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ABSTRACT

The aim of this research was to study the eftdcaddng Ru to WG10Ca4Cr coatingand
determining the effect there of on corrosion properties, wear properties andambsion
properties of te coatings The Ru powder was added to ti850 VM/WG731-1 powder in
different concentrations ranging from 0.5wt% to 2wt¥he 1350 VM/WGC731-1 powder, which
had a composition of W0wt%Cae4wt%Cr was mixed together with Ru powder for several
hours befoe thermally coated on a steel substratlee powders morphobies wereharacterized
usingField EmissiorScanning Electron MicroscopeESEM). The thermal coating method used
was the High Velocity Oxygefruel HVOF). After successfulcoating, the sanples were
sectioned to smaller piecand different test were dowoathe smaller pieces tetermine coating
properties. FESEM characterization otoating morphologiesvere done before any test were

performed and pogest FESEM characterization were gte@sformed after each test.

On the results obtained, it was evid#ratthe Ru addition had an effect of decreasing the hardness
by very low margin. The microstructural analysis showed no to very little effect caused by Ru
addition on the powderThe dstribution of Ru on the coatings were not constamd it was
distributed in small pocksbr islands throughout the coatingBwo very corrosive environmesgt
which werecomposed of synthetic mine wateat pH levelsof 3 and 1, wereusedas corrosion
electrolyte and tribecorrosion electrolyteThe corrosion open circuit potential sted a positive
resultsas the increase in Ru contéad an effecof decreasing theocrosion potential. The wear
rate of the coating decreaswith increatng Ru conten and the coefficient of frictioralso
increasd with increasng Ru content.Tribo-corrosion rates decreased with increase in Ru content

in the coating.
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Chapter 1: I ntroduction

1.1 Background and motivation

Tungsten carbide hardia¢s are widely used in industribecause of their high wear resiste
due to their high hardness and tough binddrisermalsprayed coatings are applied to low cost
substrates to improve the wear resistance, corrosion resistance, oxidation resistance, hardness, and

erosioncorroson resistance of the substréfé.

Hardmeals powders can be applied as coatings (thermal coatings or cold spraying) and can also
be used for sintering purpose€omparing thermaspraying and cold spraying, both methods
offers different mechanicalrpperties and have differeatlvantages andisadvantages, so to be

able to choose whichethod to use depends the application of the materialhe samepplies

to sintering they too are application and cost dependéamtthis study, 1350 VM/WC-731-1

powder was mixed with Ru powder in the rangarf 0.5wt% to 2wt% to determine the effect of

Ru addition on corrosion properties, wear properties and¢obmsion properties of the coatings.

This was done by using high velocity oxygen fuel (HVOF) method to apply the mixed powders

on the mild steetubstrate.

Tribo-corrosion, corrosion and wear greneral caussof material deterioration of flovaandling
components such as impellers, turbines, pump casings and piping which are in contact with solid
particlecontaining corrosive environments at hitfpw rates. Materials subjected to such slurry
environments must not only resist the erosion of solid particles and liquids, but also be resistant to
corrosion [56]. Transporting minerals such as slurries through pipe lines is an efficient means of
transporting and is done during many mineral processing operations, but there is a challenge as the
movement of these slurries can cause even more erosion damage and corrosion in places where

theslurry flow changes directiof7].

Ruthenium additions to allgyhas an effect of decreasitige corrosion rates in prious studies
[1-3]. Ruhas limited uses in industry and more resessdredeterminé to do more research to

determine the performance of Ru infused alloyed at different testing conditRun@ndother



platinum group metals (PGMs) Pt, Os, Pd, Pd, and Ir and mined in huge quantities in South Africa
with very limited industrial usesPotgieteret al. [L] andNelwalani [5]showed that Ru additions
reduce erosioorrosion and corrosion ratessyntetic mine solutionat lower pH of 3Machio

et al.[6])

Significanceof this research

This research waaimed at investigating theafluence of Ruaddition toWC-10Co-4Cr high
velocity oxygen fuel (HVOF) hardmetal coatings in terms ofasion, tribacorrosion andoall

on disc wear propertiedild steel was selectetd be used as a substrate because it is inexpensive
but with poor wear and corrosion resistance, so applying the coating to the mild steel substrate will
be very beneficial. Hardmetal cotings are costly, but generally have high wear resistance.
However, when exposed to corrosive conditions theydetiériorateFrom research already done,

it is evident that Ru additions to WCo and WCFe reduces the corrosion rate in different

corrosionenvironments.
Industrial applications

WC-10Co-4Cr hardmetals coatings are used in industry where a hardmetal coating with better
corrosion resistnce and high wear resistancedesired. WGCo-Cr hardmetatoating have better
corrosion properties than @/Co hardmetal coatingsbecause of Cr present in \AGD-Cr
coatings. WC-Co hardmetals are used in applications Bkeay nozzles, seals in slurry pumps,

drill bits, cutting toolsjmpellers, pumgasings, valvesprming dies, projectilesand rolls [911].

Since WCGCr-Co hardmetals are used in applioas where corrosion and trilmrrosionare
important factors, manufacturing coatings with even better corrosion and wear properties will be

of benefit to the industry as it will save down time and cdgésto maintenance and replacement.
Research questign

1. What is the effect of Ru additions of up to 2wt% to \@&Cr HVOF coating on corrosion
properties, tribecorrosion properties and friction wear properties?
2. How does Ru additions to WCo-Cr affed the microstructure and hardness of the coatings?

2



1.2 Research aim and objectives

The main aim of the research wisinvestigate the effect of Radditions to WE10Co-4Cr

hardmetalscoatings on corrosion properties tribo-corrosion properties and frictin wear

properties.The main ofectives of the research were:

T

To determinghe effects of Ru additions on WOCo-4Cr HVOF hardmetal coatings
terms of corrosioehaviornn synthetic mine water at pH of 3.

To determingheeffects of Ru additions on B/10Co-4Cr HVOF hardmetal coatingand
in terms oftribo-corrosion prperties in synthetic mine water at the pH of 3.

To determinghe effects of Ru additions on WIDCr-4Co HVOF hardmetalkoatings in
terms of friction weaproperties

To determine the et of Ru additions on WKIOCo-4Cr HVOF hardmetal coatings in

terms of microstructure and hardness.

1.3 Structure of the thesis

This researcleonsistsof 7 chaptes which are;

T

Chapter 1 Introduction

Theresearchmotivation,researctaims and objectives fdhe research are outlined in this
chapter.

Chapter 2 Literature review

The literature review coved the backgroundof the Tungsten carbides, Ruthenium
addition to hardmetals, High velocity oxygen fuel process, Corrosion of metals, wear of
meatal and tho-corrosion of metals.

Chapter 3 Experimental

ProcedureExperimental procedure covered the powder preparations, material
characterizationglectrochemicatorrosion testing, wear testing, trisorrosion testing,

and scanning electron microscope.

1 Chapte 4 Microstructure and mechanical properties results



Powder morphology results, as received sample cross section, phase composition results,
grain size and contiguity results and hardness results are shown in this chapter.

Chapter 5 Sliding wear, electraahnicalcorrosion,and tribecorrosion results

Sliding wear results, electrochemical corrosion results, and-twbmsion results are
shown in this chapter.

Chapter 6 Discussion of results

Discussion of characterization of samples results, grain sizeaatiuity, hardness and
thickness, sliding wear, electrochemical corrosion, tdbwosion results were discussed

in this chapter.

Chapter 7 Conclusions and recommendations

Conclusion remarks of the work and future work recommendation are shown in this

chapter.



Chapter 2: Literature review

2.1 Tungsten Carbide

Tungsten carbide ian irongrey powvder of micronsized cubical crystal&ith a Mohs hardness
above 9.5 and melting point of about 2982°Qt is produced byhe reaction o& hydrocarbon
vapor with tungsteat high temperatureThe conposition is WC, but at high temperatuitenay
decompose into ¥C, W3C, W3Cs and G and the carbide may be a mixtofehe two formsWC

is used mainlyfor cutting tool bits andfor heatand erosiofresistat parts and coatings.
Briquetting of tungsten carbide indausable form was firgtatented in Germany and produced by
Krupp Works under theame of Widia metdtL9].

Tungsten carbiddardmetals are materials that are widely used in applications whergceab
resistance is requiredMaterials which incorporattungsten carbide as the hatthse are often
chosen due to their proven longevity, wessistance, stiffnessend high temperature resistance.
Hardmetals are powder metallurgical products congsif refractory metal carbides and a binder
metal. The most common refractory carbide used is WC, together with cobalt as the binder, though
other binder systems are also well established for more specialized appli¢hfpnsSmall
amounts of vanadiu carbide (about 0.5%4) are usually added in the WCo industry to produce

a fine gained WCo material. The hardness of WICo improves with fine WC grain sizes [1.6

They initially consisted of 6Wb Co bonded WC, and due to their good hardness and wear
resistance, cemented carbides were further developed into cutting tools, wear parts and machine

components by Krupp iGermany[54].

Cobalt is the most widely used binder in Vid@se hardmetal<€Cobalt is the preferred binder due
to its outstandingvetting and adhesion characteristigSobalt has a lowemperature hexagonal
phase and as higemperaturecubic phase, with a phasensition at about 415°C Cobalt is
manufactured through reductionadbalt oxides or derived from organictsaparticularly cobalt

oxalate [50.



2.1.1 Microstructure s and phasesf WC-Co-Cr coatings

Microstructure of WE10Co-4Cr contains splatke structure where WC grains are embedded in

Co and Cr bindephases.Phase analysis of the coatings has WC as main phasevaatlounts

of W2C phases, and W is presenas result®f WC decarburizingpecause of high heat from the
sprayingprocess During the coating process, WC dissolves into the binder and C oxidized to CO
or CO» and during cooling process, W precipitate teaG/NFurthermore, rapid solidification of the
supersaturated Co (W, C) matrix can cause the formation of an amorphous or monocrystalline
phasd37-38]. Figure 2.1 shows a typical scanning micrograph of-@GHHVOF coating.

Figure 2.1. Typical SEM micrograph of WC-Co HVOF coating microstructure [34].

Coatings formed from poroymwders manufactured by agglomeration and sinteringttefudm

a coating that is less porous and dense, whereas cqatinlysed from dense sintered and crushed
powders tendo have more voids on the coatings and thus increased®¥@&arCarbon evaporate
by oxidation as indicated by the lower carbon content of the coating compared to the p&tvder.
the same time, part of WC dissolves in the cobalt matrix and can either fotmaphous or
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nanocrystalline supersaturated s ol-phase upanbal t

solidification. Tungsten and WC can precipitate frone Bupersaturated solid solutif®2].

2.2 Ruthenium addition to hardmetals

Ruthenium is &ardsilvery-white metahaving a specifigravity of 12.4, anelting point of about
2310°C and &Brinell hardness of 220 in the annealed sté@itee metal is obtainefdom the residue
of platinum ores by heat reduction of rutheniomide RuQ) in hydrogern[19]. Ruthenium is the
most chemically resistarmdf the platinumgroup metals and does nalissolved by aqua regia
Ruthenium has a cloggcled hexagonal crystal structuiRutheniumplatinum alloys are used
for electric contacts, electronic wgechemial equipment, angewelryin manufacturingSeveral

ruthenium intermetallic compounds hold promisegdotential hightemperature, aircrafurbine

parts because of théirgh melting temperature and evidence of reiemperature ductility19].

Research p Shingat al[36] showed that Ru additions on WIDCo hardmetals has an effect of
increasing the hardness of hardmetals and decrease in toughness on sintered samples due to the
fact that Ru inhibits the growth of WC grairRu addition to sintered hardiads can decrease the
toughness of the WLCo due to the hardening effect of the binder, which results from Ru remaining

in the solution in the cobalt matrix.

Bonjour et al. and Masuku et §41, 42] has shown that the addition of Ru irsteobalt binder
had stabilizingproperties in the W&o composite Ruthenium could inhibit the formation of eta
phasein sub stoichiometriGVC-Co andnormally only a minimum amount of Ru is required
Research done byan der Merwe and Tharanf85] showed that Ru additisnto stainless steel
has an effect of decreasing corrosrates buis very important to havan even distribution for

better corrosionasistance

The corrosion rate of the alloys sulphuric acid slightly decreased as the rutinencontent
increasedAlloys containing 1wt% and 1vi&% Ru showed almost similaorrosion rat@&s shown
in Figure 2.240].
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Figure 2.2 The effect of ruthenium additions oncorrosion rate of sintered WGCo alloys in1M
H2S0, [40].

The addition of ruthenium changes bathaic and cathodic Tafel constant$he additions of
ruthenium in sulphuric acid solution influenibeth anodic and cathodic sites at the surface of the
WC-Co-Ru, and more specificallthe cathodic sitef40]. For OCP the polarization currents

decreased uh the increasing exposure time and increasing ruthenium content.

2.3High Velocity Oxygen Fuel (HVOF) WC-Co coatings

The Hgh Velocity Oxygen Fuel (HVOF) coating method is widely used in engineering
applications to extend component life by retarding weagradation and erosiaworrosion
damage.Since their inception, thermal spray technologies have been the subject of studies aimed
at optimizing the process parameters to consistently yield coatings with good bond strength,
minimum residual stresses alagv porosity. The use of WCCo coatings in wear applications is

mainly due to their high hardness and the good bond strength between the different phases. Control
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of the coating properties is complex because the properties are derived from the intefaction
various factors such as the properties of the feedstock powders, type of spraying technique
employed andhe spraying process parameters [Ilhe thermal spray processoise ofthe most
versatie method for surface treatment in terms of economyjga of materials appliednd
protected, and the scope of applicafib®]. Figure 2.3 show the HVOF process overview.

Fuel —» ﬂ:
Combustion
Powder —=
Chamber
Oxygen —=——
2
Cooling Water Workpiece

Figure 2.3. HVOF process overview [47].

The HVOF, shown in Figure 28 mbines a fuelike kerosene, propylen&hich burns with a
large amount of oxygen to produce a flame wittelatively low temperature (around 3000°C) and
an extremely higlgas molecule velocityThevelocity may reach values near 2000 (oisHVOF

in contrast to about 100 m/s flame sprayorgl000 m/plasma sprgng) [14]. It can result in
very dense and tightly adherent coatintgsying low residual stress with little or no oxidation
[12]. Powdes sprayed using HVOF can hadédferent coatingproperties according to their
manufacturing, initial characteris (composition, shape, morphology, etc.) and spray
parameters. Theermet powdersconsisting of carbides and metallic bindare highlysuitable

for HVOF spraying because the high velocities and tlewperatures involved cause no melting

of carbides, dninishing theithermal degradatiofi1].

The HVOF process uses extremely high kinetic energy and controlled thermal energy output to

producevery-low-porosity coatings that exhibit high bond strength, firs@ayed surface finish,



and low residual streses Bonding of thermal spray coatings relies primarily on mechanical
interlocking with the substrateaterial. Good surface preparation cannot be overemphadihed
coating deposition rate is limited by the method used l@delting point of the coag material
[50]. Powders having a narrow poesdgrain size distribution results @oatings of higher quality
than powders with wider grain sizistributions Small grains arenore easily overheated than

larger grains.Overheating maproducecoatingphases with poor qualifg].

High deposition rates apossible with little significant change in composition occurring from the
powderfeedstock through to the coating, even when the elements in the coating have widely
differing vapour pressuresThe nost obvious limitations of this process are that the coating
process is O0line of sighto, r equi covemnage, and mp | e x
that the more reactive elements may well oxidise during the spragaegss if conducted in air.

Porosity problems previously reported for plasma spatings can largely be overcome using

post coating thermomechanical treatm¢bgy.

The various HVOF systems diffen ithe type of powder injectiordesign ofthe combustion
chamber, andhozzle geomiey. The powder feedstock is usually axially injected into the hot
exhaust gases, or into the combustion chamber, dependingtgpelod HVOFsystem andiozzle
system.Heatingand accelerationf the particles takes place within the bhafethe torchas well
asin thefree jet outsid¢he barrel The flame temperature is about 300G2@ thevelocity of the
exiting and further expanding gases may be as higl2@3 m/s. The powder particles canaeh

velocities of up to 600 m/depending on the deibg shape, and size of the feedstock material

[47].

Due to the high patrticle velocitieand the rather moderatemperaturesthese processes are
preferably used for coating materisth&t tend to decompose at higher temperatuiéss is the
reasonfor their main field of application, the deposition of hard metedshented carbides such

as WGCo and C4Co/NICr, since the densitgnd the wear resistance bése coatings is extremely
high. The main field for HVOF is applications for abrasion and sfidivear. Components like
nozzles of water jet cutting tools, rolls for paper and foil producing industries, sliding areas of

pressing irons, valves and pumps in petrochemical applications, and meclsaaisal2].
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Variations in fuetype,gas flowand powvdertype have all been shown to affect the wearstance
through their influence on the microstructur€he microstructure is nadhe only sprayelated
feature to have an effect on the wear resistarBecause of the nature of the spray process,
significantresidual stresses, which are often tensile in nature,\eitish thecoatings [34

The stresses develop because the splats are physigabie to deform enough to accommodate

the strain arising from the solidification and coolingismatch betveen the thermal expansion
coefficients of coating and substratan generate stresseslhe residual stress state léaing
spraying also depends on thbility of the system to deform and thus allow relaxation of the
stresses, which in turn depends oe 8ystem geometry A thin planar substrate will allow
considerable bending and will thus result in reduced stresses but a high stress gradient in the
coating; a thicker substrate will result in a larger overall coating residual stress but a smaller stress
gradient.Similarly, geometries other than planar will imposeatiht constraingn coating stress

relief [34].

Thermally sprayed cermet coatings have emerged as a viable solution for a wide range of wear
resistance applications to improve the serlifeeof machine componenf&5]. Thermal coatings

using tungsten carbides powders on spgetlineshave been used for years in mining industries

for applications where materials with high eroscamrosion properties are requirétransporting
mineralsas slurry is an efficient means of moving it and is done during many mineral processing
operations, but there is a challenge as the movement of these slurries can cause significant erosion
and corrosion in places where the slurry flow changes direckamps, elbows, tee junctions,
valves, flotation cells, and hydrocyclones are parts of mineral beneficiation systems that are subject

to wear and corrosiofi.7].

WC-Co-Cr coatings derive its wear resistant properties from the presence of high volumae fractio
of hard, wear resistant WC grains in a Co based metallic binder piaseresence of the metallic
binder provides some toughness in the coating compared to pure ceoatmgs;howeverthe
binder can exhibit some brittlenesiigh W and C are dsolved inthe binder duringpraying

[33]. Compared to other thermal spraying methods, HVOF spraying is capable of pratkrseg

WC-Co system cermet coatingdth low porosity, limited oxide content, less decarburization,

11



high hardnes and superior borstrength [38 Thermal spraying can causeme decarburization
of WC to ditungsten carbide (MZ) in some coatings, formation of eta phase @ard also cause

the Co binder phase to acquire an amorphous structuettagg6].

2.3.1 Mechanical properties of WGCo coatings

Hardness of W&o depends not only on grain size of WC but also on the volume fraction of WC,

the mean free path of the binder and the contiguity ofpai@icles B5. ResultsSromO6 Qui gl ey
at al B7] on sintered sampleshowed thathe mean free path increase with increasedrcontent,

hardness decrease with increase in Co content, and hardness increase with increase in mean free
path. The mechantal properties of hardmetals can ingproved if there are fewefracture
pathways wihin its matrix. In order to reduce fracture pathways, a magguirement is that the

binder should possess very good wettability so that the frazatinecould pass through the binder

phase ather WCGbinder phasenterface g5].

WC-Co also exhibited aonstant profile when compareddther coatings, which is indicative of
its low porosity andncreased splat cohesion of the coating obtained by the Hyf®d&ying
process. The cobalt as the binder phase could hanedted and the unmelted carbide particles
passed along witthe flame depositing them during the HVOF process, thus resiuftingyh
strength and good adhesion between the matrixttadarticles[48]. Thermal spray coatings
consist of many layers of thin, estapping, essentially lamellgaticles, frequently called splats
Oxidation may occur because of the oxidizing potential of thedasiixture in flame spraying
Generally, the wearesistance of the coatings increases with their density and cohesive strength,
so the highewrelocity coatings such adVOF and particularly detonation gun coatings provide
the greatest wear resistance for a given compositiolVOF coating appliation, an explosive
gas mixtureignites in the barrel of the spray gun, which melts a powdered coatingahatet

propels it (with a carrier gas) stipersonic speeds toward the subsf{éite

Fracture toughnegKc) values indicate the resistance of a material to fracture from intrinsic flaws.
A variety of test methods and specimen geometries are usedyison must be exercised when
comparing reported values from different manufacturérscture toughness increases with both
increased cobalt content or WC grain 9i2@]. Vickers hardness number (VHNgalues range
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from 800 to 2000/HN. The precisiorand accuracy of hardness testing is influenced significantly
by the surface finish of the tgsiece, parallelism between top and bottom surfaces, and the quality
of hardness stamadds and diamond penetratof3ensityvaries inversely with cobatontent as
shown in Figure 2.4Porosity levels also influence dendiy)].
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Figure 2.4 Effect of Co content on fracture toughness and effect of Co content density [50].

Hardness increased by a combination of grain size decrease, agreébesextent, solid solution
strenghening. Ruthenium additions ameore effective in improving hardness when substituting
Co than whemeplacingWC [49]. The mean free path decreased with increased Ru additions for
sample WE10Co10VC and for sample WKLOCa0.8VC the mean free patcreaseswith
increasein Ruadditions 1]. Another very important parameter to assess corrosion protection of
the HVOF coatings is the porosity level in the deposited Idy&r

2.4 Corrosion

Corrosion is an importardurface e@gradation process in some applications of carbideGuC
based hardmetal3]. The corrogn resistance of W&o canbe improvedoy some transition
carbides, whictareaddedin small amounts.Chromium carbide (GE>), for exampleadded o
WC-Co in amouts of about 0.&t% markedlyimproves corrosion resistanfEs]. Deterioration
as a result of corrosion idten accepted as unavoidable, whids ledto widespread lack of

awareness of the importanaecostof corrosion[20].
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The widespread use of WCo hardmetals, in which hard WC piates are bonded with metallic
Co-based alloys foadvanced tribological applications under harsh environmental conditions calls
for a fundamental understand of its corrosionbehavor [25]. The exposed surface areatioé
binder(Co) phasecorrodes preferentially rather th#me carbidgphase. Corrosion of the binder
phase occurby apitting mechanismand attack at the carbide/binder interfaces is exaggerated
[4]. Therefore,he corrosion resistance of WCo hardmels inacidic and neutral electrolytes is
controlled by the corrosion resistance of theder(Co). This is because the oxidation potential
of WC is nobler than that of @3], and t is expected that as the binder corrosionstasce is
increased, theffectof thegalvanic caipling between WC and Gereduced and corrosion lodth

WC and Co can take place [24The corrosion potential of the WCo hardmetal shifts tmore
negative valugin synthetic mine water compartmsulphuric acid.The curr@t densityincrease

with increasedpolarization and pseud@assivity isnot as pronounced as it is in the case of
sulphuric acid4]. Potentiodynamic measuremsmn WG Co have shown th&o dissolves in
acidic and neutral solutions, while it passivatealkaine solutions andiVC dissolves in alkaline

solutions but not in acidic or lower pH solutid2s].

The need to withstand wear and corrosion is an oldnalidrecognizedoroblem that limits the

useful life of engineered componenidiere areseveal tactics to combat wear and corrosiome

direct approach is to construct components egtiireim specialty wear and corrosioesistant
materials,but this can be very expensive and impracticihce wear and corrosion are surface
phenomena, a coatl approach can be effective for minimizing costs and maximizing the
performance life of component®/i t h t he perfor mance needs and o
engineered components, especially those conditions associated with high temperatures, hard
coating materials with inert and reftacy properties are required [R1

Thermaly sprayed WCcoatings exhibipoor corrosion resistance agueous solutiaas a result
of delamination of the coatddyerfrom the substrate, mainly due to intersteses of coated
layers and interconnected po[26]. The rate of corrosion depends upon the emwvirent and the
type of material, and it can be rapid mghly corrosive environmest[27. The corrosion

resistance of W&/C-Co grades increases with increasiCo content whepolarizedin HSQs.
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This corrosiorbehavioris in agreement with the straight WCo grades, since there is an increase

in corrosion resignce with an increase in Co [30

HVOF WCi Co coatings have been widely applied to engineeringpooients. They have been
successfully used as internal sealing faces of gate valves to overcome tribological and tribo

corrosion issues assotad with leakage and jamming [22

Cemented carbides are often confronted with deteriorg@folems in corrosie solutions via
dissolution of the binder.Their poor corrosion resistance in agueous solutions reduces the
spectrum of their applicationsThe presence of aggressive chloride ions in electraighation
could cause increasimgrrosion ratesAt roomtemperature, cemented carbides show an excellent
resistance inbasic and neutral aqueous solutionslowever, strong acid solutions such as
hydrochloric andsulphuric acid can cause severe corrosion and material degradafibe
corrosion of cemented dades could be determined IByudying the dissolution of the binder in
acid and neutral solutionin alkaline solution, WC might dissolve at highiates. Increasing the

pH value can also shift corrosion potential to the more negative diredticecidc and neutral

solutions, pure W&o alloys could shoywseudo passivitj4Q].

Cobalt is anember of the transition metals with main oxidation stateé$ &a C3* as shown in

equation (1) and §2

/////////////

//////////////

The CG*ion is unstablendcanbereduce to a more stabl€o?*, andCo®" can bedisregarded
for the consideration of the corrosion behaviour in acid soluti€sbalt corrodes atively in

acidic media and oxide formation occurs at pH levels arounaxygenated environments

Passivity is defined as the loss of chemical reactivity experiencegrginmetals and alloys
under certairenvironmental conditionsPassivity iscaugd bythe formation ofathin protective
hydrated oxide The @rrosin product surface film ads a barrier to the anodic dissolution

reaction. Figure 2.5llustrates the typical behaviour of a metal that demonstrates passivity effects.
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The behaviour othis metal can be conveniently divided into three regions: active, passive and
transpassiveIn the active region the behaviour region the behaviour of this metal is identical to
that of the normal metallf more oxidising agent is added, the corrosiate will decrease and it

will be the beginning of passive regiort very high concentrations of oxidisers the corrosion

rate againncreasesand it will proceed tdranspassiveregion [28].

!
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Figure 2.5. Corrosion characteistics of an active metal as a function of solutiooxidising power
[28].

2.4.1 Corrosion of WC-Co hardmetals

Electrochemical reactions are usually discussed in terms of the change in valence that occurs
between the reactinglements, that is, oxidation égmeduction. Oxidation and reduction are
commonly defined as followsOxidation is theremoval of electrons from atoms or groups of
atoms, resulting in an increase in valence, and reduction is the addig@@tiobns to an atom or

group of atoms, restithg in the decrease in valence

Electrochemical reactions or oxidatioeduction reactions can be represented in terms of an
electrochemical celvith oxidation reactions occurring at one electrode and reduction occurring

at the other electrode, electrechicalreactions are often further defined as cathodic reactions and
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anodic reactions.By definition, cathodic reactions are thagg@es of reactions that result in

reduction, such as:

""""""""

MS) —> M*+20666666666666666é Equation24

This metal/aqueous interface is complex, as is the mechanism by which the reactions take place
across the interfaceBecausehe reductioroxidation reactions involve species in the electrolyte
reacting at or near thmetal interface, the electrode surface is charged relative to the solution, and
the reactions are associated with speeifectrode potentials.

Thermodynamic stliesand calculationsan be used to predict td@ection of a reaction arni
predict whether corrosion is possible or not under given conditiombermodynamicsand
electrochemistry are very important in understanding and controlling corycsnme arly all

metallic corrosion processes involve transfer of electric charge in agueous sqifians 33].

Alternative to electrochemical methods ao#-electrochemical methods, suchimsnersion corrosion
tess and solution analysisThese are valuablwhere corrosion products are ramfherent and when
knowledge of the corroding system at equilibtius of importance. They require relatively long
exposure periods for the results to be meaningf@uantitative analysis of patéodynamic

polarisationis can be donéyy using either the Tafel method or larepolarisation resistance

appropriately known as the Ste@earymethod[4§].

Corrosion resistance is not usually considered a prime requirement of hardmetals, but it is
important in the use of hardstals in mechanical seals and valves idustrial pumps and in
seawater 39]. Remarkable corrosion resistance of alloys containing small amounts of noble
metals relies on the principle that the high exchangeent density for the reduction of hydrogen

can shift the corrosion potential of the alloy to a value in the passive region, causpestit@te

spontaneouslyZ].

Corrosion resistance depends on many factors. It is a complete and comprehensive study and

requires knowledge of several fields e€ientific knowedge as indicatedn Figure 2.6
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Thermodynamics and electrochemistry are very important in understanding and controlling
corrosion. Thermodynamics which is a study and calculations indicates the spontaneous direction
of a reaction and tmeodynamics calculations can determine whether corrosion is possible or not
possible under given conditionsNearly all metallic corrosion processes involve transfer of
electric charge in aqueous solutions that is the reason why electrochemistry styzbyriant for

understanding corrosianechanisnj28 and 58

Electrochemical
Corrosion .
- » . «— Metallurgical
Resistance
Thermodynamic

Figure 2.6. Factors affecting corrosion resistance of a met4b8].

Physical
Chemical

The corrosion resistance of carbides is limited by the susceptibility of the cobalt binder to chemical
attack, although therare some corrosive media that attack WIhe corrosive media typically
dissolve the cobalt binder from the matrlgaving behind a weak, unsupported skeleton of
tungsten carbide grains, which are easily abraded aWag.corrosionmesstance of straight WC

Co alloys is, in general, inversely reldte that of the bindecontentas shown in Figure 2[B0).
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Figure 2.7. Corrosion resistance of cemented carbides [$0

2.4.2 Effect of Ru additions on corrosion

Addition of Ru on duplestainless steel has an effect be bpercircuit corrosion potentiah a
positive way.The OCPRwas displacetbwards more noble values by the small rutheraglafitions

in both thesulphuric and hyachloric acid solutionsThe alloys containing ruthemin passivated
spontaneously inNl HoSOQs at room temperaturayhile theyall corroded actively in theM HC1
solutionat the same temperaturButhenium inhibit the anodic dissolutioathodically modified

alloys this was observed by theacteases in theorrosion current densities awdtical current
densities in the two reducing acitedia[3]. Corrosion electrochemical tests of sintered W&

Ru alloys in sulphuric acid showed that the OCP values of the samples increased with an increase
of ruthenium. This positive shift of potentials could be due to the spontaneous formation of a
passive film that would decrease the dissolution of the samples as the ruthenium content is
increased.This implies that dissolution of the samples decreases with timéhenig probably

due to spontaneous passivation [1].
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Sliding distance

Research done kyelwalani[5] on the effect of Ru additions on Wk plasma transferred arc
hardfacing coating isynthetic mine wateshowed that at lowgoH of 3 the erosiofcorrosion
resultsof the Ru alloyed coatingsre much better than theample with no Ru.However, the
alloyed coatings did not show much of an increase at the lowésy@Hbutremained at a very
similar average penetration rate indicating that the more corrosive medium dalvedrheffect

on the erosiorcorrosion. At the lower pH the addition of Ru actually caused a decrease in the
corrosion rate of the hardmetal over time for Ru content above 0.7wt%, whereas the unalloyed

coating showed a significant increase in corrosioa after a 12 hogrexposure.

2.5Wear of hardmetals

Wear is generally quantified by wear rate. Wear rate is defined as the volume or mass of material
removed per unit time or per unit sliding distance. FigBslRows different stages of weallear

ratemay start low anéhcrease ostart high and then decred4é].

Rurvin Steady state Steady state Failure occurs
period sliding no. 1 sliding no. 2

A\

///
-

Sliding distance

Figure 2.8. Hypothetical case dwear volume as a function of sliding distance showingun-in stage,
steady-state and failure regiong46].

The initial period during wich wear rate changes is known as theinuor breakin period. Wear
during runrin depends on the initiahaterialstructure and properties and on surface conditions
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such as surface finish and nature of any film present. In this region the surfaceessugh
modified to a steadgtate condition by plastic deformatiofihe wear rate is dependent upon the

counterface or matting material, surface prepamagnd operatingonditions #6].

Friction and wear between two moving surfadependon mechanichproperties of the mating
materials such as: hardness, elastdulus, fracture toughness; other physical and chemical
propertiessuch as: thermal conductivity, surface energy, adsorption charactercstersjcal
reactivity; surface conditions such asughness andpparent area of contact; and operating
conditions such as: load, speedterface temperature, and environmenYarious friction
mechanismsuch as adhesion apibughing whichcontribute to friction and wear are strongly
affected by the mperties of mating surfaces angerating conditions.Surface roughness of
mating surfaces and areh contact between these surfaces play a key role in deciding friction
[21].

Thermally sprayed WQCo coatings of thickness of 20600 um are widely used farotect the
components from sliding, abrasion, fretting and erosive wear as they offer an effective and
economic method of conferring wear resistance without compromishreg attributesof the
component28]. The sliding wear mechanism for the HVYOFapmd WG Co coatingshows the
continuous wear of binder and WC grains, removatrdire WC grains and removal of splats.
These mechanisms operated all coatings to different dgees, depending on the coating

properties that resulted from the procesgiatgameter§31].

Binder dissolution appeared to be the 1gd®erning step irdetermining volume loss in acidic
environments Under mildly aadic conditionsevidence ofVC grain fracture and correspondingly
less of binder dissolutionExposure to the kali solution has théeastwear rate. Volume loss

increased with decreasimpf of the medium employdd3].

2.5.1 Sliding wear

Sliding wear is when two solid surfaces slide over each other. In most applications sliding surfaces
are lubricated in some wagnd the wear that occurs is then termed lubricated sliding viear.

other applicationsurfaces slide in air without any lubricant and the resultingrwsecalled dry
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sliding wearf45]. Generallywear mechanisms fdhe coatings against the balls arery simiar.
Smearing of worn particleploughing of wear particles, which hambntributed to groove
formation. Preferential binderemoval, carbide grain cracking and fragmentations, grairopu/|
adhesion and formation of thin tridayer oxides dring wear. The binder removal occurs first,
followed by subsequent carbide grain cracking and carbide grakoytullThe grooves formed
are normallyparallelwith the sliding direction [1JL The ball wear rates increase with increase in

sample hardnessince he higher hardness samplesasthe abrasive body on the bdl&3].

2.6 Tribo -corrosion

Tribo-corrosion occur wherthere is friction between two or more bodies in a corrosive
environmentTribo-corrosion is a combined action of wear and caoros Tribo-corrosion is an
irreversible transformation of a material resulting frormwdtaneousphysicatchemical and
mechanical surfacenteractions in a tribologicatontact[63]. Pumping corrosive liquids,
tribochemical wear is another problem arsiespeciallyfor Co-bonded carbide material [9].
Coating compositionnicrostructure, defect level, adhesion, cohesion and substrate properties are
seen as some of the critical elements in coating performance when subpettted-corrosion
contactd43]. The material loss is frequently found to be gretttan would be expected, due to
the corrosive nature dhe carrier medium.The conjoint action of abrasion andcarrosive
medium can be encountered in industries suctp@ser generation, construgti mineral
extractionand processingand wood processingReducing binder volume fraction reduces the
wear rate, but in turalso reduces fracture toughness and impact resisth8ice

Understanding éw coatings perform under thes#o-corrosion conifions is essential if the
service life of equipment is to h@edicted and to allow service life to be extendddhere is
demand for amuch betterunderstanding of surface degradatimocessegarticularly when
tribological components are operating orrosiveenvironmentg43]. Equation 2.5 shows how

wearcorrosion relates to mechanical wear and electrochemical corrosion.

Wearcorrosion =mechanical wear processes + electrochemfaad/or chemica) responsé € . Equation 2.5
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Tribo-corrosion degradatio affects components imumerous industries such as mining,
automotive, food, nucleaoffshore, marine and biomedical just to name a f@wbo-corrosion

is a complex discipline involvinghteractions between wear and corrosi@imple mechanistic
modek based on electrochemighkory of corrosion provide a yet rudimentary bavertheless

useful tool for understandirigbo-corrosionas shown in Figure 2[@3].

T I I .
[ Absesion | | Faliguo | | Fratting | [ o ooy
systems
rF
L
Corrosion

Figure 2.9. Possible interactions between corrosioand the various wear mechanisms [43

Typical arrangements involviren antagonist rubbing against a flat plate are stsmlvematically
in Figure 210. The antagonist may be a cylindrigah (1), a truncated cone (Il), or a sphere (lll).
A flat pin surface has the advantage that the naheontact area is well defineddowever, the
alignment ofthe contacting surfaces is extremely critical for teproducibility of results.
Spherical contacts are freeadignment problems, but the nominal contact aréssiswell defined
and it may wary during the experiment due formation of a wear scarTo allow for potential

control, the sliding contachust be coniaed in an electrolyte solution [$6

N ) =)
[ —

==

(c)

I g I

Figure 2.10. Experimental arrangements used in tribecorrosion studies[56].
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Electrochemical el

E ]

In tribological contacts one often observes matdrahsfer from the softer to the harder body,
leading toan alteration of the friction and wear conditions in ¢batact. The extent of material
transfer depends on thprevailing electrochemical conditions amonghes. Therefore

electrochemical conditions can affesechanical wearate p6).

2.71 Tribo -corrosion of hardmetals

Surface roughness plays an important role in tcbwosionof passive metals because it affects
the rate ofdepassivation and of mectieal wear. When a hardody rubs against a softer body
the surface roughness the softer body will adapt rapidly to the rubbicgnditions but not that
of the hard body56]. Figure 211 shows the tribeorrosion isnter-connected to material being

tested, electrochemical of the system, mechanical interactions, and solution being used

Material (pin and plate)
Hardness

Plasticity

Microstructure

Inclusions

Roughness

Oxide films

Properties

Wear debris

1
1
1
1
1
1
1
1
1

Tribo -Corrosion

Applied potential
Ohmic resistance
Repassivatiokinetics
Film growth

Active dissolution
Valance electron

Mass transfer

— Solution

1  Viscosity

T pH

1  Corrosivity
T  Temperatwe

Mechanical / Operation

Normal force
Sliding velocity
Type of motion
Contact geometry
Vibrations
Alignment

E R ]

Figure 2.11. Schematic showing four types oparameters, whichaffect the tribo-corrosion
behaviour of a sliding contact (tribo-corrosion sygem) under electrochemical control[56].
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Weaii corrosionresistancen coatings can be improved by increasgayrosion resistancand
wear resistancef the coatings and those can dérhanced by; improving the bindexttegrity,
improvingthe hard phasstability, andimproving the integrity of the hard phase/binder interface
[11]. Electrochemical processescoatingsare directly affected by the substrate reactj\atyd
degradation mechanisnin tribo-corrosion of coatings, the wear mechanism isomiyt governed

by surface tribecorrosion phenomena, bby the corrosionproperties of thecoatingas well
When chromium is alloyed in the metal matrix, trtarrosion behaviour of W-Co based
systemss enhancedand tribecorrosion rateslecreasefb7].
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Chapter 3: Experimental procedure

3.1Introduction

The research waone by frst mixing the Ru powder wittWC-10Co-4Cr powderwhich is called
1350VM/WC-731-1 commerciallyand then manufacturinglVOF coatingsfrom the mixed
powders. Electrochemicatorrosion testdribo-corrogson and slidingvear tests werdone on the
coatings to compare the coating performance in synthetic mine atgbét of 3and 1 Tribo-
corrosion tests were carried out using a machinedss#loped in our laboratories artdwas
connected to the potentiostatElectrochemicalcorrosion tests wereone on apotentiostat
instrument.A ball-on-discfriction wear test was alstone on coatings to determine thear rates

and wearcoefficientof friction for different coatingsFESEM instrument was used to determine
powder morpology ando analyse the coating surfdsefore and after corrosion, taforrosion

and sliding wear test&Chemical characterisation thfe samples was done usingEeSEM coupled

with an energy dispeng x-ray spectroscopy EDS unit to determine the elemental composition of
the samplesThe techniques used are described briefly in the next sectagsie 3.1 shows the
experimental flonsheet.

Powder Mixing | | FESEM analysis
v

HVOF coating — FESEM analysis

p— \ _ Hardness testing,

amplepreparations :
pleprep —_,] XRD, Metallurgical
/ } testing
Sliding wear Electrochemical "~ | Tribo-Corrosion
T corrosion T

v

FESEM analysis FESEM analysis FESEM analysis

Figure 3.1. Experimental sety flow-sheet.
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3.2Powder preparation

Hardmetal pwder1350VM/WGC-731-1 which was supplied by WearTech (pty)LW&as mixed
using turbulence mixedith different weo of Ru to producsets of WEC10Co4C-(x) Rupowders
with compositiols as shown in Tabl8.1. The as receivedl350VM/WGC-731-1 powderwas
agglomerated and sintered dmad average grain sizegger thanl6um andsmallerthan45um
and uthenium powder usethd average grain size of fth. The powdes were analyzed using

SEM to determine the morphagy of the powders.

Table 3.1.Powder compositions.

Sample %WC %Co %Cr %Ru
WC-10Co4Cr Bal 10 4 0
WC-10C04Cr-0.5Ru Bal 10 4 0.5
WC-10Co4Cr-1Ru Bal 10 4 1
WC-10Co4Cr-2Ru Bal 10 4 2

3.3HVOF coating process

The supplied mild steel was sand blastadrpgo applying the coat on iThis was done to clean
thesubstratesThe mild steelsubstratesised hadlimensions 0£00nmm X 100mm X 20mm.The
coating was done using HP/HVOF JP 5000 thermal spray systdimermaspray (Pty)Figure
3.2 shows the ndl steel substrate used.

Figure 3.2. Mild steel sample used as substrate.
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3.4 Material characterization

Coatings were sectioned usingCBN (Cubic Boron Nitride)cutting disc because of their high
hardness.The cutting macke used was an ATA Brillar#00. Samples for metallographgnd
hardness testing weraounted using an ATA Opal 410 hot mauagt press with polyfast resin.
ASTM standard E®5(1995)was used as a guide for metallographic sample preparafioGarl
Zeiss Sigma Field Emission Scamy Electron Microscop@ESEM)equipped with Oxford sact

EDS detector was for sample micrographs.

Samples for metallgraphy and hardness testing wgreund and polished using ATA Saphir 520
automatic grinding and polishing machinBamples wergroundfrom 220 grit followed by 600
grit and then finally by 1200 grusing diamond grinding discsSamples for hardness and cross
sectionFESEM evaluations were polished to 1um mirror finishédter polishingsome samples
wereetched using Murakami reageitroom temperature for 30 seconds followed by a rinse with

ethanol and drying with a drier.

3.4.1 Coating porosity, contiguity, binder mean free path and hardness

Coating mrosity levels were measured from FESEM micrographs atnagnificationsfrom
coating crosssectionsusinglmageJ software The hardness was obtained usingwureTech

FM 800 mcro Vickers hardness testeith a load of 500 g and dwell time of 1&c®nds Indents
were made on coating cressctions with ten measurements made foheaating and the average
hardness value determingdm there FESEM micrographs at high magnifications were used to
determine th&VC grain sizeof the coatings.Grain size measurements were daceording to
Intercept MethodASTM E 112. The contiguiy, C, wasdetermined according to Hgtion3.1:

2N WC/WC
(2N WC/WC + N WC/Co ) ,,,,,,,,,,,,
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where Nvciwcand Nwcicoare the number of WC graitsuching and the number of néouching
WC grainboundaries, respectivelyThe binder mean free paté,, was caliogtd at ed

Equation 3.2:

. - Vi
4 =d : :
1=V =C)] ., . ...

Whered is the mean grain size and, the volume fractiorf the binder.

3.5Electrochemical dharacterization

Eledrochemical corrosion tests wattenein a three electrodeell. The cell consists of a graipe
counter electrode and a Ag/Ag@M KClI, reference electrode and the workingotlodeas the
coating surface Corroson behaviorof the samples wergvestigated in synthetic mingater
solutions at the pH of.3Synthetic mine water solution wasepared acording to the work of
Allen [29] and for Machio[52], the concentrations shown in Table 2. Electrochemical
measurements werearried out at rom temperature (25 + 1°C) with Kletrohm Autolab
potentiostatic PGSTAT302 computer controlled udimg Autolab Nova vesion 1.11software.

All electrochemical corrosion tests were done on as coated sampigare 33 shows the
potentiostat used for the experiment &glire 34 showsthe electrochemical setup that was used

for the tests.

Open circit potential (OCP) measurements were done to assess the thermodynamic stability of
the coated samples. OGkere done at zero applied curremdthey were done for perioaf 12

hours per sampld?olarisation was done at a scan rate of 0.80%'s from-0.5V to 1.2V potentials

for all the samples andorrosion rates were calculated from polatisa curves obtained
potentiodynamic curvesPost corrosion examination of the corroded surfaces were done using
FESEM.
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Graphite counter
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Electrolyte

Figure 34. Electrochemical corrosion cell used for the test.
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Table 3.2The chemicalcompositionof synthetic mne water [29] and [52].

Salt Salt Concentration (mg/l)
NaeSOy 1237

MgSQy 199

CaCb 1038

NaCl 1380

3.6 Tribo -corrosion characterization

Tribo-corrosion tests were carried out using a machinedsstloped in our laboratoriesThe
design ofseli-developed tribeacorrosionmachine is shown in Figure53and the design setup is
shown in Figure &. The setup used is a pon-disk configuration, where the specimen rotate
around the transmission shaft that isamtact with a conterface materialvith the tribecorrosion
equipment connected to the potentiostatic machhanina ball with a diameter of 6mm was
used as a pinSynthetic mine water at pH ofasused as an electroly& room temperaturand

the corrosion current density and corrosiootgntial wasmeasured to determine the effect of
sliding the samples with diffent compositions.The samples were tested as coated without any
grinding or polishing.Tribo-corrosion equipment was connedto the potentiostat to be able to

determine the trib@orrosion characteristics from the electrochemical data.
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Figure 3.6. Tribo-corrosion setup[60].
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3.7 Friction and sliding wear

A CSM Tribomeer ballon-disc instrument was used perbrm friction and sliding wear faatll
coatings.A 6 mmdiameterCr steel ball was used atite load of 10Newtonswas usedThe test
parameters are listed ifable 33. The coatings were tested asated without any grinding or
polishing as the sample coatings wasthin to be grinded and polished and pbihg will remove
the whole coatingFigure 37 shows the Tribometer used for the experiment.

Figure 3.7. CSM Tribometer used for sliding wear testing.

Table 3.3 Friction and sliding wear test parameters.

Test conditions Value

Acquisition radius 20 mm

Linear speed 0.12 m/s

Normal Load 10N

Sliding distance 300 m

Acquisition rate 30 Hz
Temperature Room temperature
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3.8 Scanning electron microscop (SEM)

Morphological and qualitate analyse®f the powders and coatings wegrerformedusinga Carl
Zeiss Sigma FESEM equipped with an Oxforéhot detector for Energy Dispersive-ray
Spectroscopy (EDS) analysiBigure 38 shows the FESEM used in this research.

Figure 3.8. Carl Zeiss Sigma Field Emission Scanning Electron Microscope.
3.9 X-ray diffraction (XRD)

XRD analysis weralone on HVOF coatings to determine the phases formednd the HVOF
coating processThe XRD wasdone on @&8ruker D2 phaser with LynxEyeetkctor and the XRD

matching waslone using EVA software.
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Chapter 4: Microstructure and mechanical properties results

4.1 Introduction

This chapter presents the results obtained from characterization and testing of HVOF coated
samples.Theasr ecei ved powder 6s mor pFEREMoOHVOF proeese an a l
was used tapply WC-Cr-Co-Ru mixed powders tsteel substratesThereafter the coated steel
substrates were sectioned to workable sexgiondor different test.Surface microstructures and
crosssectional microstructures of the coatings were obtained &&E8&M. XRD equipment was

used to determine phase compositions.

4.2 Powder morphology

The micrographs of the startiyC-10Co4Cr powdersare shown in Figures 4.4.2. The as
receivedWC-10Ca4Cr powder hada sphericalshape were mainly agglomerates of W@ o

4Cr powders.The micrographs showed that the as received powders were very podhnala
wide size distribution as in Figure 4As received powder elemental maps shown in Appendix
A2.

Figure 4.1.FESEM micrograph of asreceivedWC-10Co-4Cr powder, showingspheroidal
agglomeratedparticles with diameter range from-10~60c m aw magnification.
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Figure 4.2.FESEM micrograph of asreceivedWC-10Co-4Cr powder, showing smooth surface
with high percentages of porosity at higher magnification

The asreceived Ru powder a sponljee structure, irregular shaped particles and had wide size
distribution (Figure 4.3 and Figure 4.4).

Figure 4.3.FESEM micrograph of asreceived Rupowder, showing irregular shaped particles with
a wide range in size at lownagnification.

Figure 4.4.FESEM micrograph of asreceived Rupowder, showing asponge like structure with
some pores
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Figure 4.5 showthe powders after mixing forturs in a turbulence mixei he dstribution of
Ru powder wapoor and the size ¢tu particle attributed to the poor distributiolt.can be seen
in the Figure 4.5 that a particle of Ru is surrounded by sevetatlpa of WGCo-Cr particles.
Many particles of W& o-Cr werenot close to Ru particlesAppendix A5 shows the EDS

compodgion of the powder.

20 pm
—

20 pm
A

Figure 4.5 FESEM micrograph showingmixed powders ready for HVOF coating at low
magnifications. (a) WC-10wt%Co-4wt%Cr powder (b) WC-10wt%Co-4wt%Cr -0.5wt%Ru (c)
WC-10wt%Co-4wt%Cr -1wt%Ru (d) WC-10wt%Co-4wt%Cr -2wt%Ru.
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4.3 High Velocity Oxygen Fuel (HVOF)Coating results

4.3.1 As received coating surfaces

Figure 4.6 shows the as received coating surface FESEM micrographs for all the coEtiegs.
coatingsurface for all the samples were very porourshomogeneous and rougAggregates of

particlesand solidified liquidphasess a result®f heating in the spray gumereevident in all the

micrographs.

Figure 4.6 FESEM micrograph showing as received coating surfaces. (a) W8wt% Co-4wt%Cr
(b) WC-10wt%Co-4wt%Cr -0.5wt%Ru (¢) WC-10wt%Co-4wt%Cr -1wt%Ru (d) WC-10wt%Co-
4Awt%Cr -2wt%Ru.
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Figure 4.7 shows the FESEM elementals maps taken on the surface of a coating witfiim® Ru.
distribution of W, Co, and Cr was very good as seen on thpsml can also be seen that the
sample was very porous.

¥ Electron Image 1 WlLa1

CoKa1 CrKa1

OKa1 CKa1_2

Figure 4.7. FESEM micrograph showing coating crossection elemental maps for sample WC
10wt%Co-4wt%Cr (a) BSD electron image (b) Welementalmap (c) Coelementalmap (d) Cr
elementalmap (e) Oelementalmap (f) C elementalmap.
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4.32 HVOF Coatings microstructures

Table 4.1 shows and compare the porosity of coatings and coating thickn&sgumad!.8hows
SEM micrographs oall crosssectiors of coatings. Theinterface between the coating and steel
substrates were clean and had less interference of any obstadlesere free of cracksThe
bonding between the coating and the substrate was adedbatgraph to compare the percentage

of porosity of the coatimis shown in Appendix Al.

Table 4.1.Coating porosity and coating thickness.

HVOF Coatings Porosity (%) Thickness am)
WC-10wt%Cae4wt%Cr 3.23+0.4 243 + 3.9
WC-10wt%Cae4wt%Cr-0.5wt%Ru 3.04+£0.2 251+12.9
WC-10wt%Cae4wt%Cr1.0wt%Ru 3.20+0.2 250 +6.6
WC-10wt%Coe4wt%Cr2.0wt%Ru 3.84+0.3 265 +13.1

Substrate

Figure 4.8. FESEM micrograph showing coating crossections. (a) WC10wt%Co-4wt%Cr (b)
WC-10wt%Co-4wt%Cr -0.5wt%Ru (¢) WC-10wt%Co-4wt%Cr -1wt%Ru (d) WC-10wt%Co-
4wt%Cr -2wt%Ru.
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300pm CKa1_2 f 200pm T RuLat

Figure 4.9 FESEM micrograph showing coatihg crosssection elemental maps for sample W.C
10wt%Co-4wt%Cr -2wt%Ru. (a) BSD dectron image(b) W elemental map (c) € elementl map
(d) Co elemental map(e) C elementalmap (f) Ru elemental map.
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Figure 4.9shows the FESEM EDS elemental maps of different elements for sample WC
10wt%Co4wt%Cr2wt%Ru. The distribution of Ru particles in the coating was very poor and
for other elements such as W, Co and Cr the distributiorvergsggood Table 4.2 shows the EDS
results of coatingsAppendix A3 shows the EDS elemental composition of the coating and
Appendix A4 shows the EDS composition of the substrate used.

Table 4.2. EDS results of coatings.

Sample Designation wt% W wt% Co wt% Cr wt% Ru
WC-10Co4Cr Owt%Ru | 75.85+1.01 10.0+0.14 | 3.85+0.07 | O
WC-10C04Cr-0.5Ru | 0.5wt%Ru | 74.05+0.21 9.85+0.07 | 3.80+0.14 | 0.65+0.07
WC-10Co4Cr-1Ru Iwt%Ru | 74.75+0.07 9.65+0.07 | 3.75+0.07 | 1.5+£0.14
WC-10Co4Cr-2Ru 2wt%Ru | 74.55+1.34 9.40+0.14 | 3.75+0.07 | 2.20+0.2

All the coatings had aplatlike structure (Figure 4.30 All the coatingFESEM micrograph
showedthat the coatings hapores. WC patrticlesappeared agrey rounded particles on the
micrographs and Co as dark irregular shaped partidles. Cr disslved in the Co binder and it
was not easy to be picked up by BSD detettortheEDS elementainapping as shown Egure

4.11only pickedshowed traces of the element.
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Figure 4.10 FESEM micrograph showing coating crosssecions. (a) WG 10wt%Co-4wt%Cr (b)
WC-10wt%Co-4wt%Cr -0.5wt%Ru (c) WC-10wt%Co-4wt%Cr -1wt%Ru (d) WC-10wt%Co-
4wt%Cr -2wt%Ru.

Figure 4.11 shows theESEM EDS elemental maps of a cross section for sample with 1wt%Ru
From theelementalmaps distribution of elemé&nhsuch as W, Cr, and Cr is quite good, but the
distribution of Ru was not good enoughhis was because of the size of Ru usBEuak distribution
of W, Cr, and Coelementsvas good beasse the supplied powder showrHgure4.2 was milled

and sintered.
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Figure 4.11 FESEM micrograph showing coating crosssection elemental maps at higher
magnification. (a) Electron image (b) Ru elemental map (cyV elemental map (d) Co elemental
map. (e) @ elemental map. (f) O elementamap. (g) C elemental map.
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4.4 Phase composition otoatinggdXRD)

XRD analysis was done usiguker D2 phaser with LynxEye detector and the XRD matching
was done using EVA softwar&XRD results are shown iRigure 4.12 The XRD analysesesults
showedWC, WoC, and Co. WC phise was the most dominant phase an@ Wrmed because of
decarburization o®WWC by high heat from HVOF process.
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Figure 4.12 X-ray diffraction patterns for (a) WC -10wt%Co-4wt%Cr coating(b) WC-10wt%Co-

4wt%Cr -0.5wt%Ru coating (c) WC-10wt%Co-4wt%Cr -1wt%Ru coating (d) WC-10wt%Co-
4Awt%Cr -2wt%Ru coating.
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4.5Grain size and contiguity

Table 4.3 shows the average WC grain sipatiguity, binder volume fraction and binder mean
free path with their standard deviations &glure 413 shows the comparison ¥ C grain size,
contiguity, binder volume fretion and binder mean free path aheé grain sizes were not too
different and they ranged from 0.34um to 0.62B8ample with 2wt%Rhad the smallest average
grain size whilesample hat had no Ru adddthd the highest grain size of 0.62usamplewith

no Ru addedhad the lowest contiguity of 0.44 and the sample witli%Ru hal the highest
contiguity of 0.60.The binder volume fraction of the coatings were not too different egdraple
that hadwt%Ru added hadhe least binder volume fractiarf 0.37and the sample with 1wt
addition having the most binder volume fracta®.44 Samplewith no Ru hadhe highest binder
mean pathof 0.26while sample with2wt%Ru hadthe leasbinder mean free path of 0.08.

Table 4.3. Comparison of coating contiguity, WC grain size, binder volume fraction and
binder mean free path.

Coating Contiguity Grain size (um) | Binder vol fraction |[Bi nder mean
Owt%Ru 0,44+ 0.04 0,62+ 0.03 0,43+ 0.03 0,26+ 0.03
0.5wt%Ru 0,48+ 0.03 0,49+ 0.06 0,38+ 0.03 0,16+ 0.03
1wt%Ru 0,60+ 0.02 0,38+ 0.07 0,44+ 0.01 0,12+ 0.01
2wt%Ru 0,59+ 0.03 0,34+ 0.04 0,37+ 0.03 0,08+ 0.01
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Figure 4.13 Comparison of contiguity, WC grain size, binder volume fraction, and binder mean
free path for all the coatings.
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4.6 Hardness and thickness of theoatings

The Macro-Vickers hardness machineas used taletermine the hardness of the coatingen
micro-indentations were made per sample to get the average VIHNle 4.4 andrigure 4.14
shows the graphand result®f theaverage hardness numbiespectively Sample with 2wt%Ru
added had the lowest average hardimé®25 with standard deviatioof 127while samplewith
1wt%Ru had the higkst hardness average1026 with standard deviation of 4F5he difference

in hardness number between the sample with theekighardness average of 108&l lowest
hardness average of 925 was 10dits, whid is a very small number in terms of hardness

variations. In generalthe hardness variatisrbetween all four coatings were not that different.

Table 4.4. Comparison of coating hardness and thickness.

HVOF Coatings Hardness, HW.5 Thickness(um)
Owt%Ru 1009 + 58 243 + 3.86
0.5wt%Ru 964 + 73 252 +12.90
Iwt%Ru 1026 + 45 250 + 6.60
2wt%Ru 925 + 127 265+ 13.11
1200
1000 I T 1 T
z 1 l
ﬁ 800
)]
92}
Y 600
[a)]
[n g
< 400
200
0
Owt%Ru 0.5wt%Ru 1wt%Ru 2wt%Ru
SAMPLE

Figure 4.14 Graph comparing hardness of all coatings.
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Figure 4.15shows the comparison of coating thickneSample with 2wt%Ru had theghest
thickness of 265 um and sample with Owt%Ru had the lowest thickness of 24T pating
thickness is a property that is controlled by coating parameters and coating congiti@uilition

should not affect the coating thickness.
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Figure 4.15 Comparison of coating thichness for all coatings.

48



Figure 4.16a-d) shows theSEM micrographs of hardness indentatiolke indentations are very
similar is size hence the hardness numbers are not too diff@temtoad of 50@ was used hence
therewas no evidence of crack propagations from the indentation corfeasture toughness

could not be performed because there was no evidence of cracks observed.

20 ym
L |

Figure 4.16 FESEM micrograph showing coating indentation for hardnessédsting. (a) WG
10wt%Co-4wt%Cr (b) WC -10wt%Co-4wt%Cr -0.5wt%Ru (c) WC-10wt%Co-4wt%Cr -1wt%Ru

(d) WC-10Wt%Co-4wt%Cr -2wt%Ru.
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Chapter 5: Sliding wear, electrochemical corrosionand tribo-corrosion results

5.1Introduction

This chapter shows the results fbdisig wear testing, electrochemical corrosion results and-tribo
corrosion results.Sliding wear tests, Electrohemical corrosion tests, and Triborrosion tests
were performed on the as coated sugacgamples surfaces that were exposed to frictesm, t
electrochemical corrosion test, and tritarrosion test were analyzed usiABSEM to determine

the wear mechanism, corrosion mechanism and-t@smsion mechanism.

5.2 Sliding wear results

The frictionand sliding resultef each coatinggainstthe 100Cr balare shown irFigures 5.1
Figure 5.2shows thecomparison of coefficient of frictianAll the coefficient of frictioncurves
showed twaregions, which were theun-in regionand the static state regioMherun-in phase
occurred betweenn® and 20m sliding distance for all the sampléshe Static state regions
occurred between 20m and 300m for all the sampBamplewith 2wt%Ru had the highest
averagecoefficient of friction while sample0.5wt%Ru had the lowest averageefficient of

friction at both the static state and dynamic state.

® Owt%Ru

® 0.5wt%Ru

Iwt%Ru

0,20 ' ® 2wt%Ru

Coefficient of friction um)

S\idiunugdistance(m)
Figure 5.1 Coefficient of friction (um) vssliding distance(m).
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Figure 5.2 Comparison ofaverage coefficient of frictionfor all the coatings.

Figure 5.3showsthe 100Cr ball wear rates that weised for different sampledhe ball that was
used forsample with no Rinad the highest wear rate while the ball that was useshfople with
2wt%Ruhad the lowest wear rat&he ball used fosample withD.5wt%Ru had the second lowest
wear rate, whe the ball used foritt%Ru hal the second highest wear rad@pendix A6 shows
the graph with the comparison of wear rate and porosity.
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Figure 5.3 Comparisonof 100Q ball of wear rates.
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Figure 5.4shows the comparison of coating wear rat8ample wih 2wt%Ru had the highest
wear rate while sample withwt%Ru had the lowest wear ratdhe ample with no Ruhad the

second lowest wear rate, whdample with0.5nv%Ru had the second highest wear rate.
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Figure 5.4 Comparison of coatings wear rates.

Figure 5.5shows SEM micrographs of 100Cr ball after friction and sliding tElse diametesof
the wear scars were very similar in size and shapmearing of the ball and wear debris were

evident on all the ball wear scars.

Figure 5.5. BSD FESEM micrographs of 100Cr balls showing wear scar diameters for alamples
at lower magnifications(a) No Ru (b) 0.5wt%Ru (c) 1wt%Ru (d) 2wt%Ru.
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Figure 56 shows higher magnification of ball wear scars for all coatingse wear mechanism

for all the balls were smearing of the particles and ploughing of the wear surface.

10 pm 10 pm

Figure 5.6. BSD FESEM micrographs of 100Cr balls showing wear scar diameters for all samples
at higher magnifications (a) No Ru (b) 0.5wt%Ru (c) 1wt%Ru (d) 2wt%Ru.

Figure 57 showswear mechanisms for all the coating at lower magnificatidhaas evident that

there was oxide formation on the surface due to friction between the ball and the #is&aras

like the 100Cr ball was worn out more than tleating because it is softer than the coating.
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Figure 5.7. BSD FESEM micrographs of coatings showing wear scars for alamples at lower
magnifications (a) No Ru (b) 0.5wt%Ru (c) 1wt%Ru (d) 2wt%Ru.
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Figure 58(a-d) showswearmechanisms for all the alloysThe wear mechanisms were found to
be very similar. The wear mechanism observed weteughing of wear particlesgrooves
formation which wereparalel to the sliding diretion, smearing on worn surfacand debris

formation.

20 pm

Figure 5.8. FESEM micrographs of coatings showing wear scars for allesnples at higher
magnifications (a) No Ru (b) 0.5wt%Ru (c) 1wt%Ru (d) 2wt%Ru.
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Figure 59 shows the FESEM EDS elemental mapsvofn areafor sample with ndRu. It is

evident that the 1@Cr ball smeared on the coating surface and left some debris and there was some
oxide formation due to friction action between the ball and the coating suiffeaxees ofFewere
observed on the wear track after wear testia@ results of 100Cr ball smearing on the coated

surface.

CKa1_2 OKat

Figure 5.9. FESEM micrograph showing coating surface elemental maps at after sliding wear at
lower magnification. (a) BSD electron image (bYV elemental map (c) Ceelemental map (d)Fe
elemental map. (e) C elemental map. (f) O elemental map.
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5.3.1 Electrochemical corrosion results

Electrochenical corrosion testwere done n synthetic mine water at pH of &d pH 1

Poteniodynamic scans werdone immediately afte exposure and then agaaiter 12 hours

exposure to compare the results of dethgerrosion testingFigure 510 shows the comparison

of potentiostatianeasurementsver aperiod of 12 hours and Figureld shows the average OCP

values obtained after Iurs. The ample with no Ru additiohadthe lowest average OCP and

alsohad the lowest corrosion potentiahd the ample with 2wt%Runad the highest average OCP

and corrosion potentialSampls with 0.5wt%Ruand1wt%Ruhadalmost the same OCP values

~---No Ru
---0.5Wt%RU
- IWt%RU
—---2Wt%RU

Figure 5.1Q Potertiostatic scansfor all coatings over a period of 12 hours in synthetic mine water at

pH 3.
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Figure 5.11 Comparison of average OCP values over a period of 12 hours in synthetic mine water

at pH 3.
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Figure 5.12shows the corrosiopolarization curves of all the coatings tested in synthetic mine
water at pH 3the samples were tested after 12 hours exposure to get the delayed corrosion
characteristic behaviouiThe sample with no Runad the dwest current density in comparison to

all other samplesThe ample with 2wt%Ru had the highest free corrosion potential in comparison
with other curves and the sample with no Ru had the lowest free corrosion pofEméi@mple

with 0.5wt%Ru and 1wt%Ru had very similar electrochemical behes. Their anodic current

densities and free corrosion potentials were very similar.

121 ----No Ru
----0.5mt%Ru
T ---- 1wt%Ru
----2Wt%Ru

Potential applied {v)

1 1 1 1 1 1 1 1
1E-10 1E9 1E-8 1E-7 1E6 1E5 0.0001 0.001
Current density (A/cm?)

Figure 5.12 Comparison ofpolarization curvesin synthetic mine waterafter 12 hours OCP at pH
3.

Figure 5.13shows the corrosion polarization curves of all thatiogs tested in synthetic mine
water at pH 3the samples were tested immediately after exposure to get the instant corrosion
characteristic behaviouThe sample with no Ru had the lowest current density in comparison to
all other samplesand the ampk with 2wt%Ru had the highest free corrosion potential in
comparison with other curves and the sample with no Ru had the lowest free corrosion potential.
The anodic current densities and free comospotentials were very similar for sample with

0.5wt%Ruand 1wt%Ru sampleThe passive potential range was not so clear for all the samples.
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Figure 5.13. Comparison ofpolarization curvesin synthetic mine waterafter immediate exposure
at pH 3.

Figure 5.14shows the corrosion polarization curves of h# toatings testeith synthetic mine

water at pH 1the samples were tested immediately after exposure to get the instant corrosion
characteristic behaviourAll the curves shows at this pH of 1 were not stable, they were very in
continuous.The @ample wth 1wt%Ru had the lowest current densatyd the highest free potential

and smple with 2wt%Ru had the lowe$tee corrosion potentighnd highest anodic current
density. The anodic current densities and free corrosion potentials were very similanfples

with 0.5wt%Ru and 1wt%Ru sampl@he passive potential ranf@ sample with 2wt%Ru was
between 0.2 and 0.7 V.
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----No Ru
----0.5wt%Ru
---- Iwt%Ru
----2wWt%Ru

Figure 5.14 Comparison of polarization curvesin synthetic mine waterafter immediate exposure
at pH 1.

Figure 5.15howsthe mmparsonof corrosion rates for all coatings inrglgetic mine water at pH

1 and pH 3.The corrosion rates for samples that were tested immediately after exposure at pH of
1 were the lowest even though the potentiodynamic curves were nstithlat Sampleghat were

tested immediately at pH of 3 had the highest corrosion ratks. amples that were tested in
synthetic mine water at pH 3 after 12 hours exposure had mild corrosion Fabes this results

it is evident thasample with no Rtlhadmuch bette corrosionresistancén synthetic mine water

at pH of 1. At the pH of 3 their corrosion resistance is a bit higher than at lower pH of 1.
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