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ABSTRACT 

The C-Ni-V ternary phase diagram was investigated. The eutectics of ten as-cast samples 

produced by Apata [2014Apa1] were re-analysed. The results obtained were compared with 

previous analyses by Apata [2014Apa1] and Muobeleni [2013Muo]. The differences in eutectic 

analyses were identified. Six new samples were produced and analysed in the as-cast condition, 

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

were identified using SEM-EDX, 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 results of the new samples and Apataôs [2014Apa1] 

samples and four ternary invariant reactions were identified, L + ~VC + ɓV2C Ÿ ůǋ, L + ɓV2C 

Ÿ ůǋ + (V), L + ~VC + ůǋ Ÿ (Ni) and L + ~VC Ÿ (Ni) + C, of which were slightly different 

from Apata [2014Apa1] and Muobeleni [2013Muo]. The isothermal section of the new sample at 

1000°C was plotted  

Six VC-Ni alloys (from VC and Ni powders) and seven V-C-Ni alloys (from VC, V and C 

powders) were produced by spark plasma sintering. The sintered density, hardness, fracture 

toughness, wear performance and corrosion performance in 1M H2SO4 and 3.5wt% NaCl 

environments of the alloys were evaluated. Alloys with 10 at.% Ni had the preferred combination 

of properties, and Alloy V48:C42:Ni10 (at.%) was the optimum alloy with the following properties: 

97.6% sintered density, wear rate of 3.03 ± 0.00(1) 10
-6 

mm
3
/Nm against a Si3N4 ball, corrosion 

rates of 0.0176mm/y in 1M H2SO4 environment, and 0.00295mm/y in 3.5wt% NaCl 

environment. 
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 CHAPTER 1 

1.1 INTRODUCTION  

Wear and corrosion are phenomena of inevitable 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 

resistant 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, B4C, NbC and Al2O3) dispersed in a transition metal matrix (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, projectiles, 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, 2008Hua1, 

2008Bon], due to their excellent strength, high hardness, heat stability, fracture toughness and 

wear resistance
 
[1975Bro, 1997Cho, 1998Upa, 1999Are]. To improve the performance of these 

tools, higher value hardness, fracture toughness and wear resistance is required, but generally, 

increased hardness results in decreased fracture toughness. Therefore, a compromise must be 

reached to achieve the best of these properties [1975Bro, 2008Bon, 1998Upa, 2008Hua2]. 

Vanadium was first discovered by Del Rio in 1801, but was named by Nils Gabriel Sefstrom, 

in1830 [1983Duk]. Most manufacturers of hardmetals sponsored research on vanadium-based 

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 discontinued the research when the 
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cost of tungsten carbide returned to normal [1981Kun]. Presently, South Africa has one of the 

worldôs largest reserves of vanadium, but still imports tungsten [1983Fis, 1985Roh, 2017USG]. 

It is therefore in the countryôs interests to find new uses for vanadium, and in particular to find 

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 abrasion 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 TiC [2009Rui]. Also, VC has fast oxidation kinetics which results in the 

formation of vanadium oxide 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 

conventional tungsten carbide, and WC-VC-Co has higher hardness for comparable toughness 

[1996Luy, 2001Obb]. 

Little work has been done on vanadium carbide characterization and sintering behaviour as a 

primary processed material, despite its useful properties. Also, the phase diagram work and 

structure property relations on vanadium-nickel-carbon system were poorly documented. 

[1993Pol, 1997Whi, 2009Rui, 2013Giu, 2014Apa1]. Most research work on vanadium carbide 

considers it as an additive, to enhance wear performance, inhibit grain growth and decrease 

density [1997Cho, 1997Luy, 1997Whi, 2001Are, 2002Wit, 2003Lee, 2008Hua1, 2008Sun, 

2008Zou, 2009Has, 2011Sun, 2013Esp, 2013Ogu]. 

Nickel as a binder maintains its ductility at all temperatures, has higher resistance to thermal 

cracking, higher hot hardness, better oxidation resistance and wear performance in corrosive 
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environment than cobalt [1995Ima, 1996Hum, 2008Guo1, 2008Guo2]. It is cheaper and less 

hazardous to health than cobalt [1986Roe]. Also, the price of cobalt is unstable and there is 

shortage of supply [1980Tie, 1987Pen, 2001Sed]. 

A study focused on graded metal-carbide composites produced by solid state transformations in 

VC-coated Ni started in Venezuela [2009Rui], but the researchers had difficulties manufacturing 

samples with the targeted microstructures. Also, the targeted microstructures were apparently 

inconsistent with the C-Ni-V phase diagram. To achieve the targeted microstructures, an 

investigation of the carbon-nickel-vanadium ternary phase diagram was carried out [2014Apa1]. 

Apata [2014Apa1] studied the C-Ni-V phase diagram, and found that the binary phases of 

~Ni8V, ~NiV3 and ~V2C did not extend into the ternary under the conditions of study. He 

identified three invariant ternary reactions but no ternary 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 [2014Apa1] were not consistent with their 

component phases. Apata et al. [2014Apa2] produced some as-cast alloys and reported that alloy 

V49.1C28.8Ni22.1 (at.%) had 1052 HV5 hardness and the best wear resistance.  

The understanding of the interrelation between materials processing, structure and properties 

determines the materialôs application [2001Fle]. The mechanical properties of hardmetals which 

determine tool performance depend on the microstructures [1997Lir, 2014Kar], and can be 

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

be can be achieved by improving the processing methods. To improve the microstructure, hence 

the properties of C-Ni-V alloys, spark plasma sintering was used to produce the alloys 

[2009Ang]. Spark plasma sintering is powder metallurgy process where ceramic and powdered 
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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 the C-Ni-V ternary phase diagram, interpret 

the eutectic analysis, and produce new alloys with optimum wear and corrosion resistance using 

spark plasma sintering. 

The aims were achieved through the following objectives: 

¶ Production and characterization of the as-cast alloys, 

¶ Production and characterization of the sintered alloys, 

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

test, and  

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

environments using electrochemical testing methods . 
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CHAPTER TWO  

2 LITERATURE REVIEW  

2.1 PROPERTIES OF CEMENTED CARBIDES 

2.1.1 Density  

The density of cemented carbides is dependent 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 well-sintered materials should be close to the theoretical 

density [1991Jen]. 

2.1.2 Hardness 

Hardness is the resistance of a material to indentation or localized plastic deformation 

[1987Zum, 2001Cal], and depends on composition of the cemented carbide, composition and 

distribution of the binder, grain size and level of porosity [1975Bro]. Poor densification lowers 

the hardness of the cemented 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 Equation 2.1:  

Ὄ Ὄ ὠ   ὅ ρ ὠ ὅὌ         Equation 2.1 

where Hcc = hardness of the cemented carbide, Hwc = hardness of WC, Vwc = volume fraction of 

WC, C = WC contiguity and Hb = hardness of the binder. Contiguity is the ratio of 

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

function of the binder mean free path given by the Hall-Petch relation in Equation 2.3 [1978Lee]. 

Ὄ ρσψςςσȢρὨ   (Kg/mm
2
)       Equation 2.2 

Ὄ σπτρςȢχ‗     (Kg/mm
2
)       Equation 2.3 

Where: ɚ is the binder mean free path, HWC is the hardness of WC and Hb is the binder phase. 

The binder mean free path is the average distance between two carbide interfaces [1978Lee]. It is 

a measure of the thickness of the binder regions and it depends on the binder content and the 

carbide particle size [1970Exn]. Al though not always, increased hardness generally increases the 

wear resistance of a component [1996Luy]. 

2.1.3 Fracture toughness (KIc)  

Fracture toughness is the resistance of a material to fracture in the presence of a sharp crack or 

resistance of the material to crack propagation [1999BS, 1985She]. It is independent of specimen 

size, geometry and finish [1999BS], and it is measured by the critical stress intensity factor, KIC. 

The KIc values are calculated from Equation 2.4 [1985She, 1990Spi]: 

+  =  0.0889ã
HVP

Вa
         Equation 2.4  

where KIc = fracture toughness (MPa.m1/2), HV = hardness of the material (GPa), P = applied 

load (N), ×a = average crack length at each corner (m). 

Fracture toughness provides a measure of the intrinsic strength of the cemented carbide 

[2011Bas]. The fracture toughness and hardness of hardmetals vary in different ways when the 

composition and/or microstructure of the material are varied [1996Qui]. Although there is still 
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disagreement on the relationship between fracture toughness and hardness [1976Che, 1984War, 

1999Ric], generally fracture 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 carbide, the KIc parameter is insensitive to temperature below 600°C, but increases 

rapidly at higher temperatures (1990San). Poor densification lowers the KIc, since pores act as 

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

2.2 VANAD IUM 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 and strength, high melting temperature, high 

thermal and electrical conductivities, a relatively high chemical stability, outstanding interatomic 

bonds, good impact and shock resistance [1996Mis, 2001Lee, 2001Oel, 2004Lie, 2004San, 

2014Oga]. They are also very interesting 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 single-phase material and composite with metallic phases in cutting tools industries 

[2006Kim, 1995Ima]. As a refractory carbide, VC has many excellent physical and mechanical 

properties such as high Vickers hardness (26.66GPa), Youngôs modulus of 430 GPa and low 

density (5.65 g/cm
3
), which is lower than the commonly-used WC (15.68 g/cm

3
) [2008Hua4]. 

Experiments and first principle calculations of vanadium carbides by Wu et al. [2013Wu] 

showed that increased carbon composition increased the hardness, shear modulus and Youngôs 

modulus of vanadium carbide from V2C to VC.  
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Due to its outstanding 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]. There are different 

types of coating techniques; one of the most 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 resistance, as well as good adhesion, thus 

reducing component failure by spalling. The 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 nickel-rich portion of Ni-Ti-

C, Ni-V-C, Ni-Nb-C, Ni-Mo-C, Ni-Ta-C, and Ni-W-C was carried out by Niki and Masato 

[1970Nik] to determine the reaction of carbon with nickel-based solid solution alloy containing 

carbideforming element. The 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 

carbon-to-metal ratios and found that at high carbon to metal (C/M) ratios, the carbide was 

principally V8C7 or V8C7 + V6C5, while at low C/M ratios, the carbides were V6C5 orV6C5 + 

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 high and stresses 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 
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deterioration of the cermetôs mechanical properties. The authors concluded that the performance 

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 metal-carbide composite in nickel samples, by 

depositing vanadium carbide on the substrate using the chemical vapor deposition (CVD) 

technique, after which the samples were heat-treated. A low-friction abrasion-resistant external 

layer and a VC-Ni cermet internal layer was formed, which was expected to be wear resistant 

and tough. An intermetallic Ni2V and/or Ni3V layer of  ╔15Õm was also formed, which decreased 

after heat treatment. They reported that the thickness of the cermet layer could be varied 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 the Ni3V phase. However, the 

targeted microstructures were not obtained, and were inconsistent 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 well-adhered, crack- and pore-free composite layer for 

the enhancement of the service life of dies [2002Sha]. Wang et al. [2007Wan] produced 

vanadium carbide (VC) particulate reinforced Fe-based composite using the in situ synthesis 

method by casting, and the composite had an excellent wear resistance when tested under the 

condition of dry sliding with heavy load. He et al. [2010He] and Wang and Fu [2014Wan] 

produced a VC-Fe composite from ferrovanadium and amorphous carbon using an in situ 

reaction as an alternative method to casting, due to high temperature and long synthesis time of 

casting, and also the exaggerated growth of VC grains.  A 1-3µm thick composite with 

outstanding wear resistance was achieved. 
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Most cemented carbides suffer mainly from galvanic corrosion because of their heterogeneous 

nature [2005Sut]. Whitefield et al. [1997Whi], Brieseck et al. [2012Bri] and Ogunmuyiwa 

[2013Ogu] reported that VC-WC-Co with VC grains size Ò 2 µm is a good replacement for WC-

Co while large VC grains made the alloys brittle. Konadu [2009Kon] studied the corrosion 

behavior of VC-WC-Co alloys in acidic and chloride environments and found that increased VC 

increased the corrosion resistance of the alloys in HCl solution. The understanding of the 

corrosion behavior of hardmetals is important due to their application in some corrosion 

aggressive environment such as mining in 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 [2008Hoc]. Therefore, 

improving the physical and corrosive wear resistance properties and selecting the right material 

are highly valued for a tool in complex working environment [2016Zha]. 

2.3 NICKEL ALLOYS  

Nickel-based alloys combine good corrosion resistance and ductility; their melting temperature is 

not too elevated, especially in multicomponent alloys [1980Vis, 1994Pel]. Nickel as a binder 

plays a significant role in determining the toughness of the alloy [1992Bha]. The wear resistance 

of an alloy is directly dependent on the relationship between the nickel matrix and hard phases 

(boride, silicide, carbide) [1988Leb, 2004Hsu]. Cobalt has been used as the tough metal binder 

phase, due to its excellent wetting, adhesion and adequate mechanical properties. However, its 

powder is hazardous 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 candidate as a 

binder phase metal, not only because of its relatively lower price than cobalt, but also due to its 
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hot hardness, resistance to thermal cracking, better oxidation resistance and wear performance in 

corrosive environment [1995Ima, 1999Eng, 2002Wit, 2008Bon, 2011Ron]. Nickel does not 

undergo phase transformations, it maintains its ductile FCC structure at all temperatures 

[1962God, 1977Mos, 1987Pen]. 

A study by Murata et al. [1986Mur] showed that in most nickel-based cermets, metal carbide 

forms mainly at 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 of as-cast nickel based alloys [1972Kot, 1994Liu]. It is 

therefore important to control the morphology and distribution of metal carbide to obtain hard 

metals with superior mechanical properties.  

Hoshiyama et al. [2009Hos] used Fe-C-V-Cr-Ni alloy powder in low-pressure plasma spraying 

to produce rapidly solidified alloy deposits based on a stainless cast iron with finely dispersed 

vanadium carbide particles. The as-sprayed deposit was made up of ɔFe, ŬFe, V8C7, and Cr7C3, 

and had fine carbide precipitates of ~0.4 µm. The carbide particles coarsened with increased heat 

treatment temperature, up to 1000°C. The as-sprayed deposit had finer vanadium carbide and 

130ï270 HV higher hardness than that of the as-cast Fe-C-V-Cr-Ni. With increased heat 

treatment temperature above 800°C the coarsening of the vanadium 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  

Apata et al. [2014Apa1, 2014Apa2] studied the hardness and wear behavior of the some C-Ni-V 

alloys in as-cast and annealed conditions. The authors reported that alloys with (Ni) were ductile 
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with low hardness (188-402 HV5), while alloys containing (V), ~Ni3V and ~Ni2V, which were 

identified as hard phases, had higher hardness (533-1052 HV5). Alloys with the ůǋ phase were 

found to be very hard (1065-1266 HV5) and extremely brittle with cracks. Fracture toughness of 

the C-Ni-V alloys (0.9-5.2 MPa.m
-1/2

) was comparable with ceramics (0.5-5.3 MPa.m
-1/2

). 

Apata [2014Apa1] characterised the wear behavior 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 between 0.1 x 10
-6

 and 7.6 x 10
-6 

mm
3
/Nm, which was not as good as WC-Co 

hardmetals with wear coefficients of 0.03 x 10
-6

 to 0.13 x 10
-6
 mm

3
/Nm [1999Jia, 2004Pir, 

2004Yan], but were close. Apart from this [2014Apa1, 2014Apa2], information about the 

structure of 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 roles in the production, processing and 

applications of materials [1952Hum, 2001Kod, 2002Wes]. 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]. The binary diagrams are important to understand the different 

phases of the C-Ni-V ternary. 

2.5.1 Carbon-vanadium phase diagram 

The first detailed V-C phase diagram was proposed by Storms and McNeal [1962Sto]. They 

determined the temperatures and compositions of three invariant reactions, and the melting point 

of pure vanadium as 1888 ± 10°C.  
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Rudy et al. [1968Rud] re-examined and presented a modified version of the diagram by Storms 

and McNeal [1962Sto]. One of the major changes was the melting behavior of VCx, which 

Storms and McNeal reported as peritectic [1962Sto] rather than congruent [1968Rud]. Other 

research was carried out on the vanadium-carbon phase diagram  to determine the different 

phases [1965Bow, 1966Tre, 1967Rud, 1968Pre,1970Yvo, 1973Hir, 1978Kan, 1998Wie and 

1999Lip].  

Carlson et al. [1985Car] proposed an assessed phase diagram using data mainly from Storms et 

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

[1984Gha], Figure 2.1. 

 

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

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

Table 2.1. V-C crystal structure data [1985Car]. 

 

The investigation of the vanadium-rich solvus at a temperature range of 1100°C to 1650°C by 

Carlson et al. [1985Car] showed carbon had a maximum 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 equilibrium with the solid at each temperature. Liquid reacts with VC 

peritectically at 2187°C to form ɓV2C between 27 at.% C and 34 at.% C which Carlson et al. 

considered tentative [1985Car], Figure 2.1. Carlson et al. [1985Car] reported that most 

researchers placed the V-rich boundary of V2C near or at the ideal stoichiometry of 33.3 at.% C, 

while others [1976Arb, 1978Kha], indicated the hyper-stoichiometry of 35 at.% C [1998Wie, 

1976Arb]. The C-rich boundary of V2C was observed to be nearly independent of temperature 

below 1650°C. Bowman et al. [1965Bow] and Yvon et al. [1967Yvo] both reported that the V2C 

phase had a hexagonal structure. Bowman et al. identified the structure as a disordered hexagonal 

structure, ɓV2C, while Yvon et al. identified an ordered structure, ɓ'V2C, Figure 2.1. Arbuzov et 

Phase Composition 

(at.% C) 

Space 

group 

Pearson 

symbol and 

prototype 

Strukturbericht 

designation 

Lattice parameters (nm) 

 

a  b  c  

(V) 0 to 4.3 Im3m cI2  W A2 0.2618 é é 

ŬV2C 31 to 33 Pbcn oP12  ɕFe2N é 0.4570 0.5742 0.5026 

ɓV2C 27 to 34 P63/mmc hP3  W2C Lô3 0.2896 é 0.4579 

ɓôV2C 27.5 to 31.5 P31m hP9  Ni3N é 0.5005 é 0.4551 

V4C3-x ~40 R3m hR20 B1 0.2919 é 0.4653 

VC 37 to 48 Fm3m cF8  NaCl é 0.4138 é é 

V6C5 43 to 46 B2 mB44 é 0.509 1.108 0.882 

V8C7 47 to 48 P4132   

P4332 

cP60 é 0.8333 é é 

(C) 100 P63/mmc hP4  C  A9 0.2461  é 0.6708 
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al. [1976Arb] and Khaenko and Fak [1978Kha] proved that the hexagonal ordered structure is 

characteristic of V-rich compositions, while the disordered structure is characteristic of C-rich 

compositions. The order of the transition between ɓV2C and ɓ'V2C remains unsolved. Both ɓV2C 

and ɓ'V2C have identical V sublattices. The empty C sublattices in the two structures are 

identical, but the C sublattice sites in ɓV2C are statistically occupied, while in ɓ'V2C some of the 

C sublattice sites are preferentially occupied and others are preferentially vacant. These 

crystallographic considerations, in combination with the lack of any experimental evidence for a 

two-phase separation between the ɓ and ɓ' forms, are the basis for suggesting that the ɓ'V2Cź 

ɓV2C transformation is higher order, as indicated by the dash-dot line in Figure 2.1. An 

orthorhombic structure, ŬV2C, exists below ~800
o
C [1967Yvo, 1976Arb], Figure 2.1.  

V2C and VC are the only intermediate phases that exist at high temperatures and they have wide 

homogeneity ranges. At  ╔1320
°
C, the V4C3-x phase is formed by a peritectoid reaction between 

V2C and VC. Yvon and Parthe [1970Yvo] determined the crystal structure of V4C3-x using single 

crystal X-ray methods. Although the existence of the V4C3īx phase is well accepted [1998Wie], 

the experimental data on its temperature range is scattered and sometimes even inconsistent. A 

mechanism of V4C3-x phase formation was given by Billingham and Lewis [1971Bil] and, Van 

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. One of the transformations occurs at 1112 ± 8°C and 46.7 at.% C to 

form V8C7, while V6C5 is 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 the V-C system 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 Carlson et al. [1985Car], Table 2.3. 

Figure 2.3 and Table 2.2 show that the results obtained by Lee and Lee [1991Lee] were 

consistent with data from Rudy [1969Rud] and Carlson et al. [1985Car].  

 

Figure 2.2. Calculated V-C phase diagram [1991Lee]. 
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Figure 2.3. Calculated V-C phase diagram compared with experimental data [1969Rud]. 

Table 2.2. Calculated and experimentally reported invariant equilibrium data for the V-C 

system (at.% C) [1969Rud, 1985Car, 1991Lee]. 

T( C̄)  :         V      +           V2C      =         L            Reference 

1650 4.30 14.71 27.23 [1991Lee] 

1650 4.30 15.00 27.00 [1985Car] 

1650 ± 7 5.50 ± 1 15.00 ± 1 27.00 ± 0.5 [1969Rud] 

T ( C̄)  :      L      +              VC         =     V2C                     Reference 

2187 28.86 38.38 32.18 [1991Lee] 

2187 29.50 37.00 34.00 [1985Car] 

2187 ± 10 28.00 ± 3 37.00 ± 0.7 35.00 ± 0.5 [1969Rud] 

T( C̄)  :        VC      +       Graphite   =        L         Reference 

2651 46.14 100 .00 51.19 [1991Lee] 

2670 46.00 100. 00 53.50 [1985Car] 

2625 ± 12 46.00 ± 0.3 100 .00 49.50 ± 0.5 [1969Rud] 

T( C̄)   :                       VC        =          L               Reference 

2762     44.60         44.60 [1991Lee] 

2800     45.50         45.50 [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, 

1991Hua] 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 high-order systems with the same 

reference state, while Lee and Lee [1991Lee] used the lattice stability of bcc-V as the reference, 

which was different from the reference states of Huang et al. [1991Hua]. The calculated VïC 

phase diagram [1991Hua], Figure 2.4, shows three intermediate carbides: V2Cx, V3C2 and VCx. 

The V2Cx and VCx carbides exhibit wide homogeneity ranges due to the carbon deficiency at high 

temperature. 

 

Figure 2.4. Calculated VïC 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 non-stoichiometric cubic and constructed a V-C 

phase diagram as shown in Figure 2.5. 

 

Figure 2.5. Equilibrium phase diagram of the V-C system considering the ordering of 

nonstoichiometric cubic (VCy) and hexagonal (V2Cy) vanadium carbides [1999Lip]. 
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They [1999Lip] reported difficulty in constructing the upper boundary of the homogeneity region 

of disordered cubic vanadium carbide VCy due to the representation of its stoichiometric 

composition as VC1.0 instead of VC0.88 carbide. The ordering of VCy led to the formation of 

ordered V8C7, V6C5 and V3C2, with V6C5 being the main ordered phase of the VCy carbide. The 

inset in Figure 2.5 shows the ordering region near the upper boundary of the homogeneity region 

of VCy [1999Lip]. 

Hu et al. [2006Hu] thermodynamically re-assessed the V-C system using experimental and 

calculated data from Storms and McNeal [1962Sto], Tret'yachenko and Evemenko [1966Tre], 

Adelsberg and Cadoff [1968Ade], Rudy et al. [1968Rud], Shacklette and Williams [1971Sha], 

Hiraga [1973Hir], Emmons and Williams [1983Emm], Chaneya and Carlson [1985Cha], 

Wiesenberger et al. [1998Wie] and Lipatnikov et al. [1999Lip], with emphasis on the orderï

disorder transformation region. Figure 2.6 shows the calculated phase diagram [2006Hu] and 

Table 2.3 [2006Hu] shows the invariant reactions, which was in agreement with most of the 

experimental data. However, the calculated liquidus 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 [2006Hu].  

 
Figure 2.7. Calculated phase diagram compared with the experimental data from various 

sources [2006Hu]. 
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The invariant reactions around the ordered phases are also in agreement with those calculated by 

Lipatnikov et al. [1999Lip]. However, the carbon content and transformation temperature of 

V6C5 was different, Figure 2.8. Hu et al. indicated the carbon content increased to 0.455 at 

1512K, which is the ideal stoichiometry, while Lipatnikov et al. indicated the carbon content as 

0.467 at 1485K. Hu et al. [2006Hu] deduced a two-phase region V6C5 +V8C7 below the eutectic 

temperature, which narrows with decreasing temperature and agrees with the experimental data, 

as shown in Figure 2.8 

 
Figure 2.8. Calculated phase diagram in the ordering region compared with experimental 

data from various sources [2006Hu]. 
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 Table 2.3. Invariant reactions of the V-C system [1962Sto, 1966Tre, 1968Rud, 1971Sha, 

1983Emm, 1998Wie, 1999Lip, 2006Hu]. 

Reaction   T ( C̄) Composition (at.% C) Reference 

V2C +VCxźV4C3-x 1877   35.0 ± 1 39.5 37.9 ± 0.4 [1998Wie] 

1876 33.1 39.4 37.9 [2006 Hu] 

V4C3-x ź V2C + VCx 1267 37.9 ±  0.4 35 ± 1 41.9 [1998Wie] 

1262 37.9 33.3 42.1 [2006 Hu] 

V8C7ź VCx    1112 ± 8 0.467 --- --- [1983Emm] 

1124 ± 15 0.467 --- --- [1973Sha] 

1110 0.487 --- --- [2006 Hu] 

VCx ź V6C5+ V8C7 1060 ± 5 0.460 --- 0.467 [1999Lip] 

1092 0.459 0.451 0.467 [2006 Hu] 

Liq. ź V2C + (V) 1630 ± 20 --- 8.7 25 [1962Sto] 

1650 ± 7 15 ±  1 5.5 ± 1 27 ± 0.5 [1968Rud] 

1650 ± 10 14   4 30 [1966Tre] 

1649 13.3 3.78 29.3 [2006 Hu] 

Liq. + VCx ź V2C   2165 ± 25 36 --- 37.5 [1962Sto] 

2187 ± 10 35 ± 0.5 28 ± 3 37 ± 0.7 [1968Rud] 

2165 33.3 28 ± 1.5 37 ± 1.5 [1966Tre] 

2229 32.5 25.8 37.1 [2006 Hu] 

VCxź Liq. 2648 ± 12 43 ± 0.5 --- --- [1962Sto] 

2800 ± 20 47.5 --- --- [1966Tre] 

2658 43.3 --- --- [2006 Hu] 

Liq. źVCx + C 2650 ± 35 --- 46 --- [1962Sto] 

2625 ± 12 49.5 ± 0.5 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 phase equilibria investigations by Giebelhausen 

[1915Gie], Marian [1937Mar], Pietrokowsky and Duwez [1950Pie], Pearson et al. [1951Pea], 

Sully [1951Sul], Pearson and Hume-Rothery [1952Pea], Greenfield and Beck [1954Gre], 

Rostoker and Yamamoto [1954Ros], Zegler and Downey [1963Zeg], Nevitt and Beck 

[1955Nev], Stüwe [1959Stü], Schubert et al. [1960Sch], Maldonado and Schubert [1964Mal], 

Giessen and Grant [1965Gie], Tanner [1968Tan], Daire and Gerspacher [1969Dai], Steven and 
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Carlson [1970Ste], Moreen et al. [1971Mor] and Tanner [1972Tan], Moreen et al. [1974Mor] 

and Khlomov et al. [1979Khl] to construct the assessed phase diagram, Figure 2.9. 

 

Figure 2.9. Ni-V binary phase diagram [1982Smi]. 
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2.5.2.1  Solid phases 

The solid phases for the Ni-V system are shown in Table 2.4 [1982Smi]. 

Table 2.4. Ni-V crystal structure data [1982Smi]. 

 

The Ni-V system is characterized by five intermediate phases, namely Ni8V, Ni3V, Ni2V and 

NiV3, with a wide range of ů phase and solid solubility of the terminal phases, (Ni), (V). The 

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

in Figure 2.10.  

 

Table 2.5. Invariant reactions in the Ni-V system [1982Smi]. 

Reaction Temperature (°C) V Mole Fraction  Type of Reaction 

L + (V) ź  ů 1280 0.67 0.615 0.76 Peritectic 

Lź(Ni) + ů 1202 0.51 0.43 0.55 Eutectic 

Ni3Vź(Ni) 1045 é 0.25 é Congruent 

Ni2V ź(Ni) 922 é 0.333 é Congruent 

(Ni) źNi3V + Ni2V 908 0.325 0.275 0.33 Eutectoid 

ů + (V)ź NiV3 900 0.778 0.738 0.895 Peritectoid 

(Ni) ź Ni2V + ů 890 0.385 0.345 0.55 Eutectoid 

Ni8V ź(Ni) 405 é 0.11 é Congruent 

Phase Composition 

(at.% V) 

Space 

group 

Pearson 

symbol and 

prototype 

Strukturbericht 

designation 

Lattice parameters (nm) 

 

a b c 

(Ni) 0 to 4.3 Fm3m cF4  Cu A1 0.3523 é é 

Ni8V -11.1 é tI8  NbNi8 é é 0.749 0.353 

Ni3V -21 to 25.6 I4/mmm tI8  Al 3Ti D022 0.3543 - 0.7202 

Ni2V - 33.3 I4/mmm oI6  MoPt2 é 0.2559 0.7641 0.3549 

ů 57.5 to ~75 P42/mnm tP30  ůCrFe D8b 0.8996 é 0.4653 

NiV3 75.7 to 78 Pm3n  cP8  Cr3Si A15 0.4710 é é 

(V) 76 to 100 Im3m cI2  W A2 é é é 
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The (Ni) solid solution transforms congruently at transformation temperatures of 406C̄, 1045̄C, 

and 922°C to form Ni8V, Ni3V, and Ni2V phases, respectively. The ů phase forms peritectically 

at 1280ÁC, a eutectic reaction occurs at 1202ÁC to form (Ni) + ů, (V) + ů phase are formed at 

900°C by a peritectoid reaction, a eutectoid reaction at 908°C to form Ni3V + Ni2V, and another 

at 890°C to form Ni2V + ů. There is controversy regarding the transformation ů to ůǋ [1982Smi]. 

Pietrokowsky and Duwez [1950Pie] and Pearson et al. [1951Pea] were the first to report the ů 

phase in the Ni-V system. The ů phase is stable below its peritectic temperature and has a 

maximum range of about 55 to 73 at.% V near 1150 K [1954Gre, 1970Ste]. A high-temperature 

ůǋ was proposed by Pearson and Hume-Rothery [1952Pea], primarily on the basis of heating 

arrests. Attempts to verify the existence of the high temperature ůǋ phase by X-ray diffraction 

were inconclusive [1985Car]. 

The NiïV system was optimised thermodynamically by Watson et al. [2001Wat1] and Watson 

and Hayes [2001Wat2] using experimental and thermodynamic data from Pearson and Hume-

Rothery [1952Pea], Greenfield and Beck [1954Gre], Steven and Carlson [1970Ste], Moreen et 

al. [1971Mor], Khlomov et al. [1979Khl] and Miyazaki [1996Miy]. Four models, namely 

substitutional model, compound energy formation (CEF), three sublattices, (Ni,V)18(V)4(Ni,V)8 

stoichiometry;, compound energy formation (CEF), three sublattices, (Ni,V)10(V)4(Ni,V)16 

stoichiometry; and modified compound energy formation (CEF) model were used to optimise the 

ů-phase. The modified CEF was accepted and adopted, because it was consistent with data from 

experimental phase diagram as shown in Figure 2.11. Yao et al. [2008Yao] studied the 

isothermal section of La-Ni-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 Yao et al. [2008Yao]. 
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Figure 2.10. NiïV phase diagram, calculated using the modified CEF model for the sigma 

phase [2001Wat2]. 

 

2.5.3 Carbon-nickel phase diagram 

The C-Ni system has only one eutectic with limited terminal solubility of C in (Ni), and very 

limited solid solubility of Ni in C (graphite) which is unresolved as shown in Figure 2.11 

[1950Ker, 1967Ruh, 1967Rut, 1969Dou, 1969Luc, 1970Fil, 1971Fil, 1971Mir, 1972Mat, 

1978Kau, 1978Ryk, 1981Ers] investigated the eutectic composition and temperature, but only 

results with carbon composition of 8.65 at.% [1967Rut] to 10 at.%  [198lErs] and temperature 

range of 1314̄C [1958Han, 1965Ell] to 1335 ± 5°C were considered [1972Mat]. The eutectic 

temperature was fixed at 1326.5°C [1969Luc]. 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.  

 

Figure 2.11. Ni-C (graphite) phase diagram [1989Sin]. 

 

The Ni-C (graphite) system has no stable carbides, but Ni3C, a metastable carbide can be 

produced [1967Ruh, 1989Sin]. This facilitated the construction of a metastable equilibrium 

diagram by Ershova et al. [1981Ers] where Ni3C 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 by Singleton and Nash [1989Sin] due to inconsistencies of this portion of the 

diagram in Figure 2.12. The stable Ni-C (graphite) phase diagram is represented with solid lines, 

http://link.springer.com/search?facet-author=%22M.+Singleton%22
http://link.springer.com/search?facet-author=%22P.+Nash%22
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while the metastable Ni-Ni3C phase diagram is represented with broken lines, Figure 2.13. Table 

2.6 shows the crystal structural data of Ni-C (graphite) system and the Ni-Ni3C metastable 

system [1989Sin]. 

 

Figure 2.12. Ni-C with metastable Ni-Ni3C phase diagram [1989Sin]. 

 

 

Table 2.6. crystal structure data of C-Ni [1989Sin]. 

Phase Composition 

(at.% C) 

Space 

group 

Pearson 

symbol and 

prototype 

Strukturbericht 

designation 

Lattice 

parameters (nm) 

a c 

(Ni) 0 to 2.7 Fm3m cF4  Cu A1 0.3524 é 

Graphite é P63/mmc  hP4  C  A9 0.2408 é 

Metastable phases 

Ni3C  PnmŬ oP16  Fe3C D011 0.2631 0.4314 

(Ni) 7.4 Fm3m cF4  Cu A1 0.3583 é 
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2.5.4 Nickel -vanadium-carbon ternary system 

The thermodynamic properties and the crystalline structure of the binary system determine the 

phase equilibria of the ternary system [2001Upa]. The Ni-V-C system at 1100
o
C was reported by 

Frey and Holleck [1975Fre], and Telegus [1975Tel]. The isothermal sections determined by the 

authors are shown in Figures 2.13 [1975Fre] and 2.14 [1975Tel]. Both diagrams had two-phase 

fields and limited carbon solubility at the carbon-rich region. There is discrepancy with the 

isothermal section by Holleck [1975Fre], CNi2V4 phase was identified (Figure 2.13, but this 

phase was not found by Telegus [1975Tel], Figure 2.14. 

 

Figure 2.13. Isothermal section of C-Ni-V at 1100
¯
C (at.%) [1975Fre]. 
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Figure 2.14. Isothermal section of C-Ni-V at 1100

¯
C (at.%) [1975Tel]. 

Apata et al. [2014Apa1] studied the C-Ni-V phase diagram using as-cast and annealed samples. 

A solidification projection was drawn, showing the phase extents (~Ni3V: ~15 at.% C; ~Ni2V: 

~20 at.% C; ůǋ: ~18 at.% C; (Ni): ~27 at.% C; ~V8C7: ~2 at.% Ni; ~V6C5: ~2 at.% Ni; ~VC: ~2 

at.% Ni;) into the ternary. The liquidus surface projection was derived from the solidification 

reactions and three ternary invariant reactions were identified. Figure 2.15 [2014Apa1] shows the 

liquidus surface projection. 
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Figure 2.15. Projected liquidus surface for the C-Ni-V system (at.%) [2014Apa1]. 

The invariant reactions were [2014Apa1]: 

L + ~ɓV2C Ÿ (V) + ~VC 

L + (V) + ~VC Ÿ ůǋ 

L + ~VC Ÿ (Ni) + C. 

The heat treated samples had very similar microstructures to the as-cast samples [2014Apa1]. 

The observed microstructures suggested the possibility of tailoring fine structured VC-Ni alloys 

for wear resistance. 

Muobeleni [2013Muo] further analyzed compositions of the eutectics from Apataôs work 

[2014Apa1] and she obtained new compositions which resulted in a new liquidus projection, 
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Figure 2.16 [2013Muo]. She reported that some of the samples were not eutectics as concluded 

by Apata [2014Apa1]. There is still limited information relating to the phase equilibrium 

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

 

 

 

Figure 2.16. Projected liquidus surface for the C-Ni-V system (at.%) [2013Muo]. 

 

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 important 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 2.17 [2012Sah] shows a schematic diagram of the SPS process and Figure 2.18 [2012Sah] 

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 and under uniaxial pressure 

[2002Shen], but it is characterized by an electric source of direct pulse current which is similar to 

that of electric discharge machine [2006Oma]. The pulse direct current creates spark plasma 

during heat treatment of powders in a graphite die [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 [2000Oma, 

2003Cha]. The spark discharge 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 

assists the plastic flow through the powder particles, resulting in complete densification within a 

short time, thereby inhibiting grain growth [1999Tok, 2002Mam, 2006Son, 2012Sah]. 
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Figure 2.17. Schematic diagram of the spark plasma sintering process [2012Sah]. 

 

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 Figure 2.19 [2012Sah]. Gases are removed 

and vacuum created in Stage 1, pressure is applied in Stage 2, resistance heating takes place in 

Stage 3 and cooling in the final stage. 

 

 

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

Tribology is the 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 load between 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 and wear 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 system, hence 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 sliding or rolling motion to move the 

upper body over the stationary counter-face. Friction is usually described or compared by using 

ɛ, the coefficient of friction. The coefficient of friction is the ratio between the frictional force F, 

and the normal load, W [1988Rig, 2013Bhu] 

ʈ Ὂ
ὡ          Equation 2.5 

The value of ɛ usually lies between 0.1 and 1 for most common materials sliding in air and it is 

unitless [1992Hut].  

There are two types of coefficients of friction: static coefficient of friction, ɛs, and dynamic 

coefficient of friction, ɛk which is used to describe a system experiencing friction [2013Bhu]. 

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 coefficient of friction describes a system when an 

object is in motion under an applied force. Generally, ɛs is larger than ɛk, because the frictional 

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

Friction is a characteristic of a system, and 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 plays a contributory 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 [1992Hut]. 

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 frictional force 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 surface through the softer surface [1964Bow]. Asperities are 

peaks on a two dimensional surface and summits on a three dimensional surface [2013Bhu].  

ὊὶὭὧὸὭέὲὥὰ ὪέὶὧὩ  Ὂ Ὂ Ὂ      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 considered [2013Bhu]. 
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The friction response during dry sliding is presented in an S-shaped 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, changes occur 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 run-in period. During the run-in period, taller 

asperities may be worn 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 which the friction 

stabilizes into the steady-state period. During the steady-state 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 steady-state plateau [2002Bhu]. During the 

sliding wear test, the stages of friction transitions can be grouped into four patterns as shown in 

Figure 2.20 [2013Bhu].  

Pattern I 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 II shows that friction remains 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 which results in a decrease in the ploughing force. 
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Figure 2.20. Schematic diagram of (a) typical S-shaped curve, and (b) four hypothetical 

friction patterns [2013Bhu]. 

 

Pattern III shows an increase in friction to a high value at which 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 due to 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. 

(a) 

(b) 
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Pattern IV is similar to pattern III, although the high and low levels are not repetitive but 

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 result of 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 deformation is the 

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 on the interface or formation rupture in the 

weakest regions, as shown in Figure 2.21 [2013Bhu].  

 

Figure 2.21. Schematic diagram of asperity interaction [2013Bhu]. 

Another mechanism attributes wear to the plastic shearing of successive layers of an asperity 

with complete detachment of the wedge shaped fragment [2013Bhu]. 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 becomes 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 singular 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 I NVESTIGATION  

Apata [2014Apa1] produced twenty-four C-Ni-V samples for phase diagram study; ten of these 

samples had eutectics which were re-analysed because the areas he selected for analyses were 

not only eutectic. Thus, these samples were re-analysed in this work using SEM-EDX. The XRD 

analyses for these samples were not repeated because they were reported by Apata [2014Apa1]. 

The samples were labelled according to Apataôs numbering with a prefix ñAò; e.g. if the first re-

analysed sample was the fourth in Apataôs thesis, the sample was labelled as ñA4ò instead of 

ñA1ò. This 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 had a purity 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 [2009Hat]. 

×Ô Ϸ #
ȢϷ   Ȣ   

ȢϷ   Ȣ    ȢϷ   Ȣ    ȢϷ   Ȣ    
   Equation 3.1 

where: at.% = atomic percent 

at.wt = atomic weight.  
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Table 3.1. Nominal compositions of V-Ni-C alloys (at.%). 

Sample 

 No. 

Composition (at.%) Weight in grams (3g) 

V Ni C V Ni C 

1 10 60 30 0.33 0.27 2.4 

2 15 75 10 0.43 2.50 0.07 

3 40 45 15 1.26 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 2.65 0.13 0.22 

 

Six alloy buttons of ~3g were produced by melting in a button arc-furnace under a pure argon 

atmosphere (~99.99% purity), on a water-cooled copper hearth. Each button was turned over and 

re-melted thrice to ensure homogeneity. A titanium button which acted as an oxygen and 

nitrogen getter was melted prior to the melting of each sample. The buttons were weighed after 

melting.  

The as-cast alloy buttons were cut into halves using a Struers automatic cutting machine with an 

Accutom diamond cutting wheel. One half of each sample was placed in a silica glass tube of 

16mm diameter, which had already been sealed at one end, then pumped out to achieve a 

vacuum under a pressure of -80kPa before sealing off as ampoules and heat treating. The sealed 

off samples were heat treated at 1000°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 as-cast and annealed samples were mounted in 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 

impregnated clothes of 9ɛm, 6ɛm, 3ɛm and 1ɛm, followed by an oxide polishing (OP-S) system. 
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The oxide polishing was achieved through a combination of chemical treatment and 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 microscope. The  scanning electron 

microscope was used at 15kV accelerating voltage and a working distance of 12mm. The 

samples were examined in secondary electron (SE) and backscattered electron (BSE) modes to 

determine the presence of pores or cavities and distinguish between the phases. The individual 

phases and overall (analyses of large areas) compositions of the samples were analyzed by 

energy dispersive X-ray spectroscopy (EDX) system with Oxford 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 phases were also identified by X-ray diffraction (XRD) on a Bruker D2 X-ray diffractometer 

using Co K-Ŭ1 radiation. The measuring range was 20Á to 110Á (2ɗ) and a step size of 0.026° and 

a counting time of 37 seconds per data point. The phases were confirmed using EVA software 

with the PLU2016-PDF-4+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 XRD to determine 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 five 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 milling liquid. The vanadium 

powder was milled for 24h at a ball:powder ratio of 5:1, and Samples 6-12 (Table 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 ethanol. The dried powders were sieved using 

125µm and 53µm sieves. 

Table 3.2. Nominal compositions of V-C-Ni alloys (at.%). 

Sample 

 No. 

Composition (at.%) Weight in grams (5g) 

V C Ni VC V Ni 

1 79.30 18.70 2 4.90 - 0.09 

2 77.68 18.32 4 4.81 - 0.19 

3 76.87 18.03 5 4.77 - 0.23 

4 72.83 17.17 10 4.53 - 0.47 

5 64.01 15.09 22.1 3.95 - 1.05 

6 67 31 2 2.51 2.34 0.15 

7 65 31 4 2.51 2.19 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 0.85 0.8 

11 49.1 42 10 2.2 1.24 1.56 

12 48 28.8 22.1 3.72 0.45 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 a pressure of 60MPa for 5mins. The 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 was placed on the graphite papers to prevent carbon diffusion during sintering. To 

minimize heat loss, the die was wrapped in a carbon cloth. The powders were heated to 1050°C 

at a rate of 200°C /min, subsequently to 1250°C at a heating rate of 100°C/min and cooled at a 

cooling rate of 200°C/min. 

The sintered densities of the samples were determined using the Archimedesô principle, with the 

ASTM 373-88 standard [1955AST]. The samples were ground using a 220grit grinding wheel to 

remove the boron nitride on their surfaces, 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 Equations 3.2-3.4. Five measurements were taken 

per sample and an average was obtained. 

” ”           Equation 3.2 

 

Ϸ ὨὩὲίὭὪὭὧὥὸὭέὲ
 

 
ρππ     Equation 3.3 

 

Ϸ έὴὩὲ ὴέὶέίὭὸώ ρππ       Equation 3.4 

 

where: ɟs = Density of the sample (g/cm
3
) 

ɟw = Density of water (g/cm
3
) 

Wa = Weight of sample in air (g) 

Wwt = Weight wet sample (g) 

Ww = Weight of sample in water (g). 
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The samples were prepared for metallographic examination and examined on a Zeiss Sigma 

field-emission scanning electron microscope (FE-SEM) and D2 Bruker X-ray 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 Tech FV-800 Vickers macrohardness 

tester with a 5kgf load for a dwell time of 15s. The use of high loads is essential for precise 

results [2014Oga]. At least five measurements were taken on different areas of each sample to 

obtain an average value. The Vickers hardness number (VHN) was determined according to 

Equations 3.5 and 3.6 [1988Die]. 

VHN = 
 

  =  
Ȣ

        Equation 3.5 

where: P = applied load (kgf) 

d = average length of diagonals (mm) 

ɗ = 136Á (angle between opposite faces of diamond).  

The Vickers hardness values were converted to GPa using Equation 3.6. 

H(GPa) = HV5 x 0.009807         Equation 3.6 

3.4.2 Toughness  

The hardness indentations were examined on a Zeiss Sigma Field-emission scanning electron 

microscope (FE-SEM) to evaluate the alloysô toughness. The Palmqvist fracture technique was 

used to obtain the toughness values using Shettyôs equation [1985She, 1990Spi], Equation 3.7. 
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+  =  0.0889ã
HVP

Вa
         Equation 3.7  

where: KIC = Fracture toughness (MPa.m
1/2

) 

 HV= Hardness of the samples (GPa) 

 P = Applied load (N) 

 ×a = Average of crack length at each corner (m).   

3.5 SLIDING WEAR AND FRICTION TESTS  

Sliding wear and friction tests were carried out on a CSM tribometer with rotating pin-on-disk 

contact in accordance with the ASTM G99-95a standard [2000AST]. Two samples per 

composition were used for the test, 100Cr6-steel balls and silicon nitrate balls were the pins, 

while metallographically prepared samples were the disks. The test conditions are listed in Table 

3.3.  

Table 3.3. 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 characterized using 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 area of the wear tract and the worn volume were calculated using 

Equations 3.8 and 3.9. 

! ʌÒ            Equation 3.8  

ὠ ὃ ὖ           Equation 3.9 

where: r = radius  

A= area of tract 

P = Maximum penetration depth 

ȹVa = worn volume of alloy.  

For the second method, the cross-sectional 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]. 

Ўὠ         Equation 3.10 

where: ȹVa is the worn 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 Sigma Field-emission 

scanning electron microscope (FE-SEM) and similarly for the Si3N4 balls; a Motic stereo 

microscope with a Moticam 2300 camera was used because the balls were not conductive in the 

scanning electron microscope. The height of material lost and the worn volume of the ball was 

calculated using Equations 3.11 and 3.12 [2002AST].    
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Ὤ ὶ ὶ          Equation 3.11 

Ўὠ Ὤ         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).  

ȹVb = worn volume of ball. 

The wear rates of the samples and balls were determined using Equation 3.13 [1967Lan]: 

ὑ
Ў

Ȣ
                         Equation 3.13 

where: K= wear rate (mm
3
/Nm) 

ȹV = worn volume (mm
3
),  

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 room temperature 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 counter electrode. The electrolytes (solutions) used were 3.5% NaCl and 1.0M H2S04 and 

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 reading, to determine the corrosion behaviour (reactivity) of the alloys in 

the 3.5% NaCl and 1.0M H2S04 environment at zero applied current. The potentiodynamic 

polarization response was done after undertaking OCP at a scan rate of 166.67mV/s from -

250mV to 800mV. The tests were done twice. The corrosion potentials and corrosion currents 

were obtained from the polarization experimental data. The polarization resistance and corrosion 

current density were determined using Equations 3.14-3.16 and the corrosion rate was calculated 

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

Ὥ           Equation 3.14 

 

Ὁ ὙὍ Ὁ          Equation 3.15 

 

Ὥ ρπ           Equation 3.16 

 

ὅὙ Ὧ Ὁὡ         Equation 3.17 

 

where: Icorr = Corrosion current (µA) 

 A = Exposed sample area (cm
2
) 

 icorr = Corrosion current density (µA/cm
2
) 

 Ecorr = Corrosion potential (V) 

 Rp = Polarization resistance (ohms) 

 B = Stern-Geary constant 

 K = 3.27 3 10
ī3

 (mm g/ɛA cm y) 
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 EW = Equivalent weight (g) 

  ɟ = Density (g/cm
3
) 

 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 under SEM-EDX 

and XRD to determine the corrosion mechanism.
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CHAPTER 4 

4 PHASE DIAGRAM RESULTS  

4.1 APATAôS SAMPLES 

The SEM-EDX results from the re-analysis of the eutectics and some light phases of Apataôs 

samples [2014Apa] are shown in bold in the tables, while the other results are shown for (not in 

bold) completeness. The microstructures were recorded in this work. 

4.1.1 Nominal Ni40:V50:C10 (at.%), Sample A4 

 
Figure 4.1.SEM-BSE image of nominal V50: Ni40:C10 (at.%), Sample A4, in the as-cast 

condition, showing ~VC needles (dark), ~Ni2V matrix (light) and ~VC + (Ni) (light) 

eutectic. 
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Figure 4.1 shows the microstructure of nominal Ni40:V50:C10 (at.%), Sample A4, in the as-cast 

condition. The alloy had two phases: ~VC needles, ~Ni2V and ~VC + (Ni) eutectic. The XRD 

result from Apataôs thesis (Figure 4.32, page 66 [2014Apa1]) identified the peaks as VC and 

Ni2V. 

Table 4.1 shows the phase compositions which are plotted in Figure 4.2. The plot shows the 

overall (area) composition was on the tie-line joining the dark and light phases, while the eutectic 

was quite close to the tie-line.  

The reaction scheme from the microstructure is as follows: 

   L Ÿ ~VC 

   L + ~VC Ÿ (Ni) 

L Ÿ (Ni)   (from fast cooling) 

L Ÿ ~VC + (Ni) 

   (Ni) Ÿ ~Ni2V   (in the solid state). 

 

Table 4.1. EDX phase compositions of as-cast nominal Ni40:V50:C10 (at.%), Sample A4 

[2014Apa1, this work]. 

 

 

 

Phase Description Composition (at.%) Phase 

V Ni C 

Overall 44.6 ± 0.7 32.0 ± 0.9 23.4 ± 1.2 - 

Dark 62.7 ± 0.5 0.6 ± 0.1 36.7 ± 0.5 ~VC 

Light 36.6 ± 0.4 47.8 ± 0.7 16.1 ± 0.6 ~Ni2V 

Medium 35.9 ± 1.2 47.8 ± 0.9 16.3 ± 0.9 ~Ni2V 

Eutectic 42.3 ± 1.7 41.9 ± 2.9 15.8 ± 2.4 ~VC + (Ni) 
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Figure 4.2. EDX results of as-cast nominal Ni40:V50:C10 (at.%), Sample A4. 

 

4.1.2 Nominal Ni53:V37:C10 (at.%), Sample A5 

Figure 4.3 shows the microstructure of nominal Ni53:V37:C10 (at.%), Sample A5 in the as-cast 

condition. The microstructure showed ~V6C5 dendrites, ~Ni2V and ~VC + (Ni) eutectic. The 

XRD result from Apataôs thesis (Figure 4.39, page 71 [2014Apa1]) identified the peaks as V6C5 

and Ni2V. 
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Figure 4.3. SEM-BSE image of nominal Ni53:V37:C10 (at.%), Sample A5, in the as-cast 

condition, showing ~V6C5 dendrites (dark) and ~Ni2V 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 tie-line 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 Ÿ ~VC 

   L Ÿ (Ni)   (possibly by fast cooling) 
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   L Ÿ ~VC+ (Ni) 

   ~VC Ÿ ~V6C5  (in the solid state) 

(Ni) Ÿ ~Ni2V   (in the solid state). 

 

 

Table 4.2. EDX phase compositions of as-cast nominal Ni53:V37:C10 (at.%), Sample A5 

[2014Apa1, this work]. 

 

 

 

 

Figure 4.4. EDX results of as-cast nominal Ni53:V37:C10 (at.%), SampleA5. 
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Phase Description Composition (at.%) Phase 

V Ni C 

Overall 36.4 ± 0.3 41.2 ± 0.2 22.4 ± 0.3 - 

Dark 55.5 ± 0.2 0.9 ± 0.02 43.6 ± 0.2 ~V6C5 

Light 27.0 ± 0.5 61.3 ± 0.8 11.7 ± 0.6 ~Ni2V 

Eutectic 23.1 ± 1.0 45.9 ± 1.4 31.0 ± 1.3 ~VC + (Ni) 
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4.1.3 Nominal Ni64:V25:C11 (at.%), Sample A6 

Fig 4.5 shows the microstructure of nominal Ni64:V25:C11 (at.%), Sample A6, in the as-cast 

condition. The ~V8C7 dendrites, which had cracks within, were surrounded by the ~Ni3V matrix 

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. The XRD result from Apataôs thesis (Figure 4.46, page 77 [2014Apa1]) 

identified the peaks as V8C7 and Ni3V.  

 

Figure 4.5.SEM-BSE image of nominal Ni64:V25:C11 (at.%), Sample A6, showing ~V8C7 

dendrites (dark), ~Ni3V matrix (light) and different ly orientated  colonies of ~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 

overall compositions and eutectic lie very close to the tie-line joining the two phases, indicating 

that the presence of free C was unlikely. 

The reaction scheme from the microstructure is as follows: 

   L Ÿ ~VC 

   L Ÿ (Ni)   (possibly caused by fast cooling) 

   L Ÿ ~VC + (Ni) 

   L Ÿ (Ni) + C 

   ~VC Ÿ ~V8C7  (in the solid state). 

   (Ni) Ÿ ~Ni3V   (in the solid state). 

 

Table 4.3. EDX phase compositions of as-cast nominal Ni64:V25:C11 (at.%), Sample A6 

[2014Apa1, this work]. 

 

 

 

Phase Description 

 

Composition (at.%) Phase 

 V Ni C 

Overall 22.9 ± 1.2 55.8 ± 3.7 21.3 ± 2.5 - 

Dark 52.3 ± 0.8 1.1 ± 0.7 46.6 ± 0.5 ~V8C7 

Light 13.3 ± 0.3 72.4 ± 0.5 14.3 ± 0.4 ~Ni3V 

Eutectic (globular) 18.9 ± 2.7 62.9 ± 5.4 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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Figure 4.6. EDX results of as-cast nominal Ni64:V25:C11 (at.%), Sample A6. 

 

4.1.4 Nominal Ni70:V10:C20 (at.%), Sample A7 

Figure 4.7 shows the microstructure of nominal Ni70:V10:C20 (at.%), Sample A7, in the as-cast 

condition. The microstructure consisted of the graphite plates, ~V8C7 facetted dendrites, (Ni) and 

C + (Ni) eutectic. The XRD result from Apataôs thesis (Figure 4.54, page 84 [2014Apa1]) 

identified the peaks as V8C7, graphite and (Ni). The SEM-EDX result of (Ni) reported by Apata 

[2014Apa1], shows the carbon composition was 22.5 at.%, which was higher than 2.7 at.% C  in 

the binary phase diagram [1985Car]. This could be a result of over-reporting of carbon by the 
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scanning electron microscope, although Apata [2014Apa1] thought it could be due to carbon 

pick up from the eutectic. 

  

 
Figure 4.7. SEM-BSE image of nominal Ni70:V10:C20 (at.%), Sample A7, in the as-cast 

condition, showing graphite plates (very dark), ~V8C7 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 composition 

and eutectic, which lie within the tie-triangle of the phases, were close to the tie-line 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 in the following sequence: 

   L Ÿ C (graphite) 

   L + C Ÿ ~VC 

   L Ÿ C + (Ni) 

   ~VC Ÿ ~V8C7   (in the solid state). 

 

 

Table 4.4. EDX phase compositions of as-cast nominal Ni70:V10:C20 (at.%), Sample A7 

[2014Apa1, this work]. 

 

 

 

 

 

Phase Description Composition (at.%) Phase 

V Ni C 

Overall   4.1 ± 0.2 22.3 ± 0.3 73.6 ± 0.4 - 

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 ~V8C7 

Light   2.0 ± 0.1 75.5 ± 1.2 22.5 ± 1.3 (Ni) 

Eutectic   2.9 ± 2.7 49.8 ± 3.3 47.3 ± 2.0 C + (Ni) 
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Figure 4.8. EDX results of nominal Ni70:V10:C20 (at.%), Sample A7, in the as-cast condition. 

 

4.1.5 Nominal Ni60:V30:C10 (at.%), Sample A8 

Figure 4.9 shows the microstructure of nominal Ni60:V30:C10 (at.%), Sample A8. Two phases 

were identified in the microstructure: ~V8C7 dendritic phase which had cracks, the (Ni) matrix 

and the eutectic ~V8C7 + (Ni). The eutectic had two morphologies: globular and flake-like. The 

XRD result from Apataôs thesis (Figure 4.62, page 88 [2014Apa1]) identified the peaks as V8C7, 

C and Ni2V. 
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Figure 4.9. SEM-BSE image of nominal Ni60:V30:C10 (at.%), Sample A8, in the as-cast 

condition, showing ~V8C7 dendrites (dark), (Ni) matrix (light) and t wo 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 tie-line between the light and dark phases, while the eutectic (flake-like) 

composition was on the tie-line between (Ni) and (V). The eutectic overall compositions were 

different. 

The deduced reaction sequence is:  

   L Ÿ ~VC 

L + ~VC Ÿ (Ni) 

    Globular  

     Flake - like 
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   L Ÿ (Ni) + (V)  

   ~VC Ÿ ~V8C7   (in the solid state) 

   (Ni) Ÿ ~Ni2V    (in the solid state). 

 

Table 4.5 EDX phase compositions of as-cast nominal Ni60:V30:C10 (at.%), Sample A8 

[2014Apa1, this work]. 

 

 

 

 

 

 

 

 

  

 

Figure 4.10. EDX results of as-cast nominal Ni60:V30:C10 (at.%), Sample A8. 
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Phase Description Composition (at.%) Phase 

V Ni C 

Overall 26.5 ± 0.4 43.7 ± 0.5 29.8 ± 0.8 - 

Dark 50.4 ± 0.4  1.0 ± 0.1 48.6 ± 0.4 ~V8C7 

Light 21.2 ± 0.4 60.1 ± 0.4 18.7 ± 0.4   (Ni) 

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

Eutectic (Flake-like) 26.3 ± 0.9 56.5 ± 1.4 17.2 ± 0.4 ~VC + (Ni) 
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4.1.6 Nominal Ni30:V65:C5 (at.%), Sample A9 

The microstructure of nominal Ni30:V65:C5 (at.%), Sample A9 in Figure 4.11 shows ~VC 

dendrites, a coarse eutectic which is sparsely distributed around the fine eutectic and the ůǋ light 

phase. The microstructure of Sample A9 was mainly eutectics. The XRD result from Apataôs 

thesis (Figure 4.69, page 95 [2014Apa1]) identified the peaks as VC and V4C2.66 and he 

presumed the unidentified peaks to be ůǋ. 

 

 

Figure 4.11. SEM-BSE image of nominal Ni30:V65:C5 (at.%), Sample A9, in the as-cast 

condition, ~VC dendrites (dark), ůǋ (light) and ~VC + ůǋ eutectic. 

 

    Fine eutectic 

    Coarse eutectic 
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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 was very close to the light phase and deviated slightly from the tie-line between 

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

from the tie-line between ůǋ and ~VC. The difference in morphology was due to the position 

within the eutectic colony. 

The reaction scheme from the microstructure is as follows: 

   L Ÿ ~VC 

   L Ÿ ~VC + ůǋ. 

 

Table 4.6 EDX phase compositions of as-cast nominal Ni30:V65:C5 (at.%), Sample A9 

[2014Apa1, 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 ± 0.6 0.9 ± 0.3 35.1 ± 0.7  ~VC 

Light 59.8 ± 0.7 29.8 ± 0.7 10.4 ± 0.2   ~ůǋ 

Fine eutectic 56.7 ± 0.3 23.7 ± 0.5 19.6 ± 0.5 ~VC + ůǋ 

Coarse eutectic 56.5 ± 0.4 23.6 ± 0.4 19.9± 0.1 ~VC + ůǋ 
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Figure 4.12. EDX analyses of as-cast nominal Ni30:V65:C5 (at.%), Sample A9. 

 

4.1.7 Nominal Ni10:V80:C10 (at.%), Sample A11 

Figure 4.13 shows the microstructure of nominal Ni10:V80:C10 (at.%), Sample A11, in the as-cast 

condition, which shows ~VC dendrites, (V) matrix (light and medium contrasts) and a coarse 

~VC + (V) eutectic. The XRD result from Apataôs thesis (Figure 4.87, page 108 [2014Apa1]) 

identified the peaks as VC, V, NiV3 and V4C2.66.   
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Figure 4.13. SEM-BSE image of nominal Ni10:V80:C10 (at.%), Sample A11, in the as-cast 

condition, showing ~VC dendrites (dark), (V) (light contrast), ~ NiV3 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 the tie-line connecting the medium and 

dark phases but were within the tie-triangle.  

 

The reaction scheme is as follows: 

    L Ÿ ~VC 

    Light contrast 



71 

 

L Ÿ ~VC + (V). 

 

Table 4.7. EDX phase compositions of as-cast nominal Ni10:V80:C10 (at.%), Sample A11 

[2014Apa1, this work]. 

 

 

 

 

 

Figure 4.14. EDX results of as-cast nominal Ni10:V80:C10 (at.%), Sample A11. 
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Phase Description Composition (at.%) Phase 

V Ni C 

Overall 67.3 ± 0.5 7.6 ± 0.3 25.1± 0.2 - 

Dark 62.5 ± 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 9.4 ± 0.5 ~ NiV3 

Eutectic 68.8 ± 1.0 9.9 ± 3.2 21.3 ± 0.9 ~ VC + (V) 
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4.1.8 Nominal Ni5:V75:C20 (at.%), Sample A12 

The microstructure of the nominal Ni5:V75:C20 (at.%) alloy, Sample A12 in Figure 4.15 shows 

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

was sparsely distributed. There were some pores in the alloy, mostly in the dendrites. The XRD 

result from Apataôs thesis (Figure 4.96, page 115 [2014Apa1]) identified the peaks as V2C, V and 

VC. 

 

Figure 4.15a. SEM-BSE image of nominal Ni5:V75:C20 (at.%), Sample A12, in the as-cast 

condition, showing ~VC dendrites (dark), light (V) matrix and coarse ~VC + (V) eutectic. 
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Figure 4.15b. SEM-BSE image of nominal Ni5:V75:C20 (at.%), Sample A12 at lower 

magnification showing ~VC dendrites, (V) matrix and coarse ~VC + (V) eutectic. 
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Figure 4.15c. SEM-BSE image of nominal Ni5:V75:C20 (at.%), Sample A12 at higher 

magnification showing ~VC dendrites, (V) matrix and the light peritectically formed phase. 

 

The phase compositions are shown in Table 4.8 and are plotted in Figure 4.16. The eutectic was 

very slightly deviated from the tie-line joining the dark and light phases. The dendrites had 

irregular edges which could have been due to a peritectic reaction with a light phase. The light 

peritectic phase was too small to analyse. 

The reaction scheme is: 

   L Ÿ ~VC 

L + ~VC Ÿ (V)  

Peritectically 

formed phase 
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   L Ÿ ~VC + (V). 

 

Table 4.8. EDX phase compositions of as-cast nominal Ni5:V75:C20 (at.%),  Sample A12 

[2014Apa1, this work]. 

 

 

 

 

 

 

Figure 4.16. EDX results of as-cast nominal Ni5:V75:C20 (at.%), Sample A12. 
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Phase Description Composition (at.%) Phase 

V Ni C 

Overall 68.0 ± 0.4 3.8 ± 0.1 28.2 ± 0.4 - 

Dark 63.7 ± 0.5 0.1 ± 0.1 36.2 ± 0.5 ~VC 

Light 79.4 ± 0.4 9.8 ± 0.3 10.8 ± 0.5   (V) 

Eutectic 72.9 ± 0.6 4.2 ± 0.2 22.8 ± 0.6 ~VC + (V) 
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4.1.9 Nominal Ni14:V64:C22 (at.%), Sample A13 

Figure 4.17 shows the microstructure of nominal Ni14:V64:C22 (at.%) alloy, Sample A13, in the 

as-cast condition. The microstructure shows two phases: ~VC needles, ~ů' matrix and (Ni) + C 

eutectic. The XRD result from Apataôs thesis (Figure 4.105b, page 121 [2014Apa1]) identified 

the peaks as VC, V6C5, (Ni) and V4C2.66.  

 

Figure 4.17a. SEM-BSE image of nominal Ni14:V64:C22 (at.%), Sample A13, in the as-cast 

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 the (Ni) areas 

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

phase might be carbon.  

 
Figure 4.17b. SEM-BSE image of nominal Ni14: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 Ÿ ~VC  

   L + ~VC Ÿ (Ni) 

L Ÿ (Ni)   (might have been caused by fast cooling) 

   L Ÿ C + (Ni). 
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Table 4.9. EDX phase compositions of as-cast nominal Ni14:V64:C22 (at.%), Sample A13 

[2014Apa1, this work]. 

 

 

 

 

 

Figure 4.18. EDX phase results of as-cast nominal Ni14:V64:C22 (at.%), Sample A13. 

 

4.1.10 Nominal Ni66.4:V16.1:C17.5 (at.%), Sample A18 

Figure 4.19 shows the microstructure of nominal Ni66.4:V16.1:C17.5 (at.%), Sample A18, in the as-

cast condition. The microstructure shows ~V8C7 dendrites which initially were round, then 
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Phase Description Composition (at.%) Phase 

V Ni C 

Overall 47.8 ± 0.3 22.1 ± 0.4 30.1 ± 0.5 - 

Dark 61.9 ± 0.6 0.4 ± 0.1 37.7 ± 0.3 ~VC 

Light 41.0 ± 1.3 41.1 ± 0.8 17.9 ± 0.7 (Ni) 

Eutectic 36.3 ± 0.5 35.3 ± 0.6 28.4 ± 0.1 (Ni) + C 
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became facetted, and also had cracks, (Ni) matrix and a fine (Ni) + C eutectic. The 

microstructure shows that the dendrites started off non-facetted, then become facetted later. The 

XRD result from Apataôs thesis (Figure 4.139, page 146 [2014Apa1]) identified the peaks as 

V8C7, C, (Ni) and V4C2.66.   

The phase compositions shown in Table 4.10 and plotted in Figure 4.20 and shows the overall 

was within the tie-triangle. The eutectic analysis deviated slightly from the tie-line between (Ni) 

and C, this shows the eutectic was (Ni) + C. 

 

Figure 4.19. SEM-BSE image of nominal Ni66.4:V16.1:C17.5 (at.%), Sample A18, in the as-cast 

condition, showing ~V8C7 dendrites (dark), (Ni) matrix (light) and (Ni) + C eutectic. 
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The reaction scheme:  

L Ÿ ~VC 

L + ~VC Ÿ C + (Ni)  (inferred) 

L Ÿ C + (Ni) 

~VC Ÿ ~V8C7   (in the solid state). 

Table 4.10. Phase compositions of as-cast nominal Ni66.4:V16.1:C17.5 (at.%), Sample A18 

[2014Apa1, this work]. 

 

 

 

Phase Description Composition (at.%) Phase 

V Ni C 

Overall 20.2 ± 0.9 42.5  ± 0.3 37.3 ± 0.6 - 

Dark 53.1 ± 0.6 1.0  ± 0.6 46.0 ± 0.6 ~V8C7 

Light 3.5 ± 0.3 76.5 ± 0.5 20.0 ± 0.5 (Ni) 

Eutectic 4.3 ± 0.3 55.0 ± 1.3 40.7 ± 1.0 C + (Ni)  
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Figure 4.20. EDX results of as-cast nominal Ni66.4:V16.1:C17.5 (at.%), Sample A18. 

4.2 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 to it lower melting point. Two scanning 

electron microscopes (SEMs) were used for characterization as a result of over-reporting 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 NECSA was 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 in the course 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 became smaller due to grinding and polishing, and they 

were all polished to mirror-like finish for all the analyses, which is important for XRD analyses. 

Table 4.11. Weight of as-cast samples. 

Sample 

no. 

Composition 

(at.%) 

Weight before 

melting (g) 

Weight after 

melting (g) 

% loss 

1 V10:Ni60: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:Ni30:C15 3 2.92 2.67 

5 V65:Ni20:C15 3 2.88 4.00 

6 V72:Ni3:C25 3 2.80 6.67 

 

 

4.3 AS-CAST SAMPLES 

4.3.1 Nominal V10:Ni60:C30 (at.%), Sample 1 

Figure 4.21 shows the microstructure of nominal V10:Ni60:C30 (at.%), Sample 1, in the as-cast 

condition. The alloy had two phases: dark ~V8C7 dendrites, light (Ni) matrix and a ~V8C7 + (Ni) 

eutectic from SEM A, while SEM B identified the dendrites as ~V6C5 (dark), (Ni) matrix (light) 

and ~V6C5 + (Ni) eutectic. XRD identified the phases as V6C5 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 of the 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 tie-line joining the dark and light phases, but the overall from 

SEM A was far from the tie-line. 



83 

 

 
Figure 4.21. SEM-BSE image of nominal V10:Ni 60:C30 (at.%), Sample 1, in the as-cast 

condition, showing ~V6C5 dendrites (dark), (Ni) matrix  (light) and ~V6C5 + (Ni)  eutectic. 

The deduced reaction scheme from the microstructure is as follows: 

L Ÿ ~VC 

L Ÿ ~VC + (Ni)   

~VCŸ ~V6C5 in the solid state. 

 

Table 4.12. EDX phase compositions of as-cast nominal V10:Ni 60:C30 (at.%), Sample 1. 

SEM Phase Description Composition (at.%) Phase 

V Ni C 

SEM A: 

LEO 1525 

FE-SEM, 

NMISA 

Overall 9.0 ± 0.5 56.0 ± 0.4 35.0 ± 0.5 - 

Dark 49.0 ± 0.4 1.2 ± 0.1 49.8 ± 0.3 ~V8C7 

Light 6.0 ± 0.7 80.9 ± 1.7 13.1 ± 2.0   (Ni) 

Eutectic (dark + light) 10.4 ± 0.4 66.9 ± 2.1 22.7 ± 1.8 ~V8C7 + (Ni) 

SEM B: 

Quanta FEI 

200 D, 

NECSA 

Overall 11.0 ± 1.0 65.0 ± 3.7 20.0 ± 3.4 - 

Dark 54.5 ± 0.2 3.2 ± 0.2 42.4 ± 0.1 ~V6C5 

Light 5.9 ± 1.0 74.4 ± 1.3 18.7 ± 0.7   (Ni) 

Eutectic (dark + light) 9.6 ± 1.0 67.0 ± 0.9 23.4 ± 1.5 ~V6C5 + (Ni) 
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Figure 4.22. EDX results of nominal V10:Ni 60:C30 (at.%), Sample 1, in the as-cast condition for: (a) SEM A and (b) SEM B. 

(a) (b) 
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Figure 4.23. XRD pattern of nominal V10:Ni 60:C30 (at.%), Sample 1, in the as-cast 

condition, showing identified and minor unidentified peaks. 

 

4.3.2 Nominal V15:Ni75:C10 (at.%), Sample 2 

Figure 4.24 shows the microstructure of nominal V15:Ni75:C10 (at.%), Sample 2, in the as-cast 

condition. The microstructure shows dark ~VC dendrites, light ((Ni) matrix) and a ~VC + (Ni) 

eutectic.  

The phase compositions are shown in Table 4.13 and plotted in Figure 4.25. The overall and 

eutectic compositions deviated from the tie-line joining the dark and light phases. The XRD 

peaks were identified as (Ni), Figure 4.26. The pattern was good, with a low signal to 

background ratio. 

0

500

1000

1500

2000

2500

3000

3500

20 30 40 50 60 70 80 90 100 110

C
o

u
n

ts
 

2Theta (Coupled TwoTheta/Theta) WL=1.78897 

 V6C5 

 Ni8V 

? ? ? 



86 

 

 
Figure 4.24. SEM-BSE image of nominal V15:Ni 75:C10 (at.%), Sample 2, in the as-cast 

condition, showing ~VC dendrites (dark), (Ni) matrix  (light) and ~VC + (Ni) eutectic. 

 

The deduced reaction sequence from the microstructure was: 

L Ÿ ~VC  

L Ÿ ~VC + (Ni). 

 

Table 4.13. EDX phase compositions of as-cast nominal V15:Ni 75:C10 (at.%), Sample 2. 

SEM Phase Description Composition (at.%) Phase 

V Ni C 

SEM A: 

LEO 1525 

FE-SEM, 

NMISA 

Overall 12.3 ± 0.3 56.2 ± 0.5 31.5 ± 0.6 - 

Dark 48.1 ± 0.6   2.1 ± 0.3 49.7 ± 0.7  ~VC 

Light 10.7 ± 0.4 72.1 ± 0.4 17.2 ± 0.5  (Ni) 

Eutectic  

(dark +light) 

11.9 ± 0.4 

 

59.8 ± 0.4 

 

28.3 ± 0.6 

 

~VC + (Ni)  
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Figure 4.25. EDX results of nominal V15:Ni 75:C10 (at.%), Sample 2, in the as-cast condition. 
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Figure 4.26. XRD pattern of nominal V15:Ni 75:C10 (at.%), Sample 2, in the as-cast condition. 

 

4.3.3 Nominal V40:Ni45:C15 (at.%), Sample 3 

Figures 4.27- 4.28 show the microstructures of nominal V40:Ni45:C15 (at.%), Sample 3 from SEM 

A and SEM B. The dark ~VC phase, which had cracks, the light phase ~Ni2V and the eutectic 

~VC + Ni2V were identified in the microstructure. The EPMA analyses also show the dark phase 

was ~VC and the light phase was ~Ni2V. 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 analyses. These phases were confirmed by 

XRD, V2C 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 XRD pattern 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. 

 
Figure 4.27. SEM-BSE image of nominal V40:Ni 45:C15 (at.%), Sample 3, in the as-cast 

condition, showing ~VC (dark) with cracks, ~Ni2V (light) and sparse ~VC + ~Ni2V eutectic. 
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Figure 4.28. SEM-BSE image of nominal V40:Ni 45:C15 (at. %), Sample 3, in the as-cast 

condition, showing ~VC (dark) dendrites, ~Ni2V (light) and sparse ~VC + ~Ni2V 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 the tie-line, while the eutectic 

compositions were on to the tie-line. This suggests that a phase was missed, or the sample was 

inhomogeneous.  

 

The reaction sequence deduced was: 

L Ÿ ~VC 

L Ÿ ~VC + (Ni) 

(Ni) Ÿ ~Ni2V   (in the solid state). 


























































































































































































































































































































































































































































