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1.1 lntroducti on

Due

i ndu

proc

to its exceptional mechani cal and physic
strial applications, particularly in hea
its chemical compositiongl wdltéhmecnatr biom deeti
mechani cal characteristics of steel al
mi um, mol ybdenum, and nickel are commo
hness, and corrosi on r edseinsatnadn cneg, otpeeirlaa
ronments. From a micardosinr s¢cteed a3l ppeddmea
ite and pearlite phases, wher eas stain
ensitic structures ndleparmndciersggi Mm@ Ccomgiots
ostructur al variations significantly in
ility, toughness, wel dability, and wear

neering materi adrnsl.dyvedr 29 he Hosvaver esicot

ys can -saefrfvda ccte tpregifrorimmnce and, t herefor
essive -Tonldi t Theae srpdradeuncaitepreeh gt t hmt due t o
tional wear often results in expensive

drawn frl.ml3Jervice [1.9

s important to note that erosive and fri

component. For example, in gear systems
h' rolling and sl idinghicroemrtyacd o mpar eemtss ]|
rs and shafts, material wear typically o
|l ocati ons, bl ades, and casings [1.15]

signi ficanptalny orfe daircgi nteheer ilnigf ecsomponent s.

ess that enhancessiweuaranrde shisd talny el d da loiu
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sapploined either before or after wear 0C

l ongevity. Repairing or replacing these <cor
industries, as replacements are often expens
wastage. I n many cases, entire components ar
cracks, maki wagesefsftiamiterstol wedmdest cvacmal nf en
sustainabi-diitty 1 epadi6r], Whigch hienwvolmpes eme p avihre
wear occurred, is the optimal solution for r
Addi tional |syi,t u oscuarlfiasceed mondi fi cati on or repa
over the compfewernepbmpement so The effectiwv
and dep oMetdtMamxgCoaofp o SMME@) ki es in its ability
metal l urgical bond between the deposited | ay
enhanced adhteesrino np earnfdoXl.iozizgce [ 1. 18

Met al degradation due to wear, and the asse
|l i fespan are critical consideratiloR2é] .inFuomrl
instance, when metals are in connttaecrt dwiftfhi cau |
in estimating the expectled O0dur ahuirltihteyr noofr ec o e
wear of materials is not just a materi al prc
the systemEnNgli.nRkgeshr, 8 wLEAI gners could not fu
product |l ife with confidence [1. 33, 1. 34]
tailor the surface chalr.adcOt]er iTshteisces toefc hcna ngpuoens
not l'i mited td,astherbmalm, s @il &yxitmgp,n beam, col
Each of these met hods brings iEhg i adenat aqa
researchers to tailor the surface properties
Met al Matrix Composites consist of two pri me
hard particles. Theyomgai esgerar €t lays tah es od whji
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materi al degradation caused by wear and fric
recent decades due to their ability to provi
compared t o unr ei-In.fdow]c.ed MMQ’'lso,y sags[dladt amae e
demonstrated outstanding resistance to erosi

performance, and high hardness, atloabd]with e

Devel oping a pr esddsus sfuarf alcec arloidds §d ciart i on or
potentially transformative research chall en
depositibasiohgMMREe TI G wel ding method is a ¢
due to the inherent di friatceunni¢dl@dss i @ang oc @i ami
primary challenge of the dissolution of hard

with the substrate fdewrnind es wlviediaflil c atoiadn ,ngc d

Coating failures such as delamination, high
cracking, void f orumaitfioornm dseepgorseigtaito no,n, a nndo nev
due to the mismatch in physi csadb gtrrogptea.t iledsdrb
these challenges is not only <c¢crucial -for en
based coatings, but also forfresnbBamatngpphei
thereby making a tshiignirfeiseehadrtclhii mpatt However
i nvestigations that have utilised the TIG pr
ceramic particles were conducted wusing the |

t hat t he prepl acktdreappawd erd met htolde compl et e

reinforcement particl es, as well as the in
metal l urgical bonding bet weeln 5b7als.e met al and
I n contrast, the present studgodisctiismbooal de

surface modification or repair method that m

This new ceramic powder feedidmgawhacls sas swha
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with existing TI G and powder embedding techn
wel ding of the ar ea dtalmaugse hnags iunnndoevragtoi nvee ecreorsai
infused el ectrodes, thus filling the eroded
aims to experimentally study the feasibility

areas prone to:m wdeaereleraddiooy and engineering p

gesert ¢ So, t he xepeocdteedd ptaar tbe srepaired ared reus
mi ni mins etdhat area due to increased hardness,
chemical properties of the | ocalised compo:

enhancementcafbworat ¢ ®@lw angdt eallst ecompg @censttsa,i n
common materials employed in various applica

knowl edge may al so be applied to other met al

The proposed atppb wlasiho meimpill wryrsg hard cer amic

designed t o adnedp ossiigniMMQG antly enhance wear r

tubdlidrimart es i al is a critical factor, requi
overmatchi ng, and undermatching strategies
chemical composition of bot hWhehre ewalsu atait reg
compatibility, the concepts of matching, ove
all oying composition andFoesuhstagcemetal narg
a chemical composition that is approxi mately
similar metall urgical properties, t her mal e

sound metallurguciahg bomeli mied lan e&fdr @ ochikKetyiogre n e |
physical properties influencing coating perf

modul us, and the coefficient of t her mal expa

Accor di rcalryp,onl oswi eedt eaenld tsubaulnare sesl ectrodes |

investigation. Therefore, the objectives of
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0 Significantly contribute to the field by
ceramic powder feeding system on the subs

it Conduct a comprehensive examination of
mi crohardness, and chemical composition,
characteristics.

0 Characterise the deposited | ayers' tribol

commerci al hard facing consumables el ectr

This thesis contributes to and expands exi s
ceramic powder feeding process. Further more
mi crostructur al characterisation of ankde dep
scanning electron microscopy. The chemical

properties will -bay adiaf fyrs aldtsipdmr,e ugie rXgpyect r o
mi ¢girndenthatdmess testing. The composite mate
evaluated under droydicondtitii mmilso gisd alg tae pti.n T
examined under varying |l oading conddsdd otna , a
characterise the dominant wear mechani sms

i nvestigations aim to provide a deeper wunder
behaviour, and mechanical perfohmangei oédt he
this research have the potentrieasli sttoa nsti gmma tfeirci

surface engineering.

1.TZhesi s Structure

This thesis is structured to systematically
powder feefdoh@epdooangss epair and resurfacing.
this resear chesiurr ftalte nfgi eélsd aofkey f ocus, ensu

i mpact .
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Chaptoefrf e2r s a comprehensive |iterature revieyv
on met al wear mechani sms and materi al | oss

characteristics of stodiehber anduekptecemigaguae® O

used i n devealedmifrog cear amiece | . The review cri
and I imitations of these techniques, establ
engineering, with a pawdteirc ufleaerd ifnogc upsr oocne stsh.e |

chapter discusses the fundamentals of TI G we
i ncorporation of ceramic particles into stee
effects of TétGewelids ngl parmpmesented, ensurin

research's foundati on.

Chaptout I3ines the research methodol ogy, det ali
and equi pment . This chapter explains the e
ensuring reproducibility and <c¢laritying und
confidence in the research's reliability.

Chapteredents the optimisation and validatd.i
including refining tubular fTiller di mensi on

dividedseéeanttioosmaub each addressing usdaoaogb di f f e
st eel and stainless steel, and different cart
and tungsten <carbide WC. The experi ment al r
embedding reinforcement cerriaxmi cBgpsaad iacrnd etsh evd
the opti mal processing ptaubaurieddei rnbeinl slpeorwd e rw e a

established.

Chapteppl5ies the optimised conditions deriyv
resistance of deposited composi-steeeamhtdrsastbs

chapter i nvesbulgat e$§i ulsemng cofndrai me mai rciermr gg md
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surfaces, where grooves simulating wear dam
materi al combinations were evaluated, and a
conducted. T-beirsecs ulrtishoarfetpeirn t eby s adaerpetnhpr e s «
di scusstienlioaslfs, mave ar scar s, and the surface

against cast iron pin.

Chapteon®l udes the thesis by summarising t he
research. Additionally, this chapter provide
potenti al adv anrceeinmefnarsc eidn Td e&r awreilcdi ng- and i

resicsaaatnitngs .
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Chapter 2 Literature review

2. /Introduction

Thickhapter reviews the subject of wear phenol
mechani sms responsible for surface degradat:i
devel opment of advanced surface mat ¢ MM&LSJ , |

which are formed by embedding hard ceramic p

resistance. Various surface engineering tect
enable the incorporationuocff acer avhiid ep an tnii anli es
or structur al i mpact on the bulk substrate.
strategi es. |t hi ghlights the application o

reinforcements s(@ShChsapd!|l tcodat dl§d@e bitde

i mprove tribological perfor mance.

2. FPundament al s of friction, wear, a
degradati on

We ar is critical in degrading metallic comp
safety risks, economic | oss, and environment
not an intrinsjiionsmaaedri alt parraperst yfrom comp
contacting surfaces, environment al 21€28Mhdi ti on
This complexity makes it difficult to accur a

operationa4259cenarios |

Surface engineering technigues have | ong bee
enhancingptbpestuiréacef metals througdt all oyi
211] . However, many conventional surface mod
l'imited wear | ife, i nadeqguate bonding of coec¢
present study introduces an aliterpatti vel esg r i
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steel matrix to repair and reinforce wear pr

understanding of friction and wear mechani st

MMC ‘s in such applications.
Tri bol ogi cal contact typically occurs at mi
smooth surfaces, which are the 20&l13]c o nltheecste

regions are highly susceptible to stress con
may appear smoot h macroscopicall 1 4]t.helyher e

mor phol ogy and properties of asperities (s

significantly influence weanrlitmpcbembamsr anelc
stress distribution under contact | oading co
pressure can be approxi mated by modelling as

Colaco 216 ]Seprresesented a comprehensive review
to macro scal e, revealing how c¢cl assical con

behaviour at the nano8d¢aleenp hQisinislear It h,e Va kaigs

—
—
o
o
o

gical science, despite centuri 6 of d

to the widely adop2letgdl Ar.c hBhay snaowtead 1t aavt [ al

model s exi st i n abundarnsteanadai nugniofi ewle arp rmeadh
|l ength scales remains | imited.
Beyond modelling |imitations, experimental s

of wear transiti o2ls8] Hdabrsser vaendd tlLhaantc atshheerd ggr

oxide films plays a cruci al role in shifting
by <critical | oads orRl3lempddaduntdsat IWvielhhoeti t:
transformations, such as forming martensitic

transitions.
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ness has |l ong been used as a primary i nc

on anzak OWa trseovne a[l ed t hat hardness alone i

aviour. They found that heat treated st ece
e metals wunder similar conditions.nThis d
dness, plastic deformation, and 22rlgctur e

rted a positive ctoentel andowedbrtwesnspamd

ajima argd2Mizdemani fiied the role of strain

t

d

t

p
d

nd cementite plates in governing subsurf
her mi crostructur al i nva22s3t]i ghd momst rbayt e G
ocation density increases significantly
ing direction can contridouientedl| peabese
he sliding directiisolnocvadrieeonsmown oho anp
agation. These findings reinforce the i
ness for enhanced wear resistance.

ddition to sliding and abrasive wear, 0 X

ar i22#4.] FHRiimkt[ observed the influence of t
ard 2aIn&] Hiatsetr [est abli shed a strong conn

wear regi me t22abns ictoinodnusc.t eWa ndgr ye ts laild.i nfg

|l s and found that wear rates increased v
gered traneveéerenweédromliimel| dnt er gl ay bet w
e film stability significantly affected

ite significant progress in tribologica
entional metallic materials often fail t
anical and ther mal | oadi ndgf.erMafnryo nt ol mmeirtc:
as poor particle retention, interfacial
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compl ex processi ng@lazFzlBRR 222n23n3t]s. aTllhleosyes c[hal
underscore the demand for advanced materi al s

| oads and extended sliding durations.

MMC' s, particularly those incorpord0i%co, hard

have emerged as a promising solution. Their
and t her mal stability all ows theml|l agpi caltp
envirolLB7TE. [Further mor e, when strategicall
matri x, t hese reinforcements i mprove resi st

compromi sing the toughness ofe tthtee sdudbwsd lr mpg e

MMC syst ems, the role of ceramic reinforceme
these materials into steel substrates using
2 . Met al matri x composites

MMC’' s reinforced with hard A& mi cepaesieatk ss
advancement in mater4d ak €neinge nBeXdi3n]g a tf Tower sw
superior performance of MMC' s arises from t
metallic matrix and embedded har d -bpehaarsiensg t h
capacity, and thermal stabilh thyar diags easn d aow>

resi sazdai4c8e] ,[ whLiOI%®CoW®mr ovi des eaddidtui€o it aol ttthoeu ¢

[24255] . When effectively embedded into a mei
i mprove surface durability undzabr&6sll]i.diBnegr,n si
[23 5] provided extensive experimental vali da

WC/ W, C and CrB, can outper -0 mtiwhe ¢ ei taashr ag

resi stance while demonstrating supergieori nf rac
MMC fabrication I|ies in maintaining the int
processitregnpeHiaghbhre conditions may | ead to c
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interfaci al reactions, which reduce composit
requires careful control over the matrix's 1

and distribut2®6R3 7283025608 264 udurdef|l i ne the i

particle stability, metal l urgical bondi ng,

composite deposition. These factors ar e e
applications, where wdamwitt dicodusp rammies imugtt the
Ssubstrate's mechanical properties.

2. Aurfacing Methods and Powder Feed

Advanced surface engineering techniques such

empl oyed to repair and enhance worn metallic
conditions. These methods enabloe edhemetbamact:i
chemical, and tribological properties, signi
parts. Cladding processes are particularly \

| ayer between the depgsstupandot hmeshastcatlt ei
to traditi2bn’db 826 &Ht8ilngsSufrface cladding is

melting the surface ®ehetbygy babstsauecasiwhgl

depositing a secondary material. Commonly us
beams, and ehetechoi que'ss &maergy input char
control precision, and compatibility with di

wi debptad met hods i nc2eu®7el]t,helramsadr skB& &m i ;rgo d
26026626727 274] , and TRGR8wWwe]l.di Tilyge s[e technol o

significantly improved surface properties su

2. her mal Spray Technique
Ther mal spraying, introduced in the | ate 1¢

projecting -mollttem mat esreimel s onto a Re8pared
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Feedstock materials can be delivered as powi

pl asma sources. Among ther mal spray types, f
fl ame spray, is widely wused dud st driotasl 3 inmdpu
adoption, thermal spraying has notable | imit

U Coatings may contain hi2g#4] oxi de content a

0 Weak interfacial bonabi9ng | i mits wear resi
U Residual stresses from ther mal g28adi.ent s
0 Achievable coati 286t hickness is | imited [

0 The process poses health and safety risks
0@ I'n addition, ther mal spraying is often m
headwyty wear applicmadetidinlsurg@iguaal i mgnditma@ n:

| ayer s.

2. 4ak%er Beam Processing

Laser beam techniques are widely used in sur
and precise ther mal control . Lasers allow r ¢
sever al feeding configurati @83%]-piaeéddpowderl
[288] ;axafsf powder feedin39(0]18.9]pheaamdevp o wd é re eids$
used, t hough it can suffer from issues such

evaporation of organi26 629ilnd e rLsa suesre dc | faodrd i andyh ¢

produci-mgr fhoirgra-ne s i sweaanrt surfaces, but t he
operational constraints, and | imited scal ab
controll ed environments.

2. 413HB Wel ding
Tungsten Inert Gas (T1 G) welding, also known

a ncoonnsumabl e tungsten el etempdeatargenecafe
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surface medltdisggvi dBI'G used today due to its
heat input, and strong metallurgical bondi ng

carbon stséelenghn2® 2Ri6jloy s |

TI G welding has been increasingly adapted fo
in recent decades. -Atfetobowddezboejoandnabr biwt
mat er2b@®I119 2] , make it attracti vpr dmoe sruerifnaf coer s
an economical élatseerdn ame tvheo dtsq  ITd Gerof f er s pr
embedding ceramic reinforcements such as Si (
sualk t hose 29W82IMi3r]dhadegmbes tfreamatsedbiabiedy saf f atc
modi fication using ceramic powders. Subseque

enhancing the surface2h@2ldinldss and wear r esi

The most common approach for delivering cera
prpel aced pow@@e 429®@21t1haldl,3][ where a | ayer of c
adhered to the substrate using a binder (e.g
heat . While effective, this method poses se

drying, the piakeménpowdertdi gas fl ow, and

geometrisad eomepmi r s. Tshteisneu | lait neidt aitnitoenrse shta vier
powder delivery methods, with ongoing rese:
i ncorporation and ensuring reliable metallur

2.15nfluences of TI G processing par a
A set of key process parameter s -wsetlrdoendg | MMQG n f
deposit. These include welding current, volt
gas composition and fl ow r atfe,ecand hoev eernaelrig yh
to the weld zone, influencing solidificatio

qguality, and me 26 8 2l 124 11]8. p r olpeerr e fm @rse sft andi ng
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optimising these paramet-gual i tsfy reasdemMtICtas urf foa

| ayer s.

2. Cuxrrent and voltage

We |l dd nrgr ent and voltage are among the most ¢
affecting the arc ener @¥y1a:®ndi rmweedst iignaptuetd. thi
wel ding current and travel speed on the depo
Their study revealed that i ncreased heat i n
solidification ttirmecst,ur & f faencd i mg ¢ hna ncir coasl prc
concluded that it i s possiblcedt sutdankcer pthe
carefully adjusting current erfdetcrtdwel adgead
| adbased t echmddale smoduwloati on of current and
energy control . Tyhiasdvemttaugeo uiss fpoarr tMMQ | e gdo
controlled melting of the matrix while mini

cerami c 29 829t621c2AP4 2 3 .

2. B5Ne2 diombgp g | e

InTIGwelding, theangleat whicht Hfider rodisintroduced intotheweld pool playsac r i t i ¢ al
roleind et er mhéequ anlgiape, ynd consistency o fthe deposited materials. The filler

rod anglet y p i defanéd lasythe angle between the rod and the workpiece s u r fdieeatlye

i nf | unedting e 6 f i ¢[2.124h begd profile r ei nf odt e me ant ovérdl o n
weld integrity. Moreover, proper rod angle facilities consistent metal t r a nrgofthe weld

pool.

2. ®Standoff distance and speed of t

Standoff di stance, the gap between the tung
i mpacts arc shape, energy concent2rli2t4dijofi ouamdd
t hat increasing the standof f di stance i mprc
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deposited202%ér. i 8vhnglwing Si C/ C alloying on
heat input, reduced powder content, and high

mi ni mi sing ther mal strexls2.6] SiimivieasltQican@rn ay avsC

deposition and identified welding current as
foll owed by travel speed and standoff di st al
i mpact .

2. Hedat input

Heat i nput ( E), typically expressed in J/ mn
reinforcement i ncorporation. Reported heat
applications vary fr2Im02]1.0 WHinnme tsou f3f4i7c9 eln/tmr
form a stable fusion zone, excessive input C
particle dissolution. Most studies agree th
ceramic parttikdes, wieslpebhi ghl sherimaldreadMMChil[l i
2106]. Cracks and porosity are comma®&alD®, repol
2122128] . Nonet hel es s, ceramic reinforcement

and wear resistance when properly incorporat

2. ®5h5 el ding gas

Shielding gases protect the molten weld poo

influence ther mal conducti211@] amadm@marced eanpE
helium shielding for Si C deposictoinotnai ovn nmi Igd
mi xtures increased arc temp2drO&8turreepird reidf itct
shielding gas argon, hel i um, or nitrogen ha

hardness.

2. HBi-Reinforced steel composites: <c¢h
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Si C is among the most widely éexamsleadr evdMCc eorwa mi

to its high hardness, chemical stability, t
[2482108129130] . I'ts integration into steel su
with enhanced hardness and tribological per |
However, practical i mpl ement ati on faces ma j
reaectwivt h molten steel, déecamp ongi ttioom,arftorarhato
intermetall is§i pSik)s,esgr(ephgi.t,e Fpereci pitation,

steel matrix. These transformations compr omi
reinforced | ayer.

Numer ous 28821084 2621292132135] have investig

i ncorporation through surface modification t
repeated documentation of increased surface
studies do not eveal afatteh d hrmo dviefaire d elsda ysgrasmn,c e
mi crostructur al i mprovements appear promisin
| ohge@r m per f or-araintciec @ In ewvrevairrr bmemesan t sl, o nwen eir e ihma

predict durability 2U3a18%13%9Jance to degradat

For exampl e2l Bxnlkeused TallG wWel ding with Si C a
mi calol oyed steel. While the Si+SiC configura
di ssolution and t BSei fpohransaetsi ocna uosfe db riintttelref akFd
study acknowl edged that the poor metallurgic
weakened the |l ayer’'s structur al integrity, é
Buytoz2le4dO]alobsf[erved thatomtgdhlelredilCeatonitemu
hardness values exceeding 1100 HYV, yet no \

formati on and weak adhesion were also concer
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I n tbaserd surface al l2dilpgnhoMajdumanpr oetedalhar |
and fine microstr urcdiumfadr creedd i mielmenst e enl Sb (Ct
decomposi tion and silicide formati on near

demonstrated reducdedcgrdedwe mdeptom, abwbi pt e

contributddacoburnei camwmd debris for mateom, ra
durability. Ot her studi @44] j nEdtaadlodgpalt, h msna b
Reddy 2Z1t1641l,. clonfirmed that Si C decomposes r
silicide’s and graphite, often | eading to hi
Most of these studies omitted wear ltogstciang

I mprovement .

The effects of TIG processing parameters, sh

have been further examinel4i2r] raede Plalt Geld r ke.t

showed that moderate energy input promotes ¢
hardness, but excessive heat | eads to porosi
increased substantially, weanr ipnersftoudnaensc et hraet

wear testing, s20cii8B]alstrdeasiin dhitwdt ed tahat [i mpr o
tied to opti mal energy input, which is a ¢
performance. Beyond this, excessive melting

benefits. Other2d44lli, keoBliarmadethaaldnefss gain

of fered no wear evaluati on, ' i miting the con
The |literature confirms that Si C incorporat:.
phase transformati on, carbide formati on, and

fusha@asved deposition and the emaeqgusersti gabdemrad
hi ghlighting the need f-plraciendn oprawd eorn rmentdh opdr

challenges related to powder retention, uneyv
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tendency of SiC to di ssol ve, rat her t han r

functional cont-pi boéesoadi MMBGahgy 8t &.

These mi crostructur al transformations ar e
thermodynami ¢ asGRisssn@iatledpf[ wheclkedemonstrat
i nherently unstable in molten Fe under typi ¢
ternary phase diagram, -Sii Ci dteecros®ptoSiF)eiia@md H e
graphitic car bon, especially at hi gh silic

transformations are favoured thermodgndmical

silicon activity modelling. While these se
contribute to brittle fracture, i nterfacial
across multiple experimental studies.

These f28n0RLO08BE3R142] underscore the wurgent
deposition strategy that ensures better con
thermal degradation, and enables reliable ev
This mot irwasteent trlkeesemr c h, whi ch ai mpl doedver
powder techniques by wusidingl edbwiah ~Tiefrhei ce
approach seeks to presernfeoracermemitc biomtda qirgi, t
systematic assessment of wear resistance, es

Si C into steel substrates for i ndustri al sur

2 . WC-Rei nforced stceall | ecrmgpecss iatneds @i ns i

Due to its exceptional physical and mechanic
utilised ceramic reinforcements. I't exhibits
wear resi stance, l ow frictionoaoeafef2ib®it eamtc,e
21485148]. These attributes make WC highly de:c

requiring durabil dHtoyadi renaR2t aBlnbelajt.s nAMfls ha gpr i
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constituent i n advanced cemented c¢ adralsiedle s,
coatings for steel component s, demonstrat.

mi crostructural st r2&6mht7hs R2&a32d 1 ¥kSR21 5rddgsi st anc

Singh 2dt5431 i nvjestigated-th&CTI| GnclAdddi B 40 fs
steel and demonstrated that the extent of WC
and arc parameters. WC particles wererhetter

denser, and har d-@©r0 O0miHd/r) o s tHiugchteurr es t(a7n0d0o f f di

argon shielding promot ed | ower heat i nput,
di ssolution. Abrasive wearghteerstWGQ gr estheormteido nt I
the | owest wear |l oss (178 mg), whereas t hos
(232 mg), attributed to increased matrix expy

WC part-ooteapdl matrix plastic fl ow.

Similarl y25 ¥ uasat ede padlis. WCGEM Ndoati ngs on 40Cr
descri bed agefdussolution process of fragme
precipitationrilemhmddaomged of cwramibigleand retai ni nc¢

phases sSW«ECHh 04 s and eutectic structures.

phase evolution, the coatings provi-8@®% sign
mat eri al |l oss reduction) overhanpoasencesubfs
pri mary and secondary carbide phases, whil e

and oxidativer moldephasSengatcteemd as heat sinks

i mproving stability during sliding wear.

Buytoz2lest5]aleval uated WC cl adding oml &A¢c &d 43
powders. Although the powder amount was mea
study systematically examined the effect of

exhedi multiple carbiMGe PéaLdMssWEnahddicrognp Me x
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i n

wcC.

i n

es

tr

ma

ma

termetallic phases. Mi crohardnessetvail ned r

Excessive heat input, however, caused de
ter mededauddiicg wear resistance. The study co
senti al for balancing WC preservation with
acks featured unifor m, narrow wearimsgars ¢

WC retention.

ng e€t158] . affdressed a key practical chall e
mmercially -Avhil edbWweresramocovercome this,
re filler wires wusing WC, with Ni aend Nb a
ese wires were @époyi tseckedn PBEBBS5 uhaw!l oyed
vere crackliongNi wvwabhBithNeWOED at i nd 3 ewer eNi c mpa @kmo
tained austenite and st abidl igsread ntsh ea nnii csruops

acking. Across all conditions, the micr ost

i ssolved WC, and diffusion transition | ayer

creased significanavieyd damned twoe apr o gerse ssstiawmec e

alysis showed that WC protected the matri

iding, delaying exposure of the steel subs
spite these promising outcomes, t-hasedudie
depoHiigh omeat i nput, necessary for full

eakdown of WC -rnth phasebe WwWhhngbhtemay redu
crease crack susceptibility. Even witteh al |
trix ductility and grain refinement, cont 1
nNy i nveXothryW@t il @h2Q7] 5516 0 ] stil-pl acdd pawder
eding, which suffers from poor particle re

nders, and weak interfacial bonding especi
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These systems wunderscore a broader probl em,

adequate control over carbide stability, di
mechanical i mprovements arise fradm plhhasmatt oa
rather than retained ceramic particles, [ i mi

Therefore, there is a -bastedcdMMCndegdgototian a

0 Preserves primary ceramic reinforcement ¢

0 Promotes strong metallurgical bonding wit

0 Avoids ther mal cracking and porosity,

U Enabl es consistent, scal able powder deliv
To meet these requirements, the present rese
filler eifedtdreadded thhr &si C and WC powder s, al |
feeding, arc shielding, and heatveidnpcuatr.bi dhei
retenti on, optimise microrsdgiucttaimte, swamfda e DV
applications. This met hopmleroffdremanae VMM®Y ep rpa

TI G welding by addressingopbBieocoseutliimmstatio
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Chap¥eMaterials & methods

3. Material s

3. IMalt er i al Selection Strategy

The materi al selection in this study foll owe
a novel MMC system using TI G welding. Criter
and retainment of ceramic r ei niaotrrciexmeguisd edi
prochcls. carbon steeBM)bawas merniatli ILICYS chosen
rel evancer ramar eprotorwear resi stance. The devel
tubul ar filler combinatstoeaesl sT)ae tiliM&QS Wiotvh cm
steel tTub,e 3(04AQS st ai nl el9s <w@atnadelf ithabhd y( 3AHLS S 1
(316-LSS Chapter 4 presents the optimisation
powder content, filler geometry, andl shiel
dmonstrated the most effective retention of

supported by favourable alloying el ements, i

Based on this pTtroga®ssebrct8d6bSSthe fill el
experi ments. FBnM  Gahnadp t-BeM6 W8 $ eL CSsed as base m
testing, -Witrkem&ilBLS®& the consistent kKiller
performance, af acca mnge reclieaclt rhoadred ( HF600) was u
devel opewmhatc @rnafanlisce d e-badtsrcodwee.arPitresti ng empl

pin under varying |l oads to simulate industri

3. 1Ba2se metal s

3. 1. LXEHEM

BS970 LCS was selected for its good wel dabil
poor wear —resistance. l'ts composition is |i:

typical ferrite and pearlite phases under op
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Tab3dl€hemi cal cwmpbsBERPEA LCS (supplier ce

El em C Si| Mn P S Fe
wit %90.10.]0.170.0/0. 0/Ba

3. 1AP 3P 6 -ES\&

Al S 316LSS was used as a baseumeéateali tiimc tshe
and suitability for embedding ceramic rein
composition. The microstructure was examinec

austenitic mircercees tvrewdec tmarteeradfalas

Tab3d2€hemi cal cw%pbdbsAt 5bn316LSS (supplier

El em C Si{Mn|Cr|l Ni|Mo| Fe
wit 90.(0.|/1.|112812|2.|Ba

Tudul ar fil1ler materi al s

3.

3. 1 .M.SL

I n the early phase, upper matchBMCSwas tihs e@ad h
assess its suitabil-BMysuasf aceé ubThias detlumrev
ceramic particle addition analtfié Guwiety dé ngr
joi hhesgeels. The higher carbon content was
bonding with the substrate and potentially f

chemical compo3itsonldivet Ba SMCS

Tab33€ hemi cal compw%!| t1l0400MCBI Gsupplier ce

El em C Si|Mn| P S Fe
wit% 0.1]0./|0.]0. (0. (Ball

3.1L8392

I n the second stage of-TekpkelFéemewhaatuerd &0BE
LC8M, formmagchisaglystem. This configuratioao
chemical mat ching on the qualitgi md dme defpe

mi ni mi sati on. The | owlerwasarebxopne cctoend etna ri end u che
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i mprove weldability, and refine the diffusio
sectioen re&Gults). It also offered potential Db
particles by minimising alggriiegipee at luemmi palas
LCS' s chemical composition and microstructuil

BM (section 3.1.2.1).

3. 1ABSB 3-04LSS

304LSS is a widely wused austenitic stainless
excellent weldability. It was introduced in
trials -wianmdTMESSI | er s, r evealeisng nsirgriafiind anrgt
particles during the TI G deposition ptrocess.
steel fillers, particularly due to their all
enhance austenmpiovehweetababitytyand promot
the steel matrix and cerdmitbuseiahi oweeméwot st

of an austenitic filler’”s influence on micro

chemtaomposi ti oh o PBOdsisSwBted in Table 3. 4.

Tab3d€hemi cal cwi%pbsAt Eb-m30d4upplier certifi

El em C Si|Mn| P Cr| Ni| Fe
wt %90.(0.|{1.|0.¢(18,)7.|Ba

3. 1ABS# 3-I6LSS

Al S II6Ww&ES sel ected as the final tubul ar f

contains Mo which, al ongsi de Ni and Cr pl ays
stabilises the austen3dilt]i,c Qrh apsreo-msd redasw sptlaionidticeh
as a carbid@é¢, randr Meor rjefines carbides as ce&
carbon 8g»Mi]l.i tMo [achi eves this by forming ste
within the <c¢crystal alnat thieclep,i nigi npirtoitnegc t d icfefruas

di ssolution during deposition.
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3. xe4damic reinforcement materials
3.1S4l Lcon carbide

Si C powder was selected as a reinforcement
including high hardness, superior wear resis
good el ectri3¥hdBB] comdesti ehayafteristics make
surface performance of -IMMCd uaaredi taibornass.i vAes ac
scanning electron microscopy, the particle s
Mm. The pabtiettesanermahgul arf awaureadbglye nioorrp hrod

interlocking within the steel matri Xx.

3. 1. Tdunhgsten carbide

WCLO0@o powder was selected as a reinforcement
in developing MMC. This material combines th
with the toughness and s3X]e,ngwhi cihmpsaertweas bays
bi nder.-ChhpowWw€er used in this study contain
particles, with sizes ranging from 75 pum to
t he powder mor phol ogy aedofcommadgpiatritaonng.lué e
particularly significant, as particles with
temperatures than their all oy c¢ou3ilt0OglIplart s,
This makes their retention during depositio

MMC performance.

3. HF$ 00 hard facing electrode.

The HF600 is a commercially aveasiilsahbalnag faiplplldr
particularly under abrasive and sliding cond
a hard microstructure upon soilmngifheaduoabil

i ndustrial component s. I n t hifsacdthwdy,a yHR 60 Oo
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LC8M and -BM6L STshe resulting deposition wa

mi crostructur e, hardness, and wear resistanc
the devebwlp2adThel tkbemi cal composition of the
Tablse 3.

Tab35€ hemi cal cwiYapbsHEBOA (supplier certi

El em C Si|Cr| Cu| P Mn| Ni| Fe
wit% 0.43.(9./0.70. (0. (0.|Bal

3.Met hods

3. ExPperi ment al met hods
3.2FLIlrhdnanufacturing

To prepar er gihref ocrecreadmitcubul ar fill er rods wuse
mu ksttiage manual fabrication method was empl oy
secure encapsul ati on. The tubuanadr dfiialmMeetrerc or
both ends sealed foll owl migt icaolnltywy,ol ¢ eel e@mdvde
her metsiecadleldy via el thi mg cl osed container. Tt
mount ed and Igreadd wma Itlhy t he (deeistiheerd-1S0éaCao)ri. cW o v
ensure uniform and ssaki diumetf all | i od wWietmhls id yqdi
than the inner di ameter todpperde itnytboe ot\wgpen cofadvmitg
the ceramic powder and minimising voids. Th

stability cofl utmme apmadwderduced the risk of segr

Once the tubeopwas efnidl Iwads, tahlbsso eshecaalpesdul at i ng
completely within the steel sheat h. To i mpr
integrity, the meahadi dalbec ampreed sveindn, usi ng
which slightly flaecéened. t Taidearssuiefay stelrew gisln

powder ,coledmre internal voi ds, and i mprove [
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depo

di sc

sition. Further technical details and op

ussed.in Chapter 4

3.2TLG2wel ding

Thi s
al te
equi
oper
this
adju

and

proc

det a

study employed TI G welding to deposit
rnatibwesettodepesiti onDymatsh gd s3.00DXMITIIIG rm
pped with a 2.4 mm diameter tungsten el e

ates with an estimated 3@¢8¢rgp kBbgorcpmpon

setup was the remote foot pedal control
stment. This enabled real ti me control C
stability3ldf .t We-hwkloednagpendBll 881 ems hf s st |
mpmpualach, allowing precise control over
ent and voltage were manually <controll e
ess, the actual values applied darieng ea
iled and presented in the relevant sect
ri ment al condition.
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3. 2PLonrli ski wemag test

Representative disc samples prepared for dry
Figure 3.1a steel di sc with a machined centr
deposition. Figure 3.1b presendsldthte sjaames di
di sc samsplhé aaktt,engpohiori ntgo Wreder tdrsyt i s1lgi di ng
sampl es were subjectedhotue ewpiasnc ttersith onnge tuesri ns

Figure 3. 2.

(@)

Fi gB8IRr eparsataigdersdi sc sampl e
(a)i sc withowuleodré pasi pifare,r ( b)
di spositioning,pricgr atf@setwieagchi ni ng
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Applied load

Fi gB2FRin on disk testing rig
The wear testing procedure was fcolnlduwitreg time
standardi sed steps:
i@ The pin and disc contact surfaces were cl
0 The initial mass of each disc sample was
an accuracy of £0.0001 g.
0 The pin and disc were securely mounted ir
U The contact surfaces were aligned to main
it The applied |l oad was set, and the disc's
U The test was initiated and all owed to r
restarting.
U The test duration was fixed at 3 hours.
U Upon completion, the worn samples were ca
0 The final mass of each sample was measur e
Chapter 3 Materials & methods 4 3



Three samples from each mater6 alweaaenffiadpuri atait
ensure repeatability, and the corresponding

the tubwd&lr6 LTSS The naming con®gfemltl ows utsteel fi o
[ Base metal +Reinforcement]. For exampl e:

U 316LBM$Si C refers to a 316L stainless ste
316LTSSS ubular filler with SiC.

U LCBMWALO%»Cefers-ctaog banl sweel base met al d
316LTSS il | et0®WCobh WC

U 316LBSM or-BMCSefers to unreinforced base m

0O 316LSS+HF600 or LCS+HF600 represents base
el ectrode.

Tabidéddescri ption of sample configurations and

di sc wear analysis

Number Di sc Pi| Pin Loa( Spe Dur at
sampl i (mm) (Kg| (rp (h)
9 316LBS\M | Cl 6 2,4| 80 3
9 316LSS|ClI 6 2,4 80 3

BM-HF 60
9 316LSS|ClI 6 2,4 80 3
BM-Si C
9 316LSS|ClI 6 2,4] 80 3
B M+ WC
9 LC8M Cl 6 2,4 80 3
9 LC8M HF6|CI 6 2,4 80 3
9 LC8M Si (ClI 6 2,4 80 3
9 LC8M WC|ClI 6 2,4 80 3
3.2.Whi3td cast i1iron for wearing tes

White cast iron (WCbdpdwaépunrgdi a®tdhi bsecd cwgeuast B

teshasstoes the wear resistance of theridelposit
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mi crostructure provide a consistent and agg

materi al for evaluating the7dbowbi ltihtey cdfe mi
composition of WCI . l'ts microstructure cons
carbides distributed within a pearlitic matr

cal l pidnClI

Tab3d7€e hemi cal cw¥npfo sClIt i cnuppl i er certifi

Elem C (Crl Si|Mn| P S Fe
wt %(3. (270.|1./0. (0. (Ba

3. Zadmpl e preparation met hods

After deposition, al | samples were prepared
mi crostructur e, hardness, and phase composi
stages: sectioning, mounting, polishing, and

3.2Sdmpl e sectioning.
Samples designated for metallographic examin
wheel accompanying on an ATaf BrshWwi amhe 288mg

securely held wusing the machine’sgiayegeamte

circulates fluid was applied to prevent t he
mi crostructur al integrity. This method mini
el iminated during polishing.

3.2Mauf@ting

After sectioning, specimens were mounted usi
sampl e was embedded in conductive phenolic r
200°C for 15 minutes, produci ng aarsattdbolne aanmnc

anal ysi s.
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3.2P2I Bshing.

The samples were subjected to sequenti al g
def ormati on caused by s e cg u alnii tnyg fainmdi stho sa
mi crostructur al analysis. The prefdrtadyison wa
combined with bhbeadRofSamprese were first mount
the Struers Uniforce alignment device to en
process began with FEPA P220 grviet paoblriasshiivneg p
di amond suspensions down to 1 um, and final!/
Al cohol was used as the polishing suspensi o
stage. Grinding was <condrupcm efdoru n2d emi nau tl1le2sO, Nwvf

was performed using the same force at 150 rp

3.2E2chAing
Etching was performed accor di 31g9]t,o ugsuiindge | dinfe

reagents based on the material type:

U Ni tadarfotoael
G 10% Oxalic acid for stainless steel

0 Kaling' s reagent for HF6O00

These etchants selectively revealed the micr

3. Analytical approaches
3.20BtlLcal mi croscopy

Foll owing the estpcehciinmmge nsr oaceerses , e xaalmi n-8d usi n
inverted optaschawn inmii grue £c o3p. €3 . Pol arised 1igt
extinction conditions to reveal grain struct
magni fications ranging from x50 to x1000, e

features.
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Fi gB83e Optical mi croscope
3.2S8aBAning electron microscope
A Hit-@aZhD Series scanning electron microscop
to investigate the microstructure of the bas
An accelerating voltage of 15 ukM owa sf oap pelxiaer

matrix reinforcement interfaces and particle

FigB4-élitachi-33€0i &sa8ning EIl e
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3.2ERBeBgy dispersive spectroscopy

El ement al composition was analysed wusing t1l
spectroscopy (EDS¢neDgyi ege&DiSonab&damhexcite

and the chaonawstarestdiet¢d e¥ted to i derhtniifgyuet he

all owed for both qualitative and quantitat:i
capabilities were essential for confirming t
within the steel matri x.

3.2Hardness measurement

Vickers microhardness testing was conducted

mi cro indentation testing machine Figure 3.
i ndentation. Line mode tests assesnseed htehaet h
affected zone, and base met al . During testi
hardness variations and the overall effect o

system could not target speclivéed Qaibhitde pacr
address this |limitation, a manual MVK G1 Vi

targeted indentations on | ocalised features.

Fi gB8%-Adut omat i-icndverctraot i on hardness test

machi ne
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3.2X8ay diffractometry (XRD)

As shown 6 n aF iBgruurkee r3-rba8y Addivfafnrcaec tXo met er was U
phase composition of al | materi al s. The Br u
geometry camdli atCwnk sbA)b.4eTi6ldey X ube was oper at
and 40t mAa wtep size of 0.5 s andBraann gien cofe me

2090°.

Fi g86-&-Ray Diffractometry (XRD) machi

The instrument generates distinct dififnracti o
database of known phases. Al X RD ddaatt aab awseer ev
the instrument’s interface. Phas estirda&ing htfficma

and their diffraction patterns were matched

this was not the case for the resolidified
sever al factor s. Fizestand hier feguloar zgeaemest sy
variety of alloying elements and the dissolu
or broadened peaks. Second, the beam's | i mi
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regions difficult, such as the interface be:

surface preparation errors may have influenc

Xray diffraction was also performed wusing

i mitations, asg sThhawsn ailn ofwieglurfeor3.a mor e f o«
surfacea.ayThheeaXn scanned an area of 1 mm in r
However, even with this configuration, accur

remachabdl engi ng.

Fi g87T-XRD configuration using 1 mm beam col

f ocus
3.RBeferences
[ 3.GuUo, cC. , et aNi. ,c obhftfeenctt sono fmiVved ostruct u
of | aser-balsaddiahg oMis coating. Surface a
20 69)8: p2 0 210.6 4
[ 3.2i]lngh, J ., L. Thakur, and S.-10A&aCr a, Ab

cladding deposited by TI G welding proce
Met al s and Hard Material s, 2020. 8 8.

[ 3.K3han, M. , M. W. Dewan, and M. Z. Sar kar,
met al avred dp dietat treat ment on stainless
wel ding joint. Journal of Ma-h@Racturing

Chapter 3 Materials & methods 50



[ 3.U4ilang, R. , et al ., Ef fect of i ne ener ¢
n

el ectro beam remelting. Journal-of Man
325.

[ 3.Hang, W, Tribology of SiC ceramics un
and perspectives. Current Opinion in S
26 (4) .

[ 3.Maj umdar , J. D., et al ., Laser composit
physica status soli-d26%a), 2006. 203(9)

[ 3.D)yytta Majumdar, J ., et al ., Studi es on
di spersed composite surface on mild ste
Journal of Materials Pr@8g¢es il 0bechnol

[ 3.RBams, J ., et al ., Al / Si C composite coat.|
Letters, 20021162 (214): p. 2114

[ 3.K®nyashin, ., et al ., Strefgthemengedo
carbi des Scripta -Materialia, 2014. 83:

[ 3.WdRg, Y., et al., Microstructure and p
reinforced wear resistant coating by T
Refractory Metals and Hard Material s, 2

[ 3.Hd&ng, S. W , M. Samandi |, and M. Brandt
mi crostructure of [ aser cdl12d :WQ@/LINB0I9dY e

[ 3. 0@Mmovsky, O.sindueced anegctliacerof Si powd
l norganic Materi &I66,, 2012. 48(3): p . 26

[ 3.R81el , N. S. and R. B. Pat el |, A review on
I nternational Jour nal of Computational
31.

[ 3. HKdihar , AL, R. Kumar Ra m, and A. Kumar D
Si C metal matrix composite coating on A
coating process. Material ss1Teday: Proce

[ 3.3&hoo, C. K. and M. Masant a, Mi crostruct
Ni coating on Al SI 304 steel produced L
Materials Processing -I8dhnology, 2017.

[ 3.88hoo0, C. K. , L. Soni , and M. Masant a,
mechani cal pr opmdreteilescoanfpo$i CeTichating
tungsten arc (GTA) coating process. Sur
p. 2177

[ 3.3&khar, B. R. , et al .coadNead AIhSr at®20i =
fabricated by TI G cladding met hod. Mat e
328891.

[ 3.38B4&r ma, D. , et al ., Surface modi ficatio
reinforcement using tungsten inert gas
6(3).

[ 3.RP®f zow, G. Met al |l ographic etching: tec

pl astography. 1999: ASM international

Chapter 3 Materials & methods 51



Chapd4Gprti mi il ber ¢ o ngpeocosmettiroyn
f o0MMCdeposvita olnl G

4 . lntroduction
A body of academic research has been conduct
behaviour of material s-4s bj. edthed etce ngl iyackiamg ,

gat hered significant academis iimtenmtasrcidug tt

resistance of metallic surfaces [4.6]. Conse
surfaces of worn steel components -ofiflecesd nc
damage, but al so éxtcemradisnggsehei darldinfes sbwnc

repaired areas.

Recent TI G studies have | argely —4.ell3]e,d whni cthl
while effective in i mprov#ng2O0sjur foafctee np rroepgeuritr
i nput, |l eading to reinforcement[-4.iZxs]ol uTh @ne
i ssues arephwnsésl oahcarhd ey h @amhi gpado p2e9r]t.i elsn [cdo. n2t
tubular fillers offer improved control over

embedding hard cerami.On wihtehiont htehe hatnael trh

processing parameters was experimentally opt
effective deposition conditions. An experi me
opti mal fillee, mpoawdieal cohitlheér @and processi

A progreodi matearfiadgwaat e xtpdsdoerrtetibed tyi matme r i a l
composition for MMCI dwipog iotfo @loui.bnuadl teieonf i | | er |

ceramicnf orweementest ed:

o0 MCsST fill edewodiht BIMCesrectCHSn 4. 2)
ua LCS filler with S8iMCseeposintdd3on LCS

0 LCS f wiBaC10 %Ni dep8Mi (edcobhnobhC8. 4)
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0O LCS fwiwedowCepositeBMaesrectC®d®Sn 4. 5)

U 304LTSS I |l er wos$ htL&EIBOAW d(es &.b)t i on

0 316LTSS witar Si C de@BdMssigtcedd) omn L CS

0 316LTSS il l er with WC16BM o sdBpasointed on LC
0 HF600 hard fdepgonsgntetB@g ¢+ e @lfiea s ecdo nanse rac i a |

benchmar k

The results obtained from varying materi al
systematically =evaluated. Mi crostructur al a
performed using optical mi croscopy, rBeEdvs wit
measurements were coaducopdoBaskeads ommplhes ops
processing parameters, t he most suitabl e fi
sel efcofraedt her assessed for I MBICrebrabhki fyngal

assessment (chapterb5).

4 E2val uati oeIn foifl IMOS wi th Si C p-articl
B M

4. ExPperi ment al procedur e

The first stage of the study involved sel ect
the effect owoinheatB@B mwidcdhntaerctar bon contaent of
MCsT filler, with a wagsehdhecohemntalbt 6é@mpad i
LC8M atnhléCST are detailed in2)Xhapnhner 583t I Srec
respecti vell yf.i [TTheer MCaS f abricated with an OD

internaiwlyhp&clCegpowder and sealed at both en

The si ze, shape, and chemical composition of
3.1)14 Prior to the deposition procgsebt phpes.!

and subsequently cleaned with acetone to eli
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Figure 4.1 provides a schematic diagram il
sectional view of the cored filler. A Miller
el ectrode was wused to establish the arc bet"
ensuring stable and controlled deposition co
< oD >
Ceramic particles
Torch cup
. Tubular filler
Ceramic particles
o Shielding gas
Deposited Tungsten
layer electrode |
Base Metal
Welding pool
Figdle Schemati c dd pgasdatm comfs :
The maxi mum direct operating current was 200
heights of 1 mm to 3 mm. To prevent the mol't
supplied at a flow rate of 10 Ile/rmi T.egihateu
control the formation of the molten pool an
During the welding process, a foot pedal wa
vol tage. The current wa0sOrm@aigret aiwhe d ewitthkei nv o
bet ween 11 and 16 V. The torch travel speed
deposition and fusi on.
A single weld bead was deposited, and the sj
temperature. As described in Chapter 3, t he
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foll owed for met all ographic and microhardne

sample is illustrated in Figure 4. 2.

10 mm

Fi gd2Tehe cr os sapseq@tsirnam loef f or n
and microhardness examinati on

4. ReXlul tds szmud si on

4. 2 M2 cXxostructure

Mi crostructur al analysis was conducted usin
examined area was divided into talidetcoleldowiom
(HAZ), interface (I F), and fusiofa. 2bneaf&z3.
represent the FZ near the | F.

| t can be obG®8MyeHi Chpowdlthm,ndenrdveM@S mel ti ng
during their liqgquation state, with most c¢omg
mor phol ogy wupon solidification. The presenc
mi crostrucituece kihiaheaedhkret ensi te and graphite
t MCST'hsi gh C content and megygulhi ediolined eRis@ dp ¢
concentration in the FZ. ShiegeH &iondaontnd mtg inso
susceptible to rapid cooling rates, l eading

otracks upondxdBidi fication |
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[ Fusion sone 720

Needle martensite

Fi gd3. e The mi cartohsatrrauwcctteurri sati on undel
represents the FZ, | F, HAZmagndf BMa
the I'F, (C) with at WezZgher magnificat

Figure 4. 4a presents the microstructure of
using tThé i MC®r. It can be observed that the
powder content relative taq tahd rdibsudbhear ged idrs
1 mm wal l thickness. As a result, the | iqui

greater concentration of Si C powder. During
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influenced the Si C powder, with some particl
Figure 4.4b, while others were displaced. Ho
Si C powder icdcichripmtr ol @dedyl , wi th some Si C par
andli f fiunsteod t he sol i dified zone. However, t he
phase transformations, specifically the forr
the dissolution of SiC particles during pro
atoms diffuse into the steel matrix, where

these nedBd4p@nages |

Y hH """‘i.'\ ‘. s
5 1IN
ton Ly
< P

B
- el
)

TS
P“»
-
-
.

Coagulated
SiC powder

Needle martensite

Fi gd4@pti cal mitchtergarnasprlercsfe mi cr os e
surface view of Fz, interface, and HAZ (b))
voids of trapped Si C inside FZ and the ne
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4. 2CRheti cal composition

For the chemical analysis, the EDS data pres:s
mar ked in Figure 4. 3c. Spectrum 1 exhibits &
base met al and filler composi tdiot .p alrhtei celleesv ¢
succedsf biunstgod t he deposited | ayer. However, S
Si concentrations than Spectrum 1. This posi

particlassumwhdéghraphdd32]. [At this | ocation, t
decreasedt %ooo ®0t9%8 2i ndi cating | ocalisA8d, enri c
43 343 4] . I n the absence of significant Si cor
to graphite saturation bedocer d.heTkiommpbheh &v ic

document ecdiCwiatlHiony 4Be43 #¥48 hk . |

5 10 15 2
Full Scale 6545 cts Cursor: 0.000 ke

L L I R I R |

0 5 10 15 2
Full Scale 3003 cts Cursor: 0.000 ke
Figds.e Chemical composition obt:

outlined in F+agmud e(+k4). 382 (a) S1
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4. 2MRPRcBohardness

As expethedFZ's microstructure, which cont ai
content, exhibited higher &dhsardmewrs ivmThiegurce
maxi mum hardness recorded in the FZ was appr

gradually decreased to 240 Hv in the HAZ at

point, the hardness further dsecbfnappr aoramby
Hv .
However, cracks and voids were prominently o

the high C content and the rapid cooling rat
deposited | ayer increased significantly comp
900
800 FZ HAZ BM
700
600
500

400

300 \\\‘

200 \ ¢ o

100

Microhardness (H.v)

0 L) - L] . L] L L) v v L
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Distance from top surafce (mim)

Figdé.e Vickers microhar dnessM@ST:
filler as a function of di stance fr

4. Fi3l er evdlvael opmeand

During the deposition process, as the substr
vertically at the edge of the molten pool ,
mol ten pool. However, due toegrawai sygamnditchea
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of the ceramichepratrdingded heaiwled di prpdys adne we
shiel di ngogaserfdomme these tbhhul amgé sdlelveel e0 prea
by compr & s tuisegrgt me rol | er mli.l7 ipnrgecsoeamgt hsie steheed F |
cored fi-séerisnalrogisew. This approach c¢cr ushe
particles inside tlkdensabufliplalcekre tttebreni tg eater
particles. HDwfeivlelrer tdleedMCiISode proved to be
and the presence of Si. This composition | et
and hindered the effective retention of <cer
findings,fiMC®rs were deelmefdi lulnesrui wiatbH eno a%id

reduced C concentration were fabricated for

AMRL-W 15.0kV 56 .4mm x23 SE

FigdT.e cross section of thenfest
el ectrode containing ceramic particles
milling machine

4 B3val uati onfofl |le€GSwith SiC p-articl
B M
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4. EXxXPperi ment al procedur e

A LB8#™M andT LfCiSI | er with characteris3i)tsswedet ai
chosenl. fLGS ers were manufactured with vari ol
subsequently filled with TSHe egxopvareirme rsteall eqr,
preparation were as in theefptbrevad wrurserstecdnadnyv

this stage, the op2e00tA nw tchurar ewiof tWagse arta nlg7eb

Tabd4leEi |l |l er tubeEesS)det ail s
Sampll TubBea | |l er |OD in| I D mm i Powde
T1 LCS 5 4 Si C
T2 LCS 5 3 Si C
T3 LCS 5 2.5 Si C

4. Rexdults and Discussion

4. 3 M2 crostructure and Composition

Figure 4.8a presents the microstructure of s
compl etely dissol Adéd.phhacsceo rdd iangg atmo, tSheC Feact
Fd38] . SinceBMoahdt TediCESr share the same ¢
the FZ exhibited ashiegaht,rcioxmceaddr ai oantoftRe
the Si C powder. These el ements reacted durir
graphite structureli Addiatenahty] ocheéibedhre
Fe content in the FZ faci-likeatmdr tdmesittrea,nsd

Figure 4.8b.

The microstructure of T2, presentedr ainndd gu.l
ferrite growing in a columnar fashi on, wi t h
the austenite boundaries durengZswhsdiuhievani
| ocalised regiohskextéebliuliag stistciupbpas. Not

metal l urgi cal bondi ng, with no visible | ine
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integrity. In Figure 4.10b, partially dissol
l' i kely due to the thicker tube wall shield

minimising excessive dissolution.

(@)

4 Austenite [S54 {3
**| boundarv | 2=
S5 THE

TTE %
P

10 pm

Figd9.e microstructure of T2, (a)
magni fication of the FZ, shows a bainitic
across the auystewmiitreg boalniddi fi cati on
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- = ‘
: E 2

‘,) . T 2 e . 'f'; A' . P
Partly dissolved SiC particles I
"'BI' B, AN

Figdr@ Microstructure of T3, (

the Iine fusion between the BNMN
partly disstad¥ie@dpawdtiiacH est and
above the soft metal matrix after gri.

I n Figure 4.11, the XRD spectra of T1, T2, a
B M, and tubul ar fittHBeM . anTdh et usbpuelcatrr af iflrloem

corresponding only €p Wethihe datiecteambheéei Bk C
T3. This absence of a SiC phase confirms th
precipitated in a new morphol ogy. However,
Si C particlesaihow3yolsumgettaagl yndobssohesed
remai ned. Due to their smal.]l guantity, no di
T1, which contained a high concentration of
were identified. Twas fatrtmaithwownedft onatrhh e ntsii g te

the dissolution of Si C and the rapid solidi
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process. Addi t i-oinlail ¢ g nSip hadR , Farmmd djofnf ndi oat

and interaction of Si with the Fe matrix dur

e Ferrite
s Fe;c

A SiC

® Martensite
v v Fe,Si

—LCS-BM LCS-T —SiC —T1 —T2 —T13

H
= | v p4
] i A
_—
oy v v
- °o
& B e
) r 3
—— A
= L 4 A N A
A A JL A
I A A
[ ]
L] '] o L]

°
L
r a0

2 Theta (degree)

Figdr®e XRD spectra of T1, T2, T3,

4. 3MRcRPohardness

Figure 4.12 presents the microhardness meas
processed with a 3 mm | D, exhibited compl et
recorded microhardness of approximatrdlaxe754
of the FZ toward the BM, with the highest re
it decreased to 625 HV before reaching the |
expected due to the presencecobsmanttensetees

cast 438408 |

T2 recorded a maxi mum hardness of 507 HV at
the | owest mi crohardness among the tested s
mi crostructure. I n this case, ntthoe t$ieC FZar tried
hardness. T3 displayed the highest microhard

at a depth of 1.5 mm. This increase in hard
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mel ted SiC particles. Additionally, at deptt
within the 800 HV range, further confirming
mechani cal properties of the deposited | ayer

T3 is attributed to the variation of tubul ar

9200 FZ HAZ BM T 1

T 2

T3

800

700

600

500

400

300

Microhardness (H.v)

200 — _
—_——
100

0 r T T T T T T T T T T T T T T T T T T T T ]

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Distance from top surafce (Inm)

Figdl2 The |l ine microhar-deessopabf
series tested speci mens

The investigat-Tomil heobpsuwi g BM dpeanrotnisctireast e

significant wvariations in microstructur al de
mi crohardness. The findings conrefdi rinme dnotshta tc aS
|l eading to a notable increase in hardness d
bainite structures. However, the degree of S
the tubular filler di medsitbmrs depwhischedi Il agte
overall mi crostructur e.

The study highlights the importance of opti
di ssolution and retention of ceramic reinfor

and metallurgical bondi ng. Futenei wonr kcehbubd
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phase transf otrunaitn o nBel dainmdg fp amreamet ers to ent
reinforced MMC | ayers further. The next phas
Si C to further minimise the Heisrsor aitte mtni o &

wel d pool

4 HAval uati oanfofl Ile€Swith Si C1l-0%Ni de
B M

Severtasldi es have expl or edadlisitha mettiaddtie thh e
behaviour ®fas®idC nldn4li2>de8] [ However, these st
empl oyed the preplaced powder met hod, whi ch
drawbacks. The present s hedwdeNii tnscoatno oeff f aelcu a
stabilise SiC particles in the TIG welding p

resistance in'BtheuvdeéepoBifngdra MM€St ai ni ng Si Cl

Ni i s-kkmaowel Austenite stabiliser that extends
solidification rate. I n cladding and coating
to carbides to i mpdrbogv.e Nir axcrkd rfFees i st ainlciet [ e x
compatibility, maki ng Miasads sldbdle meGifvdedi ttihv
advant ages, i ncorporating Ni into Si C powde
presents a promising aperneadh otng earilarcdinmg d$
i mproving the mechanical performance of the
effect of Ni addition to Si C powder -biars etdhi s

MMCsdeposition technique.

4. Experi mental Procedure
LCS Filler wires were +#Hh&®HRNf gc tanrde cc,0 mipirlelse e dy
deposition process, the current ranged bet we

11 to 16 V.
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4. ReXl ul DS s@mud si on

The substrate surface was melted during the

the edge, allowing it to melt and release de
the el ement al compositions oofl ttehne pBoM | a n dOnfciel
advanced forward, the molten pool solidifie

inherently ferritic at temperatures bel ow i
cooling progressedl!l i iggswseaticahed f wst h the TI
mi crostructure in previous samples was typi
However, as shown in Figure 4.13, addi ng Ni

suppressing matitoemnsiTthiic tohares fvarn meathh e ufgigreas It s

mi crostructur al devel opment by promoting a r
sampl es

As a result, the microstructure primarily

i diomorphic ferrite nucleated inside the au:
along the grain boundari es. Howewdeder, wWa&sphno.il
effectively protected from dissol ut 43&,, al i
447448] that wutilised the preplaced powder me

was conducted on this.
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FigulzRepresehnltgshear ma @fnitfhec a4 owmh i
retained austenite, idiomorphic ferrite

4 BBval uati oan fofl | le€@SOWiCioh dwp ostited or
B M

4. Experi mental procedure

A LEBE8&s e waest aslealnédd€CSed ubul ar fillers were manuf
4.2 and fi-10%CGo wierhanWCc powder. The si ze, s h
of t he0O %0 powder are provided in Chapter 3

operating tcu8000n®A whshaa vbbtHEYgeSpanigmemnfprle

foll owed the procedure described in the pre
treat ment, deposition, and testing methodol o
Tabd42¢&i l 1l er tuber)details (LCS
Samp|Tube filllOD in| I D i Powd g
mm
T1 LCS 5 4 WC10%
T2 LCS 5 3 WC10%
T3 LCS 5 2. 5/]WC10%
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4. Rexdzults and Discussion

4. 5MRcfiostructure and Chemical C o my
Figure 4.14 presents the main zonesf roedbeser ve
deposited | ayer was successfully achieved th
mi crostructure of the BM underwené pboastei hpa
observed from welding. There was mini mal atc
BM and the FZ, i-macohtsampl an. thef SsiiCon | i n
formed between the FZ and tohfe tBuM,g sltiekne |pya rdtuiec
penetrated deeper into thoef Wiohi-BEe]phda8ye . hdahe

further restricted the segregation of Fe ato

-

-
Na
ey

e
s ~ ;,., %" ]
s,

¥

a5
U
h

-
- .
A {

" R FZ
S &

Interface

Figdr4€ Micrograph of LCShWwg1@%
Fz, I F, HAZ, and BM
The diffusion behaviour observed in this stu
toward the BM across the HAZ. This phenomenc
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Fe, which is primarily temperature driven. |

l' i kely due to its |l ow diffusion rate and str
The growth of the Fe matrix is significantly
t hTfel G mel ting process. Dendritic growth occur
temperature gradient is high, and the solidi

in the TI G process and ther helghld Fé ecomwtasnt ,ni
Additionally, the C content from the BM, fil
dendritic structpers,atuoeatubetdimgplid aolswtion
dendritic growth was further influenced by t
the melting point di 462 enblet bt weeWCFkRasand
approximately 27V &@&@PpCloxbwhaifxd3gMiheC® xperi ment al
reflected the composition and di mensions of
ceramic powder content and it s -sefcftecotn oonf tshaer
Tlprocessed with a 5 mm OD and 4 mm | D, is s

hi gher magnification.

Under the opticaliniCcpastiopkesnweremdeéenected
WC10%Co powder was fully dissolved and incor
the BM and infused filler shared the same <ch
pool primaofl i qgondi Beedinto which W, C, and
of t heO WO powder were integrated. These el

resolidified in a dendritifcWmamidiCo i[nfl uenc

The mi crostructur al evolution in t he t hr ee
austenite and the formation of MC carbides b
combined influence of WC partiscilteesd alnady eCro.p rWw

nucl eation sites during solidification, prc
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carbides, which preferentially formed bet wee
crucial as an austenite stabiliser, extendin

cooling. However, the effect of Co as an au

extensivelb$] studi ed |

Columnar primary

MC carbides

Figdr® Microst AluCSMCl® %LCfo T

The first phase to sol i diefndrwds colmuesrt\wed tteqg

growth of a secondary phase between the denc

phase partially transformed into martensite.
martensitic trsainnsgf otrmeata wont, e rsittaebigdhase. Addi
fusion boundary was complex, influenced by V

behavéd®dfrs The resulting microstructure prin

net worwkt eentdi @ MC car bi des.

Variations in the dendritic arm di mensions a
the decreasing powder <content controlled by
Chapter 4 Optimisation of filler ¢« 72
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decreased, the WC proportion in the deposite
di scontinuous dendritic arms. Furthermore, t
bet ween MC carbides and dendurnddd dearsdreintiitc,
and modifications to the overall mi crostruc
powder content in T2 Jlimited its ability t

promoting martensite formatlbont-hibskenbkmghtkegshi

transformation was initiated within the dend
The chemical composition of key points | abel
resul ts ssdeissumabtie 4. 3, reveal ed distinct c

Martensite
transformation

MC carbides

Figdrte® MicrostPRucture of

Tab43&« DS analysis wt% for points | abell

Poi | C Fe W Co
A+ 5.9 64. 8 12.9 4.3
B+ 8.7 55. 2 10. 7 2.1
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dendritic arms and the eutectic regions. The
of Fe and Co, with a |l ower C content than tF
reasonabl e to assume that tbeoNME amebpdemapt

carbides.

In the sample with the | owest powder conter
transformation within the dendritic arms 1is
and Co. The | ower powder <contentstdceadraeeesed |
t herreebldjuci ng the ther mal stability of austen
resul t, under rapid cooling conditions, t he

within the dendritic st rtihdtckrnee.s sH wif i it ¢hreem oLriCas,
introduced a higher proportion of ferrite ol

martensitic transformati on.

Figdr?2 MicrostBucture o
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The volume fraction of phases devel oped in t
analysis softwar e, as illustrated in Figure
dendrites was 82. 3%, wi th MC caeg bfirdecst icompa fi
carbides increased to 20.6%, while the dendr
T3, martensitic transformation occurred with

carbide content andurabk Embluenosa. on microst

2 L X b i R

— 4

b

Figdl® Processed fmigurraegabd gbedf u s
software to determine the vol umi
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Figd2@® Processed micrograph analy
Figure 4.16

FigdlI®rocessed image analysing v
Figure 4.21 illustrates XRD patterns for t he
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analysed, and the identified phases included

the microstructur al evolution induced by the
—LCS-BM —LCT-T —WC10%Co —T1 —T2 —T3 . Eeréite
[ ] ey
A martensite
*  WCo
A v MC
'y
: : i -
= o ] | .lll
L — I Y , U S o i o e e gt
z J
‘E I\ T
= ® ° ° j
IV N S U IS S U 2 0 § S
. . 1
L] L]
) T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T 1
20 30 40 50 60 70 80 20
2 Theta (degree)

Figd2® XRD patlt &@fnsBdfT T
4. 5MRcRohardness

Mi crohardnessofmetalsair € me mitlsl usmplaged i n Figur
significant variation due hteon coei,f fceornetmetrdts oifn |
the resulting microstructures. Sample T1, wh

the highest hardness with a maximum microha

attributed to the increased W and Co content
Sample T2, characterised by a | ower dendriti
with a maximum value of 603 HV. Sample T3, w

domi nated by a martensitic microstamecnagrehe

three samples, reaching a maximum of 538 HV.

The hardness analysis demonstrated the vers
mi crostructure and materi al properties throt

findings confirm that t he met holdl eerf felkce mive a
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composition and dipmersisens,ondlrlod wiorvgerf drhe m
the deposited | ayer. Adjusting filler dimens
resi stance profil es, making this approach &
requiring specific mechanical performance.

900 FZ HAZ BM T ]

g T2

T3

800

700

600

500

400

300

Microhardness (H.v)

200 o —

100

0 r ¥ T ¥ T ¥ T ¥ T ¥ T T ¥ T ¥ T ¥ T ¥ T ¥ 1

0 0.5 1 1.5 2 2.5 3 3.3 4 4.5 3

Distance from top surafce (mm)

Figd22 The microhar dn27F saBadn aT
4. i Bl er e v ad euvaetli oopnmeanntd
The fill erf inmaiteedni 81 Cwasd WC in varying part
including SiC mixed with 10% Ni and WC mixe
establish a stronlgetmeetean Ituhei EAl abondhe BM

retention of hard ceramic particles within t

The chemical composition matching approach b
potential to enhance the bonding between the
exhibited significant segregati oin Fientad teh e vl

temperatures. -1S0%0Cd asyytemheermCnstrated strc
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Despite these advantages, a significant c ha

di ssolution of ceramic particles within the

Mi crostructur al an&IDySs esanusionpgt i XRD, MSEMOS CC
absence of ceramic particles in the final S (
primarily attributed to the thermokiymdenri ed itn
retention of hard parti cWhisl east e sacurerteentr emet
strong interfacial bonding, it was insuffici
for achieving the dehsiigheldi gMMG ptrhoep erreteide sf.orTF
filler material's chemical composition to e

deposition process.

To address these challenges, alternative fi

austenitic stainl eBM ot e@BIMIsSMhhi chs 0304LSS p

potenti al due to its Cr, Ni , and Mioficoantlny .

i mprove the stability of carbide particles a
i Cr : A strong carbide forming el ement, Cr
reduce their dissolution in the molten pc«
cont rtidudwer al | material stability.

0 Ni : By extending the austenitic region,

mi ni mising the formation of brittle mart e
iU Mo : By refining car bindoer estuwnuicftourrne sd i sMor iphr

particles within the matrix, i mproving WE

These results from the present study emphasi
MMC’s by embedding hard ceramic particles wi

s chemical composi tioemgriist wrafcitahed e

pter 4 Optimisation of filler c¢c¢ 789



4 Boval uati onT offi 1310edArL SW6i t h S-B®. deposi
The sedfecai @O 4LdS er was driven by its c¢hemi

evaluates the saitabilleirt widfh &i T0Hlal®3icl es

primary focus of this experiment i s tnad exami
mi crohardness of the deposited | ayer, provid
filler configuration anmatirtisx pportoepnetritaile sf.orA ic

this study is det erarhi rciomgp owh dtiTlfoeiri btf ea3 0@ H B18ic
protects the embedded Si C particles from dis
di ssolution occur s, the resulting microstruc
bet ween teérei dli,)] | RirC,magand BM. This investigat:i

the suitabiTliftiy lefr F®O4LIMMC applications.

4. €EXxPperi ment al Procedur e

A LCS substrate was selected for this study,

304LTSSfiller was fabricated with an OD of 4
and chemical composition of aGlsdpetnen i 8, st e
312)2 During the welding process, the current

voltage ranged from 11 to 15 V.

4. Rexdsul ts and Discussi on
The microstructur al characteristics of t he
mi croscopy to evaluate the FZ and its intera

Fz formed during the TIG welding weoeess awa:

hi gher magnification presented in Figure 4.
exhi bited noticeable el ement al segregation,
the interface during the deposition process.
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()

FZ

100 g

—

—

Figd22 Opdical mi crogr alpfh a8rivd Wi) ngdi
magni fi d &teiveemmldfng detail ed microstruct
A more detailed microscopic examination of t

the Si C particlTesfiwiltehri nwetrhee d3i0sd4sLoSSSvy ed dur i ngc

Nodi stSiin@atrti cl es were observed in the final
di ssociation of the ceramic reinforcement. T
derived el ement s, Si and C, with the molten
Upon solidification, the FZ exhstbheeéeled mat rpirx

accompanied by the formation of carbides a

reactions during cooling. AdditibPahaléwytemdiarm

across the austenitic steel matri x boundari e
during solidification or differenti al t her me
phases.

Chapter 4 Optimisation of filler c¢c¢ 81
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Austenite steel matrix

Hm

Figd24 Microstructure of the
matrix with aeadbidel gsdbwhh

The formation and growth of carbides and ma

introduced internal stresses due to variati c
di fferent phases. Additionall y,atwdl vmetthr i £h a
transformations during cooling contributed t
have |l ed to microcracking in the FZ. These

bet ween SiC particles antdhehee884t86 matther
in filler composition, deposition parameter

structural stability and mechanical perfor ma

4. 6. 3dvearl uatd eovne laonpdme nt
The observed defects and phase transfTor mati o
filler, underscore the need for materi al con

i mprove the overall mi crostr uaniwradl sdtadbilliitt
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i mproved car biSdSEwa e tsxealtd othed 3alK Lt he new fill

chall enges.

Il ncluding Mo in 316LSS is expected to be cri
the FZ, potentially preventing excessive <ca
car bi de strumaur 663 nrfpanyk taflf er protection é
di ssolution. Specifically, it enhances the s

forming stroagr mod e blde@mad sn.

Furthermore, Mo’ s ability to strengthen the
di ssol uti otherdperi antgurhe gfhr ocessi ng, making it

the desired properti dés57pf MMCdedmonsgr aédiica

MMC studies, these characteristics make Mo |
high thermal stabi4b8}y and wear resistance |
Additionally, a di mensional filler tube mod,i
characteristics further. Increasing the I D f
mm, effectively minimising the ramdundturaof g me
wel ding process. This adjustment i's expecte
particl es. These modifications mark a signif
process, which will ensure improved structur

4 . Hval uati onT offi I3lle6rL SW6i t h S-B® depos

Il niti al investi-faasonhbseempl bpged mba8r iwhli chf o
provided critical insights into microstructu
transformati on. These studi esbircdces efad remda tsieorre,r
transformati on, and interactions between th
parameters which influenced the overall perf
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Building on these findings,fithler ,stwidtyh eKipC o
depositeBRMowmi aClSI G wel ding. The primary focu
resulting microstructure, theomonpWwolpbgygesf a
Fz and | F, to assess this novel filler syste

comprehensive understanding.

4. EXperi ment al procedur e
The 31693 1l er was fabricated with an OD of
wel ding process, the current ranged bet ween

14.9 and 15.3 V.

4. Rexdults and Discussion

4. 7 M2 cxrostructure and Phase Compos|
The sample procedsefd | Wierh canB4aBhiSSg silico
demonstrated effective retention of Si C wit
retained SiC particles are identdi fmoalplhe liom yt
closely matching the SiC particles. This sug
occurred during the deposition process, i nd
mol ten pool . The matrix <slUresopmreidrnogni nlaeat t gt
retained austenite, with distinct carbide pr
The formation of these secondary carbide pha
Si C particles nddursionlgi dd g ccsittiioomn &as t he Si C
mol ten steel, Si and C were released, initia

the austenitic grains.

While a substanti al fraction of the Si C part
contributed to carbide formation, reinforcin

This finding highlights-Tt He |ltéebrfieaghtai veme ssh @
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control

achieving

Pty

XN

over

an

t

he

processing

MMC wi t h

enhanced

par ameters

wear

n

K

resi st an

Figd2® FZ of the sanpll6el-THS bbb essetdh a

shows retained SiC particles embedded
Tabd44d€hemi cal composition analysis of he h

using EDS

Po i n C Si Cr N i Fe

A+ 19.§ 51.4 0.0Q 0.0 17.¢

B+ 5.3 1.8 3.1 3.2 87. 6

C+ 6.1 3.1 4. 3 2.1 84 . 4
However, mi crocracks were observed in the si
t her mal stresses induced by carbide precipi
bet ween Si C and steel matri x. Thm ahemhtghl g
sensitive, particularly due to the reactive
Accordi ng-FeophheeSidi agram, Si exhibits high
temperature significantly bel ow he el ting

interacti on

necessitates

4 Optimisation
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T
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85

prreapise diofnft u vilor fal



formati on can substantially influence matr
Uncontr-bél edt &iactions may | ead to excessiyv
stress accumul ation, potentially contributin
Despite these challenges, the primary object
steel matrix was succeSsfulleger aciwi ehed.i CTIpe
effective in creating a rei nfsoorlcuetdi ocno nopfo sSitG
outcome underscores the vialbifliiltly roft ousiernvege | a
composite system with promising tribological
EDS analysis was conducted on the sample, f
Figure 4. 25: Poi A (ceramic particles),

precipitation site).

Point A, | ocated within the ceramic parti cl
content along with 51.4% Si and 17.8% Fe. Th
confirming the successful retentiimonmiofi ncaelr
di ssolution during the deposition process.

composition included C, Si, Cr Ni, and Fe,

316LSS matri x. This confosimsi drhat erméien eodv egta
interacting with SiC during processing.

At Point C, whi ch was identi fied near
reveal ed el evated | evels of C and Si
di ssolution of SiC particlesl @mx<ciumg edli
mol ten steel matrix. The presence of
particularly chromium carbides, withi
into the chemical gntdempacstiitomn.occurri
Chépter 4 Optimisation of filler ct 86
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Figure 4.26 presents the BRD ®itTofLrSlee i 8inC p at

the processed sample. The analysis focused o
Si C within the matri x, as evidénpedkdyinn he
di ffraction pattern. The XRD patterns were
verifying that Si C particles remained intact
. . m  Ferrite
LCS-BM l—.’!lﬂLSS-T —SiC 316LSS-BM+SiC 4 Amsienlte
| & SIiC
@ FeSi
i A ') i :
L |
|'J|I [l {

Intensity ( a.u)
13
’
W
£
-
k
t
L
r
{

1

....................................

2 Theta (degree)

Figd2@ XRD fSOBM3Stied sampl e

Additionally, di stinct peaks corresponding
predominantly austenitic nature of the stee
corresponding tosSirosugiglistcii chg phasepalFei al
occurred during the deposition process. This
the released Si and Fe, forming iron silicid
thecefWveness oT ftihlelra3allémaStse r et ai ning Si C p

highlighting the complex phase interactions
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4. TMRcPRPohardness

The sample underwent l'ine microhiamdemrtsat itoens

testing machine to eval uat es ehcatridonne sass dsihsotwni

4 . 2 7. The results revealed that takeyBM8@xHV]

characteristic of the ductile LCS substrate.
hardness values, ranging from 800 HV to 112
primarily attributed to tamal prmreseamdd adfedr etaa

serve as reinforcement phases within the st

The resulting unique microstructure and i

enhance the composite's wear resistance,

requiring superior durability and mechanical

1200
FZ HAZ BM
1000

800

600

400

Microhardness (H.v)

200 F—ﬁ—._’_._‘

0 r ¥ T ¥ T ¥ T ¥ T T ¥ T ¥ T ¥ T ¥ T ¥ T ¥ 1

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Distance from top surafce (mm)

Figd2®ine Microhardness al

4 . Bval uati onT offi 13l1e6rl QW& Cioh dwW® osi t ed
LCS M.

pter 4 Optimisation of filler c¢c( 88



This study section focuses -Dnfiflalber cfatli hgd M
10%Co powder de pBoM.i tTehde opnrtiomaar yL @S j ect i ve i s
mi crostructur e, mi crohardness, phdasveenompes i
BM and FZ. Upon successful deposition, these
their wear properties, contributing to the
resi stance of steel sur faces Q.hrTohuigsh itnhvee sd &
seeks to establish an optimi se@dkerproomansieng w

resi stlamsedteemposi tes suitable for demandin

4. ExXPperi ment al Procedur e

The LCS substraffeweaprdsehecBadéd6L8S in the pr
mor phol ogy, and chemliO%GCo cpoowpdoesri taroem dddt aNC e
(Sectldogr 3During the welding process, the <cu

while the voltage varied between 14.9 and 15

4. Rexdults and Discussion

4. 8MRcfhostructure and Chemical Co mr
Figure 4.28 presents the microstructure of t
B M. The FZ exhibits a homogeneous dendritic
retained hard particles embeddsedolWwuthon, thhe
hard particles remained in the steel matri x,
contrast, the BM retained the characteristic

modi fied MMC morphol ogy observed in the FZ.

Figure 4.29 shows the typical mi crostructur

dendritic network and di s-s-pefskebdehamdt prairal c

austenitsgtceslt amindreesst ruct ur e, whitchhe nseolltiedd fa
| ayer. The chromium content in the filler wi
Chapter 4 Optimisation of filler ¢« 89
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whil e the dGos srodlugdasoend W& and C at oms,

during so45946GJi.cati on [

| WC particles

Figd2@ Cxsesdion of 316SSWC1O0%CH
B M

Austinite dendrite

Retained WC particles

MC carbides

Figd2@Mi crostructure of the F.

pter 4 Optimisation of filler c¢c¢ 90
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Figure 4.30 highl i ghpgasr ttihcel erse tean bneeddd eVdC wcietrhair

illustrating their distribution and interact
is visible at the interface between the WC
met all urgi callhebosntdciedg matri x i s uni formly d
particles, further reinforcing the integrit
polishing, the embedded particles appeared i

confming their superior hardness and wear res

Undissolved WC |
particles |

s pm

Figd3@ Microstructure of sample 31
WC particles, standing out in rahdef abov:e
polishing

XRD analysis conf i€ noeadr tihdee 9,r evsheincche vodr eM o b s «
retained WC particles, as shown in Figure 4.
44946 1], further validating the formation of
on the chemical composition foifmbder BB , reitnt
inferred that the majority ot orhel Co&kreW,d ey | f
[ 62]. The presence tohfe Qre,ndW,i tancd g@ oanmt dimsr eign

format hr@&naobi Mes, further influe4bcdi]lng t he mi

Chapter 4 Optimisation of filler c¢c¢ 91
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~— LCS-BM — 31655-T —— WCl0%Co — 316LSS-BM+WC10Co : Ferrite
Austenite
e W, Co
v M C
V,T.r !-:
™ . . . e |7
= DY N SR B 3 JIJ“
& *
: _ )
E
, . L8
20 30 40 50 60 70 80 90
2 Theta (degree)
Figd3® XRD resul BMMWCAro CD
sampl e
The chemical composition of the processed s
el emental distribution along vertical and ho
region. The results, i | 15 stprrotvad ei n nBii gt e i
patterns, the uniformity of el ement al CoOmpoSs
the steBhe madnmt ixcal |l ine analysis from the t

significant <changes ihre lIre meomttaelntc adnecce netarsaetdi
downward, suggesting a -Brfaidlulaé¢r dwil uhi@mnt né F
relatively stable along the vertical l i ne bu
to diffusionexXmhiom ttde WLri &bi |l ity hlohgwt e
aVlisde fipummead4ddB8l2reasing toward the BM, a t
within the FZ. The WC content ranged from
di stribution and retention of WC particles
uni fosmlry bdt ed al ong the FZ, peaking around

increase at VI1ald i(gnhxs wti%)h, tvhhei celxk peBMed c ompos
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1Tmm

WC1-CENTER

e

c

C

Figd32 EDS | ine, and spot3labndSSws
WC1l0 %Co
Tab45& DS | ine and spot r2sults | abell
Spect Cr Mn Co Ni wcC Fe
vV (1 6. 0| 0.8 2. 7| 11.713.9¢56. 1
vV (2 5.5 0.7 2.0| 8.7 25.7 49.1
v (3 3.7 0.7 2.3 10.73712.9¢ 63. 1
vV (4 3.4 0.7 1.9| 8.8 13.164. 4
vV (5 3.7 0.7 2.2 9.6| 15.¢§ 61. ]
vV (6] 3.7 0.8 2.4|110.(¢(Q16.1 60. 1
v (7, 4.1 0.7 2.3|] 9.6| 18. 1 58. ¢
vV (8 3.7 0.7 2.4 10.73714.¢ 61. §
vV (9 3.6 0.7 2.8|11.3715.94% 60. 1
v (1 0.0 1.3] 0.0 0.0 0.0 93. ¢
H (1 3.0 0.6 2.0 7.1 11. 17 52. 1
H (2] 4.0 0.7 2.4 11.% 13.¢ 59. ]
H (3 5.2 0.7, 2.4 11.9¢15.(57. 1]
H (4 4.2 0.8 2.5 10.115.9¢ 58. ¢
H (5 1.7, 0.2 0.9 0.0 3.9 23. ¢
S1 1.0, 0.2 3.7, 2.0 73.% 9.7
S2 0.7 0.0 4.3| 2.5 74.0 7.5
This analysis highlights the successf ul i n
ensuring their chemical stability and distri
The hori zont al | i ne anal ysi s, conduct ed ac
composition. Cr, Co, Ni , and Fe exhibited
Chapter 4 Optimisation of filler c¢c¢ 93
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spectr a, indicating effective mixing and hon
points (S1 and S2) further validated the che
S1, the WC concentration was meassul£.d04datwtri%

confirming a high presence of wundissolved WC

fraction of WC reinforcement remained intact
and structur al integrhéeychémibel coommpssiei o©
the successful incorporation of WC particle

structure wi-m&t sitx omgngiamg.i cl e

4. 8MRcRPohardness

The hardness was evmilaghadradhes sian gd amd roimad & di r
Chapter 326 .(1Se.ctTimhen r3esults provide insights
contribution of WC particles to | ocalised h;:
from the top surface of the FZ toward the BM
reeal ed a maxi mum hardness of 925 HV at a de
the BM, this increase insparsginessotawWwCbpepanat:i

f ormation of a refined microstructure within

l' imited resolution at the microscal e, the a
capture the hardeessestaionéedi WGtpantio€l ¢s, whi
than the surrounding steel matri x. To overc

testing machine was employed to measure har
retainedclVeG . palrhtei resul ts demonstrated a m
substantially higher than the values obtaine

hardness confirms the role of undi ssol ved WC
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Figd3® Line microhardness

The high hardness observed in the FZ aligns

known for their exceptional hardness and wea
analysis, the diffusion of W and Co into the
enhancement . The maxi mum hardness of 1095

composite materi al for applicatiomnmeckragmui cal
strength. This process's success was achieve

composition and di mensi ons, as wel | as the T
particle disper gnadmianhesde mfggngiangs cpeovi de
further dry sliding wear anal ysipser frogimafnacrec

applications requiring superior wear resista

4 BBval uation of HF600 hard facing e
B M

The deposition of MMC | ayers wusing tubul ar

enhanced bonding between the deprosiirnfedr deamen
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particle adhesi on, controll ed microstructur e
The novefll BLBLE&6E proposed in this study i nc
reinforcements, | everaging the aiblaricheandrvoe

resistant surface.

As this approach is relatively new, the fabr
a commer ci a&alollhyadadvcdiiinlgd elr,e ndaFt6e0r0i,alt o eval uat e
and suitabirleistiyst Aot wpplications. A compr e
conducted to characterise the microstructure
HF600 deposit. Thetéihdi dgpeiwbpi magmomadightwae mt
coatings that of fer e xctoemmpdoende nd esr viinc ed elmafned i fi

applications.

4. ExPperi ment al procedur e

ALC8B8M was selected. A cHamméngi llegtavdiel alllFé
as the filler material, and its chemical com
3, (Sdpt.i olnhe3.current ranged from 162 to 186

voltage varied between 14.4 and 16.2 V.

4. Rexdzults and Discussion

4., 9MPclLostructure and Chemi cal C o my
Figure 4.34 presents the sample's microstr.
hi ghlighting the FZ and the BM interface. Th
interface demonstrates a strongf memat her BMc a
the FZ. The chemical composition of the HFG60
wt % Si | and 0.5 wt% Ni |, with the bal ance bei
the formation-refsiathartdu@aod odse prouscittuiroen. The |

anal ysis of the FZ, as shown in Fig 4.35, r
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chromium carbides. The presence of Cr carbi
HF600 el ectrode, which reacts with carbon du

combination of martensite and chromium carbi

superior hardness and wear resi stance, makir
enhanced surface durability.

The chemical composition of the depaosssietsesd HI
el ement al di stribution along vertical and hc
The results, summari sed in Table 4.8, provi
stability within thelhfRZ aannad ynse asr rtehvee all Fe dwitthhe

was higher than that of t he BM, aligning wi
intended role in enhancing hardness and weal
composition, wasi ndtectrefcaceal atkE@G,r <$dhggesting el

redistribution during the deposition process

Tmm x HFG600-1 - CENTER R1

Figd3@ EDSanlailnyesi s on the samg
Fe concentration ranged between 85.4 wt% and
uni form distribution observed in the horizo
decreasing concentration along thedvast De&ahe

the interface within the FZ. This behaviour
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zobet ween the FZ and BM, indicating that Cr
significantly diffuse into the BM. Overall,
el ement al di stribution, reinfodcicogfi hmi rsg a
effective integration of alloying elements w

Tabd46&EDS | ine results in wt% | abell ed
C Si

Spec
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4. OMRcPRPohardne

1
2
2
2
1
1
1
0.
0.
0
2
2
2
2
2
S

S
The dgrianpgh i n Figure 4.37 represents the micr

from the top surface toward the BM. The dat .

maxi mum hardness of ~600 HV at theosopustoufa
and the dispersion of chromium carbides. As
i ncreases, the hardness progressively decr e:
and a decrease in martensitic transformation

The depositionfafci hgeeHE6OBMUOgIr @mi ftiheca ntClSy i

surface hardness, primarily due to the form
gradual transition in microstructaoset wae bhe
BM, reflecting effective metallurgical bondi
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The omaehiayed a peak microhardness of appr ox
a gradual reduction in hardness observed as
transition ensures strong bondingf wihdéd HMB&OG
electrode for surface hardening applications

wedaresi stance performance of the HF600 deposi

wedaresi stant applications.
700
FZ HAZ BM
600
o 500
=
v 400
¥
=
=
= 300
=]
e
'
=200 — N .
E h v v——*——‘
100
OI' LI L) e e L) e e - LI LI LI L]

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

Distance from top surafce (mm)

Figdl3®Bine microhardness an

4. COnclsusion

Thi s chapter systematically elv,al 3@R,e8&ntdub ul
316LTSS filled with Si C and WC part ifalcasn,g al
el ectrodel. alnhdd LKCESE | er s partially ol eadiingel y
to diaghon regions that formed martensite al
stabilitys;TfitheéeB3O0O#4AELBSto carbide precipitati
alternative filldr fimmdatl eri elf.fSeé Tl eavnddl gWCE &t ari tni

reducing dissolution and mainteaimionmgc-ed c3 b6 L
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filler r €3 u lptheads ei f oF ena tli0Od4C,0 wleii Ind ot fe dW&X 6 L
promosCedc aM bi de for mati on, |l eading to a wunif

hardness values of 1125 HV and 1095 HV, resp

The HF600 electrode, despite achieving a mar
peak hardness of 600 HV, eXx hifbiiltleedd |touwbeurl ahra
Thus, -IJ16LEBers were selected hsathenopt nmah

chapter-T BLBL&Ss rwipllli cbacppani srehde CsBoMafnd 31 6L S S

BMdi saersd dry sliding wear tests wil/ be <con
durability. This invesghtgsatiimtno wtihe tpriolvoldeg
these deposits and their potential for indus
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Chapter Sliding wear behavi out
deposited using tubular filler

5.1 Introduction

Asest abl i shedh#en3CBhatgBleul ar f iflobmdre dwtaesr gasneilce ct
rei nf orscuecnme@a ssWE1L 0C6based on aibtidipyoven retai
reinforcements wi t h mi ni malnd diesymeatr anigo n g idcua
bondOmgi mal filler dimensions were identifie

thickness), and the welding parameters were

I n this BhMvMapdeB8BMIEScs with 1 mm deep groove
3 (section 3 wempE.olduokiddg bmud caéedre.d These groov
refilled by degddeélpearnstnBlay BBBGL EWCo particle
commer cifalci hgr ¢l ectrode HF600 was also eval
depositi on gsrurdgmdrataldevaereet ed ucsAlhgc as @timp un

v ar yi hgcgad nodaidt 5-50In3s] .

5.Experi ment al procedur e
To accurately evaluate the enhancMM@vet din we
deposit, it was essenti al first to establish

met als. Therefore, off hdBGASIainddi ABgM6vae§aSrp nbeath aCvii o u

systematically examined. This provided a cr
deposits' effectiveinretsesnainde saippglaibcdtiitgnd.orA
mat erials, testing coonrdtietd oinns cahnadp tpearr a3me(tseercst
Al | speci men discs were fabricated with di me

Figure 3pimat€€mheé aCl characteristics and chemic

3 (sectioRomBd.28ath2.l1Db)ad condition, three sal
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parameters |isted in Table 3.5 to ensure rep

used f orl na naanhbyiseinst | aboratory conditions, al
samplterimmsls was measured by an analytical b &
performance was examined f ol | otwhden g -opdhies cpr oc e

slidi mgt Wsladr. Steps of the standard procedur e
3.2,1,2). SEM amd ItB3Ee weare mecsaardst deavmasgee tohne

the worn surface.

5. RBesults and discussi on

5. BIi1ding wear perBbdMrohasce of 316L
5. 3Mat éri al | os s

For theBM1bdsSSs hown i, n thieg uvradeegsainh latl oaspspr o x i
0.2 at 2 Kg, Pnpcattadeldgt oa®d 08xhi bited a si
g at 6 Kg. As expected, this trend showed t
i Nt endudiiresr,eased surface interactions and
similarly observed in previous st uedUnedseron we

model abagiomg i3tli6o-BSB& x hi heiatreldybesh apil But its res,

0.09
——316LSS-BM 0.08

0.08 —pin
0.07

0.06
0.05
0.04

Material loss (g)

0.03

0.02

0.01 0.0037
0.0006 0.0026 -

0 2 4 6
Applied load (Kg)

FigblMdateriaunt eiss3 bdlcBeMB a@lgi n
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changed sharpl yt omitc r6o sKayl utlcebraant di doghds casnes f or mat i

i nducierdt eiys BI-BY] .

5. 3.Su.r2f ace wear morphology at 2 Kg

Fi gurpag ess.ehts the surf aceBMnaoripshco Isougbyj eocft etdh e o
during sliding wear testing. The i mage di sti
surface separated Blgeaudwsih® daveagrtle righhavuerndhar \C.l

pin did notn nrrddigs armn tt &eed rrma srtegi on exhi bits si

damage, i ncludiamgme a.ibptvetr extphrasd(,iFodetli ns mat
during sliding contact, and the materi al has
elastic |imit without fracturing. Such def o

plastic yielding erTahteh edre ftohramma th rointitphasay leferoanc ti uni
supports previdusgfweadairngs dhatisle materi al s

and surface hardn®lsesl6lofThet heaosuht en faceof e

-0 i,

’ 3 meg .-
- T ot . -
R - =

T R . '
o S i & Rough textures ¥

s Worn oSS
surface [ESESS

-

AMRL-FE 15.0kV 11.8mm x70 SE 500um

Fi gB2I6SEM mi crogmma@ihnobeB¥ME di sc at
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modes occurs at higher | oads correlating wit

wei ght | oss measurements.

5.3Sutr8ace wear morphology at 4 Kug

Figure 5.3 displays the wodB Mt essutre da cuen dmnorr pah o4

The surf aScPeD we xthaltidiowe | i nes, grooves, and
materi al di spl acement and removal. Several

zones of intense adhesive interaction where
shearing. Thease ffolratetde nvendlezome gh contact pr e
hardening due to continuous sliding. Addi ti
possibiliiywdotedsincocouar al ch-andesed smaht ars
f ormati on, whi ch may i ncrease | ocal har dne

embrittlement unb6ébl plrol onged | oading

e e S

| Flattened regions [otSs
.>‘ . P ! X G TP : SN
y

———

AMRL-FE 15.0kV 11.7mm x402 SE

Fi gb3-S8EM mi crogmmae@ihn3obe BN di sc at
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5.3Sutr#ace wear morphology at 6 Kg
Figure 5.4 shows the worn surface morphol ogy
interconnected sdikaceegi @anlss i add cfat ake of s
fragmented appeatrdanicvee ns udged easnti dh @aft antgingu e mkeée g
sliding and subsurface crack propagati on. Fi
combination of oxidative wear -andulbeidt hbedfemn

or pthrassresf or mati paBduri ng

:. -~ "-’
. ‘\;"‘ .

.
. ‘ ’-.-’

.* # AR
mw\ \

.

“ \.‘
Surface cracks j

- -

t,‘*-

Flake-like
delamination

% ? ',. o

AMRL-FE 15.0kV 11. Tmm X1. 10k SE

Fi gb4i6SEM mi cr ogmrae@ihn3obe BB at 6 k
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5. 12 di npge rwfecarrmanc eBM fdi3slc6 r®e3 nf or ¢
HF6 00 -fhaacridng el ectrode.

5.3MAat éri al | os s

The Iine graph in Figure. 5.5 illustrates th
worn pair consBBtdingcofeianfddid Siba avii 1 dp & Ihec tHrF
and a CI pi n. The wear behaviacsursi omfg ttthes e un
performance of actkd HE6OGQCcRacdmpared to CI . /
HF600 flaaidag el ectrode congiestnd oot eda nciocnmpol se
primarily compbsedChdée@beed within a mar
matri x. These hawdsiasnlminde phactesas evéamctivel
adhesive wear wmkcHangsmentdactng

0.1400

——316LSS-BM+HF600

——Pin

0.1200

0.1000

0.0800

0.0600

0.0400
0.0273

Material loss (g)

0.0200

0.0000

Applied load (Kg)

Fi gbsMat eri al | eBsMd i sfei T O BBGO0 QWCH
pin
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5.3SAr2ace wear morphology at 2 Kg

At 2 kg | oad, Figure 5.6 r evesadrsf adciesst.i nTchte r
surface, bwiotwm d atyleirn exhi bits mini mal def or
partially removed in certain areas, revealin
materi al |l oss at this stage, as obse0@ed in

effectively resists wear, Tphriesv emits enrgv asteivoenr ea

findings i ®l#Ae]l indi @aauiag[ that oxide | ayer

to | ocaldtswerde treimperand materi al transfer pro
film that mitigates wear progressiont-oThe pr
met al contreduci ngemaberi al | oss

o Brown
oxide layer

AMRL-FE 15.0kV 11.2mm x119 SE 400um

Fi gBBI6SEM mi crogr aphMdofsc3 T @l 9B PG C @
Kg | oad
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5.3SArB8ace wear morphology at 4 Kug

At an increased | oad of 4 kg, Figure 5.7 rev:
of islands filling surface voids. These oxi
transfer from theae@ltedntddo sthe ukka@0 sltirainsg .e
subsequent compact iaomnc olmgpaod itte tshea ufcdaumdet icaom ¢
wear f[pebtisDespite the higher | oad, the mat
that the HF600 overl ayecprioowi.d €elshiadeaead u agtnes we a

observed in material | oss at this stage.

M= Oxide layer

> 4
5

- -

S Oxide islands

‘

-

o
J.
Surface voids ~ o v

AMRL-FE 15.0kV 11.3mm x299 SE 100um

Fi gB6T-8EM microgr aphMdofsc3 T el 3BP6G C & dd
Kg |l oad

5.3SAr#ace wear morphology at 6 Kg
The image shows a relatively smoother worn s
abrasion marks, oxi di sed debri s, and | ocali
indicate dominant abrasive weatri , difngr med oy

surface. The darkened patches suggest the pr
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due ttoempghat ure fri ct ifoinnael pdaeobnridicst e s nacr s at |

point to material | oss and tr.ansfer, partial

-
Abrasive grooves >
]

Oxide layer

-~ VLG

AMRL-FE 15.0kV 11.2mm x1.10k SE

Fi gb8-8EM mi crographMdoftsed3 h6losEBREGO OV
Kg | oad

5. BI3 ding wear perBbdrohascerefnBtbbt
Si C

5.3Mat éri al | os s
The results in FigureBMdi9sd ndéicraft @r ccehdat witthhe
exhibited significantly improved wear resi st

rang®e K®). The mat-ereimliofosd obmpbei B8eCremair
highlighting tSheC eafsf ectri eviemfesrsc eomient phase i
matri x provides toughness ,prwhaiXdee pgthieo neamb ehdadre
and wear r e siindggthaen coev, e r ean thb @& nmtdr d rbrod e c af t he

However, at higlpeexporaidenctedkga dhhaer £Ilincreas
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0.0600
< 0.0500
2
= 0.0400
g
= 0.0300
= 0.0245 0.0

0.0200 0.0191 }_\*)—OM{SZ

0.0100

0.0000

0 2 4 6
Applied load (Kg)
Fi gb9neat er i al | Bdvali sfc 3 6 S BSC cpd

5.3S8r2ace wear morphology at 2 Kug
Fi gure 5 .welarr ecvheadrlyascddea liisewl arhicdhirees and mi ni mal
indicating the protective effect of the SiC
of the machined surface appear flattened and
suggedthat the SiC reinforcements effectivel
applied |l oad across the surface and minimisi
similar observatiindmg cehmemd sc éd rmpmiow er @ he wear
reducing penetration depth andslf5in7der i hlge all
presence of Si C particles |Iimits di#facte,cont

thereby preventing excessive plastic defor ma
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AMRL-FE 15.0kV 11.6mm x455 SE 100um

Fi gl @SEM mi crogr apghMdofsc3 I &l %ioC c
Kg | oad

5.3S8BrBace wear morphology at 4 Kg
At 4 kg | oad, the SEM image Figure 5.11 71 e\
scratches and increased wear debris formatic
aggressive wear mechani s ms, due to nhiogher |
det acheddbfiveeam pihe TGl i ncreased debris format
wear interactions hd@dhe peecmacmornd demrnamrtbr
the sliding interfacest imng haln dgaraododviitenidgo, nt ab urhi

reinforcement effectively delayed severe mat
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AMRL-FE 15.0kV 11.5mm x101 SE

-
:

Fi gbI®2SEM microgr apghMdo fs c3 T @l $$ioC ¢
Kg | oad

5.3S8r#ace wear morphology at 6 Kg
At a 6 kg | oad, the SEM image Figure 5.12 s
grooves, scratches, and extensive wear debri
matri x continued to provide | ocxalexlidbirtee ch f ra
pronounced damage, suggesting that the prote
extreme | oadlhmigs cloemhdaviioowmrs.i s consi stent wi t
MMC, where increased | oads laaahde stiov emomeea rs emeec

to the accumul atnidobor efiswdac[btdi@bhct spressur e
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AMRL-FE 15.0kV 11.6mm x249 SE R 200um

Fi gbI2SEM mi crogr apBhMdofs c3 ¥ &L %ioC ¢
Kg | oad

5. B4 ding wear perBbdrohascerefnBtbbt
WC10 %Co

5.3M4at érial | oss

The results in Figure B3BM 3didemares tnrladt¥eC etdh anti t
exhibited exceptional wepda.rn Wheisliesttame ematoenrpiaa
composite remained consistently | ow across
observed at 6 kg, where the material | oss of
reduction in weahe magr m&t aonramdtetdalbiol itsat.
the disc surface undeurthhghemat ermidal, mwéamawhalr

Co binder-10wCo heoMjCosi te contributed to the
capacity of the matrix, maintaining the stru

sliding weadl9fkondhisorms ghlights tH&O» S operi o
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reinforcements in mitigating wear whil e pre

contact stresses.

0.0800
——316L.SS-BM+WC10%Co
0.0700 0.0650
—=—Pin
0.0600
0.0500
C 0.0348 0.0374
2 0.0400
=
E 0.0300
e
S
= 0.0200
0.0074
0.0100 ﬂ-ﬂg‘ﬂ/,/i\ni]insl
0.0000
0 1 2 3 4 5 6
Applied load (Kg)
FiglIdateri al | eBsMd i ssfei I ®dL S §

WC10%@om@lpi n

5.3S4r2ace wear morphology at 2 Kug

At 2 kg |l oad, Figure 5.14 reveals a worn sur
mi nor -smirarna«c afeer mantdi on of scattered brown is
mat er i al removal, as the high hardness of W
abrasive wear. The mini mal wear at this stag
i n ttheer imal | oss measurements. |t confirms the

WC reinforcement phase.
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100um

Fi gbT4SEM micrographMdofse3 hé6b&88ed wa
2 Kg |l oad

5.3S4rB8Bace wear morphology at 4 Kg

At 4 kg |l oad, the worn surface morphol ogy as
formation of a brown | ayer covering the sur/
unaffected, | ocalbrsccudr itdeey ac hmxmptosefl the Dbri
metal, indicating a dynamic proclesesadof for ma

Chapter 5. Sliding wear behaviour (12



~
a\®

Detachment § S A o gl
' &® Orxide layer |5
‘ - N PR - . I
. N . /- 53 "‘;“‘,h
.-“”_ ...<‘ ‘e . : i .
TRy

A N,

-

Exposed underneath surface

B " sl
P
e

ek

-~

-

Fi g6l ®SEM micrographMdoisce3 h6b%8Eed wa
4 Kg | oad

5.3S4r##ace wear morphology at 6 Kg

At a 6 kg |l oad, Figure 5.16 shows no signifi
to the 4 KgwebodeE,tedwncti on i combadenterail bl toesd
the formati orn51af] ,f rwihdtcihon nldayceart e t hat oxi de
wear can serve as protective fil ms, Feducin
bearing |l ayers. The embedded WC particles an
wear rcesi ®mamuri ng utrifeatc et hmmisnubastnrsatsarpser i or g

severe |l oading conditions.
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AMRL-FE 15.0kV 11.8mm x1.10k SE

Fi gbI@SEM microgr aphMdoiced3 hé6los 8 e
WC10%@d 6 Kg | oad

5. 15 ding wear peBModimamce of LCS

5. 3M&t éri al | oss

The wear r es pBovh sdé feicly utrdeemd @3t r at e sd eap ennodteanbt| e
behaviour. At an applied | oad of 2 kg, t he
exceeding 0.23 g, d odii Tat ¢ dh g by e aad@etstinersgr ar
mechapasmshe applied |l oad increased to 4 Kk
approximately 0.05 g, suggesting a transitio

attributed to forming a -icrodnpaed e seunrifmaga dt ihloaat r

stabilised the contact surface and resisted
decreased goThesewobs@2vations indicate that
BM surface undergoes beneficial mi crostruct
resistance to material removal
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0.2500

0.2313

0.2000
- LCS-BM
——Pin
%" 0.1500
3
=
£ 0.1000
=~
p=
0.0500
0.0000 -— -
0 1 2 3 4 5 6

Applied load (Kg)

Figbl®Materi atnt eisslf @B&edi sClpand

5.3SGrkace wear morphology at 2 Kug
At a 2 kg BMad, schexbC8ited signifipgiamt ma t
experienced mini mal wear . This outcome <can

asperitpiibeaswhoifc hlClpl oughed into the softer LCS

removal as shown in Figure 5.18. The detache
the mating surface, intensifying weaedon the
This mechanism aligns wictahl pbreehvai voiuosu rs t uwdhi eerse
couftacre i nitiates higher mat eri al rl eomaodv a | r

condif6ipde2 1] .
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AMRL-W 15.0kV 5.3mm x60 SE 500um

Fi gblI@SEM microgmmaeihnfo@BdMedi sc at
5.3SG6rB8Bace wear morphology at 4 Kg
At a 4 kmgatleraidg! tlh@&dMs doscthe E&88wn in Figure
foll owing processes contr i buBM ddAtlsdc htohueg hr emkeuraa
was sti adolpirdvbe kt hairnddeuncifemdg dotyi on and [5.n9c]r e as e
sl owed the material -BHdioval Hawevdmrm,omt Hihse d

behaviour al so -fiampactleeladihmg ctoa nit eerpeiamed ma
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etached metallic chip

S

Fi gbT@®SEM microgmma@ihnfo@dB8dMedi sc at
5.3SGr#tace wear morphology at 6 Kg
At a 6 kg |l oad, BMedwsar coateénafdthe KHESTreas
of t hpei n@creasedhesharepgluy t s highlight the d
transfor maBMowmrsdem iLMCSr eaes$ hagbrhataddrsidall nlidsi salc
at | ower | oads, bsuttrhagiind @B ni mgd emii sl goebnodaal ¢ t i

adheandnfriction | ayer formation | ead to i mp
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AMRL-FE 15.0kV 10.5mm %599 SE 50.0um

Figb2@SEM microgmma@ihnifcdBdMedi sc al

5. BlI6 ding wear peBModimamn creeiorff drCcSe c
HF600 el ectrode

5. 3Mat érial | oss

The wear behaBMMHF600f FS pRé €S Mar kabl e stabil
the tested | oad range. At 2 RO@M@,tHecmeaetasr in@
0.007at 4 kg. I nterestingly, &t O ,kdg,ndtilcaeatma

the deposit's consistent performance even un
wear profile across increasing |l oads indicat

more severe wear r egiensess udcune atso chharrodmicuanr bciadr el
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0.0871
——LCS-BM+HF600

——Pin

Material loss (g)
=)
=
7]

0.01 0.0046 0.0049

Applied load (Kg)

Figb2Material BMdbesofr eCBHPBPGT® dd v
pin
5. 3S6r Pnvaecaer mor phol ogy at 2 Kg | oad

At 2 kg |l oad, the Figure 5.22 reveals charac

0 Visible scratches indicate abrasive inter
0 Pl oudgteihmmgri our is a sign of Il ocalised mat

0O Brittle wear mechani sidaucedugnage £trii md fr eanot

The formation of scratches suggests that h a
sur face, l eading to abrasive wear. The prese
the continuous detachment of weatepihali ckeas)
througlodyhi allr asi ohh enseec hfainn dimsgs al i gn with
abrasive and adhesive wehAacimegheaoat-megeébeed

condiJ1i76h6] [
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AMRL-FE 15.0kV 10.9mm x70 SE

Fi gb622SEM microgr-8pii 98¢ LESNHPGCTE
Kg | oad

5.3S6rB8Bace wear morphology at 4 Kg
At 4 kg | oad, sHiggurfd ca.n23 weowspr ogressi on,
Spal |l atkkivdmat i cnodbyf péantrdosé$yi ng weabrodsyever.
effects increase wear rates by accelerating
sur f desgp.it e t hese wear -thmreedtaend smauys f ddhe  HtFi
significantly | ower material | oss thgawetnhe C
by its martensitic microsdtrlmeetsenmne chTltedeé c i
martensitic microstructures enhance wear r es

[52 152 2] .
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AMRL-FE 15.0kV 10.9mm x180 SE

Fi gb622SEM microgC®8pMii 9t rei nHRG T
Kg | oad

5.3S6r#ace wear morphology at 6 Kg

At 6 kg || oad, Figure 5.24 reveals a pronou
for maof o mdeeabrbriistptl loas gbheihnagvmi ccteno,ac ks anMi drraact ur
cracks amdgfgreasdt exeecusinvieatsitomrssl eading to d
t he gener etoidoyn adfr atstiivred parti cl es. These par
rubbing surfaces, further acdelaetatrimg @matde a
pl oughhengdeposited materi al exhibits high we
st riensdsuced f r aebtoudryesi nared atchiirochs at extr eme
modi ficati ons may be n etceersns a p g r ftoor rheomalda n cien

app cations.

Chapter 5. Sliding wear behaviour ¢12



- /_/..("‘ '
- LR | N

Brittle ploughing [
% '

il -

A .3

o
4 -~ o i ~ )
— . .
" Fracture and wear ‘ - 3
. debris generation ¢ s S
R Ty g 8C 0
. g . >3y

Fi g624SEM microlgeCe®Mtdi 8¢ rei nHPGC® dat
|l oad

5. BI7Tding wear peBModimamn creeiorff drCcSe c

5. 3Ma@t &ri al | os s
The -BSSi C composite demonstrates excellent
as s hbgunr e.n5At252 kg, the materi al | oss i s ext

applied | oad increases to 4 kg and 6 kg, the
~0.005 g. Due to their high hardnes®sn 8n@ pec¢
mi cawt byng he counter surface. Their wuniform

to a consistent troinhgl onginmal imehawis@sr ,i nwiwtele
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4
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=
z
< 0.0200
=
0.0100 0.0049
0.0215/‘7 0.0046
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Figb2®™aterial B&Mdssofr eiCB3i0C cGpld

5.3SdrPace wear morphology at 2 Kg

At a 2 kg |l oad, SEM anal ysi saniah fsBucrgfeadcee 5w i2t6l

mi ni mani camdawichbsvissrblaee i ndentati on. The n

X - . : 589 < g

| Micro-scratches

-~ -

AMRL-FE 15.0kV 10.8mm x70 SE

Fi gb2@SEM microgr-8Midi méi nfC&Sr c eadt
Kg | oad
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of Glhepowl d not penetrate the deposited SiC
deposit's superior hardness and wear resi st
studies that highlighd4+ednfbecedf enetsa /skthiensgsat

wear undeb2®Baw] |l oads |

5.3SdrBace wear morphology at 4 Kug

At 4 kg | oad, Figure 2.27 showed btrhodwinltmhe su

forming due to increased | oad pressure and
detachmentpif@xoind aathieveClwear i s c @mmeotndly solbisdeirn
cont act under moder ate | oads, where temperat

MW Oxidative layer film SRS by <
. T

e

AMRL-FE 15.0kV 10.7mm x1.01k SE

Fi gb2®SEM microlgc®8Mti méi nf or c eat
Kg |l oad

on interachbhbdibgeds8QiThacesi le filmwmceahtbesedl!l im
caused by the detachmertseafrc8i Gupgaresitsc|l ¢dhattF

puobutSitGei nforced surfaces is commdHB3dadhder in
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5. 3Sudr#tace wear morphology at 6 Kg

At a 6 kg |l oad as shown in Figure 5.28, the

underl ying metallic mafpi.inxT htios dirraencsti tci oonnt ancatr
severe wear conditions. No evidence of duct
deformation) was observed. The absemcfeusoefd pl
deposit exhibitedarharcittetrliest ifasactctorasnsobeaed
mi crostructures. The dilrye ntg adermptosd tp i bmatt we exn ¢
to increased mat eriinadli drdetenorvgad h f we anrd terfpedssipsttna n

1 S f.‘f‘ﬁ <Y

AMRL-FE 15.0kV 10 8mm x1.20k SE

Fi gb2&@ SEM microgr-8Mii 9 LE€ISnTf oartc
Kg | oad

5. B18 ding wear peBModimamncreeiorff drCcSe c
WC10 %Co

5.3M8t érial | oss
The -BMSNCO%Composite exhibits exceptional we

|l oads, maintaining caosnsdisagamitel Y5AR20O@ kgt et hel
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negligihlge ati sO . n@OGEGE ght By k§f magadddts3lt0dabi 6i kg.
Even wunder increasing | oad, this nearly f|
tribological p e F1fOP4Coa nrceei ndfor cleene WIC Twhiet hi n ¢
enhanced wear resistance can be attributed t
The Co bi#d@®&6Coi maWCal so i mprove toughness a

anmdaXr i

0.1000

0.0909

0.0900 ——LCS-BM+WC10%Co
0.0800 ——pin
0.0700
0.0600
0.0500
0.0400

0.0300

Material loss (g)

0.0200
0.0100

0.0000

Aplied load (Kg)

Fige2®ateri al {BdMdssofr &iCBWOLOcYeCdon @lip i

5.3S8rfkace wear morphology at a 2Kc¢g

Fi gbrd80 r ephreesiennttesr f ace between the ™ML | aye
unworn rseurafianceed i ts nominal circulwamdempe retssi
sliding conpaatdiwiptlhaytelde iQlIt eracti on mar ks,

contact pressure and friction at a 2 kg | oa
causedc bws thattirer i ng sl i ding, yet no evidence o

or severe wear. T hes e -Cfoi mrdeii nngfesd rfcommatfeéinatan yt hpart o
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the steel matrix from abpiamiemmsuandgperetl hE

stabilitlyoaddeondiowi ons.

~
)

Unworn surface

®| Flattened surface ;

~

AMRL-FE 15.0kV 10.2mm x99 SE 500um

Fi gb3@SEM microgr-B8Mddi 9t LE€ISnf o
WC10%Got 2 Kg | oad

5.3S8rB8Bace wear morphology at a 4
Figure 5. 31 revealleadyetrhe cfoorrnmmoantliyo ndadf] ead ttrhi
This layer | ikely was for mepgi,f womctdefaabeéedr
acceptabliekpodveleri s and was compacted, ont o t
and irte ft@asnr i ct i. o nlf rldadyteibeent ed as a protective

direct cont aptannbde ttweee nd etphoes iGled | ayer .

Chapter 5. Sliding wear behaviour ¢13



™ Powder-like debris [
\ -'

AMRL-FE 15.0kV 10.3mm x1.10k SE 50.'Oum

Fi g3 EM microgr-BmMdi 9ot LE€ISNT c
WC10 %Got 4 Kg | oad

5.3S8r#ace wear morphology at a 6

At 6 kg | oad, a specific region was selecte
5.32. A small patch of the friction | ayer wa
This region illustrates the g naontci mad ws ef @I
and removal of the friction |l ayer influences

fracture damage was observed within the fri
intensified matpirin wahintbssnf aoclmay ee atedmati do
|l ed to a higher regrowth rate of the fricti
more extensive and protective coverage of t
contri but endatteor irad ducoestio frreomfoheewWCdi sc, as

effectively shielded the underlying MMC surf
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AMRL-FE 15.0kV 10.3mm x2.20k SE 20.0um

Fi gb632SEM microgr-8apMddi 9€ LE€ISNT o
WC10%Got 6 Kg | oad

5. L oMmparative assessment of materi
under varying | oads

Comparing the performancaedae@fonastels tarl ast e smaetsesi
understanding their potenti al applications i
understanding the tribological benefits of

benchmark for the perforamdrycevafi |l adbVvel sahdt

wear .
5.3Mat érial | oss for all disc sampl
Figure 5.33 illustrates the materi al |l oss e
applied |l oad over a continuous wear dur at i

configurat-BMinsecoheed CShe highesti ght eghting
its |Ilimited inherent wear rAde@siconamastuynaemplly

reinforcements | ed t o a remar kabl e reducti o
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WC10%Co into the LCS matrix yielded the most
l oss to 0.0026 grams, correspoBMi ngi miol ar 19y8,.
Si-iCei nforced LCS sample exhibited a materi al
reducti on. The commeircg alel ¢l¢t6i00dehaaldso coni
perfor mance, albeit to a |l esser extent, wit!l

96. 5% reducti oBMcompared to LCS

FoBl6LBSM experienced a materi al | oss of 0.«
demonstrated superior performance among t he
gr ams, representing ac@Gdt et Be2ALESI eamplThefE
weaorssl of 0.0090 grams (66-rewnfedaoaedi sampl Ho:
mat eri al |l oss of 0.0285 gr ams, wiBiMc h Tmas @i n
results conf-irimaeadhaMMCse,r apgpnparct i cul ar wgaWwC1l0 %
protecti olnoaddeaondiotwi ons, with the most pron

LCS substrates

0.3000 - ) ) )
o M Discs wieght loss at 2Kg
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0.2000
0.1500
0.1000
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0.0000
= = e 3 = = 9! S
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= — == S| =<
& Ll W W
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) 3 )
= (-
—
m
Fi gb3 2AldidGeei ght | oss at 2 K¢
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5.3Materi al |l oss for all disc sampl

Figure 5.34 presents the comparative wear p

kg applied -hloouard woevaerr taes3 . As with #BMe | owe
exhibited the highest materi al | socsesp,t irbea d a rtdyi
wear under moder ate | oading. The applicatio
i mprovements in wear resistance, with all re

| oss values.

M Disc wieght loss at 4Kg

0.0600 - (grams)

0.0509

0.0400 -

0.0326

0.0200 -

0.0000 -

LCS-BM

316L.SS-BM
LCS-BM-+HF600 . 0.0111

316LSS-BM+HF600 . 0.0105
316LSS-BM+ SiC - 0.0231
LCS-BM+SiC . 0.0072
LCS-BM+WC10%Co F 0.0093

316LSS-BM+WC10%Co . 0.0113

Figb34 Aldwmei ght | oss at 4 Kg

Among t-haséeéd€Ssampgled n(f otritree dSisampl e demonstrat
performance with a materi al l oss of 0.0072 g
rel ati vBeM.t ol HEOSM e i nf or ced f ol | owed od| ds el0y 3\
gr ams, reflecting an 81.7% reduction. The HI

0.0111 grams, corresponding -BM. a 78. 2% i mpro

For thestseali nkpesi mBMs retbhed8&8d6hSW%ear | oss
Again, the most effective rlel%CGo,r creenceindi n g W
0.01123 grams (65.3% reduction). The HF600 ¢

mat er ioafl 0.00s1ls0O05 grams (67.8% reduéetli%dCro) ,i nmar

Chapter 5. Sliding wear behaviour ¢13



this specificrleoaddocasd. shbwe&i Cmproved per:

316LBM, with a |l oss of 0.0231 grams, coOrrespit

These results reinforce the earl i ereitnrfeonrdc eodb
MMCdeposaonsi derably enhance the wearstreedi st s
Ssubstrates. No-L & % g, malsingh laywde \WWCect i ve on LC

exhibits relatively stronger performance on

5.3Mat8ri al |l oss for all disc sampl
Figurepr &s8mbts the wear performance of all di
of 6 kg over thHhmoad kkownrds .t i Dhmi ofliegls critical
each deposit's system undeBl1l6 kBSMenxdii fbiidgdkdt rtih

greatest mat@85 @l gcloamrdss ranti ng i ts susceptibildi

wear mechanisms in severe sliding conditions
0.1200 - -
wi
0.1000 - & B Disc wieght loss at 6Kg
< (grams)
0.0800 -
0.0600 -
X ®
0.0400 - § ; v E m = g
| < = = = g = =
0.0200 = . 2 = S S
0.0000 - e — - | [ [ -
= = o ] p= S U S
=} o w &) [ 2 ) °
0 E -+ = )y ] 7 S
7 = = < = = =
2 E A 1 ~ E e &)
- = % z = % &
n - [}
2] ) E 8] [ E
] — = - =
-
0 3 &}
g -
lar]

Figb3® Aidwmei ght | oss at 6 Kg

Among thea3k@L IO WCIL 0 p&Iee momst rated the most
resistance, with a signOf 004B8,t Igryeafr ®edcutd é6dg naa

reduceliani ve tBaM.t WA eBD&lLOSPerformed OwdILIOO0 wi t
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gra@sB. 2% r)edukhi @eoRitiCeacsotr,d etdh ea Owelalr9 8] ogsrsa ma f

correspohda. M9 rteduwcti on

For LCS subGBMaxlkisbi tdeaed a Omatletr8i aghlalmss esi mff or
sampl es surpassed Sh&shipevéodrmhecmpsbubut ec
t heowest material d®sGO@trgusmmusad 4 ngompeédsct i
TheF6aaWCL10%A@®posits foll owelOd,0 Owi3tamdtwendsd 2 | os
gramsr efdC.ciptivg 6% reduespoOuerl alell y.t hese resu
t heexceptional wear resi sltaandc ec pifdibti iCem$ oL @Sng

WC10%Co and HF600. On 3 1WA1S0S% Gou brsetmaaitness ,t hheo v

reinforcemggpeéesting that the interaction bet
decisive role in determperagipgrtonmancensnd
5. 3W8and performance at wvarying | oac

5.3.9C&8Mlcomparison

Resul t s51 ndeTnadn shtarrdetiendf or ced deposits substar
|l oss compared to the base metal, confirming
resi staneage. nThec8dCcomposite yielded the hi
particularly excelling under | ow and medi um
providing consistent and balanced performanc
retention than HF600 at hi gher lroavdesd weéadarmho

resi stance, it showed the | east average redu
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Tab3ldMat er i al |l oss and avedapeswearsamgdluetco
LCS8M

Mat eri al

Avg. Reduc-BM

Sampl
PU 2 k| 4 k{ 6 K ( %)

LC8M ([0.23 0.05 0.01 -

+Si C|0.04g0.00 0.00 93. 5%
+WC10%0.000.00 0.00O 92. 6%
+HF60/0.0¢O0.00 O0.00O0 91. 7%

5. 3.316LEM compari son

ResulTtad3 ir2e v e altende -iMl@GE€®i nf orced composite pr
effective wear resistance, achieving an av
consistently | ow materi al |l oss across al/l I

of fering an avoefr a8gbe 4i%np raonvde mexicteeded Si C i n t

while effective, di splayed a comparatively |

attributed to |l ess favourable bonding charac

Tab32d&Mat erial | oss and average wear reductio
316 L-B5N®

Mat er iaal |

Avg. Reduct: i

sampll o | 4 K( 6 K¢ BM ( %)
3161BSM§ 0. 024 0.030.08 -

+SiCl[0.010.010.01 69. 2%
+WC10%0.000.000.00 90 .90
+HF60/0.000.000.00 8 6% 4
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5.80nclsusion

This chapter comprehensively i nvlesftiflgketresd t I
with ceramic reinflow€Cemantdst B8eilCr aodme€r ati ve
HF600-flaai g el ectrodes. The findings provid
behaviour of MMC deposits and tiloeaisrr dihiet aleis
demonstrated that surface modifications sig
effectiveness of each treatemeinadal peiagnidepeanh
applied | oa®8M ahdBMC&XxBSbited substantially
confirming their susceptibi lISEMy amal weias uvead
di stinct differences in wear bekHawiadwerd Beatmpd
when sliding against a cast iron pin.

316LSS and LCS are ductile materials that wun.
under sliding contact. Wear features -such a:
plugging were observed at | owsr IlsaadsceAs etxln
more severe weart mechani s ms, including spal
i ndicating i ncreasTehde sMMG udéposei tdamagei fica
behaviour. Hard particles suehtaed Hie€pampenWwC
and pl asti cThaeeafeorrneaitnifoonr.cement s hel ped resi
enhancing wear resistance under moderate ani
observed at higher | oadsl,0%Car tdiepwlsartisy iTrhetst
l i kely modengrdaded material originating from

barriers that iomeitnails ec odhitraecctt ammedt ahle|l p st abi
contrastyeddtF6d 03 b ft @dfersmicaxulw i ng and |l ocal i s
contributing to slight-tgi hfgheedwBblMC cabtbny

Chapter 5. Sliding wear behaviour 14



Strong metall urgicadubbsamdiitneg iantt ertiacdeppadi tl
particles and the surrounding steel matri x

solidification during welding, pr omet MME c ol

deposits' enhanced wear performance. Over al
surface response wunder sliding from ductil
behaviour, d eenfofnescttriavteinnegs st hei r

5. Feferences

[ 5.Li], Y. , et al ., Eli mination of voids by |
all oy on gray cast iron. Opt3&s & Laser T

[ 5.VEe]i , S. and L. Xu, Review on rreesseiasrtcahntp
mat erials. Acta Met-&aBB.Sin, 2019. 56(4):

[ 5.Bgrns, H., Comparison of wear resistant M
2): ‘4. 47

[ 5.4 Silva Simioni, G.C., et al . ,-oHngikneer:
apparatus to perform dry or l ubricated
I nstrumentation and -Measurement, 2023. 772

[ 5.FBari as, M. C. M., et al., The influence of
transformation on the unlubricated slidi

2007.-6263@1B1773
[ 5.Wsju;L. K. T. Ahn, and D. Rigney, Friction,

austenitic stainless -3s7t.eel s. We ar , 1980.

[ 5.Schneider, c. ., et al ., -MpG/iMAG i Hygb rtihde Wrea |
on t he Geometry of Bead Wel di ng Using
Manufacturing and Materials Processing, 2

[ 5.Bt]Jlraffelini, G., A. Mol i nar i, and D. Tr ab
ferritic stainless steels. Met al | urgi cal
624.

[ 5.Ml]lemani , M. , et al ., Dry sliding of a I|o
di fferent | oads: Characterization of t he
37-877: pl.4519450

[5.BONell i, G. , L LusvampghiyeCdaWm dva atBianmd setd
all oy: effect of the coating thickness on
8) 9539414

[ 5. 141 am, M. A., et al ., Effect of microstru
Wear, 2015.-1038392.: p. 1080

[ 5.R2inforth, W. | Mi crostructur al evolution
and ceramics. -2Wetar{ .7 2106020. 245 (1

Chapter 5. Sliding wear behaviour 14



.38herge, M., D. Shakhvorostov, and K. Pot
met al s Wea6): 280839255 (1

.34)] H. , H. M. Chen, and L. W Chen, Extrusi
of steel. WS8ar, p20AaA8&8 42265 (7

Evile, T.S., Wear Mechani sms.-6Bowder Met al

5.Weénng, Z., et al ., Wecalradr eNsii/sWG noceempoofs i dieo
di fferent temperatures. Surface2%2nd Coat.
Yaqg, zZ. M. Nayl or, and D. Rigney, Slid
Wear, 1985.-86.05(1): p. 73

. 3@t h, AN The friction and sliding wear
temperature in air-318ear, 1984. 96(3): p.
. G®q bar , | . and J. Skorinin, Met al sur f a«
friction Wear-336978. 51(2): p. 327
.R@ipar, S., et al ., Dmegdeslbmdicmg bwpamrst behe
alumina disk. 6Weamd212401131. 270( 5

.Wddgdwar d, R. G. , A Toumpi s, and A. Gall o
annealing on the microstructure and sl id
We ar , 2-0 9 2. 496

.effta Majumdar, J ., A Kumar , and L. Li,
316L stainless steel. Tribdlb8gy I nternati
.28fta Majumdar, J., et al ., Studies on co
composite surface on mild steel devel ope
Mat erials Processing) TepliRb60b6bgy, 2008. 20
. dd@j umdar , J D.,-sDEueIcopnmeBitefsunface on
surface alloying with silicon nd its re
2010. 2058p5.p. 1820

. @&Jumdar, J.D., et al., Laser composite ¢
status sol i di (a22652.006. 203(9): p. 2260
.6t t, F. , J . Gl ascott, and G. Wo o d , Fact
we@mr ot ect i ve -boaxsied essl loony si rdounr i ng sl i ding
Wear, 1984-10%7 (1) : p. 93

. Wi7ll s on, J . , F. Stott, and-p&.oG@.e cWa ovde, oTxh ed
their influence on sliding friction. Pro
Mat hemati cal and Physical-5%diences, 1980.
. ®W8qddwar d, R. G. , A. Toumpi s, and A. Gal |

spheroidizing duration on the microstruc!
iron against Al SF849330. Wear, 2022. 488

.W®ddward, R.G., et al., The Influence of
Al SI 433PHamalocst Cast | ron. Tri bology 1
96 7.

, Q., et al., Effect of passive film o
e&SIPHLS n a neutr al Na Cl solution.- Appli

wou R
N~
o o o

Chapter 5. Sliding wear behaviour 14



[ 5. R8R4Wwan,
mat e+a

[ 5. B2i1 at
stainl
148.

[ 5. 88 equ
compos
Scienc

[ 5.Bdijan

stainl
Tri bol

M. , M. A. Mal eque, and M. M. Rahmar
adrsi ti cal revi ew. Transaxlt.ions of t
ul P. and M. Abd Mal eque, Tri bol o
ess steel containing SiC ceramic p
e, M. , et al . Optimizati on of tri
ite coating via Taguchi analysis ap
e and Engineering. 2017. | OP Publi s
, L. H. , et al ., I nfl uence of cer ami
ess steel materi al using 480 J/ mm h
ogi , -270.23 37: p . 14

Chapter

5.

SIl'iding wear behaviour 14



ChaptGmcd gasndnf uture worKk

6.Conclssion

Thi s
usi ng
desig
such

pool

resis
facin
i nteg
analy

resi s

research successfully developed and dem
terbedctubular filler rods in the TIG
ning and fabricatiprmag kedb wli @emdrnetli Ingar teil «
as SliooCond ewiCGab !l i-:1igt € oche Iriov érey, off ncer ami

Thi s met hod ofeférst iavescal adl matainvde cto

i cation rousteandiandgd r e b a U h ¢ nog eosreg raemi ac di

tion, and bonding within metallic matr

i sing surface engineering solution for

severe operating conditions

thesis comprehensively investigates t hi
surface deposits fabricated wusing (31
orcements silicon carbide (-30@0 .anTdhe un
evaluates the effectiveness of t hese
tance, benchmarking their perfor-mance ¢
g el ecarboas so e esltoeaen d ssutbasienalaecsbss suth e s
rates welding process optimisation, mi
sis to establish a reliable, perfor manc

tant coatings.

A systematic approach was employed to optin

uni form deposition, mi ni mal porosity, strong
of ceramic reinforcements. An optiemiesed3t mnu
i nner di ameter, 1 mm wal |l thickness) was sel
This configuration facilitated the effective

Chapter 6 Conclusions and future wc¢l4



mai ntaining their srneaaicdtuamtl fi mntetgironal iatnyd. w
were evaluated t-oomosgh weray dleisdisng npliem i ncr e
and 6 kag). Detailed microsanucngr al eahdosumfi
( SEM) andi smergiyve spectroscopy (EDS) reve:
materi al degr adat-li mye rp aft rwag/tsi, ommsndadrmra o di f

and base metal s.

Quantitatively, the reinfardeo®d dMME@ dawcdti iomgs n
| oss compared t o untreated base met al s, i n
resi stance. Among -1 (h%Cd)esrneidn fsgrsd edhsg ol dotWeEnsgt s
wear rates and highest surface stability, |
reinforced deposits weraeg bohe smeet , efoemi ihge
|l ayers that minimised oxidaentohi addt heér dsmve

mechani sms for each sample condition:

0 Untreated stai-BMesshcowedl|sdBdmbd SBl astic d
and brittle fracture under high | oads.

0 UntreatedbbowstMelsuff@$Rd from continuou
oxi dation.

i HF600O0 coatings i mproved wear resistance
del amination at el evatedr bodsedue to t he

0 Si-Cei nforced 316LSS depolsdyer odetvled to perdh aorx
resi stance but were mrudne to | ocalised ca

U0 WCGC1L0%€®i nfor cekaptddkie i S&red the best overa
hi gh hardness preventing ploughing and a

and oxidation resistance.
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0 Si-Cei nforced LCS del ayed -lweeyaerr pfroorgmaetsisa no,n
brittle fracture was noted under maxi mum
U0 WCGCl10%e€®einforced LCS effectively reduced

wear progression by forming a protective

Mechanistically, the embedded ceramic partic
from mild to severe wear regimes. Their high
and plastic deformati on, pr ontge cd u cntgi | teh es t neaetl

absorbed stresses and shielded the hard part
reinforcement resulted in a stable surface s

damage, -baonddy twheiarrd.

This thesis cornefiinrfrnosr ctehda tMMG rcaonaitci ndgess i fganberdi ¢ e

tubul ar fillers represent a robust-cantdieal s
applications. The research esit ama li-fsdtodgandgc | e
el ectrodes in performance and durability. I
optimisation and materi al performance, of fer

relevant ap@emwmardt-ifeoani sateanntg sc.o

6. P2ut ure Wor k

Building upon the findings of this study, se

0 Advanced s€thiaomctlkencorporating transmissic
Xray diffraction (XRD), and nanoindentat:i
transformations, i ntsed f hardhedondanpgat iam
MMCdeposits

0 Ther mal and Fatigue Performance: l nvesti

resi stance -oéi nflber roaardeemi ccycl i ¢ |l oading
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temperatures would endwandted tbheli-scwdé oalsi l
environments.

0 Alternative Ceramic Reinforcements: Futur
such as TsicCyl eorc enraanmoi Cc s | i ndividually or |
tailor the microstructure and wear resi st

0O Process Scalability and Automati on: Devel
and evalwuating the scalability of the t
components and industri al applications w
researchfaotdumbng depl oyment .

U0 Corr éMeiaon Synergy Studi es: Since many s
mechani cal wear and corrosive exposur e,
corrweiaonresi stance would provide more hc

0 Numeri cal Model ling and Simul ati on: |l ncor
to simulate heat transfer, stress distrib
service could supaptoirotn porfedprcd ¢ s opd i anne
design.

The propodgdad | edr amibawl ar fill er technique <ca
transitioned into industribtbly appbieatiobnmsi

directions.
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