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Introduction

Significant energy losses are occurred to overcome friction. For examateoitins for

one-third of the fuel's energy in passenger cared 40% of the energy in méral mining

(Holmberg, 2017)in engineering and technology, damage caused by wear is a common

attribute in machinery (structures) and elements in relative mosometimesresulting

in a catastrophic failure, including process downtime, loss of mechanical performance,
significant material wastagendadditionalenergy consumptionSuch weated material

damages are severely enhanced at high temperatufedd) due to the conplex
transformation of physical, mechani¢cand surface properties resulting in reduced
YFEGSNAFE KIFENRYyS&aa FyR adNBy3GdK FyR (Kdzaz LR
reliability and performancéPauschitz, 2008)

Minimizing friction and wearat HT by the use ofliquid-based lubricants is a
conventional practice. However, their volatilization or degradation at temperatures
I 62@S aswell ascthi@etrimental effects on the operator and environment limit
their usein HTtribo-applications. In sutscenarios, the use of solid lubricants (such as
Ag, Mo%, WS, etc.) to minimize friction and wear over a wide range of temperatures
0dzld G2 wmnnn c/ 0 A& BEsBigssolidhasdd luhdbERt¥SK)dakey 3 a2t d
over conventionaliquid onesto provide aclean working space, easy handljrand
improved accuracy and precisioNeverthelessfrequently reported limitations of SLs
includestheir agglomeration (for soft metal#\g, Bi) in the reinforced matrixesulting
in a compromised mechmcal and lubrication proper)y the toxidty of lead (Pb)nd
a stricterrule to minimise its usageand a poor flowability of widely used transition metal
dichalcogenide Wisand MoS (posing a problem to enlarge the production technology
utilizing powde feeding system

This PhD. work is a contributionto the exponentially advancing demands of
hightemperature tribological materials to minimize friction and wear by ussotid
lubricant additivesThe thesis is based @publicatiors and some additional unpublished
work. The first publication[Publicationl] reports on solving theextremely poor HT
(uptodbnn c/ 0 Y Subbéldgivakch@dadteristicgffitanium through incorporatio
of high content of cerami@iB. The second publication [Publicatidfj for the first time
NELIZ2NIG& o0AaYdzikK Fa Fy 1 ¢ WAINBSYyQ a2t AR f dzo N
use of Bi along with Ni is shown to overcome its reported agglomerataserassisted
incorporation of NiBi as a solid lubricanmtasmadeinto TiTiB composite withthe idea
to enlarge theeffectivelubricationtemperatureand wear resistance Publicationthree
[Publication Il extends to microstructural andHT tribological 6 y n n study af
hexagonaboron nitride (hBNYeinforcedNi-W compositereparedusing combustion
synthesized powdersThe fourth publication Publication 1Y, reviews the stateof-art
field of HT solid lubrication and details the wear reduction mechanisms behind gxistin
and most used solid lubricant8he additional research work (Publication not included in
the thesis V)reports the development of a HT sdlibricating NiCrBSi based laser
claddings through incorporation of metal sulfides other than M@8ie to its sttky
nature, limitation for large scale production requiring powder feeding system). Besides,
this study also extends to 4% as a newly reported solitlibricant.

In the current worksthe novelsolid lubricated composites are designed, develgped
and tesed to ensure their HT tribological needshe ways to extend the range of
operating temperature ofthe wearresistant compositesare explored; revealingthe
wear reduction mechanisnmaf HTsolid lubricantghereof.



List ofabbreviationsand symbols

AC2T Austrian Center of Competence for Tribology
BE Backscattered Electron

CALPHAD CALculation of PHAse Diagrams
CoF Coefficient of Friction

CL Conventional Lubricant (Liquid based)
Cs Combustion Synthesis

EDS EnergyDispersive Xay Spectroscopy
EP Extreme Pressure

HAZ Heat Affected Zone

hBN Hexagonal Boron Nitride

HEBM High Energy Ball Milling

HT HighTemperature

IFT Indentation Fracture Toughness
LMD Laser Metal Deposition

LM Laser Melting/Melted

MML Mechanically Mixed Layer

MS Metal Sulfide

REF Referencesample

RT Room Temperature

SEM Scanning Electron Microscopy

SHS SelfPropagating Higemperature Synthesis
SL Solid Lubrican{Solid lubricating)
SPS Spark Plasma Sintering

SS Stainless Steel

TMD Transition MetaDichalcogenide
XRD X-ray Diffraction

vol.% Volumetric percentage

wt.% Weight percentage

>Y Micrometer

mm Millimeter

Ra Average Surface Roughness

< Wavelength

DZ Diameter

’ Density



1 Review of literature

1.1 Hightemperature tribology

Wear(in tribology)can be stated as theemovalor adisplacemenbf material from one

or both the surfaces in relative motioiTheundesirable phenomenownf wear usually
resultsin material damageand sometimes leading ta catastrophic failureThe major
responsible nechanisms of war are classified in several variants, of which few are
frequently used in the current study namely: adhesive, abrasive, fatigue, or chemical
(oxidation). Adhesive wear originates from the bonding of asperities between two
mating €liding) surfaces resulting in material transfer or detachment from either or both
the surfaces. Abrasive wear occurs when asperities from a harder surface plough, cut
(remove), or damage the softer counterpart (tvoody abrasion). It is possible that
during abrasion, a third body generates between the slidingnterparts andritensifies
wear, called as threbody abrasion. Fatigue wear generates as a result of repeated
tribological stress cyclaghich further results in surface or stdurface cracks, angven
material detachment or removal. Chemical wegrorrosion or oxidation)usually
accounts a chemical reaction (interaction) between mating or sliding counterparts
with environmentresulting in material removal.

Oxidati
xidation Thermal

fatigue

; Normal load
Adhesion

___Ball holder i .
Wear track R
Counterbody ball
| o IE—
Abrasion Heated samples/bodies

a Rotating disc
Qf Thermal
softening
Plastic
deformation
Microstructural
changes

Figurel: A scheme demonstrating the complexity of a sliding contact at elevated temperature.

With a significaninumber of operations cared out at high temperatures ¢>n nc/ 0
including metal processing (H¥forming, forging, stampingetc), metal cutting,
internal combustiorengines, bearings, etc., theggises aneed to fill the demand for
hightemperature weafresistant materials. Friction and wear at fipose aserious
concern. Nowadays the availability of test rigs capable of testing materialsmamta 1 ¢ /
has aided in broadening the tribological understanding of materials at HT. In many cases,
a significant difference in material behavior at ambient temperaiareomparison to HT
is seen(Antonov, 2012)At HT, the material response depends on a synergy of complex
phenomena which may include oxidation, adhesion, credatigue, and tribological
stress. Not to forget, that the principal characteristic of HT would include softening
(possible strengthand hardness reduction; increase in ductility, et an array of
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metallic ceramic and othematerials. For example, mosteels and ferrous alloys
demonstrate a softening atp n n Eigu®l shows a general scheme illustrating the
complexity of a sliding contagacting wear mechanismaj elevated temperature.

Concerning oxidation, nlike ambient conditions, operation atTHusually involves a
fast developing tbolayer or mechanically mixed layegsonsisting of debris material
from tribo-bodies)which are rich in oxygen leveldue to oxidation)yand at times cover
the wear scar entirel(Antonov, 2012) During progressive sliding, these layers are
compacted, retained, and adhareon the surface aothe substrate material. Thjgn turn,
protects the direct contact betweeanriginal materialsand is often reported to reduce
wear by the orders of magnitudéRynio, 2014) The developed layersan feature a
smooth, glassy surfacand aregenerallyli S NJY S R-layer@Pausclitz, 2008; Rynio,
2014). However, the extent of oxidation increases over time or at even higher
temperatures and the tribooxide layer develops thicker. Upon reaching a critical
thickness, the layemayundergo spalling and loses its lohdaring nature (protective).
Further, the spalledoff debris may remain on the wear zone and act as a thirdly rising
friction and wear(Kumar, 202Q)In another case of the composite where the material is
a combination of several distinct phases, the tribolayer might feature a transition
temperature to demonstrate its wear protective nature, beyond whittke to its thin,
brittle, or loosely adhered nature, remain unprotective or aid in wear increment (hard
oxides can casethree body abrasion effectjLou, 2021; Munagala, 2021)

As for hot-forming, forging, rolling or hotworking applications, the materials are
shaped by plastic deformation at temperatures above recrystallization (usually around
0.4¢0.6 times material®melting pointto increase its ductility and hence improve its
formability (Prasad, 201%)nd inwlves an optimum degree of friction between the tool
and the workpiecavhich might result in achangeof dimensional tolerance of the tool
and resulsin poor produced parts during successive operatidhareover, he oxidation
rates involved during thesgperations might differ from the general case where constant
contact between the tribebody is maintained. Here the contact between tool and
workpiece is intermittentHence, it isnecessary to reduce or optimize the functional
friction during these operabns utilizing a suitable lubrication mechanismn. this
regards, solid lubricants agesolution.

1.2 Hightemperature solid lubricants

Solids imparting reduced friction due to their low shear strength are known as solid
lubricants (SL)Depending on their application and fabrication meth@&ls are usually
incorporatedas(1) loosepowders,embedded into material matrix as additives to form
(2) compositesor (3) coating filmsbetween tribosurface to reduce friction and wear.
Besides, thy also promote in reduction of surface energy on the sliding surface. Low
sliding surface energy is reported to lower the weausingmechanisms such as cutting,
ploughing, adksion, and plastic deformatiaiBowden, 2001)Several benefitef SL over
conventionalliquid-based (CL) include higher chemical, thernaald dimensional
stability, a clean and healthier environment, and energy saving.

A comprehensive studscarried out by KumarRublication 1Y, Sliney(Sliney, 1982)
Erdemir(Donnet,2004) Torres (Torres, 2017t al. present a detailed outlook on most
known SLsfocusingon their HT behavior and a future outlook. Few othéhyyagari,
2020; Efeoglu, 2008; Marian, 202byminate the effect of humiiy, and atmospheric
gas onthe tribology of SLs. Nevertheless, no individual SL is capable to demonstrate
desired behaviounder all the environmental conditions, different tribologicakeds,
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operating from room temperaturetomnnn ¢/ X 2NJ O2YLI A6t S GAGK

matrices.Besides, the situ formation of solidubricating compounds (such as CrS, and
boric acid) during fabrication (involving heat) or a trtltemical reactin is also a
possibility and reported by a feTorres, 2022) However, due to their unexpected
formation, they are not purposely studieddence, the field of SL or sdélbricating
materials (materials witlembeddedSL) is evegrowing.Figure Zategorizes the widely
accepted SLs based on their structure.

p Material

design
method?

Surface /

(a) ._specific?
/"'7 N Use of
7 Application y N
B . Robust /  environment \
lond, tpe. solid- | | and . Soft metal
. (load, type lubricant .\ operating ' (Au, Ag, Pb
< of motlon)/.» . temperature? - (b) \( o )/"'

Using /" Laminar ™ High y Qodesih
chemically solids | Temperature [ (PbO, MoO;,
compatible [ il Solid- 11 V,0s,
surface? (WS,, MoS,, (e S Magneli

. hBN) . phase)
Alkaline-
earth
fluorides

*_(CaF,, BaF,)

Figue 2 (a) General questionnaire for a solisbricant and () Classification of HT solidbricants
based on their chemical composition

1.2.1 Soft metals

Soft metalfamily encompasses a range of metals with low melting p{imtcomparison

to refractory metalsland hardness as low as 26Mohs( 70¢200 HV)such as, silver,
gold, bismuth, copper, leadndium etc. The main mechanism behind their friction
reduction is their impressive ductility and deformabilitydera low sharing force. Upon
applied force during sliding, they usually show smearing or plastic deformation
permitting a low CoF and weaate. During HT operation (or frictional heating), soft
metals are likely to spreadiiffuse or squeeze olieasily to the slidig surface and act as

a lubricating film between tribdoodies matingas shown inFigure 3 Besides, heating
tends to prohibits the defect potential and dislocation movement of soft metals resulting
in their maintained low sheaability even at HT operatia(Torres, 2017)However,

at certain range of HT, they undergo significant softening and might result infthibo
(lubricious) extrusion or failur@ublication 1. Among all the soft metals, transition
metals such as, silver (Ag) acdpper(Qu) are widely useds HT Sldue to their cost
effectiveness, ease of availabilignvironment friendly naturand anexcellent thermal
conductivity(Balachander, 2013)

12
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Figure 3 A scheme demonstrating soft metal diffusion to the t#oface during HT sliding
(adapted from Publication 1Y/

Bismuth (Bi) i® member of soft metal and share a similar physical property as lead
(Pb) orindium (n). However unlike lead(and all the heavy metalspismuthbenefits
FNRY AlGa WINBSy rayirRandiadger Torpaskitilyts@bstidte Boliny Q
lubricationindustry (tribology).The maximumoxic intake level obismuth lies around
15 g for a 70 kg humanhereas, a high toxicity of lead was conveyed to be of 1 mg for a
70 kg humar(Yang, 2011)

Very little is known on Bi as a SL material. Receatigw tribological studies on Bi
and its oxides has surfaceGonzaleRodriguez, 2016; Sun, 202However,most of
themwerecarried out at RT condition. Due to its low melting pdird T ;1 Bi is Believed
to easily spread between asperitcontacts during tribacondition (due to frictional
heating) resulting in effective lubricated slidingT friction reducing role of &k on
NiFAl composite coating/ias reported bySun, 2021)Contrariwisejn (GonzaleRodriguez,
2016)anincrease in CoF value of due to the formatione®Bd S&€ 2y R Hnn c/ &f AR
reported.

One major limitatbn of bsmuth(like silver, Ad)es in its agglomeration or segregation
in the matrix aftersintering/coating procesand furtherresulting in a poor mechanical
property of the materialLiu, 2022h) Thus, there is a need to understand Birloation
at HT along with #possibleways of homogeneous digirution in the matrix material.
Besides, atudy towards the synergetic role 6f Wy 2 VOTABZYRIAIKOT & dzf LIK dzNJ | F
to replace led-sulphur additives for extremgressure (ER.e. high load and high
local temperaturey lubricants can be a useful approafRohr, 2002)Not to forget,
the possibility ofbismuth as a lubricant can open a new door (and replace Pb) for
combination to copper and tin alloys which are greatly used in bearings and electrical
components.

1.2.2Laminar solids

Laminar solids, also known as layered lattice compounds, demonstrate a Imexago
layered structure with atoms in the layers/planes covalent bonded to each aiker
shown inFigure 4The adjacenlayers or basal planesebonded by weakander Waals
forces; characterizing an easy shear along the pléakistar, 2021) Therefore, this class
of materialscanresult in outstanding arfriction property. The commonly identified
materials of this group comprise graph{tnd graphenehexagonal boron nitride (hBN),
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TMDs, and paitularly Mo% and W3 (Publication 1Y. Nevertheless, the use of MgS
WS, and graphite (alsographeng is limited until 45@p nn ¢/ RdzS (2 G KSANJ
degradation.

\‘_, St;'ong Xt (b)
S pSp S pn S g
adiddis, Mrielel L
»\.N;*”;% R r -
PR RE ISV RS S
./,,’4- LR P neononoa
:/.7.(,,"4 [ ,;W“ s
B atoms in gray Covalent
N atoms in blue bonds
(a)
S- >

Terminated

Plane -
Intracrystalline

= S
Terminated
Plane

Figure 4 A scheme demonstrating crystal structure featuring an easybimnomenon between
weekly held intetamellar layers/planers of (a) Meand WS; (b) layered graphene layers; and
(c)hexagonal boron nitride ¢(BN)(Akhtar, 2021)

An alternative toMo%, graphite and graphene is hexagonal boron nitride (hBN).
Layered structured hBN is believed to effectively work at temperatures far beyond
AN LKSYS yR R2Sa vy 2(orred 2A2R)A ndor ldnitdtiod 8f mnnn
hBN includes a poor sinterability, adhesiveness, and-wettability resultingin low
mechanical properties of the composites or coatings. Nevertheless, owing to its high
thermal conductivity ( 500 W/mK at RT), chemical and oxidation resistance is
prospectively researched for HT tribological applicatiidedgornik, 2015)Iin (Zhang,
2008) friction-reducingbenefit of hBN/Ni-coatingon stainless steel was reported tp
ynn Usohebnn ¢/ &f ARAY3I (K Sisexdbel toNtheNdll in§he 2 F (K S
strength of the coating at overly higlgmperature (Zhang, 2008)Contrariwise, a drop
in friction and wear properties with a rise in sliding temperatof NiCr/hBN composite
was reported byhu et al(Zhu, 2013 Besides, a satisfactory trilmehavior was noticed
with 10 wt% hBNontent (S. Zhang?008; Zhu, 2019 Chen et al(Chen, 20203%tudied
hBN/SiC composites from rootemperatureli 2 dnn ¢/ fricsioR-redidnigl2 NIi S R
but wear-deteriorating effects of hBNin the composite. Besides, few studies report
negative effect of hBMn lubrication(Du 2011; Torres, 2022; Zhu, 79). Therefore,
there is a need to verify hBN as HT SL through more studies.

1.2.3 Alkaline-earth fluorides

Fluorides of alkaline earth metals such as,ChiF, and Balre recognized to impart
lubrication in between 50§th n 1 due to a reduced shear sngth (Sliney, 2008)
However, at low to moderate temperatures, they tend to behave like abrasive due to
their brittle nature, and may escalate wehehaving as a thirdody on tribo-surface

14



(Kurzawa, 2020)It is reported that alkalinearth fluoridesundergo brittle to ductile
NI yairidazy résiNtipgliytReir peneficialcsoftening to offer lubricityince,
2020) In general, Cafis believed to be a SL at temperature lower in comparison to other
fluorides counterpart andsometimes, used as in syner@Sliney, 1982)Few studies
describethe synergetic behavior of alkaline fluorides and Ag/Mo to enlarge thgeaf
lubrication temperaturg(Cura, 2013; Kong, 2014)

1.2.4Lubriciousoxides andMagneliphases

Lubricious oxides are compounds that demonstrate HT lubrication either by quick
melting or a relatively lower shear strength in specific crystal orientations due to oxygen
vacanciesalso called a crystallographic shear platWadsley, 2015)The latter has the
propensity to offer low friction owing to their lattice structure and areXe$ R al 3y St A
phase oxide¢Cura, 2021)Besides, these oxides carry good chemical stability resulting

in minimum tribcoxidation and counterbodyadhesion (Gassner, 2006)For more
AYTF2NYIE GA2Y lasedxdds pledsergfed Rublicatidf [V

1.2.5MAX phase and/iXenes

The MAX phase is the name of materials with a &% chemistry, where M is a
transition metal; A is a metal from group IIIA or IVA in the periodic table and X is C and/or
N and n is mostlyn the range of €3 (Zhen, 2005) Their featureto resist damage,
oxidation, and corrosion, being thermal and electricallpaactive, good machinability,

and ductile nature (Vickers hardness @B2GPa) has raised their interest as tribological
material (Gupta, 2011; Zhen, 200Besides, MAKhasesare reported to demonstrate a
RdzOGAES G2 oNRGGES GNIyaAdAzy G GSYLISNI G dzN.
propertieseven abovem n n n(Radavic, 2002; Zhen, 2005pecomposition of MAX is
reported to occur at temperatures between 1000 n n n(Gupté, 2011)Few of them
particularly TiSiG and T2AIC, are repided to form a protectivdribo-oxide layefavoring

wear reduction at HTLi, 2003; Lin, 2007Yhe mechanism behind MAX phase friction
reduction iglinkedto its layered structure resulting inspecificdeformation mechanism

via kink formatiorand thus, easy slidingemmerlich, 2008; Souchet, 200 Xenes are

a group of2D inorganic compounds synthesized by chemical etching of the A element in
MAX phasegMohammadi, 2021)MXenes encompass a family of 2D transition metal
carbides, carbonitrides, anditrides that contain an odd number of layers in which
metals (M) sandwich carbon or nitrogen (X) layers (such:@s TaC, TiG) (Benchakar,
2020) It can bereported that only about 36 of studesis focusedon mechanical and
tribological needs of MXensith almost noresults obtainedat HT.However, the trend
seems to increase quickly in the coming yeg&vyatt, 2021)

1.2.6 Fabrication ofsolid-lubricating mmposites orcomposite-coatings

Fabrication of SL composites/coatings through powder metallurgy way has already been
understood and widely accepte(Kumar, 2020Q) Sintering is a method to transform
powder precursos, or a green body (powder mixture held together bipwa cohesive
force), into a thermodynamically stable state due to a reduction in free surface energy
of the existing pores or vacancigdlamedov, 2013) Generally, during sintering,

the loosely held powder mixture under thafluence of either orsimultaneous high
temperature and pressure achieves coalescence to form a rigid, dense bulk. More than
80% of sinteredmaterials (especially with hard and refractory ceramics) are produced
using a liquid phase sinterif@erman, 2009)Under which, spark plasma sintering (SPS)
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has emerged as an energfficient, quick, and lowcost (for laboratory investigations)
technigue (Mamedov, 2013)On the other hand, a more efficient, faster, and a-lewergy
consuming techniqgue known as microwave sinterigglikewise gaining popularity
(Kumar, 2021)The rapid heating progressing duringicrowave sinteringdue to the
energy transformation instead of energy transfer (as in SPS) outcomes in volumetric
heating resulting in a much finer and uniform microstructure. SPS utilizes a powder
mixture to generate a sintered bulk. However, the preparatiop@ivder mixture could

be done either by manual mixingall, attritor, disintegrator and othemillingtechniques.

The current study comprises powder preparation using ball milling as well as combustion
synthesis by the seffropagating highemperature syithesis (SHS) route. SHS utilizes a
chemical reaction of constituents which is setbpagating ina manneras shown in
Figure 5The process can be carried out either in the ainert atmosphere as per desire
(Aydinyan, 2021)Since the SHS method harnestfesheat created during the reaction
between reactants, itislabeldda WINB Sy Q 2 NdpBQuye8 polders dgftendA y 3 Q
result in a composite precursor with improved propestithan individual constituents
(Aydinyan, 2022)Besides, the reaction is extremely fast. SHS is termee o ftexible,
easy, cheap, and energpving approach to producing powders with extremelyhhig
purity and controlled phase@ydinyan, 2021, 2022)

Apart from powder metallurgy, deposition of a coating comprising SL compounds
using physical or chemical vapor deposition (PWIhas been broadly perceived
(Publication Y. Thedevelopment of thick coatings using the approach of laser cladding
is highly undervaluedegardless of its effectiveneq¥ilar, 1999) Moreover, added
advantages of laser cladding in the laigmale production, restoration, and repair of
high-end commnents are constantly reporte(Toyserkani, 2008 { Ay O0S G KS wmdTn
CQ lasers with an efficiency of about 20% and a low absorption by metals due to a very

highwavelength in the rangeofmn  >Y NBadzZ 6§SR Ay | aft246SNJ RS
energy efficiency. However, currently the advancement in diode lasers with efficiency as
highas 465@: YR |y AYLINROSR 4 @Shablgsd & Kigh&d ¥ n dy n

absorption rate(Torres, 2018) The use of diode lasers has widely encouraged the
development of thick SL coatings within a varied range of materialsadventages of
developed coatings through laser cladding include:

1 Deposition of a compact, dense structure with minimal coating defects such as
pores or unsintered aregqWang, 202Q)

1 A considerable reduction in coating dilution is achievable, results demonstrate
dilution to be as low as¢%(Hemmati, 2012)

1 Focused laser beam results in reduced HAZ and furthgebmicrostructure
refinement(Torres, 2018)

1 Possible restoration and repairing afrgescale industrial productg§Torres,
2018)

i Laser clad demonstrates a strong adhesionthe substrate materia(Lalas,
2006)

9 High efficiency as close to 50%woyserkani, 2004)
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1.3 Research gaps

With the developmenif new compounds, materials, their processing techniques]
widening theirapplication areg, the pursuit fora potential solid lubricant or their
combination to reduce friction and weas continuously progressingd noruniform
distribution of soft metad, such as<Cu,Ag orBi in coating/composite matri¢Liu, 2022a,
2022b; Torres, 2018)hich might lead to a compromise in lubrication behavior along
with other mechanical properties of coating/composite material is upsettimghe case

of laminar solids, dring a laser deposition (cladding), suftompounds such as MeS

tend to clog inthe powder feeder due to its platike sticky structure. In order to
enhance the powder flowability and maintain tlsalfide-basedsource (for lubrication),

it is necessary to seardor a viable alternativeBesides, an unexpected lubrication
imparted bysome insitu formed compoundssuch as chromium sulfide, silver molybdates
(Torres, 2018has necessitated a focused study on the subject atRéEentstudies of

new solid lubricantssuch asbismuth (Bi) or BiS or BeOs; has come into picture
ODNNGT YIF OKSNE H nHH T Hawdi@rSonedthem was peffornfedty S H 1 H H
HT and thus, producing a need to explore them as HT solid lubricants, along with a
detailed characterization of their addition/effect on host matr@onflicting results of

hBN as HT solid lubricaneedto be addressed(Podgornik, 2015; Torres, 2022; Zhang,
2008) in an effort to develop a homogeneous structure without compromising the
mechanical property of the hBbasedmaterial

Scarcely reported study on solid lubriceg materials producedsinglaser cladding in
comparson to SPS, PVD/CVD techniques havae taken up(Publication IY. Besides,
use of seHpropagating higtemperature synthesis (SHS) to produce powder precursors
and sintering thereof also requirestantion.

Most of the tribological studies regarding HT SL matetfieégure ceramic as a
counterbody materia (AkOs, SiNs) due to treir HTstability. However, certaitot-working
operations likehot -forging orforming might involve steel or a counter material similar
to aworkpiece(Deng,2018)and hencecompletely differentoccurringmechanismsf
wear. In addition, hard debris from ceramic counterbotias a high possibility to
contribute to a higher degree of abrasive wear or act as a third body on the sliding
surfaces. Above and beyontiere is a need to concisely choose the counterbody shape
as a spherical (balhne (most used due to easy alignment against the sliding body) may
involve ahigh contact pressure (Hertzian contacts) and may not mimic the real operating
conditions such alot -formingor stamping(Deng, 2018; Mozgovoy, 2018)

1.4 Objectives of the study

A safe environment, workplace, and efficient tribologl operation in a wide range of
applications involvinghigh temperatures(>300 c /i.e. degradation of conventional
liquid-based lubricantincluding machining, metébrming, internal combustiorengines,
etc. together witha strict EU directiveo cut back on metalworking fluidB8oyde, 2002)
have been the main motivation behind this P&idy.

The currentresearchwork takes orthe designingdevelopment, characteriation, and
HT tribdogicaltesting novel selflubricating compose materials/coatings incorporated
with varioussolid lubricants.
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Based on this, the main objectives of this study farenulated as

1.

2.

The design and dvelopment of a selflubricating titaniumbased ceramic
composie (TiTiB) for temperaturesup to900c [System 1)

Developmentof technology foruniform distribution of soft metal (such as Aay
Bi) inthe materialthrougha combineduseof secondary reinforcement

Design, characteraion, and tribologicalassessment obismuth as a HT solid
lubricantdopedinto a TFTiB composite(System 2).

Optimization and subsequent preparation of Bdé-based(sulfides of nickel (h)
or copper (CuS) or bismuth {8)) laser claddingand their microstructurabnd
tribologicalcharacterization(System 3)

Design, develoment, and tribologicastudy of hBNbased compositeproduced
through SPSutilizing mechanically milled areHS$owder precursorgSystem 4)

Table 11 presents a correlation between the formed researgbjectivesand the
proposed solutionini K S O ypRoblic&tioris.S Q &

Table 11: Correlationbetween theobjectives,Y | i S Nslstefnsafdl solutions proposed in
publicationgPub.)

Objectives| System | Pub.1 | Pub.ll | Pub.ll | Pub.IV (Ssgér\j) (SJE?TX)
1 1 P R R
2 2 R R
3 2 R
4 3 R
S 4 P P

In the current PhD work, the tribological tests performed might not miexictly the
field operations.However,the choice of tribebodies, testing conditionss madeas per
hot-metal forming orforging applicationdn mind. The study of modelmaterialsis
intended to gather a deeper fundamental understanding of the designed-lsdiitcating
materialsat high temperature tribological conditions, whiaan carryon to further
optimizationas per desired operational conditi@nd reported thereof
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2 Materials and methods

The chapter deals with the materials and methaditizedto fabricate,characterizeand
test the specimens

2.1 Powderprecursors

The used powdeprecursorsutilized forthe Sa i &aLISOAYSyaQ FIF o6NAOIFGA
characteristics andnpcurement are listed in Tab21. The designed concentration of

powder precursorand materialsvere selected(and optimizedpased on experimental

trials.

Table2.1. Detailed characteristics of the powder precursors used.

. Particle size| Purit .
Name Composition 6>Y0 (%)y Supplier
Titanium Ti <44 99.5 Alfa Aesar
Titanium diboride TiB <25 99.5 Alfa Aesar
Nickel oxide NiO <44 99 Alfa Aesar
Tungs.t en (Vi) WG 10-20 99 Alfa Aesar
oxide
Magnesium Mg 150 >99 Alfa Aesar
Hexagonaboron hBN 20 99 Alfa Aesar
nitride
Nickel Ni 45¢75 99.3 | Oerlikon Metco
Bismuth Bi XM p n 99 SigmaAldrich
NiCrBSi .
. . Castolin
Ni-based alloy | (0.2 C,4Cr, 1B, 2.5 Si, <2 50¢150 99 Eutectic
1 Al, and balNi)
Nickel sulfide NS KO0 99 SigmaAldrich
Copper sulfide Cus .00 >99.8 | SigmaAldrich
Bismuth sulfide BbS K00 >99.5 | SigmaAldrich

The followingfive powder mixtureswere employed to prepare precursors for the
consolidationprocesses:

() Precursors 1TiB and Ti powdemixturewith two different compositions i.e.
50wt.%TiB-50wt.%Ti and 10mt.%TiB-90 wt.%Ti.

(i) Precursor2: Ni and Bi powdeamixture by 30 and 70 wt.% respectively

(iii) Precursor3: Ni and W powder mixture in 60 and 40 wt% respectively.

(iv) Precursor4: NiO, W@, Mg, and graphite powdemixture (4NiOGWGs-yMg-
xC system designed as to obtairWialloys with a molar composition ratio
of Ni:W = 4:1.).

(v) Precursor5: NiCrBSalloy with10 wt% NiS or BeS or CuSowder mixture

Materials/material systems and their preparation techniques are listed in Table 2.3.
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2.2 Mechanical mixing

Precursors 12, and 5were dry mixed using a 2 h of mechanical rotation mixing and
subsequently, werdried in a heatingovenat6®/ F2NJ Hn YAY 0STF2NB (K
or laser cladding/depositioprocess for moisture elimination.

Precursor3 (NFW) was produced using a high energy ball milling (HEBM) technique
(Emax, Retch GmbH, Haan, Germany) in 1R5ars. Metal powders (60 wt% of nickel
and 40 wt% of tungsten) were initially dry mixed in a ceramic mortar. Wet milling in the
existence of ethanol (75 vol.%) was achieved using 3 mm zirconia balls as a milling media
with a powderto-ball mass ratio of 1. The milling conditions were optimized as follows:
1000 rpm for 12 h using intervals of 15 min and a pause for 5 min. Afterward milling,
0KS YAEGINBE o6Fa aASQ@OSR G2 RSGFIOK GKS olffa
hBN by 2 wt% (according the mass of the final NIV product) was addetb the milled
Ni-W powder.

2.3 Combustion synthesis (SHS) ofWi (-hBN)

For SH®rocess(Figure 5) the raw powders as in precursor 4 as per two systems:
(a) 4ANIGWGs-3.2M@3.2C and (b) 4NK/:-3.2M@-3.2G2 wt.% hBNvere homogeneously
mixed using a pestle in a ceramic mortar for 20 min, and 23.4 mm in diameter and a
cylindershaped green bodies of 7.8 g/cn? density and 4§45 mm height were ready.
Next, the green bodies weigacedinto a CPR.5I reactioncompartment(Sapphire Co.,
Abovyan, Armeniapackedwith argon gas of 99.98% purity at a pressure of 0.4 MPa.
To start the combustion reaction, a tungsten coil buried in the igniting mixture was
excitedby electricity under 12 V for 5 sec. Twetype tungstenrhenium (W/Re5 and
WReHnZ mnn >Y Ay RAL Y SpgoshididedatihdleS tiiNed 02 gieedf S &
body to record the temperatur¢éime developmentof the combustion wave progression
manner. Subsequent to the SHS processnplesvere cooled davn in thecompartment

and thecontrivedsamplesvere further crushed or milled into fine powdersieved using

a sieve with a mesh size of 100 microns, and put to acid leasliing 10% HCI solution

Fd nn c/ F2N) Hn YAY -pfradudSmaISRS).OF 6S GKS YI3ySa

=
w
-

a D
DC @: ‘Water cooling system _ Gas inlet
power — — e !

___ Gas outlet
00—

Reaction
chamber
Initial powder Ignition Combustion wave Final product

precursor propagation

Figure 5heme showing typical SHProcess
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Toanalyze the systems (a) and (b) were designed as per thermodyngratiction
0dzaAy 3 GKISOWH NG ! 2 Fd g NB LWOHBN)Tfogs with2za | Olj dzA I
molar composition ratio of NV = 4:1.

2.4 Spark plasma sintering (SPS)

The producedoowder precursord, 3, and 4were consolidated using the approach of
SPS (KGECT HP D 1BB, FCT Systeme GmbH, Frankenblick, Germany) under a
simultaneous application of pressure and temperature in waey<5 mbar) engaging a
continuous electric current. The precursors (here, 20 g)@aded into a graphite die of
20 or 25.4mm diameter. Graphite sheets were positioned between the punch and the
powder to avoid sticking between the sintered bulk and digich. The hBN spray
was applied to hinder the graphite interaction with the balkd their easy separation
during subsequent sintering Further, the loaded precursors are densified using a
simultaneous application of pressure and temperatioe a stipuhted dwell time.

I KSIFGAY3 MinidBas gppliedMoring sinteringand afterwards cooled
down by up toD200cd min. The applied pressure, temperature, heating rate, dwell
time for produced bulksvere optimized so as tproduce composite bulks with high
relative density andredetailedin Table 22. The composites bulks achieve densification
through solidstate sintering, which is a generapproach for the production of
hightemperatureceramics and composites.

Tabk 22. The process parameters of spark plasma sintering

. - .| Dwell time | Heating rate
Powder precursor Pressure (MPa) ¢ S Y LIS NJ 0 . . g.
(min) 0 ¢rin)
S TiB- 0TI
50Wt.%TiB-50wWt.%Ti 35 1500 3 100
(Precursor 1)
10wt % TiB-50wWt.%Ti
OTIB-S0WLI%TI 50 1050 5 100
(Precursor 1)
Ni-40 wt.% W -hBN)
50 1300 5 100
(HEBMPrecursor 3)
Ni-40 wt.% W -hBN)
50 1100 5 100
(SHSedPrecursor 4)

2.5 Lasersurfacemelting and laser cladding

Powder precursor ZNi-70 wt% Bi) was spread over the SfiSbulk (10wmt.%TiB-Ti)
for a subsequent laser surfadacorporation (or laser melting) of Miiinto the TiTiB
composite as to achieve a modified or transformed composite surfaocasequently,
a heating step was accomplish&dy’ 'y 2@Sy |G mnn c¢c/ F2NI wm KZI
binder (used during precursor mixing). The last stage of laser deposition (melting)
was executed using a rectanguktraped laser beam of Bm R 13 mm area under a
shielding argon atmosphere to pravieany oxidation of the resulting coatings using a
beam speed of & Y i* %nd laser power of 3500 W. The thickness of thenadted
modified surface was measured to lie betweencl5 mm. The dilution percentage
cakulated was <4%.

Powder precursor fNiCBSialloy-10 wt% NiS or BkSs or CuS)vasdispersedover a
1.4301-grade stainless steel plate for subsequent laser clad(tiegerating a coating)
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Prior to dispersalof the powder mixture, the SS plates were sandblastad means of
silica sando improwve the adhesion between the coating and substradext, the plates
with powderswere heaed inan2 @Sy | (i wmn /guacanteetie2zeddpavatiok af (i 2
the ethanol binder. Thesubsequentstep of laser cladding waserformed utilizing a
direct diode laser setup with a wavelength of 975 nm featuring a rectanghiaped
laser beam of 24nm PR3 mm inside an inert argon shielding atmospherestode any
oxidation of the resulting claddings. The clads wdepositedusing a beam speed of
noo <Yand fser power of 6200 Wrhe thickness of theproduced laser clad
coatingswasmeasured to be 2.5 mm with a dilution percentage as low as F4gure
6 demonstrates a general view of the laser cladding process and the developed coating.
Further, the fabricated specimens were ground and polishedRa0.25 1 @ n and > Y
later, cleaned with acetonfor the next step of analysis.
Deposition parameters were optimized to achieveg@d adhesion andninimum
dilution to the substrate.

{a) Laser cladding process,

194
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Figure6: (a) Laser cladding dporogress; and (basdepositedtop view of NiCrBSi+B% coating
(performedat AC2T research GmbH)

2.6 Characterization

Subsequent to the SPS process the graphite layerthe samplesvere detachedby a
grinding machine (80036, Cromag) and furthpolished to 15 N1 @ n Hinish ¥sing a
Phoenix 4000 (Buehler, US&)der water as a lubricatingnedium with the help of
8-inch diamond grinding discs (DGD Terra, Buehler, USA). Thempligs performed
at aspeed of 28 remin<t and held for 2minutes for each disc. The discs waltered
in adefiniteorder (45, 25,15,9, 3 and >m) and then cleaned with acetone anthylene
alcohol

The lasesurfacemeltedandlaser claddedamples were ground to ensure parallelism
FYyR LRtAAKSR (2 | OKredsdrsd ukingwa Zyg2NEw View730§3Ddnn >
optical profiler) for microstructural and tribological testing. All specimens were
ultrasonically cleaned in petroleum ether aridsed with acetone before testing.

The bulk density of samples was measured using Archimedes principle with a distilled
water as the immersing medium using balance (Mettler Toledo MEx20#zerlang with
0.1 mg accuracy. The density reported is the mebat least 3measurements.

The bulk Vickers hardness (HV) was measured using Indentec 5S0E¥iSuay Hill, UK)
unit with an indentation load X (X10, 30, 50 kglor 10 s. The reported values are the
averageof at leasts indentations.
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The bulk miashardness (HV1) was measured using a standard Vickers hardness
machine(Future Tech FW700;and Buehler Micromet) unit with an indentation load 1 kg
for 10 s. The reported values are the mean of at least 3 indentations. The diagonals of
the indents were imestigated through optical microscopyZeiss Discovery20)
equipped with AxioVision software

The indentation fracture toughness (IFT) was calculated from the length of radial
cracks originating from the corners of the indenfollowing Palmqvist approach
(Sergejev, 2006)The load of 50 kgf for 10 s on the indenteas used to develop
measunble crackon i K S & | Y LJ. $he &aluésdedited@re an average of five
indents measured on a sample surfatae surface cracks initiated by the indenter were
measured using optical microscopy.

The surface roughness (Ra) was measured in a comcte using the Mahr
perthometer, PGK 128nd a Zygo New View 7300 3D optical profiler

The morphology, chemical composition, and SEM images of the initial powders,
SHSed powders, SPSed bulks and laser deposited/cladded samples were investigated
under scaning electron microscopes (FHEEM Zeiss Merlin, Germgrgnd JSMT300
SEM, Jeol BV, Netherlandsquipped withenergy dispersive-ray spectroscopyED$
detectors.

Phase examination of the samples was accomplished usingran diffractometer
(XRDRig&u SmartLab SE using a D/teX Ultra 250 1D detector)aviti radiation of
on Y!'Z nn 12X < I oompnh yRYE D28 8LIGANYES2FF

2.7 Tribological tests

A universal materials test device (CETR/BrukidiT-2, USA) was engaged fSPSd
material€Xesting undera dry unidirectionalcircular slidingn ballon-discconfiguration

as shown irFigure 7 The testing was performed at room and high temperatures (up to
bnn.¢ckKSO KSI GAyYy 3 NIthi&. The cheffitihhdirictidnZCofE) ducig
the sliding test was recordedtach reportedesult comprises of average value from at
least two repetitions oftest. Further details of the tests are illustrated Table 23.
The choice of the load was mads per hot forming/stamping applications and also,
uponanoptimization to produce quantifiable wear.
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Test sample with holder inside the device ™

y 4

Test sample/and ball holder

Figure 7 A universal tribdest device (UMR) employed for the HT dry unidirectional sliding for
system 1 and 4.

The sliding wear behavior of the laserrfacemeltedand lasercladded samples were
LISNF2NYSR dzaAy3a |y hLGAY2Ef {wx GNRO2YSGHSNI ¢
Germany) under a reciprocating pam ball-on-flat configuration (performed at AC2T
research GmbH)An upper counterbody sample was loaded against a stationary test
specimen by means of a servo motor. The loaded upper sample oscillated using a spring
deflection mechanism against the lower flat specimen, which could be heated resistively
up to nominal temperatures of 900/ ® | OQlidzZl £ GSYLISNI GdzZNBa 2y ¢
measured using a thermocoupl&he test was performed at room temperature, 400,

I Y R ¢ Tiha coefficignt of friction (CoF) during the sliding test was recorgedher

details of the tests are illustrated ihable 23. Frequencyof reciprocationand stroke

f SYyadadkK ¢SNB FiddzySR (2 3IAG8"adinhotfothBigNdr 3S &€ AF
forging orstamping operation

3D wear topography measurements for the samptesletermine the depth, shape,
and volume of material removed (net missing volunvegre executed using 8D
profilometer (Leica Microsystemand Bruker Contour GRO 4. Counterbody pin wear
(length of the pin lost) wasvaluatedusing a Verniecaliper.

The wear rate, K, is calculated uskg (1) dividing the measured wear volumeg by
the normal load N and the totadlidingdistance d.Each reported result comprises of
average value from at least two repetitions of test.

o — 1)
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Tableo®d 5SGI Af &

2evalustediuBieiedrfessd @ A SyYaQ

System

Material

Preparation

Sliding test

Reference

50wt.%TiB-
50wt.%Ti

SPS

Unidirectional circular
ballon-disc
/ 2dzy G SND 2 R
ALOzball
Contact pressure: 0.81]
to 1.4 GPa
Load: 5t0 26 N
Speed of 0.1 nsH
Distance 1000 m
¢SYLIPY we

SPSdtitanium

Ni-Bi lasersurface
doped 10wt.%TiB
90wt.%Ti

SPS, Laser
surface
melting

Reciprocating pion-
disc
Counterbody: Ti6Al4V
Load: 100 N
Contact pressure: 30
MPa
Speed: 0.1 nisv
Frequency: 13 Hz
Stroke length: 4 mm
Duration: 200 s
¢SYLIDY we3X

Unmodified
10wt.%TiB-
90wWt.%Ti

NiCrBSLOwt% NiS

NiCrBSILOwt% CuS

NiCrBSILOwt% BiS

Laser
cladding

Reciprocating baltbn-
flat
/ 2dzy G SNb 2 R
AISI 52100 stedlearing
ball
Load: 50 N
Contact pressure: 1.7
GPa
Speed: 0.1 nks#
Frequency: 251z
Stroke length2 mm
Duration: 900 s
¢SYLIDY we3z

Unmodified
NiCrBSi

Ni-40 Wt.% W
Wt.%hBN)

HEBM, SPS

Ni-40 wt.% W
Wt.%hBN)

SHS, SPS

Unidirectional circular
ballon-disc

/ 2dzy i SNb 2 R
ALOz ball

Ni-40 wt.% W

Contact pressure: 1.1
GPa
Load: 15 N
Speed of 0.1 nkg*
Distance 1000 m
¢ SYLIDY vy

Ni-40 wt.% W
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3 Results and discussion

3.1 System 1TiTiB SPSd composite

3.1.1. Design and thermodynamic phase analysis
The design of system dddressesbjective 1 The choice of TiBvas made from the
general idea that ceramiaddition enhances the mechanical properfigardness, creep
resistancegconstrained grain growth, etcof the produced material. Besides, the TiBTiB
is very well compatible withitanium in the terms of close density value (4.5 gfdior
Tiand456g/cdF 2N ¢A. 0 YR O2STFTFTAOASy (b For G KSNXNI €
¢A | YR *w@®tor TB). Wihis might result in good interfacial bonding through
enhanceddensificationduring sintering.The choice ba high concentration of TiB
addition in the titanium matrix was selected duettee needed high mechanicatability
of compositeR dzZNA y 3 tgbologicaltésting(Farriedat high loads)

Existig phase studies on-B system(Ma, 2004)demonstrate that the formation of
a thermodynamic and chemidgbtableTiB (titanium monoboride) phase the sinering
of TiTiB precursorsassisted byfiBy S3a 4G A S DA6o6a FNBS SySNHASaA
the diffusion coefficient of boron in TiBo the titanium matrix and the growth rate of
TiB is very high, whiatauseshe formation of TiB, rather than TiBDue to whisker like
morphology of TiB, it isometimespronounced adiBv in current system.

3.1.2. Microstructure

After SPS consolidation of precursor 1, the compoSitesi dzdaBprefaged (grinding,
polishing) and characterized using SEM and XRD technigigese 8hows the surface
SEM image, XRD patterns, and fractured SEM image of-fi& Tomposite surface.

N TiB
(d) ! A TiB,
O Alpha- Ti
o O Beta- Ti
|

Intensity a.u.

Figure 8 (a, b) surface SEM image, (c) fractured SEM image(BndRD pattern of the -TiB
composite surfacéadapted from Publication 1)
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SEM imags of composite surface exhil@twellsintered bulk without the significant
extentof pores or cracksgure &, b). The fractured SEM points to the brittle mode of
fracturing Figure 8). However, a crack deflection mechanism of fracture was noticed in
the way of lengths of the cracks generated during indentation fracture toughness (IFT)
measurement using a Palmqvist approathble 31 details the density, hardnesand
IFT value of thd+TiB composite as reported in literature along with fabricated in the
current study.

The revelation of TiB phase along withzfiBase in XRD analysis points to incomplete
conversion of TiBinto a thermodynamically stable TiB plea§igure &l). This could be
due to the occurrence of some largEB particles in the initial precursor mixture
(preventing theTiB phases to completely react with the Ti matrix) or an insufficient
time (due to a short holding time of 5 min in the S#8cess) for a complete reaction
between Ti and TiRTi + TiBl H ¢(Rublication 1X (Sabahi Namini, 201p)Besides,
the Gibbs free energy value for the aforementioned equation is continuously negative
OnDI kBmoh)NBY (GKS we¢ G2 GKS aAyadSNay3a Gd§SYLISN
spontaneous transformation ofiB to TiB(or TiB, Titanium moneboride whiskers)

The existence of dual titanium boride (TiB TiB) in the composite microstructure is
recognized to augmenits mechanical and tribological propertieBor more details,
please refer Publication | and IX.

Table 31. Fabrication method, density, hardness, and fracture toughness &fi T@nposites
(adapted from Publication IX

IFT
Relative
Material Process A Hardness (MPa
Density (%) mb2)
CpTi [136] SPS PT DPH HpM pHMA -
TiB60wt% Ti [137] Mixing + SPS 99.6% - 9.35
TiBy-50wt% Ti . Mnny ®ény
M + SPS 99.4% 10.52
(current work) ing ° (HV10)
. . Ball Milling +
TiB 33 vol% Ti )
138] ° Reaction hot - 1351 (HV50) -
pressing
TiB30wt.%Ti [139] SHS + PHIP 98.45 87.8 HRA 6.15
TiB;20wt.%Ti [139] SHS + PHIP 97.57 86.7 HRA 5.23
TiBg12wt.%Ti
HS + SP T 1
(Publication IX) SHS +SPS % MPPA BHC 8.16

Considering above all, the production of a dens&iBi composite with a significantly
high content of ceramiphase(50 wt.%) featuring a high hardness and good IFT using
a quick, energefficient SPS approach (from commercially available powders) is
demonstrated. In an additional study by Kumar et @ublication 1X) the SHSPS
fabrication of T88 wt.% TiB dense composite (from combustion synthesize8 Ti
powders) with an even higher ceramic concentration (88 wt.%) achieved an excellent
hardness value (1550 HV30) and a good IFT.1® MP&m'?). The SH@roduced
composite demonstrated a complete conversion of stable and hard TiB phase (1800 HV).
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3.1.3. High temperature tribological studies
Unidirectional dry sliding wear of SPSed 50wt.%0Tit.% TiBspecimens (255 mnv)
carried out in balbn-disc configuration using an ADs ball as a counterbody was
performedfrom RT to 90GC (as shown iRigure J. The parameters of the sliding test
are shownin Table 2.3The 10000 s of test takes into consideration the phenomena of
runningin (to reach a steadgtate regime) and the stattop durations (after every
500 s), replicating the condition in real field bending or forming operations caused by
part loadingoffloading @ any other process interruption and likely time delay, for
example, due to human factors, etc. Moreover, an additional step of recalibrating of
device through interruptions was made to increase the test precision during testing.
Figure 9shows the wear rate and CoF curve for pure Ti (reference) and {R&Ti
composite sliding at different temperatures. A significant drop in wear rate and CoF value
was noticed for the composites with an increase in temperature, especially §0808C
diding. However, reference pure Ti demonstrated increased wear and fluctuation in CoF
evolution at HT of 708C accompanied by an extreme vibration of the test setup caused
by its high ductility and increased thermal softening (at HT). For more detaésetefer
Publication I.

(a)

—_
o
-

1 10000

- a
e —
T 08 oL o g H 5
< oo < 1000 { ¢
- =]
o ‘.,umM - =
E e L z H
@ : ) = 2
3 —20°C (Ti) 700 °C (Ti) g 0l =
o 20 °C (Ti-TiBw) 700 °C (Ti-TiBw) 2 2
5 041 —800 °C (Ti-TiBw) — 900 °C (Ti-TiBw) = °
= 2 |
o E £
£ 0.2 Pgmeyn V.M("Y‘H A K] ot &
2 B ‘ ’
P | £
0 2
0 2000 4000 6000 8000 10000 12000 Pure Ti, Pure Ti, Ti-TiBw, Ti-TiBw, Ti-TiBw, Ti-TiBw, Ti-TiBw, Ti-TiBw,
Time (5) 20°C 700°C 20°C 300°C 500°C 700°C 800°C 900°C

Materials

Figure 9 (a) CoF curves; and (b) wear rate for pure Ti and tHéBIcomposite after testing at
various temperature¢adapted from Publication 1)

Reference Ti and composite sliding against a hardgd:Ahll counterbody (point
contact can give rise to increased stress level) underwent significant wear at RT. Evident
marks of ploughing and cutting exist at this stage. Besides, the occurrence of a hard third
body (ceramic particles in the case of compositéyht have escalated the wear and
unsteady CoF evolution at RT sliding. Abrasion and adhesion were the main responsible
mechanisms of wear for composites at RT sliding. Whereas, severe ploughing, cutting
(abrasion), and plastic deformation were the majoechanisms of wear in the case of
reference pure Tirigure 1Ghows the SEM images of wear track after testing at different
temperatures.
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Figurel {9a AYIF38&a 2F YIGSNAIt& &daNFFOS | FGSNI af AR
O TiTiIB, H N ¢/ TiBX OCn n¢ ATIBT TO/RD BT WABNH /ATIBI i no U ¢ A
(adapted from Publication 1)

With an increase in temperature, the composite bared a formation of titaicia
(TiQ) tribo-oxide layer for XRD, refer to Pubhtion I). The thickness of which increased
with an increase in test temperature, being maximum at $00i.e. 3%m (Figure 1}.
However, the compactness and homogeneity of the developed layer were seen to be
paramount at 700 and 808C, upon which (90@C) the tribcoxide layer features a
detachment and fairly porous structure (possible due to thermal stress). Besides,
the highest load bearing capacity (26 ¢dntact pressure- 1.4 GPaalong with low CoF
value (<0.2) was demonstrated for trifmxide layer developed during 80AC testing. For
more details on load bearing capacity of developed tribxide layer, please refeo
Publication I.
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