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Abstract

The 25 wt% high chromium white cast ir@dCWCI) is used in the mining industry as a mill

liner material for various ores due to its high wear resistance. The material however, suffers from
fracture in this high impact application due to its low toughness. This has raised the need to
research wagy/ to improve the toughness while retaining good wear resistamtenardness
characteristicsA 25 wt% HCWCI(Reference Alloywere alloyed with vanadium (Alloy 1) and
niobium (Alloy 2) in an attempt to improve the toughness. The two alloys (Alloy 1 dog &)
developed irhouse showed improved toughness through the addition of vanadium and niobium.
The projecfocused orthe microstructure, hardness and wear properties change as a result of the
carbide forming elemen{giobium and vanadiungdded giverthat the heat treatment wispt

the same.

The alloys were castising a 150kg induction furnaceeat treatedn muffle furnacesand
subjected to chmical composition analysis using tepark enission spectroscopy. The chemical
composition results from thepark emission spectroscopy were used to plot the property diagram
for all the alloys using the Thern@alc'™ computer softwareManageable specimens were
ground, polished and etched for microstructural study using the optical microscopy, scanning
electron microscope (SEM) fitted with energy dispersive)s spectroscopy (EDX) andrdy
diffraction (XRD). The weaferosion and absion) tests at 10° and 45° contact anglas done

using an irhouse developed wear testing rigs. The wear test rigs have been used previously and
were particularly effective at ranking materials that experience turbulent flow conditions such as
those expeenced in pipelines and multiple slurry and dry ores in transportation and handling

equipment

The hardness of Alloy 1 and Alloy 2 were similar but lower than the Reference Alloy, this was
due to thematrix microstructure differenc# the Reference Allojo the two alloysThe addition

of niobium in Alloy 2 did result in the formation of NbC carbides which are not evenly distributed
within the microstructure. The presence of these carbides did not add any benefits in terms of
wearand tardnesgpropertiesasthe Reference Alloy had superior propertigss was due to

softer matrix of the two alloyNo vanadium carbides (VC) were observed in Alloy 1, implying

that the V added probably dissolved in the matrix and tf@skarbides, which is also supported

by the literature



The weatestresultsfrom the studyonducted on the two allogtso showed that they had higher
mass loss as compared to the Reference Alloy, this is expected given the matrix defaeence.
results obtained showed a decrease in wesistance of Alloy 1 ahAlloy 2 in comparison to

the ReferenceAlloy. It was further observed that an increase in the contact angle decreased the

erosion and abrasiomear resistancef Alloy 1, Alloy 2 and the RferencéAlloy.

The heat treatment uséor two alloys need to be optimisad that high hardness matrix like

martensite, which is preferred for this type of matersbchieved

vi
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CHAPTHERNt roducti on

1.1Background

Over many yearsa numberof researclprojects havéeencarry outat Mintek to assesand
optimise thechemicalcompositions, mechanicpfopertiesand weabehaviourof alloysusedin
ore processingsuchas highchromium white cast iro(HCWCI). HCWCI is widely used in
milling and ore processing applicatiomgich include handling, crushing and grindiag tlese
applications require matergsalith good abrasion wear propertigls7]. The high chromium
white casirons are part of the family of abrasion resistant cast ifeigsre 1[8] shows typical
liners in a ball mill usedor crushing and grindingf ores.

Figurel: A section through of hall mill showingthe linerg8].

Broken parts of nling and mineral ore processing equipment franangeof companiesn the
mining industry have beereceivedfor failure analysisand metallurgical characterisatior

recurrng problemis the breakage, cracking ahajh wear ratef mill liners including those
made ofHCWCI. Thesemill liner failures areexpensivedueto theresulting mill down time and

unexpected relining and maintenance costs.

The frequentoccurrence othe mill liner failures promptedhe needto investigateways to
prolongthe lifeof HCWCI. In preliminary studiesonductedvariousalloying elements that can

be used to improve the life of HCWCI mill linengereinvestigated9, 10].
1



The addition of vanadium and niobium showed promisiegdness and microstructural
properties Two promising alloys containingvanadium and niobiunmave beerselectedfor
further testing and these alloys are the focus of this resqaajbct[11, 12] A commercial

HCWCI alloy will be used as the reference.

1.20verall Aim

A comparison study ofnechanical abrasion and microstructural properties2&f wt% Cr
HCWCI to the onaalloyed with2 wt% V and0.3 wt% Nb.

1.3Research Objectives

a. Toinvestigate the effect of vanadium (1.3.0wt% V) and niobium (0.3 0.35wt% Nb)
on the microstructure of 28t% Cr white cast iron.

b. To analyse and compare the hardness and wear resistance of the vanadiumaatoyed

niobium alloyed HCWCI with the 25 wt% Cr industrial reference white cast iron.

1.4Scope of work and limitations

This project focusednly on vanadium and niobium alloys in the heat treated condition. The heat
treatment used on the alloys was industppsiedfor 25wt% Cr white cast iron referencalloy.
Themechanical, microstructural propertigsd abrasion behavioobservedn the alloys were
compared t@reference alloy.

All the test work conducted was consielérrelative to the referenedloy. Reliminary work on
other alloyingadditionswasalready concluded, so only the two alloysgndNb alloyed were

nominated for ongoing tests



CHAPTERI 2 erature Review

2.1 Overview

The drasion resistantastirons have five broad groupsvhich aredescribedaccording to their
microstructure and the alloying elemergsarlitic Ni-Hard or NiCr (M3C), Ni-Hard 4 (M/Cs),
High-Cr (M7C3) and thespecialty cast ironsThe HCWCI contain 10- 30 wt% chromiumand
1.8- 3.6wt% carbon[13-15]. Thechemicalcompositiors of thecommercially availabl&elCWCI
grades areshownin Table1 [13], and are classified according to ASTM A535].

Tablel: Chemical omposition ofhigh chromium white cast ir@r{in wt%) [13].

HCWCI grade C Mn Si Ni Cr Mo
ASTM AS32-11A 2.4-2.8 0.5-1.5 | 1.0 max| 0.5 max 12 0.5-1.0
ASTM AL32-1I1B 2.4-2.8 0.5-1.5 | 1.0 max| 0.5 max 15 1.071 3.0
ASTM AL32-|IC 2.8-3.6 0.5-1.5 | 1.0 max| 0.5 max 15 2.371 3.5
ASTM AL32-1ID 2.0-2.6 0.5-15 | 1.0 max| 1.5 max 20 1.5max
ASTM AL32-IIE 261 3.2 | 05-15 | 1.0 max| 1.5 max 20 1.0-2.0
ASTM AL32-I1IA 237130 | 05-15 | 1.0 max| 1.5 max 25 1.5 max

2.2 Overview of high chromium white cast irons

The high chromiunmcastirons areknown to havegood abrasion resistan¢g, 3, 14, 17]
attributedto thehighlevels of chromium, carbon and other alloying elemgitg The alloying
elements give the white cast iron the microstructural phasesittathe applied metallurgical
heattreatmentwill provide thedesired wear propertieBigure 2shows the representativas
castHCWCI microstructurecomprisingof carbides in an austenitic matfik3]. Chromiumand
carbonform chromium carbide@V7Csz, M23Cs and MsC) which precipitatewithin the austenite
or martensitenatrix phas¢18]. For many yees, chromium additions of 1230wt% have been
used toimprove abrasion wearesistance irwhite castiron. Thehigher chromium containing
white cast iros with 23 - 30 wt% Cr and the 136 wt% Crwhite cast irorarecommonlyused
in steel processing equipment whirgh abrasion and erosiovear resistancarerequired/19].

Abrasionresistant white cast irons are listed and specifiethe ASTM A532 [16] and ISO
21988 standardi0], and can be classified into thréeoad groupr classedased on the
amount of chromium in the materidlhe classeare class I, Class Il and C#dH . These abrasion

resistant alloys were patented in 1923 by Befkel
3



The patented alloys conta2®di 30wt% Cr, 1.5-3 wt% Cand up to 3vt% Si. High chromium
irons cantie the openingamongthe low toughneskigh abrasion resistance Mard irons and
high toughnses/low abrasion resistangg&nganese sted2], thusmakinghigh chromium irons

appropriatgor mill lining use

Figure2:  As-cast nicrostructureof high chromium cast iron casting showing MeCs (grey- as
indicated by theedarrow) carbidedn an austeniti¢white) matrix [13].
Wear resistance in higthromium white irons is achievey heattreatment througtwo
mechanism§23]:

1 Precipitathg secondary carbides during ageing at elevated temperatures,

1 The formation of martensite upon cooling to room temperature whatneeds to be

tempered for toughness

The microstructure dhigh chomium alloysordinarily consists of 2660 volume% chromium
rich carbides with hardnesaluesranging from 120500 HV, in a hardened martensitic matrix

with a hardness of approximately 700 HR3].

Figure 3 [22] shows an abrasion resistant microstructure consisting of eutectic carbides,
precipitated secondary carbides in a matrix of pauastenite which transformed to martensite
Other types ofharder carbidegan be formed such asvanadium and niobium carbide®
improve the hardness of the high chromium all@g.
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Figure3:  Microstructure ofadestabilised 3Wt% Cr- 2.4wt% Cwhite cast irorcontaining
secondary carbides witha martensitic matrif22].

2.3 Alloying elements inhigh chromium white cast irons

Major alloying elements in abrasiamsistant cast iron includehromium, carbon, silicon,
molybdenum, manganese and nick&f]. Different alloying elementadditions havebeen

studiedovertheyears The studiesncluded the effect ofvanadium and niobiuran the abrasive
wearpropertiesof HCWCI [4, 9, 15]

Metallurgical considerations inéselection antheamount of alloying elemeiaiddechave been
studiedextensively The effects of alloying elements are walveredn the literatureincluding
theinfluenceof carbide forming elementich asyanadium, niobium antitanium(4, 9, 10, 15,

25]. The focusof our study is on the wear, microstructure and hardness properties benefits as a
result of thecarbide formingalloying elements and a proposed heat treatment.

Otheralloying elementdike copper, nickel and manganese are normally addétCiw/Cl to
improve the hardenability. They also retard the formation of pedfljteThe addition ofthat
elementsthat form carbide leads t@ refined microstructure itHCWCI. Figure 4 showsthe
alloying elementsiormally usedn cast irons and their effetd thedepth of chill[25].
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Figure4. Effects of alloying elements on the depth of chilldgraphitising elements arix)
carbide promoting elemeni&5].

2.3.1 Chromium
Chromium plays three major roleswtite irons[15]:
1 Formscarbidesandimproves thecorrosion resistance

1 Stabilisesthe structure for higbemperature applications

Chromium additions of above 10% promote formation of,34 eutectic carbidesLower
chromium addition haslightto noinfluenceon the hardenabilifyoecausenore of thechromium
is taken ugn the MsC carbideghat are formedChromiuminfluences the fineness and hardness

of eutectic carbides.



2.3.2 Carbonand Silicon

Carbon and chromium iHCWCI controls the type of microstructiobtained and also affect
the carbide volume fraction (CVI26]. Serkanet al.[26], reported that the increase in carbon
doescome with the change in carbide morpholbgynotin the matrix Carborhas an influence
on thehardness o0HCWCI and also incrases the graphite formation when addegjethemwith
high amounrd of silicon in cast irondncreasing the silicon content ledd a decrease in carbon
content and thusupportghe formation of graphite upon solidification cast irbtaratray et al
[27], reportedthat carbon haan influenceon the carbide formatiorSilicon additiors in cast
irons aremostly between 0.3vt% and 2.2wt%. It is preferablykept betweer®.4 wt% and 0.9
wt% for white irons[25].

2.3.3 Molybdenum

Molybdenum additions increase hardenability and retard pefmtiteation[15, 28, 29, 30, 31]

Itis also a carbide formefhe carbideformeddetermine the abrasion properties of H@&WCI

and thiswill be influenced bwn their type, shapsize and morpholod$2]. Akyildiz et al [32]

also reported that increasen molybdenum ontent from 0.48 to 1.5Wt% will move the
M23Ce/M7C3 boundaries to higher carbon concentrations on isotherm, confirming that
molybdenum is a carbide stabilis&iazantzali®t al [31] observedhatincreased concentrations

of molybdenum to 0.9wt% iRCWCI promotesa hardness increase

However, Nurjamaret al.[15] observeda decline in hardnesghen adding higheamouns of
molybdenum(1.38 wt%) to HCWCI. The Mo2C precipitatesvere observed with additions of
1.38wt% Mo butthisdid not affect theotal carbide volume fractiohe authorgoncluded that

additions of less than\&t% molybdenum irHCWCI would notaffectthe hardness

2.3.4 ManganesgCopper andNickel

Manganese,apper and nickel do influence the final microstructure when adequately added to
HCWCI[31]. Adequate additions of these elementd @N Cl effectively improve hardenability

and suppresgearlite formation in largeasting.



2.3.5 Phosphorousnd Sulphur

Phosphorus andulphurin HCWCI should be kept below.1wt%. Phosphorus promotes the

formation of graphite in normal cast irons

Higher sulphur reducs the fluidity of the melt leading tibrmation of casting defectike
blowholeg[33].

2.3.6 Vanadium

Formation of vanadium carbides in microstructure of HCWCI is promoted by the addition
vanadium[34]. The formation of vanadium carbides in the liquid phase redingesarbon
content of the austenite prior to the nucleation of primai@ddarbide, thus producing a HCWCI
with low carbon. This leads to refined;®% carbides by blocking their directional growtian

et d. [35] Filipovic et al. [28], and Mohammadnezhagt al [36], reported that vanadium

additiors may lead to grain refinement HCWCI.

Figure 5[24] indicates that increasy additiors of vanadium improves the impact toughness of
medium carbon white cast irdMCWCI) with an associated decrease in hardrdtes 6 wt%
V additions This is due to the fact that vanadium is an austestadiliser, leadindo higher
volumes ofsofteraustaite being retained in the microstruct@eddecreasing the hardness of

the alloy.
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Figure5:  Effect of vanadium content on the impact toughness and hardness of medium carbon white
cast iron[24].
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Radulovicet al [34] found that increasing the vanadium contehtH€WCI increased the
hardnessas shownn Figure6. An increase in hardness was attributed to the increased volume
fraction of carbides, microstructural refinement, formation of martensite and reduction in the

amount of retained austen[t&4].
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Figure6: Hardness as a function of vanadium content in HCWCI in as cast (solid line) and heat
treated (dash lines) conditio[84].

Stefanescu and Geium [37] reported the presence of vanadium carbides at about 2.9 wt% V
additions while Sawamotet al [38] found the vanadium carbides with the additions of above 5
wt% V.

Mutsubaml et al.[39] Dupin andSchissler[40] and Bodellalacuinde[41] reported thatan
addition of 3.14 wt% V in a 17.5 wt% Cr and 3.57 wt% C white cast iron did not form vanadium

carbides.

The impact toughness also imprdweith an increase in vanadium contg#]. This wasdue to
the finer austenite dendrites and round morphology of the vanadium carbides whicksadinim
the cracking of the matrisompared to more angular shapHse effectof vanadium on abrasion

wear resistance is shownhigure7 [24]. It is shownthat increasing the vanadium content leads

9



to increased wear resistance. Thiattsibutedto the formation of hard M®@ype carbides which
increase in volume fraction with increasing vanadium content and increase abrasion resistance
[24].

The hardness of the MC carbides is approximé&2830HV. This type of carbide obstructs the
cutting action of abrasive particles and protects the matrix from the direct attack of abrasive
particles[24]. Although Filipovic [30] observedthat the obstructig action of the carbides
protecedthe matrix with continued contact with the abrasive media,ddwdideseither chip or

arepartially removedFigure 830] showsthe wear resisince as a function of vanadiwontent

22 L
_A-'__'_-
',_(‘-r"-—
= 20}
@
[&]
c
8 18|
W
(0]
L=
s
16 |
@
=
s
o 14 |
iF]
ia
e
12 =
| | | | l
2 4 6 8 10

Vanadium content (wt.%)

Figure7:  Wear resistance of medium carbon white cast iron as a function of vanadium {24itent
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Figure8: Wear resistance as a function of vanadium in white cast iron in batishand heat
treated conditiofi30].

2.3.7 Niobium

Niobium isa strong carbide formewhich consumesarbonfrom the matrix to form niobium
carbideg42, 43] As NbC precipitateshaveahigher hardness than the:®4 carbidesan increase

in theamount ofthesecarbides leadto improvedwear resistancgl4, 45]

The precipitation of NbC reduced the carbon content of the ligoidsequentlyowering the
volume fraction and size of the brittle and coarse primai@sdarbidesWhenniobium is added
into themelt, NbCparticlesprecipitatebefore primary carbides.

Zhi et al [46], andFisetet al [47] foundthat the addition of niobium to HCWCI refines the
microstructure and the primary carbides become fara isotropic During solidification,
segregation of niobium to theustenite grain boundaries ocswntil the maximum solubility
limit is reached. This leado the precipitation of NbC at the austenite grain boundaries which

pins the austenite grains resulting in a finer and tougher nj4848]

The addition ofiobium maynegatively affect the fluidity of the moltenatal during melting
and castinglt can also affect théardenability of the irordue tothe almostinstananeous

formation of NbC during solidification, whichmay impedethe flow of molten metal. The

11



restriction of flow in thanould can causeastingdegectssuch agimisrurs andfshut® within
thecasting [13].

Zhiguo[43] reported thaaddingsufficient niobium taHCWCI will form polygonal NbC which
precipitats on thesurfaceand inside primaryarbides An increase in the amount afided
niobium will only increase theolume fractionof the NbC precipitatg but not grow their size.
The hardness of thHeCWCI remainedhearlyconstant but th impact properties did improve as

shown inFigure 9[43].
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0% Nb 0.48% Nb 0.74% Nb

Figure9: Plot showinghe effect of Nb additions dmardnessnd the impact toughness of the tested
high chromiumwhite cast ironspecimen[43].

Titanium, like niobium, forms carbides at high temperaturganium carbidegrecipitate first
during solidificationand efine the microstructure t#CWCI [49].

2.4 Types of carbides inHCWCI

Wear resistance argpodmechanical properties 6fCWCl is influenced bythe morphology and
distributionof thecarbides and thmatrix phasg14]. Morphology of carbides and matrix carbon
content may be better controlled and modified by alloy#hgt8-56]. The carbide formatin in
this abrasion resistant cast iroraidirect function of carbon contefit3].
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The carbides found iIHCWCI are mainly the MC, M7C3 and M:3Ce. The high volume fraction

of carbides iIHHCWCI increases with the increase in carbon and other alloying elenhants
form carbides[43]. The carbides are normally hard with good waaperties buarebrittle [17].
There are different types efrbides that precipitate during solidification as shawTable2

[22, 57] These carbides contribute toetimproved wear properties of abrasion resistant cast
irons Figure 10showsthe micro Vickers hardnesslues of the MsC and MCs carbides in white

cast iron[13]. Theseshowthat anincrease in chromium contelgad toa steadyincreasen
hardnes®f thecarbides

Table2: Types of carbides and théiardness ranges

Type of carbides

Hardness (HV)

MC type carbides

2400- 4000[57]

MsC type carbides

800-1100[22]

MeC type carbides

1200-1800[22, 58]

M-Cs type carbides

1200- 1600[57]

M23Cs type carbides

1600- 2520[57]
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FigurelO: Plot showingncreasinghardness of thi&l;Cs carbides as a function of chromiuntrease

in white cast irorj13].
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Carbon influencethe distribution and the shape of the carbides in the microstructure as observed
by Laird at al. [13]. The carbides morphology seens be changirg from blade like tothin
hexagonal rods morphologsosettewith the increase in carbon additias observed ifigure
11. The carborn high chromium white cast iratlassifiesvhetherthe white cast iron isutectic

hypo-eutecti¢ or hypereutectic[43].

(c) Hypereutectic

Figurell Micrographs (a, b and c) showing the®4 carbideglight phasemorphology as the
composition of theHCWCI changes from hypoeutectic to hypereuteda].
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Figure 12is the Fe-Cr-C ternarydiagramshowing the location of the alloys atite types of
carbides formedand liquidustemperatureat givencarbonandchromiumcontentsLaird et al
[13] stated thathe problemwith volume fraction and compositioraluesfrom thediagramis
thatthese aresensitive to minochanges in eutectic temperatulre foundry practice therare

capablehermocoupleso measue solidification temperatuse
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Figurelz 2D viewof theFe-Cr-C metastable liquidus surfashowing the locatiofred squaredpf
high chromium white cast irgi3].

The eutectic reactiop L ¥+ M+-Cs) for high chromium cast irons shows cylindricabrphology
of carbidecolonies. The colonigein together to form bladkke structures ashown inFigure
13 [13]. The colonies that arevell-defined cylinders oM7Cs carbides became finer witin
increase inchromium content anthe rate of eutecticsolidification. An increase in eutectic

solidification ratedecreasgthe coloniesvhich leads taeducedccarbidespacing13, 25]
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Maratray and Usseghblanot (1971) developed a formulaEquation(1) for calculating the
eutecticcarbide volume fraction (CVHR) HCWCI, which isonly based on the bulk composition
of C and Cr (in wt. %):

CVF (%) = 12.33%C + 0.55%Gr15.2 (1)

Albertin and Sinatorgb9] reported thatmincreasen CVF in HCWCl leads to improvedvear

resistance and the hardness.

Carbides

Figurel3. Rodshapectutectic carbides iRCWCI[13].

Nayaket al [60] conducted SEM analysis on Samplatwnin Table3 and the micrographs
observed arshownFigure 14. The hexagonal plate like and rod like eutectic carbides which
were heteogeneously distributed ithe alloy were observed-ine rods were observed at the
centre of larger blades in these microgrg@l®3. Figure 1917] shows the relationship between
the chromium and carbon contents and the eutectic composition kthmgimium iron The
location of the composition for the experimental alloys sh@gedsquare in Figure 15phat the

alloys contains eutectic carbidesamaustenitic matrix.
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Table3: Bulk chemical composition (in wt%) of the samples measured by optical emission

spectroscopys0].
Alloy C Cr Mn Ni Mo Si Cu P S Fe CG/C
16% HCCI 243 1584 0.76 0.18 0.41 047 0.04 0.02 0.02 Bal. 6.5
(Sample A)
l)/“
26% HCCI 253 2660 066 026 024 037 003 <0.01 004  Bal 10.5
(Sample B)

Figurel4d. Representative SEM micrographs of Sample B after deep etching. Three dimensional

structureof the eutectic carbide isvisibl@)( 6 r osett ed pattern, with 1t
centre (b) blade morphology; anat) heterogeneity in nucleatidé0].
45
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Figurel5. Relationship between the chromium and carbon contents and the eutectic composition in
high-chromium[17]. Theredsquare shows the composition of experimental alloys (25 wt% Cr.and 2
wt% C) consists of primary carbides in an austenitic matrix

17



2.5 Heat treatment of HCWCI

Heat treatment is a process in which the controlled cooling of the metal allows manipulation of
the microstructure leading to change in mechanical and physical propergesedttreatment

pr oc e s AltednetalshapéHeat treatment processconducted following a transformation
diagram or a timetemperaturgtransformation diagranthe chage in tansformatiordiagram

is dependent orthe compositionof the material Figure B shows the typical transformation
diagrams used in heat treatiHgEWCI with a known compositioriThe diagram showthe nose

at about 900 and the formation of carbidgsist above 870 . Figure 18 (b) showshe
continuous cooling from austenitising temperatagstenite and secondary carbides will form

during the soakingrocesg27].
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Figurel6. . Isothermatransformation diagram for higBr white cast iron containing 3.51%C
20.1%Cr (a) before and (b) after austenite destabilisation: A =austenite; C=carbide; P=pearlite;
F=ferrite; Ms=martensite start; Cs=secondary carfidg
The heat treatmenprocessedliffers dependingon the material and applicationshis heat
treatment process frequently followed foHCWCI and the steps adestabilisation, quenching
and temperingl'he heat treatment process does not change the eutadbiclesbut austenitisig
temperatures enable the precipitatadmrsecondarycarbidesfrom the super saturated austenite
[61].
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2.6 Performance of HCWCI in industry

The mning industry ha manyoptions to choose from in termslofing materials, but there are
variablesthatguide inthe selection of a suitable lining material. The application, ore typié,
sizeand speedcorrostivity of theenvironmentpallssize, design of thiner and other variables
influence the choiceThe materials useas linersare austenitic manganese stebw carbon
chrome moly steelhigh carborchromemoly steelnickel hard ironHCWCI, and chromamnoly
white cast iroj62]. HCWClis commonly selected farse asin cement and minerafgocessing,
crushing, screening and pumping in the mining industry. The steel industry atbesusaterial
in rolling mills. The reasons fdhe selectioris that it has superior abrasive wear propewtiesn
compared tmthermaterals [1-7]. Figure 17 shows the relative life of materials used wear

application and HCWCI has the better relative [§2].
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Figurel?7. The relative life of different liner materigl§2].
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CHAPTERM&t hodol ogy

3.1Melting and casting of experimental alloys

3.1.1 Target chemical composition

The charge wasalculated and prepared give the target cimaical compositions as shown in
Table4. Thechemical compositionafter castingvereanalysediusing theSpectroMAXx Metal
Analyser which is @apark emission spectros@(DES).First the spectscope was calibrated

and standardised to eliminate or minimise the level of error in the reSuks demical
composition for althealloys is reported as an average of three analysis reBa#isechemical
composition results from the spark emission spectroscopy were used to plot the property diagram

for all the alloysusing theThermaCalc™ computer sftware

Table4: The chemical compositionf the experimental alloys and referencewifo.

Alloy C Si Mn P S Cr Ni Nb | V
Reference 2.9 1.18 | 0.66 | 0.020 | 0.043 | 26.7| 0.15 | 0.10]| 0.10
Alloy 1 (Vanadium Alloy) 250 | 1.23 | 0.63 | 0.040| 0.024 | 258 | 0.40 - 162
Alloy 2 (Niobium Alloy) 2.80 | 1.52 | 0.75 | 0.023| 0.033| 25.0| 0.40 | 0.30

3.1.2 Pattern and moulding

The experimental alloys samples dimensions to be cast were rectangular test bars of 50 x 100 >
500 mm.Thedimensions othe experimentablloysweresert to a licencedexternal company to

design and optimise thmatternfor casting The pattern design was damg&ng Magma software.

Figure 18 shows the final design that was discussed and approved@maanufacture of the
woodenpattern mouldsRiser sleeves were added to the casting to provide additional molten
metal during feeithg to minimiseshrinkagelefects A wooden pattern wasadeby the @arpentry

shopfroma 1m x 1.5m flat wood she@figure19).
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Riser sleeves

Test Bars

Figurel8 The design fothepattern ofthe experimental alloys done by external licenced company
using Magma software

Figurel9: Wooden pattern fathe castingmoulds ofthe experimental alloys
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The wooden patterwaspainted withthe mould release agent (Zglip) and then usetb make

silica (SiOz) sand moulds in preparation for the casting of the experimalhbgs. A steel box

of 1 m x 1 m was madat theMintek fabrication shop for housing the moduilthe greensand

was preparedby using a sand mixing machine where silica sand with a particle size range of
0.075- 0.65mm was mixed with 5% sodium silicate @$&0s3) binding agentThe moulds were
curedwith CO, gas before the moulds were released and painted withdbkl paint.

3.1.3 Melting furnaces

Casting was done usingl®0 kg capacity medium frequency induction furnditeed with an
alumina cast cruciblevhich wasback filled with MR21 refractorynaterial. Thecrucible was
installed and baked for a few hours before the castimgmove any moisture, which would be
deleterious to the casting process or may even explode in the presence of molteGantiay)

of the experimental alloys was doneopen air. The temperature of the melt was measured using

a disposable din thermocoupleandwas adjusted to about 1490°C before tapping.

An induction furnacgFigure 20 [63], produces its heat from the induction power soufi¢e
alternating current is generated throughcopper coil into the crucibleThis creates
electromagnetic fields that generate theent in the chared metalwhich produceghe heato

melt thechargemetal[63]. Figure21 shows the induction furnackiring tapping

22



Pouring Spout

Refractory
Cement

Crucible

Copper

[nduction Coils \
Rammed
Refractory \ |

Tilting Bai

Wutcr—//» .
Cooling Hoses Power R

Leads

Figure20:  Induction furnaceised to melthe experimentalloys[63].
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Figure21l: Tappingof themolten metaburingcasting ofthe experimental alloys

Two castinggmoulds) of each experimental alloy composition were Gdst cassamplesvere
left to cool to room temperature in the sand moulds. The moulds were brakerhe
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experimentahlloy castings(Figure 22) werecleaned Heat treatment vgadone on each of the

alloy castingsA heat treatedommerciateference alloy wasourced from amdustrial supplier

Figure22 Experimental alloytest barsafter casting and cleaning.

3.2Heat treatment

Bars fromboth Alloys 1 and 2 were hedteated usinga proposedHCWCI heat treatment
proceduresaid to have been used tbe reference alloyOnly the experimental alloys (Alloy 1
and 2) were heat treatedmouse, the Reference alloy was used as red€hesat treated).

The heat treatment proceddofowedis as shown in Figure® which wassoakingof thesample
barsat 200 for an hour, followed by soaking at 400°C for 30 minutbsn austenitied at
875 and holding for Gours followed by forced aguenching FAQ). Thesamplebarswere

thentempered at 450 for 3 hoursandthen cooled dowto roomtemperature
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Air cool

Time
Figure23. Heat treatment process followed for the experimental alloys

3.3Metallurgical characterisation of thealloys

3.3.1 Sectioning and preparation of experimental alloys

The heat treatedamplebars were ectioned to manageable specim@pesu si ng a Str
Discotom300, fitted witha Struers 60A30 abrasive cutting wheélhe sectioning wadoneat

low applied forcewith water running tavoid heating of thesurface When excessive force is
applied, even with running water, overheatinghaf sample can occurhib will causevisible

guench crackon the surfaceas the water will rapidly cool the sample as the wia&d. The
specimes sectioned from each of the alloy bars were ground fromXDO0 grit using silicon
carbide bonded papers on a Struers Rotopol 20 machine. They were polished on a cloth using
diamand suspension lubricants ofuén, 3pum and lum to attain a Inicron finish ona Rotopol

20 machineThe erosion andbrasion wear samples from AlbYand Alloy2 and the reference

alloy were sectioned usirgwire cutter Figure24 shows the sectioned samples
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Figure24: Sectioned abrasion and erosioeantest sampleafter wire cuttingof (a) Referencalloy,
(b) Alloy 1 and(c) Alloy 2.

3.3.2 Microstructureand etching response

Multiple etchants were prepared for the polished specimens, including the selective carbide
etchants to outline the carbiddhe selective carbide etchants uaeel showrin Table5. The

etchant were uset revealthe differen carbidespresentin the alloys.The prepared etchants

were alwaysused freshThe specimens weretchedby hand swabbing and/or electro etching
using a Struers LectroPeb. A microstructural study as done using the Olympus DSX(b1
optical microscopdFigure 25) anda scanning electron microscelSEM) fitted with energy
dispersive Xray spectroscopy (EDX). Xay diffraction (XRD (Figure 26) analysis was done

on a Bruker D8 machine to identify thmatrix and the typeof carbides (phasgsn the
microstructureThe diffractometer machine was operated®@k% and1 50 mA, wlWlt h &
radiation(1.5466 6 ) , i n t Riel2® dith a stap gf®.026 ger sécOnd.

26



Tableb:

Etchants used fdhereferenceandexperimental alloyspecimens

Etchant name Etchant contents Type of etching Time
Alkaline Sodium Picrat{ 100ml watert+ 2g Picric acid+ | use at 99L00<C or etch at 6V D({ etch at 6V DC
(APS) 25g NaOH (electro etching) for 10s
Groesbecko?d 100ml water+ 4g NaOH+ 4g use atroom temperaturby 10s
KMnO4 swabbing
Mur akami 6 s 100ml water+ 10g NaOk+ use at 20 by swabbing 10s

10g KsFe(CN)

10% Ammonium

100ml water+ 10g (NH:)2S0s

etch at 6V DC (electro etching

etch at 6V DC

Persulfate (ASP) for 10s
1% CrQy 100ml water+ 1g CrQy etch at 6V DC (electro etching etc?o";‘tl%\g DC
20%Nital 20 ml Nitric acid+ 80ml use &room temgeratureby 10-15s

ethanol

swabbing

Figure25. The Olympus DSX 500 optical microscope
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Figure26: BrukerD8 XRD machine.

3.4 Hardnessevaluation

Rockwell hardnesdesting measurementgere doneon crosssectionsof the ascast and heat
treated sample bato determine the hardnessSix indentsmeasurementper samplevere
performed usinggn EMCO Hardnessvith appliedmain load of 150kgf with a dwellingne of

10 seconds.

Figure27: Picture showing the EMCO multi hardness machine.
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3.5 Abrasion and erosion vear testing

The wear testwere done using tesgs developedn-house Figure28 andFigure29). In these
tests partially abrasive materighrespraydusing a gun devicento aspecimen to effect wear
Thepartially abrasive materisiused in the tests are solid fines and sl(mmxture of water and
solid fines) Thetests weredoneat 10° and 45%mpact angles to simulate different abrasive
conditions,such as slidingnd combination of sliding anchpact.The test was conducted for 15
min on two of the specimens froeach of thalloysfor eachof theangles. The setup used for
the studyutilisesa sandblagtg machineas part of wear test riJhetests rankmaterials from
most to least abrasion/erosion resistant under similar condifibesparameters used for wear

testng areshownin Tablest and?.

The tess methodswveredevelopedn-houseusing the following ASTM standards as guidetine

ASTM G77- 05: Standard Practice for Ranking Resistance of Materials to Sliding Wear Using
Block-On-Ring Wear Test[64]

ASTM G73- 10: Standard Practice for Liquid Impingement Erosion Tedt54)
ASTM G83- 96: Standard Practice for Wear Testing with a CrogSgithder Apparatu$66]

ASTM G76- 95: Standard Practice for Conducting Erosion Tests by Solid Particle
Impingement using Gas J§6&¥].
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Figure29: Wet erosion wear testing rig.
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Table6:

Abrasion wear testingarameters

Description

Abrasion

Specimen dimensions

150mm x 100mm x 20mm

Gun devise nozzle diameter

10mm £1mm

Impact angle 45°nd 10°
Abrasive medium Silica sand
2
Air jet speed of sanddFi 0.5(d) (v) 30psi (18.5m/s)
Flow rate 1.50 kg/min
Total test exposure 15min

Table7:

Erosion wear testingarameters

Description

Erosion

Specimen dimensions

150mm x 100mm x 20mm

Gun devise nozzle diameter

25mm z1mm

Impact angle

10° or 45° or 80°

Abrasive medium

Silica sand + Water

Flow rate

Constant, 4./min

Total test exposure

15min
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CHAPTERR4sul ts

In this section, all the results obtained from the tests dartbetwo alloy compositiors (Alloy
1 andAlloy 2) and the referencare covered The resultdnclude chemical analsis, property
diagrampredicting the phasdsrmed usingrhermoCalc™ computer softwaremicrostructures

XRD, hardness and lastly the erosion and abrasion wear test

MicrostructuregOptical and SEM)and XRD are reported together as thiegth concerrthe
phases within the alloysHardnessis also linked toall other analysis but is reported

independentlyas well as the erosion and wear test results.

4.1 Referencealloy
4.1.1. Chemical analysis

Table 8 shows theaverage of threehemical analysis resulfor the referenceaalloy. The
compositionconforms toASTM A532, Class lll, Type Awhich isexpectedspecification for
this material According to the specificatiothe material shouldontainalloying elementdike

Mo and Cuto improve the hardenability of the white cast i{8a].

Table8: The chemicalcompositionof the reference alloy obtainéal (wt%).

Alloy C Si Mn P S Cr Ni Nb \%
ASTM 532, 23.33 15 2.0 0.1 0.06 23-30 25 ) )
Class I, Type A max | max | max | max max
Reference 2.9 1.18 | 0.66 | 0.0020| 0.043| 26.7 | 0.15 | 0.10| 0.10

4.1.2. Property diagram fronThermaeCalc™ computer software

Figure 30 represents the property diagram of the reference alloy. This property diagram shows
that the MC;s carbides started to form first from thquid atatemperaturef about 1303 and
grew at the expense of the liquichtil 12903 , when FCC#A1 dustenitg also startedorming

from the liquid as well.
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The growth in bothausteniteand M,Cs carbide was instantaneous andustenitecontinued
forming until all theliquid phasehadtransformedAlthough M,Cz phase wadirst to nucleate
and grow, the formation ofaustenitewas instantaneouand started forming as soon as the
temperature was below 129Q°The M;Cs carbide have already started to nucleate from the
primary austenite dendrit@$ temperatures just beld810°C yet the higher phase proposition
of the coexisting phases at the 1290°C is austenite.

M-Cs wasat about 27% of the matrix adisteniteat 0% atabout1290°C. As the temperature
decreasesmore of the carbides continigrowing from theaustenite hence there is a steady
increase in MCz and a decrease in tlaistenitephase.This continueduntil the temperature
reache 8023 , whenthe eutectoid reaction occurred and austefitetnansformed to BCC
(ferrite (U) and theM+Cs carbide( = > U +Ch). The growth plateaued until 30G. A new
carbide phase started to form fromy®4 and during which a growth iferrite phasevasalso
observed. Eventually at roa@mperatur¢he referencalloy consist of about 26% M7Cs, 6.2%
M3C>, 67% ferrite andvery little M23Ce precipitates.
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Figure30: Property diagram of the reference alloys plotted from the actual composition showing the
predicted matrix phase formatigoroposition andheir order of formation.
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4.1.3.Microscopy and etching

The optical micrograph and SEMbackscattered electron image (BSE))the prepared cross
section @& the referencealloy are shown irFigure 31. The samplewasetched with10% Nital.
The @tical micrographshowsthe microstructure consisg of dendriticmartensitic matrix (dark
phase) anéutecticcarbides (white phakelhe SEMimage showa rosette like morphology of
eutecticcarbides (dark phases) aadiendritic patterned matrix (white phase). SEM mapping
revealed the distribution of the main alloying elemefigure 32. Alloying elements like

chromiumand carborare mainly concentrated regionswherecarbidesvere alsmbserved.

Martensitic Matrix Eutectic carbided

Figure31l: Opticalmicrograph(@ and SEM (BSE)K) imageof thereference alloy showing the
dendritic matrix and the carbides.

Figure32 SEM mapping of the reference alloy showing the distribution of the elements within the
alloy matix and carbidesElements like Cr and C are mainly observed in the carbides area of the image
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The reference alloy was also colour etched whinetchants inTable 5. Figure 33 shows he
microstructure of the colour etched reference shogvthe carbides (outlined or coloured) and
the dendritic matrix with possible precipitates (either coloured or white phase)ok#uoh
etchantsusedaffected the reference alloy differentlyhe reference alloy in Figure833a) is
etched with Groesbeck, (b) Murakami, (c) ASP, (d) 10% APS and (e) 1% Gr&aesbeck only
colour etched the rosette patterned eutectic carbides y@flgure 33 (a))Murakami coloured
the matrix browish yellowand the eutectic carbides ligh{&igure 33 (b)) ASP coloured the
eutectic carbides brown as well as the matrix being slightly coloured the(Baguee 33(c)).
APS coloured only the eutectiarbides brownish and the matrix was light. 1%&vwas the
only etchant that outlined the carbides with black boundaries and the matrix wagRighte
33 (d and e))
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Figure33: Colour etchednicrographsof the reference allogtched with(a) Groesbeck, (b)
Murakami, (c) ASP, (d) 10% APS and (e) 1% &rO
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Figure 34, showsthe SEM image of the reference alloy and the aread@dsquare) and spots
selected (iandii) for EDX analysis.The EDX analyss of the referencalloy is also given in
Table9. The analysis confirms the interpretation of the micrographs already observed for the

Referencealloy produced
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Figure34 SEM (BSE)imageof theReference alloy showing theelected area and spots anedys

Table9: EDX (in wt %) analysisof the different phases in theeference alloy

ID C* Si Vv Cr Fe Ni Mo
Areain red square 4.3 0.8 0.3 17.9 75.0 0.9 0.8
[ 5.1 1.0 0.1 131 79.3 0.9 0.5
ii 10.5 0.1 0.7 59.5 28.2 0.5 0.5

4.1.4. X-ray diffraction (XRD)

X-ray diffraction (XRD) was donandTopas programmwasused to interpret the raw data
confirm the phaseroportionsavailable n the ReferenceAlloy. The XRD spectra with the
analysis is shown ifrigure 35. The analysis showed th#te reference alloy is abou0.5%

martensite23% M-Cs and6.19%M .3Cs carbides an€.37%traces of retained austenite.
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Figure35. XRD spectra of the Refereneltoy showing theobservedghases.

4.1.5. Hardness

Rockwell hardness was performed on thef&enceAlloy and Table 10 shows the results. An
averagehardness afix indentasvasmeasuredor the alloy. The hardness of theferenceAlloy
is on the lower side but withiheaccepted range for a heat treated alloy ot8&M 532, Class

1, type C specification

Table1l0. Rockwell hardnessf theReference Aoy.

Alloy Rockwell C Hardness Average
Referenc&lloy 54, 52,50, 5359and57 5444
HCWCI Spec - 625HB (55-60 HRC)[17]
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4.1.6.

Abrasion and erosion&ar testing of th®eferenceAlloy was done adescribedn Section 3.5,

using the 10 and 45 anglesand the resultare listed in Tables 1 and 2 and graphically

Abrasion and erosion @ar testing

presentedn Figures 36 and 37.

The results show th#te reference alloliasa higher wear ratm both the abrasion and erosion
weartests a#5° thanatthe 10 impingementngle.Although the average weight loBsm the

abrasion and erasn testsat both angles was Vo, the wear experiencenh the erosion testvas

slightly morethanin theabrasion test.

Tablell  Abrasionwear testingesults summarior Reference Alloy
Alloy Material Impact _ Abr.asion Rate .
Angle Weight loss (g) |Weight loss rate(g/min)
Reference 45° 0.53 0.035
Alloy 10° 0.44 0.029
Reference Alloy (abrasion)
0.04
= 0.035
g 0.03
@ 0.025
S 002
-% 0.015
S 001
< 0.005
0
10° 45°
Impact angle
Figure36: Abrasion wear chart showing the average wear resullRdfarence Alloy
Tablel2. Erosionwear testing results summéir Reference Alloy
Alloy Material Impact . Abrasion .Rate .
Angle Weight loss (g) Weight loss rate(g/min)
Reference 45° 0.71 0.047
Alloy 10° 0.56 0.037
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Figure37. Erosionwear chart showing the average wear results for Reference Alloy

4.2 Vanadium Alloy
4.2.1  Chemical analysis

The averagef chemicalanalysis resulof Alloy 1 is givenin Table B. Theactualamount of
vanadiummeasureds about0.2wt% belowthe intended vanadiuralue All the other elements
were within the intended alloyg levels although carbon and chromiucontentswerepresent

at the minimunrequiredamounts

Tablel3: Thechemicalanalysig(in wt %) of Alloy 1 obtained using spectrometer

Alloy C Si Mn P S Cr Ni \%

Targeted Composition 2.5-2.9 |1.01.60| 0.50.8 | 0.040| 0.024| 25.0-28.0| 0.40{1.8- 3.5

Vanadium Alloy (Alloy 1) 2.5 1.23 0.63 | 0.040| 0.024 25.0 0.40| 1.6

4.2.2  Property diagram fronThermaeCalc™ computer software

The chemicahnalysisresuls from the spark emission spectroscdpyAlloy 1 were also used
to plot the property diagramsing the Therm&alc™ computer softwareFigure38 represents

the property diagram @tlloy 1.
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This property diagram shows that the:®4 carbides started to form first from the liquid at
Temperature®f about B10°C and grew until 290°Cwhen FCCA1 (Austenitg also staed
forming from the liquid as well. The growth in botwsteniteand M/Cs carbide was

instantaneous aralistenitecontinued sharply until the liquid phase was depleted.

Although M,C3 was first toform, whenaustenitestated forming, it grewnorerapidly than the
M-Cs. The M7C3 was at about 27% of the matrix aralsteniteat 73% at 128°C. As the
temperaturaecreasedbelow 290°C, more of theM7Cs carbides continued growing frothe
matrix, hence there is a steadyrease in MCz and a decrease in thmatrix phase. That
continueduntil the temperature reaaheé3023 , when the eutectoid reactioff 0 = > T3 M
occurred,austenite() transformed to BCCA2 ((U) ferrite) and the carbide growth plateaued
until 6003 when the MCs could not form anymored new carbide phase started to form from
the ferrite during which aslight dropin ferrite and M,C3z was observedThe new phase was
M23Cs carbides, they precipitated steadily to about 6% whixturred atoom tempertre. At
roomtemperaturgAlloy 1, consist of about 25%8 M7Cs, 6% MxsCs, and &.9% ferrite.
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3 FCC_A1e2
-E- R M7C3
= U.0U FCC_A1
E uauip
..o_. M23ICa
= “E A
= FCC_AN3
o
E
i NNE
| 0 250 500 750 1000 1250 1500
Temperature [Celsius]
=\

Figure38 Property diagranior Alloy 1 (actual compositionshowing the predicted equilibrium phase
formation and theiproportionsand order of formatian
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4.2.3  Microscopy and etching response

Figure39 shows he micrograph and BSE image&f Alloy 1 from both optical microscopy after
10% Nital etch and SEMThe micrographfrom microscopyshowshexagonakarbides \White
phases) angearlitic matrix (dark phase).The SEMBSE imageshows carbides (dark phases)

and the matrix (white phase) with possible precipitates (darl. dots

SEM mappig also revealed the distribution of the main alloying elemédtitgjre 40. The
alloying elements like chromiuand carbonvere present iarears or regionserecarbidesvere
observedVanadium was also observed to be evenly distribwithdn the matrix. No ®enadium
carbides were observed. Tigsimilarto the findings fronthetestwork of Sawamotcet al[38]

andStefanescu and Geium [37].

Pearlitic matrix Hexagonal carbides

RN A

¥ AL N s N S W o o5 NN \‘\\\\\\\m . > \. NS e
Mg, o 0 A T 3 Anesstaaiinaaas ‘E*\i%\%\

N

Figure39: Optical image (left) and SEM (BSE) (right) image for Alloy 1 showing the dendritic matrix

andthe carbides observed
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100 ym : A i B

Figure40: SEM mapping image of the Alloy 1 showing the distribution of the elements within the alloy
matrix and carbide€lements like GrV and C are observed in the carbides area of the image

The alloy was also colour etched with b#nts shown in Table 5.Figure 41 shows he
microstructure of the colour etched Alloy .1The carbides (outlined rocoloured) and the
dendritic matrix with visible precipitates (either coloured or white phase), dattte aused
etchantsaffected the alloy differently he etchants used for each of the microstructures in Figure
41 were &) Groesbeck, (b) Murakami, (&SP, (d) 10% APS and (e) 1% dsroesbeck
(DATE) only colour etched the eutectic carbides yellamd possible dark precipitates were
observed Murakami coloured theeutectic carbidesorownsh yellow and the fine dark
precipitates were observed in thghter matrix. ASP coloured the eutectic carbides brown as
well andthe matrix being slightly coloured the samé lighter APSand 1%CrQ outlinedonly

the eutectic carbidesith black or dark boundariesid the matrix was light.
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Groesbeck, (b) Murakami, (c) ASP, (d) 10% APS and (eCt@ on the matrix and the carbides
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Figure42 shows Alloy 1 SEMBSE imagewith the area (in yellow), and the spots (i and ii) that
were analysed with EDX. The EDX analysis for the alloy are also given in Té4llée analysis
confirms the interpretation of the micrographs already observed for the Alloy 1 but there is a

slight increase ivanadium observed with the carbides.

Figure42 SEM (BSE) image ofAlloy 1 showing the selected area and spots analysis

Tablel4: The EDX analysigin wt%) of the different phases in Alloy. 1

ID C Si Ti \Y Cr Fe Ni
Area 6.0 1.9 0.5 1.7 17.2 71.8 0.8
i 3.8 2.4 - 14 11.0 80.6 0.8
ii 10.0 0.1 - 6.9 55.7 26.9 0.4

4.2.4  X-ray diffraction XRD)

The XRD spectra wh the analysis are shown kigure43. Alloy 1 mainly consist of 4.6%
matrix and about 25% combined;® and M3Cs carbide.
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Figure43. XRD spectra oflloy 1 showing the analysis results of the representative phases.

425 Hardness

Rockwell hardness was performedAlfoy 1 and theesults are shown in Tabl&.I'he hardness
was measured six times on the sample and the average reattintated forthe allgy. The

hardness was lower ftine heat teated alloy of this composition.

Table15. Rockwell hardness results for Alloy 1

Alloy Rockwell C Hardness Average
Alloy 1 35,29,26,32, 33and30 31+2
HCWCI Spec - 625 HB (5560 HRC)[17]
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4.2.6  Abrasion and erosion &ar tesing

Wear testing of Alloy 1 was done as outlinedsaction 3.5 aboth 10° and 43 impact angles.
The test was conducted for 15 min for the two samateor the two angles and thresults
obtained for Aloy 1 areshownin Tables 16 and I7 and graphicallypresentedn Figures 44 and
45.

The results show that in both the abrasion and erosion wear tests; émgkhas slightly higher
wearratethanfor the 10 impactangle.The aveage material weight lo$som both anglesluring
erosion tests was lowut duringabrasionthe 45° angelgave higher material los§lore wear
was experienced frorthe abrasiontest thanthe erosiontest when analysing theverall wear
resultsfor this alloy,

Table16. Wear testing results summaryl{rasion)for Alloy 1.

Material Impact Abrasion Rate
Angle Weight loss (g) Weight loss rate(g/min)
45° 1.39 0.093
10° 0.79 0.053

Alloy

Alloy 1

Alloy 1 (abrasion)

0.1
0.09
. 0.08
R
g 0.07
=
~ 0.06
® 0.05 -
5
@ 0.04 T
5 0.03
<
0.02 -
0.01 -

10° 45°
Impact angle

Figure44: Abrasion wear chart showing the average wear results for Alloy
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Tablel7. Wear testing results summary (Erositar)Alloy 1

Material Impact Abrasion Rate
Alloy AngleIO Weight loss Weight lossrate
(@ (g/min)
45° 0.85 0.056
Alloy 1 0° = 0.0

Alloy 1 (erosion)

0.03 -

Abrasion rate (g/min)

0.02 -

0.01 -

10° 45°
Impact angle

Figure45: Erosionwear chart showing the average wear resultéfioy 1.

4.3Niobium Alloy
4.3.1 Chemical analysis

The averagehemical composition of Alloy & shown inTable 18. The measurecchemical
composition iswithin the intendechiobium additions. All the other elements were within the
expectedlloy levels although chromiumasat the minimum required compositiand carbon

is on the higher sidef the required levels
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Tablel8: The chemical compositiofin wt%) of Alloy 2 obtained using spectrometer

Alloy C Si Mn P S Cr Ni Nb
Targeted composition | 2.5-2.9 | 1.01.60 | 0.50.8 |0.023/0.033] 25.01 28.0 | 0.40 |0.3.35
Niobium alloy (Alloy 2) 2.8 1.52 0.75 ]0.0230.033 25.8 0.40 | 0.3

4.3.2 Property diagram from Therm@alc™ computer software

The chemical compositiofrom the spark emission spectroscopy were also used to plot the
property diagram for Alloy Z-igure46represents the property diagram of AllbyT his property
diagram shows that the A2z carbides started tform first from the liquid atémperaturesf
about 1303 and grew until12903 when FCC_A1 Austenite (9)) also started forming
instantaneouslyfrom the liquid. The growth in bothausteniteand MCz carbide was

instantaneouandthe austenitegrewsharply until the liquid phase was depleted

Although M;Cs was first to grow, wheaustenitestarted forming, it grew at a faster rate than the
M~Cs. The M7Cs occurredat about 27% of the matrix armisteniteat 73% at 1283 . As the
temperature drops below 1280 more of the MCs carbides continuw® growing from the
austenitehence theravas a steady increase in/{Uk and a decrease in thestenitgphase. That
continued until the temperature reagladout8023 , wheneutectoid reaction occurred, leaving
austenitdransformed to BCC_AR f e r r and the cértidde yrowth plateaud new carbide
phase started to forfrom the M;Cz during which a slight drop in MCzand an increase in ferrite
and was observed. The new phase Ma€, andM23Cs carbides, theyrecipitated steadily to
about 5.% and 1% respectivelyp room temperaturédt roomtemperature, Alloy2, consist of
about 30.80 M7Cs, 1%4% M23Cs, 5.7% MsC2 and &.9% ferrite.
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Figure46: Property diagrarfor Alloy 2 plotted from the actual composition showing the predicted
matrix and equilibrium phase formatiand their proposition and order of formation

4.3.3 Microscopy and etching response

Figure47 shows theopticalmicrograph and BSE imagef Alloy 2 afteretching in10% Ntal as

well as arSEMimage The microstructure shows carbides (white phases) ame#nkticmatrix

(dark phase)Figure 4 (a). The microstructure from SEM shows carbides (dark phases) and the
pearliticmatrix (white phase) with possible precipitates (dark d&igure 4 (b). Light clusters

were also observed on the edges of éhtecticcarbides \ich are possie precipitatesof

niobium carbideghisis in agreement with the observation by De Mati@l. [68].

SEM mappingrevealed the distribution of the main alloying elemeRigure 48 . Alloying
elements like chromiurand carboroccurin arears or regions were carbides are obseiael.
white colouredtlustersof niobiumrich precipitategcircled area) wrealsoobservedy De Melo

at al. [68], which they concluded tbe NbC.
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(@) (b)

Figure4T: (a) Opticalmicroscopyimageand(b) SEM (BSE) image for Alloy 2 showing the dendritic
matrix and the carbidesbserved

Figure48: SEM mapping image of the Alloy 2 showing the distribution of the elements within the alloy
matrix and carbides
Alloy 2 was also colour etched thitheetchantshownin Table5. Themicrographsof the colour
etched Alloy 2 showed the carbides (outlined or coloured) and the dendritic matrix with visible
precipitates (either coloured or white phase), each of the used etafiactisdReferenceAlloy
differently, Figure 49. The etchants used for each of therographsin Figure ® were (a)
Groesbeck, (b) Murakami, (c) ASP, (d) 10% APS and (e) 1%.@fesbeck only colour etched
the eutectic carbides yellow @mpossible dark precipitates were obser¢Egjure 49 (a))
Murakami coloured the eutectic carbides brownish yellow and the fine dark precipitates were
observed in the lighter matr{¥igure 49 (b)) ASP coloured the eutectic carbides brown as well
and thematrix being lighte{white) (Figure 49 (c)) APS and 1%Cr@outlined only the eutectic
carbides with black or dark boundaries andfiher precipitates in thenatrix (Figure 49 (d and

e)).
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