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ABSTRACT

The CNi-V ternary phase diagram was investigated. The eutectics of teasasamples
produced by Apata [2014Apal] were-aralysed. The results obtained wempared with

previous analyses by Apata [2014Apal] and Muobeleni [2013Muo]. The differences in eutectic
analyses were identified. Six new samples were produced and analysed htdlse amdition,

as well as after annealing at 1000°C for 1000hours atdrvquenched. The phases in the alloys

were identified using SENEDX, EPMA and XRD. The solidification projection of the new
samples was constructed and the extensions of the binary phases were determined. A new
liquidus projection was derived using rdsid o f the new samples and
samples and four ternary invariant reactions
Y GNj + (V), L 4+ ~VvC + OGN Y (Ni) and L + ~VC
from Apata [2014Apal] and Mueteni [2013Muo]. The isothermal section of the new sample at

1000°C was plotted

Six VC-Ni alloys (from VC and Ni powders) and severCWi alloys (fromVC, V and C
powders) were produced by spark plasma sintering. The sintered density, hardness, fracture
toughness, wear performance and corrosion performance in 30,Hand 3.5wt% NacCl
environments of the alloys were evaluated. Alloys with 10 at.% Ni had the preferred combination
of properties, and Alloy 45C42Ni1(at.%) was the optimum alloy with thellfmving properties:

97.6% sintered density, wear rate3003 + 0.00(1)L0° mm*/Nm against a SN, ball, corrosion

rates of 0.0176mm/y in 1M 43Qs environment, and 0.00295mm/y in 3.5wt% NaCl

environment.
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CHAPTER 1

1.1 INTRODUCTION

Wear and corrosion are phenomerianevitable deteriorations that are cause of many technical
problems and enormous losses in the economy, but can be prevented or controlled by the use of
highly wear and corrosion resistant materials. The search for successful wear and corrosion
resistat material has been imperative for more than half a century, and has not stopped
[2012Khe]. Most wear resistant materials are composites which consist of fine hard ceramic
particles (VC, TiC, WC, TaC, &, NbCand ALOs;) dispersed in a transition metal tma (Ni,

Co, Cr) which serves as tough binder [1991Tie, 1997Lir, 2006Vei], to achieve both good
abrasion resistance and fracture toughness [1980Vis]. Cemented carbides are commonly used for
machining, metal forming, cutting tools, dies, tool bits, prdext rolls, sand blast/spray
nozzles, drill bit inserts in the mining industry, seals in slurry pumps, shafts and component parts
in the oil industry, and also in the aerospace industry [1993Edw, 2000Eng, 2008Hual,
2008Bon], due to their excellent streimghigh hardness, heat stability, fracture toughness and
wear resistancgl975Bro, 1997Cho, 1998Upa, 1999Are]. To improve the performance of these
tools, higher value hardness, fracture toughness and wear resistance is required, but generally,
increased haness results in decreased fracture toughness. Therefore, a compromise must be

reached to achieve the best of these properties [1975Bro, 2008Bon, 1998Upa, 2008Huaz2].

Vanadium was first discovered by Del Rio in 1801, but was namddilbyGabriel Sefstrom,
in1830 [1983Duk]. Most manufacturers of hardmetals sponsored research on vabas@dn
cemented carbide when the price of tungsten carbide increased by over 200% in the late 1970s,

with the hope of finding a substitute for tungsten carbide, but discedtithe research when the



cost of tungsten carbide returned to normal [1981Kun]. Presently, South Africa has one of the
worl dos | argest r eser ve sgstenf[1988Fsn HD8Ran,2013G. ut st i
't i s therefor e torindndwaises forwanadiung, @rsl iniparticidar te sntl s

ways to replace the use of tungsten with vanadium.

Vanadium carbide has an outstanding tribological behaviour, combining high abrasion resistance
with low-friction coefficient [1975Sto]The VC abasion resistance is directly related to its high
hardness, which is superior to all other similar compounds of transition metals in groups IV B
and V B, except TiJ2009Rui] Also, VC has fast oxidation kinetics which results in the
formation of vanadiumxide and oxycarbide surface layers that are characterized by low shear
strength and friction coefficients, and comparable to those of solid lubricants [1975San,
2000Lug, 1997Gri]. Vanadium carbide is cheaper, less dense, harder and tougher than the
convenional tungsten carbide, and WMIC-Co has higher hardness for comparable toughness

[1996Luy, 20010bb].

Little work has been done on vanadium carbide characterization and sintering behaviour as a
primary processed material, despite its useful propertie®, #lie phase diagram work and
structure property relations on vanadumnkelcarbon system were poorly documented.
[1993Pol, 1997Whi2009Ruj 2013Giu, 2014Apal]. Most research work on vanadium carbide
considers it as an additivéo enhance wear performae, inhibit grain growth and decrease
density [1997Cho, 1997Luy, 1997Whi, 2001Are, 2002Wit, 2003Lee, 2008H2&08Sun,

2008Zou, 2009Has, 2011Sun, 2013Esp, 20130gu].

Nickel as a binder maintains its ductility at all temperatures, has higher resistahesntal

cracking, higher hot hardness, better oxidation resistance and wear performance in corrosive



environment than cobaftl995Ima, 1996Hum,2008Guol, 2008Guo2]. It is cheaper and less
hazardos to health than cobalt [1986&. Also, the price of cobalis unstable and there is

shortage of supply [1980Tie, 1987P@001SeH

A study focused on graded metarbide composites produced by solid state transformations in
VC-coated Ni started in Venezuela [2009Rui], but the researchers had difficulties ctamoda
samples with the targeted microstructures. Also, the targeted microstructures were apparently
inconsistent with the ®li-V phase diagram. To achieve the targeted microstructures, an

investigation of the carbenickelvanadium ternary phase diagraas carried out [2014Apal].

Apata [2014Apal] studied the-Ni-V phase diagram, and found that the binary phases of
~NigV, ~NiV3 and ~\,C did not extend into the ternary under the conditions of study. He
identified three invariant ternary reactions but emary phase. The analyses of the eutectics are
very important, because they have microstructures of fine particles in a matrix, which is expected
to give the best wear resistance, and these analyses [2014Apal] were not consistent with their
component phas. Apata et al. [2014Apa2] produced someast alloys and reported that alloy

V 49.1C28 Niz 1(at.%) had 1052 Hyhardness and the best wear resistance.

The understanding of the interrelation between materials processing, structure and properties
dete mi nes t he mat er i allTh& smeclkapigall propedids iofdardmet2OwhithF | e ]
determine tool performance depend on the microstruci@d7Lir, 2014Kar] and can be

improved by modification of microstructure (such as grain size) or microskrynaind this can

be can be achieved by improving the processing methbmsmprove the microstructure, hence

the properties of @i-V alloys, spark plasma sintering was used to produce the alloys

[2009ANg]. Spark plasma sintering is powder metallurgygess where ceramic and powdered



metals can be produced to near full density using high heating rate within a short sintering time
and low sintering temperature thereby inhibit grain growth [1993Tok, 2006Bas, 2006Son,

2007Sun, 2008Hua3, 2009Hul].

1.2 RESEARCH AIMS AND OBJECTIVES
The main aims of this research were to further study thi- ternary phase diagram, interpret
the eutectic analysis, and produce new alloys with optimum wear and corrosion resistance using

spark plasma sintering.

The aims were adkved through the following objectives:

1 Production and characterization of tecast alloys,

1 Production and characterization of the sintered alloys,

1 Determination of wear resistance of the sintered alloys using dry sliding wear and friction

test, and

1 Evaluation of corrosion performance of the sintered alloys in chloride and acidic

environments using electrochemical testing methods .



CHAPTER TWO

2 LITERATURE REVIEW

2.1 PROPERTIES OF CEMENTED CARBIDES

2.1.1 Density

The density of cemented carbides ipeledent on the composition and porosity in the materials,
and is used as a quality control test [1990San]. Densification is achieved via the elimination of
porosity during sintering. The density of welhtered materials should be close to the theoretical

density [1991Jen].

2.12 Hardness

Hardness is the resistance of a material to indentation or localizsticpideformation
[1987Zum, 200Cal], and depends on composition of the cemented carbide, composition and
distribution of the binder, grain size arel/él of porosity [1975Bro]. Poor densification lowers

the hardness of theemented carbides [1995Ban]. A model relating the hardness of cemented
carbide to microstructure was developed by Lee and Gurland [1978Lee] using tungsten carbide

and is shown in Eaation 2.1:

O Owod p wodo Equation 2.1

where H. = hardness of the cemented carbidgs # hardness of WC, ). = volume fraction of
WC, C = WC contiguity and H= hardness of the binder. Contiguity is thdiaaof
carbide/carbide interface area to the total interface area, and is a measure of the degree of contact

between WC grains in the microstructure [1966Suz]. The hardness of WC is dependent on the



grain size and obeys Equation 2.2 [1978Lee] over a ldmiémge, while the binder phase is a

function of the binder mean free path given by the-Ralich relation in Equation 2.3 [1978Lee].
"0 poyYe T (Kg/mm) Equation 2.2

'O omntp & (Kg/mn) Equation 2.3

Wher e: & I s t he ,Bbcis the hardmass anWCfandgidethe hiaderhphase

The binder mean free path is the averagéadce between two carbide interiaE078Lee].It is

a measure ofhe thickness of the binder reg®and it depends on the binder content and the
carbide particle sizelp70Exn].Although not always, increased hardness generally increases the

wear resitance of a component [1996Luy].

2.1.3 Fracture toughness (k)

Fracture toughness is the resistance of a material to fracture in the presence of a sharp crack or
resistance of the matal to crack propagation [19BS, 1985She]. It is independent of speen

size, geometry and finigi999BS], and it is measured by the critical stress intensity facter, K

The K values are calculated froEquation 2.4 [1985She, 19908pi

+ = 0 %({—% 89a Equation 2.4

where K. = fracture toughnesdMPa.m1/2), HV = hardness of the material (GPa), P = applied

|l oad (N), xa = average crack | ength at each <c

Fracture toughness provides a measure of the intrinsic strength of the cemented carbide
[2011Bag. The fracture toughness and hardness ofirhatals vary in different ways when the

composition and/or microstructure of the material are varied [1996Qui]. Although there is still



disagreement on the relationship between fracture toughness and hardness [1976Che, 1984Warr,
1999Ric], generally fracter toughness is inversely related to hardness, and increases with
increased binder mean free path [1979Pet]. The mean free path increases with increased binder
amount and carbide grain size [1976Che, 1979Pet]. Depending on the composition of the
cemented adide, the K. parameter is insensitive to temperature below 600°C, but increases
rapidly at higher temperatures (1990San). Poor densification lowersidhgiri€e pores act as

crack initiation and/or crack propagation sites [1974Ram, 1976Che].

2.2 VANADIUM CARBIDE ALLOYS

The use of several transition metal carbides (such as WC, TaC, VC and TiC) for metal cutting,
mining, drilling, abrasive tools, construction and metal forming is based on a combination of
attractive properties including high hardness atkngth, high melting temperature, high
thermal and electrical conductivities, a relatively high chemical stability, outstanding interatomic
bonds, good impact and shock resistafit@6Mis, 2001Lee, 20010el, 2004Lie, 2004San,
20140ga] They are also vgrinteresting due to their catalytic properties because they exhibit
activities similar to those of the noble metals [2009Ma]. Due to their attractive properties, they
are used as singlghase material and composite with metallic phases in cutting tahlstires
[2006Kim, 1995Ima] As a refractory carbide, VC has many excellent physical and mechanical
properties such as high Vickers hardness (26.66GPa)ungés modul us of 430
density (5.65 g/cr), which is lower than the commonlised WC (15.8 g/cn?) [2008Hua4].
Experiments and first principle calculations of vanadium carbides byeWal. [2013Wu]
showed that increased carbon composition increased the hardness, shear moddlosuandg 6 s

modulus of vanadium carbide from® to VC.



Due to itsoutstanding tribological properties, vanadium carbide is used as surface coating on
cheaper engineering components for wear and corrosion resistance thereby enhancing the
performance life of the components [1993Dan, 2001Bor, 2001Mir, 2004Bou]. Theré&earendi

types of coating techniques; one of thest significant is the chemical vapour deposition (CVD)
process, which used mainly for the application of carbide coatings [1993Dan]. This process
produces coatings with excellent wear and seizure resistasceell as good adhesion, thus
reducing component failure by spallinhe best known application of VC is the coating
produced by vanadizing steels in molten salt baths, called the Toyota process, which was

proposed in the early 1980s [1980Ara].

A study of gas carburization and electron probe microanalysis in the fiickgbortion of NiTi-

C, Ni-V-C, Ni-Nb-C, Ni-Mo-C, Ni-Ta-C, and NiW-C was carried out by Niki and Masato
[1970Nik] to determine theeaction of carbon with nickddased solid solutionllay containing
carbideforming elementhe results showed that with carburization at 1100°C, the increase in

hardness was negligible.

Viswanadham and Precht [1980Vis] studied the properties of VC + Ni cermets with controlled
carbonto-metal ratios and fnd that at high carbon to metal (C/M) ratios, the carbide was
principally VsC7 or VgC; + VgCs, while at low C/M ratios, the carbides wergCyd orVeCs +

V4C3 The vanadium content of the binder increased as the C/M ratio of the carbide decreased. At
low vanadium contents, and under the microstructural conditions of small grain size and high
binder content, the carbide can withstand the stresses generated by plastic flow in the binder. At
high vanadium contents in the binder, the binder hardness was higitrasses generated by
plastic flow in the binder led to cleavage of the carbide grains under most achievable
microstructural conditions, and the dominant fracture mode being cleavage resulted in the

8



deterioration of the c eauthedconcludaderatthe parfarmance pr o p

of a cermet system can only be improved by binder strengthening when the cleavage energy of

the carbide phase is high enough to withstand the stresses generated by plastic flow in the binder.

Ruize et al. [2009Rui] produced a graded metzdrbide composite in nickel samples, by
depositing vanadium carbide on the substrate using the chemical vapor deposition (CVD)
technique, after which the samples were {testited. A lowfriction abrasiorresistant external

layer aml a VGNi cermet internal layer was formed, which was expected to be wear resistant
and tough. An intermetallic BV and/or NgV | ayer of F1L50m was al so
after heat treatment. They reported that the thickness of the cermet lalgebeaaried by the

CVD parameters, while the size and density of the carbide reinforcements was determined by the
exposure time above the formation temperature (1045°C) of tké phiase. However, the
targeted microstructures were not obtained, and waeensistent with the available phase

diagrams.

Other surface engineering techniques include, the coating of vanadium carbide on steel substrates
using a laser technique, which produced a-adhered, crackand porefree composite layer for

the enhancemeénof the service life of dieg2002Sha]. Wanget al. [200AWWan produced
vanadium carbide (VC) particulate reinforced-lased composite using the situ synthesis

method by casting, and the composite had an excellent wear resistance when tested under the
condition of dry sliding with heavy loadde et al. [2010He] and Wang and Fu [2014Wan]
produced a V&-e composite from ferrovanadium and amorphous carbon using aiu

reaction as an alternative method to casting, due to high temperature and longisyintieeof

casting, and also the exaggerated growth of VC grains. -3uni thick composite with

outstanding wear resistance was achieved.



Most cemented carbides suffer mainly from galvanic corrosion because of their heterogeneous
nature [2005Sut]. Whitedid et al. [1997Whi], Briesecket al. [2012Bri] and Ogunmuyiwa
[20130gu] reported that V®VC-Co wi t h V C 2qm & & goed replaceneent @r WC

Co while large VC grains made the alloys brittle. Konadu [2009Kon] studied the corrosion
behavior of VEWC-Co alloys in acidic and chloridereironments and found that increased VC
increased the corrosion resistance of the alloys in HCI solufibe. understanding of the
corrosion behavior of hardmetals is important due to their application in some corrosion
aggressive environment such as mgnim seawater and cutting applications [2013Zha].
Corrosion of cemented carbides leads to the deterioration of the surface properties as well as the
wear resistance of the alloys; thereby shorten the service life of the tools [2)08Hkerefore,
improving the physical and corrosive wear resistance properties and selecting the right material

are highly valued for a tool in complex working environment [201gh

2.3 NICKEL ALLOYS

Nickel-based alloys combine good corrosion resistance and ductility; theéingneimperature is

not too elevated, especially in multicomponent alloys [1980Vis, 1994Riekel as a binder

plays a significant role in determining the toughness of the HI®§2Bha. The wear resistance

of an alloy is directly dependent on the tiglaship between the nickel matrix and hard phases
(boride, silicide, carbide) [1988Leb, 2004HsGpbalt has been used as the tough metal binder
phase, due to its excellent wetting, adhesion and adequate mechanical properties. However, its
powder is hazaous to health, it has low corrosion resistance and thus to improve the wear
resistance in aggressive environments, other metallic alloy compositions have been formulated
[1997Wen, 1987Pen]. Amongst other metals investigated, nickel is a promising caraficat

binder phase metal, not only because of its relatively lower price than cobalt, but also due to its

10



hot hardness, resistance to thermal cracking, better oxidation resistance and wear performance in
corrosive environment [1995Imd,999Eng,2002Wit, 208Bon, 2011Ron]. Nickel does not
undergo phase transformations, it maintains its ductile FCC structure at all temperatures

[1962God, 1977Mos, 1987Pen].

A study by Murateaet al. [1986Mur] showed that in most nickbhsed cermets, metal carbide
forms mainlyat and around the grain boundaries during solidification. The distribution and
morphology of metal carbide depends on the alloy composition and solidification conditions, and
determines the mechanical properties otast nickel based alloys [1972Kot, 9iu]. It is
therefore important to control the morphology and distribution of metal carbide to obtain hard

metals with superior mechanical properties.

Hoshiyamaet al. [2009Hos] used F€-V-Cr-Ni alloy powder in lowpressure plasma spraying

to produce apidly solidified alloy deposits based on a stainless cast iron with finely dispersed
vanadium carbide particles. Theapr ayed deposit wasC,ad@@€s;, up of
and had fine carbide precipitates of4-m. The carbide particles coarseneih increased heat
treatment temperature, up to 1000°he assprayed deposit had finer vanadium carbide and
130270 HV higher hardness than that of thecast FeC-V-Cr-Ni. With increased heat
treatment temperature above 800°C the coarsening of tiagiven and chromium carbides and
elimination of vanadium, chromium, and carbon saturation of the matrix in the deposit decreased

the hardness.

2.4 CARBON-NICKEL -VANADIUM ALLOYS
Apataet al.[2014Apal, 2014Apa2] studied the hardness and wear behavior sartiee GNi-V

alloys in ascast and annealed conditions. The authors reported that alloys with (Ni) were ductile

11



with low hardness (18802 HVs), while alloys containing (V), ~NV and ~NpV, which were
identified as hard phases, had higher hardness {823 HVs) . Al l oys with the
found to be very hard (106B266 H\k) and extremely brittle with cracks. Fracture toughness of

the GNi-V alloys (0.95.2 MPa.rit'?) was comparable with ceramics (&3 MPa.m?).

Apata [2014Apal] characterised the wdmshavior of the alloys and identified several co
existing wear mechanisms: abrasion, adhesion and the formation of thin tribolayers. He reported
that the best wear resistance came from harder alloys with lower binder contents which had wear
coefficients baveen 0.1 x 18 and 7.6 x 1§ mm*/Nm, which was not as good as \WID
hardmetals with wear coefficients of 0.03 x®1® 0.13 x 1¢ mm*Nm [1999Jia, 2004Pir,
2004Yan], but were close. Apart from this [2014Apal, 2014ApaZ2], information about the

structureof Ni-VC alloys and the effect of the composition on properties is limited.

2.5 PHASE DIAGRAMS

Phase diagrams provide the knowledge of phase composition and phase stability as a function of
temperature, pressure and composition. They play vital roldgiproduction, processing and
applications of materialslp52Hum,2001Kod 2002We§ Ternary phase diagram are systems
made up of three components and are constructed to be consistent with the binary phase diagram
of the three components [1966Pri]. Thady diagrams are important to understand the different

phases of the ©li-V ternary.

2.5.1 Carbon-vanadium phase diagram
The first detailed VC phase diagram was proposed by Storms and McNeal [1962Sto]. They
determined the temperatures and compositiorikret invariant reactions, and the melting point

of pure vanadium as 1888 + 10°C.

12



Rudyet al.[1968Rud] reexamined and presented a modified version of the diagram by Storms
and McNeal [1962Sto]. One of the major chas was the melting behavior ¥iC, which
Storms and McNeateported ageritectic[1962Sto] rather tharmongruent[1968Rud]. Other
research was caed out on the vanadiumarbonphase diagramto determine the different

phases 196®Bow, 1966Tre,1967Rud, 1968Pre1970Yvo, 1973Hir, 1978Kan1998Wie and

1999Lip].

Carlsonet al.[1985Car] proposed an assessed phase diagram using data main8tdrom et

al. [1962Sto] Rudy et al. [1968Rud, Adelsberg and Cadoff [1968Ade], and Ghaneya

[1984Gha], Figure 2.1.
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Figure 2.1. V-C phase diagram [1985Car].
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2.5.1.1Solid phases

Table 2.1 shows the composition and crystal structure data [1985Car].

Table 21. V-C crystal structure data [1985Car].

Phase| Composition| Space Pearson | Strukturbericht | Lattice parameters(nm)
(at.% C) group | symboland designation

prototype a b Cc
(V) 0to 4.3 Im3m cl2 W A2 0.2618| ¢é é
UVC |31to033 Pbcn oP12 ¢ KN | € 0.4570| 0.5742| 0.5026
b YC |27to 34 P63/mnt | hP3 W,C L6 3 0.2896| ¢é 0.4579
b 6,€|27.5t031.5 | P31m hP9 NisN e 0.5005| ¢é 0.4551
V,Csx | ~40 R3m hR20 Bl 0.2919| ¢é 0.4653
VC 37 to 48 Fm3m cF8 NaCl e 0.4138| ¢é é
VeCs | 4310 46 B2 mBA44 e 0.509 | 1.108 | 0.882
VeC; | 4710 48 P4,32 cP60 é 0.8333| € é

P4532

(© 100 P6s/mnt | hP4 C A9 0.2461 | é 0.6708

The investigation of the vanadiurith solvus at a temperature rangeldD0°C to 1650°C by
Carlsonet al. [1985Car] showed carbon hadmaximum solubility of 4.3 at.% at 1650°C and
decreases to 0.5 at.% C at 1100°C. Adelsberg and Cadoff [1966Ade] determined the liquidus
curves by equilibrating V or VC with C at different temperatures and chemically analysed the
liquid phase in equilibrion with the solid at each temperature. Liquid reacts with VC
peritectically at 2187°C to forrh YC between 27 at.% C and 34 at.% C which Carlsbal
considered tentative [1985Carkigure 2.1 Carlson et al. [1985Car] reported that ost
researchers pladehe \trich boundary of YC near or at the ideal stoichiometry of 33.3 at.% C,
while others[1976Arb, 197&had], indicated the hypestoichiometry of 35 at.% C [1998Wie,
1976Arb]. The Grich boundary of YC was observed to be nearly independent of temjoerat
below 1650°C. Bowmaet al.[1965Bow] and Yvonet al.[1967Yvo] both reported that the @

phase had a hexagonal structure. Bowman éaitified the structure as a disordered hexagonal

struct@wheYvdmatal.i denti fi ed an

14
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al. [1976Arb] and Khaenko and Fak978Kha] proved that the hexagonal ordered structure is
characteristic bV-rich compositions, while the disordered structure is characteristicrahC
compositionsThe ordeiof the transition betweem YCandb ' r emai ns ung£Lol ved.
and ,ChHawxe identical V sublattice§he empty C sublattices in the two stwrets are

identical, but the C sublattice sitesbiv,C are statistically occupied, while 'V,C some of the

C sublattice sites are preferentially occupied and others are preferentially vaébase
crystallographic considerations, in combination wité kack of any experimental evidence for a
twophase separation between the b and K£Z for ms
b ¥YC transformation is higher order, as indicated by the -dashine in Figure 2.1An

orthor hombi £, esistshbelow t-80UC 967 YW/ 1976Arb], Figure 2.1.

V.C and VC are the only intermediate phases th
homogeneity rQ the\G,phadetis formed By 2 @eritectoid reaction between

V,C and VC. Yva and Parthe [1970Yvo] determined the crystal structure;Gt Vusing single

crystal Xray methods. Although the existence of th&€yx phase is well accepted [1998Wie],

the experimental data on its temperature range is scattered and sometimes esstentoA
mechanism of ¥Cs.x phase formation was given iBjllingham and Lewis [1971Bil] andyan

Landuyt and Amelinckx [1972Van].

VC melts congruently at 2800°C and 45.5 at.% C, Figure 2.1 [1985Car]. At lower temperatures,
VC transforms congruently. @ of the transformations occurs at 1112 + 8°C and 46.7 at.% C to
form VgC7, while VCsis formed at 45.5 at.% C and 1184 + 12°C to produce a monoclinic array

[1985Car].
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Lee and Lee [1991Lee] used the CALPHAD method to construct tResystem using data
from literature, Figure 2.2 and compared the phase boundary results to experimental data from
Rudy [1969Rud], Figure 2.3. The calculated invariant reactions and the congruent melting point
of VC were compared with data from Rudy [1969Rud] and Cars$ai. [1985Car], Table 2.3.
Figure 2.3 and Table 2.2 show that the results obtainedleleyand Lee [1991Lee] were

consistent with data from Rudy [1969Rud] and Carlksoal. [1985Car].
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Figure 2.2. Calculated V-C phase diagram [199Lee].
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Figure 2.3. Calculated V-C phase diagram compared with experimental data [1969Rud].

Table 22. Calculated and experimentally reported invariant equilibrium data for the V-C

system (at.% C) [1%9Rud, 1985Car, 1991Lee].

T(C) : vV o+ W = L Reference
1650 4.30 14.71 27.23 [1991Lee]
1650 4.30 15.00 27.00 [1985Car]
1650+ 7 |550+1 1500+ 1 | 27.00+0.5 | [1969Rud]
T(C): L + VC = V,C Reference
2187 28.86 38.38 32.18 [1991Lee]
2187 29.9 37.00 34.00 [1985Car]
2187+ 10| 28.00+ 3 37.00+ 0.7 |35.00£0.5 | [1969Rud]
T(C) : VvC + Grahite = L Reference
2651 46.14 100 .00 51.19 [1991Lee]
2670 46.00 100. 00 53.9 [1985Car]
2625+ 12| 46.00£ 0.3 | 100 .0 49.9 + 0.5 | [1969Rud]
T(C) VC = L Reference
2762 4460 4460 [1991Lee]
2800 4550 45.9) [1985Car]
2648+ 12 43.00+ 0.5 43.00+ 0.5 | [1969Rud]
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Huang et al. [2005Hua] also optimised the system using the CALPHAD technique. The
optimisation were in good agreement with the corresponding experimental data [1985Car,
199MHua] but had different reference state values for the pure elements when compared with Lee
and Lee [1991Lee]. Huang [1991Hua] used V and C reference states from the SGTE database
[1991Din], allowing extrapolation of the low order to higider systems witlthe same
reference state, while Lee and Lee [1991Lee] used the lattice stability-df &&the reference,

which was different from the reference states of Huang et al. [1991Hua]. The calcll&ed V
phase diagram [1991Hua], Figure 2.4, shows three iediate carbides: X, V3C; and VG.

The V,C,and VG carbides exhibit wide homogeneity ranges due to the carbon deficiency at high

temperature.
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Figure 2 4. Calculated Vi C phase diagram [1991Hua].
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Lipatnikov et al.[1999Lip] used the Order Parameter Functional (OPF) method to calculate the

phase equilibria in the region of ordering of rsinichiometric cubic and constructed aCVv
phasadiagram as shown in Figure 2.5
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Figure 2.5. Equilibrium phase diagram of the V-C system considering the orderig of
nonstoichiometric cubic (VG)) and hexagonal (\MC,) vanadium carbides [1999Lip]

19



They [1999Lip] reported difficulty in constructing the upper boundary of the homogeneity region
of disordered cubic vanagn carbide VG due to the representation of isfoichiometric
composition asvCj o instead ofVCqgg carbide. The ordering dfCy led to the formation of
ordered \C7, VeCs and \5C,, with VgCs being the mairordered phase of the W€arbide The

inset inFigure 2.5shows the ordering region near the upper boundary of the homogeneity region

of VC, [1999Lip].

Hu et al. [2006Hu] thermodynamically rassessed the -&€ system using experimental and
calculated data fronstorms and McNedl1962Sto], Tret'yachenkcand Evemenkd1966Tre],
Adelsberg and Cadoff [1968AdeRudy et al. [1968Rud] Shacklette and William§L971Sha],

Hiraga [1973Hir], Emmons and Williams [1983Emm]Chaneya and Carlson [1985Cha],
Wiesenbergeet al. [1998Wie] andLipatnikov et al. [1999Lip], with emphasis on the order
disorder transformation region. Figure 2.6 shows the calculated phase diagram [2866Hu]
Table 2.3 [2006Hu] shows the invariant reactions, which was in agreement with most of the
experimental dataowever,the calculated ligdus had lower carbon content, Figure 2.7. Their
reassessment [2006Hu] was considered to be more reliable, when compared with Huang

[1991Hua] because the calculated phase diagram was in good agreement with experimental data.
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Figure 2.6. Calculated V-C phase diagram [2006Hul].
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Figure 2.7. Calculated phase diagram compared with the experimental data from various
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The invariant reactions around the ordered phases are also in agtedth those calculated by
Lipatnikov et al. [1999Lip]. However, the carbon content and transformation temperature of
VeCs was different, Figure 2.8du et al. indicated the carbon content increased to 0.455 at
1512K, which is the ideal stoichiometry, WehLipatnikov et al.indicated the carbon content as
0.467 at 1485KHu et al.[2006Hu] deduced a twphase region ¥Cs +VsC; below the eutectic
temperature, which narrows with decreasing temperature and agrees with the expedatant

as shown in Fige 2.8
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Figure 2.8. Calculated phase diagram in the ordering region compared with experimental
data from various sources [2006Hul].
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Table 23. Invariant reactions of the V-C system [1962Sto, 1966e, 1968Rud, 1971Sha,
1983Emm, 1998Wie, 1999Lip, 2006Hu].

Reaction T(C) Composition (at.% C) Reference
V,C +VCz V4Cay 1877 350+1 39.5 37.9 £ 0.4 | [1998Wie]
1876 33.1 39.4 37.9 [2006 Hu]
V.Casxz M +VC, |1267 379+ 04 |35+1 419 [1998Wie]
1262 37.9 33.3 42.1 [2006 Hu]
VgCiz VC 1112+8 | 0.467 [1983Emm]
1124 + 15 | 0.467 [1973Sha]
1110 0.487 [2006 Hu]
VCyZ MCs+ VCy 1060+5 | 0.460 0.467 [1999Lip]
1092 0.459 0.451 0.467 [2006 Hu]
Lig.z M + (V) 1630+ 20 | --- 8.7 25 [1962St0]
1650+7 |15+ 1 55+1 |[27+0.5 |[[1968Rud]
1650+ 10 | 14 4 30 [1966Tre]
1649 133 3.78 29.3 [2006 Hu]
Lig. +VC,z XC 2165+ 25 | 36 37.5 [1962St0]
2187 +10 | 35+£0.5 28+ 3 37+0.7 |[1968Rud]
2165 33.3 28+15 |37+15 |[1966Tre]
2229 32.5 25.8 37.1 [2006 Hu]
VCiz Liqg. 2648 +12 |43 +0.5 [1962St0]
2800 £ 20 | 475 [1966Tre]
2658 43.3 [2006 Hu]
Lig.z VG+C 2650 + 35 | --- 46 [1962St0]
2625+ 12 | 495+05 |46 £0.3 | --- [1968Rud]
2606 49.5 45.2 [2006 Hu]

2.5.2 Nickel-vanadium phase diagram

Smith et al. [1982Smi] used results of pba equilibria investigations byiebelhausen
[1915Gie], Marian [1937Mar]Pietrokowsky and Duwez [1950Pid€}earsoret al. [1951Pea],

Sully [1951Sul], Pearson and HurARothery [1952Pea], Greenfield and Beck [1954Gre],
Rostoker and Yamamoto [1954Ros], Zegland Downey 1963eg], Nevitt and Beck

[1955NevV], Stiwe [19595t(], Schubertet al. [1960Sch], Maldonado and Schubeft964Mal],

Giessen and Graf1965Gie], Tanner [1968Tan], Daire and Gerspacher [1969Dai], Steven and
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Carlson [1970Ste], Moreeet al. [1971Mor] and Tanner [1972TanMoreenet al. [1974Mor]

andKhlomov et al.[1979Khl] to construct the assessed phase diagram, Figure 2.9.
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Figure 2.9. Ni-V binary phase diagram [1982Smi].
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2.52.1

Solid phases

The solid phass for the NiV system are shown in Table 2.4 [1982Smi].

Table 24. Ni-V crystal structure data [1982Smi].

Phase| Composition | Space Pearson | Strukturbericht | Lattice parameters(nm)
(at.% V) group | symboland| designation
prototype b c
(Ni) |[0t04.3 Fm3m | cF4 Cu Al 0.3523] é é
NigV | -11.1 e tI8 NbNig | é é 0.749 | 0.353
NisV | -21t025.6 |I14/mmm |tI8 AlsTi DO,, 0.3543| - 0.7202
Ni,V | -33.3 [4/mmm | 0l6 MoPt, | é 0.2559] 0.7641| 0.3549
v 57.5t0 ~75 | P4,/mnm| tP30 (CrFe | D8, 0.89% | é 0.4653
NiV3 | 75.7t0 78 PnB3n cP8 CrsSi | A15 0.4710| é é
V) 76 to 100 Im3m cl2 W A2 é é é

The NV system is characterized by five intermediate phasasely NgV, NisV, Ni,V and

NiVs, wi t h a

invariant reactions are shown in Table 2.5 and the solidification reaction in the system is shown

in Figure 2.10.

wi de

rared Botjdesolubifity oflthe pemiaas ghases, (Ni), (V)The

Table 25. Invariant reactions in the Ni-V system [1982Smi].

Reaction Temperature (°C) V Mole Fraction Type of Reaction
L + (V) 1280 0.67 | 0.615| 0.76 Peritectic
Lz ( Ni) 1202 0.51| 0.43 0.55 Eutectic
NigVz ( Ni) 1045 é 0.25 e Congruent
NiV  z ( Ni 922 é 0.333 e Congruent
( Ni ) sV Nipv 908 0.325| 0.275| 0.33 Eutectoid
a + (V)z 900 0.778| 0.738 | 0.895 Peritectoid
( Ni ) V2 +N 890 0.385| 0.345| 0.55 Eutectoid
NigV 2z ( Ni 405 é 0.11 e Congruent
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The (Ni) solid solution transforms congruently at transformation temperatures &,40B15C,

and 22°C to form NV, NigV,and NpjV p has e s, respecmsperaectigally The 0
atl1280AC, a eutectic reaction occurs at 1202Ac
900°C by a peritectoid reaction, a eutectoid reaction at 908°C to fgjv¥h+\Ni,V, and another
at890°CtoformNV + G. Ther a eigaarad mtgr dvheer sy ansf or mat |
Pietrokowsky and Duwez [1950Pie] and Pearsbal.[ 1 951 Pe a ] were the fir
phase inthe NV syst em. The G phase is stable bel ow
maximum range of aboutio 73 at.% V near 1150 KL§54Gre,1970Ste]. A hightemperature

0 Mjas proposed by Pearson and HuRwhery [1952Pea], primarily on the basis of heating
arrests. Attempts to verify the erayidéfrackomce of

wereinconclusive [1985Car].

The Ni'V system was optimised thermodynamically by Watebial. [2001Watl] and Watson

and Hayes [2001Wat2] using experimental and thermodynamic dataPfeanson and Hume
Rothery[1952Pea],Greenfield and Beck [1954Grehteven andCarlson [1970Ste], Moreeet

al. [1971Mor], Khlomov et al. [1979Khl] and Miyazaki [1996Miy]. Four models, namely
substitutional modelcompound energy formatiolCEF), three sublatticeg(Ni,V)1(V)4(Ni,V)g
stoichiometry; compound energy formationCEF), three sublattices (Ni,V)10(V)a(Ni,V)16
stoichiometryandmodified compound energy formation (CEF) modeke used to optimise the
G-phase. The modified CEF was accepted and adopted, because it was consistent with data from
experimental phase diagram akown in Figure 2.11Yao et al. [2008Yao0] studied the
isothermal section of L&li-V system at 500°C and compared their results with data from
Watson and Hayes [2001Wat] and Villars [1997Vil]. The assessment of Watson and Hayes

[2001Wat] was accepted by ¥at al.[2008Yao0].
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Figure 2.10. Nii V phase diagram, calculated using the modified CEF model for the sigma
phase [2001Wat2].

2.5.3 Carbon-nickel phase diagram

The GNi system has only one eutectic with limited terminal sditybof C in (Ni), and very
limited solid solubility of Ni in C (graphite) which is unresolved as shown in Figuté 2.
[1950Ker, 1967Ruh, 1967Rut, 1969Dou, 1969Luc, 1970Fil, 1971Fil, 1971Mir, 1972Mat,
1978Kau, 1978Ryk, 1981Ers] investigated the eutectmposition and temperature, but only
results with carbon composition of 8.65 at.¥#®q7Rut] to 10 at.% 198IErs] and temperature
range of 1314C [195&8Han, 196=EIl] to 1335 + 5°C were considered972Mat]. The eutectic

temperature was fixed at 1326.5°C [996¢]. Singleton and Nash [1989Sin] constructed the Ni
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rich solidus by interpolating between the melting point of pure fcc Ni (1455°C) and the

maximum solid solubility of C (2.7 at.% C) because no data were available.
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Figure 2.11. Ni-C (graphite) phase diagram [1989Sin].

The NiC (graphite) system has no stable carbides, by€,Na metastable carbide can be
produced [1967Ruh, 1989Sin]. This facilitated the construction of a metastable equilibrium
diagram by Ershovat al. [1981Ers] where NC was incorporated with an extended solid
solution of C in fcc (Ni), Figure 2.12. The section of the diagram with greater than 25 at.% C
was omitted bySingleton and Nash [1989Sin] due to inconsistencies of this portion of the

diagram in Figure 2.1Z'he stable NiC (graphite) phase diagram is represented with solid lines,

28


http://link.springer.com/search?facet-author=%22M.+Singleton%22
http://link.springer.com/search?facet-author=%22P.+Nash%22

while the metasble NiNisC phase diagram is represented with broken lines, Figure abg

2.6 shows the crystal structural data ofi(graphite) system and the -NisC metastable

system [1989Sin].

Temperature °C

Weight Percent Carbon

40 50 60 7080 100

0 10 20 30 40 50 60 70 80 90
Ni Atomic Percent Carbon C
Figure 2.12. Ni-C with metastable NiNisC phase diagram [1989Sin].
Table 26. crystal structure data of GNi [1989Sin].
Phase | Composition | Space Pearson Strukturbericht Lattice
(at.% C) group | symbol and designation parameters(nm)
prototype a o
(Ni) 0to 27 Fm3m cF4 Cu Al 0.3524| é
Graphite | é P6s/mmc | hP4 C A9 0.2408| é
_Metastable phases
NizC Pn mU | oP16 F&C | DOy 0.2631 | 0.4314
(Ni) 7.4 Fm3m cF4 Cu Al 0.3583 | é
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2.5.4 Nickel -vanadium-carbon ternary system

The thermodynamic properties and thgstalline structure of the binary system determine the
phase equilibria of the ternary system [2001Upa]. Th¥' NI system at 110C was reported by
Frey and Holleck [1975Fre], and Telegus [1975T€He isothermal sections determined by the
authors a& $hown in Figures 23 [1975Fr@ and 214 [1975Tel]. Both diagrams had twphase
fields and limited carbon solubility at the carbach region. There is discrepancy with the
isothermal section by Holleck [1975Fre], GMi phase was identified (Figure 3,1but this
phase was not found by Telegus [1975Tel], Figurd.2.1

C-Ni-V Ni 1100°C (1373 K)

Figure 2.13. Isothermal section of GNi-V at 1100C (at.%) [1975Fre].

30



C-Ni-V Ni 1100°C (1373 K)

0o 90 V

C o 20 30 40

50 BO 70
CaVy (LT 7CVa{HT

Figure 2.14. Isothermal section of GNi-V at 1100C (at.%) [1975Tel].

Apata et al. [2014Apal] studied theNg-V phase diagram using-aast and annealed samples.

A solidification projection was drawn, showing the phase extents\+-Nil5 at.% C; ~NiV:

~20 at. % C,; g Nj: ~18 a0 ~2atoeNi; ~¥Q¥ i~3 at.% Ni2~¥YC: a2 . %
at.% Ni;) into the ternary. The liquidus surface projection was derived from the solidification
reactions and three ternary invariant reactions were identifigdre 2.5 [2014Apal] shows the

liquidus surface projection.
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Figure 2.15. Projected liquidus surface for the GNi-V system (at.%) [2014Apal

The invariant reactions were [2014Apal]:
L + .6b¥ (V) + ~VC
L + (V) + ~VC Y GN;j

L + ~VC Y (Ni) + C.

The heat treated samples had very similar microstructures to testasamples [2014Apal].
The observed microstructures suggested the possibility of tailoring fine structurbll M0Oys

for wear resistance.

Muobeleni [2013Muo] furth r analyzed compositions of t he

[2014Apal] and she obtained new compositions which resulted in a new liquidus projection,
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Figure 2.5 [2013Muo]. She reported that some of the samples were not eutectics as concluded
by Apata [208Apal]. There is still limited information relating to the phase equilibrium

diagram for the €Ni-V system, hence the need for more experimental work and analyses.

/
/

L= (Ni) +C (1327°Q)
;/ N
/ /
/ Y,
/ . {18/"

y \ \, > L (Ni)+ o' (1202°C)

\ &\4>l.(v)-) o' (1280°C)
79 N/ \

/ 7

\ / PEAN AN/ \
c ¥ 1 O

L—>C+VC (2670°C) L+ VC - BV,C (2187°C) L= [V) +BV,C (1650°C)

Figure 2.16. Projected liquidus surface for the GNi-V system (at.%) [2013Mud.

2.6 SPARK PLASMA SINTERING

Spark plasma sintering (SPS) or plasma activated sintering (PAS) [1993Ish] or fast assisted
sintering technology (FAST) [2004Kod] is a fairly new and innovative technology which is
becoming increasingly imptant in the processing of numerous materials, such as- nano

structured materials, composite materials and gradient materials [2004Hen]. It offers a means by
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which ceramic and powdered metals can be sintered very rapidly, so that grain growth is
restricted,to near full density within a short sintering time and low sintering temperature
[1998Per, 2003Nyg] and inhibits grain growth [2004Bas], which gives the process an advantage

over conventional sintering and hot isostatic pressing [1999Tok, 2006].

Figure 217 [2012Sah] shows a schematic diagram of the SPS process and Fi§JgD221Sah]

shows the pulse current flowing through the powder particles. The SPS process is similar to
conventional hot pressing in that the precursors are loaded in a die andiniact@l pressure
[2002Shen], but it is characterized by an electric source of direct pulse current which is similar to
that of electric discharge machine [20060ma]. The pulse direct current creates spark plasma
during heat treatment of powders in a gréphdie [1993Tok]. During the SPS process, the
powder compact can be sintered at lower temperatures than for conventional sintering, because
the surface oxides of powders are easily removed by the generated spark plasma [20000ma,
2003Cha]. The spark disclygr appears at the contact point between the powder particles and
generates a local high temperature, which heats the surface of the particles and causes the
formation of necks around the contact area [1999Tok, 2012Sah]. Applied pressure and current
assistghe plastic flow through the powder patrticles, resulting in complete densification within a

short time, thereby inhibiting grain growth [1999Tok, 2002Mam, 2006Son, 2012Sah].
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Oil pressure,
_pneumatic system

“On-off DC pulse

Figure 2.17. Schematic diagram of the spark plasmaintering process [2012Sah].

Pulse current Particle

Discharge

Figure 2.18. Schematic diagram of the DC pulse current flowing through the powder
particles [2012Sah].
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The process is carried out in four stages as shown in Figl®¢2D12Sah]. Gases are removed
and vacuum created in Stage 1, pressure is applied in Stage 2, resistance heating takes place in

Stage &and cooling in the final stage.

Stage Il
pressure
application
Stagel : ;
_ | vacuum . sistsatl?ge l]_l“ o | StagelV
Z |application; € OE Neavns i  cooling
= : ‘ application 2
% . : /// \
% : : s A
s ' N s v
i = : A ,/ ) I'
P ' H ’ .
& | Pressure | / P Eo
e SR K T
' .7 H / A \
| ,” Temperature ™ T
T |

Time

Figure 2.19. Stages in SPS process [2012Sah].
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2.7 FRICTION AND WEAR

Tribology is te science and technology of interacting surfaces in relative motion, and it consists
of friction, wear and lubrication [1988Rig]. Friction results in the loss of energy, wear results in
loss of surface material, while lubrication leads to loss of loaddsst two surfaces moving
relative to each [1987Zum]. There are four main wear mechanisms, namely: adhesion, abrasion,
fatigue and corrosive wear [1987Zum]. Many tools fail due to the absence of lubrication, which
leads to dry sliding wear. The friction cawear response of a system is more significant in
determining the failure modes and lifetimes of the system components. Material properties and
the parameters of the operating system are important factors which determine the friction and
wear of a systemhence they are used to improve the tribological response within the system

[1988Rig].

Friction is defined as the resistance encountered by one body when moving against another body
[1992Hut]. Friction requires a tangential force and either a slidinglloxganotion to move the

upper body over the stationary courfigee. Friction is usually described or compared by using

e, the coefficient of friction. The coefficie

and the normal load, W [19881Ri2013Bhul]

i “Oo'o Equation 2.5

The value of € wuswually |Iies between 0.1 and 1

unitless [1992Hut].

There are two types of coefficieganddyoafic f r i ct
coef fi ci entwhiohfis used toaeéscribena, system experiencing friction [2013Bhul].

The static coefficient of friction describes a system where an object remains stationary, with a
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force being exerted on it, while the dynamic coefficienfriztion describes a system when an
object is in motion undeées &aar g pepause thdfrctiomal c e .

force required to initiate sliding is greater than that required to maintain it.

Friction is a characteristic of a systeand not a material property [1987Zum]. Factors that
influence the friction properties of materials include oxide films, composition, microstructure,
environmental conditions and the applied loads [1992Hut]. Temperature plays a vital role in the
friction of metals; increased temperature changes the mechanical properties, the rate of oxidation
and possibly the phase transformations, all of which affect frictional behaviour [1992Hut].
Although no accurate relationship has been established, friction ptaystrébutory role to the

rate of wear within a given system [2002Bud]. Frictional force is independent of sliding velocity,
but sliding velocity affects the frictional energy dissipation, which in turn affects the temperature

at the sliding interface [199#.t].

Changes in the sliding behaviour of materials can be determined by measuring the coefficient of
friction during a wear test and these changes alter the wear behaviour and resulting wear
mechanism(s) [1992Hut]. For sliding friction, the total fricabnforce consists of two
components the adhesive and deformation force, as shown in Equation 2.6. The adhesive friction
force is the force required to shear the asperities, while the deformation force is required to
plough the asperities of the harder agd through the softer surface [1964Bow]. Asperities are

peaks on a two dimensional surface and summits on a three dimensional surface [2013Bhu].
"Of QOOoOE ik &M O "0 Equation 2.6

For brittle materials, the fracture of adhesive contacts and brittle deformation, as well as fracture

toughness of the material needs to be consideiBBhul].
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The friction response during dry sliding is presented in &hgped curve as shown in Figure

2.21 [2013Bhu]. The shapes of these curves are influenced by the interface materials and the
operating conditions [2013Bhu]. During sliding, changesuo between the surfaces and within

the surface materials that affect the friction and wear properties. The initial sliding period during
which the frictional forces stabilise is called the-marperiod. During the rum period, taller
asperities may bevorn down, surface films may be removed or new films formed, or structural
changes within the material may occur. The changes that occur at the interfaces of the two
sliding bodies may lead to an increase or decrease in the friction level, after whidbtite
stabilizes into the steaehtate period. During the steadtate period, new changes such as
roughening and/or the presence of trapped wear particles may occur and these could lead to an
increase in the friction level or increase to a new ststalg plateau [2002Bhu]. During the
sliding wear test, the stages of friction transitions can be grouped into four patterns as shown in

Figure 2.2 [2013Bhu].

Pattern | shows that friction remains at an initial level for a period of time and then slowly
increases to another steady state [2013Bhu]. This pattern is often associated with identical metals
sliding against each other and it occurs as a result of ploughing due to roughening of the surface
and entrapped wear particles. Pattern Il shows thabfricemains at an initial level for a period

of time and then increases to a higher level after which it decreases slightly and then levels off.
This decrease in friction is due to the smoothing of two hard surfaces experiencing plastic

deformation whichesults in a decrease in the ploughing force.

39



Transition period
|

W, -

]
)
I
Run-in ; Steady i s
period | state i Steady state sliding #ZA
sliding #1 ! yerage
1 e B
Range

Coefficient of friction

Distance (time)

v
m

Coefficient of friction

(b)

Distance (time)

Figure 2.20. Schematic diagram of (a) typical Sshaped curve, and (b) four hypothetical
friction patterns [2013Bhul].

Pattern Il shows an increase in friction to a high valuerath it remains for a period of time

and then decreases to a lower value [2002Bhu]. Shortly afterwards, it increases again to a high
level. This pattern can often be repetitive. The decrease in the friction level during plastic contact
is thought to be daito the ejection of wear particles from the contact surfaces and then the

subsequent formation of new wear particles contributes to the increase in the friction levels.
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Pattern IV is similar to pattern 1ll, although the high and low levels are not repebitit
unpredictable [2013Bhu]. The sharp rise in the friction level and its erratic behaviour is

associated with incompatible material pairing.

Wear is the progressive damage, involving material loss, which occurs on the surface of a
component as a reswof its motion relative to the adjacent working parts and it is inevitably
associated with friction [1994Wil]. Sliding wear is the most complex form of wear because
different materials react differently to sliding conditions [2004Pir]. Plastic deformaidhe

main cause of sliding wear, amongst the several mechanisms that were proposed to explain how
sliding wear operates, although the specific details of material removal differ [1992Hut]. One of
the mechanisms involves shearing of the asperities emtarface or formation rupture in the

weakest regions, as shown in FigureldZ013Bhu].

Direction of
motion

Rupture (@)

Figure 2.21. Schematic dagram of asperity interaction [2013Bhul].

Another mechanism attributes wear to the plastic shearing of suczdayers of an asperity
with complete detachment of the wedge shaped fragfB@h8Bhu] The plastic shearing occurs
in conjunction with a shear crack which occurs along a slip line field along which the fragment

can be detached. This fragment then bee® attached to the opposite surface due to adhesion
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[2013Bhu] These two mechanisms can be repetitive and can result in fragments finally being

released as wear particles which may be of roughly equal size in each dimension.

During sliding wear, no singat mechanism operates at a given time, but rather a combination of
mechanisms [1992Hut]. These mechanisms depend on factors such as contact stresses, thermal
conditions, sliding speeds and chemical environment, and can change as these factors are
changed[1992Hut]. These factors all vital in all wear tests are interrelated and are influenced by
changes in the sliding parameters such as the normal load, sliding velocity and sliding distance

[1992Hut].
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CHAPTER 3

3 EXPERIMENTAL PROCEDURE

3.1 PHASE DIAGRAM | NVESTIGATION

Apata [2014Apal] produceventy-four C-Ni-V samples for phase diagram study; ten o$¢he
sampleshad eutecticsvhich werere-analysedbecause the areas he selected for analyses were

not only eutecticThus, these samples werearalysed irthis workusing SEMEDX. The XRD

analysedor these samplesvere not repeated because they weported byApata[2014Apal].

The samples were lalbeld accor ding to Apat aose.gihthersteer i ng w
analysedsample wa the fourth inAp at a6 s s¢ammeswasabeledheas fAA40 i nst

A A 1Tdis means the sample numbers were not sequential.

3.1.1 Casting

Powder and chips of carbon, nickel and vanadium supplied by Goodfellow, UK were used to
produce the alloys. The elements lagourity of >99.99% except V which has 99.65 purity. The
sample compositions as shown in Table 3.1 were selected based on uncertainties from previous
work [2014Apa]. The nominal compositions were converted to weight percent according to

Equation 3.1 [209Hat].

® 8

< @
® # ® 8 ® 8 & 8

Equation 3.1

where: at.% = atomic percent

at.wt = atomic weight.
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Table 31. Nominal compositions of \(Ni-C alloys (at.%).

Sample| Composition (at%) Weight in grams (39g)
No. Iy Ni C Y Ni C

1 10 60 30 0.33 |0.27 |24
2 15 75 10 043 |250 |0.07
3 40 45 15 126 |1.63 |0.11
4 55 30 15 1.72 |1.09 |0.19
5 65 20 15 2.13 |0.75 ]0.12
6 72 3 25 265 |0.13 |0.22

Six alloy buttors of ~3g were produced by melting in a buttonfaroace under a pure argon
atmosphere (~99.99% purity), on a wateoled copper hearth. Each button was turned over and
re-melted thrice to ensure homogeneity. A titanium button which acted as an oxygen an
nitrogen getter was melted prior to the melting of each sample. The buttons were weighed after

melting.

The ascast alloy buttons were cut into halves using a Struers automatic cutting machine with an
Accutom diamond cutting wheel. One half of each damyas placed in a silica glass tube of
16mm diameterwhich had already been sealed at one, ¢hen pumped out to achieve a
vacuumunder a pressure eB0kPabefore sealing off as ampoules and heat treating. The sealed
off samples were heat treated ab@®C for 1000hours in a tube furnace, and the ampoules were

crushed and samples were rapidly quenched in water, to retain the phases existing at 1000°C.

3.2 METALLOGRAPHIC PREPARATION AND SAMPLE CHARACTERIZATION

The ascast and annealed samples were medimt a phenolic resin in a mounting press, which
was heated at 180°C for 4mins and water cooled for 4mins under a pressure of 3MPa. The
samples were ground using 220 and 1200 grit grinding plates and polished using diamond

i mpregnated cl 8emeandf 18em, f6¢ mpwe dS)bygteran o0 X i
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The oxide polishing was achieved through a combination of chemical tréaand gentle

abrasive action.

The microstructure of the alloys was examined on Nixon C2+ confocal microscope to check for
homogeneity prior to examination on the scanning electron microscopesddming electron
microscope wasised at 15kV accelerating voltage and a working distaricé2mm. The
samples were examined in secondary electron (SE) and backscattered eBfEpmodes to
determine the presence of pores or cavities and distinguish between the phasedivithal

phases and overall (analyses of large areas)positios of the samples were analyzed by
energy dispersive Xay spectroscopy (EDX) system with foxd INCA software, with pure
elemental standards. At least five measurements were taken for each composition; the average
and standard deviation was reported. Also, some of the samples were analysed on an Electron

Probe Microscope Analyser (EPMA).

The phaes were also identified by-pay diffraction (XRD) on a Bruker D2 Xay diffractometer
usingCokyyr adi ati on. The measuring ran§ck026vand 20 A
a counting time of 37 seconds per data poihe phases were confirmed using EVA software

with the PLU2016PDF4+2016RDB database.

3.3  MILLING AND SPARK PLASMA SINTERING

Vanadium carbide (H.C. Starck, Germany), vanadium and different particle sizes of nickel
powders (Sigma Aldrich) of >99.5% purity were characterized using the scanning electron
microscope (SEM), Malvern mastersizer 2000 particle size analyzer and XRE2tmide their

morphologies, particle sizes and crystal structures.
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The alloys of compositions shown in Table 3.2 were selected. Some milling trials were done to
optimize the milling time and speed in order to minimize zirconia contamination.

The first fve powder compositions (Table 3.2) were mixed by wet milling in a 250ml zirconia
oxide pot. Milling was done for 6h at a rotating speed of 150rpm using zirconia balls as the
milling media at a ball:powder ratio of 3:1, and 99% ethanol as the millingllidiie vanadium
powder was milled for 24h at a ball:powder ratio of 5:1, and Samples (@able 3.2) were
milled for 12h using the same ball to powder ratio. After milling, the powders were dried in an
Ecotherm Economy Labtec oven for 6h to remove ethdine dried powders were sieved using

125um and 53um sieves.

Table 32. Nominal compositions of \\C-Ni alloys (at.%).

Sample| Composition (at.%) Weight in grams (59g)
No. 1y C Ni Ve |V Ni

1 79.30 | 18.70 | 2 490 |- 0.09
2 77.68 | 1832 |4 481 |- 0.19
3 76.87 | 18.03 |5 477 |- 0.23
4 72.83 | 17.17 | 10 453 - 0.47
5 64.01 | 15.09 |22.1 |395 |- 1.05
6 67 31 2 251 |2.34 |0.15
7 65 31 4 251 219 |0.3
8 61 34 5 2.83 1.79 ]0.38
9 54 36 10 2.99 1.23 |0.78
10 51 39 10 3.35 (085 |0.8
11 49.1 42 10 2.2 1.24 1.56
12 48 28.8 |22.1 |3.72 |045 ]0.83

Several preliminary sintering experiments were done to optimize the sintering parameters and
particle sizes of the binder. The milled powders were sintered in a HP D5 FCT Systeme spark
plasma furnace, under agssure of 60MPa for Smind’he powders were poured into a
cylindrical graphite die of 48mm height, 20.9mm inner diameter and 40mm outer diameter. The
powders were separated from the punch and die with graphite papers and hexagonal boron
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nitride powder waplaced on the graphite papers to prevent carbon diffusion during sintering. To
minimize heat loss, the die was wrapped in a carbon clti.powders were heated to 1050°C
at a rate of 200°C /min, subsequently to 1250°C at a heating rate of 100°C/nuocéed & a

cooling rate of 200°C/min.

The sintered densities of the sampl ewdththeer e de
ASTM 37388 standard1955AST] The samples were ground using a 220grit grinding wheel to
remove the boron nitride on thesurfaces, then boiled in distilled water for 3h to eliminate
bubbles and fill the pores on the surfaces, to achieve an accurate result. After boiling, the
samples were weighed in air and distilled water (to obtain the suspended mass) using a Sartorius
ED224S density measuring machine. The sintered density, percentage densification and
percentage open porosity was determined from Equatiors 8.Five measurements were taken

per sample and an average was obtained.

” ” _— Equation 3.2
PQQti QQCHwo—st—+t— P Equation 3.3
PeENMee i € | wow pM Equation 3.4

w h e rge Density of the sample (g/én
}w = Density of water (g/cf)
W, = Weight of sample in air (g)
W,: = Weight wet sample (g)

W,, = Weight of sample in water (g).
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The samples were prepared for metallographic examination andnexaon a Zeiss Sigma
field-emission scanning electron microscope -&HEM) and D2 Bruker Xay diffractometer,
according to Section 3.2. The average grain sizes of the alloys were from SEM images

determined using ImageJ.

3.4 MECHANICAL TESTING

3.4.1 Hardness tests

The hardness of the samples was obtained using a Future TeBBOFVickers macrohardness
tester with a 5kgf load for a dwell time of 15s. The use of high loads is essential for precise
results [20140ga]. At least five measurements were takerffenedt areas of each sample to
obtain an average valu&he Vickers hardness number (VHN) was determined according to

Equations 3.5 and 3.6 [1988Die].

VHN = = Equation3.5
where: P = applied load (kgf)
d = average length of diagonals (mm)
d = 136A (angle between opposite faces of
The Vickers hardness values were converted to GPa using Equation 3.6.
H(GPa) = H\4 x 0.009807 Equation3.6

3.4.2 Toughness
The hardness indentations were rekeged on a Zeiss Sigma Fiedanission scanning electron
microscope (FSEM) to evaluate the alloys6 toughness

used to obtain the toughness values using She
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+ = gf&_'é Equation 3.7

where: K¢ = Fracture toughness (MP&/f
HV= Hardness of the samples (GPa)
P = Applied load (N)

xa = Average of crack | ength at each corne

35 SLIDING WEAR AND FRICTION TESTS

Sliding wear and friction testsere carried out on a CSM tribometer with rotating-@mrdisk
contact in accordance with the ASTM G99a standard2000AST. Two samples per
composition were used for the test, 1008réel balls and silicon nitrate balls were the pins,
while metallograhically prepared samples were the disks. The test conditions are listed in Table
3.3.

Table 33. Sliding wear and friction test conditions.

Test Condition Parameter
Wear track radius 1.99mm
Linear speed 0.12m/s
Applied Load 10.00N
Sliding distance 300.00m
Acquisition rate 30Hz
Temperature (25 + 3)°C
Humidity 43-56%

The static and dynamic friction coefficients, as well as the penetration depths, were measured
using TriboX InstrumX software. The wear tracks were chainzetusing SEM in BSE and SE
modes, EDX and phase mapping was used to identify the elements and phases present on the
wear tracks. The worn volume of the alloys was calculated using two methods and the results

were compared.
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For the first method, the ared the wear tract and the worn volume were calculated using
Equations 3.8 and 3.9.
Y6 Equation 3.8
w o6 0 Equation 3.9
where: r = radius

A= area of tract

P = Maximum penetration depth

g \4= worn volume of alloy.

For thesecond method, the cressctional area of the worn track was measured on a TR220
portable roughness tester and the worn volume of each alloy was calculated using the Japanese

industrial standard (JISR1613) in Equation 3.10 [2003Jon].

o

Yw Equation3.10

w h e r gis thegpwdrn volume of alloy
R is the sliding radius and

S is the cross sectional area of the worn track.

The worn areas on the 100Cr6 steel balls were examined on a Zeiss Sigrrantission
scanning eldgcon microscope (FBSEM) and similarly for the SN, balls; a Motic stereo
microscope with a Moticam 2300 camera was used because the ballsoivavaductive inthe
scanning electron microscope. The height of material lost and the worn volume of thvaall

calculated using Equations 3.11 and 3.12 [2002AST].
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Qi i — Equation 3.11

Yo — — Q Equation 3.12

where: h = height of material lost (mm)
d = diameter of the wear scar on the ball (mm)
r = radius of the ball (mm).

o\ = worn volume of ball.

The wear rates of the samples and balls were determined using Equation 3.13 [1967Lan]:
0 9_8 Equation3.13
where:K= wear rate (mHiNm)

@V = worn %0l ume ( mm

F = applied load (N) and

s = sliding distance (m).

3.6 CORROSION TESTS
Carbon tape was used to attach each sample to a conducting copper wire. The samples were cold

mounted using epofix resin. The surfaces of the mounted samples were prepared using the

procedures in Section 3.2.

Electrochemical tests were done at ra@mperature using an ACM potentiostatic/galvanostatic
instrument with General Purpose Electrochemical System (GPES) software. A calomel reference
electrode was connected to the cell through a lugging capillary tube and a graphite rod was used
as the counteelectrode. The electrolytes (solutions) used were 3.5% NaCl and 1,8® &hd

all the tests were carried out at room temperature.
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The samples were immersed in the solutions and the open circuit potential (OCP) was measured
for one hour at 60s per diag, to determine the corrosion behaviour (reactivity) of the alloys in

the 3.5% NaCl and 1.0M 430, environment at zero applied current. The potentiodynamic
polarization response was done after undertaking OCP at a scan rate of 166.67m\4/s from
250mV to800mV. The tests were done twic&he corrosion potentials and corrosion currents
were obtained from the polarization experimental data. The polarization resistance and corrosion
current density were determined using Equations-3.18 and the corrosiomte was calculated

according to Equation 3.17 [2009AST, 2010AST].

Q — Equation 3.14
O YO 0O Equation 3.15
Q p TT— Equation 3.16
6Y 0—0w Equation 3.17

where: Lo = Corrosion cuent (LA)
A = Exposed sample area (&m
icorr = Corrosion current density (LA/Gn
Ecor= Corrosion potential (V)
Rp = Polarization resistance (ohms)
B = SternGeary constant
K=327310°( mm g/ €A cm vy)
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EW = Equivalent weight (g)
} = Demm)ity (g

CR = Corrosion rate (mm/y).

After each polarization scan, the solution was replaced, the samples polished and an open circuit
potential was measured for two hours. The samples were subsequently studied und€d>SEM

and XRD to determine the corrosimnechanism.
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CHAPTER 4

4 PHASE DIAGRAM RESULTS

41 APATAGS SAMPLES
TheSEM-EDX results from the ranalysiso f t he eutectics and
samples [2014Apa] ahown in boldn the tableswhile the other resultare showrfor (not in

bold) completenesslhe microstructures were recorded in this work

4.1.1 Nominal Nig:Vs0:C1o (at.%), Sample A4

fﬁ; Mag= 5.00K X EHT = 15.00 kv wD= 10mm  Signal A=RBSD

Figure 41.SEM-BSE 'image of nominal \4o: Niso:C1o (at.%), Sar'np_l'e A4, in the ascast
condition, showing ~VC needleg¢dark), ~Ni,V matrix (light) and ~VC + (Ni) (light)
eutectic.
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Figure 4.1 shows the microstructure of nominalsViso:Cio (at.%), Sample A4, in the a=mst
condition. The alloy had two phases: ~VC needlesyV-NMnd ~VC + (Ni) eutectic. The XRD
result fron Apatads thesis (Figure 4.32, page 66 [

NiyV.

Table 4.1 shows the phase compositions which are plotted in Fg2irdhe plot shows the
overall (area)composition was on the tiene joining the dark and light pkas, while the eutectic

was quite close to the tlee.

The reaction scheme from the microstructure is as follows:
L Y ~vVvC
L + ~VC Y (Ni)
L Y (Ni) (from fast cooling)
L Y ~VC + (Ni)
( Ni ) ¥ ~Ni (in the solid state).

Table 41. EDX phase compositions of asast nominal Niyg:V50:C10(at.%), Sample A4
[2014Apal, this work]

PhaseDescription Composition (at.%) Phase
V Ni C

Overall 446+0.7/320+09(234+1.2 -

Dark 62.7+05/06+0.1 |36.7+0.5 ~VC

Light 36.6+0.4|47.8+0.7|16.1+0.6 ~Ni,V

Medium 359+1.2|47.8+0.9|16.3+0.9 ~NiV

Eutectic 42.3+1.7|41.9+29 [ 15.8+ 2.4 ~VC + (Ni)
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VG, VG VaGx nyc i 3C
Figure 4.2. EDX results of ascast nominal Niyo:V50:C10(at.%), Sample A4.
4.1.2 Nominal Nis3z:V37:C1o (at.%), Sample A5

Figure 4.3 shows the microstructure of nominadsiVis7:Cyp (at.%), Sample B in the ascast

condition. The microstructure showed 8¢ dendrites, ~NV and ~VC + (Ni) eutectic. The

XRD result from Apat ab ROl4Ape)iderstified the pgalksrasss 4 .

and NpV.
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l10pm Mag= 300KX EHT = 15.00 kv WD = 15 mm Signal A =RBSD

Figure 4.3. SEM-BSE image of nominal Niz:V 37:C1p(at.%), Sample A5, in the ascast
condition, showing ~\tCs dendrites (dark) and ~NpV matrix (light) and ~VC + (Ni)
eutectic.

Table 4.2 gives the EDX analyses which are plotted in Figure 4.4. The overall composition was

on to the tieline joining the two phases but the eutectic composition deviated by ~15% from the

tie-line.

The reaction scheme from the microstructure is as follows:
L Y ~VC

L Y (Ni) (possibly by fast cooling)
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L Y ~VC+ (Ni)
~VCY ~VeCs (in the solid state)
( Ni ) ¥ ~Ni (in the solid state).

Table 42. EDX phase compositions of asast nominal Ni3:V 37:.C1o(at.%), Sample A5
[2014Apal, this work]

Phase Description Composition (at.%) Phase
V Ni C

Overall 36.4+0.3 |41.2+0.2|224+0.3 |-

Dark 55.5+0.2/0.9+0.02|43.6+0.2 | ~VeCs

Light 27.0+05|61.3+£0.8|11.7+0.6 | ~NiyV

Eutectic 23.1+1.0[459+1.4|31.0+£1.3 | ~VC+(Ni

N

VoG VG VaGax hv,C I 3C V)V

Figure 4.4. EDX results of ascast nominal Niz:V 37:C19(at.%), SampleA5.
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4.1.3 Nominal NigsV25:C11 (at.%), Sample A6

Fig 4.5 shows the microstructure of nominak4¥,5.Cy1 (at.%), Sample A6, in the a®mst

condition. The ~¥C; dendrites, which had cracks within, were surrounded by thev/~Natrix

and different eutectic colonies surrounded the matrix. There were larger needles with the eutectic
which could be graphite. The dendrites were surrounded by the light phase; this could have been
caused by fast cooling. T hgeire X4 Dpage @ROMAgal) f r om A

identified the peaks asgtZ; and NgV.

Mag= 300K X EHT = 15.00 k¥ WD = 10 mm signal A = RESD

Figure 45.SEM-BSE image of nominal N¢4V 25:C11 (at.%), Sample A6, showing ~¥C-
dendrites (dark), ~NisV matrix (light) and different ly orientated coloniesof ~VC + (Ni)
eutectic.
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The phase compositions are shown in Table 4.3 and plotted in Figure 4.6. The plot shows the

that the presence of free C wasikelly.

The reaction scheme from the microstructure is as follows:

L Y ~vVC

L Y (Ni) (possibly caused by fast cooling)
L Y ~VC + (Ni)

L Y (Ni) + C

~VCY ~VgC; (in the solid state).

( Ni ) 3¥ ~Ni (in the solid state).

Table 43. EDX phase compositions of asast nominal N4V 25:C11 (at.%), Sample A6
[2014Apal, this work].

Phase Description Composition (at.%) Phase
V Ni C
Overall 229+1.2|558+3.7[21.3+£25 -
Dark 52.3+0.8|1.1+0.7 |46.6+0.5 ~VgCy
Light 13.3+0.3|724+05|14.3+0.4 ~NizV
Eutectic (globular) |18.9+2.7|/629+54|18.2+2.8 ~VC + (Ni)
Eutectic (Needles) | 14.8+0.2|65.9+0.9]/19.3+£0.9 C + (Ni)
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VG, VG VaGx ny,c i 3C

Figure 4.6. EDX results of ascast nominalNigs:V 25:C1; (at.%), Sample A6.

4.1.4 Nominal Nizg:V10:C20(at.%), Sample A7

Figure 4.7 shows the microstructure of nomiN&i:V10:Coo (at.%), SampléA7, in the ascast
condition.The microstructure consisted of the graphite plategCrfacetted dendrites, (Ni) and

C + (Ni) eutectic. T h e is XFRDe 454, agk BROT4Apalnh Apat ¢
identified the peaks asg;, graphiteand (Ni). The SEMEDX result of (Ni) reported by Apata
[2014Apal], shows the carbon composition was 22%, athich washigher than 2.7 at.% in

the binary phase diagrafh985Ca). This could bea result of overeporting of carbon by the
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scanning electron microscgpalthough Apata [2014Apal] thought it could be due to carbon

pick up from the eutectic

l10pm Mag= 300KX EHT = 15.00 kv WD = 15mm Signal A = RBSD

Figure 4.7. SEM-BSE image of nominal Njg:V 10:C2(at.%), Sample A7, in the ascast
condition, showing graphite plates (very dark), ~¥C-facetted dendrites (dark), Ni matrix
(light) and C + (Ni) eutectic.

Table 4.4 shows the phase compositions which are plotted in Figure 4.8. The overall compositio
and eutectic, which lie within the tieiangle of the phases, were close to thditie joining the
needle and light phases (Ni matrix) compositions. This shows that the eutectic is a combination

of graphite and (Ni).
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The microstructure was formed imet following sequence:

L Y C (graphite)

L + C Y ~VC

L VYV C + (Ni)

~VCY ~®& (in the solid state).

Table 44. EDX phase compositions of asast nominal Nizg:V 10:C20 (at.%), Sample A7
[2014Apal, this work]

Phase Description Composition (at.%) Phase
\Y Ni C

Overall 41+0.2 22.3+0.3 | 73.6x04 |-

Needles 0.0(2)+0.1 | 0.3+0.1 |99.7+0.1 | Graphite

Dendrites 49.1+1.3 3.1+1.7 |47.8+0.4 | ~VgCs;

Light 2.0+0.1 75.5+1.2 | 22.5+ 1.3 | (Ni)

Eutectic 29+2.7 49.8+3.3 [47.3+2.0 | C+(Ni)
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VoG VG ViGax n V,C J 3C W '

Figure 4.8. EDX results of nominal Nizg:V 10:C2o(at.%), Sample A7, in the ascast condition.

4.1.5 Nominal Nig:V 30:C1o(at.%), Sample A8
Figure 4.9 shows the microstructure of nomiN&o:V30:Cio (at.%), SampleA8. Two phases
were identified in the microstructure: g8 dendritic phase which had cracks, the (Ni) matrix
and the eutectic ~C; + (Ni). The eutectic had two morphologies: globular and fleke The
XRD result fr om eAMpy pagedBR014Abad)sidertifieq thei pgaksrasgi;,

C and NjV.
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_%Globular

S T Flake- fike

l10pm | Mag= 300K X EHT = 15.00 kY WD= 10mm  Signal A =RBSD

Figure 49. SEM-BSE image of nominal Nio:V 30:C10(at.%), Sample A8, in the ascast
condition, showing ~\C dendrites (dark), (Ni) matrix (light) and two forms of ~VC + (Ni)
eutectic.
The phase compositions are shown in Table 4.6 and plotted in Figure 4.10. The plot shows the
overall was on the titne between the light and dark phases, while the eutectic {lileke

composition was on the tilme baween (Ni) and (V). The eutectic overall compositions were

different.

The deduced reaction sequence is:

L Y ~VvVC

L + ~VC VY (Ni)
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L Y

~VC

( Ni)

Table 45 EDX phase compositions of asast nominal Nig:V 30:C10(at.%), Sample A8

( Ni) +

YsCr V

Y ~Ni

(V)

(in the solid state)

(in the solid state).

[2014Apal, this work]

Phase Description Composition (at.%) Phase
V Ni C

Overall 26.5+0.4 | 43.7£0.5 |29.8+£0.8 |.

Dark 504+04| 1.0+0.1 |48.6+04 | -y,

Light 21.2+0.4|601+04 | 18704 | (Nj

Eutectic (Globular) 23.6+0.9(62.1+0.1 |14.3+£0.9 | ~VC+ (Ni)

Eutectic (Flakelike) |26.3+0.9[56.5+1.4 |17.2+0.4 | ~VC+ (Ni)

Figure 4.10. EDX results of ascast nominal Nio:V 30:C10(at.%), Sample A8.
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4.1.6 Nominal Niz:Ves5.Cs (at.%), Sample A9

The microstructure of nominal MiVes:Cs (at.%), Sample A9 in Figure 4.11 shows ~VC
dendrites, a coarse eutectic which is sparsel
phae . The microstructure of Sample A9 was mai
thesis (Figure 4.69, page 92014Apal) identified the peaks as vV@nd \V,C,es and he

presumed the unidentified peaks tolbaj.

<— = Coarse eutectic

<— Fine eutectic

ﬁ'” Mag= 500K X EHT = 15.00 kY WD= 10mm  Signal A=RBSD

Figure 411. SEM-BSE image of nominal Nig:V 65.Cs (at.%), Sample A9, in the ascast
condition, ~VC dendrites (dark), OGN (Ilic
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Table 4.6 shows the EDX analyses of the phases and these are plotted in Figure 4.12. The overall

composition wa very close to the light phase and deviated slightly from thingebetween

dark and light phases. The coarse and fine eutectics had the same compositions and were away

from the tiel i ne

within the eutectic colony.

bet ween

G Nj

and

~VC.

The reaction scheme from the microstructure is as follows:

L Y

L Y

~VC

~VC +

o Nj.

The

d iogitibne r enc e

Table 46 EDX phase compositions of asastnominal Nizg:Ves5.Cs (at.%), Sample A9

[2014Apal, this work]

Phase Description Composition (at.%) Phase
V Ni C
Overall 57.4+0.3|24.7+0.2|17.9+0.4 | -
Dark 64.0+06|09+03 |351+0.7| ~VC
Light 59.8+0.7|29.8+0.7|10.4+0.2| ~ 0 Nj
Fine eutectic 56.7+0.3|23.7+05]19.6+05|~VC
Coarse eutetic 56.5+04]23.6+04]199+0.1 |[~VC
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Figure 412 EDX analyses of axast nominal Nio:Ves.Cs (at.%), Sample A9.

4.1.7 Nominal Ni;o:Vgp:C10(at.%), Sample All

Figure 4.13 shows the microstructure of nominabNig:Cip (at.%), Sample Al1l, in the @sist

condition, which shows ~VC dendrites, (V) matrix (light and medium contrasts) and a coarse
~VC + (V) eutectic. The XRD r esul f2018Apalln Apat ;

identified the peaks as V&, NiV3 and V,C; g6
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<—— Light contrast

l10pm | Mag= 300K X EHT = 15.00 kY WD= 10mm  Signal A=RBSD

Figure 4.13. SEM-BSE image of nominal Njo:Vgp:C1o(at.%), Sample All, in the ascast
condition, showing ~VC dendrites (dark), (V) (light contrast), ~ Ni\4 matrix (medium
contrasts) and ~VC + (V) eutectic.

The phase compositions are shown in Table 4.7 and plotted in Figure 4.14. The plot shows the
overall and eutectic compositions deviated slightly from théirteeconnecting the medium and

dark phases but were within the-tiangle.

The reaction schee is as follows:

L Y ~VvVC
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Table 4.7. EDX phase compositions of asast rominal Niyg:Vgo:C1o(at.%), Sample A1l

L Y

~VC +

(V) .

[2014Apal, this work]

Phase Description Composition (at.%) Phase
Vv Ni C

Overall 67.3+0.5 | 7.6+ 0.3 25.1+ 0.2 -

Dark 625+0.4|1.2+0.01 |36.3+0.4 ~VC

Light 80.1+0.2/9.3+0.6 |10.6+0.6 (V)

Medium 71.8+£0.1{18.8+0.6 {9405 ~ NiV3

Eutectic 68.8+1.0/99+32 [21.3+£0.9 ~VC + (V)

VoG Vel ViGy n V,C | 3C

Vv VvV

Figure 4.14. EDX results of as-cast nominal Nio:V go:C1o(at.%), Sample A1l
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4.1.8 Nominal Nis:V 75:C20(at.%), Sample A12

The microstructure of the nominal g\ 5:Cy (at.%) alloy, Sample A12 in Figure 4.15 shows

~VC dendrites which was the main phase, (V) matrix and a coarse ~W eufectic, which

was sparsely distributed. There were some pores in the alloy, mostly in the dendrites. The XRD
result from Apat ads [ROLéApdl)sdertified theypeaks adZ \WaBd page

VC.

fﬂ? Mag= 500KX EHT = 15.00 kv WD = 15mm Signal A = RBSD

Figure 4.15a. SEM-BSE image of nominalNis:V 75:C5o(at.%), Sample A12, in the ascast
condition, showing ~VC dendrites (dark), light (V) matrix and coarse ~VC + (V) eutectic.
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lm“ml Mag= 150KX EHT = 15.00 kv WD = 15mm Signal A = RBSD

Figure 4.15b. SEMBSE image of nominal N4:V 75:C 2 (at.%), Sample A12 at lower
magnification showing ~VC dendrites, (V) matrix and coarse ~VC + (V) eutectic.
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Peritectically
formed phase

lz“m | Mag = 10.00 K X EHT = 15.00 kY WD = 15mm Signal A = RBSD

Figure 4.15¢c. SEMBSE image of nominal N§:V 75:C 2 (at.%), Sample A12 at higher
magnification showing ~VC dendrites, (V) matrix and the light peritectically formed phase.

The phae compositions are shown in Table 4.8 and are plotted in Figure 4.16. The eutectic was
very slightly deviated from the tiine joining the dark and light phases. The dendrites had
irregular edges which could have been due to a peritectic reaction gtht @hase. The light

peritectic phase was too small to analyse.

The reaction scheme is:

L Y ~VvVC

L + ~VC Y (V)
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L

¥

~VC +

(V) .

[2014Apal, this work].

Table 48. EDX phase compositions of asastnominal Nis:V 75:C oo (at.%), Sample A12

Phase Description Composition (at.%) Phase
V Ni C

Overall 68.0+0.4|3.8+£0.1 |28.2+0.4 |-

Dark 63.7+05[0.1+0.1 |36.2+05|~VC

Light 79.4+04198+0.3 |10.8£0.5| (V)

Eutectic 729+06[4.2+0.2 |228+0.6|~VC+ (V)

Figure 4.16. EDX results of as-cast nominal Nk:V 75:C2o(at.%), Sample Al12.
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4.1.9 Nominal Ni14Vs4:C22 (at.%), Sample A13

Figure 4.17 shows the microstructure of nominalsNi4:Cy, (at.%) alloy, Sample Al13, in the

ascast codition. The microstructure shows two phases: ~VC needfesnatrix and (Ni) +C
eutectic. The XRD result fr om[28lgApaljiGestifiedh e si s

the peaks as V¥ Cs, (Ni) and 4Cs 66

— Mag= 500K X EHT = 15.00 ky WD = 15mm Signal A =RBSD

Figure 417a. SEM-BSE image of nominal NjsVe4:C22(at.%), Sample A13, in the ascast
condition, showing ~VC needles (dark) and (Ni) matrix (light) and C + (Ni) eutectic.

The phase compositions are shown in Table 4.9 and plotted in Figure 4.18. Since theafNi) are

were very small, they might have been affected by surrounding phases. The overall compositions
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and the eutectic were on the-liee between (Ni) and C. As shown by extrapolation, the missing

phase might be carbon.

|2“m | Mag= 1000 K X EHT = 15.00 kY WD = 15 mm Signal A = RESD

Figure 4.17b. SEMBSE image of nommal Niy4:V64:C22(at.%), Sample A13 at higher
magnification, showing ~VC needles, (Ni) matrix and sparse (Ni) + C eutectic.

The reaction sequence from the microstructure is as follows:
L Y ~vC
L + ~VC Y (Ni)
L Y (Ni) (might have been caused bytfasoling)

L Y C + (Ni).
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Table 49. EDX phase compositions of asastnominal Niy4:Ve4:C22(at.%), SampleAl3

[2014Apal, this work].

Phase Description Composition (at.%) Phase
V Ni C

Overall 47.8+0.3/22.1+0.4(30.1+05 |-

Dark 61.9+06|04+0.1 [37.7+0.3|~VC

Light 41.0+£1.3/41.1+0.8|17.9+0.7| (Ni)

Eutectic 36.3+05|35.3+0.6/28.4+0.1|(Ni)+C

ally|

VG V& VaGax n V,C 1 3C v v

Figure 4.18. EDX phaseresults of ascastnominal Ni14:V4:C22(at.%), Sample Al3.

4.1.10 Nominal Nigs 4V 16.1:C175(at.%), Sample A18
Figure 4.19 shows the microstructure of nominak\V161:C175(at.%), Sample A18, in the as

cast condition. The microstructure showsg€Y dendrites which initially were round, then
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became feetted, and also had cracks, (Ni) matrix and a fine (Ni) + C eutectic. The
microstructure shows that the dendrites started offfaoetted, then become facetted later. The
XRD result from Apat ads [20MAml) dentffiedithp pakeas4 . 1 39

VgCr C, (Ni) and \4C; 66

The phase compositions shown in Table 4.10 and plotted in Figure 4.20 and shows the overall
was within the tigriangle. The eutectic analysis deviated slightly from thdirie between (Ni)

and C, this shows the eutiecwas (Ni) + C.

21um

— Mag= 500K X EHT = 15.00 ky WD = 15mm Signal A =RBSD

Figure 4.19. SEM-BSE image of nominal Nis 4V 161:C175(at.%), Sample Al8, in the ascast
condition, showing ~\4C- dendrites (dark), (Ni) matrix (light) and (Ni) + C eutectic.
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The reaction scheme:

L Y ~VC
L + ~VC
L Y C +
~VC YesCrV

Table 410. Phase compositions of asastnominal Nigs 4V 16.1:C175(at.%), Sample A18

Y C

( Ni)

+  (ipfédried)

(in the solid state).

[2014Apal, this work].

Phase Description Composition (at.%) Phase
V Ni C

Overall 20.2+0.9|425 +£0.3/37.3+0.6 |-

Dark 53.1+0.6|1.0 £0.6 |46.0+0.6 | ~VsC;

Light 35+0.3 |76.5+05(20.0+£0.5 | (Ni)

Eutectic 43+03 |55.0+1.3(40.7+£1.0 |C+(Ni)
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VoG, VoG VaGx ny,c 1 #C V)
Figure 4.20. EDX results of ascast nominal Nis 4V 16.1:C17.5(at.%), Sample A18.

42 NEW SAMPLES

The weights of samples showed that mass losses occurred during melting as shown in Table
4.11. Where there were losses, nickel was lost due tower melting point. Two scannig

electron microscopes (SEMs) were used for characterization as a result -oémorting of

carbon in some analyses. The LEO 1525 field emission scanning electron microscope at NMISA
was SEM A, while Quanta FEI 200 D scanning electron microscope at NM@S/SEM B. For

most of the samples examined on the Quanta FEI 200 D scanning electron microscope (SEM B),
only one measurement was taken, hence there is no standard deviation. Some of the samples
were analyzed by only SEM A because SEM B broke down indbese of the PhD study. Only

few analyses were done on the EPMA because it also broke down in the course of the PhD study.
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The EPMA images are shown in Appendix A. All the samples were within the sample size range
except for Alloys 1, 2 and HT 1 which ¢ceme smaller due to grinding and polishing, and they
were all polished to mirrelirke finish for all the analyses, which is important for XRD analyses.

Table 411. Weight of ascast samples.

Sample | Composition | Weight before | Weight after % loss
no. (at.%) melting (Q) melting (Q)

1 V102Ni50:C30 3 2.68 10.67
2 V15:Ni75:C10 3 2.84 5.33
3 V40:Ni45:C15 3 2.95 1.67
4 V55:Ni301C15 3 2.92 2.67
5 V65:Ni201C15 3 2.88 4.00
6 V72:Ni3:C25 3 2.80 6.67

43  AS-CAST SAMPLES

4.3.1 Nominal V10:Nigo:C3o(at.%), Sample 1

Figure 4.21 shows the microstructure of nomivad:Nigo:Cso (at.%), Sample 1, in the asist
condition. The alloy had two phases: dahtksC; dendriteslight (Ni) matrix and a~VgC; + (Ni)
eutectic from SEM A, while SEM B idéified the dendrites as s (dark), (Ni) matrix (light)

and ~\Cs + (Ni) eutectic. XRD identified the phases ¥4sCs and (Ni), (Figure 4.23) which
agrees with the results from SEM B. The pattern was good with low background to signal ratio,

but some oftie peaks were unidentified.

Table 4.12 gives the EDX analyses which are plotted in Figure 4.22. The eutectic composition
was slightly deviated from the tlme joining the dark and light phases, but the overall from

SEM A was far from the tiéine.
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10pm

Mag= 3.00K X EHT = 15.00 k¥ WD = 12 mm Signal A =RBSD

Figure 421. SEM-BSE image of nominalV1¢:Nige:C30(at.%), Sample 1, in the ascast
condition, showing ~\Cs dendrites (dark), (Ni) matrix (light) and ~VsCs+ (Ni) eutectic

The deduced reaction scheme from the microstructusefdlaws:
L Y ~VC
L Y ~vC + (Ni)

~V CY ¢G5\ the solid state.

Table 412. EDX phase compositions of asast nominalV1o:Nigo:C3o (at.%), Samplel.

SEM Phase Description Composition (at.%) Phase
V Ni C

SEM  A:| Overall 9.0+0.5 |[56.0+0.4|35.0+05]-
LEO 1525| Dark 49.0+0.4|1.2+0.1 |[49.8+0.3|~VgC,
FESEM,  [[ight 6.0+0.7 |80.9+1.7|13.1£2.0]| (Ni
NMISA Eutectic(dark + light)| 10.4 + 0.4 | 66.9+ 2.1 | 22.7% 1.8 | ~VCy + (Ni)
SEM  B:| Overall 11.0+10 | 65.0+3.7|20.0+3.4 -
Quanta FE| Dark 545+0.2(3.2+0.2 [42.4+0.1|~VeCs
200 D, Light 59+10 [744+1.3|18.7+0.7| (Ni)
NECSA Eutectic(dark + light)| 9.6 +1.0 | 67.0+0.9 | 23.4 + 1.5 | ~VCs+ (Ni)
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Figure 4.22. EDX results of nominal V10:Nigo:C30(at.%), Samplel, in the ascast condition for: (a) SEM A and (b) SEM B.
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Figure 4.23. XRD pattern of nominal V14:Nigo:C3o (at.%), Samplel, in the ascast
condition, showing identified and minor unidentified peaks.

4.3.2 Nominal Vi5Ni75.Cqo(at.%), Sample 2

Figure 4.24 shows the microstructure of nomi¥ad:Nizs.Cyo (at.%), Sample 2, in the asist
condition. The microstructure shows dark ~VC dendrites, light ((Ni) matrix) and a ~VC + (Ni)

eutectic.

The plase compositions are shown in Table 4.13 and plotted in Figure 4.25. The overall and
eutectic compositions deviated from the-liree joining the dark and light phases. The XRD
peaks were identified as (Ni), Figure 4.26. The pattern was good, with a ¢mal 4b

background ratio.
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10 ym Mag= 3.00KX Signal A = NTS BSD Date :8 Dec 2017 @
P

WD = 8.2mm EHT = 15.00 kV Time :12:24:49

Figure 4.24. SEM-BSE image of nominalV15:Nizs. C1o(at.%), Sample 2, in the ascast
condition, showing~VC dendrites (dark), (Ni) matrix (light) and ~VC + (Ni) eutectic.

The deduced reaction sequeifrten the microstructure was:

L Y ~VvC

L Y ~vC + (Ni).

Table 413. EDX phase compositions of asast nominalV1s:Ni7s:Cio (at.%), Sample2.

SEM Phase Description Composition (at.%) Phase
V Ni C
SEM  A:| Overall 12.3+0.3/56.2+05(31.5+£0.6 | -
LEO 1525| Dark 48.1+06| 2.1+0.3]49.7+0.7 | ~VC
FE-SEM, | Light 10.7+£0.4|721+0.4|17.2+0.5 | (Ni)
NMISA Eutectic 11.9+0.4]59.8+0.4|28.3+0.6 | ~VC + (Ni)
(dark +light)
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Figure 4.25. EDX results of nominal V15:Ni7s:Cio(at.%), Sample2, in the ascast condition.
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Figure 4.26. XRD pattern of nominal V15:Ni7s:C1o(at.%), Sample2, in the ascast condition

4.3.3 Nominal V40:NissC1s(at.%), Sample 3

Figures4.27- 4.28 show the microstructures of nomiNab:Niss:Cys (at.%),Sample3 from SEM

A and SEM B. The dark\*C phase, which had cracks, the light phabk,¥ and the eutectic

~VC + NipV were identified in the microstructure. The EPMA analyses also shodatk phase

was VC and the light phase wad\t,V. The analysis of the dark phase was similar to the EDX
analysis from SEM A, but the analysis of light phase was different, with the EPMA analysis
having less carbon and more nickel than the EDX analydesse phases were confirmed by
XRD, V,C was also identified and some peaks were unidentified (Figure 4.30). There were light
rims around some needles and dendrites from microstructure obtained from SEM B, which may
be polishing effects, or coring. The XRxtgern was poor, with a high background to signal
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ratio, and the identification of the minor peaks was speculative, because of the poor quality of the

pattern.

- lesn rEl1 .
10pm Sample date DB04/2014 Mag = 300K X EHT = 15 00 K WD = 13 mm Signal A = RESD
Substrate = CRS

Figure 427. SEM-BSE image of nominal 4¢:Ni4s.C1s(at.%), Sample 3, in the ascast
condition, showing ~VC (dark) with cracks, ~NjV (light) and sparse~VC + ~Ni,V eutectic.
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Figure 4.28. SEM-BSE image ofnominal V40:Ni4s.C1s(at. %), Sample 3,in the ascast
condition, showing~VC (dark) dendrites, ~Ni,V (light) and sparse ~VC + Ni,V eutectic

The compositions of the phases obtained from EDX are shown in Table 4.14 and plotted in
Figure 4.29. Both plots show that the overall deviated from th&nge while the eutectic
compositims were on to the titne. This suggests that a phase was missed, or the sample was

inhomogeneous.

The reaction sequence deduced was:

L Y ~vC

L Y ~VvC + (Ni)

( Ni ) ¥ ~Ni (in the solid state).
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