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Abstract

Wear and corrosion are the most common forms of degradatartomobils, ships, aircraft,
biomedical implantsindustrial machinery, and other mechanical systeiiise dependence of
these mechanical systems on tribological contacts accounts for a global ecomamimss of
US$300 billion USD (2017) annually. The losses from fiction and weaeestimated to b&3%
and 27% respectively Additionally, theglobal cos$ of corrosion is estimated to be US$2,505
billion, which is equivalent to 3.4% of the globaross Domestic Product (GDP 2013pday,
with advanced manufacturiramd surfac@rocessg techniquest is possible to render a surface
functionally resistanto wear or corrosiorA major drawback of suclunctionalizationis that the
processingpecificallyenhances resistanceditherwear or corrosiorhoweverthe action of wear
and corrosion can lead to a weaarrosion synergistic degradatiowhich has been scarcely
understoodWhen functional surfaces are in relative sliding motion in a lubricated environment,
they undergo wear and corrosion over extended periods of operation. The oxide layer formed as a
result of corrosion is mechanicallymeved during sliding, thereby exposing a fresh layer of metal
to degradeby wear and corrosion. The cycle of synergism between wear and corrosion is called
tribocorrosion. The onset ofitbocorrosioncausesnaterial degradatioto occurfaster than the
acton of eitherwear or corrosioralone Understanding andharacterimg the mechanism of
tribocorrosion invarious mechanical systens complicated due to the variability surface
characteristics, lubricants, andbo-interfaceconditions. This has alsmade it challenging to
develop a stable wea&orrosion synergism monitoring system amlglocorrosion resistant surfaces
for oil and aqueous environments.

In the present studgnexperimental modul® monitor tribocorrosioim-situis designed and
implementedo measurghetribocorrosion behavior ofarioussurface characteristics, lubricants,
andtribo-interfaceconditions A focus is placed on understanding thechanism ofribocorrosion
and designing surfasevith enhanced tribocorrosion resiste.The effect of surfacengineering
methods, such d@exturesand coating®n tribocorrosionareinvestigatedMore specifically the
surfaceengineering methadncludesurfaceprocessingisinglaser shock peening (LSP) on steel
and magnesium alloysand nanocompositeoatings on surfaces usidickel-Graphene. The
environmentakonditions include aqueowvironmentghat simulate seawater conditioithe
study investigates the mechanochemaa physicochemicdlehavior of surfaceharacteristics

after modificationto understand the mechanism of tribocorrosifime effect of LSP intensity on



wear, corrosion, tribocorrosion, surface roughness, and surface energy is diseumsbed
phenonerological models are proposed. The obsergenlelation between surface roughness,
surface energy, and weeorrosion synergism in defining the tribocorrosion mechanism is also
discussed.

This study has enabled (linderstanding othe association between electrochemical and
mechanical processes thdfeat the material and lubricant degradatiq®) application of
innovative solutions to mitigate tribocorrosion in advanced manufacturing and material processing
applicationsand (3) desigof material systemthat areresistant to tribocorrosiof.he study on
the tribological behavior of LSP surfaces shows the coefficient of friction (COF) can be reduced
by up t083.25% depending on the applied laser inten&itgm the resultsf this study it was
inferredthat the srface roughening effects induced by the laser intensity playajer role in
defining the tribocorrosion behavior of LSP surfaces. The tribocorrosion studies that followed
indicate thata change irsurface roughness can drastically modify the wettalilitthe surface
more so in environments susceptible to corrosion. The wettability can be quantified into various
components of surface energhhe surface energyvas found to behe lowestat lower laser
intensites Lower interfacialsurface energghoweal decreased wettability, providing enhanced
tribocorrosion resistancaHowever, higher laser intensities increased the surface roughening
effect, causing an increase in the interfasiatface energwand wettability of the surfaceand
therebydecreasinghe tribocorrosion resistancBepending on the applied laser intensitye
surface roughness and the profile of the treated area can be precisely controlled, thereby providing
a technique to tailor not just tribological propertigst also the tribocoosion properties.

Tribocorrosion studies have also beeanducted for electrodeposited nickghphene
(NI/GPL) nanocomposite filsm on steel to understand the wear accelerated corrosion in
contaminateail-lubricated mediums. It was observed that the veearosion synergism for steel
with and withouthe Ni/GPL film was negligible in an uncontaminated @ilrfthetic transmission
oil). However, when the oil was contamingtédte wearcorrosion synergy was higher on steel
than on steel with Ni/GPL. The enhanced resistance to wear corrosion synergy was attributed to
the Ni/GPL havingrefined grains that resslin minimal transport of awosive contaminants,
water, and oxygen that inhibité®rrosioncrackingor pittingto the substratd-urther, the presence
of GPL in the film minimized the effects of wearhich resulted in enhanced resistance of Ni/GPL

films to tribocorrosion.This stug provides insight into the role of surface characteristics,



lubricants, and tribanterface conditions that define the synergism between wear and corrosion.
The researchvill enablethe effective utilization and design of a trisystem that can maximize

the tribological performancandinhibit tribocorrosion.
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Chapter 1: Introduction

The field of tribocorrosion ishe integration of tribology (the science of friction, lubrication,
and wear) and corrosion (resulting from physiochemical interactions between materials and their
environments), twaosignificant areas ofdegradationin mecharcal systems.The interaction
betweenwear and corrosion in an aqueous environment can produce a synergistic effect that can
degrade materials at a faster rate than wear or corrosion[al@heWWearcan occur due to two
body or threebody contacts between sliding pairs. When corrosion initiates simultaneously with
wear, a synergistic degradation process that involvesr accelerated corrosion or corrosion
accelerated wear beginghe primary wear mehanism for sliding metal pairs is oxidative wear in
which the passive oxide filis mechanically removesthen two surfacearein mechanical sliding
contact The freshly exposed layer undergoes further oxidatowd,the cycle continues. This
mechanism ofnaterial and lubricant degradatiereferredto as weaicorrosion synergisnor
tribocorrosion

Literature indicates that the mechanism of tribocorrosion has been well inwtigat
biomedical applications, such as dental and bone implants, -sletvomechanical systems
(MEMS), and marine applications where thbo-systemsre exposetb electrochemically active
environmentsHowever with the advent of new functional surfaces, materials, and lubricants for
multifunctional mechanicapplicatiors, it has become a challenge to understand the mechanism
of tribocorrosion in these systenigis is especiallythe casevhen most of the studies concerning
tribocorrosion focus on understanding the role of surface characteoistitricantperformance
without considering thentiretribocorrosion systemrlhe present study aims to investigate the
various aspects of tribocorrosiomhich include surface characteristics, lubricating medium, and
tribo-interface conditions. An outline of the present study lteen schematically presented
Figure 1.1 This study will provideafundamental understanding the tribocorrosion behavior of
functional surfaces (surfaces processed udii®P and electrodeposition) under known
lubricated/aqueous environments anbo-interface conditions. The current section introduces

various aspects related to the present study.
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Figure 11: Schematic break down of the present study

1.1.Measurement andanalysis of tribocorrosion

Degradation of a metallic surface in tribontact is a consequence of foreign contaminants
introduced in the lubricant medium over its functioning period. Most of these contamanants
introducedto the lubricant through wealebris generated by one or more trjimirs in contact
within thelubricantalong with other process fproducts such as water and sf@e?]. The extent
of degradation occurring definedby the tribepair surface characteristiltbricant and tribe
interface conditions. As the contaminants entetubecant they directlyaccelerategr in many
casesexponentiallyaccelerat¢he degradation process due to corrosion and reduced effectiveness
of boundary lubricatiofB-10]. The degradation process of material susacel lubricarg within
an enclosed mechanical system can be foundeodirectly correlatedo the extent of
tribocorrosion. Even though the degradation rata sdirface andubricantcan be predicted by
monitori-mgodbhet 0bdfyf ect s & Toldbricant teniperatuoer cyctedimep n - s u
pressure, elapsed time since last lube change, and other saofefsas, it is still not accurate
enough to provide the actual effects of contaminants due to tribocorfb$idl?]



Today, the overall degradation of the material surface and lubricant are electronically monitored
usi ng -pprhceed ubcbty ef fect 6 dat a. These estimations
[13-19]. The latest developments in data processingnaodelingtechniques include elaborate
and complex corrosion predictive models that enable efficient corrosive species d§2€e?dh
A wide range of corrosion species such as pitting corrosion, crevice corrosion, stress corrosion
cracking and general forms athemicalinducedcorrosion can be detected using these models.
However,these models need to have an effective detection system that can presitdedata
acquisition that is more accurate than those of sedves®d systems. Several commercial and
scientfic testing methods are also widely used for the same purpose, but most of these techniques
are exsitu andtime intensive Some of the sensors and sampling test metimogdation totheir

lubricant degradation features are showRigure 1.2[23].

Basic Degradation Features Common In-Situ performance Common Sampling Test for
A parameter sensors in-depth degradation analysis
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Figure 12: Lubricant degradation features and their commesitun and sampling
methods of testing
The technological gaps to be addressed in lubricant monitoring systems is to accurately and
cortinuoudy monitor theorigins of lubricant degradation that are due to wear and corrosion. If a

monitoring system camonitorthe wear rate of the tribpairs incontact along with the corrosion



rate in the lubricant arising due to the contaminants, this system can be expected to be more reliable
than the multitude oélectroniebasedubricant monitoring system3his system caie further
integrated with the last corrosion and wear analysis models to proxihelitionbasedredictive

and prognostic outputs.

The standard procedure for determining the synergism between wear and cowasion
developedy Madser24]. It canbe understooffom the experimentakthniques used to study
tribocorrosion that the real contact area, also known aactineeweartrack area, is aassential
factor in defining the weazorrosion synergisrii25-27]. There have been innovative approaches
to determine thactive weatrack and understand th&earcorrosionsynergy Garcia et al[28]
calculated thactive weatrack area by assuming the occurrencedd@assivation repassivation
event between two successive contact events. Landol{26dleveloped a model to understand
the effect onormalforce on weaiaccelerated corrosion. Vieira et f19] developed a galvanic
cell model for tribocorrosion at open circuit potential (QCis galvanic cell approach provided
a new perspective on the corrosion observed within a tribocorrosion systeas showrthat
galvanic coupling could occur between mechanicalBpassivatedareas (anode) and the
surrounding passive areas (cathodé)s galvanic corrosion i additionto the active corrosion
of the wear debris and wear track within the aqueous environment.

The current study addresses this technological gap, whidbeleasvery scarcely addresged
a dynamic lubricant mediurf80-33]. The chapter details an ori g
lubricant monitoring system (LMS) fahe investigation of tribocorrosion. This LMS consists of
a test rig that integrates the wear analysis of a-pdioin alubricatingmedium with a three
electrodeelectrochemical celbetup. The test rig can monitdhe in-situ corrosion rate of the
lubricant while monitoring the wear rate between the tghivs in contact. Further, this agb is
used to perform a series of tribocorrosion tests usithgsitrialgrade transmission oil under various
contamination conditions. These tests provide an insight into the reliability of the test rig-as an in

situ LMS for lubricants used in dynamic environments.

1.2.Surface engineering to modify tibology and tribocorrosion
A mechanical system consists of several mogindcontacting surfaces which are designed to
perform consistently with maximum efficiency and minimal energy losses. Whethaurfaees

are engineere{B4] and/orbio-mimicked[35], understanding #htribological behavior of these



surfaces playa vital role in determining the retrograding process of the mechanical system as a
whole. Hence, improving the tribological behavior of material surfaces along with their
mechanical and metallurgical propegihas become an integral part of manufacturing. The
manufacturing processestudiedare some of thenostreliable forms of surface modification
strategies, can be used to understand the potential of modifying the tribological and tribocorrosion

behavior 6 surfaces.

1.2.1.Laser shock peening (LSP)

LSP is a lasebased surface engineering process, whiclbeas usetbr widespread industrial
applications[36-39]. LSP utilizes lasemduced shock waves that cause migiglding on the
material surface by introducing compressive stresses with minimal cold working effediasihe
process of LSHs illustratedin Figure 1.3 where the target material coveredwith an ablative
coatirg such as a black tape or a metal féd].

During the LSP process, the lageatter interaction results in the formation of lageluced
plasma whose expansion is constrainedrbgsparentonfinement. Due to this confinement, a
laserinduced shockwave with a high peak pressure (in the order of GPa) propagates into the
surface of the target material, leading to an ultrahigh strain rate plastic deformatier-(16/s)

[37]. As a result,nearsurface compressive residual stresses and -harttened layersire
introduced It hasbeen observethat these residual stresses and wwakdenedayersplay an
important role in defining the tribological properties of a surfdd¢. The LSP proceshas been
applied to a variety of alloys that have been used in aircraft engines, airframes and fittings,
overhead power line connections in aluminum conductor -st@dbrced (ACSR) cables,
electrical connectors involving aluminum connections with steghage tolerance enhancements

on the leading edges of compressor blade, marine fittings and hardware, valves and valve parts
[42-48]. The LSP procesis more routinely applietb turbine engine blades in commercial and
military engine components, and limes used in electrical power generation where trey
exposedo extreme working conditions. Currently, the usability of LSP has been limited due to
thehigh equipmentost andntricatequality control seup associated with the process.

The advantagoftheLSP process cdpe attributedo the ability of LSP to produce compressive
residual stresses that are ten to twenty times deeper than shot peening, resulting in resistance to
crack initiation, fatigueand weaf49]. However the mosimportantcharacteristics of LSP that

has drawn attention are its high precision, adjustable process control, and applicability to complex



geometries[49, 50] The LSP is a computeontrolled process using integrated robotics to
manipulate the process. LSP processaupeters, such as power density and laser pulse can be
optimized and controlled precisely to tailor the required compressive residual stress profiles. These
characteristics ofhe LSPprocess has encouraged tribologists to envision LSP as a sustainable
suifaceengineeringechnique to contrahe tribological properties of metallic surfacéhough

many of the tribological studies on LSP have capitalized on the characteristics of the process, the
tribological study ofLSP treated surfacelsavebeen limitedto hardness and wear enhancement
characterizationgl5, 51-54]. This technological gapeeds to be addressed by studyheeffects

of LSP onwear, corrosion, tribocorrosion, surface enesyyface roughnesand coefficientof

friction (COF)of metallic surfaces.
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Figure 13: Schematic of Laser Shock Peening (LSP)

1.2.2.Electrodeposited nickejraphene (Ni/GPL) coatings

Electrochemical composite coatings are widely investigated coatirggsodts versatility in
tailoring engineered surfaces with physi@chanical and tribological properties. The
effectiveness of these coatings for tribological applications is dependent on thHdicgotd
interfaces.The application ofcomposite coating is stateof-the-art method that can produce
highly durable and reliable novel materials at room temperature for advanced technological
applicationg55, 56] A nanocomposite coating compared to other coating types provides excellent
functional propertiesusch as wear and corrosion resistance to the coated surface due to the
introduction of nanopatrticles in tlematingmetal matrix[57, 58] Nanocomposite coatings play
an important role in the developmentaafew generationf sustainable multifunctionahaterials
with unique characteristics that include enhanced mechanical strandihcreased resistance to

scratch, heat, wear, and cotimys Compared to the traditional composite coatings, the superior



performance of their nanocomposite counterpartdtributedto the improved morphology with
nanoscale phasseparated domain¥arious nickel matrix nanocompositeatingscomprise of a
diverserange of inert nanoparticles such ag| SiC, ZrQ, graphene (GPL), Ti§)and diamond,
etc.,have been electrodeposited using electrolytes with suspended nanogafi68s
Tribocorrosion in dubricaing medium is a complex mechanism that affects the performance
of the substrate and its boundary lubrication mechanism in distinct ways. The substratead aff
by wear, corrosionand corrosion products, while the lubricant medigrdegradedy the wear
particles and the corrosion products. Hence, for consistent performance, nanocomposite coatings
are a feasible method of providing mlinctional properes to the substrate surface. The multi
functionality of the surface coatings will dictate the resistance o$thiaceto the synergistic
effect of wear and corrosion. A controllable and versatile coating techriiqyeilsed
electrochemical deposition can be used to produce such coatings. The schematic of a pulse

electrochemical deposition processhownin Figure 1.4
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Figure 14: Schematic of pulselectrodeposition process for nicigelaphene
nanocomposite coatings
Graphenas alightweight, impermeable, atomically thin, we@sistant, mechanicallstrong
and inertmaterial thahas become ond the most soughkaftermaterialsfor a composite coating.
Graphene nanosheets and platelets have been extensively usadoagaterialadditives in
composites and lubricants to enhance the tribological properties due to their layered crystal
structurg64-71]. In a composite surface coating, graphene has been shown to provide the substrate

surface with enhanced wear, corrosion, and hardness propehtiels are significant ilmproving



the tribological behavidf72-75]. Further, the presence of graphemeamposite surface coatings
provides high flexibility which helps compensatenicro curvatures or changes in surface
roughness othe coated substrate while stproviding a stablecoating This aspect of graphene
composite coatings has made it suitable even for flexible electronics and other electrotechnical
applicationg76]. One of the most upcoming and innovatiwensof graphene composite coating
application involves embedding graplkenanoribbofinfused epoxy in a section of helicopter
blades and aircraft wings to remove ice through Joule hd&iihgOneof thesignificantscientific
shortcomings offraphenébasedcomposite coating is the lack of knowledge on its tribocorrosion
behavior [78-84].

Recently, investigations have been conducted to fabricate graphene reinfatadmetal
matrix nanocomposite coatindgsr improving multiple functionalities that concern electrical,
mechanicgland physical properties of tiserface This Ni/GPL film thatis electrodeposited also
hasexcellent tribological and anticorrosive properties vathexcellentsurface finish.This has
increased its applicability to strategic industries such as automotive, aerospace, petroleum, and
electronics. Howeer, metallic films electrodeposited on the metal substrates are assumed to
always show a favorable adhesive strength since the electrodeposited films bond with substrates
metallically. The idea behind utilizing these specific combinations of coatingiataie that they
havebeen researchaxktensively and are reliable forms of composite coatings that are resistant to
corrosion and wedi72, 73, 75, 88®3]. Sincemost ofthe published research on prior mentioned
coatingswas concentratedn discrete efcts of wear and corrosion, there is a need to understand
their synergistic effect. Hence, a detailed understanding of theaegasion synergism in these
coatings is necessary. This technological gaplso addressed in this dissertatiarhere the

tribocorrosion behavior of Ni/GPL nanocomposite coatiagsvestigated

1.3. Significance and Motivation

Tribocorrosion is a challenging phenomenon to investigatet@ulistinctly understand its
influence on the performance of the trggstem. This is duéo the complexity of coaction
between two distinct processes, namely wear and corrosion. For a given mechanicatisgstem
can be multiple forms of weaccelerated corrosion and corrosextelerated weawhich is
simply referred to as weaorrosion synergism. If the working conditions and variables of the

tribo-system are wellefined,then the studies presented will be an effective guide to define



experimental methodologies and scientific investigative techaipuenderstand the degenerative
effects of tribocorrosionThese degradation processes can have major impacts that can directly
lead to physical injury or death, for example due to failure of biomedical imptamimmination

of the environmentand financial losses from equipment, material, and lubricant that need to be
replaced.The weafcorrosion synergism may be due to a combination of one or more forms of
wear that synergistically accelerate the degradation process along with one or more forms of
corrosion. The wear processes can occur as adhesive, abrasive, delamination, erosion, or fatigue
wear, whereas the corrosion processes can occur in the faugabfanic, crevice, pitting, fretting,

or stress corrosion. These aspects of tribocorrosior tmade it challenging to scientifically
investigate and understand the accelerated degradation effects on materials in an electrochemically
active environment.

Further, the studgxamired the tribocorrosion behavidor magnesium alloys. Magnesium
alloys arelightweight materialswith exceptional ductilityandare now widely being used in the
fields of automobiles, aerospace and manufactuMagnesium alloygpossess unique features
where they can be recycled whiktainingtheir material and mechanical peges. Today, these
alloys are being used as intelligent product solutions and commercial application solutions. More
specifically, the tribological applications involve magnesium alloys subjected to sliding in
automotive brakes, engine piston and cylmleres where they contact other materials such as
aluminum alloys. Further, friction and wear of magnesium alloys are also of interest in their
processing using extrusion, forming and rollimge potential of magnesium alloys has made it an
extensively researched smart material for the future. The practical and theoretical knowledge on
thetribological and tribocorrosion behavior of magnesium allms promote the applicability of
these alloysor diverse and energy efficient causes

The studies undertaken will provide a mechanical engineering perspective on the
interdisciplinaly aspects of tribocorrosion and its mitigation technigudsgch will promote the
application of magnesium alloys fautomotive andbiomedical industriesThe results discussed
in the present study is applicable to a wide spectrum of industries:

1 Lubricant industrieslubricant monitoring systems, multifunctional lubricants, and extreme

environment lubrication.

1 Petrochental industries- synthesis of multifunctional oils and additivesl lifecycle

enhancement.
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1 Marine, Mining, Automotive, and Aerospace industdeshancement and degradation
analysis of mechanical components and surfaces (for example, rock cutténsitgril
propellers, earth moving equipment etc.) in aqueous, lubricated, and extreme
environments.

1 Food, and Biomedical sectoreenhancement and degradation analysis of food processing
machineries, dental and biological implants (e.g. hip implants) eaptmsehemically

active environments.

1.4.Reseach objectives and outline
With the research motivation discussed abdve present study aims to understand the effect

of various surface characteristics on the tribocorrosion behavior of functional suflaeesudy

investigates the related tribocorrosion mechanisms and the factors that influence tribocorrosion.

The researchhas focused on the following main objectives to gamnunderstanding of the

tribocorrosion mechanissrand its mitigation methods:

(a) Monitor tribocorrosion in-situ for various surface characteristics, lubricéagsieous
envirommerts, and tribeinterface conditions. A focus is placed on understanding the
mechanism ofribocorrosion and designing surfaces watthanced tribocorrosion resistance.

(b) Study the effect of surface engineering methods, such as textures and coatings on
tribocorrosionThe focusedurface engineering meth®idclude surfac@rocessingising LSP
on steel and magnesium allpysnd coatingson surfaces usingnickelgraphene
nanocomposite. The environmental conditions include aqueous environments that simulate
seawater conditions.

(c) Investigate thecorrelation between surface roughness, surface eneagy, corrosion, and
wearcorrosion synergin defining the tribocorrosion mechanism
The intellectual merits of the research inclu@@® understanidg the association between

electrochemical and mkanical processes that affect the material and lubricant degrad@jion

innovatngsolutions to mitigate tribocorrosion in advanced manufacturing and material processing
applications and (3) desigimg materiaé resistant to tribocorrosionthe studies @nducted to
achieve tleseobjectives aredetailed inthis dissertationasoutlined below
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Chapter2 discusses théribological and tribocorrosiostateof-art for surfaceengineering
techniquesspecifically LSP and nanocomposite coatimgth relevanced magnesium and

steel alloy material systems

Chapter3 detailsof the equipmentnd characterization techniques used in the present study.
Chapter4 detailsthe design of a lubricant monitoring system to investigate and analyze
tribocorrosion in dynamic lubricated environment$is chapter details the design and
fabrication of a system to investigate tribocorrosiositn. The system and methodologye
detiled forexaminingthe in-situ tribocorrosion behavior of functional surfageshe present
research

Chapter5 details thetribological and surface roughnestidiesconducted on engineered
surfaces. The engineered surface studied were laser shock peened at various laser intensities
to modify the surface characteristics and tribological properties in addition to the mechanical
propertiesThis chapter providesfandanmentalunderstanding@f the tribological behavior of

LSP surfaceand how surface roughness can be controlled using this prétesshapter also
discusses phenomenological models developed to detail the effect of LSP on surface
roughness, tribology, andliocorrosion.

Chapter6 investigates the tribocorrosion behavior of LSP processed surfaces and the
underlying mechanissnThe chapter uses the equipment and methodology detailed in Chapter
4 to investigate the tribocorrosion behavior of engineered ssréamd as those manufactured
using LSP. The chapter details a phenomenological model describing the effect of surface
roughness on the tribocorrosion behavior.

Chapter7 details the effect of surface energy change due to LSP on the tribocorrosion behavior
of the surfaceThe influence of surface energy and roughness on the tribocorrosion of
engineered surfaces is discussed in this chapter.

Chaptes8 details the studies concerning the effeataiocompositeoatings on tribology and
surface energy behaviof the surfaceThe nickel graphenbased coatings are fabricated and
studied.

Chapter9 Nanocomposite coatings are fabricated and the tribological and tribocorrosion
behaviors are studied considering the surface energy behavior of -giakélene
nanocompsite films.

Chapterl0 summarizesheresults anadonclusionf the current research work
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Chapter 2: Literature review 1 Surface Engineering, tibology,

and tribocorrosion

Surfaceengineeringechniquesave become an integral part of thanufacturing process to
enhance and control the mechanical and tribological properties of surfaces. This chapter details
the current statef-the-art concerningthe tribological implications of surfacengineering
techniquessuch adaser shock peenind@.8P), andNi/GPL nanocomposite coatingsurther the
stateof-the-art concerning factors affectirigbocorrosionbehaviorfor theseengineeredgurface
arediscussed40, 94]

2.1.Laser shock peened surfaces

2.1.1.Surface roughnessind tribology

LSP is a &serbased surface engineering process, which has been used for widespread
industrial application$36-39]. LSP utilizes lasemduced shock wave to introduce compressive
stresses as well as surface hardening effect on the target surface. The basicoplo8Pss
illustrated inFigure 1.3 where the target material is covered with an ablative coating to absorb
laser energy. During the LSP process, the {asadter interaction results in the formation of laser
induced plasma whose expansion is constdhibg a transparent confinement. Due to this
confinement, a lasenduced shockwave with a high peak pressure (in the order of GPa)
propagates into the surface of the target material, leading to an ultrahigh strain rate plastic
deformation (18's ~ 16/s)[37]. As a result, neasurface compressive residual stresses and-work
hardened layers are introduced. These surface alterations play an important role in defining the
tribological properties of a surfa¢é2-48].

As compared to other surfaeaginesringtechniquessuch as shot peenif@b, 96] ultrasonic
impact treatmenf97, 98] laser surface meltin®9, 100] and surface coating depositift01],
LSP provides advantages such as higher flexibility and accuracy, deeper compressive residual
stres, and less damage to the initial surfige 102] These characteristics of LSP has encouraged
tribologists to envision LSP as a sustainable surfacgineeringtechnique to control the
tribological properties of metallic surfaces. LSRlogbrass mateal surface was studied by Wang
et al.[103], where it was shown to enhance the microhardness by 28.3% and reduce the wear mass
loss by 31.78%. This enhanced microhardness and wear resistance was attributed to the laser beam

overlapping ratio which definesspecific peak pressure during LSP. LSP on #dBinum alloy
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surface was studied by Wang et [404], where the authors concluded that LSP is an effective
approach to decrease the depth and width of wear scars and to reduce the abrasion losstér a seaw
environment. These observations were attributed to the grain refinement during LSP which
increases the surfaces hardness and abrasion resistance. Similarly, LSP of duplex stainless steel
surfaces was studied by Lim et HIO5], where it was shown tlha high laser intensity of 10
GW/cn? could be used to redutiee wear volume and corrosion in seawater by 39% and 74.2%,
respectively. These enhancements were achieved though optimization of LSP process parameters
which aided in reducing the number ofrr@sion pits on the wear track. In another study, the
influence of LSP on the wear and degradation performance of AZ31B magnesium alloy surface
was investigated by Zhang et p8]. Based on the observed changes in surface hardness, it was
reported that BEP increased the yield strength of magnesium alloy surface from 128 to 152 MPa
along with significant wear resistance enhancements.

Although most tribological studies on LSP have focused on the enhanced surface hardness and
wear resistancplb, 5154, the friction behavior and surface morphological changes due to LSP
are not well explored. This might be attributed to the complexity of combined surface
strengthening and roughening effects introduced by LSP. The investigations conducted by Petan
et al.[106, 107]on the effects of laser intensity and spot size for LSP of maraging steel surface
indicate that the LSP performed without an ablative coating can generate a relatively low surface
roughness. An investigation conducted by Ren ¢1@8] using Tt6AI-4V alloy shows that LSP
with a low laser intensity could reduce the surface roughness considerably. Similarly, Zhang et al.
[48] showed that a low laser intensity treatment of AZ31B magnesium alloy surface produces
dimple effects with a low average fage roughness as compared to the dimple effects observed
at a high laser intensity. These reports have studied the effect of LSP on surface morphology, but
there is insufficient use of surface roughness parameters to define the effect of LSP on surface
morphology. Most of these studies consider 2D, and 3D surface roughness parameters of average
roughness (RSy), the maximum height of the profile /8,), andtheroot mean square roughness
(R/Sy). However, tribological studies concerning surface roughhase shown that different
textured surfaces with a similar average surface roughRessan exhibit varying tribological
properties regarding the COF and the amount of transfer layer forrflE@®a11]. This indicates
that one or two surfageughness paramegeareinsufficient to quantify the topographical changes

observed on a given surface and to describe the functional characteristic like flit#0p113]
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Menezes et a[112, 114]conducted a series of investigations concerningrithéeince of surface

texture and surface roughness on the COF. In these studies, different surface textures were
characterized by 25 roughness parameteduding hybrid and nogimensional roughness
parameters. These roughness parameters were themtsattelthe friction behavior of the surface
textures. It was shown that the variations in COF for different surface textures (with similar surface
roughness) were due to the dominant influendbeghlowing component of friction at the asperity
contact[109, 114116]. Since the asperity slope on the harder surface defines the plowing
component, it is necessary to study the dominant surface roughness parameters affected by the
LSP process and its influenoa the friction behaviof40, 102, 117]

Thetribological studypresented in Chapterabms to characterize the effect of LSP on surface
morphology and friction behavior of metallic surfaces with a specific focus on the influence of
laser intensity on surface roughness, coefficient of friction (COF)trandfer layer formation.

As a result of this investigation, a surface behavior model describing the effect of laser intensity
on surface morphology has been developed. The study also demonstrates the use of an effective

surface modification technique tordrol the tribological properties of a surface.

2.1.2. Tribocorrosion behavior oimagnesium alloys

Magnesiumbased metallic materials and mechanical components have been developed as a
new generation of loadearing materials due to their lightweight and-demsity (1.742.0 g/cni)
properties. However, their low elastic modulus-#6LGPa) and compressive yield strength- (65
100 MPa) combined with poor wear and corrosion resistance have limited their applicability.
Using LSP to enhance the tribological and etaxtiemical properties of the magnesium (Mg) alloy
surfaces, especially AZ31B Mg alloy, is one of the engineering solutions which has aided in
capitalizing on its unique material propert[é8, 118] Zhang et al[119] have shown that when
AZ31B surfacesr@ LSP processed, they can have friction and wear reductio iynes due to
the surface strengthening effect of LSP. It was indicated that refined grains in the LSP processed
surfaces lead to a deeper oxidation layer, which affects the wear behalddrorally, it has also
been shown by Siddaiah et @0] that depending on the applied laser intensityich affects the
surface strengthening and the surface roughening effect, it is possible to modify and control the
tribological behavior of the swates. In the present study, Mg(QH3$ expected to be the
predominant oxide film on AZ31B during the wear prodé29].
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Further, it is evident from the corrosion potential of Mg in the standard galvanic series that its
alloys will be easily susceptible worrosion in the presence of an aqueous environment. The
susceptibility of Mg to corrosion has relegated the use chNMys in areas that are unexposed to
the atmosphere, including car seats and electronic fb&s122] The overall corrosion reactio
at the corrosion potential of Mg is represented as below:

0 Q c¢cob 0 ¢ O

It can be seen that the corrosion of Mg usually leads to the evolution of hydrogen and the
formation of hydroxides that can have an adverse effect in adyitem. The corrosion resistance
of Mg-based alloys is usually considered inadequate due tddiegtandard corrosion potential
of -2.37 V compared to a standard hydrogen electrode (SHE). This being one of the major
drawbacks of Mghased alloys, it is crucial to understand the corrosion mechanisms under various
tribological and service conditionsh& low corrosion resistance of these alloys is mainly due to
the formation of imperfect and unprotective oxide films on the surface arghtb@nic or bi
metallic corrosion caused by impurities and secondary pfE&&js When a tribocorrosion system
is considered, the Mg alloys are expected to follow the latter mechanism of corrosion that involves
a galvanic couple of worn and unworn areas of the same s(itf2¢e125] When this galvanic
couple interacts with the wealebris and corrosion products, it leads to the acceleration of
corrosion by weafl126]. The conductedtribocorrosionstudes are presentedwhich focus on
investigating this behavior of AZ31B surfaces that have been processed with LSP. The study
investigaes the changes in surface roughness, microhardness, friction, wear, and tribocorrosion
during sliding in 3.5% NaCl solution. The study provides qualitative insight into the- wear
accelerated corrosion mechanism for LSP at various laser intensities.

2.1.3. Influenceof surface energy

Considering the potential of Mg alloy, it is necessary to understand how surface processing
and surface modification techniques affect not just the wear and corrosion properties but also the
tribocorrosion properties. Recent studiestioe tribological and tribocorrosive effects of LSP and
other such surface engineering processes have provided significant insight into the role of surface
roughness, hardness, and residual stresses in defining the wear, corrosion, and tribocorrosion
mechanismg40, 102, 127] The application of AZ31B can be sustainable only if the tribological
and tribocorrosive mechanisms are understood in various agueous environments. In environments

susceptible to corrosion, the surface roughness (SR) can drasticdily the wettability of the
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surface by affecting the surface energile change irsurface roughness more drastic in the
case of Mg alloys due to their high ductilig0, 117, 127, 128]The change isurface energgnd
wettability alters how aqueosslutions interact with the surface and thmesults in altered wear,
corrosion, and tribocorrosion behavior.

The work required in order to hold a unit surface area intact is definggrfase energyn
solids and liquids. In liquids, the mobility ohd molecules enables them to easily attain
equilibrium, whereas in a solidhe molecules are not mobile enough to minimize the surface area
and achieve equilibrium. Theurface energys a key parameter to define the wettability of the
surface with a ligid of known surface tension. Even though it is possible to measure wetting in
terms of contact angle, it does not provide qualitative and quantitative informegiardingthe
interfacial forces between the solid and liquid, the solid and vapor, andytie &nd vapor
interfaces. This makes it difficult to quantify tearface energpf the solids, especially when
influenced bysurface roughnes€urrently, the most effective method to calcutatgace energy
is the approach based on Lewis apase suface interaction components. The thoeenponent
approach was developed by Van Oss €19, 130]which can adequately separate sueface
energycomponents and determine the interfasiaiface energgs the indicator for solubility. It
was shown thain polar systems thsurface energynvolves Lifshitzvan der Waals (LW) and
polar acidbase (AB) interactions:

[ [ r
wherg s the totakurface energygf the solid §). The acidbase component surface energy

is given by the geometric meanfof , electron acceptor, afnd , electron donor given by:

rcr r

The interfacial energy between the sopgnd liquid )ff , can be expressed as:
[ W
whereW. is work due to adhesion that defines the work necessary to pull apart two surfaces in

contact and is the liquid surface tension. Using the above equatidhss:

w ¢ [ r 17 T T

Considering lte experimentally determined contact angle with probe ligl)isvith7 of the

probe liquid and we get the Young equation for determinitvgof the solid as:
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Surface functionalization using ladeased techniques such &R_has been studied to modify
various properties such as surface hardfEsss1, 104, 131]wear and corrosion resistar[d&,
53, 100, 104]surface roughneg$40, 106, 132134}, and wettabilityf135, 136] Tailoring surfaces
to have multiple functionalities requires experimental techniques to determine and optimize the
process parameters based on the applicfti@?, 137140]. However, without understanding the
interactions between surface functionaliaativia LSP, it is not possible to understand the full
potential of LSP. Theurface energgtudypresentegdwhere the influence of LSP on theurface
energyinteractions at the interface of the AZ31B surface and three probe liquids (corrosive and
nortcorrosive)is investigatd. Thestudyfurthers the understanding of surface functionalization
using LSP by providing insight into the influencesafface energgn corrosion and tribocorrosion
properties. The knowledge slrface energghanges due to LSP Wiallow better desigrof
AZ31B surface properties for sustainable and diverse applications, including applications in

aqueous environments.

2.2. Electrodeposited nanocomposite coating

2.2.1. Surface energy and tribology

Composite electrochemical coatings (CECs) areegding significant interest, both in
research and in practical applicatidngarticularly in transportation, electrotechnical, food, and
textile industrie§141-143]. CECs provide a unique technological edge to enhance the mechanical
and tribological proerties of the surface. Nickel (Ni) is one of the most common metal coatings
used to synthesize CECs as it is characterized by superior corrosion resistance, and enhanced
mechanical and tribological properties. Recently, graphene has been used in thdeglesttion
of Ni composite coatings known as nickghphene (NiGr) coatings for lubrication applicatien
Such coatings are superior in tribological properties as compared to other hard CECs that consist
of chromium, boron nitride, zirconium dioxide, PH, etc[143, 144] Gr nanosheets and platelets,
due to their layered crystal structure, have been extensively used as lubricant additives to enhance
the tribological performanc4-71]. Gr being lightweight, impermeable, atomically thin, wear
resistant, mechanically strong, and inert, is one of the most safightnaterials for a composite
coating. In addition, Gr in the form of nanosheets and platelets have been used as nanomaterial

additives in composites and lubricants to enhance the tribological propgeti&d-84, 145] In a
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composite surface coating, graphene has been shown to provide the substrate surface with
enhanced wear, corrosion, and hardness properties, which ar&caignin defining the
tribological behaviof72-75]. Further, the presence gfaphene in composite surface coatings
provides high flexibility, which helps compensate micro curvatures or changes in surface
roughness of coated substrate while still prawgda stable coating. This aspect of graphene
composite coatings hadso made it suitable for flexible electronics and other electrotechnical
applications.

The coating thickness, surface morphology, and mechanical properties vary depending on the
electrodgosition process parameters used in the synthesis-Gf Momposite coatin{88, 90]
Additionally, these characteristics also affect the graphene particle distribution in Ni metal matrix,
andhence, affect the tribological properties of the coating.effeet of coating characteristics on
the mechanical and wear behavior of®li composite coatings have been investigff&d 75,

146]. Most of the focus was given either wear resistance or corrosion resistg@8g Coupling

these will have a greatenpacton understanithg the performance of the coatings, given that most
corrosionresistant elements are not weesistant and vice ver$a3, 75, 146] The tribological

and mechanical performance of coating has been related to the surface[é6edyy7 148]
Fundamental understanding of surface energy on the coating performance is largely unknown
[147, 149] It is necessary to understand that these tribological and surface interactions of the
coatingsareaffected by surface energy. The surface enefgfye coatings has been known to vary

with surface composition and topogragh$0, 151] Thetribological studypresented in Chapter

6 investigates the effect of the surface energy of Ni an@GiNtomposite coatings and correlates
them to the dynamic it i on (henceforth referred to as oOfr
The surface energy effect of Gr in correlation to the friction and wear behavior of the composite
surface will also be studied in this research.

2.2.2. Tribocorrosion

The coatinghickness, surface morphology, and mechanical properties vary depending on the
electrodeposition process parameters used in the synthesis of Ni7/k&2e parameters affect the
graphene particle distribution in Ni metal matrix, which in turn a$félse coating thickness,
surface morphology, and mechanical properties. Though the effect of these process parameters on
themechanicahnd wear behavior of Ni/GPL composite coatings Haeen investigatedhere is
a lack of fundamental understandingth respect towearcorrosion synergism in these C&C
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Most experiments test existingpatingsthat havebeen developetbr either wear resistance or
corrosion resistance. Coupling this to the fact that most corrosion resistant eleraermiswear
resistantand vice versa, these coatings, therefore perfaoorly when tested under combined
wear corrosion conditions. The synergistic effect of wear and corrgsiorcause accelerated
material degradation. The tribocorrosion studies performed on Ni/GPL nanocsitenpoating

electrodeposited on 1020 steel substrate sudgmeesented in Chapter 6
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Chapter 3: Equipment and characterization techniques

The current chapter introduces various equipment and characterization techniques used to

conduct the tribologial, tribocorrosion, and surface energy experiments.

3.1. Tribometer and Tribocorrosion testing

The multifunction tribometer from Rtelmstrumentsshown inFigure 3.1was used for the
tribological and tribocorrosion measurements. One of the most commordyrped tests on the
tribometer is the scratch test. A pin or ball is scratched watinatanforce against a fixed sample
and the opposing force in thedwection is recorded. From this data, the coefficient of friction of
the specific tribepair can beobtained. This test can be modified by changing the pin, ball, or
sample material, the force applied, and the environment in which the test is done by including
humidity and temperature controls. Additionally, the interface between the pin/ball anddmody c
be modified by adding solid and liquid lubricants. Wear testing of-fydocs can also be performed
with this machine. Both linear reciprocating and rotating tests can be done to test wear. In the
linear reciprocating test, a pin or ball is scratchgdirst a sample material in a cyclic fashion.
The forces areecordedand the wear value is calculated Y profiling the wear tracksThe
studies discussed use one or more of these technigdetetonne the wear properties of tribo
pairs. During these tests, various additions to the madtame been madehat can be used to
manipulate the environmeand analyze complex tribocorrosiomechanismsHere acorrosion
testingis combined with any of the aforementioned tests. This is done by connecting a potentiostat
to the testing materials, like the sample and pin or ball, and various electrochemical experiments
can be performed during thabo tests. The potentiostat is capable of doing potentiodynamic,
potentiostatic, open circuit potential, and electrochemical impedance spectroscopy tests, among
many others. This type of testing can show how corrosion has an effect on the frictioaaand w
properties of materials and how these parameters can be controlled to obtain better corrosion and
wear resistance. Additionally, the trifoorrosion setup can be further modified by adding both
temperature and humidity controls. Overall, the tribomeétethe most important piece of
equipment in the field of tribology. It allows friction, wear, and tribocorrosion studies to be

performed in a variety of environments.
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Figure 31: (a) Rtec multifunctiortribometer, (b) Piron-disk scratch testing, and (c) view o

the fixture table with Fx arm inside the tribometer.

3.2.Potentiostat and Potentiodynamic testing:

A Gamary Reference 30QfbtentiostaiFigure 3.2 was used twary the voltage difference
between two connected electrodes, typically used for corrosion testing. The anode, cathode, and
electrolyte are contained in an electrocheiniedl. Typically, the working electrod@nodé the
counter electrodécathodg, the auxiliary electrode, and electrolyte are all connected in a circuit
to the potentstat. Following this, the potentiosteindo a variety of tesislepending on what
information is needed. These tests include potentiostatic, potentiodynamic, open circuit potential,
and electrochemical impedance spectroscopy, among many others. In relation to tribology, the

potentiostat can be combined with a tribometer to perform tribosion testing.

Figure 32: Gamry reference 3000 potentiostat alongsideskbetrochemical cell.
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3.3.Goniometer and contact angle measurement

The ramehart goniometershown inFigure 3.3wasused to measure the contact angle and
contact angle hysteresis of various surfaces wigiven fluid. A droplet in the range ofH
microliters is placed on the surface to be studaad the contact angle is measured. The sample
table is then tilted 9@egrees in either directipwhich allows measurement of the contact angle
hysteresisThe contact angle is directly related to the surface energy of a material, which can be
manipulated to change the tribological properties of the surface. Furtherh®seirtace energy
of a material dictates how prone to or resistant to corrosion a material is. Thus, changing the contact

angle can improve or worsen these properties.

microscope vyideocamera
g

light source

moilor

frame-
grabber

motor-driven syringe computer

Figure 33: ramehart goniometer/tensiometer with a sesdilep test fixture.

3.4.Pulse powersupply and electrodeposition

A Dynatronix pulse power supply shown inFigure 3.4was usedfor electrodeposition of
nanocomposite coatings @arious surfaces. A direct current is inputted to the bath in a series of
pulses. The pulses can be varied to obtain different coating results. The frequency of the applied
pulse can controthe density, porosity, and overall distribution of the wwatFurthermore,

electroplating can be done with many materalsubstratesncluding gold, silver, coppeand
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nickel. The density, porosity, and coating thickness can all be varied, whiittava an effect on

the overall friction and wear properties.

Figure 34: Dynatronix pulse power supply used for electrodeposition process.

3.5.3D Surface profiling and analysis

A Rtec Instrument 3D optical profilometdfigure 3.5, which is integrated with a tribometer,
has been sed in the present study. It has been used to 3D profile surfaces to obtain detailed
information regarding the surface morphology and roughness. It operates on the principle of light
interferometry unlike an opticmilngnd cowesrcopre. ar
the |l ight interference or Afringesod are recor
information regarding the peaks and valleys of a surface. From this data, additional image
processing software, Gwyddion v2.53 wadizéd to obtain amplitude, spacing, and hybrid

parameters.

Figure 35: Measuring surface profile and roughness using (a)3D optical profiler, anc

3D data using image processing softvar
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3.6.Automated polisher and surface preparation

A Buehler AutoMet 300 automated polishing machine showigare 3.6was used to prepare
samples for the present study. This machine enabled surféaskiqgp with a random pattern
consistently over various samples to achieve the required surface roughness. The machine was
used to achieve both high and low roughness values, and Hlikedimish as required for the

studies.

Figure 36: Buehler AutoMet 300 polishing machine at the Surface Engineering ar
Tribology lab, UNR.

3.7.Hardness

A Wilson Hardness tester was used to assess the change in hardness due to surface processing.
The Vickers hardness test method wasd, where the surface of the test material is indented with
a diamond indenter with a square based diamond pyramid having an angle of 136° between
opposite faces that is subjected to a load of 1 to 100 kgf. The full load is normally applied for 10
to 15seconds. The two diagonal lengths of the indentation left in the surface of the material after
removal of the load are measured using a microscope and their average was calculated. The
Vickers hardness is the quotient obtained by dividing the kgf loadhdysdquare mm area of
indentation. In the present study, a load of 500 g was applied with dwell time of 10 s.
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3.8.Scanning electron microscopy{SEM)

A higher reslution piece of equipmenSEM, JSM-7100 FESEMshown inFigure 3.7 was
used in the studies to characterize surfaces and wear. ffack SEM ha®ptimum imaging with
subnanometer resolutiorof less than 100nm and a magnification that ranges from 25
1,000,00X. The equipment provided insight into ttransfer layer formation on the wear track
and wear propertiesf specimens on the mictevel. By observing the surface texture in this detalil
and mapping specific materialé was possible tainderstand various wear mechanisms and
identify surface products

Figure 37: JSM7100 FESEMScanning electron microscope at UNR.
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Chapter 4. Performance analysis of lubricant monitoring system

A major drawbackn the tribocorrosion study of functional surfaces is the lack of reliable
methods to investigate weaorrosion synergism isitu in a dynamic lubricated environment.
This chapter details the current state of lubricant monitoring sgsteditheir appliability for in-
situ tribocorrosion investigations. The chapter details the design and analysis ofian in
lubrication monitoring system (LMS), which forms the core experimental technique for the
subsequent tribocorrosion studies in this dissertatidrth&lresults and discussions presented in

this chapter have been published in a peerewed journaj23].

4.1.Introduction

4.1.1. Lubricant monitoring systems (LMS)

A lubricant, axce extracted after usean hardly be reused and needs to be refurbished or
discaded in most cases. Mechanical systems such as automobiles, aircraftpféyosewind
turbines, deep sea oil drilling rigs, and a wide variety of machinery use one or more forms of
lubricants. The efficient functioning life of these lubricants hashesually estimated by a
At humd ed that was related to their cycles or
removed and investigated using several analytical technidtigsir¢ 1.2 specific to the
application34, 152] the exact remaining effective lifecycle of the fluidlifficult to be accurately
estimated153-155]. Over the past few decades, several ingenious methods have emerged for
LMS, which have been spearheaded by industrial research and developments (R&D).

The very first noticeable step towards LMS was made when industrial R&D led to a patent
filed in 1986 which concerndtiecorrosion impurity sensor for fluidé56]. This wasasignificant
technological progress when observed from the perspective of flabkygmonitoring. Until
around the 1980s, the need for LMS was not significant since the lubricant and lubricating
technology was headed in the direction of its synthetic forms. However, with the introduction of
the electronic sensor for monitoring theeaooling water of nuclear fusion light water reactors
(LWR), it was then possible to detectsitu, at least one corrosive impurity in a fluid. Around the
same time in 1987, another patehat dealt more specifically with an electronic sensor for
deteting machine lubricant deterioratioimcluding engine oil of a vehicle was fil¢tl57]. This

sensor shown ifrigure 4.1[156, 157]involved a resistor coated with a thin copper film that
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corroded in the presence of acid content in the machine luhiicditiating the extent of lubricant

deterioration.

a. Front cross-section view showing corrosion deting b
elements and corresponding electrical connections
2
4 5
2 9 g
POWER
SOURCE DETECTION| [INDICATION

PORTION PORTION

Side cross-
section view
showing
corrosion
deting elements

Front cross-section view showing Al .
power supply connections to the sensor 1H{RESISTOR FILM OF COPPER)

13

I(ELEMENT FOR DETECTING )
MACHINE QIL DETERIORATION

Figure 41: The very first fluid monitoring el
impurity sensor* (b) Nippon Soken Inc. machine oil deterioration detection sensor*. (*In
as filed in their respective patents. The numbers indicate components of sensor specif

filed patents)

The invention of such situ fluid monitoring sensors was capitalized in no fier&l research
pertaining to the integrationf ahese sensors into mechanical systems and techniques to
manufacture them on a large scale started to gain pace. This was evident from the number of high
valued patents filed in 19838, which tried to integrate and improve these sensors within
mechanicabystems found in automobile and machine comporjéttsi58] Although many of
these corrosiofhased sensors were better ways of lubricant monitoring, they were not easily
integrated into a dynamic system. Most of the R&D undertaken in this field waskioothe
scientific world only through patents rather than research journals. Even if research were
published, it would have been in its infancy as stated in one of the significant reviews from 1988
on weardebris detection and analysis techniques predefde lubricant based condition

monitoring[13]. Although the concept of tribocorrosion was already known during the late 1980s,
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tribology of wear debris in lubricants and the simultaneous corrosive effects of these wear debris

was yet to be investigatedlresively for lubricantfl59, 160]

4.1.2.Recent advances in LMS and their applicability to-gitu lubricant monitoring

The early idea of situ fluid monitoring systems based on corrosion initiated by the working
environment proved to be the right approach in fluid condition monitddig 156158]
However, applying this monitoring method for oils and lubricants inrauiyc system proved to
be a challenging tagd.53, 154] One of the interesting and loterm research approaches was
through the integration of particle debris analysis and physical analysis of lubricants through the
development of information technolodyT). This research concerned the development and
utilization of the information systems relating to the management database and cataaer
wear particle analysis software used for LM81-165]. It centered on visual ferrography and IT
perspective oincreasing the effectiveness and speed of lubricant analysis, improving information
managementand using reliable data processing to obtain monitoring conclufl&sl68].
Though these approaches were effective to a certain extent in quantifying wiesegpand other
contaminants, they are ineffective in actually gauging thetireal synergetic effect on the system
performance. These approaches are online monitoring techniques, unlike the more effsittive in
process that gives better insights ink@ degradation sources of the lubricants and working
elements. Following the IT side of research, there have been studies utilizing numerical-and soft
analytical methods to determine system reliability based on lubricant analysis using neural network
techniqueg169-171]. These methods rely on electronic sensors that provide online data for their
model analysis and are effective techniques to predict the trend in lubricant degradation and system
performance. It implied that the information processingrieldgy plays an important role in
processing the data acquired, but their beltiescenes role is only as effective as the
methodology of monitoring lubricant condition and accuracy of acquiring/8ata

There have been attempts to use spectroscopyclasteér analysis methods, such as-two
channel differential dielectric spectroscopy (DES), supervised hierarchical clustering analysis
(S-HCA), Fourier transform infrared spectroscopy {IRl), ultravioletvisible spectroscopy (UV
Vis), electrochemical iipedance spectroscopy (EI&nd thermal gravimetric analysis (TGA) to
provide data on hservice lubricant conditio472-174]. These methods of analysis are some of

the most effective ways of esitu lubricant monitoring. Although some research worksehav
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attempted to integrate these forsitu condition analysis, their commercial viability is improbable
due to the complexity of the analytical methods involved.

It can be observed that when it comes tsitn LMS in a dynamic environmenanly very
limited research has gone beyond the available standard testing techniques. Still, even the most
reliable form of insitu LMS today are those seen in automobiles, aircraft, shgpal heavy
machinery that rely on bgroduct effect monitoring symms or inline static testing methoi@s
155]. In-situ LMS is even more significant because monitoring the sources of lubricant degradation
in a dynamic system can indirectly maximize the lubricant lifecycle.
4.1.3. Limitations of current LMS and tribocorrosionn lubricants

In-situ monitoring of fluid conditions in a dynamic environment using correlsased sensors
posed a variety of abnormal problems for commercial implementation. These problems resulted in
a very low current density due to the type of fluiddium, wear debrjsand various contaminants
accumulated in the fluid used in the mechanical syqters-177] Due to the difficulty in
integrating corrosion based LMS for commercial applicat[@@$], a new variety of monitoring
systemsthat were based o user handling and lubricant working conditions were introduced.
Noticeably, some of the biggest original equipment manufacturers (OEM) in the automotive
industry were among the first conducting R&D to integrate this form of electronic LMS in their
automaive components for commercial implementation. All these systems simultaneously
monitored the engine oil temperature, engine running time, elapsed time since last oil change and
other such working conditions to mathematically predict the deterioration anadethusthe
remaining working lifecycle of the oflL78-180]. Even though patents on many similar systems
with new upgrades were filed thereaft&81-184], it was these automotive OEMs who made this
electronic LMS commercially viable for implementatiand also implemented in most of their
automobiles with frequent upgrades since 1A85].

The cause of lubricant degradationniostmechanical systems is due to the introduction of
one or more forms of foreign contaminants. These contaminants cae bear debris or by
products generated during the functioning of the mechanical system, for example, water and soot
[4-7]. The type of lubricant, boundary lubrication mechanism, and a working environment defines
the extent of contamination from wep#-10]. The lubricant degradation within an enclosed
mechanical system is a ntinear process which is initiated by contaminant inclusions but

progressively or exponentially accelerated by synergistic effects of wear and corrosion occurring
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in the system. Theurrent LMS use sensors to continuously track oil temperature, cycle time,
pressureandelapsed time sindbelast oil change and other such oil working conditions to predict
the extent of oil degradation. These methods of monitoringrbgiuct effects red predicting the
extent of lubricant degradation do not consider the synergistic effects of their sowszasand
corrosion. Hence, these electrobiased LMS are not accurate enough to provide for the actual
effects of contaminants induced by tribaomion[8, 11, 12] Further, too many bproduct effects
of lubricant degradation that vary continuously without indicating a predictable pattern. The
process of electronically monitoring all these variables and using this data to predict the overall
degralation of lubricant makes the estimations much more complex and unreliable in some cases
[5, 1319].

This is the technological gap that is to be addressed intbivi#®nitor theorigins of lubricant
degradation, due to wear and corrosion. If an LMS can torotie synergism between wear rate
of the tribepairs in contact and the corrosion arising due to the contaminants, this system can be
expected to be more reliable than the multitude varieties of electrased LMS. This system
can further be integratedith the latest corrosion and wear analysis models to provide for

conditionbased predictive and prognostic outputs.

4.2.Design and evaluation of LMS for insitu monitoring of tribocorrosion in lubricants

This section of the study addresses the technologiapl of monitoring and analyzing the
synergism between the wear rate of the tplgs in contact and the corrosion arising due to the
contaminants in a lubricant mediyB0-33. An or i gi nal design of &édmodif
here The test rig dethdd in this study integrates the wear analysis of a-p#ioin a lubricating
medium with a threelectrode potentiodynamic corrosion-ggt The test rig can monittinein-
situ corrosion rate while monitoring the wear rate between thepabe in catact. Further, this
setup was used to perform a series of tribocorrosion tests using industrial grade transmission oil
under various contamination conditions. A tribometer test rig retrofitted with DC corrosion cell
was used to perform 4situ analysis b the effect of tribocorrosion in a lubricant medium.
Experiments were performed in accordance with the ASTM standards@31tb9determine the
synergistic effects of wear and corrosion. These tests provide an insight into the reliability of the

test rigas an irsitu lubricant condition monitoring system for use in dynamic environments.
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4.2.1. Retrofitting of the ballon-disk test rig

A multi-functional tribometer (Rtec MFT 5000) consisting of a Hoalidisk test rig with
lubricanthousing was retrfitted with a threeelectrode corrosion cell setup as represented
schematicall in Figure 4.2 The test rig consists of a rotary lubricdamusing cup containing a
disk (specimen) in contact with a ball fully immersed in the lubricating medium. Around this
lubricant housing, an adjustable mounting frame was constructed to holeféhence and the
counter electrodes immersed in the lubricating medium that was then connected to a potentiostat.
The working electrode (which is the disk/specimen of interest) was fixed inside the lubricant
housing cup using a screw with a Hadlaring bt head extending out from the cup connecting to

the potentiostat.

Mounting Frame

Ball Holder

Lubricant housing

—> Ball bearing screw
==——> Ball

—> Disk/Specimen

Cup rotation

Figure 42: Schematic oball-on-disk test rig retrofitted with threelectrode corrosion cell

This retrofitted test rig design was aimed to address two major shortcomings of tribocorrosion
sets up used in lubricated environments. Firstly, due to the low conductivity of nmargnadi
lubricants, the electrochemical cells for a tribocorrosion setup are found to be very unstable.
Hence, the first challenge was to ensure accurate readings of effective resistance in the electric
circuit arising from the combined effects of ohmidstmce and reactance. This is to say that the
high or low impedance that may be observed in the lubricant housing cup needs to be consistently
and accurately measured. This is further complicated by the fact that in tribocorrosion testing the
fluid mediumis constantly agitated. To overcome this shortcoming, the counter electrode was
placed as close to the reference electrode as possible while keeping the counter electrode along the

fluid flow direction for minimal flow disruption. Further, specific typedashape of electrodes
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were used: A spectroscopic grade graphite counter electrode was machined to have a bulging
droplet end to ensure maximum surface area of the electrode was in contact with the lubricant, and
a Saturated Calomel reference electrodeH)Siieing one of the most robust forms of reference
electrodes was found to best suited for the current application.

Secondly, it is not easy to measure the potential of the working electrode accurately when both
the working electrode (disk/specimen) ahé tonducting medium (lubricant) are constantly in
motion. This interference was minimized by ensuring close proximity of the reference electrode
to the wear track of the badin-disk test. Achieving a stable sgb that can provide for accurate
and reliale readings during the tribocorrosion test was the first objective of this redetiosied
by stability testing and analysis.
4.2.2.Materials

Ball-on-disk tests were performed using alumina balls of 6.5 mm diameter and AlISI 1020 steel
disks of 50.8 mnadiameter. The disk material used for experimentation is most commonly used as
structural alloy steel in ships, vehisleailway, bridges and more specifically in power generation
applications, mechanical geaand cam shafts that are exposed to rigorausological
environmentg186-191] With the aim of analyzing the effectiveness ofsitu tribocorrosion
analysis using the retrofitted test rig for lubricant based environments, a lubricant intensive system
such as an automobile transmission box wastegleas a reference system. The tylaar was
tested in commercial automotive transmission oil, which meets most commercial automatic
transmission fluid (ATF) specificationas shown irmable 41.

Table 41: Specifications of commercial grade ATiBed as the lubricating medium

Automatic transmission fluid
specifications (Dextron III)
Volumetric mass at 15°C 867 Kg/m?

Values

Colour, ASTM 6.5
Viscosity at 40 °C 32.26 mmi/s
Viscosity at 100 °C 7.1 mnt/s
Viscosity index 190
Viscosity Brookfield at 40 °C | 12600cP
Flash point Cleveland 183 °C

Pour Point -48 °C
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Today, ATFs are some of the most complicated lubricating fluids that are tribologically

versatile in properties and specific to appl

transmission components and operate both at low anetémngberature extrees with consistent

performance. Hence, this system, which utilizes one of the most technologically advanced forms

of lubricating fluids, will provide for a distinctive idea of the test rig performance when

contaminants are introduced to the lubricatinglie.

4.2.3. Experimentation

Tribocorrosion experiments under cathodic and anodic polarization conditions were performed

using the retrofitted test rig as showrFigure 4.2 according to the test parameters listedable

4.2. The working electrode sample €K) with a surface area of 2.027 »*10n? was exposed to

commercial grade ATF mediuntr e f erred t o as

6o0i |l &) ai roomt he

f

temperature. Saturated calomel and graphite were used as the reference and counter electrodes,

respectively.

Table 42: Test parameters of the tribocorrosion measurement

Test Parameters Value
Normal Force 10N
Rotation speed 50 rpm
Duration of wear 15 hr
Wear track radius 15 mm
Ball diameter 6.5 mm

Electrolyte/Lubricant medium

Commercial grade

Temperature

24 °C (room)

Humidity ratio

10 % RH

The experiments were performed in four stages listed inTable 43. Each of these

experiments consisted of a specific form of boundary condition, according to ASTM03119

standards. Each experiment was performed for 15 h without interruption, during which the

coefficient of friction (COF), wear volume, and corrosion ratese continuously monitored. The

wear displacement data (change whe&lght of the ball holder) was recorded throughout these

experiments and was used to compute the specific wear rate coefficient of the system. Due to the

low load conditions and the weaasistant characteristics of the alloy steel ball, there was minimal

(



contribution of the wear on the ball surface to thkefght. The computations were based on a

system of spheren-plane Hertzian contact pressure.
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where hi = wear displacement (usingl®ight data), mr ki = specific wear rate coefficierp;=

contact pressure E/Awear track N; S = slide distance = slide rate x time/=t, m.

Table 43: Experimental design to investigate tribocorrosion in oil lubricdigthmic

environment

Stage | Objective Experiments Data recorded

Stagel | | Establish control wea| Ball-on-disk test in oil medium withou] Wear rate in oil
rate. corrosion cell setip. medium.

Stagei 1l | Establish control for the a. Ball-on-disk test in oil medium with Synergistic
synergistic effect of| corrosion cell setp. effect of wear
wear and corrosior| b. Static corrosion cell experiment in d and corrosion in
without any external without wear to isolate the corrosid oil medium.
contaminate. rate.

Stagei 1ll | Effect of one externala. Ball-on-disk test in- oil + 5% (wt.%) | Synergistic
contaminates in the off sea salt medium with corrosion cel| effect of wear
medium on synergisn|  setup. and corrosion in
of wear and corrosion |b. Static corrosion cell experimentiroil | olil medium

+ 5% (wt.%) sea saltmedum without | consisting of ail
wear to isolate corrosion rate. + 5% (wt.%) sea
salt.

Stagei IV | Effect of two externall a. Ball-on-disk test in-oil + 5% (wt.%) | Synergistic
contaminates in the o sea salt + 10% (wt.%) watemedium | effect of wear
medium on synergisn|  with corrosion cell setip. and corrosion in
of wear and corrosion. | b. Static corrosion cell experiment-inil | oil medium +

+ 5% (wt.%) sea salt + 10% (wt.9% 5% (wt.%) sea
water- medium without wear to isolat{ salt + 10%
corrosion rate. (wt.%) water.
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A sequence was programmed on the potentiostat to monitor the open circuit potential (OCP,
Eoc) throughout the tribocorrosion experiment. Before the start of egoériment, the sample
was ultrasonically conditioned by using acetone and once dried by an air blower. The specimen
was then kept in the required combination of oil medium for 1 hr to obtain a stable OCP, which
was followed by the 15 hr tribocorrosion eppnent. An anodic condition of +0.5 V potential vs.
OCP (kbc) was applied to test the sample and accelerate the corrosion process. The cathodic
condition was maintained af.5 V potential vs. OCP @z) to suppress the corrosion process.
Throughout theseell conditions, the evolution of current was monitored in parallel with the wear
process. After the experimentation, the samples were left in the oil medium for 1 hr to allow for
surface repassivation. The sample was thengieased by using HRexane andgrepared for
analysis of the wear track under a 3D optical profilometer and scanning electron microscope
(SEM). The tribocorrosion experiments were performed in three conditions of oil medium listed
in Table 44. The synergism of wear and corrosion hasnbanalyzed in each of these three oil
conditions.

Table 44: Oil mediums and their contaminants used for tribocorrosion experiments

Contaminate

Oil Medium Oil Contents
Introduce

Medium- | - oil (uncontaminated)

Medium- I 5% (wt.%) sea salt oil contaminated with sea salt

5% (wt.%) sea salt arf oil contaminated with sea salt ar

Medium- i 10% (wt.%) water water

4.3.Results and Discussion

Each stage of the experiment detaile@able 43 was performed, and their results are discussed
and analyzed in this section. Stage | of the experiment was used as the base line to compare the
wear behavior of the tribpair against the corrosive influence of the oil contaminants tested in
Stages HIV. All electrochemical experiments were performed as DC corrosion tests in the
potentiodynamic state as the current study concerns analyzing the influence of cell solution (oll
medium) on the phenomenon of tribocorrosion with no coatings on the surface sdrtiple
involved. It is a common knowledge in the electrochemical analysis that the impedance of the

resistor (oil medium) is independent of the frequency, and the current through this resistor stays in
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phase with the voltage. Hence, the potentiodynamatyais was found to be appropriate for the

present study, which utilizes a single frequency.

4.3.1.Open Circuit Potential (OCP)

The OCP (kc) i.e. the equilibrium (corrosion) potential of the steel sample in each of these
three oil mediums was initially measured for 1 hr (3600 s) as showigure 4.3 It can be
observed that the sample was able to reach a stable equilibrium potentialrieeadlitimediums.

The OCP of the sample mMedium, uncontaminated oil medium was found to-B82 mV;,
Mediumtll, oil contaminated with 5% (wt.%) sea salt was found te2d® mV; and Mediunill,

oil contaminated with 5% (wt.%) sea salt and 10% waterfoasd to be-84 mV. These values

of OCP are initial indicators that even without the influence of wear, the sample in Me@inch
Medium-lll containing contaminates will be highly susceptible to corrosion when an electrical

potential was applied.
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Figure 43: Open Circuit Potential (OCP) of the sample in different oil mediums.
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4.3.2.Influ ence of wear on OCP

Once the equilibrium potential was obtained at the end of 1 hr OCP measurement, the
tribocorrosion tests were initiated accordinglte test parameters as detailed atle 42 for 15
hrs followed by 1 hr of rpassivation. The evolution of OCP before, during and after the wear test
on the sample was shownkigure 4.4 It can be observed that the sample in Mediumas stable
throughout the wear test period with minimal variation in potential. This can be attributed to the
high resistance of the oil to wear and corrosion in its uncontaminated state, which is a typical
characteristic of synthetic oil that was specifically formulated application in these
environments. However, in the case of wear tests performed in contaminated conditions of
Medium-ll and Mediumlll, the OCP was observed to steadily drop from the quiescent conditions,
more so in Mediunill than in Mediumill. In the case of Mediuril, the OCP drops frora210
mV to -250 mV, whereas in Mediwhl a more prominent drop fror84 mV t0-200 mV was
observed by the end of the wear test. In all three oil mediums, the sample was observed to re

passivate close to their initisdert conditions soon after the wear test ends.

Evolotion of Open Circuit Potential during Wear test

0.000 t
I — Mediium-I: Oil
\ & Mediim-II: Oil + 5% Sea Salt
1 -0~ Mediim-III: Oil + 5% Sea Salt + 10% Water
| ]
S -50.00- ' !
o : :
= : :
£ .
W :
S -100.0- L :
= I J,“Vf' A . |
2 ! A ad o M I
= | \ T ;\J\ fad*| T —
5 ! T e . !
i)
215000 | U :
# | PAZ S foy |
> 1 \I \ ‘\L ,‘ﬁ'f “VJLﬁ | ‘ TI
s l T WT ‘ fi ﬂr’m Wi
£ 1 ‘\ \‘M L [ h
< -200.0] ! | 5 W
S etk |
= » !
E 1
£ -250.0 T e |
=] 1
A~ I
l
1
| |
=000 1 hr—>1 _15hrs K—1hr—>
Wear begins Time (hr) Wear ends

Figure 44: Evolution of OCP during wear test in different oil mediums
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A certain degree of oscillation in OCP under each of the oil conditions was observed. The
oscillations in case of wear test in Mediiand Mediumll can be considered not very significant
since there can beegligible corrosion products expected in Mediumand fewer corrosion
products in Mediumil on the sample surface. In Mediith, there was a very high degree of
oscillation, indicating the formation and destruction of a large amount of corrosion products on
the surface of the steel sample. The presence of water along with sea salt in Mledauses
accelerated oxidation of steeéar debris and wear traakhich was investigated in the later stages
of the analysis. It cannot be ignored that these fluctuations in potential can also be due to the cell
current variations caused because of the dynamic nature of the experiment thieesgimedium
was in constant motion. This aspect of the experiment would define the stability of thg test
design for tribocorrosion analysis in oil medium. The influence of the dynamic nature of the
experiment on the reliability of data was bettaderstood when analyzing the potentiodynamic
results in the following sections.

The effects of wear on OCP during wear test were further investigated by monitoring OCP for

15 hr wihout wear in all three mediums as showrrigure 4.5 It can be clearly observed that

Evolution of Open Circuit Potential without wear
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Figure 45: Evolution of OCP without wear
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there was a negligible drop in OCP over this period in Mediuiand IIl. It was estimated that

over a period of 15 hrs the effect of wear on OCP was such thaCReal@ps by 7mV, 36 mV,

and 98 mV in Medium, 1l and Ill, respectively. These variations can be attributed to the change
in the cell current flowing through the resistance of the cell solution during the wear. It can be
expected that the wear debris cantbusly entering the cell solution during wear interact with the
salt and water contaminates in the solution. This affects the stability of OCP over longer durations

with progressively increasing severity.

4.3.3. Analysis of coefficient of friction (COF) and wealuring tribocorrosion test

The COF was monitored4situ during the tribocorrosion test as showrrigure 4.6 It was
observed that the COF of the tribair inMedium-| gradually decrease over the first two hours of
wear and there after becomes stable over the remaining period of the test with an average COF of
0.066. The tribepair in Mediumll shows an initial drop in COF with a high slope for the first two
hours as compared to that in MedidmThis was followed by a gradual drop in COF over the
following two hours, and the tribpair achieves an average stable COF of 0.075 after nearly 4
hours of wear. The period of stability of COF in Mediinvas observedo have been disrupted
after 7 hours of wear after which the frequency of COF was affected till the end of the experiment.

Evolution of COF during tribo-corrosion test
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Figure 46: Evolution of COF during tribocorrosion testing



40

This disruption in COF can be attributed to the sea salt contaminate which at this stage can be
expected to react with the wear tra@using repeated formation and break down cycles of oxide
tribo-layers.

In the case of Mediuril it was observed that for the first 4 hours of wear there was a high
initial drop in COF having a considerably high slope when compared to Mddinchll. This can
be attributed to the wear track rumperiod that was constantigterrupted by the salt and water
contaminants, which are immiscible in oil. At the end of theinyperiod, the water contaminants
can be expected to have dissolved the salt contaminates forming an aqueous NaCl form of
contaminate in the oil Mediwtl. Even though the tribpair achieves a small duration of stable
COF of 0.14 after 4 hours of wear, it was observed to have been disrupted at the end of 8 hours of
wear period. More specifically, it is to be noticed that this disruption causes the COketospi
the next few minutes and then drop with similar frequency. The COF in Mdtliuvas
consistently unstable thereafter. This behavior of COF between thgé#ibwas consistent with
the observed wear rate as seeRigure 4.7 The wear rate of thtrio-pair in Mediuml and Il was
found to be increasing consistently with time. But, in the case of Medidhe disruption in COF
observed after 8 hours of wear was because of an increase in the wear rate. At this stage of the

analysis, it was specu&d that this was the point where the corrosion started to accelerate the wear

Evolution of wear rate during tribo-corrosion test

1.0500E-07 i ——— Wear rate in Medium-I

1 S Wear rate in Medium-II

1 ——— Wear rate in Medium-III
9.0000E-08 | 1 A !
: N
—_— ] 'l |
E 75000E-08| | ____- N— , !
z b i
“g T — !
£ 6.0000E-08 b ———— T :
T .
Pt ¥ :
£ 4.5000E-08 | 1) |
e o i
g it :
= 3.0000E-08 | /if :
/4l :
! f'l |
1 |
1.5000E-08 ’ff ' !
0.0000E+00 E :

P2 4 6 8 10 12 14 1 16
Wear begins Time (hr) Wear ends
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occurring at the interface of the trifpair during sliding. This phenomenon was evidence to the
tribocorrosion in action which was seen to affect COF and wear. Further, ébgveffiess of the
testrig design in analyzing and isolating the effects of tribocorrosion in an oil medium with respect
to wear and COF was also proven.

The wear tracks in all three mediums were also investigated post experimentation under
SEM to gauge the effect of contaminants in the oil medium on the wear track as shoguren
4.8 It was clear that the uncontaminated condition of oil (Meelumvas very effective and
yielded a wear track that was only 0.774 mm wide as se€igure 4.8§a). Whereas, the salt
contaminated oil medium (Mediut) shows a wear track of 1.11 mm as seeRigure 4.8b).
Both these wear tracks indicated no visible anorsalieng the wear traclwhereaghe sample in
Medium-lll which was contaminated with sea salt and water indicated to have a very wide wear
track as seen iRigure 4.§8c). It can be observed that this wear track bore evidence of cavitation
due to contaminatg inclusion at the tribgair interface which further aided and accelerated

synergistic effects of wearcorrosion during sliding.
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Figure 48: Wear track under SEM postbocorrosion testing
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4.3.4. Evolution of corrosion rate during tribocorrosion test

In-situ Direct Current Corrosion tests were performed in panaitelthe wear test for 15 hours
in each of the oil mediums. During the DC corrosion testing the potential was continuously varied
from anodic condition of +0.5 V potential vs. OCR¢JEto cathodic condition of +0.5 V potential
vs. OCP (bc) at a scan ratef 0.167 mV/s and data being sampled every second. The three
electrode DC Corrosion tedgy shown inFigure 4.2was based on the potentiodynamic testing
module. The sequential potentiodynamic test performed follows the quantitative corrosion theory
which assumes that the rates of both anodic and cathodic processes are a function of the electron
transfer reaction at the metal surface. The Bitl@mer equation defining the opposing reactions
in a corrosion system was used to determine the corrosion t(lese)) Tafel constants and their
respective Tafel curves (log | vs. E plot). TheHdur tribocorrosion testing yielded 20 Tafel
curves for each oil medium, from which the corrosion rates were calculated and plotted as a

function of time as shown iRigure 4.9

8 8

O 0 O 0O Q0 Q

where, | = measured cell current in amps; ¢urrent resulting from anodic reactionss kcurrent
resulting from cathodic reactionggit= the corrosiorturrent in amps; E = the electrode potential;
Eoc= the corrosion=ptohenanmnadi ¢ nb erttee cathadicddta c o n s 1
Tafel constant.

It was observed during the tribocorrosion test that for the first 6 hours of wear thearorabsi
in Medium was minimal at 0.325 x 10mm/year. After 6 hours of wear, it was observed that the
corrosion rate moderately accelerates over the remainder of the test and increases to a maximum
of 0.689 x 1 mm/year at the end of 12 hours of weBine corrosion rate in Mediwih was
similar to that in Mediurd for the first 6 hours of wear after which it linearly accelerates to a
maximum of 1.792 x I®mm/year at the end of 10.5 hours of wear. This acceleration in corrosion
rate in Mediumll indicates the corrosive reaction of the salt contaminants with the wear debris.
Since this increase in corrosion rate did not effectively vary either the COF or the wear rate shown
in Figure 4.6andFigure 4.7 respectively, it can be attributed to the incraagée cell medium

resistance that would have caused the anodic reactions to increase considerably. Hence,
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tribocorrosion testing in Mediutl can be expected to yield a higher rate of wear over prolonged

wear period that would progress beyond 15 hoursnwdompared to Mediwh
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Figure 49: Evolution of corrosiomate during the tribocorrosion test.

Further, inFigure 4.9the corrosion rate of the sample in Med#liinvas observed to linearly

increase from the beginning of the tribocorrosion test. The corrosion rate increases from a

minimum of 0.86 x 10 mm/year at the end of 1 hour of wear to a maximum of 2.58xtBlear

at the end of 12 hours of wear. A spike in corrosion rate was observed to be initiated after 8 hours

of wear that was also indicated by the-t@gtas an increase in COF and wear rate around the same

period. Mediumlll which was contaminated with sand water seems to have stabilized as a

single contaminate consisting of agueous NaCl which starts to corrosively react with the steel wear

debris and wear track forming corrosion elements. The corrosion elements consisting of iron oxide

along with the ontaminants interfere with the sliding of tripair causing cavitation, minor pitting

and starved lubrication regions at the interface as observ@dure 4.§c). Evidently, this was

also the point at which wear and corrosion synergism effect was thimmuom because when the
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corrosion tests were performed without wear the corrosion rate was fairly linear throughout for

Medium-lll as can be observed Figure 4.10
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Figure 410: Synergistic effect of wearcorrosion on capsion rate

Comparing the corrosion rates showrFigure 4.9andFigure 4.10the synergistic effect of
wearcorrosion on corrosion rate was determined as showigire 4.11 This gives a clear
perspective on the synergistic effect of wearrosion n uncontaminated oil medium (Mediam
[) and contaminated oil mediums (Meditfrand Ill). The synergistic effect of we&orrosion on
corrosion rate can be observed to have been initiated after 10.5 hrs, 7.6 hrs and 4.3 hrs of wear in
Mediumtl, Il and 1ll, respectively. There is also observed periods of acceleration in corrosion rates
in Mediuml and Mediumlll which are indicative of breaking down of oxide tritayers on the
surface of the sample, wear debris and wear track. This is evidently the trdscmophenomenon

that causes the variations in OCP, corrosion rate, COF and wear rate. Tinge design for



45

analyzing this phenomenon in oil mediums was found to be effective and consistent irrespective

of the contaminants and time of testing period.
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Figure 411: Evolution of corrosion rate without the influence of wear

4.4Conclusions

The current study was aimed at designing and analyzing a tribocorrosioig t®kich could
effectively monitor the phenomenon in an oil medium. The study attempts to solve the prolonged
ineffectiveness of tribocorrosion measurements in oil medium dihe tdesign and cell medium
limitations. It was found that during testing the kinetic nature of the oil medium causes moderate
fluctuations in the reading which can be compensated by strategically aligning the reference and
counter electrodes with the weeaick and fluid flow. The tegig design proves to be an effective
method of monitoring wear and corrosion synergism in the oil medium, which can be in
contaminated or uncontaminated conditions. The presentedigieptovides reliable and
consistent irsitu data on COF and synergism of wear and corrosion. It was observed that the
synergistic effect of wear and corrosion in an uncontaminated oil medium was negligible.
Whereas, in the oil mediums that were contaminated with salt and water, the effect of
tribocorrosion was very prominent. When the oil medium was contaminated with 5 wt.% salt, the

effect of tribocorrosion on corrosion rate was observed after 7 hours, while in the oil contaminated
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with 5 wt.% salt and 10 wt.% water, it was observed as eardytemirs into the tribocorrosion
test.

The insitu oil monitoring system presented in the current study has a wide range of industrial
applicability involving oil and lubricating systems such as transmission systems and engines in
automobiles, pressure vessel cooling systems, wind turbines; tdety drills, and a variety of
industrial machinery. Further, the system will enable better control and monitoring of over and
under usage of lubricants which will reduce the overall oil waste output into our ecosystem. The
LMS designed though this styds found to be a reliable method of investigatingsito
tribocorrosion behavior of functional surfaces in a dynamic lubricated environment. The LMS
designed in this study will be used to investigate the tribocorrosion behagiugioteredurface
ard coatingsn the subsequent chaptei$ie equipment has been able to test LSP surfaces and
nanocomposite surfasander various boundary conditions. These studies have been discussed in

the following chapters.
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Chapter 5: Characterization and tribological performance ofengineered

surfaces

The present study aims to characterize the effect of LSP on surface morphology and friction
behavior of metallic surfaces, withspecificfocus on the influence of laser intensity on surface
roughness coefficient of friction (COF), and transfer layer fomation. As a result of this
investigation,a surface behavior model describing the effect of laser intensity on surface
morphology hadeen developedThe study also demonstrates the use oéféective surface
modification technique to control the tribgical properties of a surface.

5.1.Material sand methods
The experimental work design of the current stisdychematically representedFigure 5.1,
and the materials and methaate detailedn this section.
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impact of various
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Wear track

1045 steel

Scratch test
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Figure 51: Experimental work schenfer tribological analysis of LSP treated surfaces.
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5.1.1. Materials

High strength 1045 medium carbon steel (ASTM A108) of 30 mm x 12 mm x 1@vene
usedas the plate material on which LSRs performedin order toperformthe scratch test on
these steel plate surfaces, 6d08daluminum alloy (ASTM B211) of 3 mm diametsas useds
the counterpart pin material. The material composition and physical properties of thgatribo
(pin and platepredetailed inTable 51. Thetribo-pair used in the present study has widespread
applications in overhead power lines as Aluminum Conductor-Rieieforced cables (ACSR),
electrical connectors involving aluminum connections with steel, aircraft fittings, marine fittings
and hardwarevalves and valve parts.
Table 51: Material composition and physical properties of 1045 medium carbon steel and 6061

T6 aluminum alloy.

: 1045 medium carbon steel | 6061T6 aluminum alloy
Properties

(ASTM A108) (ASTM B211)
Aluminum 95.1
98.2%
Chromium 0.4-0.8%
Iron 98.2198.85%| Copper 0%805
Carbon 0.430.50% Iron 0-0.7%
_ Manganese| 0.600.90% | Magnesium 0.81.2%
C(I)\/Irr?:)eogilion Phosphorus 0-0.04% Manganese 0-0.15%
Silicon 0.150.30% Nickel 0-0.05%
Sulfur 0-0.05% Silicon 0.4-0.8%
Titanium 0-0.15%
Zinc 0-0.25%
Zirconium 0-0.25%
Other 0.15%
Yield Strength 530 MPa 241.32 MPa
Hardness 190HVO0.5 107HVO.5
Hardness rating Medium Soft
Melting Point 1427 °C 582.22 °C
Elongation 19 125 %
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5.1.2.LSP of steekurfaces

The initial preparation of the steel surfaces before LSP, involved rough polishing using
sandpapersf grit sizes 100, 320, 600, 800 and 120his was followedby a fine wet polishing
using 3 um, 0.5 um diamond slurry, and 0.06 pm colloidala#iaspension. Five steel specimen
surfaces were polished in this manner to have an average surface rougness 0. 1 N 0. O
After the initial surface preparation, the LSP was performed on four steel specimen surfaces at
specific laser intensitiegss indicated iMable 52. The remaining one untreated steel suriaas
consideredhs the reference surface. The LSP was performed using a nanosecond pufggd Nd
laser with a wavelength of 1064 nm and a pulse duration time (t) of 5 ns. The laser beam diameter
(d) was maintained at 1.5 ma.blackt ape wi t h a t hi cBKh(baosilicae) 0. 13
glasswere useds the ablative coating and confinement media, respectively. The black tape was
carefully peeled off after processing, and the specimens were cleaned in an ultrasonic cleaner using
N-hexane solution to remove the adhesemnants of the black tape. Further,specimensvere
ultrasonically cleaneth soapwater and acetone before being stored in a desiccator.

Table 52: LSP process parameters for different specimens.

Specimen Number Las(e(;\l/\r;};rr]]sél)ty, !
#1 (untreated) 0
#2 1.68
#3 3.46
#4 4.40
#5 6.00

5.1.3. Surface Characterization

The surface topography of each specimen was characterized before and after the LSP using
Rtec 3D optical profilometer which has a resolution of 50 nm. As an example, the surface profiles
before and after the LSprocessings shownin Figure 5.2 An area of 1.11 x 0.89 nfhwas
profiled at five random locations on the sample surfacelan average of these roughness value
hasbeen reportedDuring this surface characterization, various 3D surface roughness parameters
were recorded to investigate therface morphological changes due to L$Rrther Vickers
microhardness test (HV) was conducted to study the effect of LSP on the surface hardness. The

HV values were measured using a diamond tip indenter with a load of 500 g and a dwell time of
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10 s. Thehardness value of thentreatedspecimerwas considereds the baseline, against which

thehardness of LSP treated samplese comparednd analyzed.

(a) Before LSP (b) After LSP

Sa=0.0673 um

Sa=0.102 um

Figure 52: 3D-Surface topography (a) Before LSP (b) After LSP at | = 1.68 GW/cm

5.1.4.Tribological performance

The tribological properties, such as friction, and transfer layer formation were investigated
using a scratch test. The scratch testee performeds per ASTM G133 on each of the five steel
surfaces (four LSP treateand one untreatesurfacg using aluminum alloy pins as shown
schematically inFigure 5.3 The scratch tests were performed usandrtec multi-function
tribometer 5000 whichs equippedwith a highresolution 1D normal force load cell (15 mN
resolution) and a 1D friction force load cell (6 mN resolution). The test conditions for the scratch
experimentsare detailedn Table 53. These test conditions were determined based on previous
investigations that considered similar applicability of the steel sub§ii@®e 193] Before each
test, the pin and steel surfas@s thoroughly cleaneith an aqueous soap solution followed by
ultrasonic cleaning in acetone. The repeatability and consystdrtbe resultavere verified by
performing each scratch test three times.

Table 53; Scratch test conditions.

Experiment parameters Values
Specimen surface conditiol Dry

Temperature 24 °C
Humidity 30% RH
Load (constant) 50N
Sliding Distance 10 mm

Sliding speed 2 mm/s
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Normal Load

Figure 53: Schematic diagram d¢he scratchtest when Al 606416 pin slides against 1045
steel plate

After the tests, scanning electron microscope (SEM) was used to analyze the transfer layer
formationon the steel surfaces. Backscattered scanning electron microscopy (BSE) coupled with
energy dispersive spectroscopy (EDS) was used to obtain data ommpesdmn of theransfer
layer formed on the wear tracks. Furthermore, the wear tracks were phase mapped to quantify the

amount of aluminum transfer layer formed on the steel surfaces.

5.2.Results and Discussion
5.2.1. Surface Roughness

The 3D surface roughnessofites were recordedbefore and after LSP of each steel surface.
The roughness parameters of pirefile thatare discusseah this study have been described in
detail by Menezes et dl194]. The surface roughness parametiissussedn this study are
average surface roughness, (&), root mean square surface roughness &g, skewness (&
Sak), kurtosis Rk, Sw), average maximum height of valley depthn{Rand peak height (R),
average maximum height of the profile;JRaverage wavelength of tipeofile ( 8 and average
absol ut g Amdngtheevaribugpsurface roughness parameters investigated in the present
study, it was foundthat the skewnessS{) and the kurtosis§u) roughness values were
significantly afected by the change in laser intensity of the LSP as shokgune 5.4 The figure
shows the observezhangein surface roughness amplitudes due to LSP when compared against
the most commonly used surface roughness paramatenrage surface roughn€Sg and RMS
surface roughnes&y). It canbe observedhat as the laser intensity increases,3h@ndS; show
a variation < 0.2, whil&x shows a variation ranging between 0.89 to 2.86 (42.18 % to 188%) and
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Sw shows a variation ranging between 1.8182 (61.09% to 92.46 %). Tl®« andSw values at

each laser intensity of the LSP Hmesen tabulateth Table 54. These variations in 3D roughness
values indicate that the traditional methodology of quantifying the changes in surface roughness
after the LSP using and & [107, 108, 134]s insufficient to describe the changes in surface
morphology. Itwas foundthat the effect of LSP on surface roughness can be quantified
appropriately by using more than one roughness parafi®@r111, 195, 196]The roughness
parameter&k and S are found to be goodrepresentation of the changes in surface roughness
as a @inction of laser intensity.

Table 54: 3D Skewness and Kurtosis amplitudes before and aftepk&fessing

3D Skewness$k) 3D Kurtosis (Sku)
Laser Intensity | Before | After | Change due| Before | After | Change due
(GW/cm?) LSP LSP to LSP LSP LSP to LSP
1=0 -1.22 -1.22 0.00 3.08 3.08 0
l2=1.68 -2.11 -1.21 0.89 3.11 1.21 1.90
l3=3.46 -1.80 -0.22 1.57 3.67 0.59 3.08
l4=4.40 -2.08 0.34 2.43 3.58 0.26 3.31
Is = 6.00 -1.52 0.76 2.86 3.59 0.81 2.78
4
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Figure 54: Change of various roughness parameters as a function of laser intensit
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5.2.2. Surface Profile

Investigations were performed to analyze the effect of laser intensity on the surface profile of
the LSP treated steel surfaces as showigare 55. TheFigure 5.5§a) shows 2D surface profile
of the untreated steel surface 10 GW/cn¥) while theFigure 5.5b-e) represent the 2D surface
profiles of steel surfaces treated at various laser intensities (68 GW/crj, Iz = 3.46 GW/cr,
la = 4.4 GW/cm, and b = 6.0 GW/cm). It canbe clearly observethat as the laser intensity
increases the asperities are accordingly compressed to be closer to the mean surface line of the
profile. This indicates that there is a negative skewing effecthensurface profile as the laser

intensity increases. It cdre observedh Figure 5.8b) and(c) that for lower intensity treatments
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a platykurtic form of asperities withlaw degree of sharpnesgasformed. Whereas, in case of
high laser intensity treatent seen ifrigure 5.5d) and (e) symmetrismall sharp asperities were
formed. Compared to the untreated surface profile seéigime 5.5a) the asperities are observed
to undergo a progressively increasing degree of plastic deformation as a fuhlzgsr mtensity.

The observed changes in the asperity profiles are better understood when analyzed with their
respective laser shockwave pressures during the LSP. The laser shockwave pressure as a function
of time observed at each laser intensity treatnseshownin Figure 5.6 The peak pressures were
calculated using the relationship between the laser intensity (1), and the laser shock peak pressure

(P) whichis expresseds:

0 mp |jg o @ ©

whereg is the efficiency of the interaction, Z is the combined shock impedance defined as:
W ¢ pied  pD

whereZ; andZ; are the shock impedance of the material and the confining media, respectively.
The estimations shown iRigure 5.6are based on the wealccepted LSP model proposed by
Fabbro et al[197]. It canbe observedhat as the laser intensity increasedrom 1.68 to 6.0
GW/cn?, the laser shockwave peak pressure increases from 2.9 to 5.6 GPa. This laser shockwave
pressure introduces a compressive loading effect on the asperities leading to the observed surface

plastic deformation. The gradient abperity restructuring at various laser intensities lman

— 1=6.00 GW/em?

1=4.40 GWem’®
— [=3.46 GWiem?
—— I=1.68 GW/em?
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Figure 56: Laser shockwave pressure as a function of time with respect to different Ie

intensities
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attributedto the magnitude of laser shock loading during the LSP. At low laser inteesitynents,
there was @ow gradient of the shockwave pressure that generated asperities plétylaurtic
form of peaks having low sharpness. Whereas, at high laser intendaiegiegradient of the
shockwave pressure was observed resultinghigladegree of surface plastic deformation that

generates sharp asperit[@86].

5.2.3. Friction behavior

The effect of LSP on the COB shownin Figure 5.7 It canbe observedhat as the laser
intensity increases there is a decrease in the COF. The untreated steel surface exhibits a COF of
0.4,andas the laser intensity increases to 4.4 @Withe COF decreases to 0.067. Upon further
increasing the laser intensity to 6.0 GWifcthe magnitude of COF increases to 0.112. Depending
on the applied laser intensity the COF can be reduced by 1783%25%with reference tdhe
untreated steel surface. This decrease in the COF due to L% estnibutedo the changes in
surface mgohology discussed in section 3.1. As observdddnre 5.5 the process of LSP causes
deformation and restructuring of the asperities depending on the applied laser inkegsity.
5.5(a) which corresponds to the untreated steel surface exhibits af@3Fandwhen thesurface
was treatedwvith a laser intensity of 1.68 G\WY the COF decreased by 17.5%his canbe
attributedto the plastic deformation of asperities due to LSP which results in smaller peaks and
valleys as compared to the untreatezeksurfaceSimilarly, as the laser intensityas further
increasedto 3.46 GW/cr (Figure 5.%c)) and 4.4 GW/crh (Figure 5.%d)) the asperity size
decreased to create a surface of platykurtic form with low sharpness. At these two laser intensity

treatmets, the COF was observed tiecreaseoy 50 % and 83.25 %, respectively. It is also
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Figure 5.7: Effect of laser intensity othe coefficient of friction
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important to note that as the laser intensity increased there was a decrease in-ttadlgyeak
distance relative to the mean surface line and this distance was minimalre&ted at 4.4
GW/cn?. Similar effects of LSP haveeen indicatethy Prabhakaran et g1L98] and Trdan et al.
[199].

Further, when the laser intensitias increasetb 6.0 GWgnY the COF was found tmcrease
to a value of 0.112 as compared to a COF of 0.067 at 4.4 G\WFais change in the COF can be
attributed to the change in surface morphology feomalley dominanprofile to a peak dominant
profile with small asperitiesH{gure 5.5e)). It canbe observedhat more sharp peaks are formed
due to the highlensity plastic deformation of asperities during LSP at 6.0 GW/dihis
observation corresponds to the changkuiriosis values for the surface treated at 6.0 G\WAsn
seen inTable 54. The surface treated at 6.0 GW/cexhibits a higher kurtosis value of 0.81 as
compared to 0.26 for 4.4 GW/ém

The observed trend in COF as a function of laser intensity inditatethe COF for a given
surface can be precisely varied using LBPorder tounderstand the relevance of the observed
change in COF, the results from the present study have been compared with other similar studies
andareshown inTable 55 [47, 206202]. It is tobe notedhat, even though similar laser intensity
treatments havbeen consideredh these studies, the material properties and tribological test
parameters (suchsload, velocity, and surface roughness) vary. It is also important to raite th
the other studies listed TFable 55 did not consider the effect of surface morphology on the COF.
The present work was able to achieve the lowest COF when the 1045 steelwsasaesatedt
laser intensities of 4.4 and 6.0 GW/Frihis study demortisates that it is possible to identify an
optimum laser intensity which would produce a surface morphology that exhibits a low COF
during sliding. Hence, it is necessary to consider the effect of surface morphology in defining the
tribological behavior oL SP surfaces.

Table 55: Comparison of theoefficientof friction values before and after LPocessing

. COF COF
Materials LSP parameters before LSP | after LSP Reference
Ti6Al4V 4.25GW/cn? 0.435 0.451 [200]
Ti6Al4V 10 W, 5 mm/s 0.92 0.22 [201]
Al 6061T6 5.3GWi/cn? 1.0 1.3 [202]
100Cr6 rolling steel 5.5 GW/cnt 0.55 0.45 [47]
4.4 GW/cnt 0.40 0.067
AISI 1045 steel 6.0 GW/CrR 0.40 012 Present work
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5.2.4. Transfer layer formation
The wear tracks observed after the scratch tests at various laser intansisieswnn Figure
5.8 These wear tracks were analyzed under SEM to investigate the morphology of transfer layer

formation.

Figure 58: Wear track on steel surfaces treated at various laser intensities

The BSE coupled with phase mapped EDS images aftnazksare shownn Figure 5.9 The
figure shows aluminum transfer layer formed during scratch test along the wear trackdt can
observedhat as laser intensity increases there is a significant reduction in the amount of transfer
layer formed on the wear trackEhoughFigure 5.9represents a small section of the wear track
phasemapping was performed on the entire length of the wear track to quantify the exact amount
of aluminum transfer layer. The observed trend in transfer layer formvasisicomparedith the
corresponding COFalues and laser intensities as showFigure 5.10 It canbe observedhat
the weight percentage afuminumtransfer layer as a function of laser intensity exhibits a similar
trend as the COFThis indicates that the change in surface morphology dueS#® not only
decreases the COF but also reduces the amount of transfer layer formed on the steel surfaces. The
untreated steel surface exhibits a transfer layer of Ar#tas the laser intensity increases to 4.4
GW/cn? the transfer layer decreases to 5.4%is is due to the small asperities formed during
LSP at 4.4 GW/cihwhich reduces the amount of shear stresses experienced by the asperities at
the tribepair interface. Thisn-turnresults in low weight percentage of transfer layer formation.
Upon furher increasing the laser intensity to 6.0 GWicthe transfer layancreaseslightly, to
6.5%. At this laser intensity, small asperities with sharp peakbeatservedvhich increases
the plowing effect by the asperities at the contact interfaceharsdincreases the transfer layer
formation. It can alsbe inferrecthat the same mechanideadsto a 67.2% increase in the COF
at LSP of 6.0 GW/crhas compared to the COF at 4.4 GW/cm
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Phase mapped EDS Image Backscattered SEM

100pm UNR 9/2/2016
WD 6.6mm 10:47:33

B | -3.46 GW/cm?

UNR 9/1/2016
WD 10.1mm 13:35:33

Figure 59: SEM backscattered images coupled with phase mapped EDS images of Al tr
layer formed on Laser Shock Peened surfaces at laser intensities of (a) | = 0’GWitosated
surface); (b) | = 1.68 GW/ctm(c) | = 3.46 GW/crfi (d) | = 4.4 GW/crj; (e) | = 6 GW/cri.
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Figure 510: Effect of LSP on w6 percentage of Al transfer layer formation compared wil
COF

5.2.5. Surface hardness

Microhardness tests were carried out on LSP surfaces to investigate the surface strengthening
effect bythe LSP. Itwas foundthat the surface hardness increases progressively with laser
intensity as shown irFigure 5.11 This is mainly attributedto the strain hardening effect
introduced by the LSP51-54]. Even though it is intrinsic for the COF to decrease as the hardness
of the surface increases, an 83.25% drop in COF cannot be attributed only to the change in surface
hardness. It cahe observeih Figure 5.11that when the laser intensityas increasettom 0 to
1.68 GW/cn, the COF decreased from 0.4 to 0.33 (17.5% decrease) with an increase in the surface
hardness from 190 to 225 HV (18.4% increase). Increasing the laser intensity from 1.68°GW/cm
to 4.4 GW/cri lead to a decrease in COF from 0.33 067 (79.7% decrease) and an increase in
the surface hardness from 225 to 234 HV (4% increase). When the laser intessifiyrther
increasedrom 4.4 GW/cm to 6.0 GW/cr, the COFincreasedrom 0.067 to 0.112 (67.2%
increase), respectiveldditionally, for the same increase in laser intensity (4.4 G\WWien®.0
GW/cn?) the surface hardness increased by only 4 HV (1.71% increase), which is negligible as
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compared to the observedcreasein COF. This indicates a dominant effect of the surface
rougheningat higher laser intensities. Similar roughening effecksgitlaser intensity treatments

have been recently reportgtB8]. These results indicate that for a low laser intensity range of
LSP, bothsurfacestrengthening and roughening effects contributethte decrease in COF.
Whereas, for a high laser intensity range of LSP, the surface strengthening effect reaches a

saturation point and the surface roughening lalte a dominant effeon the COF.
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Figure 511: Effect of LSP on sdace hardness compared with COF.

5.3.Surface behavior model

The effect of laser intensity on the surface profile as was shokigune 5.5indicated that the
surface morphology varies with laser intensitgiditionally, the formation of transfer layer during
sliding alsovariedas a function of the applied laser intenskig(re 5.9. Based on these findings
and the observed COF, a surface behavior model for LSP treated swdaasvelopeds shown
in Figure 5.12 The model represents a direct proportionality between the laser intensity and
change in surface morphology due to plastic deformation of asperities. At low laser intensities, the
asperity peaks were found t oeducirg the bvaralltkiurtoses | | vy
(sharpness) of the surface profile. As a result, the surface experienced a lower shear force during
sliding leading to a 17.5% decrease in COF as compared to the untreated surface. ¥htacthe

was treatecat an optimum Iserintensity,the asperities undergo plastic deformation to yield a
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profile with minimum kurtosis and skewness. This optimum change in surface morphology
minimizes the shear force during sliding providing an 83.5% decrease in COF as compared to the
untreded surface. At high laser intensities, the asperities undergo extreme plastic deformation
leading to arestructuringof the asperitiesThis results in smaikharp asperities on the surface.
Even though, the surfaces treated at high and optimum lasesities experience a low shear
force due to small asperities, the sharp asperitiessidacetreated at high laser intensity lead to a

67.2% increase in COF as compared to the surface treated at optimum laser ifteissignbe

Untreated surface

LSP at low laser
intensity

LSP at high laser
intensity

High shear force
High friction

High plastic
deformation of
asperities

Minimal plastic
deformation of
asperities

LSP at optimum
laser intensity

‘Squashed’
asperities peaks

Optimum
deformation of
asperities

Reformed
sharp asperities

Low shear force with increased
plowing friction
Reducedfriction by 72%

Least shear force

Reduced sh
educed shear force Reduced friction by 83.5%

Reduced friction by 19%

Figure 512: Surface texture model for laser shock peening at variousitdaeasities

attributedto theincreasan plowing effect as a result of the sharp asperities on the surfaces treated
at high laser intensities. The high laggensity treated surface can still provide a 72% decrease
in COF as compared to the untreated surface. This behavior of frigtionmespect tahe laser
intensity and surface morphology indicates that COF can be controlled using appropriate laser
intersity to suitably modify the surface morphology.

The present study shows that LSP @@nusedas an effectivesurface modification tool to
enhance not only the wear resistance and surface hardness but also to control the friction behavior

of the surface. Téstudy also shows that a fundamental understanding of the friction behavior and
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surface morphology for LSP treated surface is necessary to maximize the effectiveness of the

surface modification technique.

5.4.Conclusions

The present study aimed to investeg#te effects of LSP on the tribological properties of the

steel surfaces. More specifically, the sturdyestigatedhe effects of laser intensity on the surface

roughness, surface profile, COF, transfer layer formation, and surface hardness. Thesstudy al

investigatedheinterdependencef surface morphology and COF followed by interdependency of

surface morphology and surface hardnesddarlydiscern the effects of LSP. Some of thajor

findings of the study are as follows:

T

The roughness paramet&gandSw were found to be good representations of the changes in
surface roughness as a function of laser intensity.

The gradient of restructuring the asperities at various laser intens#gesttributedo the
magnitude of laser shock loading duringP.

At low laser intensity treatments, there wakbw gradient of the shockwave pressure that
generated asperities withpéatykurticform of peaks having low sharpness, whereas, at high
laser intensities &gergradient of the shockwave pressure was observed resulting in high
degree of surface plastic deformation with sharp asperities.

Depending on the applied laser intensity, the GaRbe reducedy a range of 17.5%
83.25%with reference tahe untreated steel surface.

The change in surface morphology due to LSP not only decreases the COF but also reduces
the amount of transfer layer formed on the steel surface.

The aluminum transfer layer formation as a function of laser intensity exhibits a similar trend
as the COF.

The observed trend in COF as a function of laser intensity indicates that the COF for a given
surface can be precisely varied using LSP.

For a lowlaser intensity range of LSP, batlrfacestrengthening and roughening effects
contribute to the decrease in COF.

For a high laser intensity range of LSP, the surface strengthening effect reaches a saturation
point and thesurfaceroughening will havehte dominaneffecton the COF.

With the understanding of the surface roughness and tribological behavior of LSP surfaces

the following chapter investigates the tribocorrosion behavior of LSP surfaces.
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Chapter 6: Tribocorrosion of engineered surfaces

Lase shock peening (LSP) is one of the widely used surface processing technique for tailoring
functional behavior of the surfaces. However, understanding of LSP treated surfaces involving
tribological contacts in electrochemically active environments isdunitecause the mechanism
of wearcorrosion interactions (tribocorrosion) for such surfaces is still unclear. In the present
study, the effect of LSP surface processing on weaiosion behavior of AZ31B Mg alloyas
investigated Specifically, the studynivestigates the changes in surface roughness, microhardness,
friction, wear, and tribocorrosion during sliding in 3.5% NaCl solution. The study provides
gualitative insight into the weaccelerated corrosion mechanism for LSP at various laser
intensitiesThe study finds that the LSP processing can decreaselttosion potentiadifference
between worn and unworn regions of the surface, thereby mitigating the effect @fogekarated
corrosion during sliding. The effect of weatcelerated corrosion wavident from the change in
average surface roughneSs) (of the unworn areas. Was foundhat understanding the change in
surface roughness due to wearrosion interactions is necessary to investigate the onset and
propagation of corrosion. Based timese results, the study details the mechanism of-wear

corrosion interactions during sliding.

6.1.Materials and methods

Mg alloys are lightweight with exceptional ductility that is widely used in the fields of
automobiles, aerospace, and manufacturing. pbegess unique features where they can be easily
recycled without affecting their material and mechanical properties. Today, these alloys are being
used as intelligent product solutions and commercial application solutions. More specifically, the
tribological applications involve Mg alloys being subjected to sliding in automotive brakes, engine
piston, and cylinder bores where they encounter other materials, such as Al alloys. In order to
make these tribgontact interfaces functionally resistant to wead a&enhance the surface
mechanical properties, they are sometimes processed using LSP. Further, friction and wear along
with the understanding of electrochemical behavior of Mg alloys are of interest in the processing
using extrusion, forming, and rollingdence, understanding the tribological and tribocorrosion

behavior of functionally processed Mg alloy surfaces are of practical and theoretical importance.



6.1.1. Materials and electrolyte

In this investigation, a rolled AZ31B Mg alloy block purchased from Metdalown was used
for the experiments. Square plate samples withirecll width and 0.8nch thickness were cut
from the block for LSP processing. Before LSP, the surface of the samples was ground using SiC
sandpapers with different grit numbers (from 3@Q200), followed by fine polishing using 3
micron diamond suspension. The counter material for the tribocorrosion testing was a non
conductive ceramic material, alumina ball of 6.35 mm diameter. The present tribocorrosion study
simulates a corrosive lulsated environment according to ASTM B898, where 3.5% NaCl

solution is used as the electrolyte/lubricant.

6.1.2.LSP of AZ31B Mg alloy surfaces

A Q-switched NdYAG laser (Surelite Il from Continuum, Inc.) operating at a wavelength of
1064 nm and a pulse width of 7 ns (full width at half maximum), was used to deliver the laser
energy. The laser beam size was 0.0025 m. BK7 glass and black tapeavit t hi ckness
were used as confinement and ablative coating, respectively. Laser power intensity was varied by

adjusting the €switched delay tim@40]. Five laser intensities were used in this study along with

untreated surface conditions asailed inTable 6.1

Table 61: Laser intensities used for LSP processing of AZ31B Mg surfaces.

Surface Laser Intensity
processing (GW/cm?)
Untreated 0
LSP-1 0.47
LSP-2 0.87
LSP-3 1.36
LSP4 1.76
LSP-5 2.22

At each laser intensity, a surface area of 17 x 7 mas processed with LSP. It was only this
LSP processed area that was exposed to the electrolyte/lubricant during the tribocorrosion test. A

schematic of the LSP processing method@B1B Mg material is illustrated iRigure 6.1
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Figure 61: Schematic of LSP and LSP processing area of AZ31B Mg alloy surface.

6.1.3. Surface analysis and microhardness test

The surface roughness profiles, and roughness panamwetee recorded for each Mg sample
before and after LSP to determine the effect of laser intensity on the surface roughness.
Additionally, the same was recorded after the tribocorrosion testing on the surfaces. A white light
3D optical profilometer (Rteajas used to record these surface profiles and roughness data. In
depth hardness was measured from the top surf
tester with a 500 g load and 10 s dwell time. The surface roughness and hardness values are
repated along with their respective standard deviations calculated over three repetitions. During
each tribocorrosion test, the linear wear loss was recorded by measuring the vertical displacement
of the pin from the surface due to rubbing. The linear dispt@nt of the pin (having a
hemispherical crossection profile) was converted into a volumetric wear loss usqation
derived from the geometry of a spherical tip:

W “T o 1Q

whereh is the linear displacement (mm) in the vertical (longitudinal) axis for the surfacthe
alumina ball radius (mm), which is assumed to be constant (6.35 mm) throughout the t&st, and
is the volumetric wear loss (nfjn This theoretical calculation & was verified by measurement
of total volume loss\or) by 3D profiling of the wear tracks. The theoretical and the 3D profiled
wear volumes were found to be in good agreement with a maximum variation of 2%. The study
reports the average coefficientfo€tion (COF) values, and the wear volume loss calculated using
the 3D wear track profiles. The COF and wear volume are reported along with their maximum and

minimum deviations calculated over three repetitions of the experiment.
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6.1.4. Open circuit potential (@P) measurements

The OCP measurements were carried out on untreated, and LSP processed AZ31B surfaces to
understand and compare their open circuit kinetics in 3.5% NaCl. The OCP, also known as the
corrosion potential is a mixed potential that dependseretie of the anodic as well as the cathodic
reactions. If the corrosion cell involves one dissolution reaction and one cathodic reaction, the
corrosion potential will be between the reversible potentials of the twordafions.
Understanding this evdiion of OCP will provide an insight into the kinetics of corrosion without
wear for untreated, and LSP processed AZ31B Mg surfaces. The experiments were conducted
using 3electrode configuration, which consisted of Mg surface as the working electrodiardtan
calomel electrode (SCE) as the reference electrode, and 99% pure graphite as the counter electrode.
The OCP was measured using a Gamry reference 3000 potentiostat. All potential in the present
study is reported with reference to SCE, which has a pakest 0.250 V vs. SHE (standard
hydrogen electrode) at 25 °C. A working electrode area of 225vas exposed to the electrolyte.

Each test was carried out three times to ensure repeatability of results.

6.1.5. Tribocorrosion tests

The tribocorrosion tests wecarried out based on the free potential method, also known as zero
resistance ammeter (ZRA). The ZRA method has been used instead of the ASTM G119 mainly
due to the susceptibility of AZ31B Mg alloys to hydrogen embrittlement under polarization
conditionsin corrosive environmen{203, 204] It has been shown that ASTM G119, which uses
an external reference, such as wear at cathodic potential during the tribocorrosion testing, can
induce the risk of hydrogen embrittlemdB05]. This would lead to inaccuea estimations of
tribocorrosion properties for the substrate surface. The ZRA method of tribocorrosion testing
enables measurement of the galvanic current between the passive (cathode, unworn area) and the
depassivated (anode, worn area) areas of thelsamgace at OCP.

In the present study, 17 x 7 rAsurface area of AZ31B Mg alloy was in contact with the
electrolyte throughout the tribocorrosion testing. Within this area of contact, the cyclic 10 mm
reciprocating sliding of alumina ball on Mg surfasas the depassivated area (anode), and the
remaining unworn surface was the passive area (cathode), thus completing the galvanic couple.
Figure 6.2schematically illustrates the tribocorrosion test setup used for the experiments. The
setup shown is a conmation of the standard reciprocating test on a tribometer arelec8ode
electrochemical test configuration connected to the potentiostat. The reciprocating test consisted



67

of the aluminaMg alloy tribo-pair, and the electrochemical test consisted@ttimple surface as

the working electrode, SCE as the reference, and graphite as the counter electrode that was
connected to the potentiost&igure 6.2also shows the passive and depassivated regions of the
Mg alloy surface during sliding. The tribocosion test was conducted for 4000 mm sliding
distance at a speed of 1 mm/s and a normal load of 20N. The tests were conducted at laboratory
conditions of 24 °C lab temperature and 15% relative humidity. During the reciprocating tests,
potential and currentalues were recorded on the potentiostat while the wear and friction force
were recorded on the tribometersitu.

AZ31B Mg alloy surface
during sliding

Passive area

7 mm
Depassivated
area (wear track)

Sliding + Load

Counter 4-| |+ Reference ———

Electrode Electrode 17 mm
Lubricant » Electrolyte
housing
Ball holder Fixed Working
Alumina - Electrode (AZ31B Mg alloy)

- -
Ball @ ) . 0. Potentiostat
H

Figure 62: Schematic of tribocorrosion test setup and the galvanic couple of worn

(depassivated) and unworn (passivated) area dslitigg.

6.2.Results and discussion

6.2.1. Evolution of OCP during tribocorrosion

The evolution of OCP during tribocorrosion as a function of sliding distance is shéigune
6.3. The figure shows the OCP of variousfaaes (untreated, and L9Po 5) in 3.5% NaCl. The
OCP is the corrosion potentidtdc) defined by the rate of anodic, as well as cathodic reactions.
Eoc reflects the dissolution reaction at the depassivated wear track and cathodic reaction on the
passive unworn regions of the AZ31B surfaces. The OCP data was monitored and recorded before
sliding, during sliding (4000 mm), and after sliding. In the tediding was initiated only after
ensuring a stabl&oc within the tribochemical system. It was observed that all LSP processed
surfaces (LSH to LSR5) stabilized at a potential e1.59 + 0.008 V except for the untreated
surface, which stabilized at agiitly higher potential 0§1.538 + 0.005 V. It can be observed in

Figure 6.3that after the onset of sliding, thec for untreated surface showed the highest
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variations followed by th&oc for LSP-5 and 4. Thé&oc for LSP-1, 2, and 3 were found to be the
most stable with the potential, almost consistent throughout the 4000 mm sliding distance. At the
end of the sliding, thEoc for the untreated surface stabilized’aB87 + 0.006 V, which is 12.26%

more than th&oc before sliding. Thé&oc of LSP-5 and 4stabilized at 0f1.496 + 0.005 V, and

1.575 + 0.004 V, respectively. Tl c before sliding and after sliding were almost the same for
LSP-1, 2,and 3.
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Figure 63: Evolution of OCP as a function of sliding distance during tibe@¢orrosion test.
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6.2.2. Friction behavior during tribocorrosion

During tribocorrosion tests, the evolution of friction was also monitored to understand the effect
of tribocorrosion on the COFFigure 6.4reports the average COF during sliding for untreated and
LSP processed surfaces under the action of tribocorroSlem.average COF for the untreated
surface was found to be 0.14. It can be observé&igire 6.4that all LSP treated surfaces show
a lower COF than the untreated surface. When the surface was treatedlatih&SEOF dropped
by 43% as compared to the redted surface, which was the lowest COF observed among all the
surface conditions. The COF of LR 3, 4, and 5 were found to be 28%, 21%, 14.3%, and 7.14%
less than the untreated surface, respectively. This trend in COF is consistent with the OCP
behavors of the surfaces, where the untreated surface had the highest COF, ahdh&bkhe
lowest COF. An increase in COF is observed as the laser intensity increases frdmd_ &P
5. This similarity in the trend for COF and OCP relative to the applgsat latensity indicates that
surfaces exhibiting low COF can have a stable OCP and are least susceptible to tribocorrosion.
Earlier studies concerning the effect of LSP on the friction behavior of surfaces have shown that
at low laser intensities the suctastrengthening effect defined the friction behavior. As the laser
intensity increases the surface roughening effect of LSP plays a major role in defining the friction
behavior[40]. At a low laser intensity of LSR, a considerably low COF is observedda the
increase in surface hardness after LSP. But, as the laser intensity increasesbtthéSBrface
roughening effect is dominant which causes an increase in COF during sliding. Further, the surface
roughening effect at relatively high laser intinsreatment causes larger fluctuations in OCP

during sliding Figure 6.3.
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Figure 64: Coefficient of friction during tribocorrosion test
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6.2.3. Wear behavior during tribocorrosion

It is necessary to investigate the changes in the surface morphology of the galvani¢acouple
understandhite mechanism of OCP evolution observed during slidingufe 6.3. The surface
morphology of the galvanic couple includes the worn and unworn area of the AZ31B surface
exposed to the electrolytEigure 6.5shows the 3D profiles of the worn and unwornaarafter
tribocorrosion testing of untreated and LSP processed AZ31B surfaces. The changes in surface
morphology of unworn areas after tribocorrosion observeHigare 6.5depicts the effect of
galvanic corrosion accelerated by wear. It can be obseraeththinitiation of localized corrosion
on the unworn areas caused serrated filarakaped pits, giving rise to more localized corrosion
sites. These pits may be a resultant of the oxide film breakdown during LSP as a function of the
applied laser intenty, which can lead to varying degrees of pitting corrosion when exposed to
aqueous NaCl environmer{t20].

a) Polished untreated b) LSP-1 = 0.47 GW/cm?

Wear vol. = 0.34 mm’ Wear vol. = 0.13 mm?

60 pm
Worn area Worn area
< |50
Unworn area 2 Unworn area +
¢) LSP-2 = 0.87 GW/cm? d) LSP-3 = 1.36 GW/cm? 40
Voar v = 3
Wear vol. = 0.114 mm Wear vol. = 0.12 mm?
Worn area
Worn area
30
Unworn area Unworn area 20
¢) LSP-4 = 1.76 GW/cm?
) f) LSP-5 = 2.22 GW/cm?
Wear-vol. = 0.168 mm? Wear vol. = 0.21 mm? 10
Worn area
Worn area
s 0.0

Unworn area

Figure 65: Wear track andinworn area after tribocorrosion testing of AZ31B surfaces
conditions at (a) untreated surface (b) EBR) LSR2 (d) LSR3 (e)LSP-4 (f) LSR5.

The initiation of galvanic corrosion for AZ31B occurs due to the differential electrocatalytic
mechanism, where the areas consumed by the corrosion products catalyze hydrogen evolution
(HE) reactionf206, 207] These HE reactions dissolve the Mg and anglelayers (porous films
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[120]) around the corrosiemitiated regions, and the laterally spreading corrosion sites lead to the
formation of serrated filament shaped pits leaving behind significantly roughened regions on the
surface[208-212]. It is theseserrated filament shaped pits that lead to an increase in the average
roughness$s, which is discussed in the following section. The initiation and propagation of these
corrosion sites are further accelerated by the wear debris generated during shiithgiswhe
effect of wearcorrosion synergism and is observed as an increase in theRK@fORe(6.3 during
sliding. During the action of weaworrosion synergism the metal in the wear track and the metallic
wear debris in the electrolyte undergo oxidati@actions forming soluble ions and/or solid
products as per the following reactid@43]:
000 € Q
4] E"OU Ouvbu gy €0 €0Q
whereM designates the metallic materials. The generated electrons are consumed by the cathodic
reactions (unwornraa) in order for the oxidation reactions to proceed. The cathodic reaction in
the aqueous solution that leads to the HE and formation of any hydroxid2$3re
¢O ¢Q o0
0 ¢O0 T1TQ o100
It can be observed iRigure 6.5that the formation o$errated filamenrshaped pits (hereafter
referrpgtd )t araes pd6 omi nent on both the worn and
surface while for the LSP processed surfaces the pits are predominant on the unworn regions. This
indicates that theifference in the corrosion potential of the worn and unworn regions for the
untreated surface is higher than for the LSP processed surfaces. Since the ratio of the worn (anodic)
to the unworn area (cathodic) exposed to the electrolyte is the same fotrtredad and all the
LSP treated surfaces, the wearrosion synergistic effect is defined by the corrosion potentials
and kinetics of the reactions on the worn and unworn areas. It has been shown that exposure of
AZ31B Mg alloy to aqueous NaCl solutioresults in extensive, nanoporous Mg(@ymation
with very high surface areas that range from 4 to 4@ fi20]. In the present study, the break
down of this Mg(OHj film during sliding leads to the difference in corrosion potential on the worn
and unwon areas leading to tribocorrosion. Additionally, due to the porous nature of the Mg(OH)
film rapid, nonprotective corrosion can be observed on the unworn area of AZ31B sur28¢e
The increase in surface area of the oxide layer formation is alsotedpe affect the corrosion

behavior of the surface.
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The wear volumes indicated kigure 6.5reflects the involvement of wear in accelerating the
corrosion. As the highest wear was observed for the untreated surface (34t wan be seen
in Figure 63 that after the onset of sliding tli&c of untreated surface fluctuates by + 0.05 V
until a sliding distance 2000 mm after which e fluctuates and increase drastically until the
end of sliding. This is due to the increase in the generation ofdedais, which accelerates the
rate of anodic and cathodic reactions. During the slidingEtkefor the untreated surface had
changed by nearly 57.5%. In the case of {55B wear volume of 0.21 nfwas observed with an
increase irEoc after the initiation of sliding. This increaselac for LSP-5 was not as drastic as
for the untreated surface since g had changed by only 17.5% during sliding. The early onset
of fluctuations in OCP observed for the -SBurface may be due to tfteighening effect of high
laser intensity during LSP that can increase the wear during sliding. Similarly, an incrEase in
for LSP-4 surface was observed after 2000 mm of sliding with a 14.6% charigg: iduring
sliding. The surface processed at EBFad a 2.4% increase kv during sliding while there was
<1% change itoc for LSP-2 and LSP1. These observations reinforce the earlier indications that
LSP of a surface with good surface characteristics (surface roughening and strengthening effects)
canyield a consistent tribological and tribocorrosion performance.

6.2.4. Effect of LSP and tribocorrosion on surface roughness

The surface morphology of AZ31B Mg alloy samples was investigated before and after LSP
processing, and tribocorrosion testing. For insgaFigure 6.6shows the surface profile and
roughness of a sample after polishing, LSP processing at 0.47 GVéfuhafter tribocorrosion
testing. Similarly, surface profiles were recorded for other LSP processed samples, as shown in
Table 6.2 The autbrs in their earlier tribological study of LSP processed surfaces investigated
the effect of average surface roughné&s} SkewnessS), and kurtosis$) parameters as they
were found to affect friction and transfer layer forma{#@]. Hence, the wrrent investigation of
surface roughness parameters was limited to these three parameters with a focus on understanding
the effect of tribocorrosion on LSP processed surfaces. Surface roughness is especially important
in understanding the influence of wearrosion synergism since the AZ31B unworn area (area
outside the wear track) is part of the galvanic couple with the worn area (area of wear track) of
AZ31B surface. The changes in surface roughness of the unworn area influence the rate of

corrosion infiation sites that initiate and impel the tribocorrosion prodé2s, 214]
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Table 62: Surface roughness parameters of AZ31B Mg surfaces after LSP processin

various laser intensities and tribocorrosion testing.

Change in value after
Surface Surface Surface roughness (um) _ J o
condition of tribocorrosion
processing
AZ31B Mg alloy S Sy S, DS o | PR

Before testing 0.1£0.02 | 1.23 | 2.32

After polarization

Polished test(corrosion 29+0.1 | -0.74| -0.24
_ 7.24 | ()1.17[(-)2.99
untreated without wear)

After

tribocorrosion test

7.34+£0.15| 0.06 | -0.67

LSP-1 Before testing | 0.16 £+ 0.05| 0.36 | 0.51

0.47 After 1.34 | (-)0.67 |(-1)0.43

15+0.07 | -0.31| 0.08
GWien? | tribocorrosion test

LSP-2 Before testing | 0.17+0.03| -0.05| -0.31

0.87 After 2.06 |(-)0.17 [(-)0.23

223+0.1 | -0.22 | -0.54
GW/en? | tripocorrosion test

LSP-3 Before testing 1.2+0.02 | -0.67 | -0.58

1.36 After 251 | 03 | 038

3.71+£0.1 | -0.37 | -0.20
GWicen? | tribocorrosion test

LSP-4 Before testing 1.5+0.08 | -0.05| -0.74

1.76 After 3 | 028 0.16

45+0.11 | 0.23 | -0.58
GW/en? | tribocorrosion test

LSP-5 Before testing 1.5+0.06 | -0.52 | 0.85

2.22 After 3.2 | 1.29 [(-)1.09

47+0.12 | -0.77 | -0.24
GWien? | tribocorrosion test
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Figure 66: Surface profiles and roughness parameters of AZ31B Mg surface after polis

LSP processing at 0.47 GW/énand after its tribocorrosion testing.

Table6.2 details the three roughness paramefgrSsi, andS«w measured for untreated, LSP
processed, and tribocorrosion tested surface conditions of the samples. It can be observed that even
though the LSP processing has a similar effect on all the threeesudaghness parameters as
di scussed i n the [40])theheffactsobtribpcormsion is avidentsonlysd y
When the AZ31B Mg surfaces are LSP processed and tribocorrosion tested, the cBagssi
and the change ifu (g5w) values are found to be small and inconsistent while the charfge in
(g&) value is found to increase relative to the applied laser intensityg&habserved ifTable
6.2is highest for the untreated surface and increases as the applied laser inteségsedifrom
LSP-1 to LSR5. It is well known that the LSP generates indents (dimples) on the surface, and it
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is these indents that affect the surface morphology of the processdd&réagure 6.7shows

the change in surface morphology of AZ31B, before and after LSP. The figure shows that a low
laser intensity treatment of AZ31B Mg alloy surface produces smaller dimple effects as compared
to the dimple effects observed at high laser intengti@s48]. The applied laser intensity defines

the change in surface roughness and extent of asperity deformation on the surface. These dimples
play an important role in defining the surface area that is exposed to the electrolyte during tribo
contact. In thease of AZ31B Mg surfaces, it has been shown that the dimple effect can exceed a
depth of 0.8 mm from the surface depending on the applied laser inf@i&ityHence, the LSP
processing of AZ31B Mg surfaces may cause a high degree of local plasticatedortinat affects

the average surface roughn&smore drastically thayk or Sw. Further, the change in surface

area due to LSP is expected to affect the tribocorrosion behavior of the processed surfaces.

a) Untreated

-

SEM WD 23.5mm 09:35:29

: c)_High laser intensity (LSP-5)

b) Low laser infensity (LSP-1)

Figure 67: SEM images of AZ31B Mg alloy surface (a) untreated (b) low laser intensi
LSP-1 (c) high laseintensity LSP5.
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In order to clearly distinguish the effect of tribocorrosion on3tfer LSP processed surfaces,
the & before and after tribocorrosion is showrFigure 6.8 It can be observed that the untreated
surface experiences the maximum inee@ S after tribocorrosion as compared to the LSP
processed surfaces. It can be expected that the surface strengthening effect of LSP processing aided
in reducing the variations in surface roughness due to tribocorrosion at low laser intensities. As
thelaser intensity increases the surface roughening effect of LSP increases and a larger variation
in surface roughness can be observed after tribocorrosion. This behavior indicates that the surface
strengthening and roughening effect of laser processingamhrin modifying the surface

characteristics and hence the tribocorrosion resistance of the surface.
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Figure 68: SEM images of AZ31B Mg alloy surface (a) untreated (b) low laser intensi
LSP-1 (c) high lasemtensity LSP5.

The LSP process inherently also breaks down oxide films at specific points depending on the
applied laser intensitji 31]. The same can be observed t@efffthe surface roughness after LSP
of the AZ31B surface. The beak down of oxide films in this manner initiates pitting corrosion and
affect the tribocorrosion behavior of the surface. The chan§eshown inFigure 6.8 indicates
the breakdown of oxide film should be negligible at laser intensity;1,S8 compared to the
untreated and other LSP surfaces. With regards to Mg alloy, the structural mismatch between the

hexagonal Mg lattice and the crystalline structurghef passive oxide layer will weaken the
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adherent ability of the oxide laygr18, 128] It is expected that LSP can be an effective method
to mitigate the weak adhesion of oxide layers.
6.2.5. Microhardness

The correlation between the hardness of LSP processed surfaces and its wear behavior has been
well reported irprevious studief38, 48, 53, 216]These studies indicate that the wear resistance
increases with an increase in hardness due to the surface strengthening effect of LSP processing.
Figure 6.9shows the change in microhardness observed due to LSP of Adiglfirfaces at
various laser intensities. The figure also shows the variation in wear volumes after tribocorrosion

testing (4000 mm sliding distance) for these LSP processed surfaces.
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Figure 69: SEM images of AZ31B Mg alloy surface (a) untreated (b) low laser intensi
LSP-1 (c) high laser intensity LSP.

It can be observed iRigure 6.9that as the laser intensity incregsb® microhardness of the
surface increases. However, the corresponding wear volumes do not decrease as expected with an
increase in hardness. It was found that the untreated AZ31B Mg surface had a hardness of 61.2
VHN and experienced a wear volume ofDrBn¥. When the surface was LSP processed at LSP
1 (0.47 GW/cr) the microhardness increased by 5.1% while the wear volume decreased by
61.7%. When the laser intensity was increased to-2%B.87 GW/crf) the microhardness
increased by 7% and the wear vokl decreased by 66.4% as compared to the untreated surface.
Theoretically, as the laser intensity is further increased it is expected that the microhardness would

increase and the corresponding wear volume would ded#asé48] However, when the laser
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intensity was increased to LSP(1.36 GW/cr) the microhardness increased by 10% and its
corresponding wear volume decreased only by 64%, which is less than the 66.4% observed for
LSP-2. This indicates a negligible surface strengthening effect of LSReamdhr resistance when

the laser intensity was increased from E&5# LSR3. Further, as the laser intensity was increased

to LSPR4 and LSF5 the microhardness increased by 11.8% and 15%, respectively with the
corresponding wear volumes decreasing by %@0ahd 37.8%, respectively as compared to the
untreated surface. These observations indicate that at low laser intensity LSP the surface
strengthening effect had a dominating influence on wear during tribocorrosion and as the laser

intensity increased theigace roughening effect of LSP had a dominating influence on wear.

6.2.6. Surface behavior model

The observed effects of tribocorrosion on the surface characteristics of untreated and laser
processed surfaces indicate that the tribocorrosion behavior vaiekmgat intensity. Based on
the observed evolution of OCP, surface roughness, COF, and wear during tribocorrosion, a surface
behavior model for the laser processed surfaces in a tribocorrosion system has been presented in
Figure 6.10 The model represents direct proportionality between the laser intensity and the
tribocorrosion behavior of the surface. The untreated surface was found to be highly susceptible
to corrosion initiation and had high friction and wear characteristics with drastic changes in OCP
during tribocorrosion. Additionally, there was a drastic change in surface roughness of the
untreated surface after tribocorrosion. At low laser intensity LSP, the surface exhibits a low COF
and low wear along with a stable OCP during tribocorrosion.wassdue to the increased surface
strength with minimal change in surface roughness at low laser intensity LSP. After tribocorrosion,
these surfaces had minimal change in surface roughness. As the laser intensity of LSP is increased,
the surface exhibits lsigh COF and wear, and moderate changes in OCP during tribocorrosion.
The high COF and wear during tribocorrosion are due to the increased surface roughening effects
at high laser intensity LSHFigure 6.8. This surface roughening increases the surfaea and
provides an increased number of corrosion initiation sites, leaving higher surface rougher after
tribocorrosion.

Similar tribological effects of LSP processed surface were observed in the author's previous
study[40]. These studies indicate thatR.9rocessing is an effective method of moderating and
mitigating tribocorrosion by inducing appropriate surface strengthening and roughening effects.
The study shows that by understanding the initial surface morphology and correlating the effect of
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LSP onthe tribological behavior of the surface, it is possible to tailor the tribocorrosion behavior
of the surface. For AZ31B Mg alloy, it was observed that the surfaces processed at low laser
intensities (LSPL and LSP2) had a good balance of the surface hmuigng and strengthening
effects that resulted in minimization of wesccelerated corrosion. It is speculated that the stable
OCP observed for surfaces treated at low laser intensities indicates low corrosion potential
difference between the worn and umwaegions of the surface. This is believed to directly
correlate to the reduction in corrosion initiation sites on the unworn areas and minimize the
galvanic corrosion. Additionally, the inherent high wear resistance of LSP processed surfaces aids

in deceasing the rate of wealccelerated corrosion and thus decreasing the effect of
tribocorrosion.
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Figure 610: SEM images of AZ31B Mg alloy surface (a) untreated (b) low laser inter
LSP-1 (c) high laser intensity LSP.

6.3Conclusions

The present study investigated the effect of LSP on the tribocorrosion behavior of AZ31B Mg
surfaces. More specifically, the influence of surface roughening and strengthening due to LSP on

the evolution of friction, wear, and tribocorrosion (waaceleratd corrosion) properties were



80

studied. The ZRA method was used to investigate the tribocorrosion behavior of AZ31B surfaces.
Additionally, the study validates the hypothesis that the tribological properties such as wear and
friction during the action of #ibocorrosion on LSP processed surfaces are influenced by both the
surface strengthening and roughening effects of the applied laser intensity. Following conclusions
can be drawn from this investigation:

1 Understanding the change in surface roughness pasmdtie to tribocorrosion is
necessary to investigate the onset and propagation of galvanic corrosion and its synergism
with wear.

1 S is found to reflect best the surface roughening effects resulting from the tribocorrosion
of LSP processed surfaces.

1 Theincrease in the slope of measured OCP during sliding is found to increase the wear
corrosion synergistic effect.

1 The initiation and propagation of corrosion sites are influenced by the wear debris, which
indicates a dominant weaccelerated corrosion betar for AZ31B Mg alloy.

1 The initiation of localized corrosion on the unworn areas caused serrated fistmaped
pits, giving rise to more localized corrosion sites, which drastically increas&ldbeng
tribocorrosion.

1 The initiation and propagationf corrosion sites are accelerated by the wear debris
generated during sliding, which results in waacelerated corrosion.

1 Surfaces treated at low laser intensities (ISR, and LSFB) have the least increasebsc,
and lowest wear volume and friati@uring sliding.

1 During tribocorrosion, the surface strengthening effect of LSP had a dominating influence
on wear at low laser intensities (L8P2 and 3), whereas the surface roughening effect of
LSP had a dominating influence on wear at higher lagensities (LSR! and LSF5).

1 The change in surface roughness due to LSP affects the tribocorrosion behavior of the
processed surface.

The insight into the tribological and tribocorrosive behaviors of LSP surfaces with reference to
their surface roughnessaotivates the next chapter that presents study concerning the surface
energy of LSP surfaces. Surface roughness which modifies the surface energy of the engineered
surfaces is an important factor in defining the corrosion and tribocorrosion behaviottionad
lubricating properties.
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Chapter 7: Effect of surface energy of engineered surfaces on tribocorrosion
The present study investigates the influence of laser shock peening (LSP) on surface energy

(S) of AZ31B Magnesium alloy and its resilience tmrrosion and tribocorrosion. AZ31B alloy
was treated at different laser intensities. Beface energynd its interfacial components of
treated surfaces were analyzed. The surface energy was found to be least at low laser intensity
LSP. Lower interfacialsurface energy showed decreased wettability, providing enhanced
tribocorrosion resistance with respect to untreated surface. However, higher laser intensities
increased the surface roughening effect, causing an increase in the interfacial surfacenenergy a
wettability of the surfaces, decreasing the tribocorrosion resistance. The study furthers the
understanding of surface functionalization using LSP by providing insight into the influence of
surface energy on corrosion and tribocorrosion properties.kimbeledge ofsurface energy
changes due to LSP will allow better design AZ31B surface properties for sustainable and diverse

applications, including applications in agueous environments.

7.1.Materials and methods

An experimental procedure was developed to study the surface energyeshiug to
tribocorrosion on LSP processed AZ31B. The AZ31B block-(Bl. 0 wt-1%,0 xn . %, an
96 wt. % Mg) were cut i®eamples foi the stddy. AiImead Surfdce 1 2 . &
roughness valueS() of 0.3 N 0.08 &m waamplascThé goliskidy by p

involved grinding the surfaces using sandpapers ranging from 320 to 1200 grit size. Further, a
di amond suspension (3 e€m) was used to polish
Among the six polished samples, five surfacedauwent LSP at varying laser intensities and one
surface was untreated. The surface roughness, hardness, and contact angle measurements were
made on each sample, followed by tribocorrosion testing. The experimental methodology is

detailed below.

7.1.1. LSP of AZ31B surfaces

The laser processing of the AZ31B surfaces was carried out witbvet€hed NdYAG laser
(& = 1064 nm, pul se =m)7Thawnfinementlayer was a BK7 glas® . 5 X
which was layered with &lack tape ablative coating ofithc k n e s s  (0]. THe3da3er € m
intensity used to process a surface area of 17 x 7Zimdetailed iriTable 6.1(Chapter 6), along

with the respectiv@omenclature. The AZ31B surfaces were LSP processétysasatedin the
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Figure 6.1(Chapter 6). Théigure shows a 17 x 7 mhsurface area that was processed on each
sample. The influence of LSP on the surface energy and tribocorrosion performance were analyzed

by exposing the laser treated area.

7.1.2. SR and hardness

A Wilson Hardness tester was used to asfi®s change in hardness due to LSP processing. A
load of 500 g was applied with dwell time of 10 s. The variation in SR due to LSP and
tribocorrosion on AZ31B surface was analyzed by a 3D optical profilometer. Each surface
roughness parameter and hardmessmsurement were repeated three times. The average of the
parameter values is reported with error bars. The error bars for the reported roughness parameter
and hardness values were obtained from the standard deviation considering a 90% confidence

interval

7.1.3. Contact angle and surface energy measurements

The total surface energy and the seigpiid interfacial surface energypetween the LSP
processed AZ31B surface and three probe liquids were evaluated usingaroentact angle
goniometerTable 7.1details the probe liquids used in the study in aoidito their total surface
tension and surface tension components. A sessile drop method was used to measure the contact
angle according tASTM D7334- 08(2013) standards for each LSP processed suiffaeestudy
uses a omponent approach based on Leawgtbasesurface interactionomponents. The probe
liquids, specifically water and 0.6 M NacCl, simulate some of the atmospheric conditions that lead
to corrosion on the real surface area exposed to the environment. Sessile drop technique was
performed ak4 °C and 20% RH. The probe liquids were collected in a 2 ml syringe to dispense
droplet diameters of 228 mm (6 ul) on the sample surfaces. The contact angle of the droplet for
each surface are reported by averaging the observed values over tefhdaldéference in the
left and right contact angle of each droplet was less than or equal to 2°. These steps ensured the
repeatability and reliability of the contact angle measureménésnterfacial surface energyith
each probe liquid is determineding the Van Osfl29,130land Young @%7l. equati on

Table 71: Surface tension and its components

Total Dispersive and Positive polar Negative polar
Probe liquid surface  Lifshitz der Waals acid-base acid-base
tension, A component,ﬁi T component, &y ” component, & I
Water (W) 72.8 21.8 25.5 255
Glycerol (G) 64 34 57.4 3.92

0.6 M NaCl (N) 73.8 22.2 22 29.6
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7.1.4. Tribocorrosion tests

The tribocorrosion test sep involved a combination of reciprocating wear testing and a-three
electrode electrochemical test configuration as shovigare 6.2(Chapter 6]127]. The cell is
made up of AZ31B surfaceworking electrode and a graphiteeerode was used as a counter
electrode. Whereas, a standard calomel electrode (SCE) was employed as the reference electrode.
The equilibrium potential of the open circuit (OCP) was measured for each sample in 3.5% NaCl
solution under static conditionsh& SCE used in the study has a potential of 0.24%.\3HE
(standard hydrogen electrode). The reciprocating test on the AZ31B surface was conducted at a
speed of 1 mm/s for a total distance of 4000 mm and vertical load of 20 N. The counter material
for the reciprocating test was alumina ball of 6.35 mm diameter.

The tribocorrosion test procedure consisted of two stages. The first set of experiments was
performed to determine the wear without corrosion by applying cathodic polarization to the
AZ31B surfaceat 1 V below the observed OCP and sliding in 0.6 M (3.5% NaCl solution). The
second set of experimentation involved monitoring the OCP of the samples under dynamic
conditions to determine the weeorrosion synergistic effect by sliding with corrosion 5%

NaCl solution. Cumulatively, the tribocorrosion test procedure provided the-cmgasion
synergistic effect on wear.

The present study uses the corrosive conditions described in ASTM38%here 0.6 M
NaCl is used as the electrolyte. The tempeeatund humidity conditions during the testre24
°C and 20% RH, respectively. The test involvediin measurement of wear, friction, surface
potential, and current variation in the cell. The wear and friction data were collected through
reciprocatingest while the electrochemical cell was monitored using a potentiostat. Each test was
repeated three times for the reproducibility of resdlte reported wear behavior in the present
study involves understanding the wearrosion effects on LSP process&d31B surface. The
AZ31B surfaces (HV 62 to 72) are relatively soft as compared to the chemically inert alumina, a
ceramic counter body (HV 1400 to1500). Moreover, due to the LSP on AZ31B, it is expected that
subsurface material structural evolution maygw during tribocorrosion and corrosion testing
causing a change in hardness. Hence to accurately interpret the wear loss due to tribocorrosion the
wear tracks for with and without corrosion conditions on AZ31B surfaces were profiled using a
3D optical pofilometer. The profiles yielded an accurate estimate of the wear volume for each

trail, the average value of wear volume is plotted with standard deviation.
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The expected worn and unworn regions on the working electrode (sample surface) during
sliding is $iown inFigure 6.2(Chapter 6). Following the tribocorrosion tests, the roughness of the
exposed surface area was measyi@d]. In addition to the surface roughness, the wear track
profiles due to sliding in tribocorrosive conditions were also recordedyuhe profilometer to

calculate the wear.

7.2.Results and discussion
7.2.1. Influence of LSP on surface roughness

The variation in surface roughness due to LSP on AZ31B surface was analyzed using a 3D
optical profilometer. The surface roughness of AZ31B was recorded after polishing the samples
to the same mean roughneSg( of 0. 3 N 0. O 8ive lagerirdensities{Taldge r L SP
All measurements were compared against the untreated surface condition of AZ31B, (LSP
Untreated). The observed values of surface roughness parametegan roughnessS(),

maximum peak heighﬁg), maximum valley deptlfS,), maximum height&,), and change in

surface area after LSP are reportedatle 7.2
Table 72: Surface roughness measurements of LSP processed AZ31B surface

Laser intensity Surfaceroughness (um) Change in
GW/cn? S, S, S, S, surface area
0 0.3+0.08 0.32+£0.06 0.18+£0.04 0.74+0.01 0%
0.47 0.35+£0.02 0.3x0.03 0.19+£0.04 092+0.1 1.9%
0.87 0.45+£0.02 0.33+0.16 0.2x0.02 1.2+£0.2 2.34%
1.36 0.5+0.05 0.65+£0.2 0.41+0.06 1504 3.1%
1.76 0.6 £ 0.05 0.8+0.1 0.4+0.1 2.2£0.08 6.8%
299 09+0.06 08+007 09+0.12 28+0.05 10.1%

The plot comparing the change in surface roughness parameters and surface area of LSP
processed AZ31B surfaces is showrkrigure 7.1 The laser intensities used 1d8P were found
to have a linear effect on the surface roughness parameters where the surface roughness is increases
with laser intensity. This is due to the dimple effect (indents) generated by LSP on the surface,

which modifies the surface morphologytbé processed ar§48]. During LSP, laser shock waves
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are generated, which induce residual stresses, increase the surface hardness, and generate a
variation in the asperity peak heights and valley depths relative to the applied laser intensity. The
increased variation in the asperity with laser intensity causes an increase the real surface area that
may lead to increased susceptibility of the surface to corrosion. But, it has been shown that the
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Figure 71: Surface roughness and area of LSP processed AZ31B alloy
observed change in surface area occurs after LSP is a caoimiiod surface roughening and
hardening effectRt0, 102] which can vary theorrosion inhibition properties of the surfd¢27,
198].
Further, the results show that the change in surface roughness after LSP can be best perceived

usingS,, S, S andS, roughness parameters. The LSP is found to have a linear effect on the

surface area, which necessitates the studgloface energyespecially when considering the

application of AZ31B alloy in aqueous environments susceptible to both wear and corrosion.

7.2.2. Influence of LSP on wear during corrosion

The influence of LSP on tribocasion was experimentally studied in terms of wear volume as
shown inFigure 72. The wear after tribocorrosion on LSP processed AZ31B surfaces is observed
to be drastic as compared to wear with no corrosion. The maximum wear volume is observed for

the unteated surface whereas L-3Psurface yields least wear volume after tribocorrosion. The
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untreated surface experienced nearly three times more wear due to tribocorrosion tHan LSP
surface. Also, the observed increase in hardness with laser intensityl tcSBSR2) does
translate into increased wear resistance, as shown by many $#0di5, 51, 104, 106, 13134]

The hardness of the AZ31B surface (VHV 62 to 72) is ~23 times less than the hardness of the
counter body, alumina ball (VHV 1400 to 1500). Considering this large difference in hardness
between the surface and the counter body, the plowing effect obtimer body should lead to
abrasive wear on the surface during sliding. Additionally, alumina being a ceramic material has
been well studied to be electrochemically inert. The absence of wear, and corrosion products on
the ball was verified under an SEM shown irFigure 7.3 The figure shows that observed effects

of tribocorrosion are experienced by té31B surface.
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Figure 72: Wear volume observed on LSP processed surfaces without the influenc
corrosion, and after tribocorrosion.

With increase in laser intensity, surface roughness also incréagese(7.), which increases
the exposed real surface area to corrosive environment during wear, initiating treomwesion
synergism. The dominant surface hardenirfgotfof LSP at low laser intensities enhances the
surfaces properties to have increased wearosion synergistic resistan¢40]. Whereas, an
increase in wear accelerated corrosion is observed due to a dominant surface roughening effect at

high laser inénsities[40]. This behavior of LSP processed surface was clear from the results
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where, LSPL processing increased the hardness by 5.1% and reduced the wear volume by 66.4%.
LSP-2 processing increased the hardness by 7% and reduced the wear volume by 8R 3%
processing increased the hardness by 10% and reduced the wear volume by 58:-2%. LSP
processing increased the hardness by 11.8% and reduced the wear volume by 5®%. LSP
processing increased the hardness by 15% and reduced the wear volume by B&asétically,

the hardness is expected to increase with a decrease in the corresponding wear volume, as the laser
intensity increases. But the results show that afterB 8 increase in hardness does not translate

to decrease in wear volunie27].
a) Untreated AZ31B Mg alloy b) LSP treated AZ31B Mg alloy

3D profile of wear tracl\ /

Worn area

3D profile of wear track

Y:Z.smm

Unworn area + - , 7
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SEM image of Alumina ball tip

SEM image of Alumina ball tip
z : No Wear or
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Figure 73: The presence of wear and corrosion on wear track and its absence on alumin
after tribocorrosion as observed for a) Untreated b) LSP treated AZ31B Mg alloy

Studies on the wear mechanism observed during tribocorrosion of LSP processed AZ31B
surfaces have shown that the wear particles of micron tangtrion size are generated during
sliding [174]. The size and amount of the wear particles generated are dependee laser
intensity used to process the AZ31B surfaces. The generated particles then defindadhree
wear mechanism during sliding that is susceptible to corrosion and further accelerate the wear
under the influence of tribocorrosi¢t27].
7.2.3. Infl uence of LSP and tribocorrosion on surface roughness

To understand the influence of surface roughness in defining the wear mechanism on LSP
processed surfaces, the variation in surface roughness and wear volume due to tribocorrosion was

investigated. Thewsface roughness, wear track, and area around the wear track was recorded post
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tribocorrosion testing on each LSP surface using 3D optical profilometer. All tribocorroded
surfaces were compared against their respective surface roughness and wear tig8Rs on
processed (LSR to LSR5), and untreated surface (L®PUntreated) of AZ31B. The observed
values of surface roughness paramet8[s Sp, S, S, and change in surface area after

tribocorrosion on LSP surfaces are reporteBigure 74.
Results show that the change in surface roughness due to tribocorrosion on LSP processed

surfaces can be best perceived usSipgndsS, roughness paramete27]. The plots comparing

the change in surface roughness parameters and surface area of LS8epraod tribocorroded
LSP surfaces are shown kigure 7.4 The linear trend of surface roughness observed for LSP
processingKigure 7.4a) on AZ31B did not hold true after the surfaces experienced tribocorrosion.
It can be observed iRigure 7.4, that tibocorrosion has a drastic effect on surface roughness,
where LSPL1 surface underwent the least change (9.0%), and0L@Rtreated) surface underwent
the highest change (31.9%) as compared to their respective conditions before tribocorrosion
(Figure 7.4). The results show that the surface treated with-L8Buld resist surface degradation
better than any other surfaces tested in this study, indicating that low laser intensity treated surfaces
can resist mechanochemiocd¢gradation effects of tribocosion better than untreated or surface
treated with high laser intensitigi), 127] The variations in asperity height and surface properties
of LSP surfaces post tribocorrosion has been shown to be a combination of wear, corrosion, and
wearcorrosion synegistic degradatiofil27].

In environments susceptible to corrosion and tribocorrosion, surface roughness and surface

energy play an important role. Surface energy defines how easy or difficult it is for a surface to
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Figure 74: Surface roughness and area of (a) LSP processed AZ31B, and (b) LSP pro

AZ31B after tribocorrosion testing.
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interact with various fluids on a molecular scale and thus defieesettability of a solid surface.

The surface roughness can drastically modify the surface energy by affecting the surface area and
wetting behavior. This effect of surface roughness further translates into the modification of
electrochemical interactng at the interface of the surface and aqueous media that affects the

tribocorrosion properties for AZ31B Mg alloy.

Figure 75: Wear track profiles after reciprocating tests without corrosion on AZ3
surfaces processed at various laser intensitifs (a

The effect of surface roughness in defining the wear mechanism on LSP processed surfaces can
be further understood by studying the wear tracks and the area around the wear track. The wear
tracks without the infience of corrosion on LSP processed AZ31B surfaces (catholically
polarized) are shown iRigure 75. It was observed that there was negligible change in the area
around the wear track hence depicts the wear track generated due to sliding withoutastootorr
When sliding occurs on the LSP processed AZ31B surfaces under the influence of tribocorrosion,

there was a drastic increase in the wear depth and surface roughness around the wear tracks, as



