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Abstract

The focus inthis study was to conduct an investigation on the soreowear behaviour of
WC-6 wt.% Co hardmetals used for drilling in a mining environmdite wear behaviour
was charactesed by sliding te WG6 wt.% Co buttons agains2CR12stainless steel and
mild stee) in a ballonflat configuration (ASTM G133) in synthetic mine watevith
distilled water as a reference soluticend identifyng the wear mechanissn Sandard
potentb-dynamic corrosion tests were conducted to determine the corfosi@viour The
WC-6 wt.% Co experienced higit wear rate when sliding against 304&tainless steel than
mild steel. The dimensional wear rate coefficiendicated that the W-® wt.% Co/TR12
sliding system was 52%more severe than the W&wt% Co/mild steel system.
Discolourationof both the WGE6 wt.% Co and the stdecounterfaces were notes evidence

of chemical reactions during sliding. The weaechanism of the steel counterfaceas
severeplastic deformationfollowed by groove formation caused by ploughing. The wear
mechanism of the WG wt.% Co was characterized by the removal of the cobalt binder
matrix, followed bymicro-cracking of the exposed WC grains. Adhesion ofdfeet to the
WC-6 wt.% Co buttons was confirmed DS analysisThe corrosiorrate of WC-6 wt.%

Co was found to be 40 morein synthetic minevaterwhencompared to the distilled water
referencesolution andndicatedpseudo passivatiobehavior Synthetic minavater showed

an aggressive corrosivear synergism in the carbigéeel sliding systems, which led to a

reduction inlife of the materiad.
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CHAPTER 1
| ntroduction

Cemented tungsten carbideslso known ashadmetals are powder metallurgically
sintered materials, whose properties, i.e. hardness, toughness, wear resistance and
thermal stability, have made them successfully suitable for use in industrial applications
such as metal cutting, aerospace, mining racé drilling [1-3]. In this alloy, the high
hardness and wear resistance is provided by the tungsten carbide (WC) phase, which is
cemented by the duatil binder, typically cobalt (Cophase[4]. In a mining
environment, specifically in rotary percussivdlohg and rotary crushing drilling, WC

Co inserts are used to facilitate rock drilling by a crushing and sliding action against the
rocks [5]. During this drilling process the cemented carbides inserts experience very
complex operating conditions causkd the variation in rock properties resulting in
impact, wear and spallinfp] . These factors can | ead to
design life and may cause premature failuB [One type of wear mechanism
experienced during the drilling process isipeacating wear due to the sinusoidal
drilling acton. According to Fingeet al [7], in percussion drilling a reciprocating
downhole piston assembly is used to apply impact loading either to a convectional

roller-cone bit or to a one piece bit sath tungsten carbide inserts

Due to the vast application of WCo hardmetals in the mining industry, it is important

to study and further understand the wear behaviour of these materials agtrisssive
environmental condition. This is primarily due to flaet that wear is not an intrinsic
material property but a system property8], meaning that a slighthange in
environment influences the wear behavjouhich mayalso lead to a change in the
failure mechanismsAccording to Glaesert al [8], understading the operating
variables and wear behaviour of materials under service conditions is important when

trying to solve wear problems.

Several studies have been conducted to determine the wear and corrosion behaviour of
WC-Co hardmetals when used adldiit inserts in the mining environmertlardness
of the counterface has been found to have an influence on wear of cemented carbides

[9]. The general wear mechanisiitom studies done indicatéaat the cobalt binder is
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selectively removed leaving the W§tains exposed to further wear which often results
in fracture of the grainsl[9-12]. The use of nanostructured cemented carbides has been
seen to provide high hardness and high wear resistance which may irtigreeevice

life of drill bits [13]. Corrasion has also been foundlie one of the surface degradation
processesf cemented carbides in sommening applications [7]. Corrosion studies have
indicated that the corrosion behaviour depandsly on the pH of the environment |

14]. It has been shen that lowpH values causes the Co binder to be dissolved into the
solution leavingthe WC grains exposedhich may result in higher wear ratdsi].

To authoroés knowledge no publication have
behaviour of WECo alloys in a mining environment under controlled reciprocating
wear conditions. Therefore this aspect was selected as a focus of the current research
project. Reciprocating wear tests and corrosion tests of6Wi@ Co inserts were
conducted in order to assdbge synergistic effect of corrosion and wear of riiegerial

in the mining environment. Twimdustrial steels were used as the counterfanethe

wear tests, since the rock material proved difficult to machine to the required
dimensions.Synthetic mine wir simulated the mining environment, while distilled
water was used as a standard control, against which the aggressiveness of mine water
solution was compared. The outcome of this project contributes to the current
knowledge base and provides better us@mding of wear mechanisms experienced by

those inserts during mining operations.

Reseach aim and bjectives

The aim of this study was to conduct an investigation on thesteeravear behaviour
of WC-6 wt. % Co hardmetals used for drilling in a miniegvironment. This aim was

achieved through the following objectives:

1 Assessing the reciprotiag wear behaviour of W® wt% Co alloys in
synthetic mine water and identifying the wear mechanisms;

1 Determining the corrosion response of V8@t.% Co alloysn synthetic mine
water and identifying the corrosion mechanisms;

1 Characterizing the microstructure of the alloy prior to testing and after testing;

i Evaluating the synergistic effect of corrosion and wear



1.2 Layout of report

The remainder of this report &ructured as follows: Chapter 2 prowsde literature
review of cerented carbides in terms of tiheanufacturing process, genemhterial
propertiesjndustrialapplicationsand wearand corrosion characteristid3escriptiors

of the experimental procerhs areaddressed in lapter 3.The results are presented in
Chapter 4 andliscussed irchapter 5. The conclusions drawn from the research are
given in Chapter 6, while recommendations for the future work are listed in Chapter 7.

Detailal test results angrovided in Apendiced to H.



Chapter 2

L iterature Review

A literature review was conducted to understand the structure and nature of cemented
tungsten carbide materials, their industrial applications, wear and corrosion properties.

This background research focused on important aspects from published research done
on cemented carbides. The findings from the various studies are discussed in this

chapter.

2.1 WC-Co hardmetals

2.2.2General overview

Cemented carbides represent a group of hardmatalsnvear resistant refractories in
which hard carbide particles are cemented together by a ductile and tough binder
matrix. The discovery of this material increased elemental tungsten consumption
worldwide to about 58 9] asindicated in figure2.1. Theg hardmetals combine high
hardness and strength from the WC, with toughness and plasticityttieo@0 matrix.
WC-Co hardmetalproperties can be tailanade to suit different applications by
adjusting the composition of the cobalt binder and/or by tlitiad of other metals

such as vanadium (V), chromium (Cr), titanium (Ti) and tantalum. ([B&) In this
project, only WCGCo alloyswerestudied, and therefore the remainder of this review is

based on this alloy system.

4% Chemicals

14%
Mill Products

24%

Steel and
Superalloys

Figure 2.1: Statistical overview aflemental tungsteconsumptionn various field44].



2.1.2Manufacturing process of WCo hardmetals

The manufacturing process and the final microstructure formed influence the properties
of the cemented carbides. Tungsten carbalys are produced by powder
metallurgical processes, where the carbide powders are mixed with either a Co or Ni
binder depending on the application requiremdr.[The production of cemented

carbides involves several steps:

Milling,

1

1 Pressing,
1 Presintaing and
)

Sintering.

Milling involves mixing of the WC particles and Co binder according to the required
composition §]. The milling process is normally done in ball, attritor or vibratory mills

[1, 5]. This process in done to ensure the following:

1 Reducton of the powder particle size,
1 Provide uniformity of the mixture to ensure that each WC particle is

coated with Co.

Upadhyaya %] indicated that the mechanical properties, and elimination of porosity
from sintered products, depend on the uniformity frili@ mixing process. In most
cases, milling is normally done in slurry conditiptes reduce temperature and prevent
oxidation of the powder. Agents like water, alcohol and acetone. are used as milling
media. The milled product is fdted by vacuum or ceifuge, and therspray dried to
remove the milling medium. Annealing may also be done to remove any oxygen pick

up by the powder during millindLp)].

Several techniques have been devised for pressing or compaction of cemented carbide
grades, varying fronsemi to automatic press machines. The tooling used in pressing
includes tungsten carbide dies, punches or core rods which have high wear resistances
[1]. The compaction is done using external pressure and the product from this stage is
called a green comptadue to the fact that it is tsintered $,15. The compaction

process gives shape to the green compact and offers dimensional control. A green



density of up to 60 % ohe theoretical density can behgeved for a given hardmetal

composition 5, 16.

Pre-sintering is carried out before final sintering to provide a measure of stability to the
green compact. In this stage a certain amount of strength is obtained and the compact is
able to maintain its shape. The process is normally done in a temperatggef&/50
°C-1000 C [5].

Sintering of cemented carbides performed under controlled ert conditions to
prevent oxidationq]. The temperature range of this process is T80a1600°C, but

the precise temperature depends on the amount of Co pré&senfinal sintering
temperature is where the binder me#tsd therefore this process is called liquid phase
sintering. Liquid phase sintering promotes the coalescence of WC particles and
produces a fully dense and low porosity microstructdte Eutectt liquid forms at
1320°C in the WGCo system 1, 5, 16]. During sintering, cobalt diffuses between the
carbide particles and an increase in temperature may cause the WC to dissolve in the
Co. The dissolution of WC particles is temperature dependedt ypon cooling the

WC particles precipitate out of the binder phase. The stoichiometric carbon content of
the alloys should be 6.13 wt.%. It has been reported that any deviation from this value
will influence the quality of the alloy by formation of undesidducts. When the C

is < 6.13 wt% then carbon precipitatesut in form of graphiteresulting in porosity

thereby lowering fracture toughnessd when the C is > 6.13 wi%hen the brittle/? -

phase precipitates, which reduces tha@srerse rupture strengttq.

2.1.3WC-Coalloy constituents

The WC-Co alloys consist of two phases, namely WC and Co, which are respectively
known as the hard carbide component and the binder metal. The cobalt content is varied
depending on the applicationtvia range of 30 wt. % in cutting applications and up

to 30 wt. % in wear part applicationd
a. Tungsten carbide (WC)

WC is a composite material which shows little or no plastic deformation, and is

technically classified as brittld 7]. There are twoyipes of individual carbides that can



be established in the W@ system, namely YC and WC. Their crystal structures have

been confirmed by diffraction studies with,@/being rhombic whileVC is a simple
hexagonal structures]. WC decomposes at 2608 andW,C melts at 2750C. Both

carbides are very hard and brittle. This material can be melted and cast, but the
challenge is the formation of a coarse structure having many flaws which would
fracture easily 2]. The powder metallurgy route became the pretemanufacturing
process which could maximize the hardness and wear resistance properties possessed
by WC [2].

WC can be produced by several processes including carburization, chemical vapor
reactions and spray conversidi. [Each production process hasedfect on the size of
the WC partiles/grains that are producesigure 22 illustrates the direct carburization

process that leads to WC as the final proddict [

starting materials

rotary carburization
furnace

WO, C
e
Hensphel mixer

N
) pelletizer
-
1
[ P - -
= :
|@ [ N IK
Mixing Granulating: Carburization
Time: 1 hour Pellet size: 1.2 x 3 mm N. furnace: 1000 - 1600°C

H, turnace: 1400 - 2000°C

Figure 2.2: The direct carburizationqeductionprocessor WC [4].

Parametersuch agime, temperature and hydrogen flow rate must be regulated since
they affect powder characteristics such as grain size distribution, apparent density and
compactiorbehaviouff4]. WC grains can be classified as ultrafine, subnma@bpnane

sized B-5]. The size of the WC grains plays a major role in determining the mechanical
properties of the cemented carbides. It has been shown that at constant binder content,
the hardness and abrasion wear resistaleoeeasesas the WC grainize increases

[15, 18].



b. Cobalt (Co)

Co is the predominant binder used in hardmetals due to its outstanding wetting and
adhesive characteristics on the WC graih][ Co has a low temperature hexagonal
phase and a high temperature face centred cubie pliaEh occurs at a transition
temperature of 415 °Cl]. Purity, dissolved tungsten and rate of temperature change
determine the temperature at which the allotropic transformation o&juts fintered
cemented carbides containing WC, Co has a culiicdawvhich cannot be transformed

by annealing due to the stabilization of the cubic phase by the dissolved W &hd C [
The manufacturing of Cgenerallyinvolves a reduction process of cobalt oxid@sit

can be derived from organic salts; particulaypalt oxalate J]. Figure 2.3 illustrates

the influence of cobalt contenip to 30%on the mechanical properties of cemented
carbides.The hardness and density decreases with increase in cobalt content whereas
the fracture and transverse rupture strengtireiase with increase with increase in
Cobalt contenf1, 15, 18.
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Figure 2. 3: lllustration of the &ect of cobalt content on properties of cemented
carbides [1].



2.1.4Application of cemented carbides

The use of W&Co materialss in applications wheréhey must be able to withstand
deflection, deformation, high wear rates, impact and corrosive wear. The durability of
these hardmetals depends on the quality and properties achieved during the
manufacturing proces®$,[15, 18]. Widespread applications of these materials include
metal cutting, wear parts, military components and mining tools (i.e. rock drilllng) [
19]. Figure 2 4 illustrates thedifferent fields of application and the perceintribution

in various engineering secsof cemented carbided]|

16%

Wear Parts

15%

Mining Tools and

Drilling Tools for
Water and Oil

1%

Wood and Plastic
Working Tools

Figure 2.4: Field of applicationof cemented carbideendtheir percent distribution in
engineering sectdr].

The main advantages of using W80 hardmetals include():
1 Excellent wear resistee,
1 Greater hardness than high speed steel, and

1 Increased productivity due to the ability to withstand high speeds and high
feed rates.

The focus in this study is the application of VW00 hardmetals in the mining

environment, specifically drilling opetians. According to Upadhyayé]| there are



three types of drilling methods which are used and each generates different wear

mechanism.
a. Percussive drilling

This method is said to be relatively effective in the drilling of hard rocks. In this
applicationthe hardmetal wedge inserts are allowed to impact the rocks at least 2000
3000 times/min. Abrasive wear plays an important role in the wear of the inserts used,

but the major damage is caused by migpalling and thermal crackin§][
b. Rotary drilling

Rotay drilling resembles a machining tool wherein the drilling is done by the drag bit.
The cutting is done by the hardmetal inserts which are mounted onto the cylinder. This
method in normally used for tunnel boring and excavation, but not for drilling hard
rocks, due to excessive wear that occurs on the matgrial [

C. PercussiveRotary drilling

This type of drilling is done by roller bits with small hardmetal inserts mounted onto
them. The process is such that the inserts are pressed against the rockaantien a
load. The rollers turn by friction as the whole bit turns, thereby removing some material
by crushing. The formation of cracks at the contact area facilitates the rock removal by
cutting and sliding in the second cydl. Figure2.5 shows the W&o hardmetal
buttons (insrts) mounted on the drill bit[4
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Figure 2.5: Modern button bit tool$or drilling purposed4].

2.1.5Properties of W&o alloy

a. Density

Density is a measure of mass per unit volumenaferial, usually masured in gm’>.

In hardmetals density is very sensitive to composition but when the composition is
fixed, density varies with the level of porosi®].[ The density of a WE€0 wt. %Co

alloy is approximately 14.5 g.cm[17]. The composition of the coristents can be

used to determine the theoretical density but this method does not account for the
presence of porosity produced during manufacturitlg The preferred method of
measuring density is the Archimedes princi@d]] This principle specifieshat the
volume of a solid completely immersed in a liquid is equal to the volume of the liquid

which it displacesAn increase in binder content decreases the density of hardnigtals [

b. Hardness

Hardness is a measure of resistance to plastic deformaticeraiching. It is an
important property in the application of hardmet&ls The balance between hardness
and strength of hardmetals can be achieved by adjusting the binder content and WC
grain size. Generally, the higher the Co content and the coaes&/@hgrain size, the

lower the hardnedd5, 22-23]. For a constant composition, the grain size and porosity
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have a major effect on the hardness of cemented cartifdescpording to Chaet al
[24], the hardness of WO wt. % Co cemented carbides incredswith decreasing
WC grain size following a HalPetchtype relatonship given by Eq.1

284 Kg 5

HWC =a+bd€e2+§m9 (Eq 1)

Where:

1 Hucis the hardness of the materi'rzmIKg.mm'2
1 aand b are constant

1 disthe grain size in mm

In cemented carbides there are several methodsasketerminédhardnessnamely the
Vickers diamond pyramid indentation test (HV) or the A Scale Rockwell cone
indentation test (HRA).

c. Fracture toughness

Fracture toughness israeasure of the resistance of a material to crack initiation and
propagation 25]. This property is important since it provides information about the
suitability of the material in specific applications where stress conditions are defined
[5]. Fracture toghness has been found to increase with an increase in Co content and
WC grain size I]. For WGCo hardmetals, the fracture toughness is typically
determined using the Palmqvist method which involves measurement of the crack
lengths which emanate from therners of a Vickers hardness indentatibn26-27]. A

study conducted by Exner2]] showed that the crack length generated by the
indentation load depends on the sample preparation (grinding and polishing). The main

findings were 27):

1 Coarse grinding rages tensile thermal stresses in the Co phase thereby
reducing crack lengthslue to the increase in damage and deformation of
the surface by mechanical action.

1 Grinding of cemented carbides should be done using diamond disks rather

than silicon carbide dks.
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1 Polishing increases the crack length due to the removal of the deformed

layer generated during grinding.

It has also been found that the Palmqvist crack length in cemented carbides has a linear
relationship with the applied indentation load and changes due to sample
preparation method®7-28]. Figure 2.6 shows the load and crack length relationship

as a function of sample surface preparatidme figure illustrates that the longer crack
length is influenced by the polishing process whereas cgars#ing reduces the crack

length which is as a result of how both processes affect the final surface condition.
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Figure 2.6: Load and crack length relationship as a functiomafterial surface
preparation [27].

There are seeral equations that may be used to calculate the fracture toughness using

the Palmquvist crack lengths, including the Shattiicated in Eq. 229].

1

a VP82

geé. I 9 (Eq. 2)

K. =0.088

Where;
1 K is the fracture toughness ifPa.m’
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1 Hyis hardness of the materialMPa
 Pistheloadin N

1 [lis the crack length that emanate from each indentation dorner

2.2 Wear

Wear is removal of material from solid surfaces as a result of mechanical 8cGoh [

Wear is not an intrinsic material property as it is dependent on the operating conditions
of the engineering system. Even though individual wear mechanisms can be identified
for a specific application, wear is not a simple process because transétereen two

or more types of wear mechanisms can occur, e.g. in an adhesive wear situation the
surface can workarden and the wear debris may cause abrasion of the syBafes
According to Glaesest al[8], an understanding of the operating varialaled the wear
behaviour of the material is important when trying to solve wear problems. There are
different types of wear including slidingh@sion, erosion and fretting.

Sliding wear occurs when two surfaces slide against each other in relative figtion
32). Abrasive wear occurs when the material is removed from the surface when in
contact with hard particlesl] 25]. Fretting wear occurs when there is a small
oscillating movement between two surfacgg [ Erosion wear involves the removal of

the suface material by high speed impact of hard particB. [Each wear type is
unique and is influenced by the materials in contact, operational and environmental

factors p]. In the current study the focus was reciprocating sliding wear.

2.2.1Reciprocating stling wear

Reciprocating wear is a loss of surface matesaheesult of the linear back and forth
sliding motion between interacting bodies B3]. Reciprocating wears a form of
sliding wear which can occur under lubricated or dry conditi@8k [There are three
material removal mechanisms associated with sliding wear namely, scuffing, scoring
and galling. Scuffing is localised surface damage associated with solid state welding
between kding surfaces 32]. Scoring implies scratching by an abraspeaticle but
sometimes used as a synonym for scuffiBg].[ Galling is a more severe form of

scuffing due to local weldingand it is associated with gross surface damagg [
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Several techniques have been developed to measure sliding wear ratesgriatakn
ontring (ASTM G77), piron-disk (ASTM G99), spheren-disk (DIN 50324), rotating
pin-on-flat (ASTM G98) andeciprocating slidingvearASTM G133 [32.

In this type of wear, friction plays an important role on the wear response of the
materials. Acording to Hutchings32] continuous measurement fifction during a

wear test wil/| not only provide a numeric
also allow any changes in the sliding behaviour to be monitored (e.g. rise and fall of the
friction coefficient or changes from smoothitregularfriction patterns).

Wear processes are driven by the dissipation of friatienergyand this can lead to
formation of oxides on the surface, phase transformations of the microstructure, and
surface damage induced by thermal stres3@s frrictional enegy is normally formed
by a combination of the following factor3(Q, 32];

1 Applied load

91 Sliding speed

1 Material property

1 Contact area.
All these factors affect the dissipation of energy from the matehastudy was
conductedand a relationship between nmal applied load and sliding velocityas
obtainedfor unlubricated sliding of steel on steel in a-pmdisk configuration and
generated thevear regime map shown in Fig.7 [32]. This wear regime map indicates
the role of the operating conditions ore tiwvear mechanisms. Wear rates and the wear
mechanism changeas the sliding velocity and normal load changes. Increasing the
sliding velocity and normal load led to an increase in interfacial temperatures which

could result in meltingf the material sudce[32).
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Figure 2.7: Wear regime map for unlubricated sliding of steel on steel in the pin on disc
[32].

2.2.2Wear of WCCo hardmetals

Superior abrasive wear resistance is one of the major properties that make cemented
carbidesthe best materiabf choice in most industrial applications. The hard WC
particles contribute to the wear resistance while the Co binder provides ductility to the
WC-Co hardmetalsl]. Numerous studies have been conducted to understand the wear
behaviourof WC-Co hardmetals. Material volume loss can be measured and then used
to determine the wear rates, while the wear scars may be examined using microscopy to
determine the wear mechanisms. The wear resistance eCoVikardmetals has been

found to be influaced by the composition and microstructukglp, 22].

Work done by Qiacet al [31] on abrasive and ulubricated sliding wear of W{o

hardmetals using a badin-disk tribometer indicated that the wear resistance is limited

by the material hardness. saudy done on alloys having3® wt% Co and a WC grain
sizerangeof0.65 e m f ound that wear resistance inc

a critical value of hardness was reached, above which the relationship was exponential
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[34]. The critical hardngs was also found to decrease with an increase in the WC grain

size B4]. Figure2 8 illustrates thisvear resistance hardnesselationship.
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Figure 2.8: Wear resistance vs. hardness of \@G alloys [34].

Accor di nggleyebal [08) ha@ness may be used as an indirect measure of
abrasion wear resistance only at low hardness valgsre wear is primarily due to
plastic deformation. The authors found that at higher hardness values;fraotuoe

plays a role in the ®ar process and then abrasion resistance depends on the WC grain
size, Co content and operational parameters (load, speed at which surfaces are moving,
and size and nature of the abrasiveamal). In a study done by Juhaati al [12], the

wear behaviourof hardmetals in dryenvironmentwas found to be differentvhen
compared to the wear behaviour lefrdmetalsn wet environmentsin this research

two body abrasion tests wetenducted oWC-Co alloys with a Co rangef 0 -30 wt.

% usinga blockonring test method The volume loss of the materials was found to
increase linearly in dry conditions with an increase in the Co binder fraction, whereas in
wet conditions the volume loss increased linearly up to 15 wt. % Co, and then

decreased as shown in Figaré [12].
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Figure 2.9: The wlume loss vs. binder contesftWGCo hardmetalsn dry and wet wear
conditiors [12].

Shipway et al [10] indicated thatthe wear mechanism dVC-Co hardmetalsalso
depend on theéype and hardnessf the abrasive/countdrody material used. In this
study, three types of abrasive particle slurries of different hardness were used, namely
diamond, silicon carbide and alumina. Silicon carbide and alumina caused wear by the
removal of the binder phasellfaved by pulling out of the exposed WC grains, and it
was found that the wear rates increased with an increase in the binder phase fraction.
Diamond did not show any pediut of the WC grainsand no clear distinction of the

WC phase could be made on thear scars, which was said to be an indication of the
surface wearing out at a constant rdi@.[Figure2.10 is an example of general sliding

wear on WCCo hardmetals with smearing of Co and cracking of WC gra&ifis [
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Figure 2.10: A SEM micrograph showingear mechanism of WCo
hardmetals [35].

Wear resistance of hardmetals can also be enhanced by the addition of grain growth
inhibitors such as G€, and VC which are added during the liquid phase sintering
process 11]. According to the study done by Bonmy al [11], on the impact of
CrsC,/VC addition on the dry sliding friction and wear response of-¥@Gwt. % Co
cemented carbides using ajainflat test, the coefficient of static and dynamic friction
was found to be smiar on the hardmetals where grain growth inhibitors were added
when compared to the standard VWC wt. % Co hardmetals. The difference in
coefficient of friction was attributed to adhesjalue to chemical composition, grain
size and distribution of theirmer. This addition of the grain growth inhibitors caused
an increase in hardness due to grain refinement thereby enhancing wear performance.
The sliding wear mechanisms identified wet#|{

1 Polishing of the WC grains,

1 Surface binder removal by plastiefdrmation, and

1 Fracture of the WC grains and debris formation.

A study done by Bonngt al [36] on the dry reciprocating sliding friction and wear
response of WENi cemented carbides under a load of 25 N, sliding veladi®3 m/s,
stroke lengthof 15 nm and slding distance of 10 km, emphasisthe increase in the

coefficient of friction as a function of the binder content. This was due to the adhesion
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by the binder which increased the tangential force that restricted the sliding motion
[36].

2.3 Corrosionof WC-Coalloys

2.3.1Corrosion and corrosive wear

Corrosion is the deterioration of a material as a result of a chemical reaction with its
environment. Corrosion is said to shorten the predicted desigoflitbe material,

which is the time span after whreplacement is anticipate®T]. This phenomenon
cannot be defined without reference to the environment because it has been found that
every environmet is corrosive to some degrleewever, corrosion will only occumce

a corrosion cell is formed3[-38]. Corrosive wear is the synergistic action between
corrosion and wear mechanisms when a material experiences wear in a corrosive

environment.

Corrosion measurements anermally conductedusing a potentistat which is an
instrument that maintains the desirpotential betweerthe working and reference
electrods, while passing current between the working and counter elestrbd¢his

setup the current applied can be controlled and the potential of the working electrode

can be measured with respect tordkerence electrod89).

2.3.2Corrosion of obalt

The standard potential of cobalt is given by the electrochemical reactan 3[39].
Co™ +2e%- CO..cocoveeneeee E°=-0.27N (Eq.3

Cobalt is rapidly attacked by oxidizing acids and salts (i.e. HN@d Fe(J) but
resigant to alkalis B9]. Cobalt can be cathodically protected from acids or neutral
solutions by polarizing tactive potentials ¢ 10.5 V as illustrated ifrigure 211. This
figure showsthe theoreticalpotential vs. pH domains of corrosion, immunity, and

passivation of cobalt in aqueosslution at 25 ° ¢39].
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Figure 2.11: ThepH and potential relationship for Ga aqueous solution at 25°%39].

2.3.3Corrosion and corrosive wear of Wb hardmetals

Corrosion of cemented carbidés based on the corrosion behaviour of the two
constituents, i.e. Co and WC. Co has a poor corrosion and oxidation resistance whereas
WC has excellent corrosion resistance and good oxidafipi9. In applications

where corrosion, wear resistance andfr&ss are equal requirementsemented
carbides become the material of choidg Btudies have shown that it is difficult to
justify the use of WE&Co in an environment where corrosion is the only factor, but in

the case where abrasion is also preseen tine correct grade of WCo should be
considered1,15]. Corrosion resistance of cemented carbides is generally limited to the
susceptibility of Co to chemical attack, even though there are chemicals that are known
to attack WC 5, 19].

According to Sipway et al [14] when WGCo hardmetals are exposed to wear and
corrosion simultaneously, corrosion has a significant influence on wear due to surface

depletion of the binder phase. The corrosion of -@G&Cis such that the Co binder
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matrix is dissolved in # electrolyte leaving the WC grains exposeahich arethen

easily eroded away by mechanical action due to little suppott] 15, 19]. The result

is a pitted surface which gull in appearance. Severe patst as stress raisethereby
reducing thestrength of the cemented carbid&$§][ It has been found that for straight
WC-Co hardmetals there is a direct relationship between cobalt content and corrosion
[19]. Shipwayet al [14] found that in neutral environments, the corrosion rate of the
binder s relatively low, but a decrease in pH resulted in significant removal of the
binder phase.

The corrosion resistance of Wb hardmetals can also be improved by the addition of
alloying elements such as Cij[Work done by Machiet al[40] on the effecf VC
content on WE10 wt.% Co in NaCl and synthetic mine water showed that corrosion of
the WGCo is solution dependent. A high VC content improved the corrosion resistance
of the WCCo alloy in synthetic mine water substantially. Fig@r#2 illustrates the

corrosion resistance of various grades of hardmetals as a function of pH.
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Figure 2.12: Corrosionresistance of cemented carbides as a function of pH [1].
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Chapter 3

Experimental Procedure

This chapter gives a descrimti of the experimental procedure followed in determining
the material properties, corrosiand reciprocating wear response of cemented carbide
buttons in synthetic mine water and distilled watagainst two industrial steel

substrates.

3.1 Material chara@rization
3.1.1Materials

The buttonsstudiedwere straightgradecemented carbideof a bullet shape. These

buttons are normally used percussive rotary drilling [5, 4, 7Figure 3.1 indicatethe

physical apparance of the buttons whereaable 3.1 gives aaposition andbutton
dimensions.

Figure 3.1: Physical appearance of the cemented carbide buttons.

Table 3.1: WC-6 wt.% Co button composition and dimensions.

Composition Dimensions
Wt.% WC | Wt.% Co | Height (mm) | Diameter (mm)
96 6 13.3 9.2
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The counterfacesusedin the wear testsvere commercial grades ahild steel and
3Crl2 stainless steel These materials were supplied as rectangular batis
dimensions of 70 x 12 x 10 mrand their physial appearargis given by Kure 3.2in
which (a) is 3CR1&tainless steel and (b) isilchsteel. Table 3.2 gives the chemical

composition of the steel counterfaces.

Figure 3.2: Physical appearance of the steel nterfaces.

Table 3.2: Chemical composition of steel counterfaces

3Crl12 stainless| Mild

Element steel steel
% C 0.012 0.0183
%Mn 0.893 0.772
%Si 0.744 0.223

%Cr 11.69 0.07
%N 0.744 0.112
%P 0.021 0.014
%Mo 0.066 0.001
% Cu 0.1 0.026
%S 0.0005 0.009

%Ti 0.13 0

%V 0.068 0.022

3.1.2Sample peparation

For microstructural characterizatiosome ofthe tungsten carbide buttons were cut
transversally and mounted in Polyfast resin. Grinding and poliskésgloneusing an
automatd Saphir 520 machin® prepare the samplés a 1 um surface finisnVater

was used to remove debris and to prevent heat accumulation during griBelvwgen
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polishing stage the sampleswere rinsed using ethanol. Table 3iBdicates the

procedureollowed.

Table 3.3: Grinding and polishing routine for W6 wt.% Co buttons.

GRINDING

Time | Pressurgd Speed
Step | (min) (N) (rpm) | Grinding disk | Abrasive aid antbr Coolant

1 4 80 300 Piano 120 Water

2 3 80 300 Piano 220 Water

3 3 80 300 Piano 1200 Water
POLISHING

9um premium diamond
suspension and diamond
4 4 100 150 9 micron Nap extender

6pm premium diamond
suspension and diamond
5 4 100 150 6 micron Nap extender

1pm premium diamond
suspension and diammd
6 10 100 150 1 micron Nap extender

Cross sections from eadteel counterfacevere sectioned and mountéu Polyfast
resin. Grinding and polishing was done to prepare the samples for further testing.
Grinding with grit sizes ranging from coarsest to finest [g291200 um] was done

using water as a coolarf@amples were polished asurface finish of im.

3.1.3Hardness

Polished samples were ags for hardness testing. Aufare Tech FV800 Vickers
hardness tester was used to determine #éndness of the cemented carbide and steel
samples. Thenachineis automatedafter each indentatiomne measures the diagonals
at 20X magnificationand the machineomputes théardness measuremeAtload of

30 kgwas used forboth the buttons and steel counterfadeso cemented carbides
samples were used for hardness withirslentationsper sample whees one sample

was used foeach steel counterfaggth 5 indentations
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3.1.4Fracture toughness

Determination of fracture toughness was done by measuring the length of the crack
which emanatd from the edge of the Vickers hardness indentation as eatitum of
applied load. This is the Palmqvist technidoe determining fracture toughness in
hardmetals §, 27]. The fracture toughness values were calculated using the Shetty
formula [29], given by Eg4.

K, =0.0889 HVE 8 (Eq.4
cll +
Where
1 K is the fracture toughnessPa.nt’
1 HVis the fardness of the materied MPa
1 Pisthemdentingload in N
1 [Iis the cack length that emanate from each indentation camer

3.1.5Densty and mrosity

Density is the proportion of mass to volumeaimaterial. In this study the density of
the WGCo hardmetals was determinasing the Archimedes submersion principle
Sartorius machineshereas the density of the counterfaces was detedhby dividing
the mass by the volum®ry mass, suspended mass and wet mass of the sam@e
measured in this machinBensity computation was done usigg. 5 [21].

m

— Dry
— (EaH
Myer mass ™ mSusp

Where r¢ = Density of sanple (g/cnT)
r = Density of liquid usedg/cnt)
Mo, = Dry mass of samplég)
Mwetmass= Wet masof sample(g)

Ms.,= Suspended magx sample(g)
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The porosity present imé sample was calculated usiag. 6 [21].

-m
% porosity= Mhet mass™ Moy 5 9y, (Eq.6

mSusp

et mass

3.2.2Microstructure

A LEICA CTR 600 light microscope was usatlow magnificatiorfor evaluation of
the microstructuresA CARL ZEISS field emission scanning electrom miscroscope
(SEM) was used for high resolutiomagesin order to charderize the microstructure.

EDSwas usedor elemental analysis.

a. 3CR12Stainless steel

The 3CR12stainless steetamples wereetched using a solutioof 50 mL dstilled
water, 50 mL itric acid (HNGs;) and50 mL hydrochloric acid (HCI).The sample was
immersd in the etchant for few secondimsed in running watefollowed by ethanol
and then dried.

b. Mild steel

To revealthe microstructure of mild steel, 3% Nital (3% HN@nd 97% thanol) was
used for etchingThe sample was immersed in etchant ¥6rsecond. After etching

the sample was rinsed in running water followed by ethanol and then dried.

C. Cemented carbideuttons

To reveal the microstructuref cemented carbide buttgnghe polishedcemented
carbidebutton sample wereett hed wusi ng Mutar ktscomipasisBonis e a g e n
givenin Table3.4. Etchingin the solutionwvas dondor about 90 secondfllowed by

rinsingwith water, thenalcohol and finallydried.

Table 34: CompositonoMur akami 6s reagent [ 26]

Compound Composition
Distilled water 100 ml
Potassium hexacyanoferrat&k ;Fe(CN) 109
Sodium Hydroxide NaOH 10g
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3.1.7Phase analysis

X-ray diffraction (XRD) was conducted usingobalt anode with ay generator
settings of 3kV and 10 mAon a Bruker D2 Phaser diffictometercoupledwith a
Lynx Eye detectorfor identification of the phasesrgsent in the cemented carbide
buttors and the twaosteel counterface§ he measurements were made fron? 1® 90°

at ascanrate of 0.026 °per second

3.2 Reciprocating sliding wedests

3.2.1Test description

Reciprocating wear téswere conducted usirtbe wear test machinshown in kgure

3.3 The configuration of the test was pin on flat which is according to ASTM G133
[30]. In this setup the statinary button is pressed against fite steel counterface
which is moved in a reciprocating motion. The reciprocating motion is generated by the
crank arms which are connected to a drive motor through the cam belt. The flat
counterfacas fixed in the reciprocating stage. Several testrpatas can be vagd in

this machine, includinfrequency of oscillation, applied loaandthe sliding distance.

The parts description is as follows
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A = Buttonsample holder

B = Load on the lever

C = Reciprocating stag@vhere flat steel sampls placed)
D = Drive crank

E = Drive motor

F

= Lubrication container equipped with pump

Figure 3.3: The eciprocating wear testing machine.

The load used was 21MBgenerated by applying 61.3 N (6.Kg) on the lever amdicated by
point B in FHgure 3.3. The load waghoserbased orpreviousstudies where tests on drill bits
were done using loadf 100 N 200N [B]. The test duration was 60 mihich corresponds

to 109 m sliding distance. Uding testing the mass loss @as recorded at 1fhin intervals

using Before weighing the sample#nasonic cleaing was doneausing ethanol in an Integral
System ultrasonic machine. The reciprocating wear machin@pastedat an nput motor
frequency of 2(Hz. Tests were conductedhdooth steetounterface in synthetic mine water

and distilled watesolution. The composition of synthetic mine water is given in Talde 3.
gives The distilled water was used as a standard control against which the aggressiveness of
the mine water sotion could be assessed. A summary of the test parameters used are given
in Table3.6.
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Table 3.5: Composition of synthetic mine water [40].

Compound Concentration
(mgl/l)
Magnesium SulphatéMgSO, 199
Sodium Sulphate Na,SO, 1237
Sodium Chloride NaCl 1380
Calcium Chloride CaCb 1038

A summary of the test parameters used in the reciprocating wear machine in determining the
wear behavior of the matergak given in Table 3.5.

Table 3.6: A summary of wear test parameters.

Parameter Value
Applied load (N) 213
Input motor frequency (Hz) 20
Test duration (min) 60
Stroke (mm) 52

Number of cycles 3072
Sliding distance (m) 319

3.2.2Wearratecalculations

As mentionedin section3.21, mass loss othe sample was recordeat 10 min
intervak. The mass losgecorded together with theensityof the materialvas used to
calculate the volume loss of theaterial during sliding with an aid of EG,

y="
p

(Eq.7)
Where;

¢ Vis thevolume of the material imm®
1 Mis the mass of the material in g

1 } is the density of the material inngm>

30



The wear rate coefficierfk) was calculated usingrchard wear equation shown in Eq.
8[32].

Where:

V is the wlumelossof the materiain mm®
sis the #ding distancen m

Fy is the normal applied load in N

= =4 =4 4

k is the wearrate coefficienmm®/N.m

The material volume loss calculations of the cemented carbide buttondetenained
according toEq. 9 and Eg. 10. This volume loss calculation idbased on the
measurement of the size of the wear scar wisiconverted to wear voluni&]. Figure

3.4 gives an indication of the dimensions used in calculating worn vollimereason

for using different equation®f measuringhe volume lossof the cemented carbide
buttons compared tthe method used for theteel counterfaces was that the mass loss

of the hardmetal was too small to be measured using the analygighingbalance.

Figure 3.4: Configurationforb ut t ons 6 wvalwulationsy[d.| u me

pn?(3r - ) (Eq.9)

2
but:h=r - 1/rz-dj (Eqg.10)
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3.3

Where;
1 dis the dameter of the wear scar mm
1 ris the mdius of the ball/buttoimn mm
1 his the worn heightin mm
1

Vis the wlume wornin mm®

Corrosion ésts

Standard potentidynamic corrosion tests were conducted in this project on both the
cemented carbidbuttons and thesteel counterfacegsingan Auto-lab 1 potentiostat.
Synthetic mine \ater and distilled war wereused as electrolytes. The aim of using
distilled water was for reference purposéke corrosion test were conducted in order
to determine the behaviowf cemented carbide buttons in synthetic mineewaind

also determine if there 8aany synerngtic effect with wear. TheH of both solutions

was determined usirgpH meter.

3.3.1Sample preparation

The cemented carbide button, samples were cold mowsied resinand polished to a
surface finish o fThe Inld steel apdr3CR1Btanless steelesamntplesn g .
were also cold mounted resinandpolishedto a surface finish of 1200 um. The samples

were made electrically conductive by the attachment of a wire using an aluminium sticker.

3.3.2Test Procedure

The @rrosion tests were conducted usgmilar parameters dhined in a study done by
Machioet al[40], except for the scan rate which was reduced to 0.5 nT\ésle 3.7gives
the details of the parameters used. The working electmelescemented carbide buttons,
mild steel and 3CR13tanless steel, with platinum (Pt) and silvériaride (AgCl)were
usedas counter and reference elect®despectively. The tests wererepeated twice for

repeatability purpose3he eperimental setip isillustrated in kgure 3.5
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Figure 3.5: Corrosion test setp.

A
B
C
D
E

= Computer screen
= Scanner

= Water pump

= Corrosion cell

= Temperature regulating bath

Table 3.7: A summary of@rrosion test parameters.

Parameter Value
Scan potentialmV) -600 to +1200
Scan rate (mV) 0.5
Temperature (°C) 25
OpenCircuit Potential(hours) 2

The Tafel plots generated during the scanning on the Nova 1.10 Metrohm programme
were used to calculatbe corrosion ratesThese calculations are done déxtrapolation
of the linear part of the anodic and cathodic Tafel eddpom thepolarizationscans
Once thescanning and theextrapolationon the Tafel plotswas completd, the
programme automatically calculate the corrosion parameters requirathmely
corrosion potential (&r), corrosion arrent (korr), and orrosion rate (Corrate) Figure

3.6illustratesthe extrapolation process.

33



3.4

Icurrent densityl
(log scale)

cathodic reaction
reaction

ICDI’I’

potential

Figure 3.6: Schematic showing thatfel plots from which the values @il and Eqr is
determined [26].

Examination ofwvear scars

A Carl Zeissfield emission scanninglectronmicroscope(FESEM)in backscattered
and secondarynode was used for examination tbe wear scars for identification of
the wear mechanisms. Cross sectims substates) and planer surfaces of the wear
scars were examinedNCA softwarewas used to perform EDfr the elemental

compositionon the wear scars of the samples
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Chapter 4

Results

This dapter descritsethe results of the experimental work dooa the cemented
carbide buttom and steel counterfaces. This entailee physical, mechanical,
microstructural, corrosiqras well as the reciprocating wear propertiethefcemented

materials

4.1 Material daracteriation
4.1.1Microstructual analysis

Figure 4.1 shavs the microstructure ofthe 3CR12 stainless steel sample. The
microstructure consistof ferrite matrix and martensitic platedigned inone direction
which is an indication of rolling durinthe production processlhis microstructure is
in an asrecaved condition.

Figure 4.1: Optical micrograph of the 3CR12ainless steel sampde¢ 50X
magnification
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Figure 4.2 shows the microstructure of the mild steel samplEhe imageshowsa
typical carbon steel microstructynsisting of ferrite (white constituent) and pearlite
(dark constituent). The orientation of the grasan indication that this steel wasled

during production

Figure 4.2: Optical micrestructureof the mild steel sangat 50X
magnification

Figure 4.3 showsan SEM microstructure ofthe WG6 wt.% Co cemented carbide
button. The microstructure consists of ttypical angular tungsten carbide grains
(grey), of various szes and the abalt (black) phase between the tuegstarbide
grains. The apparent grain size of the WOwt.% Co was estimated using ASTM
B390-92 at a magnification of 1500X. The microstructure was found to be a mixture of
coarse and fine WC grains, which according to ASTM B320is Type éM with M

dending mediumsized grains and 6 indicating the cobalt content.
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Mag= 2.50KX Signal A =NTS BSD Date :5 Sep 2014
WD = 8.5 mm EHT = 15.00 kVV Time :13:48:58

Figure 4.3: An SEM microstructuref the WE 6wt% Co cemented carbide
buttonat 2500 magnification

4.1.2Phase analysis

Figure4.4 are theXRD patternfor mild steelin an as received conditiofhe pattern
showedthe presencef the typicalmild steel elemenisvith no evidence ofletrimental

phasesuch as Fe®hich could reduce the mechanical properties
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Figure 4.4: XRD pattern for tlke mild steein an as received condition
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Figure4.5is the XRD patterns for 3CR13tainless steeh an as received condition.
The patterrshowedthe presencef the typical3CR12 stainless steel constituents, with

no evidence of detrimental phases wheolild reduce the mechanical properties.
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Figure 4.5: XRD pattern for the 3CR1stainless steeh an as received condition
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The EDS analysis of the mild steel is illustrated in Figures 4.6. In ordet the EDS results

an area on the sample was analysed. The spectrum showed the presence of typical
constituents of mild steel such as Iron (Fe), Manganese (Mn) and Silicomgl3p.4.1gives

the quantified elemental compositioof mild steelfrom the EDS spectrumin Figure 4.6

which proves that the material is indeed mild steel

+
Spectrum 1

200pm ¥ Electron Image 1

Spectrum 1

Full Scale 32644 cts Cursor: 0.000 ke

b.
Figure 4.6: EDS for the mild steebsnple (a) Scannegsctrum area (b)
spectrum analysis.

Table 4.1: Elemental composition for the mild steel sample.

[Elemen Weight% Atomic%
SiK 045  0.90
MnK [1.04  |1.05
FeK 9851 |98.05
Totals 100.00 100
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The EDS analysis of the 3CRXRainless steeks illustrated in Figure 4.7. The spectrum
shows the detection of major elements such as Chromium (Cr), Iron (Fe) and Nickel (Ni).
Table 4.2 quantifies the composition of #dlementsdetected from the EDS spectrum which
proves that its a typical composition fa8Cr12 stainless steel.

H 2
Spectrum 1

30pm 4 Electron Image 1

Spectrum 1

2 B 6 8 10 12 14
Full Scale 32644 cts Cursor: 0.000 ke

b.

Figure 4.7: EDS for the 3CR12&tainless steel sample (&fannedpectrum area
(b) spectrum analvsis.

Table 4.2: Elemental composition f@CR12stainless steel.

Elemen Weight% Atomic%
SiK 083 |1.62
CrK 1173 |12.39
MnK 099  0.99
FeK 8579 84.38
NiK 0.66 |0.62
Totals [100.00 10000
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Figure 4.8s theXRD pattern forthecemented carbide buttomhe pattern indicates the
presence othe WC and Co phasavith noevidence ofletrimental phases or impurities

such as eta phas&ta phase is known to increase hardness in cemented carbides
resulting in loss omechanical properties such as fracture toughness and strength
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Figure 4.8: XRD pattern for the W wt.% Co buttonsn an as received
condition

Figure 49 illustrates the EDS analysis for the WWBvt.% Co cemented carbide button

The analysis on this sample was done on an area to generate the EDS map of elements
detected.Table 4.3gives quantified eémental composition of th&/C-6 wt.% Co as

shown on the spectrum analysis. Both Figure 4.9 and Table 4.3ncedfithat the

buttons were indekof composition W& wt.% Co.
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Figure 4.9: EDS for theWG-6 wt.% Co button (a)Scannedpectrum area (b)
spectrum analysis.

Table 4.3: Elemental compositiofor WG6 wt.% Co buttons.

Elemen Weight% Atomic%
CK 684  49.37
CoK 671  9.87
WM 86.45 40.76
Totals 100.00 100.00
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4.1.3Material poperties

Table 4.4 highlights the ghysical and mechanical properties of cemeritedcarbide
buttons(See Apendk A to C for detailed calculations of properjieghe low porosity
indicatal the effectiveness of the sintering proceRse density wa equivalent to the
typical range forcemented carbides with wt.% Co [1], whereas lte hardness vga
about 57% lower than thetypical minimum hardness for this grad&]. The lower
hardness could have been as a result of grain coarsening and distribution during
manufacturingThe fracture toughnessf 14.6 MPa.nf? is similar to thabbtainedby

Scieszkd41] for asimilar grade

Table 4.4: Mechanical and physical properties of the W@t.% Co Buttons.

Vickers Fracture
Hardness Toughness
HV 30 Kic Density Porosity
Sample (kgf.mm?) | (MPA.mY? (g.cm?) (%)
WC-6 wt.% Co 1330£17 14.6£1.01 | 149+0.012| 0.11+0.05

Table 4.5lists the materiaproperties otthe steel counterface The hardness obtained
wastypical for thesematerials whilethe density of theseounterfacesvas averaged at
7.7 gem®[1].

Table 4.5: Material propeties of the mild steel and 3CR&ginless steel.

Vickers Hardness Hy
Material (kgf.mm®) Density [gem?]
3CR12stainless steel 171+2 7.640.010
Mild steel 156+1 7.78t0.037
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4.2 Reciprocating wear

4.2.1Wear of mild steehnd 3CR1tainless steeh distilled andsynthetic mine

water

Figures 4.10and 4.11 are grapls showing theaverage cumulative volumess ofthe
mild steelagainstthe cemented carbide butteifior a sliding distance of 319.5 nin
distilled water and synthetic mine watesolutiors. These figures show that the

relationship betweematerialvolumeloss andsliding distances directly proportional

12
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Figure 4.10: Cumulative volume loss of the mild steel sliding againstéM& %
Co buttons in distilled water.
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Figure 4.11: Cumulative volume loss for the mild steel sliding againsté\/'C
wt.% Co butons in synthetic mine water.

In Figure 4.12 the comparison between the average volume loss of the stakl
samples sliding against the WWBwt.% Co buttons in the two different solutions is
shown. A consistently fgher level of average materialkolume loss occurred othe

mild steel sampke exposed to synthetic mine wateompared to those exposed to
distilled water; indicating the aggressive nature of the synthetic mine water. It was also
noted that the standard deviasoaf the volume loss on the samples exposed to

synthetic mine water were smaller than those exposed to distilled water.
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Figure 4.12: Comparison of the cumulative volume loss of the mild steel sliding
against WE6 wt.% Co in distilled water and synthetic mine
water.

Figures 4.13amd 4.14illustratethe dimensionalwear ratecoefficiens of the mild steel
sliding againsthe WC-6 wt.% Co buttonsin distilled waterand synthetic mingvater
respectively The dmensional wear coefficient igenerallyused to comparthe wear
rates of different material§32]. In distilled watey an initial decreasen the wear rate
coefficient was seerduring the first 106 m of sliding followed by a slighsteady
increase up to 320 nin synthetic mine water, an initidecrease ithe wear ratewas
noted. This responsmeay be attributed tothe runningin phase at the beginniraf the
wear processin the mine water solution the weeate then stabilexd at a sliding
distance of around 150 m and remainedhis steady state for the duration of the test.
The variatios in thewear rate may be attributed teariatiors in microstructire and to
the changing geometry at the point of contastthe sliding distance incredse
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Figure 4.13: Wear rate coefficient of the mild steel sliding against-8u@.% Co
buttons in distilled water.
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Figure 4.14: Wear rae of the mild steel sliding against \A&wt.% Co buttons in
synthetic mine water.

The comparison between thamensionalvear ratecoefficiens of themild steelsliding
againstthe WG6 wt.% Co buttors in the two solutiongs shown in Kjure 4.15 The
rapid stability of the mild steel s wear

distilled water was noted.
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Figure 4.15: Comparison of the wear coefficient of the mild steel sliding against
WGC-6 wt.% Co buttons in distilled and synthetic mine water.

Figures 4.16and4.17 showthe average cumulative materialume loss othe 3SCR12

stainless stealhen slidingagainstthe WG6 wt.% Co buttonsin distilled water and

synthetic minevaterrespetively. A linearincrease in volume loss was experienasd

the sliding distanceincreasd which indicatesdirect propotionally between sliding

distance and volume losBhe behaviounf 3CR12stainless stee$ therefore similar to

that of the mild steedamples.
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Figure 4.16. Cumulative volume loss of the 3CRdtainless steel sliding against
WGC-6 wt.% Co buttons in distilled water.
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Figure 4.17: Cumulative volume loss of the 3CRstdinless el sliding against
WG-6 wt.% Co buttons in synthetic mine watsolution.

Figure 4.18 gives the comparion of the aveeagaterial volume loss for the 3CR12
stainless steel irthe two different solutions. The8CR12 stainless steel samples
experienceda distinctly higher volume loss in sythetic mine water compared to distilled
water. These results are once again an indication of the aggressive nature of the

synthetic mine water solutiofihe standard deviations¢he R12stainless steel was
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found to bdow compared to the mild steel and this may be attributed to the uniformity

of the microstructure of theCR12strainless steel.

=—=Distilled water = == Sythetic mine water
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Figure 4.18: Cumulative volume loss of th€R12stainless steel sliding against
WGC-6 wt.% Co butons in distilled water and synthetic mine water
solutions

Figures 4.19 and 4.20 show the dimensionalwear rate coefficiens of the 3CR12
stainless steel ithedistilled and synthetic minavatersolution respectivelyin distilled
water thewear ratecoefficient decreases steadily for the duration of the test. In
synthetic mine watean initial minor increase irthe wear ratecoefficientwas observed
for the first 109 m of slidingvaterfollowed by asteady decrease for the remainder of
the test
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Figure 4.19: Wear rate coefficient of the 3CR%fainless steel sliding against
WGC-6 wt.% Co buttons in distilled water solution.
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Figure 4.20: Wear rate coefficient dhe 3CR1Ztainless steel slidinggainst
WG-6 wt.% Co buttons in synthetic mine water solution.

Figure 4.21 illustratesthe comparison of the wear rateefficiens for the 3CR12
stainless steslin both solutions.The wear rate coefficient was found to be higher in
synthetic mine watewhen compared to that in distilled water.
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Figure 4.21: Comparison of war rate coefficient for theGR12stainless steel
sliding against W& wt.% Co in distilled water and synthetic mine
water solutiors.

Figure4.22 shows tle specific wear rate coefficienfisr the mild steel and theCR12
stainless steel sliding for 320 m against the-@@%Co buttons in distilled water and
synthetic mine water Despite the high initial hardnesthe 3CR12 stainless steel
experienced highewear rate than mild steel in both environnsefithe high wear rate
may be attributed to the difference in work hardeniatg between mild steel and
3CR12stainless steel.
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Figure 4.22: Comparison of the wear rate coefénts of the mild steel and 3CR12
stainless steel in distilled water and synthetic mine water solutions.

4.2.2Wearof WC-6 wt. % Co buttonsn distilled waterand synthetic mine water

A comparison of the average material volume loss of theBME.% Co cemented
cabide buttons when sling against mild steel arm®@iCR12stainless steel in distilled
water and synthetic mine water is shownmgure 4.3. A comparison of the wear
rates coefficient is illustrated iRigure 4.24 The material volume loss of tharbide
buttons when mild steel wsaused as a counterface is similar in distilled water and
synthetic mine wateHoweverthere wa a pronounced differencapproximately 54

%, in materialvolume lossfor the carbide buttain the two solutions wheBCR12

stainles steel wasised as aounterface.
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Figure 4.23. Comparison of the average material volume loss of the 8ME %
Co buttons stling against mild steel andCR12stainless steel in
distilled water and synthetic mine solutions
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Figure 4.24: Comparison of the average material volume loss of the6ME%
Co buttons stling against mild steel ar@ICR12stainless steel in
distilled water and synthetic mine solutions.
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4.3 Wear scaanalyses

4.3.1 Typical weartracks

Figure 4.25hows a typical wear track on the steel counterfdute Figure4.26

shows wear mar&n the WG6 wt.% Co (See appendix Eor more wear trachs These
wear tracksvere as a result of sliding actibetween théwo bodies The material
removedon thesurface of the steebunterface lead to the formation of the track and
metal upsetasseen on the edges of the track which is an indication of deformation or

material smearing

Figure 4.25: Typical wear track m the steel counterfaces causedhs\WGC-6 wt.% Co
buttors during sliding.
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Figure 4.26: Typical wear scar on the W{® wt.% Co buttons caused lige sliding
action.

4.3.2Wear scars of mild steel aMdC-6 wt.% Co buttonsn distilledwaterand

synthetic mine water

Figure 4.27 shows the wear scars ofild steel in distilled and synthetic mine water
The wear scar reflects scratchinglastic deformatiorand micro crackingf the mild
steel sampleswhen exposedo distilled water (a md b) whereas severe plastic
deformation micro crackingand cold welding was seen in synthetic mine water (c and

d). As statedin section 4.3.1, evidence of plastic deformation was seen on the edges of

the wear track
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Figure 4.27: Wear scars of mild steel sample sliding against-8w@.% Co, (a) and (b) in distilled
water, (c) and (d) in synthetic mine water.

Figures 4.28 and 4.29 indicate theEDS spectrum ofthe wear track on thmild steel
sample in distilled water and synthetic mine water respectiVelples4.6 and 4.17
showthe elemental composition tife spectrumsBoth spectrashowed thgresence of
oxygen whereas the EDS spectrum on the wear scar ofiiié steel insynthetic mine
water showdthe presence of synthetic mine wateomponentsuch as alcium (Ca)

which may indicate oxide formatioon the worn surface.
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Figure 4.28. EDS analyses on the wear scar of thedmsteel in distilled
water (a) pectrum area (b) spectrum analysis.

Table 4.6: Elemental composition of mild steel wear scar in distilled water.

Elemen Weight% Atomic%
CK 501 (17.43
OK 595  |15.53
SiK 059 |0.88
MnK 0.68 [0.51
FeK 87.77 |65.64
Totals [100.00 100.00
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Figure 4.29: EDS analyses on the wear scar of the milélstesynthetic mine
water (a) Scannedbgctrum area (b) spectrum analysis.

Table 4.7: Elemental composition of mild steel wear scar in synthetic mine water.

Elemen Weight% Atomic%
CK 6.79 15.11
OK 33.48 55.91
SiK 0.48 0.46

S K 0.27 0.23
CaK |0.36 0.24
MnK 0.73 0.35
FeK |57.88 |27.69
Totals 100.00 100.00

Figure4.30showsthe worn surface of thé/C-6 wt.% Co buttors indistilled waterand
synthetic mine watesliding againstthe mild steelcounterface The wear mechanisn
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of the buttos in both environmentsvere found to be similar.l&sic deformationand
removal of the ductile cobalt binder occuréirst, thereby exposing th&/C carbide
grains to the environmenthich causescracking. Adhesion of theounterfaceo the
buttors occurred during weaand this is attributetb thehardnesslifferences between

the buttons and the counterface

fdag= 1000KX  Signal A=NTS BSD Date :5 Sep 2014
EHT = 15.00 KV Time 14:24:32

Signal A = NTS BSD Date :5 Sep 2014
EHT =15.00 kv Time :14:20:04

flag= 1000KX  Signal A= NTS BSD Date :5 Sep 2014
WD = 8.4mm EHT = 15.00 k¥ Time :12:22:31

AR A

Signal A= NTS BSD Date :5 Sep 2014
EHT=15.00 kv Time :113:23:22

o 3

(d)
Figure 4.30: Wear scars of W& wt.% Co button sliding against mild steel, (a) & (b) in distillec
water and (c) & (d) in synthetic mine water.

Figure 4.31 and Kgure 4.32 are EDS spectrataken on the contact area of thC-6

wt.% Co button aftersliding against mild steeh distilled waterand synthetianine
waterrespective}. Tables 4.8 and 4.9 provide the elemental composition done on the
wear scar of the W® wt.% Co buttons in the distilled water and synthetic mine water.
The spectraindicatethe presence of mild steel constitueats thewear scas of the

cemented carbalbuttors and thisconfirmsthat adhesion occurred during slidiriche
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oxygendetected by the EDS analysis indicates thatpossibility ofoxidationwith the

highestconentationfoundin the synthetic mine watesolution

1

3

Full Scale 31455 cts Cursor: 4459 (574 cts)

b.

Figure 4.31: EDS analyses on the wear scar of the-8A8t.% Co in distilled water

(a) Scannedpectrum area (b) spectrum analysis.

Table 4.8: Elemental composition on W&wt.% Co button wear scar in distilled
water.

Elemen \Weight% Atomic%

CK 3.70
OK 4.17
SiK 0.44
Mn K 0.80
Fe K 190.89

Totals [100.00

13.85
11.72
0.70
0.65
73.09
100.00
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Figure 4.32. EDS analyses on the wear scar of the-8A@t.% Co in synthetic mine
water (a) $anned pectrum area (b) spectrum analysis.

Table 4.9: Elemental composition on cemented carbide button wear scar in synthetic
mine water.

Elemen Weight% Atomic%
CK 874  20.66
OK 30.30 53.79
SK 056 0.50
CIK 1030 [0.24
FeK [36.49 18.56
CoK (796  3.84
WM 1564 2.42
Totals |100.00 100.00
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4.3.2Wear scars dfhestainless stealounterfaceandWC-6 %wt. Coin distilled

waterand synthetic mine water

Wear scars othe 3CR12stainless steaetounterfacgroduced bythe WC-6 wt.% Co
during sliding are given byFigure 4.33where(a) and(b) represent the distilled water
environmentand(c) and(d) depict the gnthetic mine wateenvironmentespectively.
Shearing and micro peeling of the surface material followed by cold welding is seen on
thesewear scarsThe damagevas severe in synthetic mineater, and isnormally
referred to agalling[1].

fMag= 1.00KX Signal A = NTS BSD Date :5 Sep 2014 [Mag= 400KX Signal A = NTS BSD Date :5 Sep 2014
WD = 86mm EHT =15.00 kv Time :112:15:38 }—" WD = 86mm = Time :12:13:26

klag= 1.00KX Signal A = NTS BSD Date :5 Sep 2014 Flag= 4.00KX Signal A = NTS BSD Date :5 Sep 2014

WD = 83mm EHT =10.00 kv Time :11:01:29 1 WD = 83mm EHT =10.00 kW Time :11:03:09

(d)

Figure 4.33. Wear scas of 3CR12stainless steel, (ajb) in distilled water and (c)d) in
synthetic mine water.
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The EDS spectraf the 3CR12stainless steel samples distilled water and synthetic
mine waterare showrn Figures4.34 and4.35respectively These analyses were done
in the area within the wear tra&kTables 4.10 and 4.11show the elemental
compositionand EDS spectrum on the wear scar of tBB€R12 stainless steein
synthetic mine water showed presence of synthetic mine watgponents such as

calciumand chlorine.

=p
Spectrum 2

300um ' Electron Image 1

Spectrum 2

1 2 3 < 5 6 7 8 9 10
Full Scale 14938 cts Cursor: 4. 459 (468 cts) ke

b.

Figure 4.34: EDS analyses on the wear scar of the 3CRsi&inless steel in distilled
water (a) $anned pectrum area (b) spectrum analysis.
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Table 4.10: Elemental composition orCR12stainless steel wear scar in distilled
water.

Elemen Weight% Atomic%
CK 3.10 10.94
OK 7.60 20.15
SiK 0.74 1.11
CrKk 10.35 8.44
MnK 0.91 0.70
FeK [76.74 58.25

Ni K 0.57 0.41
Totals |100.00 100.00

+Spectrum 1

30pm " Electron Image 1

Spectrum 1

D 1 2 3 4 5 6 7 8 9 10
Full Scale 9948 cts Cursor: 4.459 (188 cts) ke’

b.
Figure 4.35. EDS analges on the wear scar of the 3CRi&inless steel in
synthetic mine wat (a) £anned pectrum area (b) spectrum analysit
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Table 4.11: Elemental composition orCR12stainless steel wear scar in synthetic
mine water.

Elemen Weight% Atomic%

CK
OK
SiK
CIK
CakK
CrL
Fe L
Totals

24.94
6.19
0.66
0.80
0.32
9.23
57.85
100.00

55.66
10.37
0.63
0.61
0.22
4.76
27.76
100.00

Figure 4.36shows the wear scars thfe WC-6 wt.% Co buttons whersliding against

stainless s#& in both synthetienine waterand distilled water. Similar mechanismas

those found against mild steel wedbserved wherein plastic deformation and

extrusion of the soft Co phase occurred leaving the WC grains exposed and

unsupportedresulting inmicro-crackingfollowed by grain pull out
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Date :5 Sep 2014 g [Mag= 10.00K Signal A = NTS BSD Date :5 Sep 2014
Time :12:40:54 I 2 | WD = 86mm EHT =15.00 kv Time :12:38:17

Signal A = NTS BSD Date :5 Sep 2014 flag= 1000KX  Signal A=NTS BSD Date 5 Sep 2014

EHT = 15.00 kv Time :11:48:31 I 1 WD = 8&6mm EHT =15.00 kv Time :11:57:20

Figure 4.36. Wear scars of W& wt.% Co buttons (a) & (b) in distilled water, (c) & (d) in
synthetic mine water.

The EDS spectreof the WG6 wt.% Co buttors sliding against BR12stainless steeh
distilled water and synthetic mine watere shown inFigures 4.37 and Rgure 4.38
respectively.All spectra show the presence of thé & edordtguentswhich is an
indication ofadhesio taking place during slidingThe composition of element®und
on the wear scars igiven in Tables 4.12 and 4.130xygen was detected in both
environments anthe presace of synthetic mine water mstituens were alsamotedon

the wear scar
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Spectrum 1

1 2 3 4 5 6 7 8 9 10
Full Scale 15894 cts Cursor: 4.459 (567 cts) ke

b.

Figure 4.37: EDS analyses on the wear scar of the-8A8t.% Co in distilled water
(a) anned pectrum area (b) spectrum analysis.

Table 4.12: Elemental composition on W&wt.% Co button wear scar in distilled
water.

Elemen Weight% Atomic%
CK 2.64 9.32
OK 11.84 31.42
CrK 8.25 6.74

Mn K 0.63 0.48
FeK 64.32 48.92

Ni K 0.55 0.40
WM 1178 2.72
Totals |100.00 100.00
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Figure 4.38. EDS analyses on the wear scar of the-8A8t.% Co in synthetic
mine water (a) &nned pectrum area (b) spectrum analysis.

Table 4.13: Elemental composition on W&wt.% Co button wear scar in synthetic
mine water.

Elemen Weight% Atomic%
CK 13.14 33.87
OK 1260 24.38
AIK 017  |0.20
SiK 057 |0.63
SK 048 (0.46
CaK 024 0.19
CrK 848  5.05
MnK 059  |0.33
FeK 62.62 [34.71
WM [1.09  0.18
Totals 100.00 100.00
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4.4 Corrosion ésts

Corroson tests were conducted dhe steel counterfaceand the WG6 wt.% Co
cemented carbide button in distillecater and synthetic mine water. Two tests were
conducted per sample per environment to check the repeatability.

4.2.1Corrosion ofWC-6 wt.% Co buttors

The polarigtion behavior of the W® wt.% Co cemented carbides in distillechter

and synthetic mine water is shown kigure 4.39 The response of the cemented
carbide in synthetic mine water is charassi by a lower potential and a higher
current density compared to exposuredigtilled water. This indicatethat there is a
higher tendency for the cemented carbide to corrode in synthetic mine water than in
distilled water. The cemented carbide shows psgadsivation in synthetic mine
wate, interrupted by noise, which may be attributed to the chemical activity on the
exposed surface and chasge the surface characteristics. Clear psepdssivations

seen in distilledwater Similar observations were made by Machkioal [40]. Table

4.14 presents the corrosion parameters for the cemented carbides tested in both
solutions. Figue 4.4 illustrate the comparison of tleemented carbides buttons in the
two solutions. The variation in corrosion rates as indicated by the error bars chag be

to changes in the surface characteristics during expofable 4.14 shows that high
corrosion current were experienced by W@t.% Co in synthetic mine water than in
distilled water hence high corrosion rate due to the fact that corrosion curreetitydir

proportional to corrosion rate.
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Figure 4.39: Comparison of the potentiodynamic curves of the@WaZ.% Co
buttons in distilled water and synthetic mine water.

Table 4.14: Electrochemicatorrosion parameters of the W&wt.% Co buttons.

Corrosion
I corr ECOI’I’ rate
Environment HA mV (10*mmpy
Distilled water 2.05+1.12 | -0.359+ 0.054 | 12.7+7.0
Synthetic mine water | 3.42+2.4 | -0.416+ 0.039 21+15
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Figure 4.40: Comparison of corrosion rates for the \WBavt.% Co buttons.

4.4.2Corrosion of £R12stainless steel

A comparison ofthe potenticdynamc polarisation behavior othe 3CR12 stainless
steelin the two solutionsis shown inFigure 4.41 Both curves clearlyshow three
regions namely: active, passive and trpassive which are typical for stainless steel
[39]. A sharp trangpassive region was experienced in synthetic mine water which is
associated with breaking of the passive layer due to the presencemieland pits
which were observed on the exposed surfdt¢e polarisation curve®f the 3CR12
stainless steeéh syrthetic mine water showslower potential (more negative) and high
current density compared when exposetb distilled water. Whenhe 3CR12stainless
steel wa exposedo distilled water, it exhibiteca small active region and a large
passive region whereas in synthetic mine watshawed the opposite trenthe more
negative potential experienced in synthetic mine water indicate gherhiendency to

corrodein this solution

Table4.15 gives a summary of the corrosion parameters wWhigeire 4.42 illustrates
the comparison of the corrosion rates. Higher corrosion rates were experienced in
synthetic mine water compared tostilled waer and his is in agreement with the

polarization curves
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Figure 4.41: Comparison opotentiedynamic curves forGR12stainless steel
in distilled and synthetic mine water.

Table 4.15: Electrochemical corrosion parameters foCBR12stainless steel.

I corr Ecorr Corroson rate
Environment nA mV (10°%) mmpy
Distilled water 18.63+14.4 | -0.184+0.032 0.61 £0.41

Synthetic mine wate| 175.5+64.3 | -0.358+ 0.023 575+2.1
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Figure 4.42. Comparison of corrosion rates foCR12stainless steel in distilled
water and synthetic mine water.

4.4.3Corrosion of mild steel

The polarigtion behavior of mild steel in distilledater and synthetic mine water is
illustrated in Figure 4.43. Both curves showactive regios wherein the samples
corrode as the applied potential getsrease There is no passive region that can be
identified. The response in sttmetic mine water is charactez by a higher current
density compared to dideld water, but the potential is relatively at the same level.
Table4.16gives a summary of the corrosion parametetsereit can be seen that there

is a higher corrosion rate in synthetic mine water than in distilled water. Fgide
shows the compaws of the corrosion rates of mild steel when exposed to both
solutions.
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Figure 4.43. Comparison of potentiodynamic curves of the mild steel in distilled
and synthetic mine water.

Table 4.16: Electrochemical corrosion parameters for mild steel.

I corr Ecorr Corrosion rate
Environment HA mV (10%)mmpy
Distilled water 0.859| -0.6 30.2
Synthetic mine wate| 6.42 | -0.562 225
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Figure 4.44: Comparison of corrosion ratdsr the mild steel in distilled water
and synthetic mine water.

4.4.4 Corrosion rates comparison of \ABWt%Co buttons, mild steel andCBR12 stainless

steel

Figure4.45 shows the comparison of corrosiamtes ofWC-6 wt.% Co buttons, mild
steel and £R12stainles steelin both distilled and synthetic mine watefFhe 3CR12
stainless steedhowed better corrosion resistandeen compared to mild and cemented
carbide in both distilled and synthetic mine watéfFhe corrosion rate oBCR12
stainlesssteel in distilledwater was 0.61 xIdmmpy whih was very small to appear

in Figure 4.45.Mild steel showed highest tendency to corrode in both environments.
Each material experienden increase in corrosiass the environment chang&om
distilled to synthetic mine wat whichis an indicatiorthat synthetic mine water is an

aggressive environment compared to distilled water.
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Figure 4.45: Corrosion rates of all samples in distilled and synthetic mine water.
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5.1

Chapter 5

Discussion

The aim of this project wato study the @rosive wear behaviour of W& wt.% Co
hardmetals in a mining environmeiithe reciprocating wear behaviour was determined
by sliding the WGE6 wt. % Co againsttwo industrial steels in a pionflat
configuration wiereas the corrosion behaviour was determineal standard potentio
dynamic corrosion setup. For both tesymthetic mine watewasused to simulate the

mining environment whilelistilled watenwasusedas acontrol electrolyte

Microstructural analysis

The microstructure of mild steelas a typical carbon steel structure consisting of ferrite
and pearlite. The orientation of the grains indicated that this steel was roliad dur
production The 3CR12 s ferritic stainless steel and the microstructure =iad of
ferrite matrics and plates of martensitat were also aligned to one directi@s a
result of rolling during manufactung. The WC6 wt.% Co button microstructure
consistedf thetypical angular tungsten carbideagns of various sizesnd the cobalt
matrix between the tungsten carbide grains. The variation in size of tungsten carbide
grains may be attributed to the size of powder particéesl during production aride

influenceof the sintering process.

On the material propertie)e WC-6 wt.% Co buttons showed a low level of porosity

as well asanacceptat# density of 14.9 gm® which is in the range dfpical densities

for this grade[1]. This gives an indication that the mixing and sintering process was
efficient during the manufaating process. The hardness of this material was about 7%
below thetypical hardnesgangefor this grade(6 wt.% Co)[1]. This maybe dueto

grain coarseningduring manufacturingandthe grain distributionwithin the structure

The fracture toughness ahe cemented carbide obtained is comparable witht th
obtained in the study conducted $gieszka [41].

The XRD phase analysesf mild steel and @R12 stainless steel showeHe typical
constituents of thesmaterialswith no undesired phasevhich could ngatively afect

the properties. Theasne appliedo the cemented carbide buttamg detrimental phases
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s uch ehasewagddtected; onlyWC and Co phasesere presentCo showed its
existence in crystalline forrand this was confirmed by the XRD speatr with no

dome shape

5.2 Corrosion behavior of the test materials

Corrosion can be explained in terms of electrochemical reactions. Patgnémic
anodic polarisation is the charactesison of a metal by its current and potential
relationship. The speciem potential is scanned in the positive directiacting asan
anode thereby allowing it to corrode tar form an oxide coating. The measurements

obtained are used to determine the corrosion characteaétiee metal involved [43].

5.2.1Corrosion of WGE6 wt.% Co buttons

The polarization othe WC-6 wt.% Co cemented carbide in distilled and synthetineni
water is shown in igure 4.39 The behaviour in distilled water shoas active region
which increasg with potentia] without any sign of passivatiprwhereas pseudo
passivation is experience when exposed to synthetic mine (wdtieh was interrupted

by noisg. Similar observatios of pseudepassivation behavioun WC-6 wt.% Co
cemented carbidewere made byMachio et al [40]. The noise experiendewas
atiributed to the change in surface characteristice to possible chemical reactions
during the course of the testhe comparison of polara&ion curves ofthe WC-
6wWt%Co cemented carbide in synthetic eniand distilled water showed thatower
potentialand higler current density were experienced iynthetic mine water. The
polarisation bénavior together with igure 4.40and Table 4.14 gives an indication that
there is higher tendency of W&wt.% Co to corrode in synthetic mine water than in
distilled water. It was interesting to note that corrosion occurred in distilled water; the
reasoning for thisisunclear Accor ding to Faradayods | aw,
formed at an electrode is directly proportional to the quantity passed, therefore the
greater the current density the higher the corrosion rate [37TB8]corrosion ratéor

the WC-6 wt.% Cobuttonswas found to be 40%igherin synthetic mine water than in

distilled water which was used as a control solution
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5.2.2 Corrosion of3CR12stainless steel

Stainless steels are generally well knownthair resistance to corrosionhi§ is due to
the formation ofa thin passive layewhich protects the metatdm chemical attack in
an oxidising environment [1]. The formation of this thin passiveetayelps in
maintaining low corrosion rategnd any break down of this film leado localised
corrosion i.e. pits and crevice[39]. The polarisation behaviour ofCR12 stainless
steel in distilledwater and synthetic mine water iBustratedin Figure 4.41 In both
environments this material showadypical polarigtion curve which is characterised
by active, passive and trapassve regions. The exposure 8CR12stainless steel in
distilled water showed a large passivation region comparegkgosue in synthetic
mine water Small passivation regiois attributed to the interruption of the passive
region due to possible chemical reactions (film break down) in synthetic mine Wwater
sudden breakup of the passive region followed by an increaserantdensity ata
relatively constant potential was experienced in synthetic mine water. This sudden
breakup of the passive layer was possibly caused by pitggggppendix Hdue to the
presence of chlorinatoms which are well known for breaking thegsive layef44].
The Clions are small in size and enable penetration through passive oxide film and are
aggressive en@h to attack steel and initiateits [44]. The hgher tendency for
corrosion in synthetic mine water was as a result of lower pateid high corrosion
ratg due tothe high corrosion densitythisis confirmed by &ble4.15 and kKure 4.42

All the testsindicate that synthetic mine water @ aggressive environment when
referenced to distilled watefhe corrosion rate of th@CR12 stainless steel was found
to be 89 %higherin synthetic mine water than distilled water.

5.2.3Corrosion of mild steel

The polarisition behavior of mild steel in distilled and syntheticenwater is shown in
Figure 4.43 Both polarisition curves show awt regiors wherein the samples corrode

as the applied potential increases. There was no passive region that could be identified
and this is attributed to thfact that normal carbon steel has no tendency to form thin
protective layes [37]. hsteadwheniron is exposedt is oxidized to F&" and Fé&"

which are the corrosion products [37]. Theséarisation curves for mild steel exposed

in both environmerstshows that there ia higher current density experiend@ver the

scanning potentiain synthetic nme watercompared talistilled water. As mentioned
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previously a high current density leado high corrosion rateas indicated in Figure
4.43and Table 4.16

5.2.4 Comparison of corrosion response of test materials

The effect of thecorrosionenvironment orall the materialgested is shown byigure
4.45 It can be seen tha&8CR12 stainless steel showetthe highest resistance to
corrosioncompared tdoth thecemented carbide and mild sted#spite the formation
of pits. This is due to the ability of thBCR12 stainless steel to formthin oxide film
which assig in the reducingcorrosion rate Mild steel showed poor resistance to
corrosion in both environments when comgzh to the WC-6 wt.% Co cemented
carbide andBCR12stainless stegkhis isas resultof mild steel being unable to form
protective layer due to absence of alloying elesenth as chromium All samples
showed an increase in corrosion rate when the environwaenthangefrom disilled

to synthetic mine water.

5.3 Reciprocating wear of thest materials

In the wear tests conducted, in each environmental condition (distietr and
synthetic mine waterthree cemented carbide butsomere tested against three samples
from each steel counterface The simmation of individual mass loswhich was
converted to volume loss using denstycording taEq. 7 was conductetb obtainthe
average cumulative volume loss feach steel counterfac&he average material
volume loss for the W wt.% Co was @terminedoy measuring the area of the wear
sca. Examination of the wear scars wamnductedo determine the wear mechanism of

the different material

In general ach material surface possesses a certain degree of asperities. These
asperities form the initial contapbintsbetween two surfaces urdgtatic loathg and

they deform untithereal contact area suppsthe load B2,42]. Under relative sliding
motion, adhesive wear or galling can occur by the shearing and deformation of
asperitiesfollowed by cold welding with the weaker material beém the two yielding
surfaceq 32, 42]. Hardness is also used as an indirect measure of wear resibtance
the important hardness is said to be the one ithattained at the interface during
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sliding [42]. These aspects are discussed in sec&oB4d which address the corrosive

wear synergism between the tungsten carbide alloys and the steel counterfaces.

5.3.1 Reciprocating wear synergism between \W@t.% Co and mild steel

Figure 4.10 and igure 4.11are thegraphs of average volume logs mild steel in
distilled water and synhetic mine water respectivelyAn increase in theaverage
volume loss was noted as a function of sliding distamcdoth distilled water and
synthetic mine water and this may be attribut@the variation in surfacstructure as

diding progressedA consistently higher level of average material volume loss was
seen on the mild steel samples exposed to synthetic mine water compared to distilled
water, an indication of the aggressiveness of the synthetic mine (gaifgure 4.12.

This high material volume loswas attributedo the possible chemical reactions that
occurred while testing in synthetic mine wadeid he change in colour of the samples

provided evidence of the possible occurrence of chemical reactions (see afendix

An initial decrease irthe wear rate coefficient during the first 106 m of sliding
followed bya steady increaseas notedn distilled water. In synthetic menwater the

wear rate stabilizedt a sliding distance of 150 m and renegirsteady for the
remainder of the test. A decrearsedimensional wear coefficient may bétributed to

the runningin phase at the beginning of the wear process. Accordingitichithgs [32]

the runningin phase is a very complex stage of weard it can either increass
decrease as a result of possible work hardening, change in surface chemistry or plastic

deformation of asperities [32]

The wear mechanism observed thie mild steel sliding againstvC-6 wt.% Cowas
scratching, smearing and groove formationdistilled water whereas severe plastic
deformation followedby cold weldingwas observeih synthetic mine waterFgure

4.27). Plastic deformatin and shearing dhe mild steel waglue to its hardness which

was about 87% lower than that tife WC-6 wt.% Cobuttons According to Hutching

[32], the hardness ratio of the worn material to that of counter body is one of the critical
parameters in wear applications. Generally when the hardness ratio stays below the
critical value of 0.5 to 0.8, indentatiomill occur and these critical values have been

found to form transition between mild and severe wear. When the hardness of the worn
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material approaches that of the counter bodyrale at which itveass reduces [32]. In

this case the hardness ratioyklsee/Hwec.co) was 0.12 which is below the critical
values; therefore the wear regime experienced by the mild steel is a severe form of
wear A wear depth of 0.29 mm was obtained in synthetic mine water comiuatiee

0.14 mmwear depthin distilled water(see appedix G), this suppow the high volume

loss experience by mild steel in synthetic mine wdteés. quite evident that the change

in environment had an influence on the waad corrosiorbehaviour of both mild steel
andWC-6 wt.% Cowhich is anindicationof the synergistic effect between wear and

corrosion.

5.3.2 Reciprocating wear synergism between \WW@t.% Co and £R12stainless steel

Similar behaviourto that ofmild steelwas observed ithe 3CR12stainless steglvhere
there was arincrease inthe averagematerial volume loss as a function of sliding
distance in both distilled and synthetic mine wafEigures 416 and 4.%7). The
comparison as illustratad Figure 4.18showed that higher average material volume
loss was experienced in synthetic mine evahan in distilled wateronce again an

indication oftheaggressiveness tfie mine water solution.

An increase inthe dimensional wear coefficient occurred for the first 109 m in
syrthetic mine waterfollowed by a steady decrease fibre remainder of e test,
whereas ateadydecreaseccurred in distilled watewhich teneédto stabilize aghe
sliding distance increasedsee kgures 4.19and 4.20) The dimensioal wear rate
coefficient of 3CR12stainless steel sliding against WGOwnt.% Co was foundo be
44% higher in synthetic mine water than in distilled wafesimilar situationto mild
steelwas noted wheréhe samples changed in colaarthe vicinity of the wear track
during thesliding test which indicated theoccurrence of ahemical rea@n (see

appendix E).

The wear scars othe 3CR12stainless steel wemiven byFigure 4.3. Shearing and
micro peeling of the surface material followed by cold weldvas observean the
wear track The severedamagewhich occurred insynthetic mine wateis normally
referred to agalling, which is a more severe form of adhesive wear [1, 42]. The galling

phenomenon was caused by the yielding of stainless steel due needtsanical
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propertiesbeing lower than that aVC-6 wt.% Co i.e. the hardness ratifHscridHwc-

co) Was 0.13 meaning that higher degree of indentation leading to higher wear rates was
expectedbn 3CR12stainless steeDue to this ratio beintpwer that the critical values,

the form of wear experienced was in severe region of the wear Pidipg was
observedon the 3CR12 stainless steel; pits can cause changes on the surface
characteristics and raises the stress concentration factor which may lead to reduction in
strength of the material [15, 39]. Once the strergfthe materiareducs, then the
material becomes prone toghi wear rates which is wh&8CR12 stainless steel
experienced. On the other haB€R12stainless steel has a high work hardening rate
and tendency to form martensitic structdrging sliding; this structure isard, brittle

and has high tensile residual stresses which are bad forapeiazations I]. As it was

seen in md steel, the wear rates @CR12stainless steel increakas the solution was
changeé, with wear depth 00.10 mm indistilled waterand 0.376 mnin synthetic

mine water(see appendix G)'he change in severity of damage andimvates as the
solution was change® synthetic mine water also gave an indication on the synergistic
effect between corrosion and wear.

5.3.3Comparison of the corrosive weamngrgisms of the W@ wt.% Co buttons stiing

against mild steel and 304itainless steel

The average material volume loss tife WC-6 wt.% Co buttonswas estimated by
measuringvear scamarea generated by tlsfiding actionbetweenthe buttonsandthe

steel counterfacesvariation in contact area was noted duringtdsthence theverage
materialvolumeloss Comparison of the sliding pairs in a reference solution (distilled
water) and synthetic mine was done. It was noted that there Wiahtadsfference in

wear behaviour of theNC-6 wt.% Co buttons when sliding against mild steel
counterface in idtilled water thanrBCR12 stainless steel. The dimensional wear rate
coefficient indicated that there was about 0.4% difference in the wear behaviour of

thesebuttons against both counterfaces in distilled water.

When the environment was changed to synthetic mine water, the average material
volume loss of thaVC-6 wt.% Coincreasd in both sliding pairs (lgure 4.23. The
highest average material volume logss observed in avVC-6 wt.% Cd3CR12

stainless steel sliding pair than in a V8@it.% Co/mild steel sliding pairThis may be
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attributed to thenigh work hardening rate possessed Iy 3CR12 stainless steehs

well as thechange in environment. Th&€R12stainless steel has high work hardening
ratethan mild steetlue to tendency to form hard martensite at the surfac&h#&]work
hardened3CR12stainless steel surface made it difficult for the buttons to indent the
surface henceaused the buttons to exparce wearThis change in wedrehaviour of

the WG6 wt.% Co/3CR12stainless steel sliding pair supports the theory that, wear is
not an intrinsic material property but a system prop@itymeaning that any change in

parametewithin the systenwill bring change the wear behaviour.

The dimensional andimensionless wear coefficients showed that YWE-6 wt.%
Co/3CR12stainless steel slidingair in synthetic mine watevas52% severe thaw C-
6 wt.% Co/mild steel sliding pair (seeigure 4.24and Table5.1). This behaviouwas
influenced by the change in surface characteristics of the materials due to atiding

thecorrosion response of these eral in synthetic mine water

Table 5.1: Wear coefficients for the sliding paiirs synthetic mine water.

Wear coefficients
Sliding pair k 10° (mm’/N.m) K (10
WC-6 wt.% Co/mild steel 8.74 1.14
WC-6 wt.% Co/3CR12stainless stee 18.3 2.39

Large wear scar contact ar@as seerwhen slidingbuttonsagainst £R12 stainless

steel than mild steellhis was due to théormation wider wear trackas a result of
extensive material yieldingn the £R12stainless steel, similar behaviour waseabin

the study done by vader Merwe [45].This resulted in low contact stresses when
compared to that of mild stedsee appendix D)however high wear rates were
experienced by these button whena 3CR12 stainless steegliding pait Though
stainless steel haddtier hardness than mild steel, it experienced higher wear rates in
both soltions due to its hardening effect and possible change in microstructure from

austenitic to martensitic

All cemented carbide buttordiding againstoth seel counterfacexhibited similar
wear mechanismTlhe Co binderis a ductile matrix; therefore it phstically deformed
and got smearedff as a result of the sheatresses generated the steel counterface

during sliding Due to binder matrix removal, WC grains remaineshsupported and
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5.4

exposed to theontactstressesHigh contact stressegets generatd between exposed
WC andcounterfacanaterial assliding process progressesmd thisresuled in micro
cracking andbreaking of WCgrains, see igures 4.31 and 4.37. The presence of the
counterface constituents was detected by the EDS analysis on thesbuttar scars.
This is an indication of the material transfer from the steel counter faces to thee WC
wt.% Co buttons during wear. The transfer of material from one material to the other
during wear is described as adhesion due to the yielding followgdplastic
deformationas a result ohardnesslifference between botsteel counterfaceg®87 - 88

% lower) and W& wt.% Co.

Experimental testing error

In corrosion teng, the determination of the Tafglots by drawinghe tangent lines on
the polaristion curve is subjective. It is subjected to human error and may have an
influence in terms of the standard deviation on the results obtained.

In the wear testing rig, loamg must be symmetric around the axiand any
misalignment may induce vibratiornathe loading lever which may influence the
experimental setip in terms of wear tracks which will be formed. Twear track
providesimportant informatiorto determine the weanechanismilt is also critical that
the counterfacésteel)and the pin(carbide) are properly secured into théiousing;as

any movement will influence the results.
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Chapter 6

Conclusions
The main conclusiondrawn from the researcre listed below

1 The microstructural characterization showed that theWE.% Co hadtypical
angular WC grains with cobalis the matrix. The grain size was TypeVb
according to ASTM B39®2. No detrimental phaseshich could compromise
the propertiesof the WG6 wt.% Co buttonswere detecteddensity and fracture
toughnesswere within a range of thetypical 6 wt.% Co gradeexcept for

hardness which was about 7% lower

1 The corrosion behavior of W6 wt.% Co, as referenced to distilled watevas
found tobe 40% higherin synthetic mine water. Pseudo passivation was also

noted in synthetic mie water.

1 A higher average material volume loss was experienced by thesW% Co
in the WC-6 wt.% Co/3CR12stainless steel sliding paiompared to th&/C-6
wt.% Co/mild steel sliding pair in synthetic mine wat#ns was possibly due to
relatively hidh initial hardness and incress transitional hardness oCR12
stainless steel during slidinfhe dimensional wear rate coefficient of the WC
wt.% Co in synthetic mine water was found to be 5aigher inthe firstsliding
system Both the counterfacesnd the buttons showed a change in color which
was an indication of the chemiga&lactions during sliding

1 The wear mechanism tie mild steel was characterized by plastic deformation
and groovingcausedyy ploughing The wear mechanism dghe3CR12stanless
steel was plastic deformatiogroove formatiorand galling, which is a severe
form of adhesive weaThe @mented carbide butteshowedthe typicalwear
mechanisra characterized byemoval of the ductile Co bindefollowed by
micro-cracking of expsed WC grains.Material transfer of thesteel
counterfacesnto the WG6 wt.% Co buttons was confirmed by EDS analysis.

I The influence in wear and corrosion behaviour of the-8VW@.% Co was noted

as the solution was changed from distilled to syntheticenmdicating the
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synergistic effect, meaning that the combined effect of corrosion and wear will
be detrimental and reduce the life of the W@&1t.% Co.
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Chapter 7

Future studies

The current research was based on two stes@asterbices. [fferent materials
with relatively highethardness can be usexstudyfurtherthe effect of change
in hardness of theounterfacesn the reciprocating wear behavof cemented

carbide buttons.

Monitoring of friction agthe sliding distance incases can be beneficial. This

can be used to verify the relationship between surface friction and wear.

Comparative studies using differggrades of cemented carbidg®uld be done

to determine which grades have the best corrosive wear resistance.

The XPS (or similar)techniqueshould be employetb quantify theoxidation

andcorrosion mechanisson both the wear scars and corroded surfaces

Investigatingthe changgin the wear tegbarameters such as sliding distance,
reciprocating frequency arappliedloadng would provide further information

on the corrosive wear synergism
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Appendix A: Hardness test data

Appendix A provides the hardness test data that was usedldolatethe average
hardness of the materialdNo formula was used since theardnessmachine
automaticallycalculatesthe values after indentatioffables A.1 and A.2arethe test
data forthe WG6 wt.% Co cemented carbidauttors whereas Bbles A.3 am A4 are
for mild steel and BR12 stainless steel respectivelin the tables below, d1 and d2

represents the diagonals of the indentation.

Table A1: Vickers fardnesdest datafor WG-6 wt.% Co sample 1

Indent | dil(um) | d2(um) HV 3
1 204.3 203.7 1336.8
2 202.5 203.8 1348
3 202.9 205.5 1334.2
4 202.7 205.3 1334.8
5 200.2 204.4 1361.4
Average hardness 1343.04
Standard deviation 11.69

Table A.2: Vickershardness testlata forWG6 wt.% Co sample2.

Indent | d1(um) | d2(um) HV 3
1 204.2 206.2 1321.2

2 205.9 207.4 1302.7

3 204.4 207.2 1313.5

4 204.1 205.4 1327

5 206.1 204.9 1317.3
Average hardness 1316.34
Standard deviation 9.114439
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Table A.3: Vickers lardness testlata for nild steel

Indent [ dl(um)  d2(um) HV 3o

1 595.5 597.1 156.5

2 595.1 604 154.8

3 603.6 594.9 154.9
4 596.1 598.2 156

5 594.4 597.4 156.7
Average 156

standard deviation 0.88713

Table A4: Vickers lardnesgestdata for 3CR12stainless steel

Indent| di(um)  d2(um) HV 3
1 575.1 556.5 173.8
2 577.5 565.4 170.4
3 582.8 551.8 172.9
4 579.9 561.9 170.7
5 582.7 563.5 169.4
Average 171
Standard deviation 1.836573




Appendix B: Fracture toughnessath

As indicated in section 3.1.4 E§, thePalmqvist techniquesing Shetty formula was
utilised determining fracture toughnesgable B.1 and B.2 shows the test results and

calculations done whereas Figure B.1 indicate the Palmqvist method.

Table B.1: Fracture toughness data f&C-6 wt.% Co buttons

SAMPLE 1

Crack 1 | Crack 2 | Crack 3 | Crack € Croa Hardness Kic Standard

(L) (L) (Hm) | 4 (um) (1) HVs | (GPa) [ (MPam™ | Kicuy | deviation
25.823 | 41.371 | 23.101 | 53.437 143.732 | 1336.8| 13114 14.6

70.999 17.05 44,744 | 14.142 146.935 1348 13.224 14.5

26.311 | 12.263 | 27.47 | 66.545 132.589 | 1334.2| 13.089 15.2

42.148 | 34.034 | 16.93 | 18.222 111.334 | 1334.8| 13094 16.5

50.71 15.347 | 41.244 | 28.124 135.425 | 1361.4| 13355 15.1

SAMPLE 2 14.6 1.01

Crack 1 | Crack 2 | Crack 3 | Crack € Cra Hardness Kic

(Hm) (Hm) (pm) | 4 (um) (pm) HV 50 (Pa) (MPa.m'?

42.282 | 47.938 | 45.544 | 37.012 172,776 | 1321.2| 12961 13.2

60.371 | 12.715 | 23.642 | 39.735 136.463 | 1302.7| 12779 14.8

41.689 | 29.293 | 38.901 | 47.337 157.22 1313.5| 12885 13.8

45,761 | 20.031 | 45.135 | 54.357 165.284 | 1317.3| 12923 13.5
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Appendix C: Density and prosity data

The density ofthe WG6 wt% Cowas deter mi ned using Arcl
whereas the density of the counterfaces was done by meatheingight and volume

of the samples

Table C.1: Density data for the W® wt.% Co buttons

Suspended Wet Dry Density Open
weight (g) [ weight(g) | weight(g) (glcn?) porosity

10.524 11.2793 11.279 14.93314| 0.039719

10.5239 11.2798 11.279 14.92129]| 0.105834

10.523 11.2799 11.279 14.90157| 0.118906

10.5237 11.2801 11.279 14.91142| 0.145426

10.5235 11.2802 11.279 14.90551| 0.158583

Averagedensity 14.91459| 0.113694

Standard deviation 0.012756| 0.046323

Table C.2: Density data fothemild steel.

Volume Density

Mass (g) (cmd) (glcn?)
65.762 8.4 7.829
65.121 8.4 7.753
64.99 8.4 7.737
65.214 8.4 7.764
65.56 8.4 7.805
65.61 8.4 7.811
Averagedensity 7.783
Standard deviation 0.037

Table C.3: Density data fothe 3CR12stainless steel.

Volume Density

Mass (g) (cmd) (glcn?)
64.506 8.4 7.679
64.325 8.4 7.658
64.535 8.4 7.683
64.518 8.4 7.681
64.503 8.4 7.679
64.426 8.4 7.670
Average density 7.675
Standard deviation 0.010
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Appendix D: Reciprocating wearata

This appendixprovides the test data used to calcutaterage materialolume los and
wear rate coefficientor the materiad. Table D.1, D.4, D.7 and D.10 atiee mass loss

data ofthe mild steel and GR12 stainless steel in distilledvaterand synthetic mine

water. Table D.2, D.5, D8 and D.1llare the volume loss datéor the two stel

counterfaces in the two solutionfable D.3, D.6, D.9 and D.1are the wear rate

coefficient data for both materials tine two solutionsTables D13 to D16 list the wear

coefficient data of the W® wt.% Co buttons sliding against the two steel ceufisices

in the two solutions.

Table D.1: Mass loss data fathe mild steelsliding against W& wt.% Coin distilled

water.
Sample 1 Sample 2 Sample 3
Cumulative cumulative Average

Mass mass loss Mass Cumulative Mass Mass | massloss| Cumulative
Mass (g)| loss () (9) Mass (g) | loss (g) mass loss (9) loss (Q) (9) mass 0ss(g)
65.762 0 0 65.121 0 0 64.989 0 0 0
65.746 0.016 0.016 65.111 0.01 0.01 64.981 | 0.008 0.008 0.011
65.738 0.008 0.024 65.1 0.011 0.021 64.975 | 0.006 0.014 0.020
65.73 0.008 0.032 65.082 0.018 0.039 64.968 | 0.007 0.021 0.031
65.721 0.009 0.041 65.068 0.014 0.053 64.958 | 0.01 0.031 0.042
65.705 0.016 0.057 65.055 0.013 0.066 64.946 | 0.012 0.043 0.055
65.695 0.01 0.067 65.038 0.017 0.083 64.934 | 0.012 0.055 0.068

Table D.2: Volume loss data fahe mild steelsliding against W& wt.% Coin
distilled water

Sample 1 | Sample 2 | Sample 3 Average
Sliding Volume Volume Volume volume
distance| removed removed removed removed Standard
(m) (mn?) (mn?) (mn?) (mn?) deviation
53.235 2.044 1.290 1.034 1.456 0.525
106.496 3.066 2.709 1.810 2.528 0.647
159.744 4.087 5.031 2.714 3.944 1.165
212.992 5.237 6.837 4.007 5.360 1.419
266.24 7.281 8.513 5.558 7.117 1.485
319.488 8.558 10.706 7.109 8.791 1.810
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Table D.3: Wear rate coefficient data fahe mild steeksliding against W& wt.% Co
in distilled water

dsig?al?lge Sample 1 Sample 2 Sample 3 Average Standard
(m) k (mn/N.m) | k (mn?/N.m) | k (mn?/N.m) k (mn/N.m) deviation
53.235 0.000180 0.00011 9.12E05 0.0001 4.6E05
106.496 0.000135 0.00012 7.98E05 0.00011 2.9E05
159.744 0.000120 0.00015 7.98E05 0.00012 3.4E05
212.992 0.000115 0.00015 8.83E05 0.00012 3.1E05
266.24 0.000128 0.00015 9.80E05 0.00013 2.6E05
319.488 0.000126 0.00016 1.04E04 0.00013 2.7E05

Table D.4: Mass loss datéor themild steelkliding against W5 wt.% Coin synthetic

mine water
Sample 1 Sample 2 Sample 3
cumulative Average

Mass Mass Cumulative Mass Cumulative | Mass Mass mass loss| Cumulative

(9) loss (g) | massloss (g] Mass (g) | loss (g) | mass los$g) (9) loss () (9) Mass bss(g)
65.214 0 0 65.56 0 0 65.61 0 0 0
65.194 0.02 0.02 65.539 0.021 0.021 65.592 | 0.018 0.018 0.0197
65.185| 0.009 0.029 65.525 0.014 0.035 65.581 | 0.011 0.029 0.031
65.172| 0.013 0.042 65.513 0.012 0.047 65.57 | 0.011 0.04 0.043
65.158| 0.014 0.056 65.499 0.014 0.061 65.555 | 0.015 0.055 0.0573
65.144| 0.014 0.07 65.481 0.018 0.079 65.541 | 0.014 0.069 0.0727
65.128| 0.016 0.086 65.469 0.012 0.091 65.523 | 0.018 0.087 0.088

Table D.5: Volume loss datéor themild steelksliding againstWG-6 wt.% Coin

synthetic mine water

Sample 1| Sample 2 | Sample 3| ayerage
Sliding Volume Volume Volume volume
distance| removed | removed | removed | removed | Standard
(m) (mn) (mn) (mn) (mn) deviation
53.248 2.576 2.691 2.305 2.524 0.198
106.498 3.735 4.484 3.713 3.978 0.439
159.744 5.410 6.022 5.121 5518 0.460
212.992 7.213 7.816 7.042 7.357 0.407
266.24 9.016 10.122 8.834 9.324 0.697
319.488| 11.077 11.660 11.139 11.292 0.320
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Table D.6: Wear rate coefficient data fahe mild steeksliding againstWG-6 wt.% Co
in synthetic mine water

dslggﬂge Sample 1 Sample 2 Sample3 Avekrage standard
(m) k(mnf/N.m) | k(mn®/N.m) [ k(mn®/N.m) | (mm*N.m) deviation
53.248 0.000227 0.00024 0.000203 0.00022 1.7E05
106.496 0.000165 0.0002 0.000164 0.00018 1.9E05
159.744 0.000159 0.00018 0.000151 0.00016 1.4E05
212.992 0.000159 0.00QaL7 0.000155 0.00016 9E-06
266.24 0.000159 0.00018 0.000156 0.00016 1.2E05
319.488 0.000163 0.00017 0.000164 0.00017 4.7E06

Table D.7: Mass loss data fathe 3CR12stainless steddliding againstWG-6 wt.% Co
in distilled water.

Sample 1 Sample 2 Sample 3
cumulative Average
Mass Mass Cumulative | Mass Mass Cumulative | Mass Mass mass loss Cumulative
(9) loss (g) | massloss (g] (Q) loss (g) | massloss (g] (9) loss () (9) Mass loss (g)

64.506 0 0| 64.325 0 0| 64.535 0 0 0
64.469 0.037 0.037| 64.284 0.041 0.041]| 64.495 0.04 0.04 0.039333
64.442 0.027 0.064| 64.244 0.04 0.081| 64.456 0.039 0.079 0.074667
64.418 0.024 0.088| 64.21 0.034 0.115]| 64.418 0.038 0.117 0.106667
64.389 0.029 0.117| 64.189 0.021 0.136( 64.383 0.035 0.152 0.135
64.358 0.031 0.148| 64.156 0.033 0.169( 64.353 0.03 0.182 0.166333
64.326 0.032 0.18| 64.128 0.028 0.197| 64.327 0.026 0.208 0.195

Table D.8: Volume loss datfor the 3CR12stainless stedliding againstWG-6 wt.%
Coin distilled water.

Sample 1 [ Sample 2| Sample 3| Average
Sliding Volume Volume Volume Volume
distance| removed | removed | removed | removed | Standard
(m) (mn?) (mn) (mn) (mn) deviation
53.24 4,818 5.354 5.213 5.128 0.278
106.488 8.334 10.578 10.296 9.736 1.222
159.736 11.459 15.017 15.248 13.908 2.124
212.992 15.236 17.760 19.809 17.602 2.291
266.24 19.273 22.069 23.719 21.687 2.248
319.488| 23.440 25.726 27.107 25.424 1.852
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Table D.9: Wear rate coefficient data fahe 3CR12stainlesssteelsliding against
WGC-6 wt.% Coain distilled water

Sliding Sample 1 Sample 2 Sample 3
distance Average k | Standard
(m) k(mneIN.m) [ k (mmdN.m) | k(mn®/N.m) | (mn*/N.m) | deviation
53.24 0.0004249 0.0004721 0.0004597 0.0004522 | 2.449E05
106.488 0.00036%4 0.0004663 0.0004539 0.0004292 | 5.388E05
159.736 0.0003368 0.0004414 0.0004482 0.0004088 | 6.242E05
212.992 0.0003358 0.0003915 0.0004367 0.000388 5.05E05
266.24 0.0003399 0.0003892 0.0004183 0.0003824 | 3.963E05
319.488 0.0003445 0.000378 0.0003983 0.0003736 | 2.722E05

Table D.10: Mass loss data fathe 3SCR12stainless stedliding against Wb wt.%
Coin synthetic mine water

Sample 1 Sample 2 Sample 3
Mass cumulative Average
Mass Cumulative Mass loss Cumulative | Mass Mass mass loss | Cumulative
Mass (g) | loss (g) | massobss (Q) (9) (9) mass loss (g] (9) loss (g) (9) mass Loss
64.518 0 0 64.503 0 0 64.426 0 0 0
64.448 0.07 0.07 64.449 | 0.054 0.054 64.364 | 0.062 0.062 0.062
64.38 0.068 0.138 64.363 | 0.086 0.14 64.299| 0.065 0.127 0.135
64.314 0.066 0.204 64.312 | 0.051 0.191 64.234| 0.065 0.192 0.195667
64.243 0.071 0.275 64.268 | 0.044 0.235 64.175| 0.059 0.251 0.253667
64.194 0.049 0.324 64.229 | 0.039 0.274 64.115 0.06 0.311 0.303
64.146 0.048 0.372 64.184 | 0.045 0.319 64.066 | 0.049 0.36 0.350333

Table D.11: Volume loss datéor the3CR12stainless steddliding against Webs wt.%
Coin synthetic mine water

Sample 1 | Sample 2| Sample 3
Average
Sliding Volume Volume | Volume Volume
distance [ removed | removed | removed | removed Standard
(m) (mn) (mn) (mn) (mn) deviation
53.24 9.114 7.032 8.084 8.077 1.040
108.488 17.967 18.232 16.559 17.586 0.899
159.736 26.560 24.873 25.033 25.489 0.931
212.984 35.804 30.603 32.726 33.044 2.615
266.24 42.184 35.682 40.549 39.471 3.382
319.998 | 48.432995| 41.542 46.938 45.638 3.625
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Table D.12 Waear rate coefficient datéor the3CR12stainless steddliding against
WG-6 wt.% Coin synthetic mine water

Sliding

: Sample 1 Sample2 Sample 3
distance Average k Standard
(m) k(mm/N.m) | k(mmN.m) | k(mn®/N.m) [ (mm*N.m) deviation
53.24 0.0008037 0.0006201 0.0007128 0.0007122 | 9.178E05
106.488 0.0007921 0.0008038 0.00073 0.0007753 | 3.965E05
159.736 0.0007806 0.0007311 0.0007358 0.0007491 | 2.737E05
212.984 0.0007892 0.0006746 0.0007214 0.0007284 | 5.764E05
266.232 0.0007439 0.0006292 0.0007151 0.0006961 | 5.964E05
319.48 0.0007117 0.0006105 0.0006898 0.0006707 | 5.326E05

Table D.13: Wear datafor the WGC-6 wt.% Co buttonsliding againsimild steel
counterfacsin distilled water

Wear scar Contact

Wear Scar height Volume loss k Area # Stress

Button | dia (mm) (mm) (mnt) (mm’/N.m) (mn7) (MPa)
1 2.945 0.119 0.405 5.95E06 5.285 40.303

2 3.167 0.137 0.542 7.97E-06 7.879 27.034

3 3.452 0.163 0.767 1.13E05 9.358 22.761
Averagevalues 0.571 8.39E06 30.033

Standard deviation 0.149 2.68E06 9.147

Table D.14: Wear datafor the WCG6 wt.% Co buttors sliding against mild steel
counerfacesin synthetic mine water.

Wear Contact

scardia Wear scar Volume k Area # Stress
Button (mm) height (mm) | loss (mnf) | (mm¥N.m) (mn?) (MPa)
1 3.101 0.132 0.498 7.32E06 7.553 28.20
2 3.461 0.164 0.775 1.14E05 9.409 22.64
3 3.122 0.133 0.512 7.52E06 7.656 27.82
Averagevalues 0.595 8.74E06 26.22
Standard deviation 0.127 2.29E06 3.108
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Table D.15: Wear data othe WGC-6 wt.% Co buttors sliding againsBCR12stainless
steelcounterfacesn distilled water

Contact

Wearscar Wear scar Volume k Area Stress

Button | dia (mm) | height (mm) | loss (mm) | (mm*N.m) (mn7) (MPa) #
1 3.3% 0.158 0.717 1.05E05 9.053 23.528

2 3.097 0.131 0.496 7.28E06 7.535 28.268

3 3.114 0.133 0.507 7.44E06 7.617 27.964
Averagevalues 0.573 8.42E06 26.587

Standard deviation 0.102 1.83E06 2.653

Table D.16: Wear data ér the WG-6 wt.% Co buttors sliding against @R12stainless
steel counterfacein synthetic mine water.

Contact
Wearscar Wear scar Volume k Area # Stress
Button | dia (mm) | height (mm) | loss (mni) | (mm’N.m) (mnr) (MPa)
1 3.825 0.201 1.159 1.70E05 11.49 18.538
2 3.851 0.204 1.191 1.75E05 11.65 18.283
3 4.004 0.220 1.394 2.05E05 12.59 16.918
Averagevalues 1.248 1.83E05 17.913
Standard deviation 0.104 1.87E06 0.871

#, the stress indbles D13 to D16 are calculated using the area of the-@A@t.% Co wear

scars
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Appendix E: Contact aresof WC-6 wt.% Co buttonsandsteel
counterfacesluring wear testing

FigureEl provides thaypical wear scars obtained on the V&@vt.% Co at he point of

contact andigure E2thetypical wear track produced on the steel counterfaces by the
WC-6 wt.% Co during sliding

Signal A =NTS BSD
EHT =10.00 kv

(@) (b)

Figure E.1: Wear scar contact arefor the WG6 wt.% Co buttonssliding against mild
steel indistilled water, (b) synthetic mine water.

Signal A=NTS BSD P Mag= 80X Signal A=NTS BSD Date :26 Sep 2014
EHT =10.00kV' 0 WD = 9.7mm EHT =10.00 kV 14

@ (b)

Figure E.2: Wea scar contact area fothe WG6 wt.% Co buttonssliding against
3CR12stainless steel in (a) distilled water, (b) synthetic mine water.
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(b)

Figure E.3: Wear tracks produced by the \WBGwnt.% Co buttons on mild steel in (a)
distilled water, (b) synthetic mine water.

(@) (b)

Figure E.4: Wear tracls produced by the WG wt.% Co on3CR12stainless steel in
(a) distilled water, (b) synthetic mine water.
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Appendix F: Corrosion datandrepeatability polarization curves

Appendix F, givesain outline otthe corrosion datas well as the pola@agion curves

that wereobtained during the corrosion tgst

Table F.1: Corrosion data fothe WG6 wt.% Co buttons.

lcorr Ecorr Corrosion rate
(HA) (mVv) (10° mmpy)
Distilled Test 1 2.84 -0.32 17.6
water Test 2 1.25 -0.397 7.73
Average 2.045 -0.3585 12.665
Standard deviation 1.124 0.0544 6.979
Synthetic Test 1 5.14 -0.388 31.8
mine water | Test 2 1.69 -0.443 10.5
Average 3.415 -0.4155 21.15
Standard deviation 2.439 0.03889 15.061

Table F.2: Corrosion data fothe 3CR12stainless steel

l corr Ecorr Corrosion rate
(nA) (mV) (10° mmpy)
Distilled Test 1 28.8 -0.161 0.943
water Test 2 8.46 -0.206 0.277
Average 18.63 -0.1835 0.61
Standard deviation 14.382 0.0318 0.471
Q/nt_hetic Test 1 221 -0.342 7.24
mine
water Test 2 130 -0.374 4.26
Average 175.5 -0.358 5.75
Standard deviation 64.346 0.0226 2.107

Table F.3: Corrosion data for the i steel

Ecorr Corrosionrate
leor (MA) | (MV) (10°)mmpy
Distilled
wate 0.859 -0.6 30.2
Synthetic
mine water 6.42 -0.562 225
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Figure F.1: Polarisation curves for Wb wt.% Co showing repeatability in distilled
water.
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Figure F.2: Polarisation curves for the W6 wt.% Co showing repeatability in
synthetic mine water.
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Figure F.3: Polarisation curves for the 3CRE2ainless steel showing repeatability
distilled water.
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Figure F.4: Polarisation curves fothe 3Cr12 stainless steel showingpeatabilityin
synthetic mine water.
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Figure F.5: Polarisation curve for the mild steel in distilled water.
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Figure F.6: Polarisation curve for the mild steai distilled water.

109



05

Potential applied (V)

1E6 1E-5 0.0001 0.001
Current density (A/cm?)

Figure F.7: Polarisation curve for the mild steel in synthetic mine water.
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Figure F.8: Polarization curve for the mild steel in synthetic mine water.
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Appendix G: SEM images of the wear scars

Appendix G gives additional SEM wear scar images done to further understand and

determine the wear mechanism on the materials tested.

Signal A =NTS BSD Date :5 Sep 2014 Mag= 1.00KX Signal A = NTS BSD Date :5 Sep 2014
EHT =15.00 kV Time :14:16:48 1 WD = 85mm EHT = 15.00 kV Time :14:14:40

Signal A=NTS BSD Date :5 Sep 2014
EHT = 15.00 kV Time :14:02:20

(© (d)

Figure G.1: Wear scars on mild steel sliding against W@t.% Co buttons in distilled
water (a and b) Plane view, (c and d) cross section view.
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