrosion current densidyutilizing the

Taf el a2 Inawhick were acquired from PDP curves. Table 5 4 shows
polarization resistance R corrosion current densitycgk) 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 eviléom the table that the sample processed at the
lowest traveling speed (108D) 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 Reallts obainedfrom LPR curves

Corrosion rate

Samples lcorr. (MA) Re (kohms)
(mpy)
Base 3.273 7.96 1.441
100050 2.591 10.05 1.141
1006100 0.676 38.57 0.298
10006150 0.995 26.18 0.438
1006200 0.987 26.39 0.435
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5.1.34 SEM images for corroded samples processed 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 (aandb). 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 Figure 5 10(c, d and e).
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Figure 5 10 SEM images for(a) base, (b) 10060, (c) 1006100, (d) 1006150, (e) 100200 sanples after7
immersion daysin 3.5 % NaCl
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5.2 Effect of changing rotation speed

5.2.1Generated torque
Spindle torque resulted from changing tool rotation speed 800 to 1200 rarfixat

traveling speed of 150 mm/min is presentedrigure 5 11 Influene of changing tool
rotation seed on spindle torqués observed from the figure thptocessing the sample

at the lowest rotational speed of 600 rpesulted in spindle torque of approximatdly

N.m. Moreover rising tool rotatiomal 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 sged on spindle torque
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