Uni versity of the Wity
School of Cheumgrcebl aBdgMe

WITS |

UNIVERSITY

§ 105=

Zaynab Adam Cader
(1408757

| nfl uence of Cr/ C Rati o on Co
Mi crostructur e, Mechani cal P
Perf or maneerrofmeHiCalst | r on

A dissertation submitted to the Fac
Environment in fulfil ment Mdsttere afeq
SciemcéMet al |l urgical Engineeri

Supervisor swv@®&moderd oMde amse
PMiod h@QBddunrin

Desm&ikKd enam

Jul2y025



Decl arati on

|l , Zaynab Adam Cader, hereby declare that th
The dissertation is submitted for the award
in the School of Chemical andfMdtheael IW rt gviad alr
Johannesburg, South Africa. This vwamlk ladhenmo
University.




Abstract

Hi ¢thr omi um cast irons (HCCls) are widely us
corrosion resistance, such as mining, petroc
of these alloys is primarily ceisctcatrdédd dley ftoh
size, shape, and distribution within the mioc

knowl edge gaps remain rddeer dCatfygCot hAedc bmht ned
mi crostructure evolsti owre,ar mgelsarmsitaalcepr apar
This study investhe aCada/sCot haen di rhfelaue nt ae adfme nt
characteristics of Cr24 HCCls, with a focus
corrosion performance. Three different compc¢

Ssubj ected ttuor arhi carnoasltyrsuics using scanning el e

di sperrsayvesplectrosceamy @EDS),acamadnX( XRD) . H
perfosmad VMickers and Brinell met hods, whi | ¢
pi-onidi i bomet er tests. Corrosi on resi stance

pol arisation testing in acdi.biwlaCGld) b MahdSeal k
(O. 5N\ OH) sol utions. The findings reveal t hat
uni formly distributed carbide networ k, whi |
interconnected carbides. Har dnes $9iard vwd airmer,
ut excessive carbide coarsenbody!l adr aei &din.g
treat ment i mproved fracture toughness but d
resistance, as expected. Yhbe tedat mertxcedassi
carbide precipitation, which depleted matri.
increasing corrosion suscelpnidodidgi om taggtrie

and aci dic sol utmaotirsi xatitnaacekrefdacear biadcecel er a

whereas alkaline environments | ed to select
di stribution i mproved corrosion resistance |
i nter conneesc tperdo coatrebd dmat er i al degradathen. TI
Cr/r@ti o, carbide morphol ogy, and heat treatr
bal ance between hardness, wear resi sadamges, t
provide valuable insights into microstructur
of HCCIls in industrial applications.

RR



Dedi cati ons
t he Ah htetbe oMo st t IBkoascdi avless,c i f ul

I s fdeditdayt e God,
di sseminated

I n

Thiwser k
be

mphwé@&ekt acoknawtelllg k.
through thvesdi Abkerthatoh d
pl easure and worship.
To mamily and ebrrotumevrasy.e rpirmg e wp g dirrto uggrhd ut
journey until the
My

end.
lsautpeer vi 3 0% i, aPVie@dwetdheer opportuni tpurtsaiegr ar
t hi saMSwel | as enhance my skills

I n microstr
CHMT SEM.
To smyper vi Mioc hBao®druodmidnf laimsvloy .have been unwaver
of support throughout the journe
To myfscerl fproving to myself that | an
Al'l of you are the reason | idi dheotdugattode
MSc .

RRR



Acknowl edgement s

TAIl | mycr, e at lown e rt hoefav e near & fthavy n e ra Itdhken o wl ierd g e
exi stence. gAldireypomg.steksv edayd hi ng fl ows from yc
the hardshpplkl|l édcmée ,t oough rempde agoeadnwerde mteh e |
when no. ohewssd pneyewer e allwtaywasviydu meho com
and dried my tear s |Iwhaeyrb @amiod oynoeu waess ptohnedreed .t oY.c
u

your pr &aseedMulyabyou are The Absolute trut

My lsaitpeer vi 3 ovWnPdeftl. Mkerowe ,you woul d be proud
donlea m®mwypervi sMirc,hakdofBbdakr iyro,u f or t he con
throughomt my wundergtrialdluatlee resmplrethi on of n
revi ews andexaomewnwtwhat el required for this
for pushing me beyond myowomtort heoma@maangyadi ke
of this work. Wor dgr atasf Tude gy a perinriR s & m,d o dv

Kl entamank you f ogruitdraeenctee ammdi ctahle val uabl e | e
throuDhurt icday grMwpwmeteitngrgwaul d have not bece

your g.uidance

To the staffDohaRdOcMahdl War ¥h @ nNit sual n®a Inlyeam g an
| appreciate all the efforts that went into
thi sWveohlut your assistanicecombli et &or K lhwear td
t o t het hset aMeft @fgung@ecahg School at ,t hBer alynnievre i
Nel wal &ompaméd/loailroef f orts ar da htitse weomtki rwea sr esaus

to begin with. Thank you f or esxptaecned ianngd gergaucief
t hat were pivotal to the entirety of this wo
A speci al AtEISRmNIEEByrout teo funding that went int

in this .dissertation

|l would I|Iike to extend my heartfelt thanks t
Advanced Materials Lab (NFAML) for t heir u
coll aborative spirit throughoutoumagemenste aha
been instrument al in every stage of my wor k.
proud to carry forward the | abds | egacy of i
an environment where i deasmél possshl and brea

R 2



To my TakeMaanganiNiReon daOt afBRami sayahiui ams,

anSimaAnekwe. Thwupokur ysaudvwiood, asdust agcehe cou
this MSc. A sPe@l afiemihaB&miyoay ¢ o iogassspi esntdii nngg
with experiments andfrghtewgnwgi mp wmer koamedst
standard. Words can never truly appreugceaéesst

|l a&amuly grateful for you.

Finally, AdhamkCHaden Gy amadt aewed, br ot hers Ras
Fareed Adam Cader. Thank you for hol ding m
whenever |l ahdyboastcengthnt prayer MagdAhd awi s he
repay ymawm ylfad kd

To everyone elveen whmo taes isantachd &€ srhearwtaiyo rwehb, |1t hr

you so much. May Al l ah return many fol ds



Research Contributi ol

Thiwor k dnsshbr tatiedinhtebpofndlIrli dwmi ng Journal Arti

f Nel wal ani , B. N. , van der Mer we , J ., Mu n
Kl enam, D. (2024) . On the influence of c
i ron: an assessment of mi c r dveatnruu catcu ruer i a
Revjlewll2

1T Cader, Z. A., Bamisaye, O. S., Kl enam, D.

(n.@pt)i.mi zing Hardness, ~Thugphneasn Caasnd | We.
Through @re/p& nRlaetnito Mi cr ¢ 8t Revti ewe Desi gn.

1T Cader, Z. A., Bamisaye, O. S., Kildedham, D.
Understanding Microstructur al Ef fects of
Nuetral, Acidic anhmn Rékiaéwne Solutions.

2 R



Table of Corntents

[ I o - U = O A O o o PP L.
N o T S SO = T o PP PPPPPPPPRY i
D =T I o= U P O o T o PRSP Lo
ACKNOWI € 0.0.86. M. Nt S e iV
Research Cont.i. DUl i 0nS . Vi
Li St 0 G Ui B S e X0
Li St 00 a b B S X Vi
Chapter 1: .L.nt.r.0du.Cl i 0 e 1
1. 1 BacCK. Qo Ol o 1
1.2 Probl em.St.at.emMe Nl e, 4
1.3 Resear.ch..QuU.es.t.l.OonS. e 6
1.4 Aims and..Ob . .e.Cl i V. 8.S e eeeeeenn ) 6
1.5 Resear ch.. Mot i VoAl b 0D e 7
1.6 Structur.e..of...Di.ss.er.t.at.i.ob. ... 9
Chapter 2: Lidt.er.at.ur.e. . ReVv.i .8 W ... 11
Y22 R T T O o T o I o Y o 0 PP 11
2.2 High Chrome Cast I ron (HCCIL.).....Colmpositi
2.3 Microstructural...Char.a.ct.er..s.t.i.cs..1lo4 HCCI
2.4 Solidification and .Co.ol.i.ng..Cur.v..elAnal ys
2.5 Influence of Cr/ C Ratio oun..t.he..MiOrostr
2.6 Theoretical Framewor k: Ther mo.d.y.n2a3ni ¢ an
2.7 Mechanical Properties, Weal....and3Zorros

2.7.1 Mechanical...Rr.aop.er.t.i.es..of.. . HCCI32
2.7.2 Wear Res..s.t.ance..of. . HCCl.S.... 37
2.7.3 Corrosion..Res..s.t.anc.e..of..HCCIl.s39
2.8 Recent Advancemeun.t.s..i.n..t.he.. . Studydf HCC

2.9 Effect of He at Treat ment and Service Co

2.10 Research Gaps and .Rat.i.onal.e..f.or54 he Cu

2. 11 Chapt.el SUMMaAL Y e 58
2. 12 R B BN G . S 59
Chapter 3: Mat er.i.al.s...a.nd..Met.hods........ 68

2 RR



3. [ o T o BT O VA = T S VA0 F < .Y ST 68

. 1 Mat dd @l S 69
1 e O - T~ 0 O O o o S 69
B . 2 ME N S 70
3.2.1 Sampl.e..Rr.eparfat. .0 . 70
3.2.3 Hardness..leSLli g e, 72
3. 2.4 Wear. . TeS t il e 72
3.2.5 Corr.a.s.i.0on. .. lesS.t b . .. 73
3.2.6 I mpact .T.o.ug.hness..Tes.t.i.ng.........Z44
3.2.7 Microstru<ctyr DI f.Amalcy.s..iaxn...a.n.d..72X5
S = P A - T o O o = = U PUPUPPPP 15
Chapter 4: The Effects of Cr/ C Ratio on the
..................................................................................................................................... {7
V7 S T N 0 T S o Yo N O o G O o 0 o F PRSPPI 77
4. 2 Rol e of Adol nopyoisnigt i Eol ne noenn..t.ksC.Cll.....S.amf@l7e s
4. 3 Prediction of Phas.e..Res.ul.t.s..us.i.n@g8 Thern
4. 4 Cooling Curves..of..t.he..HCCIl...Sa.mp.l8ls
4.5 Micr os tcrausctt uH GGIl....oS.a.MEL..e.5....iiiiiiiiiiiiien 83
4. 5.2 EDS -Rasul HECbh.f.SAmp.l.es.....iinnnes 85
4. 5.3 XRD -casul HECD.f.SAmp.l.e.Suiiiiiiiiiiiiinnnnn. 89
4. 6 Microst rTucetau reeds HICICLHSatmp.l..e.s................. 90
4. 6.1 EDS REsedatosdofCeEllabampl.es........ 93
4. 6.2 XRD RdsehtsdoHCBéasSampl.es...ML.crdostruc
4. 7 D SuCilS. S0 e 94
4. 7.1 Solidificatasotn HOdlest.i..c.s....o0.f...1.h%ed As
4. 7.2 Micro€asucHGECERS.Q.f . AS . iiiiiceeinnee 97
4. 7.3 High Chrome Cast | ron Samhgl g:e dMicdr a
............................................................................................................................ 100
4. 7.4 MicrosTraattad.eHQ@QGl. . Heal. ... 1.0 2
4. 8. C O Coli Sl et 105
T T < S N - o O o = 106
Chapter 5: The I nfluence of Cr/ C ratio on th
Hi gh Chr ome..Cas.t. . Ll 0N e 112
S A I 0 T S o T o I o300 S R o T o PSSR 112

2RRR



5. 2 HaOhdanreascsto é r-GAsss ti cHCCL....S.a.mp.l..e.S.ueee. 112

5. 3 HaOhdanreascsto ¢ r iH® teitactse d...S.a.mp.l..e.Sinnnnne. 114

5.4 Fracture Toughness Char.act.er.i.s.t.ildé of H
5.4.1 Charpy | mpcaacstt THQQLh.nSeasnsp.l.oefs..Asl 16

5.4.2 Charpy | mpalcrte altoaud.hhaemml. . d0.r..0d &t

5. 5 Di Sl l.S. S0 e 122
5.5.1 Hardness -Casatr aaheeisad.cHCOIfs.A22
5.5.2 Fractur-éaSoughnesdsat.f.HBGI. s........ 125

5.6 CO NGl S et 128

o A R T A = TN o R o = S ST PSP U R U PPUPRTR 128

ChaptE&mhe6lnfluence of Microstructural Const

Hi gh Chrome..Cas.t. . . llhQh.S e 132

6. 1 I Nnth . 0.0 U Colid 0. s 132

6.2 Wear Re€ast aHCEIL 8l ... As....iin, 133

6.2.1 Coefficient edfCCHr iScatnipd.re.sB.e.h.axid38ur of
6.2.2 Wear ParameterscaandHGOEhRB.SKRmpkEa&BAof t h
6. 2.3 Wear Mechanism Du-Casy BrghSChdomg W®Wa.

S A M P L B S s 136

6.2.4 Surface Topograpfpsof ade diadr HECH f a

S A M P L B S e et 139

6.2.5 Wear Balls Af€Cast DHEZCSIl.Sdmpg.d¥Wear of

6.2.6 EDS Anal ysi €£asft Werl.... TSraancpkl.se.sflairl As
6.3 Wear ResTrsdatned.. MEClHe.al .. 143

1 Coefficiehneatfedr HC.EIl..a%a.mp.l.dst 48
.2 Wear Paramet er sTraenadt eMe aH CRla.t. Xaeinfolf e ¢ h
.3 Wear Mechani sm Du+iCiCd DBDraynplleigdi7rng We

3
3
3
. 3.4 Surface TopograpRpsof aide dladr HECH f a
P L B S e 151

3

3

.5 Wear Balls AffastDHECSIl.Sdmpgd®vedar of
.6 EDS Analysis-TokeaWear HTCICA.c.l8a.mihdrd sHe a't
G S D I S U o U S~ T R 1 o PRSPPI 156
6.4.1 Coeffici-€Eastob-mHedead.oHCOL.s.A4.56
6. 4. 2 Wear oP eCAsbsotr naamndceedl e a d....H.C.C.l.s........1 6 0
6. 5 CO Nl S 0 169

R+



G G T T PO = O = I o= S 169

Chapter 7: The I nfluence of Microstructur al

Hi gh Chr ome..Cas.t. . . llhQh.S e 174

72t R N T SO o o I o o 15 P 174

7.2 Corrosi onCaBsth alWG @lug iod A.sh...wt...%.1lNaACI So
7.2.1 OCP Bemasuvi HLClof iAas 3. .5...wt...%. . NaL| Sol
7.2.2 Potentiodynami c-CRaeltaHICLatsi om Be lbha wito
S O | Ut 0 e —————————————— 175
7.2.3 Surface-CMeritp HCLCICd gy Adft eAs Exposure in
............................................................................................................................ 176

7.3 Corrosi onCaBsth alWG@ @lugy iof QAsLM..Na.QH.7S0ol ut i
7. 1 OCP Behmasuwwi HLCClof iAs 0...5M..NaOHLBDI ut i c
7.3.2 Potentiodynami c-CRaeltaHICLdatsi om Be badv IN@
T o T U T S o T o U UUPPPTSRUSRPPPPN 178
7.3.3 Surface-CdMeritp HLCICd gy Adft eAs Exposure in
............................................................................................................................ 180

7.4 Corrosi onCasth alhGC @lugS Q& | 0A.$.5.M..0H.......... 1.81
7. OCP Be&hmasuvwi HLICl 6 Q%us | Qu.t.5.M.0nH........... 1.81
7.4.2 Potentiodynamic-CReltaHICLatss@m Be I5adMv iHo
S o T T S o 15 S PPPPPRPRRTRPRPN 182
7.4.3 Surface-CMertp HLICAd g6 @86 10A.5i..dvh...H1 8 3

7.5 Corrosi on -TBechaatveido HC Colfs Hena t3...5..wlt8 2% Na C|
7. OCP Behawiadted ®HICCHsat n .3..5..wLl8% NacCl
7. .2 Potentiodynamic -PokeatedaHCGhsBeha@di b
o T U T S o T o U UPPPPTSRR SRR 186
7.5.3 Surface VMoephedo#igCbs KHéaer Exposure
T o T U T S o T o U UPPPRTRR SRR 188

7. Corrosi on -TBechaatveido uHC Col fs Hena.t0...5 M..IN8aOH Sol
7.6.1 OCP Beflaeiated #HICCHsai n ..0..5.M..N&@8OH Sol
7.6.2 Potentiodynamic PolarisationlBé&havio
7.6.3 Surface Morphology of HCClLs...ABRer Ex

7.7 Corrosi on -TBeechaat veido uHC ColS & StbehautD..i..&.n. ML H4
7.7.1 OCP Beiflflaeiated t6ICCH&®HSD hu.0.L.6n.M1 8B4
7.7.2 Potentiodynamic -PokatedaHCGB@BehaOib
S O | Uit 00— 195



7.7.3 Surface Morphol ogy o0B5Q@8cCICLisL.ARTTer EX

A S T I = U oo U~ ~ T Y o PP PPPPPPPPRRN 198
7.8.1 Comparison BetweenCddte Lodagdsatbon Beh
HCCIl s in Chl.r..de..Sal.ut.i.on.. ... 198

7.8.2 Comparison BetweenCddte Lodagdsatbon Beh
HCCls in O0.5M Sodi.um..Hy.dr.ox.i.de..Sol.2@0Ron

7.8.3 Comparison BetweenCddte Loodagdsatbon Beh

HCCIl s in Aci.di.C.. SOl .t .0 i, 204
RS I O o T o W o U U R0 T o T o IO 208
R T O T = O YN O =Y G < Y 0 T o = N - J RSP UPRTR 208

Chapter 8: Conclusi ons..and.. . Recommend2tilons

8. 1 CON.ClilU S0l S 212

8.2 Recommendal . l.O.S. rieeeeeeenees 214
Appendi x A: |l maged Analysis of-CaanbiHLC&lVol um
S T 1 1 I O = S PP PPPPPPPP PP 217
Appendi x B: Wear Ball s...Af.t.e.r....Dr.y..SlLi.Ri1lBg Wea
Appendix C: Microstructure of HCCIl...S2mhpl es A



Li st of Figures

Figure 2.1: Typical SEM i mage contlracutiindge oen
= T O O 0 0 0 SO EPRRSPPP 18
Figure 2.2: Simplif..ed..t.y.pil.cal..phas.e.2d5 agranmn
Figure 2.3 A typical cawst..i..on..s.0l.i.d2®icat.
Figure 2.4: Typical wea.r..mechani.sms..ft3&8nd in
Figure 2.5 Characteristic fracture surfaces:c
(O = T I o o TP PPPPPPPPPPPP 35
Figur@ax.a6bcit eri stic surfaces after corrosion
NaOH (a) & bQ. 2ad HI Il uAzi at ed .ay..Abd.2RI15) .

///////

Fi gulrAd 12y Design and T.estéiereg éRRrécccets e é68¢

Figu édi §h chr ome..c.a.s.t.....i.r.o.n..i.n.g.ot.s....... 70
Fi guxki 8h chr ome c.as.t...i.r.on..i.n.go0.t.S........ 71
Figuk(ea)3 The standard Charpy i mpact test sam
(Barbosa et palotogkaphe O0b)the test sampl es ¢
and t he me cChaaniipmypna otf ttéhset ( Char py..l.mpagst Tes

FigurkRr eddilct ed pha.s.e..di.agr.am.f.aor..Rl.... 79
FigurkRr eddi2ct ed pha.s.e..di.agr.am.f.aor..R2.... 79
Fi gurkRr eddi3ct ed pha.s.e..di.a.g.r.am..f.or..R2.... 80

Figur@oadl.idgng curve showi ng..c.0al.i.ng.b.e82aviour

Figur@oadl.ibng Curve showing..c.o.q.l.ng..bhe8aviour

Figur@oadl.ib6ng Curve showing..c.o.qal.i.ng..bhe8aviour

Figur®EM.i7Tmage showing the microstructure of
the matrix, dar k..phas.e..l.s..t.he..c.ar.b.i.d.e&5

Fi gur®EM .S8B8pot analysis for the matrix of P1(

spectrum for the anal.ys..s..RLl(.b). ... .R2.(.d36 and P
Fi gur®EM .s9pot analysis for the carbides of P:
spectrum for the anal.ys.i.s..Rl(Db)...R2(.d98 and P
Figur XRD. pa@tterns PDR(dordnnEec)P 1l jit,racfateme nMte.a

.................................................................................................................................... 89
Figur eSSEM llmages of mi c rt a setart urcetnu r efso ra fR lehrt (hae
[ T o T P o PP PPPPRR 92

+RR



Figur eSEM l2nages showing precipitates in the

ST 0T O 1 PO RPPP PR 93
Figur&D&. 2a23:1i mage of spot analysis done of ¢
.................................................................................................................................... 914

FigurfFer éguency di st-cadtuts amp lpéd..t.R1..0tf.01aRB
Figure 5. 2:Vickerxashasampd.esr.€du.lt.tos.PiBdr as
FigurFerégwBency distributi on..p.l.ot.s..0of..1slébmpl es
Fi gurBer ibn etl: | bul Kk h-aasneatsrderaetecadt tssa nopfll @a8s P 1 t
Figur@hebr.py I mpact test average values for s
L <= T P 010 = TP 117
FigurSt éer.eéami croscogiacti maged escf aP2 eas Char py
view, b) angl ed..v.i.ew,...c)...t.op..v.i.ew.......1 18
Figbr&tereomiicmaged po&stP3sampl es after Charp
side view, b) ang.l.ed..v.i.ew.,...c.)...t.o.p..v.i.d&.9
FigurSt éer.eBomi croscopic i mages of Plht sampl e:
b) angled Vi.eW.,..Cl. . 1.0.pP. Vol Wi 120
FigurSt éear.é9ocami croscopi c i mages of P2ht sampl e:
b) angled viieWw,. . ..Cl. o0 P Vol Wi 121
Figur&St®rk®@mi croscopi c 1 mages of P3ht sampl
view, b) angl ed..v.i.ew,...c)...t.op..v.i.ew......122
Figur@oeéf fliici ent of fcasti sampledhavPbut ooP3ac
1L T T PP P UPPPPPPURRPIR 133
Figur®Bhe .®enetration depth versus width of t

wear fa@rasttheaanpt eeaved baempl.es..Pl..1.01P3.

Fi gurWea6r. 3rrat ecasendampt.eas.Pl..t.o..R3... 136

Figur®EM.i4dmages of wear tracks for Pl(a), Pz
BSE i maging and P1l(b), P2(b) and..R3.(4aB7at 10
Figur®@EM.5mages of wear tracks for P1l(a), P
BSE i maging and P1(b), P2(d) and..R3(4B9%at 50

Fi gurSuref.a6ce topography of the wear surfaces
1L T TR PP UPPPPPPURPY 140
FigureD®%.4&d) i mage of area analysis done of

anal ys i du0 Pl 142

+RRR



Fi gur®EM .i8Bmages a) and b) showing the select
respectively. The corresponding EDS spectra
the anal y.s.e.d . .0l .S e 143
Figur@oef. fOi:ci ent of f rtircetaitoend bseahnapvlieosu rP 1lohft hte
ST I T o o O B VA= - U PO 144

Fi gur eCOG. 1IpO0:ot s -tfroerattehde ph ecettss ta ncdo utnhteeirrpaa g s
ST I o I T o o N VA - T PP PP PPPPPPPPPPN 145
Figur&€oeftitlcient of foaasttivamhplecah gldeoatamprl e a ¢
P3ht during .Jdr.y..s.l..di.n.g.. Wea. ... 146
Figore2:r aNeart rr-eangdts abrfrde aldeecadt s a mp.l.e.s....PL14 7t o P 3
Figur S8E®. 1mages of wear track for Plht(a), P
in BSE i maging an®3IPtl hdtti( bl)0, 0 xP 2nhat g(ndi ) f .i.dcda® i on
Fi g@ur®24:i nbagks of wear tracks 5000rx Frahgtn(iaf)i,c aPt2
in BSE i magiRPR3dhtardBPthdbpb00x magni flé&ati on
Figur 8uBfabe topography -odst heamwelaegs shRifa)x.es
and -thremated samMPphetPBDOLFEO.). ., ooieee 153
Figur €D&G. Bg: i mage of area analysis done of
anal ysis for..sampl.e. .. RLht ... 155
Figure 6.17: SEM i mages a) and b) showing tl
P3ht, respectively. The corresponding EDS sp

of the anal.y.s.ed. . r.e0.0.0.0.S e 156
Figur@CH .clurwasbfH@€l alloys in..3..5.wlt75% NaC
Figor2: Potemal adiysnatmi @nc acsutr vHeGC losf atlhleo yass i n
ST o N T T S Y 1 176
Fi gurBSBE®B:i mageasstofPlas(a) P2 (b)) and P3 (c)
in 3.5 wt. %.NaCl..s.0l Ul il 0D e, 177
Figor4: coOCPesast &H#HECCI all oys i.n..0..5.¥M78a0H s
FigurkRotremtti odynamic pol-aassatHC&€h alutwvgs oh
ST o N T T S Y 1 179
Figuor@BSSEM i mages of surftasée mar ol #Qy (b)) a
el ectrochemical t est.l.ng..i.n..Q0.5. .M. NaQBH84dol ut i

Figur@CH .c/flurweastofHC&Ld s i n O0..5..M.H2S04820l uti

+R2



Figuar 8: Potepoli adiysami eanc autr vid€Clofaltlhey asi n

ST o L U O S O o J0 PSPPSR 183
Fi gurRSBEM:i mages of surfacée mar ol @y (b)) a
el ectrochemical t est.i.ng..i.n..0.5. .M. .NaQBH8dol ut i
Figur@p2nlircuit poteenbitaeld HCCVesiof 3hé&atwt
................................................................................................................................... 186
Figurd@hé. pbtentiodynamic polraentedt HCCl culBv &g
ST o I T T S 1 o PSP 187
FigureBSBEHBEM: i maged r eadt endeaaP2h®htht c) b)P3ht a
el ectrochem c3aiNaiCwetsys oM. gt.i..0.N i, 1.89
Figor®3:cuOGRstoéahedt HCCl s i n..0..5M.NEDOH sol L
Figuré@heé. pdtenti odynamic pbteaeatedtHGGI surnmeB
ST o N U 0 O O o 0 OSSO 192
Figur SEM. 1 5na g etsr eoaft ehde al ht ( a) , P2ht (b) and
testing in O0.5..M.NaOH..s.ol.ut.i.o0......193
Figur ©OCP. db:rleeaated HCGS @s dlnu.tli..cbn..M...H. ... 194
Figudré&7:poTreemti odynamic pol atreatednHECCIrs8ges$n
[ S T PSS PEUROUPPPSRPR 196
FigureBSAHEM: i maged reodt ehdeaPlht (a), P2ht (b
el ectrochemical testi.ng..i.n..0.5.M.H2S5088so0l ut

¥ 2



Li st of Tabl es

Tab3.el: Compogihtei amr ee..c.a.s.t..i.r.on..bhat.ches
Tabl eTe3t2ing par amet er.s..f.or... .Br.i.nel.l..L.e7s2t i ng

Tabl i-bd3 sk wear t es.t.i.n.g..p.ar.amet.er.s...73

FigurkRr eddilct ed pha.s.e..di.agr.am.f.aor..Rl.... 79
Fi gurkRr eddi2ct ed pha.s.e..di.a.g.r.am..f.or..R2.... 79
Fi gurkRr eddi3ct ed pha.s.e..di.a.g.r.am..f.or..R2.... 80

Figur@oadl.idng curve showi ng..c.oal.i.ng...be823aviour

Figur@oal.i5Sng Curve showing..c.o.ql..ng..bhe8aviour

Figur@ooadl.ibng Curve showi ng..c.0.a.l..ng..be83daviour

Figur®EM.i7Tmage showing the microstructure of
the matri x, dar k...p.h.as.e..l.s...t.he..c.ar.b.i.d.e&5

Fi gur®EM .S8pot analysis for the matrix of P1(

spectrum for the anal.ys..s..Rl(b)...R2(.d36 and P
Fi gur®EM .sO9pot analysis for the carbides of P:
spectrum for the anal.y.s..s..Rl(b)...RP2(.d38 and P
Fi gur eXRD. 1pla:t tsearmmpsl effqrR®2 ( a andaas3dt (and- after
L A = B P 2 0 =0 O TP 89

Figur eSSEM llmages of mi ¢ rt a setart urcetnur efso ra fR lehrt ( hae

B T O o 3 P EPR RSP 92
Figur eSEM l2nages showing precipitates in the
ST O O T PRSP RPPRPSPRRPN 93
Figur&D&. 2a3:1i mage of spot analysis done of ¢
.................................................................................................................................... 94

Tabi.el: Chmpapy test average values for sampl

LS S = > R SR 0 T o PP 1.17
Tabl éOrg. !l i di ng we&mrsp a ratarde dahtegadt...d.aamp. /a8 < .

Tabl efrhe. il ectrochemi cadstpaH@led eirs DITWth® MNa
Tabl erh®e. 2l ectrochemi cadstpaH@let &Irlso.yod 8D e0 a%
Tab7l.e3:elTehcet r ochemi cal-caatr am€@Clk r a LSoAsyd huign a@..5



Tabl.ed: El ecparmnametme rc satl rod a ttehde HCeCat al | oys i r

ST o T U O O o T o TP 1.87
Tab7l.e5: EI| ecptarroacnheetneircsarlefat ele HICE€at al |l oys i n O
................................................................................................................................... 192

Tab7l.e6: EI| ecptarroacnheetneircdari @fattelle HICE€&HQs all ud 9 D ni. n

+ 2 RR



Chapter 1: | nt roduct

1.1 Background
I n the mining, mi ner al processing, and petr

routinely exposed to highly aggressive envi

|l oadi ng, and corrosive chemical taposenad. t
premature equipment failure, resulting in in
and associ atYad gs &Ff d.ti yHerRidsdbikdy u(m whi te cast ir
commonly employed in such hasprpdn ecsast,i owesa rd uree st

cosetf ect (Nggase &sPan, 2020) The performance of t hes
influenced by their microstructur al characte
of hard chromium carbides embedded within th
affectingutchearmi cgrsostaebohr 6@r 0@®) ratio, whioc
in determining the nature and morphol ogy o
subsequentn{(Buwathl,2021e aDtensep i t e t he significance

effect on microstructure and resulting mecha

particularly in relation to the specific en\
sectbis. sTudy therefore aims to investigat e
mi crostructur al evolution and mechanical p €
optimising alloy compositions for i mproved
experienced in South African industry.

High chromium white cast irorsre a speciaded type of cast iron containing chromium as

the primary alloying elemenithetypical composition ranges from-BDwt.% Cr, 1.86 wt.%

C, and up to 5t.% Mo, along with trace amounts of copper, nickel, manganese, silicon, and
vanadium QrtegaCubillos et al., 2015)The HCCls are an important class of weasistant
materials used in industries like mining, mineral processing, cement manufacturing, and pulp
and papeindustries where stable performance in harsh environments is criMigjase &

Pan, 2020). These cast irons can exhibit hypoeutectic, eutectic, or hypereutectic compositions
depending on their carbon content. Hypoeutectic composittdhstypica carbon range of

1.8 wt.%3.6 wt.% are often preferred for standard foundry applications due to their
favourableproperties, as they typically have a more controlled solidification process that

results in a desirable microstructure balancing hardness, toughness, and wear resistance



(Guitar et al., 2018)rhe mechanical properties of high chrome white cast irons are influenced
by several factors, including the Cr/C ratio, solidification rate, and the presence of alloying
elements like Mo, Mn, Cu, and N¥ang et al. 2014). Adjusting these parameters allows
tailoring the characteristicef the materialfor specific applications. Additionally, other

carbideforming elements can be added to the altotarget desired properties.

The ascast microstructure of HCCI typically consisisa network of eutectic hard @z or
M darbides within an austenitic matrix developed through aegpmiibrium process of

solidificationdue toso | ut e enr i chaeamednwihtbeedywidaatom equi | i bri
compogqiPteildn zzari-Craplet .Bglghe®Wrdmi um cast
exhibit hypoeutecti c, eutecti c, or hypereut
content. Hypoeutectic compositions are often

t o fheouwuprracbplderyaings & L e Themi@lcdntpgsition and cooling rate
determine the type of alloy and final microstructure. Cooling curves are used to trace the
transformation of the material as it solidifi@gile the phase diagram of the material shows

us the different types of microstructar@nd phase transformations at the different cooling
stages.This analysis is essential in understanding how processing conditions interact with
composition, particularly the Cr/C ratio, to influence carbide nucleation gaodith.

Solidification of hypoeutectic HCClsegins with the formation of primary austenite dendrites

as the melt cools down from the liquidus temperafuteor a & Di - szeqgi , 201:
al ., . A3 th& emperature decreases further, the remaining liquid undergoes eutectic
transformation, forming a mixture of austenite and chrommiumc h M C car bi des.

phase structure is critical for achieving the desired balance of mechanical prdpetties
final casting (Yang& L e i ,. Pr@@r dhtyol of the cooling rate and alloy composition
during the solidification process is crucial to refine the microstructure and sptthme

performance characteristics of the cast iron.

High chrome cast iron iprimarily subjected to abrasive wear, but it can also experience
erosive and impact wealepending on the application. The high wear resistance of HCCls
primarily arises from the formation of hard chromium carbides of typ€sMn the
microstructure, which significantly increases their ability to withstand abrasiverasive
wear (Cuiet al., 2016) The typical MCs carbidesn HCCI have an extremely high hardness
range of 150.800HV, which contributes to the overall hardness along with the reasonably

hard austeniticna t r i et a, Eon5 Guitar et al., 2018)he presence of these carbides



in the austenite matrix creates a compeldiee material where the carbides act as a barrier to
wear,which functionally prevents the matrix from being easily abra@bd.wear resistance

of HCCIsis influenced by the volume fractiosize,and distribution of the carbides. A greater
carbide volume increases the overall wear resistance ohltbg (Guo et al., 2021)
Additionally, finer carbides are more effective at resistivear,as they distribute the hard

phase more evenly in the matrix. This effectively leads to a more consistent wear, pattern
preventing the initiation and propagatiorf ¢ r a @tkals, 200 5Qoass carbides, while

hard, can create stress concentrations that may lead to premature failure of the material under
certain conditions (Gadhikat al., 2014) The wear characteristics of the alloy may also be
manipulated by applying additional heat treatment procedures. The hardness and toughness
of the alloy can be altered through processes such as quenchirtgngmering, which
ultimately impacts thenaterial'sresistancéo wear (Guitaet al., 2018)

The primary objectives of heat treatment in HCCls are to improve hardness, wear resistance,
and toughness, which are essential for their performance in their respgemanding
applications(Chen et al., 2022)Austengation, which is often accomplished by heating the
material to destabilising temperatures (950°C to 1050°C), is the first step in theeasaéent
process (Herring2007; Clarke, 2014)Tempering is then carried out sbcriticalor low
temperaturesf about250°C to 750°CGMa et al., 2012; Xu et al., 2018teel and other similar
materials can have their mechanical qualities improved by this process. The material is quickly
cooled during quenching, usually generating a martensitic structure that makes the material
harder but also more brittl&o counteract this, tempering is used to increase toughness and
ductility and decrease brittleness, all of which are essential for achieving the required qualities
for a variety of applicatonShvei kin et al ., 2022; Tehpeangh e b an
is essential for producing the best mechanical qualities appropriate for a range of industrial
applications by lowering brittleness while increasing toughness datility. Hardness
significantly decreases when the tempering temperature rises above 550°C, which is an
important consideration for HCCIs for particular us@&bus, improving the mechanical
gualities required for higperformance applications is dependent on the heat treatment

procedure of HCCIs, with considerations of the tempeaengperatures.

High chrome cast irong@used in a variety ofdustriesas previouslymentionedwhich all
introduce a different set of variables that affect the way the material behaves in various ways.

This introduces a complexity when it comeg&mowingexactly how to customise the material

@)



for the respective uses. The Cr/C ratio influences the microstructure ofateeial, which
ultimately affects the way the material will behavethese environmentd.his means that
multiple types of HCCIs need to be developed to suit the differemtonmentssuch as acidic,
basic,and alkaline, andto wear environmentghat require certain levels of hardness and
toughnesgjualities. This research is aimed at studying the effects of the Cr/C content on the
microstructure ohypoeutectiddHCClIs and how the microstructure influences the mechanical
properties such as the hardness, toughmess;, and corrosionThe goal of this study is to
examine how the properties of theterialimpact the mechanical properties of the finished

material byvaryingits compositonAd di t i onal l'y, this study wil/
heat treatment techniqgue may i mprove the fin
and corrosion resistance of the material. TI

mai nlemwhtaoace the proper tciasssh nali 1t e & dilye pdmargvre viem ,
focus will be on the optimisation of the Cr/C ratio suit conditions they arpopularly

subjecedto in local industry,

1.P2r obSteamt e me nt

Hi e¢thr omi um cast irons (HCCIls) are widely use
resistance, and corrosion resistance, such
marine envir eAumentest (aAbd BRIO1@:m)r.geTlye det@mrop e
the microstructure, which consists of a matr
M C M c , and M C |, each forming based o
conditiodacuBedel led ali o 290&)cr iTthiec &€Ir / fCac b
carbide formati on, shape, si ze, and disper s
hardness, wear performance, and corrosion r e

t he mechani sm yr asthiioc hi ntfhleueCrces mi crostruct L

materi al performance remains i nadequately
mechanism is essential for optimising alloy
achi evdetsh combination of hardness, wear re
mi crostructur al perspective.

The Cr/ C ratio directly affects carbide type

variations in mechanical and environment al «
vol ume, which enhances har ddnse stso acnoda rwseearr, rienst
carbides, making the material more brittle a
a higher Cr/C ratio results in fewer but fin

n



resi stance (Wang et al ., 2018).r dheryxamppe ,an
elongatedde cadbi des enhance wear resistance
evenly dispersed carbides i mprove the balan
2018). Additionally, t h e bne hcarvar boelrrig gt eir ec a mis il

fractions reduce t he reacti ve sur f ace ar ea

interconnected camrlkiddes osiamn a<itt eass, |aocccaellier
aggressive environments (Gong et al., 2023).
mi crostructur al features and their effects
HCCl s for industrial use

Despite this, existing research often isol at
considering their combined influence throug
bet wereen ICattiCo and cooling rate during solidi
though solidification kinetics play a cruci a
segregation patterns (Panichkin et &éds, 20
i mproving toughness, swhaltbi déswepo coaltseg, al
(Panichkin et al ., 2023) . Hdwe vCait/ iCoh@awdt te® 0
conditions shape the final miecntagisntsk e@at urlei @in
the ability to predict awvod |daptaipmpilse adlilomys . b«
further complicates this relationship by mc
secondary car bi de precipumatrom that maani xd,
passi vactoironosanodh resistance (Zhang et al ., 21
howhe rCat/iCo, cooling rates, and heat treat me
and stability presents a major challenge in
I n South Africa, HCCls are widely wused in mi
components such as mil|l l' i ners, crusher ham
withstand abriamspact weaorrgeshi ghhnd c20X®)s.i vVEhe
industry requires all oys that can preirdhor m
conditions while maintaining structur al int e

i mproper Cr/ C ratio selectiah bDéatkurd eadssu

mai ntenance <cost s, equi pment breakdowns, an
durability, and service |ife, ulti mately dec
essenti al to devsetlroapt egry alhladcy ogpesimgrses t he
mi crostructur al effects. Despite the <critic



perfor mance

i's frequently compromised due tc

ratio affects microstructur al evolution, | ea
research often isolates t he arddlress safn gc htrhoemiru
influence on carbide formation, a key factol
shape, which in turn governs corrosion resi

processing

conditiaomdg.s Thies albddk tgf tol areisti yg

durability and performance demands of South
Cr/ C ratio influencedi sctarridbliaiteihoonmor phbsody ant
mechani cal and corrosion behaviour, i ndustr
applications, improving materi al perfor mance
This research primarily aims to investigate
mi crostructur al evolution, har dn ehsysp,0 ewetaerc the
HCCIl s icnagthecamsdi ti on. The study focuses on
the formati on, si ze, shape, nmantdandi shaoaw btult ¢ ®
mi crostructur al features affect the perforr
treatments are appliedovemenwnabuane mekbcbtane cat
properties cdmé bediarcghs ewe O controfbutaé!l oy
composition, cooling conditions, and heat tr
the best possible balance of hardness, wear
applications.

1 RBese®uebtions

. How does the Cr/C ratio affect the microstructure of HCClIs?

. How does the Cr/C ratio affect the hardness and fracture toughness of HCCls?

1
2
3. How does the resulting microstructure affectwrear resistance of HC&2
4

. How does the resulting microstructure affect the corrosion resistance of the HCClIs?

1 M san@bj ecti ves

The aim of the research is to study the influence of Cr/C ratio on the microsfuctur

mechanicglwear,and corrosiomproperties ohypoeutectidHCCls.

The objectivesre:

1. To determine the effects of Cr/C ratio on the solidification behaviour and resulting

microstructural constituents of hypoeutectic HCCls, using computational analysis of

cooling curves and experimental characterisation through scanning electron

>



microscopy (SEM)with energy dispersivepectroscopy (EDSand xray diffraction
(XRD).

2. To evaluate the influence of Cr/C ratio on the hardness and fracture toughness of
hypoeutectic HCCls, using standard mechanical testing methods sWatkes and
Brinell hardness testing and Charpy impact testing.

3. To assess how Cr/C ratinduced microstructural variations affect the wear of
hypoeutectiddHCClsby conducting piron-discweartests.

4. To assess how the Cr/C ratrmluced microstructural variations affect the corrosion
performance of hypoeutecttdCCls by conducting electrochemical corrosion testing

under simulated South African industrial conditions.

1 FPresedMoctchvation

The South Africamationaleconomy is largely reliant oits mining and manufacturings

critical contributorsThe country is amongst the largest contributors of minerals such as gold,
platinum,and iron oran the world (MulabaBaf ubi andi & Singh, 2018;
Esau et .High chrom&das? iBoihs are used in arded require materials with high

abrasion resistance and highly corrosive areas becatis@roéputable hardness and desirable
corrosion resistanceligh chrome cast irorerealsorelatively affordable for a wide variety of
usesrenderinghempivotalin theconstruction otheearthmining, petrochemicaland milling
industries.The optimisation of the alloys is thus critical to enghia the equipment in these
applications cawithstandharsh environments for longer periods withitne needor frequent

repairs anchdditional maintenanasoss.

In mining, these environments typically simulate abrasive slurries with quartz partides in

pH mine water contai ni (¢Iasdeleyatedtampesatules whilg ) |,

in petrochemical applications, equipment is exposed to chladbesolutions saturated with
carbon dioxi de gulgh@le()H aSn)d ghaysderso gaetn hi gh t empe
replicating sour service conditions in refineries and chemical pladiut i | eni . et al
Additionally, highly alkaline environments such as those found in gold tailings neutralised with

I i me (Ca( OH) ) or caustic cleaning oper at.i
petrochemical refineries are also prevalent, exposing materials to pH leves Eband

creating aggressive corrosion conditions that demand equally robust alloy performance

( Muti mut e ma. Geven theslwide rangeOof cdryosive and abrasive conditions, the
performance of high chrome cast irons (HCCIs) must be carefully matched to the specific

environments in which they are applied. However, in addition to corrosion, equipment in these

T



sectors is also subject to extreme mechanical demands such as impact and abrasive wear, which

further complicates material selection and highlights the need for tailored alloy solutions.

The difficulty with HCCIs is that they are sought for great abrasion and wear resistance, yet
there is little custonsation for each of the various settingswhich theyare used Because
HCCls are used in a variety of industries, each with its own set of conditions and elements that
influence the mechanisof failuresin the materigltailoring is critical to the optimisation of

alloy utilisation. This can be achieved by applying minor modifications in the composition of
the alloys, resulting in enormous differences that can be cusstriar the diverse situations

The mechanical properties of the alloy dreectly related to the microstructure, particularly

the typeand distribution of carbides as well as greperties of the matrixthere isa needo
understanchow the composition affecsach ofthe propertieof the alloy, particularly the
microstructureand how itdeaturesaffect the finaimaterial'antegrity. Studyinghow the Cr/C
ratiowould be the first step towards optimising the altoysuit the locamining conditionsn

South Africa

Additionally, components in mining and mineral processing are subjected to high levels of
impact loads and abrasive wear. While fracture toughness afifieatapacityof HCCls to
endure mechanical shocks without cracking, hardisessrucial factor in the ability ¢CCI
resistance tavear.The optimal Cr/C ratio can improve mechanical properties such as hardness
and impact toughness. For instance, a combination oft24 C and 18w:t.% Cr, followed by
specific heat treatments, results in high hardness of 62 HRGoaadmpact toughness of 8.2
J/icm?2 as demonstratedyliGong et al. (2017)ln addition Liu et al. (2025)report that the
optimal Cr/Cratios,which arein the range of 8 to 11, provide the best abrasion resistance in
high chromium white cast irofhis is especially important in dedégvel mining activities in
South Africa, where components are exposed to abrasive and impact conditions. By lowering
maintenance expenses and downtime, ogigithe Cr/C ratio for both attributes can increase
operational effectivenesg-urthermore, the enhanced wear and corrosion resistance of
optimisedhypoeutecti¢iCCls is essential for industries like petrochemicals, whaehmery

is subjected to both high temperatures and chemically harsh media.

Furthermore, in South African the petrochemical industriesyherecompanies like SASOL
andother refineries play an important role in the energy and chemical processing inidhastry
reliability and durability of processing equipmeare crucial factos to the efficiency of the

plants.Equipment in these harsh environments is prone to failure by weaoandionwhich

Y



leads tofrequent downtimgsafetyissuesand environmental hazardSuo et al. (2021and

Yan gL i(&2 0 éniphasise on howhe wear resistance of high chrome cast iron is directly
affected by the Cr/C ratio. Higher carbon content generally increases wear resistance due to the
formation of more and larger carbides, which are harder and weaeresistant;however,
excessive carbon can lead to brittleness and reduced itopgtiness (Guet al., 2021)By

finding the critical Cr/C ratiqg enabling the beshypoeutecticHCCIs characteristic of the
customwear and corrosion propertigs the localenvironment pH andxperienceac¢hemical
reactionsthis would significantly increase the performance of the equipment and service life.

Despite the VwiypeosepHt@Cddsi wcisre tofese demanding e
studies have focused on the specific influen
and performance, particularly in hypoeutect.i
of the e@nxitautrieng nilvietse i gates the roles of chroc
fully examining how their combined ratio af/
di stribution. Al t hough several studies have
stability and mechadacociahder epe@uhielsl2dsBeedto Oa lta
Stachowi ak etAzilz ,et20all5.;, AbMlead), and ot hers

es on carbide distributtiahn. (Z2&@ah9y,; eGo tad

Pani chkin et al ., 2023) , few have i ntegrat

r at

Further mor e, mo st St wcdhisds ceintdhdri ono mus eom | W
effects in isolatiore, switilo@i cabnsndeniicm@sh e
Cr/ C rati o, interacts with subsequent therm
20009; Zhang et al ., 2022) . This research is
practical @qap. aBwpdemvestigating how contr ol
influence solidification behaviour, mi cr ost |

corrosi on hyrmpopmpaHtGaddss, cotfhi s st udy seeks to prc

of all oy per f owamalnd eS awmtdhe rAfrreiaclan service col
inform the design of tailored HCCI compositi
service |ife, and r educ supmpire improviedeffigdncy dnd wn t i n

reliability in critical industrial applications.

1.6 Structure of Dissertation
Chaplt:erl nt rAond uicnttiroonducti on to the topic, a st
|l iterature, a problem statement, and a | i st

a contribution to this field of knowledge ar

(o)



Chpat 2r Li tRewvatewr e Thi s deapiéedcesmmmiany af th
t hat has been ThinesiommiddCiCd sd pbuyb | B esdzoal dl iawm a re k
et (2I1005); Karantzalis adt. a@nci(1Ne® &B 220 &b )e n g mo
popul arly studi dthedd ma ien satno reedtHiCeBwssieewe ars t he

of commaishiet imbenc hani cthCClpun,olpea $ wvesmadmd har dness

Chap3:er Mataemrdi aMest hod i s chapterc,ompheatdiedt mal s
experiment empapypreddaakes pr.&sckindeuwssi on of the
met hods, mahhbess icamgcdardde,qui pment needed to a
is also included in this section.

Chapit:er@dffecGrs/ @frati o uonut &ale mh p¢p e e dHiICeCd tsio €

Il n this secti oombjod o tt @Deterntdne the effects aftCr/@ratip on the
microstructural properties ?CClspi s add he scsogntip ut ah a bipmd Isydi ng
ThermoCalc and analysis of the cooling curve
the resultingndmiprestrrtsattiutere acquired from e

extensive anal ysifsr comh mihcer casctqruu crtewdr ale saun alsy s

Chapter 5: The effects of Cr/ C ratio on the
HCCls. The third objecsivea ofnh thimev whrek Cré Cui
hardness and fracture toughness properties o
in detail in this chaiptgrand nifardreds ye X peer ii

Ch aptTenienf | umnc e o safcronncstt bt hentwear pyppeut eetsi
HCCITsh.e results and di sgrusewiiden a ndd thahis wed agx |
t he mi crionsftirweirnecuemse ar aonrdo pcenfrtritee@C losn t hr ough a
the reswilnesd bdu wiemag andmetos rpoesti foonr mexdo er |

Chapter 7 The influence of mi crostructur al
hypoeutectic HCCI s. The results and discus:
explanation of hovwntbde MmMherpaerodiocl @@lep.i o Hius

be done through analysis of the results acqu

Chapt e€Concl usi oncatamsl. r Eciosmmehnhamaien osfdeamser i s
wordkorwe t h it ®es pecetvidome WwWgorlot hproviediemmatieves,
conclusion to the detailed discusemidamns ofnso mn
future work toarheeddneeheneHCCI s
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Chapter 2: Literature

2.1 I ntroduction

This paper provides a comprehensive review

chromium cast notosn.t IO \piatrali cudlae of the rat
of solidification, and the resul tant I mpac
resi st ancteq u ghhanmedsnsesog,r osi on perfor mance. HCC
various industry applicadin iomida asagucshe aosfn thihreiinrg
wedaresi stant characteriehic$handph e srCasthi@on oien t

the alloys influences heehiestf anomat eaniaeé mio i, c avthb ic
| argely governs the final mi crostructure and
The composition of all oying el ements plays

ulti mately affecting phase nucleation and gr

l ead to distinct microstruct uyr aolf fheaartdu rceasr,b ite
accordingly. These variations di-ckecomyummpas
irons (HCCls), which, in turn, determine the

structured to pratvidr af tthheveghas pexptl r begi
di scussion on the <composition and i ndustr.i
background i nfor maottiivfeaamthhessabtdysh8ecti on
overview of the microstructure, particularly
performance of the alloy. The significance
understandnsfopmaseons during castimg 2i.H,exp

t he effects of t he Cr/ C ratio on mi crostru

combined influence of chromium and carbon. T
phase formation are covered in &edct2o0h Qi HcC
mechani cal properties, including methods of

HCCI s. To bridge the knowledge gaps, Secti ot
setting the stage for 2t Hd pmrapesntupst hey.chlapd
of key findings.

2.2 High Chrome Cast I ron (HCCI): Comg
Hi ¢thr ome cast iron (HCCI) has a unique c¢hemi
to wear and corrosion under severe use or ex
of cast iPron with a t yapnidc a3l rcwotanp¥h sh @ tidmee o f 1 .b
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S i SAtta ntchee. same ti me, It i s necessary that

eds of diverse industri alhaapmleiscsati ons i n
e chemical composition of the HCCI I's ver
ster role over all all oying el ements. I n
nt rtiiompesvements in carbide phaSeamsdiadn |l et
: 2e0t0 9g | .DUTRO®LXd ) el ements i nteract favour a
sy formation-rofthhamdbicdesmiwumhin the aust
crostructure is beneficial for applicatic
vi marsme Therefore, It Iends i mportance to
mposition, since minor variations may aff
eaftHiys mi crostructur al contr ol t rhaenrsslhat e s
nditions, which explains the wide adoption
ghromi um cast irons in South Africa are w
trochemical, d maeixmielpltiimgrhaduget bor mance i
nditiens a(Tan®O011,; Goto et .alln 20218 ; d fPaa
vironment s, materials must possess the abi
resses. Conventional steel, whenodgposadi t
seaamal ., 1 20tbHhtrast, HCCI , with its robus
crostructur al properties, provides a more
the petrochemical Il ndustry, HCCI iI's exter
ch as valves and piping, which are expose
gh chromium content of HCCI eaabkeset haye
suring metastable passivation that enhance
d prreewendt sitegratdaal on R208a0g Aki nr i2b02d3) .et

is dual capability of withst anmakidgS lotah me
ucial material for applications requiring
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petrochemical sector highlights its &aAlkhaptabi
advantage ohdadiH@E€rsei applicabil i slyeyionnddijfufsetl
chemical resi stance. The wear and i mpact pe

head/hwty operations.

Anot her key application of HCCI s in mil |l i.1
toughness are critical. Milling components i
mechanical stress and abrasi ve tweear,, hnae cdensessis
duct(@Guittyar , Nay ak, et al ., 20T Mhe He net dal p¢
hard carbides within the microstructwerag of

resistanete dIChunh@B043mi crostructur al advant ac
milling components, reducing maintenance req
and ultimately ipmpdoacitnygiodoyer ati onal

The superior durability of HCCI in extreme e
performance acr osJsaianl reatn(Tdede2if)zQke@stikiae t (athadg 1) |,

Zhao et raelpor(t202nda)yt t hi s-salliltey forparettité wmigar
must endure high temperatures, corrosive atm
|l i fespan of HCCI components and the sreduct
contribute to significant cost savings. Fron
i nvest ment for i ndustirmaises ngeagqaitreirn@l s ol lhatt ,
operational efficiency.

HCCI al so enhances operational reliability i
corrosive gases to heavy mechanical | oads. E
to fail under harsh conditi orby,eatkideorwenlsy, ri enthbu
safety, and avo(dang &obkt) y208dn)ihéwma ne tqual .c,h
composition of the alloy offers superior pro
exposur e tenvagornersesnitvead Bact OOROLOEWel i abil ity
vital in industries where continuous oper a
substanti al financi al | osses and safety haz
altered through vag icoausst itnegc,h nhiegaute st,r el antcnheundti,n
t hrough compositional mani pul ati on, t o enh
applications. The ability to tailor the micr
and heat Iltorwesatfnoerntt hael opti mi sation of the <ca
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bet ween amar d naagsh-Aes g €e€Abdel, 20.17ThiGsuipraoc eest
versatility ensures that HCCI can be adapted
environments. I n addition to its technical |
| ongevity and | ow maiicnh esniagrnaef urdesegun fr gedngetinet nst ,
repl acement sal(.Got200 2 3 ; Pani chk.i nT,hikse nzdadiretgruil o
|l ower raw materi al consumpti on, energy us a
environmental sustainability goal s. Mor eover
environment al viabilitg, fomakindustriaes ecpome
efficientescasd ali omadpi lett yal(.Mi t220elr7p;acMont el eon
Il n conclusi on, the unHGGehamhaami el sed mpywy shi (
car bon, and otehemamwmtdsgr pih®yi hg outstanding
demandi ng South African i ndustri al applicat
excell ent wear resistance, hardness, and cor
all oy to adiarpg a me fpiréoscteiswesriess reinforce it
i ndustri al( Hep pelti calt.i,on302A;s Jindestmales c0R#"Y
focusing on robust and durable material s, H
demand high wear resi stance, corrosion prot
aligning with ecooomscdaendtsaBssainabil ity

2.3 Microstructural sCharacteristics of
The formation of an austenitic matrix inters
containing vari owushrhoamidunt acrabsitd e sr oinn (hHCCh ) i
solidification behavi our anus tseaurpietrii o rmarercihxa n
cemegodubi c (FCC) structure, which enhances th
dendritic morphol ogy, in contrast, arises dit
temperature lfigluiduBe pbastoitalle. , 2016 ; Nayak et
et al. ,A20&2m@bi nati on of these microstructur a
bal ance between hardness and toughness i n HC

The cooling kinetglcasysdiugninfgi cseonti driofliec aitni odne t ¢

of

the microstructure. Hi gher cooling rates

with a more uniform eutectic carbide distrib
mi cr ousrtersucwii t h poteergrelfhpomomedsi tay .and 2006) a
(20.19The kinetics of nucleation and growth d
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di stribution of t hese mi crostrtucoluirdal phaae
transformation | eads to a eutectic reacti on,

phase, which is fundament al in enhancing the

Cuiale.t (LA (®E6) ,(@a220@1OENE2& QO3 cuss the types of

found in hypoeutectic HCClIs. Among the commo
the most prominent, each exhibitM nCg dciagtbiidoe
typically form irrdgdguklearstblucdluy esr wnehiwor k
i mparting exceptional hardness and high resi
typical lfy reewmdalrleeunder i n morphol ogy and pl ay
resi stlaemmciemmprhovi ng toughness by laoadXmuggeith cr

al2.0,2B9Qwever, excessive volume of secondary c
toughnesmtectaabieng it t o mMmamnBau.rhe ciam badér p
contribute significantly to the overal/l me ¢ h
HCCI significantly contribute to its mechani
resi stance t o rcecsrirs@yanoge2.& a®@udg wetaral ., 2021)

The control of these microstructural propert
composition of the alloy. El ements such as n
influence carbide stability iamgd sfodrimdatfiiacmthkic

promoti ngarstpiede ftixpesal MampOolLa@p2Rgegdq &26062.08) .Pan,

Mo encourages the formation of M C and M C
and toughness while refining the morphol ogy
M C carbides, increasing theiiron,liumpr dwviarcg

resi stance but potenamadi ybreri eedyu ca ngt rtoonugg hao &
favours the formation of MC carbides, which

to wear resistance whiéehahese rtetighnegs Magd

Ni primarily stabilises the austenitic matr
whil e Cu aetod uasonma sdoredgthener, refining t
mechani cal pr onpiefritciaenst |wyi tahfofuetc tsiingg car bi de f
of these el ements allow for precise control

bet ween hardness, sitrdeunsgttrhi,a la nadp pdbdircaabtiilpinty0 L
Nggase 28 2IPigm ,et .@boli 220ate continues to be
mi crostructure of HCCI s. Faster cooling | e

homogeneous carbide distribution, improving

NP



2023; Du et al., 2024). Conversely, slower c
and promotes segregation, which may reduce t
and tempering can modi fy t hebsal am ccea obsettrwecetnu rt
and I mpact resistance, refining carbide morp

The synergy between the austenitic matrix an
of HCCls wunder stress. The hard carbides ac
effectively resisandg wpbeats t(aQa.i,deZ @k 6nat Goho
Panichkin, Kenzheglthleo vc,o0 nebti naalt.i,on2 ®@X3)hard an
structure that provides excellent resi stanc:
i mpact |l oadi ng. The effectiveness of this r
mor phol @a@yt,i adndisstri bution of the carbides,
composition and thermal history of the all oy
necessitates advanced characteri shdutomomnt ealmec
influence on mechanical properties. Techniqu
and ediesmegrsi ve spectroscopy (EDS) enable re

and matri x icrhadatcd dlaicebBadlel leda al . , 2005; Wi
Sal awu et @ahese2@83a)ytical tools provide ins
mi crostructur al devel opment , forming the ba
i mproving performance in demanding applicati
Il n summary, the microstructure of HCCI is d
matrix and various carbide phases, particul
mi crostructural constituents isdgbeatnéedebym
al |l of which determine thalibglady mew hatni ahbl
Gundl ach and Tartagli a, 2024) . By optimisin
specific industrial a p pblail caantcieo nosf, woefafre rri ensgi se
and toughness. The intricate relationship b
mechani cal characteristics remains centr al t
HCCI i n modern manufacturing.

2.4 Solidification and Cooling Curve /
The solidification process of HCCI is compl e
and mechanical p r ofpcecr o ri deldsm Y@ frt otehi e arnBaetdeprilibaal7.)
Jacuindfeo( 20YA9@Q@Iitbet 80l i di fi cat i onprpocoecsess:s
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Thieegi nning of the solidification process i ¢
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mary oajuesrnemiittes (as the temperature falls
m the | ower carbon cont é@eeut eocft itch ec chngpooseiutti
st forms austenite from the melt. These d
surrounding |ldcagmuCarc.ef t hbr o mmpemr andre r e
nt, the remaining tigusfdomumateirgm,.ess al iediit fe
tenite and pri mary and eutectic M C C ¢
erdendri The fegabnsni craseéuitced toneet ewvoa rks i osft
bi des embedded i n pri mary austenite den
tribution and for mClhhdn t(d2tddLabl ).p mansde H.u akdyd iett
ort that sl ower cooling can | ead to coar
|l e faster cooling rates refine the dendr
persed carbides, hence I mprbhkanghmgbbaanco
es promote the formation of a finer dendr
tribution, whereas sl ower cooling rates

osity and segr egattiiocom.anldc eg rka wmteht i ccwr iofg nsu

final size and distribution of -tteheelsied mi c
se transformation | eads to a eutectic reas
bi dehpbhsies fundamental in enhancing the

mi crostructure under the SEM, phbawlialuest en

carbides show as the dark phase dwue to
trast) bandsebheter onfdti cdle.n,cAy@ tRnri etved o rbje i
n (Fe) and nickel ( Ni ), has a higher ave
ments | ike chromium (Cr) and carbon (C).
e electrons, t heyt teeprpeedare | bercitg hotne r( BiSrfE) b a a

bi des, whi ch have a | ower over all at omi c

wer el ectrons and itmausssaplp@vard eJbkbcauk enrd ei e t S
(200B)Figure 2.1.
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FigureTg2pical SEM i mage contr a(sBea b don ntdhee |
et al., 2005)
By analysing the cooling curve, key factors

release, and microstructur a(l Yadhhgdnge 2 0d\2er Gtoil

al ., . 20h&) rate at which heat i's removed fr
determining mi crostructur al characteristics
di stribution, both of which are essenti al f
HCC(I Xia et al ., 2011; 2pPadhetcadl in@0018t e Wns
factor in shaping the microstructur e, affect
features within the alloy. Faster cooling re

dendritic arm mgrawtihnermr edsaiddriintgi cdaeedawiontr & wi

spaci nng gtStaln. |, 2021; Wan et .alT.h, s20m2X;r o¥ulr
refinement enhances mechanical properties su
sl ower cooling rates allow for extended den
with | arger dendriteeatmespaernag/] wkcbhncaal
al (Xy a et al ., 2011, Zhao Extpeal men2@l13;stWan .
secondary dendrite arm spacing is inversely
need for precise thermal control during cast
al ., 2024) .e Aldelv ¢ li oofal bpdet bool i ng, where t1}
bel ow the equilibrium Il iquidus temperature,
undercooling | evel promotes fine microstruct

NY



|l ower undercooling | evel results in coarser

(Kopycinski et al., 2014; Wan et al ., 2021,;
Anot her key aspect influenced by the cooling
solidification, solute el ements such as chr

austenite and the remaining Thiquigig!l Uteea ds eng
determines the formation of M C and M C

hardness and wear (Masestahce @OO0O6he Salhhdy an
2023)Rapid cooling reduces diffusion ti me, p
carbides t hat i pneprrfoovresna mb le faesd he/sashi ndering C

propagation. On the other hand, sl ower <cool i
growth of coarser car bi des, which can incr
t oughmeashsar udi n et al ., 2022; Strobhl P& odeaubr
contr ol of the cooling rate ensures a <carbi
mechanical stability.

The <cooling curve also provides i nsights i
solidification. As the alloy cools, | atent h
rate and forming ther mal ar rieosnt sp,o iwhtisc hi na ptphe
cur(vGuo et al ., 2021; He .etThal magada024deZiobd o t
arrests refl ect-phadce tkri amredfi @wrsmaotfi osnosl iadnd mi «
strong thermal arrest suggests a high vol ume
with mini mal | eastuel ntts hiena tf irneelre ansiecrrostructur e
austenite and carbide phases crystallise si
Faster cooling rates promote a fine eutectic
t oughn, while sl ower cooling resul ts in co
mechanical pecbormasoaeatsmcle.a®8y carefully an
it is possible to control the eutectic react
material durability throé¢Mghemaal pul 2006n D6
et al ., 2021; Panichkin et al ., 2023)
Noequilibrium solidification is another | mp
mi crostructures, particularly under rapid cc

solute segregation and the focmateaoahaoteméha

and wear resistance, but they may al so reduc
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net works that actYualsi asnttroe d8st | cholm. €@ e/ n2t Or224Ut2 8r; s G r
Tartagl i a, 2024). The cooling curve helps 1ic¢c
met astable phase formati on, making it possilt
retain or suppremsg drmhetstee phmpeeisf ide pempplii cat i

Beyond its role in understanding microstruc
val uable in industri al applications where o
i mprovement s i n component consi stency and
solidification processes, manufacturers can
extensiastpagttreat ments. The insights gain
enhance simulation models for aeaadt-acivgaotpiey at
production methods. Advanced ther mal anal ys

anal ysis (DTA)-basddt menmoooutpigee atlrlaocwk i fnagr orf.

behaviour, making it easicdrurta¢t pveoediudt oand T
provide manufacturers with better control oV
components with enhanced wear resistance, st

2.5 I nfluence of Cr/ C Rati o onsthe Mic
The microstructi«halomev aclastti om omf ilsi gh gni fi ca
in the tomombuoum(Cr/ C) ratio, which directly

and the distribution of ca@rli deas.t h&t LCdi/eCs rha;
substanti al modi fications to the matrix con
properties of HCCI. When the chromium conten
i s more stabil i setdheasf oarunsatteinoint eo;ff i Icdoampidnedx i tdab $
contrast, a |l ower Cr/C ratio, where carbon c¢
of | arger and monmerest{i &Koot vevewe&asbi&dd&at es, 2
202The Cr/ C ratio is a key factor i n bal an
di stribution of carbides within the matri x,

sistance, amad | pgatf IGonle.s sADDi2dvyvhieng t he opti m

_‘
D

(@]
—

i ticatlunfionrg fHOWC to meet the demands of at

ensuring a balance between strength and dur a

The interaction between chromium and car bon
of carbides during solidification. When thes

react to form a variety of, hamidclc asibgrniefsi, c am
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wear resi stdaatcien Rmsdhk dvMalhsukara (2008)t and

al ., tp20tentostledi éRUO bet)2,824)i uaatd alve (20
shown that a higher Cr/C ratio results in fi
the microstructure, reducing stress concent |
effect occurs because c¢ hrdoemifuwm nhaatsi oan ,s twhoinlge
as a fundament al buil di ng bl eccokntfroorl |telde SCa / |€
promotes a fine eutectic structure, whi ch e
hardness, strengtiAheabdl ampachbet vseeat &ncand

wear pr

operties but al so ensures that t he

excessive brittleness.

The solidification behaviour of HCCI i's al s
influences the final mi crostructure. Il n allo
a higher temperature, foll owee@mhyniemdg ettt gai
carbon, |l eading to the formation of secondar

abrasio

n and i mpact resMastatnceal . ,asq Adader e a

reinforce@ulbiyl IOGod eggta al al . ( 2a@n@dd3 Lt) haen dp r Gusoe necte
chromium concentrations can also | ead to th
transform into stable, hard carbides wupon <c
more uniform car bi deucdtiurtali biuntti eor,i tiymp rwhve rneg
often | eads to coarse and uneven carbide dis
reducing toughness. Thus, adjusting t he Cr
mi cr ostruct uirce si nndou ssturiitals paepcpIfi cati ons.

Experi ment al studies have demonstrated that
significant i mpact on phase formation and me
bel ow a critical threshold, tgpcocatstg, aconsid
| arge carbides within a coarser austenitic 1
(Panichkin et al ., 2023, Om the adbther2O0ORd&@nd,.Li
rati os pr oddicst rfiibnuetred wedrlbi de s, whi ch enhai

di sper s

ed carbides act as barriers against w

ductility toggbsompbriompagt ogeeral | toughness.
of carefully controlling the Cr/C ratio to
perfor mance. Smal | variations in compositio
relliiatbyi of HCCI components in harsh industri
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i nfluence of the Cr/ C ratio on carbide

nning electron microscopy (SEM) and eneil

hni ques all ow researchers t o e xbainuenes ihzoew,
pe, and di sfPoiub atGaatife2s0 2 ) d iae(sl2 L Su)t leshh ocaw .
igher Cr/ C ratio |l eads to a finer carbide
stress concentration and crack initiati
i stance, as they restri«t dcCionlvescastell yn m@mo
i o results in | arger, coarsely distribute
act tougthnalss, (Xa0g; Tlhiews eetf i aald.i , ngx02=®)i nf o
i ct all oy composition control to ensure

t abl eduftoyr ahpepalviycati ons.

synergistic effects o f chromium and c
nsformation kinetics. These el ements not
o affect the eutectic r eSaacstaigeutr.id (@h0ih® ) s ol
et (20DiRk0a)le.t a(n2dRdWwn htalsat an opti mal Cr/ C 1

nsformati on, l eading to a finely intermi X
ter eutectic reactions resul't i n more un
engtihmiasnidngni megregation effects. However,
w down the eutectic reaction, il ncreasing
acts mechanical properties. These findin

ci se balance between Cr and C to ensure s

Cr/ C ratio also affects the response of

tempering. Adjusting the Cr/ C ratio can
perties, making the materi alelbhalrenaed pO®m/s
i o during tempering promotes the precipi
ghness wit hhoaurtd Meosnmgptr(oani .s,i nh006; Ai et al

versely, an incorrect Cr/ C ratio can | eac
rsening, whimelc haeedoaespesteopambpnce0lTandgh:
2)Therefor e, mai ntaining an opti mal Cr/ C

al so t-prouougbheungpbseat ment s.

h the advancement of comp«batti anal nmwdeélkl
predict phase formation and carbide dist



cool i nRlecreantte isecS9 eliyani ec ah8uwdh ak(aFDD)A ) e

demonstrat ed-Cahlocw cTahner mod e | t he rel ati onshi
mi crostructur al parameter s, all owing for bet
experi ment al data with simulationr dtexcrhchii qg e
how chromium and carbon influence microstru
wear resistance, hardness, and durability of
2.6 Theoretical Framewor k: Ther modynar
H C Csl

A comprehensive theoretical framework i s nec

mu s t cover the fundamentals of both ther mod
transformations. I n essence, pr o cee sdseetse rorc cnuer
by the thermodynamitcsangdwermminmgg ftorec eph asaes w
rearrangement kinetics. I n this context, t h
paramount role in deter minirnggitvheen nieetnapsetraabti
compositiodhaoapde t(i2obndst.pr aiNdAPROMPB )& and War e
(20@03cuss that gr-ahmomioumdaastsi ioanhhaghe ex
e

ncourages grain gr owt h and struempenrdat uate
treat ment s. This energy comes from tme mis.
boundari es, making them unstable compared t
this energy drives grain coarsening, wher e
overall b cainndd aegryeragrye aR 608 mi Zdpeang Heotweaker , g o
boundaries can become trapped in metastabl e

or the complex geometry of the microstructur
( Mo) , and vanadium (V) ceay, sealgtreergiant e talteigr
stabilising certain boundary structures. A ¢
boundaries can restrict their movement, sl o
mi crostructure. Thipd atimeo rhetwi galaifnr dmawadrak ye
solidificati ecnhrkoimm eutm ccsasaf ihriognh controlling
di stribution, andthmechhhewadlZpbpopet ®joee8Bhanmng
Ware et .al ., 2020)

Cl assical nucl eation theory describes the pr
theory is also based rmuwc |tehaetrinooddiydneafnd ntcest,y owh e

t hought to occur when the free energy barri
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(Siekaniec et al ., 20 2ZTh;e SwckH eekaari oat odl .p,ri

secondary carbides in HCCI, therefore, can
referred to as the concentration of alloying
The nucl eati oms eamtteed caasn abre axpanent i al funct
wher i nterfaci al energy and temperature ac:

e
phases grow through atomic accretion from t|
domi nadiedf byi on. The kinetics of this growtt
combining -depmpredeanturaet omi c mobility. When th
are coupled together, they provi de aandc lheoaw p
mi crostructure features | i ke dendrite arm s

rate and materi al species (Panichkin et al .,

From the perspective of the complex microst
essenti al role in the transformationThlke age,
carbide phase has been the Dbasidc fdgruawtalg tihre
austenitic parent phase after initiat nucl
controlled growth processes in metals can be
the movement of atomic s pieelitssngtri etenalby, c2bh
2014; Yuliantdigth @l ffud0oiyy following extr
l i mited diafnfduptiheeni giitmeet i ne o&r hil d e |; the di:
cool i ngsicmotnrdd d U wens nprbe d téeiny i, amtgo mioc t hearchiad s e n

precipitadatesal(.Hubm@é¢e)dntftosied mechani sms

complicated by the interacttihmnlsewifattiddmntomonma
of atomic diffusion dependent oinnt ewdatotti st uheel
sol i d (neeetnrgi xe.t al ., 2020 ;c |l Leiaur eutn deelr.s,t a2@2 a)g

i mportant diffusion phenomena provides a rat
si ze, shape, and distribution, al | critical
properties of HCCI

Il n HCCI |, the interaction between the for mat.

has great significance as far as mechani cal

the two || argely determines thet hmercrhady rcami
equil i bri ums, as prescribed by the phase di
cooling, | eading to nonequilibrium phase tr a
kinetics as well as tahtei oenqua fl itbhrd rumo dsytmaami.c s

n



kinetic models becomes the backbone of cont e
The "first cut " doarea llfysii gsh)e elplBihl@cksceina gi amt
under st a&@r€Ci, ngg hiee mul t i modal syyethamasfo th@&! .un

Formation of graphite
in iron matrix during

isotherm Eutecti
\ utectic l solidification

QEEE <«—— Eutectic temperature

Peritectic

Hypoeutectic 'Hyper-eutectic

Transformation of austenite
1 into: Ferrite-Pearlite, Bainite
Ettdctoid or Martensite

Hypo | Hyper isotherm
:eutectoidi eutectoid

Typical cast iron range

Fi guz eS2mpl i fi edd atgyrpaint a l phase
(https:// www. niobelcon.com/ Niobel Con/ ni ot

Phase diagrams provide a representation of

temperature and composition, hence guamtasng
various carbide phddets dli . ke MW X9 ; alid evt Ll . ,
2022) n the case of HCCI, the remarkably high

the phase boundaries relative to those of

propensity for carbide formationi §Aegqaenety
empl oyed in simulating these phase equilibr
equilibrium to forecast where the precipitséa
mi crostructure will htthermnoat thaglt (tFahéRPdatciec av|
the critical features offered through these
cooling rates obsbutvethd swmn deirestlaanbdortahheor gf f e
compositional adjtihsee masnt albiolri eypnhahcphmhagses. B
with experimental cooling curves, one coul d

mechani cal properties, thus bridging the gap

Il
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https://www.niobelcon.com/NiobelCon/niobium/niobium_in_cast_iron/

The -eaxqpini | i brium solidification theory plays

as in realastndgstimiaelynarimeels equi l i brium sta
kinetics of atomic diffusion are not fast e
coolsitrag t smi clweogecegati on and met astWdrn €etp hals.e,
2005; I nden, 2007; Liu et al.. , Th2e0s2el ;H @M&Is cphhaenr
are further enhanced by the compeaptdooobkin
promoting a fine dendritic microstructure w
undercooling, that iIis to say, the difference
me | t and that expected under aquirluichmail urhalcit
promoting nucleation. Whenever a melting sol
the nucleati xpercate wouli d ch(elLasue eptr oaplo.r,t i 200n2ali
2023) hereby ensuring that the microstructur e
performance. Rapid solidif ilciagtuiiodn dailfsfou srieodnu ct
and t hus -dquwioluirtsrdimuwm rpihbustei ho,n sh,owever, come u
mani pul ating procegsgiung i bprairantme set $ di fNocnat i C
describes the microstructural evolution in

i mproved casting haokei qneeshsatnle &ta | mipghtpeean i e
t feecaol i ng metehtodal(.Yul20a2nlt;o Bol dyrev, 2023;

CoolciunrgFe gu(fturn 3gut to be significant with

with microstructur al evoluti-opr-sinmedCICIl ot EQ 9 &«
the solidification process is identifined by
kinetics (Panichki 82023By aet. ,nl2 0J2h3¢ 0 8Hoat poe eatn da |
points of the cooling curve tell tales of |
nucl eation, | atent heat, and the progress of
The thermocouples are invaluable assets that
coupled to software | i ke ThermoCalc or Nova.
curnveiherenly the release of | atent heat duri
hol ds the c¢crux astrtaonstfloe miait ma@tni,q 42wWo2f3 ; t hUama n
Lapci kova.et al ., 2024)
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Dendrites
Eutectic
Figux eA2typical cast iron solidificat
(Rudol f. (2002)
Principally, analysing cooling curves all ows

influences dendrite arm spacing and carbide
increased number egciuh hsmil erae s tarmnwWstsd reem,, cool i ng
the growth of coarser feat urGua dal. t o2@k&;e s
Viet, 2020; .Guloheeste adli.s,t i2nOc22ll)y si ghted eval uc:

design and refine properties of HCCI

Cooling curve analysis is a widely wused tech
cast irons, but it has severathromoumactstii
(HCCls). These all oys are phacali cuadtmpdyi sieos]
mi nor alloying el ements, which can greatly
mi crostructure. As shown by Stan et al. (202

in chromium and cadboar epaneines clhet veand poed

formations. For example, Le Nu® et al. (20214
destabilisation heat treatment in hypoeutect
formatiom. tdarhn,s, depl et ed carbon i n t he aus
temperatur e, and ,dmwefrfeac tb ul kt hea dinleys sdet ect

curve analysis alone.
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t her maj or l' i mitation | ies in how cool i
ctions. The degree of undercooling durin
l ing rate and mould type, alffdecdef antt fonr
h ashmimck@ge or excessive carbide precipi
undercooling below the metastable equi

mati on okl aoedr def iegorhese,n essapnedc inaolullyd si nd u e 1

ure and higher <cooling rates. Whil e cool
eral patterns for quality control, they a
eracti pmas timuM@Clly, under industri al condi
thermore, cooling curve analysis alone ¢
rostructural ce&€mpliexintsy prhesentmaitrerhiadhs t
mary austenite, eutectic cwrbadbsdesnar Be

se phases can form atravgeappi ngr gr s maini
' ing curve signals may misSs Or mi Sfepreseé
|l ed castings, whergrliader uaaelricrog | n antge s p

bide formation or a higher fraction of pe

er mechanical properties but may not be o
address these | imitations, researchers in
dil atometry, mi crostructur al anal ysi s (¢
rmodynamic simulations. As notceod|bywgPrcasa
|l ysis methods, al onguwintchh,t edttenl iflee |t e
l ing conditions encountered in industrial

nchaPlotwseplfaonrt itnesti dgt under weahgcepecim

de and thickness as industrial components
el s, accurately estimates | oc alpirsoevdi dcionogl i
e reliable data for heat treatment design
|l s suchalac ddorranosi st i n modelling solidi!
urately than cooling curves alone.

s shows that while cooling curve analysi
ks the resolution and flexibility needed
nsformations in HCCIs. A nmeomral yrseils avwilteh aagoc

Il
_<



characterisation and modelling techniqgues t
evolution and its effect on mechanical perfo
Thermodynamic models form the framework for
pat hways in HCCI. These models are based up:¢
for the different phases and of fasr ai ffumrcma toit
temperature and composition. Computational t
in the field for simulating pCi@seSdekhgnies e
2022; Sudhakabuett)ahlSaesc22hdagr ams provide i |
of stability for austenite and carbide phase
information about the influence of composit
situations wheser@eotequeisit iabd i smmed, further mo d
model s are necessary to include kinetic info
as undercooling, di ffusion probl emsdelalnidngt h
al ongst deodleild@nmgactual ly give much better [
evolution during rapid solidification, which
This approach eantabolne sbyalwaoy odpteixmil oi ti ng t he
for varying all oy composition and cooling r
resistance, hardness, and toughness in HCCI
I n addition to experimental tecCanicquedsay cao mop
role in modelling and predicting phGaslec tirsan :
t her modgoatmwwar e t hat provi des I nesg ugihltisb r i ot
solidification behaviour by simul ating pha
precipitation wunder dviufl fi eerng ot eB o bdlly.n,gv Z2Mm2M P
Gundl ach and Tartaglia, 2024%4) moTdhed 4« dfet vedrfee ¢
composition on microstructur al evolution an
austenite, carbide phases, and eutectic tran
Ji et al . ,-C2lI0Q4i)ar phreusne@b u l for predicting t
on solute redistribution, mi crosegiGeadgat ivem,
solidification model, whi ch -@quwivliidkersi uam rceoanl
(Yuliaptaoed; atan et al ., 2021).

Further morCeal ¢ T hcearnmo b e combined wi t h ki net.

transformati on kinetics and the stability

O}



solidification (Siekaniec et al ., 2022 and
manufacturers to opti mé¢a®t ihnegat prtorceeastsmemg st o
di stribution, enhance wear resistad¢estiamg
processing parameters such as the ce&€mdasiti

predictions, i ndustries can produce HCCI <con
extended service |ife in h8rsoedW28uo &linepatl s ,
2024

Al t houghCaTlhcerimeo a power ful t ool for predicti

i mitations wheamorlagpgplsiodd ditfoi cragalon pf oCess¢

equilibrium conditions. The softwamgriasnsd asi
phase fractions, but in reality, solidificat
too fast for equilibriGumlt oebe moaie@fg b ovha ggehs T
to esti-enquiel inborni um s ol i diiffifaastiio;nn,i na ststuene s o |
complete mixing in the | iquid, which is not
for undercooling effects, dendrite growth, o
carbide distabibluiti pyn, apdhamechani cal -Carlacpert |
does not fully predict microsegregation at t
combined with experimental data and ietllder
si mul atgieansa, moo e accurate picture efalhcow st h
valuable for alloy design, its predictions
analysis and microstructur al observasions to
Overaltlhe cooling curve remains a powerful t
solidification of HCCI. By analysing cool i ng
and phase transformations, manufactwuecteare amd
mechanical properties -6&l ¢theialtombi mahti osew
cooling curve analysis, provides a more cO0mg
optimisation. Ongoing rod s enggr chiu rivretso asnadl i tdh
model |l ing wil!/ continue to refine casting p
effective material for demanding industri al
The i mportance of cooling curves in compl eme

These curvesi meveemper attalte evolution-duri ng

experi ment gap. For instance, |Icarefaull amaley <
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cal escence, and ther mal arrest, al | the w
ansf oPamaitclokisn (et al . ;Du2023;alGot o20e2td4d)al .T,he
ese models (thermodynamic and kinetic) can
fine the predictions about microstructur al

n be used inokcobnguootvempdwthaehphaeerddr agoan

e-egan | i bri um stfaase | amdtfh aata tiasommaiudlty typic
sting processes. The integrated approach
rther expands its predictive <capabilities

crostructures that sgpreei frol appptcmt seds f (
dhakar et al ., 2022; Du et al ., 2024).

e steps taken to characterise the phase tr
ward understanding the phenomenon of phase

rameters extracted fr om thhaevsee dtihreeocrte tiincpalli

e properties and mechanical performance o
del s are expected to add to and modify the
ni shed all oy. Forte nwitbhca, hagheflensdt den
sl ocation mobility and cracks in the alloy
any component of HCCI. It is very cruci al
om aatctiombi af ther modynami cd easnidigihkyy nrad @ tci mg
ver e requi rements i mposed by i ndustrial

ocessming(,Pmagnidc hkin et al ., 2023; Du et al .,

ese predictive models would provide scien

t weenl i agmdratestructur al refinement and me
d thus provide a theoretical baseline for
mand .

rther mor e, the theoretical framework pres
l uable i n advancing our scientific knowl ec
sonberument al i n guiding the development o
d process optimisation. It wil |l be possib
antitative I mpact of yet anotiher moedynaml e
netic theories, and moneesrsredc d mmlett dnteir o t aol pt

d manage the compfdfseicttiiendne bagfct i lm@a ali t by c oo

crostructur al evolution. Consequently, S i
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processing of HCCI , and the cast parts show

earlier wear resistance, so that toughness |
cooling curves and nucl eati on amgdt hdidff udsd soing
t atmaodre f or extreme industri al applications

demand for materials capable of performing \
forecasted to increasd, tbheicso meha mrceteiacsaIn gfl ry

ignite new changes in alloy development and

2. Mechanical, Wearampaeér €o dBohsaivonour. of HCCI

2. 7.1 MePcrhogreirctales of HCCI s

Research efforts have been diretcrtiellolamgviaa als,
corrosiomnfprClCd ncuses ng on hardness, wear r es
The unigue microstructure of HCCI , consi stir
within an austenitic or martensitic matri x,
Numer ous studi es Bedmnltalcaud inndge Ot@hbodsaa i. may( £t0 1 7 ) ;

Gui tar, Scheid et al. (b 2 Oh2alv)e amdv edg d agsad e&dl P
these properties to variations in al Loy comg
et al .i,de(mna20Z5)ed an optdlmahli chr /Il @ ardast itco raa nfgen
car bi des, enhancing hardness while maintain
deviation from this range can result in coar

perf ormance by itnhce eeaxsp enngs eh aorfd ndeuscst ialti ty and

mi crostructure to balance hardness, wear r es
research in optimising HCCI for industrial a
The hardness of HCCI is primarily influenced

chr omiiucrm car bi des mat.hiiSat utdhaee sanupsyteaarriltyi con by
(2009) and reinfoGuieda(2elR@&wée ndheswmn dti reast blyi g

of finely dispersed carbides increase resis
hardness. Howévex] sastradeexcessive hardness
Cui et and DRBwROdtb)al . (2024) has demonstrated

carbides ar e more effective at pinning di
performancAbd3E dil(e2$0 1b5y) and LKi2W 2dthfi umekdet h
HCCI alloys with an optimised Cr/ C ratio exX

@)
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chromium or carbon contents. This i mproveme

which restricts dislocation mobility, thereb
Whil e hardness testing is a widely used and

performance of HCCls, relying on it alone ca
behavofourhe aspeogi ally in complex service e
l' i mitations is that hardness does not al ways
et al. (2021), the wear resistance of HCCI i
the shape, si ze, and dasesi wherenatot ogar biade
hardness values, there was a strong correl a:
di fferent HCCI grades showed similar hardne
di fferences dlnogyaradnd emartorripfd connectivity, w
not capture (Huang et al ., 2008; Yu et al .,

considered alongside hardness for a more acc

Heat treat ment further complicates this rel
processes can change the microstructure, esp
and carbides, resulting in varyibnhbgeé&®ardhasge
not always straightforward. While hardness n

at the cost of reduced toughness and higher
i mpact or dynamic |wandg negt (ali.u, e20 08 ;. ,Yu2 0elt8 ;:
Betti & At ai wi (2020) showed that-ambieantt ho
treatments, the toughness and erosive wear
treated with obwgdi dynitempgenngol-Ghfi sbéeat gdeén
har dnesosugadanmdels ¢ he need to assess both proper

Additionall vy, compositional variations, everl
noticeable differences in hardness, mi cr ost
Nel wal ani et al . (2024) , slighn KHEeQIi atpooaduc
in jobbing foundries caused significant di f
hardness, despite being withiffabtamdar dt hepg
analysis software (ATAS MentdStoarh)e,r tphreoyp esrhtoi wees
sensitive to these smal/l changes, suggesting
gual ity indicator without microstructural ve

(0} 0)



The

| ack of consi stent correlation between

probl ematic when performance testing is don
readtrl d applications of HCCI, sumhviaonimenmisn
invol ve abrasive slurries, high temperatur es
controlled | ab settings do not account for t
various environmental diatcyortsempardat warse ,p Ha n &
affect HCCI wear and corrosion performance.
val ues alone are not enough to predict how a
Taken together, these findings suggest that
be the only criterion used to evaluate HCCI
should include microstructur al tainoan y(sviisa (Tuhsei
Calc), wear testing, toughness evaluation, a
full performance of the alloy. This wil/l en
especially for demanddarng b mtdluswearalr egipdti amd
essermRteicolg.ni sing the l' i mi tations of hardnes
understanding the underlying microstructure,
affects hardness but also plays aiari ttioc ale arr
As such, evalwuating carbide characteristics,
i's essenti al for accurately assessinqsthe w
invol ving abrasion and erosi on.

Whil e hardness provides a convenient measur
material's ability to resist crack initiati
eval uate HCCI performance, iotu gihsn eessss,e nithiiaclh t
deeper understanding of the all oydrsr alce wa wei o
toughness, which represents the ability of a
influenced by the drdluxnddG@fthweney pramdnésact
whet her brittle or ductil e, can be deter mine
and deformation behaviour. Brittle fracture
fracture surface dwirtihv eal epaavtatgeer npsl,aniensd iacmt i n
with mini mal plastic deformation (Guo et al
before failure and typically @daowmsawnmn ihraonds
with coarse, Il nterconnected carbides. I n co
surface with microvoids and di mples, suggest

orn



(Wiengmoon et al ., 2011). Ductile fractures
commonly observed in tougher materials where
By analysing the fracture mormphaoe ogygd asees:
mechani cal behaviour oT h etshee snuartfearciea | ¢ huarr daecrt

identified as seen in Figure 2. 4.

ductile sample brittle sample aged sample

Figuk eCharacteristic fracture surfaces for
t esthitngs( /-9 onviwenn d ee.cc-®ani/ enm ¢ etr énsatl iem-j mp-hes py )

Whil e high hardness is essential for wear re
brittle, reducing its ability to withstand i
Cr/ C ratio enables a balandedamidanresest rancdt us
fracture toughness. Controlling excessive h:
continuous <carbide networks is <crucial, as

l eading to( Woottdgdekdsaai& uGaet esHCEDOWIi t Gua modd
Cr/ C ratio has been reported to exhibit good

as smaller carbides disrupt crack paths, d
contrast, subopti malsiCre C arrabtiidoes gcraonwtlhe,a dwhioc
but reduces fracture toughness, maYkainngg etth ealr

2009; Chung et al., 2013)

To better understand the origins of these me
ratio on fracture toughness, detailed micro
empl oMiecdr.ostructur al characterisation techni

( SEM) andi smergiyve spectroscopy (EDS) have
OP
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sights into the relationship between mi ¢
alyses confirm that <carbide distribution
havi omesolHigihon SEM studies by Sateé&dnt bat e

iform di spersion of M C carbides enhances
regul arly spaced carbides can |l ead to | oc
rmation. These microstirmgdanutrancevafl uadn efmns
| oying and processing conditions, particul
acture resistance and overall performance.
st research has demonstrated that modi fyi
chanical pr(okeattds ek o &&C&dtes, 2004, Ma el
e advancements have also shown the same i (
cent studies indicate that an initial i N
sistance due to the fofMahgod& &af, a2@06&B8seP

t282Bowever, excessively |l ow Cr/C ratios ¢
rbide/ matrix system,rawhiucle negagthihvees|sy QIR p

ampl d,.oundey hat whil e decreasing chromium
duces fracture toughness, i ncreasing the
ading condti tZalbONM@gn ¢ Zkeénghaeg 2011.2,;,TRORXR )t r en
derscore the need for precise alloying coc¢

intain a Cr/C ratio that ensures balanced

e Cr/ C ratio i s -pestatHaChc ¢coo mpomieentisn gnvi hih

ar resistance, hardness, and fractu+e tou:
ress industrial applications.

rthermore, recent studies have highlighted
e mechanical properties of HCCI . Heat tre
mmonly applied after casting thahcocet héar
rformance of the alloys (Panichkin et al .,

e shape and distribution of carbides and p
ads to increased weastréebi snbanteai andghgod
ampl e, Sudhakar et -taleatEadl0 HL)CIl s s@awgd etsh &nta
rbide distribution and slighadsty da&mplees .t o
ndings show thabhdwbabei hgecE&€nd Ctrahnhsoprovi

chanical properties, heat treatment offers
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the material. It not only changes the micro
bet ween hardness, wear resistance, and tough

for components that need to T esustrbalt heweanr

2. 7.2 Wear Resi stance of HCCI s

Amongpopeplraorperti es of HCCI , wear resistanc
attention due to its relevancd@henpakbsasiceeohs
carbides plays a key role in resisting mater

have confTiammpel &t t(AZadiAB)i,al et (a2n0dl 5Gujo. e(t2021) f C
t hmtgher Cr/ C ratios promote the formation

shield the softer matrix from excessive wea

cruci alkdi sapserweldl, small er carbidesn,creadtuei ag
ri sk of | ocalised materi al removal. Conver s«
can | ead to stress concentration sites, whic
(Yang & Li, 2012; Wang. et al ., 2018; Liu et
Hi e¢thr omi um cast i rons ewears,i shoenmil htTihelger @
arperi marily abrasive wear, adhesive wear, an
conditions and midarcas tnrdecteutr eal(.Bedd00 5; Ker
Abrasive wear is the most dominant m&clani s
surfaces slide againsduttthiengnatglrowdghi mg@gadomg

matrix and carbides (Chung et -abdy 2b083%iL vé&h
where the counter sur fmaderdiarl dotdynyd aibmhtaerear @t
where | oose abrasive particles cause addit:.
Adhesive wear occurs when asperities on the
| oads and shearrioaflf ,t rlaenasdfienrg otro smartfeace dama
insufficient | ubrication or severe | oading c

from-vkeilgplci ty i mpact by particles, which proc

def ornmatnido f ractur e, often encountered in sl
(Wiengmoon et al ., 2011) . The severity of t
vol ume, size, shape, and distributhandnasswe
and toughness of the materi al (Guo et al .,

for optimising HQGlesa!l lionydsusftan ahi @applicati ¢

resistance is required.

oT



(a) Adhesive wear (b) Abrasive wear (two-body)

-\

=P ___®

—

(c) Abrasive wear (three-body)

FiguxeTg2pical wear mechagmi)saardd efso avbed aveeravw & C C I
weatwo dyndalfrcadsi ve-bweal@rgd t Moeraca. et al ., 2

The wear resistanceusoifngHCQGIc hcaarnd 6bse weeraa | yesgeuda t
wear vioolsusmeowddri ci ent |, applied | oad, sliding
Equatilonhighlights that hi gher har dmaersderdi r

material experiences | ower wear volume under
w 00LQ Eqguaz?2ilon
Wher g= Wear vo&),umd womm surf?pce amée®@dE mang e

penetration depth (mm). The specific wear r a
using RgaatAmaohard, 1953, Kiefer, 2006) .

YooY — Equa?2i2on
Where SWR = WeNam) ,r aft &= (lmonad (N), and s = slid
was foll owedc dtr dmde lahtdedidte sasnp | e s .
We ar i n HCCI is further described by the Eq
model s, which define the weTahre bEduwmasli oWera ro fR an
Mo d e |l and Equal Pressure (EP) Mo d e | descri
mul ti phase madtlerramilwsm|da&set hiirghns (HCCI s) , p ¢
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eraction between the matrix and carbide
ine the upper and | ower l'imits of wear r

ween the reinforcing phase (carbides) and

EW Model (Equal Wear Rate): Assumes that

rat e, |l eading to balanced material- remo\
anchored and uniformly distributed, ef f e
wear .
EP Model (Equal Pressure): Assumes that
carbide and matrix phases, which can cal
car bi de detachment . Thi s resul ts-outn acc
partictuherdar bifdes are not well i ntegrate
maxi mum wear resistance, it I's essenti a
i nant behaviour, ensuring fine carbide di

t high Cr/ C rati os, -ccaosnttirneglaltheedans atlrii anip fr io v a
i stance by refining amearthriidke smadepdhgdcmobgsyd xaen
4)O0pt immicgiosg ructural tailoring during cas:

ance wear performance by debsini betc anhbhi, Ge

6 ; Zhang eUdndelr.s,;t a2a@23H)y these relationshi
i stance oifntHELCCYd isv e oe nmeiarronment s, such as
rochemi cal processing.

3 Corrosion Resistance of HCCI s
|l e optimising the Cr/C ratio is vital f C

l uence extends Ibeyarndlotwiemat ealnyd pflraaycitnug ea

ermi ni ng t he corrosion resistance of H
i rormegthtrsomi um cast irons are widely wused
rosion resistance, such as mining, c h e mi

rosion behaviour of HCCI st riuwctsurreo,ngdayr tiincf

ume, di stribution, and morphol ogy of <cartk

matrix to form a protective passive fil
ni ficantly dependiimgladi npenewmtvi alonméhor
ia, and atodecalcoadetcomnsosi on perfor manc
hods are applied, el ectrochemical technic

oo
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se include Open Circuit Potentialst(aOdCeP) t
enti al of the materi al i n a given environ
r (tHiabhe b, R®&®UU&nHnti odynamic polarisation 1is
aviour and cor.dosiiondi catesntt heéenshietrymody
eri al to undergo coEcavsnil aare, swihygrestas mod @
démkgcz et al ., . P26E6G;t Assulrdmce2®@n&) ysi s u
ther reveals corrosion morphology and the
er a comprehensive view of how microstr .

l uence coerrosi BieCi esi st an

ocomtai ning environments, such as seawat e
ressive due to the ability of chloride i
mary corrosion mechanisms [Ind#dHCEI St iexgpose
mi crogal vanic corr omdtorni,x piarmttedrcfud aed y( ah
omiiuarh M C carbides help in passivation
alised attack, buvomuomveandl|l eadi bot icdn omf
rounding matrix, making those areas mor e
corrosion behaviour of HCClIs in chloride
er , uni formly distributed carbides- enhan
dic regi onsgaltvhaemriecb yc oerérdoasdii.onngC @ vaéigs el vy,

e interconnected carbides can promote <co
ri x interfaces wherdanmitcraoegt |(2@baGhegatcor r o
at ment can i mprove <corrosion resistance
ucing segr emaattiiimtnerdtac eaif hi thesi ng prefere
oride envi&r ®nkhents @8aBac

highly alkaline environments such as 0.5
ferent from that observed in neutral or a

~—+

he dominant mechani sm, aseicarlboowdess cseeddno
enti al cnoentpaal rleidc tna thrtilex OB eygbe car bi des
omium i s gradually released into the matr
amoes 0si on retsi st aboRiOKRd3) un chl oride en\
omium rel ease i n NaOH promotes passivit

abofithesTnaet eafifadct i veness of passivati on

R\



vol ume, si ze, and distribution. Fine and ho

di ssolution, |l eading to a gradual enri chment
stable passive | ayer. Larger amdh mareeatwi deolcy
areasntodnse coretosmabn, HEBA&8O0Y reat ment can i
resistance in NaOH by modifying carbide morp

after heat treatment can deplete chromium fr

passive fil m yfoirmcarteasnipnsgtdrer eédt e &l ( Moid0 d i)
behaviour marks a significant contrast to tI
chl oride environments, demonstrating t-hat th
dependking . i s further dri vén tihyey ftclae bobbeemeal
homogeneous, the overall corrosion resistanc

matrix interactionscohabseowomdéiranmBdiOQ0ggal van

I n acidic environments, such as 0.5M H SO ,
di ssolution of the metlalalniicc noaotrimioxsi iowni tah t lecd
due to the agguéphiave ehatadr. i@ 2mechani sm ¢
substantially from the passive film protect.i

sul phate ions continuouGnlyi lde schilpdar iacheg @m odle

where passivation can provide protection, T
di srupted, maki ng oitg rdm fsfti achhldti 2tye t(nBzhldnk,lad2e® 1 7
mor phol ogy plays a significant role in the ¢
Smal l er and more evenly distributed carbid

|l i keli hood of deMpnlgmoaini ssda@nadt. b ac2kOtller han
i terconnected car bi des i ncrease t he number

n
orrosi on -mat nihx icratrdifdeces and |(eZhdinmgg etto ad
0

N O

2B at treat ment has mixed effects on corro

—+

i mproves carbide distribution and reduces

depl etes chromium from t he antatdr iaxtet amneakk.i (nSg2 0 1t
Sinscued phuric acid aggressively dissolves the
treatment can sometimes worsen corrosion by
anodic dissol(dtargmheaean&ébcalpre®d2tlg a <cl ear
benefits of heat treatment i n NacCl and NaOF
corrosion resistainster lnp wwtce @n rci mgpva aromimekeent s
process can worsen corrosion performance duc

MN



carbi de pFieguasehtoavtsi ewm.ar acteristic surfaces ¢
HCCIl s eirnendti fcforr osi ve AmeddAEl zaseti |dlu.st(r2adlexd) .b:

Sever al key factors infl uemcemitihm castr oisi @ms

1.Carbide VDI smed manldi gher vol ume of car bi de
resi stance but may al corilreasd otho igr enattere vie
(Yang et al., 2009).

2.ChromCamdd&nthi gher Cr content in the matr.i
strong passive fil m, (ehémg catngalc.o,r r201 lo)n

3.Mi crostiHamao g edmkeiatty t r eat ment hel ps redi s

chromium, reducing segregation and weak p
Di kici, 2019).

4 El ect Eovytr@&@rChe mtr i des promot e pitting, a
passivation, and acidic solutions cause a
5.Heat TrEkfafténdetrstt t r eat ment can | mprove cor
and al kaline solutions but may i ncrease

secondary carbide precipitation (Mosl emi

"
S|

pot

det imag O| WD
My 455

Figua@az.acteristic surfaces after ©06o0BbMosi on

NaOHa) andS@.bH95Mak il |l ufAziated By . A§@RO0HI5)
The corrosioh biéehplawmi omr whit e cast i rons I
environment al conditions, carbi de mor phol og

n



solutions, pitting and microgalvanic corrosi
treat ment i mproving resistance. Il n NaOH, S e
passivation, with homogeneous icar.bildhe Hn eStOwvar
matrix dissolution and galvanic corrosion | e
is constantly attacked. Heat treatment gener
al kaline conditi onef fbeuctt smaiyn haacvied i nce geantviivreo n n
depl eti on. Optimising the Cr/ C ratio and en:
strategies for enhancing corrosion resistanc
2020i;u et)al ., 2023

Corrosion testing methods such as Open Cir

pol arisation are widely applied in evaluat:.
includictmg omi glm cast iirons (HCCIs).i Whi gkt $ hce
they also come with important l i mitations t
especially under complex or aggressive envir
One of the main |imitations of OCP testing i

notestructive method used to assess the corr
direct i nformation on corrlbesj oHemlhémsi er e C

used OCP to monitor early corrosion activi

industrial waste products such as sugarcane
sludge (WTPS). TheirhifliendiCrfPg s owd rdf ii mde ¢ att tea tt
it lacked the capacity to quantify it or exrg

Cesiulis and Tsyntsaru (2009) highlighted t

should béeyswpparntieochal techniques for a more
The reliability of OCP is further I imited b
can heavily influence the measured potentia
variations in specimen i mmer sofonwetptairng adn o e

cycles significantly altered corrosion resul

drying cycles |l ed to the earlier appearanc
availability and hi ghtehre cehxl poorsiedde scuornfcaecnet.r atthi
that minor changes in test setup can cause m
and reproducibility of OCP measurements.

no



Compounding these issues is the | ack of stan

et al . noted that there Iis no consensus on
reference electrode, i mmersilen Whvéle, tdrdrac
the reference electrode type to be of | ess i
on the results. Wit hout standardisati on, it
increasing theimwminslorofermiosi nthemanetratal sel ec
Anot her significant drawback of OCP is its s
such as oxygen |l evels, temperatur e, and chl c
potential, someti mes mi sl eadCriPglvy.l u¥uwa  eecta nee

nobl e as t he aerxapaods etdh esrucbiscroasteee e d duri ng cor
gal vani sed steel in NaCl solwution. This find
positive potenti adn imadicsattaersc eb,etdteagwicnog rtotsat

must be carefully considered when interpretd.

| n mor e compl ex or i nhomogeneous environme
increasingly difficult. Tan (2011) reported
nowmni form media, such as concretekesodoiRl slropr,

nouwni form polarisation current di stribution

l i mitations can result in poor resolution or
monitor |l ocalised corrosges acresbthesetectu
OCP reproducibility is also compromised in ¢
el ectrochemical conditions are especially se
chemistry. Il n NaOH, slight di fofnen endeampiem ap a
di ssolved oxygen |l evels can all alter the re
et al ., 2014; Lynch et -dkepen@2&R20; sMabielti sadt
tread mdomced secondarny ccaanr bii ndfel uperneccel pcihtractnmiou m
matrix, further complicating results (Mosl en
nature of sulphate ions causes continuous br
combined gven hgahsydewol uti on, temperature var.i
makes 1t difficult to reproduce identical OoC
al ., 201 8; Feng et al ., 2021; Su et202l0. , 2 (
Farquhar et al ., 2021). Thescepacdomts matghid e
measurements in highly reactive environments

nn



Potentiodynamic testing, often used al ongsi c

i ssue is iIits dependence on high electrolyte
exposed to biofuel s, Sorg andr elsadsweainic e( 200
conductivity |iquids exceeded the voltage oL
equi pment , rendering potentiodynamic test.i
el ectrochemical i mpedance wspe ctur dceadodiyoc t(iBWwSt)
medi a. Thi s exampl e under scores how the t

potentiodynamic met hods.

Beyond conductivity concerns, potentiodynami
|l ocalised corrosion, whichwbsl desponesbba f a
et al. (2009) stressed thatuchradi OCPnali eéac
resistance, and even EI S, often f ail to capt

attackwsch as pitting and crevicdeO®%oof osomomnosi
rel ated fail erédocmd @maciindmsy ebesmmended al tern
|l i ke el ectrochemical noi se analysis and wire

resolution foscabeicoriogi emaadcti vity.

Further mor e, potentiodynamic tewdoi hd sawyvinc
conditions, especially when vari abl es I i ke
fluctuations are present. Yan (2020) showed

environment caused the corrosion rate of St e

not change significantly. Their experiments,
EI S, reveal ed t hat corrosemyni hh slcaviu ®ye stiss
conventional tedtrierg einvi sbament s smagsodverl o
mechani sms that only appear under | oad or in
Anot her l i mitati on of , pptaentiicadymami cwhpal au
extrapolation technique, |l ies in the under]|
can introduce significant errors in corrosioa

of uniform cbobheomabeyi ahatorspdespeyved!| yurafca

( Bedatt sal.. ,H2Wdawegr ,-wonl chasgenanl os, especially
of corrosion, |l ocali sed processes such as pi
domi nate-unThios mhoy | eads t o discr epeahmacviieosurb e
and the simplified uniform model assumed in

npe



al cul at ed c olrcrporsriAodnd | ct u roreeanhté ycherds iitsy i (d e

c
versible electrocheahenlt omrmarctt i oambi ryeett
c

irre

strictly fol(Bettdhiast Famhayvins@amce, materi al s
passive stainl ess steel s i n neutr al saline
interactions, where the reacti on g atmi weaews

processes. I n omeseexsysecdimsgl y tdibfefci cult t o
which are cruci al for extrapolating the I ine
estimated corrosion rates can deviate signif
The | ackKebineel Taf el regions in some potent
analysis. I n certain cases, the anodic and
behaviour over a sufficient povebnhtbal margd.
mechani sms, or fluctuating surface states.
becomes highly subjective and prloaarart oesrrr ¢
(Rybal ka et al ., 2021)

Experi ment al variables can also have a subs
Poorgasemi, Abootalebi, et al. HMONOIO9namnhklatto
such factor is the formation of corrosion p
These films, especially when they act as pas
and suppress el ectroemtelmy,catthe eaacrtn @snisoan Croats
extrapol ation may appear higher than values

whi ch accoutngr mf omatlkeonal degradati on. The

el ectrochemical nsehagdsretr m mée havicaprntr uref |l uence
formation, while gravimetric technigues meas
Mor eover, scan rate and startingtevtraoctena
( Fi secthearl.. ,A 20cld®n rate that is too slow may a
to evolve during the measur ement, whil e a f
Similarly, the choice of starting ovcearnpoten
introduce transient effects or hysteresis, [
these factors can contribute to deviations

further highlighting the neadamenr ecarsef @lct e x
Il n summary, whil e Taf el extrapolation is a

effectiveness is | imited by assumptions of wu

nx



we-defined | inear regions, sensitivity to sur
and overpotenti al selection. These chall en

interpretation, suppl ement-aaltiidoans twiind, odrc,r

(7))
c

ch as weight | oss measurements or electroc

ken together, these findings demonstrate
l uabl e tools in corrosion assessment, they
rrosion rates accurately, seksofti yti aiydadrod.it
d failure to detecwoolf dsicommldat € olnsc &li ims$ ¢dt
ed in isolation. Therefore, to obtain a co
pecially for &dmpl eéxemxslel oned hloidise sHOul d be

O 0 £ ® 0 < -

S 5 ® 0o W w 5 0O ®»

mpl ementary techniqgues such as el ectrochenm

—

sting, microstructur al analysis (SEM/ EDS),
tegratitegtmnligt sprategies can we ensure acc

demanding industrial environments.

2. 8 RAowemtcement sdynof helCClI s
Recent advancements in the study of HCCI s h;

t hat are reshaping how researchers wundersta

performance. Traditional la pupio mmtaec ki e ehianveen t @ fl
procedures to investigate the influence of ¢
properties such as hardness, fracture toughr
i ntegr atdrinverdf mdadeal | i ng, aaddnameaatt itorneadt merotl
and -hegdl uti on microstructur al characterisat
ways to optimise HCCI alloys.

One of the most significant changes in receril
mat erials research. Using algorithms traine
predict key mechanical properttrieengg,t hs ucam da sd u
based on composition with high accuracy. The
results in similar alloys |Iike ferritic duct
all oy devel opments By teedmhgmincaabioati and
it is now possible to generate reliable pred
for ext eamsgEirwveort reixgpler i ment ati on. This is par

nT



effects of the Cr/ C ratio, which plays a fur

matrix structure in HCCI alloys (Gu et al .,
Gu et al. (2023) demonstratedcbobmpopumpesd yof
dataset for ferritic ductile iron and wusing
mechanical properties such as tensile streng

Their model s achieved co96rahncdtmoman coleddli cti & n

bel ow 5 %, confirming the high predictive a
| mportantly, they aludatuoead ttlhherpmedy ca miph acsa
hel ped validate the reliability of the mach
only predicted mechanical properties but al
performance, goffieancegfetrdegigning new all o)
toughnesux.ceBlse of this methodol ogy in ductil e
highromium <cast irons, Twhepertsyi mi ¢élaat i onmp
establ ipdhyeadh.g Apachine | earning in this cont
optimisation, particularly in balancing har
targeted control of the Cr/ C ratio and other
Compl ementing this, computational techni ques

( GMDH) have all owed for thlki tearat nodelod thlod
relationships between chemical compbshtson

proven especially wuseful in identifying how
hardaedstoughn&sSaydbée&akaBy 2mMoldel | i ng i nter a
all oying el ement s, researchers can now precd
potenti al ri sks of carbide coarsening, matri
detail ed predi cotuisviey iunnsaitgthati nwaabsl ep rweivtih t r adi f
all ows for much more refnnaeddicononot oomachit
da-madel |l ing technigGaek¢ hadse beenopamdhiecwmbar |
experiwemkladad during £l ocy attéoswegnd. fOherphas
various temperatures and compositions, ma ki n
stability across different Cr/ C rathased Thi
experi mental work that would otherwise have
solidification behaviour. |l nstead of castin

preliminary si fall &t igaun d eidn tolneesrsmdge ctoimpro so ft i |

ny



not only saved time and resources but al so
devel opment process.

Al ongside these computational advances, dev
making it possebltehet ani troet ructure of HCCI
performance require€masnt sSHCCCen voefntteino nsagdf faesr f
di stribution or brittle grain boundaries, pa
as austempering and quenching and partitioni
the microstructure after casmtemgt ht.o Aunsp reanp:
promotes the formation of aci cul are nfhearnrciet e
ductility and 1 mpact resi stance without si g
2018) . These approaches allow for the opti
toughness, hel ping toof fovbeertcwereen tvheea rctl tabsssn sct d |
HCCI s.

Al ves et al . (2018) demonstrated the benef.
i rons, where they analysed the microstructu
commer ci al all oy subjected t o di f fléenergt a
mi crostructures consisted of acicular ferri
content, and nodul ar graphite, features tha
mechani cal performance. Using sezmmigges!| s
mi croscopygy dntif xacti on, they characterised
ductile iron (ADI), each processed to achiev
testing at room t emperrkatbuertewereenv eaaulsetde mp es i n g
mechanical behaviour. The sample austempered
strengt h, reaching 1599 MPa and 1427 MPa, roe
showed the higheesnter@hyar(®y .i9np alc) and t he gr ea
austenite (27%). These results confirm that
bal ance bet ween strength and toughness, e
performaneatthreadgmemt .

This study highlights how principles from A
tail ored heat treatment strategies such as a
transformati on, l eading to mat ersitaalnsc ewi tWh eir

noeo
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ed-Crt oalhligys, such strategies offer a

rmance without sacrifi<crngitché hpohilbkat

standing how different processing metho
thanks to modern characterisation tool
to examine features | i ke ucarskeied eho,w ¢erl eil
as chromium and carbon form different
catter Diffraction (EBSD), which is an
er . EBSD gives us delt aagrlieantiantfioommatp hoans
structur e, and internal strain pof the
tonareomevtkegfrchh i s usefldCliwdher estsmayi ng han
structure can afoughmarbtairdwnleasrsl,y waefatrer a

gh secondary Veapbrcde pteaipit20Diléin.

wor ks by capturing patterns called EI ec
the electron beam hits a crystalline sa
rientation of the crystamenis hheemabd)
SsS more accurate. Some researchers hav.
re the angles between crystal pl anes, n
Zhang et al ., 26G2Il)denThifs kionwd cafr ba deu

er there are any issues |ike misorienta

t i mprovements in EBSD equipment have r
tors, such as Timepi x, now all ow us to
ms , which relied on conver tnewy dedteeccttroor
wel | even at | ower beam energies (Il ess

es the area affected in the samplte. The

ity materials, whick. w&séendi ehiecglyt fiot

rons above a certain energy are used, a
e crystal structure. These improvement s
n patitmpromd atnhati namemder standing wear an:
r resolution S needed, especially i n
mi ssi on Kikuchi Di ffraction (TKD) is us
at abron maps withnarcmn@ @aao ent baelt.t,e r2 0 2hla
o [IEBtSiDo-gE BB®RD) are especially wuseful for |
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caused by heat treat ment, def or mati on, or pl
hel p expl ain hloiwk e& ema tah ind € beeufnetcdrsi mesc hani c al

The way EBSD data is analysed has also impro
and more accurate processing of | arge datas
experiments and evefni nd ep antatcéhri me il re atrme ndatt a
et al ., 2024). Thi sr dssearsple,civaldrye umaenfy ls manl |

can have a big effect on performance.

Al ong witRagBSDff Kacti on ( XRD) remains an |

phases in the alloy. XRD is very good at det
M c , as wel | as retained austenirdeeasnd r
toughness, and wear resistance. However, XREL

andloessmow where these phases arhel pidtwadgcds T

spati al det ai | and shows howrubé¢seephd8yex oal
XRD and EBSD, researchers get a much cl earer
wi || behave in real applications.

Toget her, SEM, EBSD, and XRD give a compl et
performance of HCClIls. SEM shows the shape an
phases present, and EBSD I|links these f{These
techniques are essenti al for understanding

affect the prespradiialsl yofhadCdlClesss, wear resis
Anot her i mportant area of devel opment i's in
Recent studies have explored the benefits of
and titani um, whi ch € ar mo mtiohnaptii @exrs hcaanrcbei dbecst ha
corropesbneatanete &Ki sThi®Pdd28)f i ne, stable carbid:¢
hardness but also help resist crack initiat:i
Hardfacing technologies have also evol ved,

criticrmaéntcompm demanding industrial environm
resistant materi al, when combined with cont
component | ife while maintaining cosattiegfufei ci
testing methodol ogies are being introduced

service conditions. These tests now account

pressures, and | ubricati onureef foefcttsqw otf Heer mat
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behave in practical settings. When coupled
these tests validate the design decisions m

refine the relationships petiveemagod®@EOVIi on

Toget her, these innovations are driving a fu
study and design HCCI s. Rat her -thahurel gnab)
modern research enabl es a pr onaacntciev ef raopnp rtohaec h
and al Haws nfgi me every stage, from all oy comp
application. This integrated framework i s m
me et but exceed the weagruiresesnt ande,r thaugmre

resi stance in even the harshest i ndustri al e

29Ef f ec t of He at Treat ment and Service
Properties of HCCI s

Recent studies have highlighted the signif.i
mechanical properties of HCCIs. Heat treat me
used to refine the microstruct nrce,,t taangddm e g s t
(Guo et ZAhaetg 2dI1Bho@ 221;,.. , TR 2IRgat treat ment |

carbide morphology and promotes tbenprebupes

to increased hardness and wear resistance v
Sudhakar et al . (2022)eadewho HHSCCOrla t ®a mptl heast  ehx
homogeneous carbide distribution, é@dadongst
cast samples. These findings indicate that,
a cruci almirmilreg itnhedemeachani cal properties of
additional refinement tool, further enhancir
aspect is particularly important for i ndust
combined with i mpact toughness, such as mini

The type and distribution of carbides withi
determining hardness, wear resi stance, and
carbides provide superior har dnescsonand bwetaer
better fradtOamé ®oWglklhes22020; Ping.eA-wel | 2
bal anced ratio of these carbides ensures th
while simultaneously absorbing i mpact energy

this balance coul d be op/tG miasteido bdyu rpirnegc iaslel ocy

o
Il



Excessive hard carbides may increase brittle
few carbides oaemrr g elids tddmaahg ,d 2401 7 ;. Gu o ee t

tuning carbide phases through carneafhwelred@eomgo
essential to achieving the best possible mec
environments.

Whil e microstructur al characteristics signi
external service conditi-werasr ad rswi rpd e rat £ rauw
and milling, the interaction b eutrwee e tn o uhgahrndens
determines overal/l durability. Studies have
properties significantly reduce maintenance
(Yang & Li, 201.2;FoGuoe xeampalle.,, i2n0 2tlhe mi ni ng

with precisely controlled Cr/C ratios demon
i mpact, thereby increasing equipment reliabi
al : 202%) .Du2€24). The ability to optimise
reinforces the i mportance of wunderstanding h
properties.

Decades of research have contributed to the
t he mechanical behavi our o f HCCI under var.)
focused on modelling carbide nuclaemdati ingn odnd !
influence of the Cr/ C ratio on all oy proper
model , which explains therifoh nrad dgiomn o fd wrair g
(Li et al ., 2023). Thime arfoadreil c als persospeenrttiiads i
di stribution and refining alloy design for

explored the associative perception framewo
fluctuating ser viecxep ecroinndel nttiaoln ss.t uHloiweesv eorn s ur
performance remain relatively |I|imited. Futu
studies to bridge the gap bwbowkdnappkobcatio
integratiomandf empéeel mengal validation will €
the performance of HCClIs under extreme condi
The mechanical properties of HCCI , hardness
primarily dictated by its microstructural ba
A wbhl anced Cr/ C ratio ensuresietltar bodmatiea

PO



within an austenitic pneartfroiriea necpet a(ini si 29 0 Be c k
2013; PourasiabRe&e@atb@scobB8228)rently highlig

Cr/ C ratio i s essential to prevent excessi Vv
mi crostructural adjustments through heat tre
mor phol ogy, i mproving the overall mechani cal
By combining experimental data, theoretical
have devel oped guidelines for designing and
performance standards. Thesevircg®i ¢ hthea saefde HEIC
mat eri al-sst riemsshiegdhvi ronment s, where a precis
resistance, and toughness is required for op

21 Research Gaps and Rationale for the

Despite the exHEGES$s vertdn esteialrlchkeyn gaps i n wur
Cr/ C ratio and solidification-ca®ibl atnrde ahteetde s
mi crostructur e. Whil e previous studies have
stability, meicdani aad mronasctdbddtiaammakel eyoRQO
Ort€gbill os et al . ,2@08 5-Aabdzalethloda)ida ko tente rasl .h,z¢
|l ooked at how cooling mradegdiismpaéuteanbil @®a
Sasaguri et al ., 2019; Rot2B hetsealfind@ygs8; dB
addr ess how both parameters interact duri n.
performance, the core focus of the.fiMostt an

studies have eithaerl | foyc uwsoenmh oca atsdtp ne onand iittrhigeo ne

evaluating the &effects of heat t r elantineinatl,

solidification microstructure affects subseq
behaviKamurant zali s et aXYfhae @DRPZhAIs ets @larti 2
relevant to research questions 1 and 2, whi c
mi crostructur al evolution and I t Bhicsongaguen
significant because the solidification proc
affects how the materi al responds to heat t
performance. A deeper undeestibnadi hgrotdevale

components wi trht ioepst ifnors ewle grr ogpred corrosi on r

Anot her critical l i mitation i n t he current

mi crostructural variations caused by differe

PN



Many studies have reported trends in carbi

functions of cooling rate or composition s
underexplored (PanichRiORBwetetalal . ,2023824)Got Wl
established that rapid cooling refines the m

carbidefswabi Udtgs have addressed how these
carbide network and meehanataloréebsposeepndhc
guestions regarding fractur e .t oluhgihsn elsismiatnsd tc
to predict peofrordmampeéde iicmtin @eals where both r &

heat treatments are standard induegui &l bpi aao
solidification mnamcardubeepuerti pheat i br eat me
adequately studied, |l eaving uncertainties i
war resistance, hardness, and toughness (Si e

This research aims to bridge these existing

simultaneously considers both the Cr/ C ratic

the microstructurTfhi sevadil rudadtolny od u pHCCOItss. al |
which aim to identify the microstructur al

mechani cal properties, and understand perfor
Unl i ke previous studies olhiang tefefae¢ctad | Dgp &roa
explores their coambstneanrderalitéecadte moiecrmmstasct ur
properties. The study will integrate experim
techniques t o msriowd dwen dae rcsotngpnrdeihneg of how t he
met hods wi | | i ncl ude:

T Thermodynami c slTihmrulmat@admed ailsi mlygase transf

carbide pr eeiquiitlatbirdmum rmoman ti ons.

T Coolingnallyoysiexperi mentally track solidifi
temperatures, and assess the influence of
undercooling dynamics.

T Microstructur al anal ysi s using scanning

di spersive(EpBrtcbacaptyeri se carbide morrg

matri x transformati ons.

By linking these techniqgues to both soliditf

the study addresses the | imitati ol iodfi fprea
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mi crostructure on mechanical properties was

all oy composition and cooling behaviour. Wh
factor, the primary focus r emaiinnsg orna tuen dsehraspt
initial mIifrbressetst uthe. foundation for answe
correlating microstructur al feaThires i wi ¢dr an
approach is expected tor gemtirm@mitei nvgal ailalbd e
conditions, and property control to enhance
industrial environments.

Understanding the Cr/C ratio and cooling r .
i mplications. I ndustries such as mining, pet
components to withstand harsh envalbgméntgdl
hardness, wear resi st alrhcee ,t hamdd o oersreaasrican qruee
aligned with this <concern, seeking-wopol d el a
perf or manTchee measulctss. wi |l Il rguedsesialgl ompdes ieqe |
to reduce maintenance costs, extend service

HCCls are widely known for their high hardne

(AbdAzEIZ et al ., 2015) . Many acesadecledr sal .i
Karantzalis et al .( 2(02a0b0d9 )Ng gV seen gé¢moPoann e(t2 0a2 0.) |,
i mproving these properties, as they are esse
wear and corrosion resistance of HCCI s pr
fraction, whi ah BRsseabbedsed mammbmixXdesT includ
M c , and M C form under di-ffeateménthemnd,i
( AbdAzElIZ et al ., 2015) .

Both chromium and carbon are critical el eme
properties of HCCI. Chr omi um, the primary al

by forming M C carbides that prombtaclhk EFah
et al ., 2022) . Car bon, on the other hand, T
carbon | evels producing | arger primary carbi
(Guo et VWhi.l,e 2e0x2tle)nsi vendestadcbnhabebeadepe

Cr and C, the synergistic influence of t hel
connection wbuhcpeeerfepar atainfceect | y i nvestigated
and 2.
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Research on the Cr/ C ratio in HCCI has show
mechanical propertiesAziandetwealr. rez0kFanfas d
et al ., 2025) . Studies suggelsar p hianmcraedsée Ci
but at the cost of reduced toughness. Opti ma
is between 8 and 11, as this provides -bal anc
stress-sandsbowbrasi{(8&asaguditebnal ., 2019) . .,
influences the transformation behaviour of F

crease the pearlite transformation tempera
ma X i mu mr agnossftor mati on hardness occurring at

a

saguri et al ., 2019).

rther research is needed to explore the cc

relation to solidification and cooling c:

—

O results in more carbideecSosmanicenpbui na

ghness. The shape mandreoklj ke o&r Ixiaddés denh

n c

i stance but can increase Dbrittleness ( Wa

]

ms fewer <carbides, i mproving toughness bl

]

bi des influencaes cmoresicam brdesstremduec,e e

nNi mising corrosion. aiilhaarcoks t(rGiocntgu reet aanld. ,c azrQ
including size, shape, and distribution, d
envirormrHmarit st.r etatere nmo diufri es t hi s behaviour,
complexity. Therefore, precisely controlling
c

ruci al to addr ebsassiemdg qtuhees t p eornfso rpnoasrecde i n t hi ¢

Il n South -Ahroma, casghirons are widely wused

environments, where acidic and basic condit.i
Failures in these industries ofetngn droewsnulitme
Understanding how the Cr/C ratio influences
failures and I mpr ovi ng -Jnaactue rnidael epterdlor méaa o @
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Research Question 3.
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This research will contribute to understandi

HCCI for wear and corrosion resistance, ens
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customise HCCI for different operating condi
extending component | ifespan

21Chapter Summary

This chapter provided a compreblenemeecastvi e
(HCCI ) , focusing on its composition, mi cr os
pr opeSetciteison 2. 8 presenthead et hei mgwe mpt ealemit e
of HCCls to increase efficiency and experi me

ntehabaet owing focus on the impoBéd@niwensp e

examined the effects of heat treatments suc

HCCI , highlighting how these treatments modi
and distribution, as wel |l aesrelbinseiquent é€gi
key mechanical properties, i ncluding hardne

particularly when optimised alongside the Cr

Sectilodeanti fied several critical research ga
independently investigated the influence of
evolution. However, few have explcarlead | tyh @ sne

transitiooa$t omdatrielnd ®ebde sttt at e . Due to the 1
effects of t hese variabl es, further researc
understanding of HWICédge oicesess nngnt Tl sf kmoop:
c

omponent performan-tatensweariaddstoreesi on

Sect?2othos 2umimari sed the key findings of t he

framewor k, underscoring the significance of
cooling rat e, and t her mal treat ment on t he
perforofand@Cl . The review has established a
objectives, which seek to integrate these p:

applications. Subsequent chaptddreswi hlg how {
research gaps by i ncorporating experiment a

computational model |l ing. This approach wil/l
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Chapter 3: Materi al s

Process Overview

Alloy Design and Testing Process

[E%J Alloy Design }

Y
‘ % Melting

Thermo-Calc Modeling ¢ ---'
T~ - -y Induction Melting

) Heat
Quenching Cycles ¢ ----- { SUSS. Treatment }
Tempering Stages ¢- :

m Microstructural
Characterisation
1

-2 Optical Microscopy
1
- -->SEM and EDS

- -- XRD Analysis

J , d
1o~ Mechanical = . Corrosion
[].? Testing } [ Wear Testing } [QH Testing }

1 W :
Vickers Hardness € 1 Pin-on-Disc Test - =->Electrochemical Tests
1 1
Brinnel Hardness € - COF Measurement * > Environment-Specific Testing
1 1
Charpy Impact <_: Surface Roughness Measurements

Fi gulrAd | .y Design and Testing
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3. Matre al s

3. Lakting
Three Dbatchescaosftayraylilnogy st meer € an3d s@owsohhen
composition of the alloys.

Tab3l.el: Compogihtei amree cast iron batches

El ement) (wt %
Samp C Mn S P Si Cr Cr N Cu Fe Cr /¢
rat.i
P1 1.¢0.:0.00.00.:24. 24. 0.:0.0(049. 1213

P2 2..0.:0.00.00.:23.23.0.:0.(0648. 862

P3 2.¢0.:0.00.00.:23.23.0.:0.(0648. 806

Prior to casting, t he i nft ampdeecd af Ic wdngwen 8 icthi o n
ThermoCal ¢ waesteimpdtoegs edhd ome sHICICtlisn g tphhed ge st ¢
percentages, as well as the temperatures a
equi l i br i ulnhec onedsiutlitoinnsg Cr / C ratiaobtweferubet
anal yses of t he cool iwed |tbhedbhaawmigoewsr tohfat H®QIcsu
mi crostructure pert aisnhamgedt anoa @rhibibdag v d lau e,
mi nolranges in the C content. The Cr was 1inte
i n t heprcoacsesisn,g niinnctlseynddiledda gabkt ewat gbhs i n raw
the conducting ofactthuealc arsetsi unlgtTsh esoltiegshstplwt hcgh apr
was foll owed for casting.s avadii dbmiwaesde wmatdhe tu
bindingtaoagent BMemi wagt was donef ommith0 as sa@anrdd ani
just in time to ensure that the sand was wel
After t imoxotmhgehl syand was then poured and pacl
compacted. The sandppwaosx illneaftteiltyat sl i dihey mb o i
released from the pattern and | eft to harden
offi rearapron -Cemdd&ngsaFsecwerbe heiantde@dg uipnducti o
furnaocel500AC and |l eft to miokpdt edfe |ltyh ementett aaln
taken from the mel't angu ipakpmsieidc i nhad tthlree Mmmad c

t hemer e then Nowawmétwwadet oAs the molten met al
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the thermocouples transfNevwmbdch hdrewohi sg@l C

cooling curve for each of the
t hhmoul dsead&ht pour i nto the
adjusted to fit the second
i Ri gl3Zzwer e | eft

cups. After ge
mo u | adfs , t htehaesnerletma
C omp o sci asatesn,s e € hen

t o Tsheel ischimfey powererdiug ket weass r e p
otawhose compositions are reported in Tabl e

A EAlA0 LRl

e o

E

[=r 5

T AT T

Fi g82 e Ht yhome <cast iron ingots
3.Met tso d

3. ZammpPr eparation

The sampl eslOdriéhings ian gGdlod San
cutting

commputwa wlen umer

el ectri.cdllhedissaapd regse weaechimoant ed usi

Bai nmount Twin H Auto Tlhpecimmemt eMbunammige Prw

grinding and polished to give aP4alQOPrt®a0O0Os ur f
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wer e

cloth, the sampl es

Usi ngChveDm pol i shing
£t0r uaeurtso mlaet gi rca mauanltai slimii snugrofrmeac ceh i wnaes
to a

using a
silica was used

rpm

achi.eviNeodny sitmad ldol | oi dal

sampl es were etched usbs®agnuidsi rnagk a mhied s nrnmeear gsel notn
distilled

then rinsedvawiet h

3.22 Heat Treatment
Heattreatment waperformedusing the Bohler steel muffle furnaoa three samples of each

of the compositions. The following heat treatment procedure followed is represented by Figure
3.3. This heat treatment procedure was informeijna Patent No. CN102899469B, 2013)
This particular procedure was chosen as the owners of the invention claimed the specific
proceduremproved the toughness of the high chrome cast iron while preservingete
resistance of the materidlhe procedure was reported to improve the toughness of the material
by refining grains from theontinuougplatelike structure common to high chrome cast iron to
thicker spherical shapeis Cr28 alloy Additionally, the procedure was reportedpt@mote
better diffusionto get a more unifornmicrostructurewhich effectively refines thegrains,

thereby improving toughness.
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323Har dnMes i
Har dnessf otresh o tntga stth le a-hatlse abtaet dcwaesd o n e
Futur¥iTekdr s ttsrtkcresFMqui pped
ASTM E92

ng
using t
wi Bchc oar ddiinagmoatno

a8t ASTHIORY ( 20i1t7h) ,t he | giatl 46t seoo0B¢

dwel | The mear dness val uea® st hatnrdeaantpehde sb aftocrh el
obtained by averaging at | east five indenta
samples of the same compossiftoirom,nef cBuplosot a
hardness on | arger s®&8mplhas dwas sali nadecmdomre i

anal ysbsampassthltee

mat e€rwpph s e@ahrsn stt sbeofaccur at e

by the Vickerds hardness indent erl5 Tshtea ni dnadredn
wi th par ameTiaebrl s¢ AsShToRvhE1iOn2 01 2)
Tabl2efe3ting parameters for Brinell testing
Ball Force Recommended
Brinell Diameter | Diameter Nominal Value of Test | Hardness Range
Hardness D (mm) Ratio Force, F HBW
N kgF
HBW
10/3000 10 30 29420 3000| 95.5 to 650
32 . Wealesting
Thepi-onfdi sve are sdtrsy, abtreasstdsaggonduct ed according t
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Tab33e Pimni wear testing parameters

Testing par ame Val ues

Sliding spee: 0. in0s

SI'iding dista 1 0 0nO

Nomi nal | oad 1N

Acqui sition r. 6mm

Humi di ty 4 0 %

Testing temper 20N5AC
The traditional met hod was uslidgh oc ldred meg mad ans
all oys based on the wear track's average ma
average penetration depth technique is appl i
curaeproff iHer t 2 ihkgel. c dJmme tnda r SRIBARDr f ra@ & g Hensetsesr
(profil ometer)-stectmeoasadr eartelae odr d hee wear sca

t he wear scar from the edge, atnhndltysbamai sc ahe
data on the penetration depth of the wear tr
(W was det eEgmiam3d.d nusi ng

w 00LQ Equal3l on

Wher g= Wear vo©&), uuwke womm surf?pce amete ®@d €& mang e
penetration depth (mm). The specific wear r a
using BuAarnrdmar d, 1953, Kiefer, 2006) .

Y'Y — Equa32 on

Where SWR = WeNam) ,r aft e (lnonad ( N) ,) .a njdh dss e=d usrl & d
was foll owbedc eaxsth edvvdelm 6 ;md| e s .

32.Gor r oTe is thry

The el ectrochemical potenti al d yAnSaTnM ©GI5c or r 0 S
(199Bbandabtdpotenti al dy saatmiocn anmeda saugrilecotepmot |t ahrei
castheamtde baé dAhreshABectrode el ectroch®&amrcyl ce
potensebspawas usedefectObhbBWM@EBsONAGEHNThSE. 5
wit% NasDll utwieoms us ed fcoormpeoasd fit | tolnest BAa mpd lag i num
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was used a<®l ebéer cdegnhtAgrcd &n 5M KCI el ectrod
referwande,t he expos@d ssuarnfpa cees oafs tthhee Hvor ki ng
begwaint bnni ng anpootpeennt itads ¢(udGPr) 3600 seconds,

polsatriion scan-0r.nygioagl Aremandard sa@anroaime

t emper aAfuttersttshbedlihleactioonosi olEc@®oobenbdbisalon( cur
dengiltcyamd) corr wadomeracesrdi ngstand&Tds G6E6AS
G59 StandarTdle @®dr2Zr0dgsi on r ate 3wa3ds <cal cul at ed

0'Y

Equad3i®dn

wher=e &Konstant, viEeN ghnje,qgail callanted density

32 .16mp de w g h Testsi ng

The samples werd StDF9t ¢ @ sac@®&Odd,d AesBYm
in Figure 34, the typical Charpy impact test specimen hanotchmachinedacross one of the
larger dimensions andeasure®5 x 10 x 10nm, as inFigures3.3(a) and (b) The energy that
a conventional notched specimen absorbs whieredgksunder an impact loasasmeasured
by theTinius OlsenCharpy impact testg machine and recordebh this testthe specimen
washeld firmly at both ends while being struck with a hammer on a pendadomwith the
hammer hittingin the oppositedirection facingthe notchas shown in Figur&.4(c). By
monitoringthe decreasi, motionof the pendulum arpthe energy absorbed by the specimen
wasprecisely ascertained. Low temperatures, high strain rates (from impact or gagissyyri
and stress concentrators like notches are crucial elements that infloertoeghnessf the

material
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Chapter 4: TheRaEfifoeoins t df
Mi crostructure of High C

4.1 I ntroduction

The mechanical propertiestoaufghH€&ln,d sewahm o0ss O
resistance, are significantly afahacdedcabpi d
phase embedded in a softer matri x. The Cr/ C
vol ume, and distribution of carbides withir
typically reduces the carbodm dio$ umiebwatnido mpr
withimattelwdhiale a | ower Cr/ C rati o increases
growth of | arger acatrrbyHtewrteawobhosa &h&amesy 2
202H¢at treatment is a frequently utilised p
of high chrome cast iron, i mproving its mect

enhance the carbide structur el garsh neoetceded &r ¥y h

carbide precipitation. To optimise HCCI for
explores how the Cr/C ratio influences the ¢
t hese, in turn, i mpactprbpertriessul ti Thgs miwtct b:

analysing the microstructure of the cast sanm

Addi ti onal techniques, such as EDS and XRD
under st anmii ;mrgo sotArduichteu roen.al | vy, this chapter e
further modifies high chrome cast irons micr

4. 2 RAlleo WifeameGotmposi ti on on HCCI Sampl
The composition of the three cast iron batct
is shown in Table 4.1, along with their Cr/ C
P1 to P3 was to incriasée twt o) od rPBagn Peomrteesretn

composition of-chypmiewmecastc hri gh, whil e keej
rel ati ve(l>»2 X)omtsthhainst i ntroduced differences i |
4. 1. Silicon, ni ckel prenasegtanate | ownd evepper

mol ybdenum iwt Bulgmeur ad ndé 1palosgahkoalpswe | we & 0 .
wt Pao. Il ron makes up the majority ofwt @hhee comp

carbide volume was cal cu(l at eatn dali.n,g 20 @ S)e.or e
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P#6 p®o bPx& mMUu Px&O0 p&% 4. 1

Tabd.el: Compogihtei amree cast iron batches

Elements(wt%)
Sample C Mn S Mo P Si  Cr Ni  Cu Fe Cr/C Theoretical
ratio Carbide

Volume (%)

P1 1.98 0.28 0.022 1.09 0.029 0.2 24.01 0.22 0.03 72.14 12.13 22.42
P2 2.78 0.28 0.019 1.06 0.026 0.17 23.97 0.23 0.03 71.44 8.62 32.26
P3 296 0.29 0.02 1.08 0.027 0.18 23.87 0.23 0.03 71.31 8.06 34.43

4. 3 Prediction of Phase Results using
The ThermoCalc phase diagrams and compositi
formation of phases and their evolution acro
P3. These phases include the | i g@G _dA2ph asaend
carbi €gss®4 Man@) M Each sample shows auwenitqoue
di ffeir€nbe&daina@d ot her compositional factor s,
final carbide vol ume. The predicted phase f

including equilibrium phase stability, solut
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Figure 4.1 shows t hePXroadiPdt,ed hphas e ud
at approximately 1290AC and dominates
formation of the first phase, FCC_A1,

metallic matrix, De@A@Gningmfohemalti oumi d
80% of the volume. This gradually dec
when the BCC_A2 phase begins toifer mh:
relatively stable, occupying ~73% of t
domi natedC:phasde Which forms at ~1290
before slightly @8@brasas ibrergiwisen o€li ® c h
in volume until ~700AC, where it st a
retained phases are ~73C% BMQ_ AxXs2A%rrm
ThermoCalc predicts a total carbide v

calcul ated carbide volume of 22.42% f
Tabl e 4. 1.

Figure 4.2 shows the predicted phase
~1290AC and transitions+CicmtrdiR@G_. A I CC
domi nant metallic matri x, accounting

bef ore gradually decreasing and disap

Y M



Bel ow 400AC, BCC_A2 stabilises, @caup
form at ~1290AC and steadily i nCraad
precipitate out, Csviolguhnel.y Beeldouw i 4n0g0 A (h,
~72% BCC_A2C, ~2do:CM&r Mi des. Ther moCal

vol ume of ~2 8 %, which is | ower t han t|

Figure 4.3 shows the predicted phase
exhibits similar behaviour to P2, for
remains stable up to ~850AC and acc oaus
the BCC_A2 phase starts forming. Bel o
the microstructure. Car bi dG, fwohrincaht ifoonr
and steadily increaear indes pHhOORLCEt |
M:Csvol ume. Below 400AC, the retaiCnednp
M:Cocar bi des. ThermoCalc predicts a tot
the calcul ated value of 34.43% in Tabl

Al t hough mhedgiefnfieesr ence bet ween the pre
Cabaod t hiased oforom t he actual compositi
the progression from P1 to V8| adawmeiochn sPt3

t he hi ghfersa cAciadoisisde@l | sampl es, the steée
as the carbcddheeBIC@8e A2 ferrite phase
acr oss salmlptl ks, @ about ~70% of the whc

predicts that the ferrite priaasnhxilse tthe
would take up to 30% of the vol ume.

4. 4 Cooling Cu®vnepsl essf t he HCCI

Figure 4.4 il | ustur adfe sP 1 hdeu rciomdTitrdgealdcdawsatviifragl Iy
a typical cooling pattern for hypoeutectic c
the |liquidus temperature (TL) where solidifi
solid region wherel yt hseolriedmafiineisn ga sl itghua dt e nup €
period of ti me. The pouring temperature was
continued wuntil the | iquidus temperature (T

Y N



Solidificatponnpegnddaastbompl etled O0IAIC, 2B r s eg

the total solidification time to 44 seconds.
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Figuk@oadl.ing curve showing cooling betl
The c delhiarvgfoul 2, shown in Figure 4.5, fol |l
significant di fferences. The pouring t empe
temperature was reached after ~41 rsegionnds,

compared to P1l. Solsiedddmnrdsatgii g itmheP2 ot @dk so9
~1G®coindasi,cating a significantly | onger tota
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Figua@oadl.ing Curve showing cooling bef

Similarly, P3 foll owed the gener al cooling
However, P3 was poured at a higher temperat:
furnace | onger. It took ~47 secagndwhifcdr iB3
seconds | onger than P2. Despite this, P3 hac
faster -~alt. l.COGmptatreetd 2 afat ~Thb4UCAster cool

combined with the higher pouring temperatur

solidification. Tot al sol isdeicfoinidédstei om P2 . P3 w

4.5 MicrostxcascstuHELI ofSampl es

The microstructures of samples PEigar&&h afte
cTabl2esh4#ws the actual average ©primary carbi
primary and eutectic carbide volume. I n Figu
a calculated carbide volume of 22. 42%e) di sy
characterised by fine carbides and visible s
dendrite arm spacingtion iliet weevn ctalrdbro,n atotnrt iem
the actual average si ze s-h206ws2@a¢hiatti dPria lhlays, aP !
more directi-bmape dh emdilodagrrypl € P1 in Tabl e 4.
| owest average pr i mAlraymocnagrshké attst evodsupnlee ©.f T HE
deviation of the primary carbides also pres
di fference, and the carbides are of wuniform
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Tabl2dAver age carbide -cagt amde abtecddiu MeC Cd fs as

Carbide Size Carbi de Vi
Sample Perimeter (um) Carbide Size Carbide volume (%)
Variance(um)
P1 143.90 23.69 26.26 2.28
P2 217.11 45.37 37.27 3.27
P3 1431.85 1433.36 42.90 5.35

Figure 4.7b showing the microstructure of P
t heoretical volume fraction of carbides (32.
values present a bit higher ate ~43.77.b2)7 9%.h oTwnhse
defined interconnectedcexargdhnab@e ch eg wiom&r ynadar
finer eutectic carbides. The matrix in P2 r
have eithéerexagomal@tmecup howligyh are evenly

t hroughout the microstructure. P2 in Tabl e
with an average Rriidmar P2cal siodes hsiwse aofrel at |

variation, showing that thespzemary carbides
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|1ooum- ENT=2000%Y Signal A = NIS 850 Dote: 29 May 2024 l 100 pen ENT = 2000 kY Signal A = NTS 850 Dato: 1 Jun 2624

2EISS]
WD= 84mm Mog= 200X Apertute Size = 60.00 WD= &6 mm Mag= 200X Aperure Size = 60.00 wn 1

< 15
S LA
100 ym* EHT = 2000 KV Signal A= NI'S BSD Dato: 29 May 2024 1
WD= 86mm Mag= 200X Aperture Size = €0.00 um

Fi guhr®EM.i mage showing the microstructure of
t hheat diax k phase is the carbides.

Il n Figure 4.7c, P3, with the |l owest Cr/ C rat
vol ume than P2 of 34.43% (Table 4.1), di spl
actual carbide volume present sarabildiets Hing hRe3r
significantly coarser and more continuous th
appears substantially covered by the primary
greatest car bi deea ssti zsda naprioemsgletddigteePif sal so s ho
greatest vari atioinavd inh ptrh ena v @ r ic &B336.nlkeisc o mi n g
indicates the inconsistent size in the primary carbide sizes mathi@. Acr oss t he th
samples, the carbide volume and morphol ogy p
pronounced features of carbide coarsening an

4. 5.2 EDS Rasul tHLCCdf SAaanpl es
Figure dh8ws the EDS analysis of the matri x
samples is dominated by Fe and Cr. This is ¢

the | ight ghAs®t e mi tFe gium ehi gh chromi um cast
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in SEMMdese to its | ower chrcamiburdeso nitAa nttiatset® mj
iron, Cr is an Maus<sttemilt.e t0ddi)l i ser .

& 1) 2 4 6
Full Scale 5042 cts Cursor: 0.000

T00Hm Electron image 1

%= |Full Scale 5002 cts Cursor: 0.000 =

Fi guda®EM .spot analysis for the matrix of P1(

spectrum for the analysis P1(b), P2
EDS analysis of the Iight phase typically sh
part of the(Penavdorc] Tmad ra&tri 20284) hi gh chro
primarily Fe with small amounts of Cr becaus
solidification. While some Cr remains in the
it Iis usediuwdpe iprhatstees,cd eaving Fe as the domi
These observati onsb saegrrveaetri wth@IEIr € a o ntbhyo s e
Scandian et al. (2009), Kar20mnto2)akei deeecal on(
could potentially be caused by residue from

Y Z



Fig
cor
hi g
pat
Fe.
Fe
car
Wi e
ma i
chr
chr
t he

i nt

ur-e gdh®ws the EDS results for the carbide
responding spot analysis images. shloev s pec
h peaks for Cr, followed by Fe, along wi!
tern is typical ofooh@d mwhmreat M'desprliHk
I n contrastFigleBmaddi X) speaws uam i gher
with some Cr. The sbEbSisgpetitcamtfypyr moae bCr
bi des because chromium i gscnhaarthuirdae sl.y Achceo rd

ngmoon et al. (2011), chromium has a stro
n component in carbide formati on, parti
omium i s abundant. Il omhr avihii U tpa eas elnds s es

omium i s more effectivegaantd ftoernndisn gt os tcaobnl ce
carbides rather than in the matrix. Addi

o the carbides, further increasing their
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[Full Scale 5042 cts Cursor: 0.000

; T D 2 4 6 8 10 12 14 16 18
TS Electron Image § - ; Full Scale 5102 cts Cursor: 0.000 ke

Fi gux®EM .spot analysis for the carbides of

corresponding spectrum for the anal ysi

From the EDS analysis alone, the carbide ty
analWeswesver, considering that theamitcabbsbyacg
carbides are m&t bahtMedogsiNMo tlypi Mally associ
treatment and appears smaller and more rounc

the microstructur €3 arTdi charsactugrpiogttieadd ddfy Mt
Guo dgt204dl6.) ; Li et al t(2@DAY)praasde Oae ho f& Mo e
peaks suggests that molybdenum contributes t
The Mn peak, however, is |'i kely an overl ap \

that i1t cannot be accurately detected.
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4. 5.3 XRD wtasul tHLCCof SAsnpl es

Figurda®®ashows the XRDasesocbnditoonshefa#l, P
show peaks corresplhage)hgand MuGtemarnlkei des. T
at specifdandnghesropoitions aaed pmnesesit i:c
all oy. For P1, Figure 4. 10a, the major peak
Fi gaar B®Dbd P3, Figure 4.10c, the majb®owipeaks |
smaller one60WbwWoAowve dP3at The peaks for M C
approxi maOanGyowsdAh a few additional ones in |

— P1 Heat-Treated v ';”ite"“e _Eg ﬁ:ﬁteated } * Austenite
v _ )
— P1 As-cast T3 v M;C;
5 E}
s s
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g g o
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v
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TM?C_;
3
3
=
i
=4
3
=
R —
(c) . ﬁﬂ ov {

0 10 20 30 40 50 60 70 80 90 100
2-Theta (degq.)

Fi g4r®20:paXtRtDes amp If s, (PR ,( aaddndasB3I @ond after
treat ment

The specific angles for these peaks are cons

of the austenite and M C peaks vary signifi
weaker M C peaks,daoanifn atcetw cntingul rci et.oss tanu sctoenntirtaes
show relatively more peaks detecting M C , w
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phase and comparatively weak austenite peak

vol ume fraction and reduced metallic matri x.

The observed peaks and their positions matct
cast i rons.LiSteutdipds.i s(a2cOh0e9%)ad!| To (1 B 8 thDr)eept o ratl

si midanmgl2es for austenite and M C carbides
observed in theCS&mbii dnagy eisn aare dMustenitic ma
t he weaker M C peaks correspond to the fi.
mi crostructur e. For P2 in Figure 4.10b, the

i nt emeiftitidees 1i gher carbide volume i n the aus
P3 shown 4nlOri,gutrlee dominant M C peaks a
i nterconnected carbide net wor ks seen i n th

corrobermhtaesd hdi stri bution and morphol ogy ob

4. 6 Microstrdceated o6TCCHe&tampl es
Figure &Shlolwas t hefSaHEM ermahgeeast tr eat ment (P1lht

(P2ht ), and P3 afdaxehi thietaiarbd e e mtcoheaonfigeetsk. @ h d ) 8 |
showsavteheage pri mar-y ac ar btinrdeeahtgdadt eH®G| assampl es
through I maged analysis. The car btiedceh rai®gl uveme
the secondary carbides wereahablydiBiegure bée. ]

P1ht shows a significantly finer microstruc!i

MCzcar bi des in Plht appear small er, fragment
the matri x, |l eading to a Trhorse sau@mgeadts armdatr e
facil it arteedi sctaprrbbiodbet obng a more wuniform dispe

carbi de phat enad o n xrcastt, Ptlheniag ostructure dis
primary carbides with a wider dendrite arm s
process effectively reduced this dirantdi onal
|l eading to a denser, more homogeneous <carbi
car bmdeshti further highlights the microstruc
and reducing segregati-wocmaseéltheicst si sc oenwiad eerdc et
decreaasrlside shownwdBher @aitbdge apvr i mary carbide
dr optpeed~99f 66MOMIOADH 8. 9-Bestas Additionally, th
signi fi cant p208udshowin ¢hdt afterarecrystallisation the primary carbides

were all relatively the same size. This shows the effect of homogenisation that came with

recrystallisation.
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The microstructure of P2 in Figure 4;C2b sho\y

carbides, which are blocky and hexagonal i n
matri x. Il n contrast, Plttar exdebi thhatcoareerl a
prominent. This is evidenced by the | arge <ch

P2 wihteh P2ht tonemaeei gg aisn7 0s i0AOno4f3r.c9® Om i r
P1. This coarsening occursbiddestattbkbepabédnt

|l eading to greater variati omwmcairrm iTdtess .isn zreesa sod

variation in primary carbi del2a2D0mei asesedanc:
t his. Distinct growt-thr patéeersanamplre, vihsghl ieg
cabi dearsiiddecseg.i t e the coarsening of primary <c
refinement and homogeneity. This suggests th
occurred, reducing segregation of el ements «L
t hecaasst sample. As a result, while tfaspri ma

P2, the iomppabdtsmasruaeméionmly c/Gcanrdddey.edt
redistribution ofl eeliemematisntplianyi sn ga pkeys er diom

more uniform microstructure despite the diff

The microstructure of P3 in FiguwtGeadblidess!
arranged in an austenitic matrix in an inte
bet ween the primary and eutectic carbides.

giving the microstragpaeaatktamceasntrroagt ditrfee t mio
P3ht retains its coarse primary carbidks; ho
appearing more bl ocky riemduschapen. iTha bplrei mla.r3y sche
0f10560nm 6f r1o4mB 10mM.5 The network of primary and
appears more i nt erccaosntn escatnepdl et,h arne diunc itnhge tahse

seen in P3. Additionally, while the primary
l i mi ned, buwding to a structure where the carhb
the matrix rather than forming distinct, elo
f r o d33.36um in ascast P3 to 1032.81um which indicates that the size difference of

the carbides was also decreased, however the retained high variance carbides still remained the

coarsest amongst the héagated samples.
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Tabdl.e3: Awerneagey c ar-dd dte anrdeahtesddt HLCIl s .

Carbide Size
Sample Perimeter (um) Carbide Size Variancgum)

P1 143.90 23.69
P2 217.11 45.37
P3 1431.85 1433.36

P1ht 99.65 12.08

P2ht 570.01 612.22

P3ht 1056.26 1032.81

WO 8.7 Mag= 200X Apadure Size w 60.00ym l_l WD= 86 mm Mag= 200X Aperure Size = 60.00 jwm

-~ - NS i
100 pm* ENT=2000kY SKgnelA = NTS BSO Date: 2 Jun 2024
WD= &4 mm Mag= 200X Aperure Size = 60.00

Fi gur0SEM. i mages of mictosbatmenhur é€srabPtibt (BEg
P3ht (c) .

SEM i mages showing precipitates in the matr.i
4. 1-2. aln addition to the -ndselrwvteidomr hamb eismad
4. c2aconfirm the presence of sanedndar ¢t hea XIRID
Figure 4.10 precipitated after heat treat mer

d



roumdearpedmlemdded in the matrix compared to
found #nstthemiag ostructure. The redistributi
treat ment i's critical in promoting the grow
makgi nt he microstructure more homogeneous ( Gl

significant role in this process by influenc

the stability of carbide phases.

EHT = 2000 kV Date; 29 May 2024
Wo= 83mm Mag= GOOKX Apesture Size = 60.00 ym H WO= 87mm Mag= SO00KX Aperture Size = 60,00 ym

ZEISS

3 pm* EHT =20.00 kY Signal A= NTS BSD Date: 10 Jun 2024
WO= 85mm Mag= BOOKX Apmture Size = 60.00 ym

ZEINS

FFi gulrlSEM. i mages showing prediapht@Redsn d nP3I h
(c) at 5000x.

4. 6. IReED%t s-TokaHedt HCCI Sampl es

The EDS spectrum in Figure 4.13b shows the
analysis done as shown in Figure 4.13a. The
observed for t he piamdr ymi carolsitdhaass aicnn €t h & 8 @
prominent Cr peaks, with Fe peaks nearly as
These results suggest that the precipitated
analysis is inconcl uswevreeshhedohd stehe hetetaaatl grs e
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f o
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en analysing the surrounding areas as well

nfirm these observations, addi ti onal t echn

i mage of spot analysis done of
anal ysi s.

XKRZResul t s-TokeaHedt HCCI Sampl es Micro
e XRD in -Eigomésrihsl@®@&ue precipitation of

jor peaks of /G;hber Aiud ¢ &€ madides gaedmMatsOoU and

stenite angles around 750U0. P8 ciam bR idgewsr e r dH.1
U 6a0nfid di ti onally, the peaks are ofcabtgher
nfirming the overall increase of carbides
at treat ment proces/sC anadt i olse bait fwfe ® me nPc2ehst
ansformation and precipitation of seconde
crostructamradlyrseersds aEDB8at ed by the &RDtbenfi
t edruirailng heat treat ment .

7 Discussion
7.1 Solidifica€asnh HCEGEtics of t he /

e cooling behavi-obhromfumypaseutiecons hsghnf
ctors t hat govern heat extraction, sol i
vel opment . The chemical composiotw omh a speasr t
cleate and gr ow, as chromium promotes carb
nductividtgsapgandgeat (i, 2012, GCoolgi mg raat e
uci al rol e i n determining pri mary phase
rphology, with faster cooling refining mic

r cgoraorwstehre t( Cahle.n, 200 6 ;. Hluhaen gc aertb iad e. ,v 02l Ouln®e) |

at extraction efficiency, as carbides act

(o)



formation, which can momentarily slow cool ir
chromium and carbon di stribution, further

affecting the size and continuctgtohgcaobdde
and ther mal gradients contribute to variatio
heat is transferred fawdyhdge nmf adteornmso | d celnl ercet!
mi crostructure and mechanical properties of

The differences in cooling behaviour and sol
by their Cr/ C r artiigousr ea i4d. 4c osohloiwnsg trhaet veésa.dnl i n g
the higheg6t1l2 @th3eC;troatailo sol i dification ti me f
Cr/ C raticohsromnurmi glast i rons reduce <carbide
chromium I imits the availabilliitkhke oM & rleiley amag
2012)This results in fewer carbides precipit
all oying el ements during s oelxitdriafcitctaotai |afnX ua2nodl
Consequentl vy, t he solidification process [
mi crostructure.Lo%t edi s vidi2iOd Gtvimat hat hi gher
carbide precipitation, |l eading to faster sol
| #Fi gur 24 (&r/ C = 8.62) i EnduP8d wheB/keCtHhe8 C0OB)C
significantly |l ower than P1 and marginally

kinetics can bempimer acbolti mprand solidificat
determining the final microstructure, partic
primary and eutectic carbides. The solidific
i nclgudiom!|l i ng rate, Cr/ C ratio, primary and
segregeciten aeahfd | atent heat release during

cooling phase, heat may be removed from the

conducti on, rcaodnivéeicit@emo ng! Bhowlede@e2) the rate at
extracted is not uni form and depends on th
composition, and interactions with the surr
sinks, and cooling conditions).

Bet ween the tiwkoi gsuareep hde.b6) t 3 a f aster l i qui d
compared to P2 (0.54AC/ s). This difference

cont em3 (P@h. \Os6. 2.78% in P2), which influenc
di ssipation efficiency. Carbon plays a signi

OP



metals by affecting el ect ao@uompebt{ lLaill.yy a2e0d2ald)d

systems | ike HCCI s, heat i's predominantly |
meaning that el ements influencing electron d
i's a smal/l interstitial eilne memda , | ii duiedn hpha =

thermal diffusivity and all owiedgfheaeat 6 ybe¢ F
al., 2020; Chen et al ., 2023)

Additionally, carbon affects the formation o
currents arise due to temperature gradients
carbon content in P3 may | omeebrl itrhge svtirsocnogse r rt y
flow and mor e hefafti direamestpioat e (D2 H8 ;. Flehnigs et
promotes faster cooling by reducing ther mal
contributing to the higher cooling rate in P
[ ui d statt eal(.Deman®21; Hewgvet, at hilse2v@eBlg,yr s

0
o
n
experience wedarkiewe nc ohnevaetc t @ Jotnt @c tciomn, mmoa es isn g
q
the differences in carbon between P2 and P3

Apart from carbon content, the carbide volun
has a slightly higher carbide volume (~34.14
slightly more nucleation of pri nbaergyi na ntdo efuotre
they act as heat sinks, extracting heat from
frame sysetemall.Gudi2®dé )P3 has more primary an
this further increases its cooling rate. Ho
which can temporarily sl ow deginonefte (a@uo | i2r0¢
The balance between heat extraction due to c
heat release plays a cruci al role i @aldetyerm
(Guo et al ., 2016; I brahim et al., 2021).

Despite P3 cooling more quickly in (Rihggurle qui
4. wba)s finer, suggesting that the eutectic
shaping the microstructure. The slightly hiocg
sites for carbide formation, prevemefiinmge de x ¢
di spersebnal.Ya@g OtOHvagn o,t hRR&. T EWguhei ts sl ightl
ratio and greater overall carbide vol ume,

all owing | arger, mor &€ e v e hed @ cat(l & d NSgRa@rObFigche s o n

(0D



pl ayed a role as well. P3 may have retained
del aying carbide precipitation and giving th
alloys completed solidificati one iwayt hhee ag a nne
extracted during eutectic transformation had
mor phol ogy than the initial cooling rate in

di spersed <carbide netwdricoanselr2, c awvhbil dee sP 3t

interc¢Zmetot &ld. , 2PQ@2UnNn Guhetermd, ,t he rapid e
and higher nucleation density resulted in a
eutectic solidification in P3 and greater <ca
faster liinnigt iraalt ecoion t he | iquid phase.

4. 7. 2 MicrosCagttH#HMECEIl of As

The microstructure of HCCls is primarily de
particularly in hypoeutectic do®mpno fnigt ied resne n@
stabilises the austenbtde Mmetmatiab@OMd) mpth a
a key role in determining the vol ume, si ze,
mechanicaltpeomat eieealadf ], ma0did.; AGuhd gehteralCr,/ (
typically results in finer, more evenly dist
the growth of | arger, mor&oiontsorokmrsn &c tGad esa
et al ., TeBe2bal ance between these two el eme
behaviour, carbide formation, and matrix col

perfor mance.

The microstructure of HCCls is significantly
content is below 2.45%, as seen in Pl, the n
This is because the first pfcasdohocemposdi f
austenite, which forms in a dendritic struct
feature in hypoeutectic compositipo6eso whiah.
2016; |l brahi.m T®he allow Q®&r2ldqgn content sl ows
solidification, allowing ddmiMarietteal Ay RODISI) O
continues, carbides (dark phase) start to pr
the dendritic pattern. The process of segr
chromium, and other all olyethween etmteentsoldiidtan.
during solidification (Ma et al ., 2006). Thi
solubility and partitioning behaviour, wher e

T



car bon, are rejected into the 1iquid, whi |
concentrateHuang het s@hi g8 2@frrgation | eads t

chemical compositions and wider dendrite arn
et al., 2006) .
Hi gher segregation |l evels of Cr and C in co

increase dendrite arm spacing due( Xioa tente ailn.
2011; Zhao et a202Ch20Id ;umyVanwhetc hals.t,rongl y p
solid and | iquid phalsieggui dacicrutmaurl faad ees, ad !l a vhien
and all owing fooargsdmiteg @lndr R2066;. SThingdi a
del ays nucl eation and encourages the growt

Additionall vy, the reduced availability of
contributes to a coarser micr ocsdd uict ulryep o et
and -emetagcti c compositions, where carbide fo
austenite dendrites to grow | arger before c:
rati o compositions, (dduwme tteon dtemeciire si, n ¢pa eoarsoet e s
spaci ngts alMa, 2006., Wan et al ., 2021)

The EDS and XRD analyses confirm theaphase

mi crostructures in P11, P2, and P3. The EDS
mi crostructure contain higher Fe tahned nheotwaelrl it
matri x, which is primari |l yc haruossmieunm tda&st Tihr &1
chromium preferentially forms carbides duri
component in the matrix (Purewdonp en ahe, n
stabilise the austenitic structure, most of
aligns with preehoomi smudaest ionkarsagnhtszuaclhi sa se
20DScandi a2 0ctaN)hdy. ak (2020®Addi tionally, t he
confirms the presence of austenite and M C

mi crostructures and the phase distribution e

Figure 4. 7a shows the SEM image of the micr ¢
seen in Table 4.1, indicates that there is s
influences the type and di s rriatuita,ont hod pcrairn
carbide exgdbtdezblz 2@M; ZIShi mj(Zul @M & . car bi de

favoured at el evated chromium | evel s because

oY



stabiliseeStaedcanbetilkal hi gR0GA)C rati o ensu
availability to bind with carbon, |l eading t
carbides in the microstructaycear bThe sp rceasne nacl
attributed to the role of chromium in suppre

matduxi ng sol i deitf iacla.t,i 02n0 2(0Qui t ar

Figure 4.7b shows the SEM i mage of the micro
changes in its microstructure compared to P
significantly affects the miccoaorssternuecstsu roef bsyo i
carbides in the matrix. It also defines the
appehexagsohmaapled c aertbiadessyr(loigaubyyed by eugtectic

finer phase), forming a network and increasi
cruci al for the formation of both primary ¢
austenitic maGuioxet!l aght ROR4EH & hlmingghent @dr b
and | ower Cr/C ratio |l ead to increased carbi

carbide structur e.

Figure 4.7c shows the SEM i mage of the mic
characteri seldi khey, leaxrtgeens ipvea,t eand conti nuous
small er eutectic carbides, attrchubaml eontoe
facilitates the substantial devel opment of ¢
more interconmatiZbman@i tehhi mThéemiO2rlgstruct ur e

refined than that of P21 and P2, with I arger
boundaries. The segregation of c¢chromium and
Guo et al . (202r1)C rreaptoirots trheastulltowenr nbr e <cark
with chromi um, |l eading to the fomouraddamwing 0.f |

i s because the grain boundaries act as prefe
to hihgher grain boundary energy state and t|
hi gher at the grain boundaries due to the di
at oms, maki ng t hésaegoasfroarb breuecnleer egteitdamnc agrl ggces s e
grain boundary primary carbides disrupts the
to a coarser microstructure. The | arger prim
during sodg dtiHe cait miama, sphreadmaoCtre sC coaadr ser car b
| onger gré6whhngeetods$ . , 2018)
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Overall, these results confirm that the carb
Cr/ C ratios and carbide volume fractions. Th
the presence of M C carbides bide adi atursit leunt
mor phol ogy varying according to composition.
highromium cast irons, reinforcing that chro
carbides during soilsdimfcicatmiemost eadtimgalt od
samples (®WteabgmpoBOl1l1l;. Guitar et al ., 2020)

4. 7.3 High ChSaomeM&ELasdstroant ure ver sus
Calc Prediction

The microstructur-alameésthhersmo@alFe gputedBotliaon
some similar trends, but there are also cl ece
of carbides increases from Rl tbePB8ra€ theio
They al so &Ggseehéhméai M carbide phase in all
of secondary.éantCoMeos miinige aM | ower temper at
show that FCC_A1 (aust phhntteg napesrha thuariemsa;it rmhenvaet
Ther mopcraeldci ct i on, t he FCC_A1 phase transfor

temperature drops.

TherQaol ¢ prediction and the actual mi crostru
terms of the total amocQailtc ofr edirdti deXx7 % Foar i

t he actual value is also approRBmafT€khy mo he
predict 30286 penadt i vel y, but the actual val ue
respectivel y. These diffhécemcsssamasi e ubécabau:
where all phases haven dt nowalhiGHtli vasn. t, 0o 2foull4dl;y Sf
2018n P1, the high Cr/C ratio (12.13) means
car bon. Chromium strong/Csy méakhbngi sdeicarfloird
predictadbduwei lumbderum cendiatli.gnSR 0(@@atvhaenr e i s
car bon, carbide growth happens in a control
formation during cooling. This makesCalhce act

predicts because thewsoleigdi fl i dalinuof2npar et €B D,
hi gher carbon content and reduced Cr/ C ratio
undereqmudnd i brium conditions, whidchhame puletds ctt
( Paniecth ka In. |, 2023)
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Anot her key difference is in the shape and ¢
Figure 4. 7a, the carbides arend im3 d.RFibhgduameas e
c) ., some are coarser and more interconnecte

features occur due to the effects of segrega

cooling rat esCal whidcohe sT hneortmo seiqmau Il acleemidu md eorn s |
( Paniecth ka In. , 2023; Suldhiakagretnaboyun@®ryYy)seg
hel ps | arger carbides grow in those areas, Ww

ThermoCalc predicts a ferritic (BCC_A2) ma t

equilibrium conditions where significant <car
and carbon, stabntrbebhg@gcfealri mecroatructure
(FCC_Abmi nmatdi x . Thi s happens because rapi

prevents complete carbide precipitation and
to dominateampltele ePatnalahki2023; Gundlach & T

The formation of s=egaamd@&M yalcsaa bd idfefse 1Csh i keet vive

and the microstr€Catorpredestutbt secohdamyg carb

all oy samples. However, secondary carbides n
already used chyr itnlgerseoliisdi hot ateinmugh l eft

precipitation of these carbides as predicte
cools slowly and reaches equilibrium, where

for craew iodenat i onet( Saleanda@22 al ., 2023,; Pani
Additionally, the high chromium content stab
the matrix | msetcoadlacfy ftcarcii thg s , FEILDgwril i ng
during casting could also inhibit secondary

time for them t(dBammwuglugdat etamd .gr &2W 19)

ThermoCalc gives a good idea of the gener al
sampl es, but it did not fully align with the
observed microstruct ureouirlavetailuomtshgeo rsiduicpha cd s
cooling, segregation, and kinetic constraini
factors explain the differences i n carbide ¢

sampl es.

NMN



4 . 7. 4
The di
expl ai
i mpact
essent
carbid
mi cr os
facil.i

e

el mem

pl ays
and
recrys
repl ac
ato
tdr mat

ms

Mi cr os tTrruecatt uierde HoCFCIHe a't
fferenceasthedtwdealmneeddth eni &g ostructures i1
ned by the diffusion process and recry

of their colrr eRhboh BHia@mg,sr €trhi eC alad v aotse d
i al for mi crostructur al refinement. F
es resulting from the segregation of
tructure of oR$§hthdath tFi gatrmemnt. lilmad wdhes
tating the reorganisation of the matr|
t h,o mo(gheineet ydleat 20&a) ment i nduces r e

a cruci al role in refining the microst

facilitating the wuniform redistribution

t alilcihs arteifoinn,e swht he mi cros#ffmrweet urreai my f
e deformed ones, reducing segregation
move more freely, allowing chromium an

ri x and carbides. Thi s enhances <carbi ¢

into more blocky shapes and creating a more

matri X
hardne
This t
el emen
temper
el emen
develo
t he ma
As a r
[ miti
finer
car bon
di ffus
smal |l e

contr a

becomes more uniform, redpciopegrweal p
Ss, wedr urghSaelsasia (& eMi amal, 2010, .2012;

ransformation enhances the overall h o
t al segregati on de fsft & dRbar tt shoedr .mompeer, o vt ihreg
atures during headr itvreenat meadit s terni hbauntci eo
ts such as chromium and carbon. This 1
ped during solidaddedtdiont r il ewtdii g d fo

trix andeptimac@gr Had®R6 28adtarr awwdli n. et al
esul t, carbide phases become more unif
nNg excessiveTbearsenvian@dorr he bmngat ic@m

carbides by forming strong bonds with

that devebopméecalt pATRIOLINiI kewi se di mi
i on, preventing excessive coarsening.
r, more uniform particles, resul ting

st mor ghhelt depcaasste st at e.
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Il n P2 4 Filglurethe reduced Cr/C ratio indicat
relation to chromium, facilitating primary ¢

relatively smaishapkeldo g/ mady adcsn alhBvetwve(Fig

4. 11b) , these carbides enlarge while retai.
throughout the matri x. Tdarsksiidne rioy uichees z 8 @ snie n
di fference i n t hearphHdmneae o men dg ceaud eicriti €r conne
bet ween carbidHdesatwasr emai méai nedl ps spread al
i n mahtemiakxj ng the morce ovnirducs mared,h WhOeIn7 )t he me
cools after casting, elements | ike chromium
solid and | iquid parts, creating difference

di stribution of pri mary emtd feaarneltitt &aacgaribn d

movement of atoms at high temperature, all ow
mat At xhigh temperatures, atoms move more fre
with high concemtdeoomoaest it aettiacgadsa s( SO0 8 ; Shi
201A9 a result, primary and eutectic carbide

excessive clustering or depletion of key el e
refines the microstructure by reéecducipmrg maheg
eutectic carbides, | eadi ngHd at at moatemedmatl aalce
matrix more stable by reducing segregation a
austenitic microstructuroeahea@ienmgi Sgnaoiett it drks

2008)With fewer areas of concentrated el emen

stabl e, i mproving Tihtes covaersalInli nge roff o rpmd mnae .y
the microstructure in P2ht, consistent with
rati os-chmonriiuwm cast irons resul t in |l arger,
treat ment tdhree-thnedaath pmedqWaapgpkied!l ., 2@0834)Kopy
The effect of the |l ow Cr/C ratio in P3 is mu

P3 has | arge-li Eeopgamady phabedes within the
hel ps rearrange t he mi crostaodt uraer bbg, redc
segregation, and making the matri xPmoltéehaongf
et al. ,TRI0OD4nedi stri bution i mproves the conn
even spread of c anrah irTdhees hti hgrho ucgahrobuan tchoent e n't
carbide growt h, resulting in | arger and mor
Figure 4. 11c. These carbides beeankee nsarreucitnm
NMO



where carbi de opvaertlincpr,e® smegg e no e r ctornenaet cnieendtn ¢
( Gueot al ., TEO@lGrpat treat ment al so facilitat:
eut eccatribcvdese some of t bec pmoeribelao yk ycaabd dbexe
shapedm d,rhgec oonutsi Api k& e mpy pdhlod Bive dP3 Mt , t he e
carbides are more evenly distributed throu
appearance. However, the microstructure i s g
carbides. Thi s confirms tphraitmaar yl ocvar 6i € g a
coarsening af(t¥angheeatt aWWh.e b e2nde2hle) pri mary carb
coarse, they are noWwikessinenheaduappeandngl ¢

The network of primary and eutectic @arshi des

sampl e, r @ douwnai ndg rtelcd i otn al effect observed i
| arge, their elongation is now more |imited,
spread rather than forming |l ong, distinct pa
Upon heaticmg otmhe mhicaalst i ron samples P1 to P3
the matri x experiences substantial alteratio

this elevated temperatur e ce«temme emaetdr icxu ba acn v er
capabl e of di ssol ving substanti al guanti ti
super sat ur(aGaesda ns o8 uEtrittumi ks, t2e0clh3n)i que di ssol ve

redistributes chromium and carbon uniformly

of pHhasltehse. Cr/ C ratio and cooling rate are
mi crostructure during cooling. An el evated
matri x, hence stabilising the austmanmitteensph &s

(Ma et al UpodhOXxb)l i ng,M sCpe,emcd grn y ad &r hircdens t he
austeniteetmaalri xTR®&hd) carbides diminish the
matrix while preserving austenite as the pr
comprairasuesst eni ti ¢ matri x with fi neCktyy pde,s tarliobnugc
with priemargxs acadnfirmed by t Me IXARDad cistuil drs i
observed changesesabave ont IBEMhiigmgeanfiinr nkitglh
presence of secondary carbides, such as M C
secondary carbides are finer and more evenly
carbides f-oantd mincthet mscture. The redistrib
heat treatment is criticalnti mfprndhmectei ¢ ctomal ¢
making the microstr ucQuuor eetmoalé&. h,&é oXDIYE)n ¢ @aw $ o
N MT



significant role in this process by influenc

carbide phases.

Substanti al c hangetse nopcecruart ud wer ignuge ntchthe nlgi gh a g
above 1000AC, and the subsequent tempering
prevents the formation of equsupédnrsatmurmpdtasce s
( Leit 2&01019) .t he tempering stage, diffusion proc
car bi des, primarily M C , within the matrib>»
i spersed, strengthening the austeniting matr
ardness. The Cr/ C ratio further influences

e
d S
h S
carbides and promotes a more wuniform matri x
c e
c e

arbid growt h, contributi nagl otgoy tohfe tfhien ap r e
arbides.

| ni ti&clay,biMes form during the destabilisat:i
ti mes, as observed in the heat treatment pr ¢

can transform icmatrdi deesbd r{daLi yTAMOLOt)r ansf or mat
a reorganisation of the carbide structure an
stage specifically enhances this process,
s

trengthening.

48. Concl usi on
The microstruct u-cast aatarteyabteeatk roofmgboont hc aasst 1 r o

samples confirms the significant influence o
and morphology. The findingsnshewet hasmal heg
evenly distributed carbides, while a | ower C
more intefTlkhensekitdedfi cati on process showed t

faster due to latmidre,d alalrdwidreg pqleicd kaert heat

all oys, i ncreased carbide formation affectect
and | eading to a coarser microstructure. EI e
| ow Cro/ @l datyis, where chromium and carbon gat
formation of | arge inHemtobhneated@npri maryyvees

and shape of car bi des by redistributihg al
transformed el ongated primary carbides into

over al l mi crostructur e. Secondary <carbide p

NMP



austenitic matri x, particularly in high Cr/
carbide growth resulted in greater carbide i
performance. Compari+€@al cherrees alhiep rewiptelr a Tniheenrt
predicted trends showed an increase in carbi
the Cr/ C ratio in carbfCdecfantateehi mBbwdven
l ow Cr/ C ratio akhovembkiokeldy fdeatti onnemfect
account for. The predicted ferritic matrix a
rapid cooling prevented compl et e @wearbaldle, ptrile
study confirms that the Cr/ C ratio has a str.
features of HCCI . Optimising the Cr/ C ratio
refine carbi de mor pholy,gy maldiirsg r i b urtpiotsimsei b &
mi crostructure for specific industrial appl i
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Chapter 5: The I nfluence
Hardness and Fracture Toug

Cast | ron
5.1 I ntroduction
The mechanical properties of high chromium
toughness, are strongly influenced by its mi

embedded within a softer matrdeat efMmieniCmd Ct hhe
vol ume, and distri bumii ®mo sotfr uecatruailed ¢(2G2MDI2E B ie n
Cr/ C ratio typically results in a | ower car|
di stribution, which enhances toughness but r
increases the carbide volume, theaexpgense gf
t ough(nkeosost sookos & Gates,.Hz2@@4;tr@waa ment al s,
empl oyed to modify the hardness and toughne:
tempering <can refine carbide size and mor p

martensite, significant lcyesisnoree asirrbg dhea rpd rees
heat treatment, particularly in a(Karyantwiz a lhi
et al ., 2009 ; .THoh aonpgHI@@il sadl or, v2a0r2i4dgus i ndustr.i
section investigates the relationship bet wee

hardness and t-oagthnamwde aiteeadth stalmpdss. Thi s i s
t he har douvegshsn easrsd otf the samples and discuss

mi crostructur al characteristics influenced b

5.2 HaCllareasctefr iGSHCCSamp!l es

Figure 5. lcatqtowsampleesashardness frequency di
ag€£ast samples ranges from 300 to 750 HV. P1
P2 and P3. P1 exhibits a relahigbéygt nAreqw
occurring between 450 and 500 HV. Unl i ke P2
and 600 HV, the distribution of P1 skews sl
its comparatively | ow wshar botoeardiest idcathaa rdd rse s
to P1, with a peak frequency between 500 and
approximately 350 to 600 HV. Lower frequenci
(600+ HV), ref lieocnt iinng haa rwdindeesrs vaanrdi aatn over al |l

NN=



than P1. P3 demonstrates a sharp and distir
frequency between 550 and 600 HV and a secon:
segregation or two dominant har dmiefsisc apnhtal sye si.
the 600+ HV range, showing higher values con

—e—P1 Frequency —@®—P2 Frequency —@—P3 Frequency

Frequency

L} L} L} L} .
250 300 350 400 450 500 550 600 650 700 750 800

Hardness range(HV)
Fi gultFer &éguency di st-cadtuts amplpeotR1 otf o aR

0

Figure 5.2 shows the Brinell hardness resul
Figure 5.2 confirm that P1 has tHBN,l awetshh a
observed increase in Brineldl hardness from P

hardness increasing to 240 HBN.
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250 -

245 A

240 +

235 A

230 +

225 A

Hardness Brinell Number (HBN)

220 A
215 A
21
0 P1 P2 P3
= As-cast 223 232 245
Sample

Fighr2z: Bandréds wastwl sampdresadfPl to P3

5.3 HaChiareactefr i Hdadatalaengp | e s
Figure 5.3 shows the har dmebksthtfeatgeud ncampdli es:

Piht, the hardness increased after hidd®dt0 tr ea
HV | n -ctahset asst i&btbdd tHo/ . 5 0Tth e di stribution al so
frequencies in the 5h0anc eV hraarndgnee, s si.Inadfitcdare i hne

case of P2ht, the peak hardness remasnest aee
However, the hardness wditdt rviab wteisore xli ecame gb r
range, reflecting an increase in wvariabilit
compared to P1ht, it also showed increased v

in both the Ingwesrowamed  oheidgbh3ehrt ;r at he pri mary he
notably after heat it6roda tHWe ndmg s ttnmoevtiid@de f tH&® .m6 GC
Frequencies extended into the 750 HV range,

t he -threeeatl s ampl es.
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—&—P1 ht Frequency —®—P2 ht Frequency —@—P3 ht Frequency

Frequency

0 @ T T T
250 300 350 400 450 500 550 600 650 700 750 800

Hardness range
Fi guxFr équency distribution plots of s
Figur e 5.B4r isnheolws btunlek h@a sith ed gderaeecadl tssaa mpfl eass
The Brihmea dness confirmed the dsampleeddsldf tri atmot h
P3ht . Brinell Phhidonessaseadl 6es mABMRWh i HRN Pt2dt 3
increased significantly f rtanr aza@ndnHBNh tt oi n3c6r3e
from 245 HBN to 369 HBN, highlighting a sig

treat ment .

m As-cast ® Heat Treated

400
350
300 +
250 1

(HBN)

200 A
150 H
100 1

Hardness Brinell Number

50 ~

m As-cast 223 232 245
m Heat Treated 341 363 369

Sample

Fi gudBr iSnel | bul k h-aa dneatsrderaetecadt tssa nopfl eass P 1
NNP



5.4 Fracture ToughmH&€LSapheacteristics
5.4.1 Charpy I mpzattiCClagphess of As

Table 5.1 shows the Charpy impaa&st rasdl| ast ér
treatment-c Bihg@wr @ h®. 5 ana gsetse rceaopntiadrreddsl dudspi enh @ m@ |
after they under weRPtla LChahpwn i imp,aEe ghtreBsitd nga
mode of failure, with a relatively smooth fr
di mples and an even fracture pattern, while
deformatfanllbsédigh Cr/ C ratio, which resul‘t
sofmetrrciowu] d enhance the ability of the mate
(Pourasi abi & GatedDesdhO22; iltisu betitall e, f202 &)
hi ghest Charpy impact ebhenrmn@&y, nwiitclat@®nd awne ITa(
sample also had the | owest average hardness.
uneven surface compared to P1, as shown in
more cleavage breakage whah &1rbughemostuher
(Figure 5. 6a) i ndicates a somewhatt-bunagvdn f
tansi ti oThis maydesult from the carbide morphology, which includes larger
hexagonal primary MCs carbides with smaller eutectic/A carbides in between. The side

and top views (Figure 5.68 both indicate a somewhat uneven fracture surfedee Char py

i mpact energy of P2 is thelGBadner acsorPded wiin hT
Figure 5.7ac show the stereoscopic images showilvgcharacteristifracture failure pattern

of P3. P3 predominantly exhibits a brittle mode of failure with minimal plastic deformation.

The overall failure is characterised by cleavage breakage, with some localised plastic
deformation observed in the top view (Figure 5.7t)e fracture surface shows a combination

of smoother breakage areas and dimples, indicating localised ductile behaviour in certain
regions. The side view (Figure 5.7a) confirms that the sample primarily fractures through
cleavage, while smaller eutectearbides contribute to deep dimples and limited plastic
deformation in somareasP3 absorbed the | east amount of

i mpact Ondtgwnl ed had t Oeemdadghesamhmlaesd neski bi

failure.
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Tabi.el: Chmpeapy test average values for sampl
treat ment

Charpy I mpact Energy(

Ascast Healtr eat ed
Sample Test Test Ave |Test Test <‘Ave
P1 10 10 10NO0[9 9 9NO
P2 10 9 10N0[7. 5 8.5 8NO. 5
P3 9 9 9No0 |7 7 7NO

WITPEII 7

Fi guax@habr.py i mpact test average values for s
treat ment
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1 mm
—

1 mm
—_—

Fi gua®t éer.reomi cr oscogiacsti magmpd esf a2 eas Char p
side view, b) angled view, c¢c) top
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Fighre: St er eomaigcersosoefs ppids eampl es after Charop

side view, b) angled view, c¢c) top
5.4.2 Charpy | mpacTr eTotuggch n®@asmp Ifeogy Heat
Figur-e 5h8ws the stereomicroscopic i mages of
side view (Figure 5.8a) reveals a relatively
def ormati on, indicating extreemed yc thariadtleer ifs
cleavage mode of fracture wibth s$semd a@iniPrigy :
t hecaasst state (10 J), but more energy than P
5.8adisplays the stoefr ePo2nhitc.r oTshceo psiicd e nmvaigeevs ( F

plastic deformation and reveals a fracture p

tearing mechanism rather than simple splitti
heterogenmeo®usuffrace, while the top view (Fig
the grain boundaries, suggesting crack init.@i
primary carbides. P2ht absorbed onlyim J o
toughness compared to Plht. The stereomicros
reveal a smooth and planar fracture surface

NN®



side view (Figuredéfiload higbtugédtedwes | wi:
def ormati on, confirming complete energy abso
shows river |l ines aligned with pheidwr é¢€&iga
5.10c) shows cleavage planes with a uniform

absorbing only 7 J of energy, as indicated i

Fi gua&®t ér.eomi croscopic images of Plht sampl
view, b) angled view, c¢c) top vie



Fi gux®t ébr.eomi croscopic images of P2ht sampl
view, b) angled view, c¢c) top vie



Figbhlokr Stereomimmmgescopfi 3 ht samples after CI
view, b) angled view, c¢c) top vie

5.5 Discussion
5.5.1 Hardness ClGastacd Add elhd aetds H&EICI| A s

The differences in hardness values from P1
variations in all oy ¢ oWapnogs ietti oandsn ta(s®sleddhm ti rnc
contiesnta key factor in determining hardness.
hardness but also introduces brithaedepbasdes
(Zhamgal. ,Si20dd )t he di ffer &2¢ e ainsd dPdBes i@al Ic,0 n
i s practically negligible, the i mpact of thi
carbon.

The Cr/ C ratio plays a critical role in dete
of carbides in the microstructur e, directly

Cr/ C rati o,Plas( foaldd)egr vienddiicnat es r el atively | o0\
This reduces the volume fraction of arbides

c
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as |l ess carbon is avail abl e @G0 @amame ghuaerndt | o/
mi crostructure becomes mor e uni form, wi t h
uni formity reduces the number of hard phase:
pri mary strengthening componempedibnyg rdeissilsac
movement-J@aBRaed mildlea.et uakt , aR00p2025) demonstr a
Cr/ C ratios tend to exhibit | bwemvhigah nreesssu ldt
in a softer matrix. This trend is evident 1in
400 and 500 HYV, which correlates with the |

extensive carbide net worrkdsn efsusr.t her expl ai ns

Il n P2, the increased carbon content and slig
formation and characteristics of the carbide
carbon content all ows ff oof #Chtea rfba rdneast,i omh i octh aa
phases that act as primary barnrcireerass etso hair €
(Koot skooCkaadses, 2004; GCGhe et iaary 2021lputecti
guantity. There are more coarse primary <carb
an extensive eutectic carbide network as ob
hardness by opuscbiediomgiga mi crostructure that
applied steatesasle.s, (2HiITrloj;seChung .efThal i nc2@h3;edC
vol ume, coupled with their coarser morphol og
of the alloy to resist deformation. The comb
a higher carbBineawoil utmer mediuate Tp@kHWaradnk?2

P3 exhibits the highest hardness, which can
content, resulting in the highest carbide
formation of -d&ormiematiddy mneciacrba sdterFuicgtuurree ,4 .arsc . o

mi crostructure i s clhiakea cpg r€ranesrdyd dNeys laaardg @ ,nt el

eutectic carbides. These carbides act as ha
movement , enhancing the adv.erFahiek ephaacdep & o $ 0og ¥
pri maGgamMbi des provides increased resistance

continuous naturejnivthaec btserdifteec t m&teMigx stbrat i
2008; Wiengmhbolphe e¢utaedct i c carbides, which for

carbi des, further contribute to the hardness
| ocAdaring dapacmatyetafall . (LR 016;. Wedweevteral .t,
mi crostructure also results in uneven carbic

N=0O



| arge primary carbides and regions where fin
is reflected in the hardness distribution, \

indicates hardness segregation.

As a result of recrystallisation of the grai
i PPl ()4.dleacompose into smaller, more wunifor
treatment, creating the finer and more homog

refined microstr ulce aarieng mpapaeist ¥ hefi lftolmem mat
di stribution of smaller eutectic carbides re
mat e(rYaanlg et al ., 2009T7ThiChungarsf arl mgt i20nl 3f) r
di spersed primary carbide structure to a fin
the observed increase in hardness in Plht.

carbides, mrefostngcthee and reducing defect:
2013) .

The peak hardness in P2ht remained relativel
M C carbides, which was caused by the decr e
alterations to the resulting itarntdkerdestso afhet hr
homogeneity of the primary and eutectic carhb
The growth of | arger, 1inter cormoendti endu ocuasr mied en

contributing to t hien vtalhre amii corno s tnr uccatruri ed.e Tshi ez

hardness, extending beyond 600 HYV, i's attr
coarsened primary carbides in between finer
secondary wmc@r lhieches tderit ment . Fi mCetbgr dii e o i
precipitated within the matrix, reinforced a
mor e eadrelritde concedn tRuadniocnksi i(,Ch2a0ulsOThiPand edl
effect created harder zones where both coar s
concentrated, while softer regions emerged
interplay between the coarsenedt ®cti imar garmchir
di stributed secondary <carbi des, and the ret:
the broader hardness distribution in P2ht. F

sofztoenreasysi ng theibdbsegrved variab

P3ht exhibited the most significant 1increase
ratio and high <carbon <content, wdh o mihn apt readmo
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mi crostructure. The low Cr/C ratio all owed
networks, particularly alongd bai nThesadhar g
l' i ke prdsenarlyi dMes significantly enhanced harc
deformation ai+#ceaci egt if m@meeviom&d & itlddi en,( NAaO0 8 )
Additionally, heat treatment f:@Gchalbtdeed wht
further strengthened the matrix I n regions \
coarse primary <carbides and finely distribu
i mpeding di sl ocattihoen mnoctrioosnt & tuRt dur gele & uCih,a U0 1 O
al . ,. 2022)

5.5.2 Fractur eCaTlsotu gahalde stsd aptd KWECI s

The fracture behavios of HCCIs in both agast and hedteated conditions highlights the
relationship between hardness and fracture toughness. Each sample exhibits distinct fracture
characteristics, influenced by carbide morphology, hardness, and the matrix composition.

Howe\er, across all samples the primary mode of failure experienced wasfaiiittle.

In P1, the predominantly brittle failuwmith visible dimplesand slight deformatiomdicating

some ductildoehaviouris linked to the high Cr/C ratio of P1, which results in a lower carbide

volume and a softer matrix, allowing it to absorb more energy bebmeiringPour asi abi
Gat es, 202 2; .BveanthoughtPl hak the lowsd Iaiiness, it shows the highest
Charpy toughness, as seen in Table 5.1. The reduced carbide content compared to P2 and P3
significantly decreases brittleness, making it more resistant to crack initiation and propagation
(Antonov et al., 2017; Gadhikar et al., 2018¥cause it lacks extensive carbide networks, the

matrix plays a larger role in energy absorption, allowing for greater impact toughness. While
carbides contribute to hardness by resistiafprmation (Jairet al., 2021; Chen et al., 2022)

the lower carbide fraction in P1 results in a softer, more uniform matrix that enhances ductility

and impact resistance.

On the other hand, P2 exhibits a more brittle fractnoele,and thefracture surface shows

more cleavage breakage than P1 but is smoother than P3. This pattern can be linked to its
carbide morphology characterised by larger hexagonal primas barbides in between
smaller eutectic MCs carbides. The somewhat uneven fracture surface observed in the side
and top viewsndicates a ductik¢o-brittle transition failure, associated with its intermediate

hardness. The microstructure (Figure 4.7b) contains more developed primary carbides than P1,

N=P



though they are finer than those in P3 (Figure 4.7c). Finer carbides contribute to a more uniform
distribution and increased hardness by obstructing dislocation mové@ert et al., 2018)
Additionally, a uniform primary and eutectic carbide distribution helps reduce stress
concentration zones, improving fracture toughness and making the material more resistant to
crack propagatiofChung et al., 2013)This explains why P2 has the same Charpy toughness
as P1, as seen in Table 5.1. Typically, hardness and toughness are inversely related but
controlling primary and eutectic carbide growth through the Cr/C ratio can optimise both
properties simultaneouslptudies byShaw et al., (2012); Sun et al., (2021) and Zhang et al.,
(2023) have shown that refining WC grains into thin platelets can achieve this balance. The
microstructure of P2 shows similar characteristics of this approach, providing higher hardness
while maintaining moderate toughness. As a result, the Charpy toughri®ssagqual to P1

but higher than P3.

The long platdike primary M7C3 carbides characteristt P3 serve as stress concentration
points, making crack initiation and propagation easier (Guan et al., 2018; Heydari et al., 2024).
The smaller eutectic carbides contribute to deep dimples in some areas. As a result, P3 deforms
with minimal plastic deform#on. P3 has the highest hardness due to its coarse carbide
morphology. Additionally, eutectic M7C3 carbides further enhance hardness by resisting
deformation. However, these coarse primary andatigtcarbide networks make the material

more prone to brittle failure, as cracks propagate easily through large primary carbides (Guan
et al., 2018). This tradeff between hardness and toughness is evident in the low Charpy

impact toughness of P3.

Fracture toughness in all samples shasome variation following heat treatment. As
demonstrated in Figure 5-8aP1ht cracks in an extremely brittle manner without any signs of
plastic deformation. The angled and top views show cleavage fracture with some fibrous zones,
with the top view revaling a more uniform fracture surface than thecast state. This
increased brittleness results from the hardness increase experienced in the sample following
heat treatment. The grain refinement brought abotelaytreatmentaind the secondary @3
carbides to precipitate improved hardness by filling areas formerly lacking more primary
carbides. However, as carbide content increases, the hardness increases, leading to a brittle
matrix. The hard carbides in increased volume limit the capacity ohdtex to absorb stress

and deform plastic by restrictirdislocation migration (Abdelziz et al., 2017; Zhang et al.,

2024) The precipitated secondary carbides occupy the once dai@dswhich increase the

N=2



susceptibility of the material to brittle fractuéewersoft zones to offset or deflect cracks
mean that fractures spread more readily, thereby lowering the overall toughness even with
higher hardness. However, P1ht still shows the best toughness among-theatedtsamples
because of its rather smaller loe content and finer carbide distribution.

P2ht shows an even more significant decrease in fracture toughness. The fracture surface,
marked by cleavage planes and grooved patterns, suggests that crack initiation and propagation
are influenced by both primary and secondary carbides. Its lower @iCpromotes the
formation of more secondary carbides, which increases hardness but at the same time makes
the material more brittle (Li et al., 2014; Guo et al., 2021). The observed tearing mechanism,
rather than simple splitting, indicates that thetiree surface is more heterogeneous and that
cracks do not always follow a straight cleavage path but are deflected due to microstructural
features (Shterenlikht & Howard, 2004; Li et al., 2014). This behaviour is linked to the presence
of large grains suounded by smaller recrystallised grains, which can blunt and slow down
micro-cracks to a limited extent. However, despite this localmedkblunting effect, the

overall reduction in toughness remains pronounced because the increased carbide content and
less ductile matrix provide limited energy absorption before fracture (Ai et al., 2011;
Chot Rborskl, 2013) .

P3ht demonstrates the most brittle behaviaonong the hedteated samples. Its fracture
surface is smooth and planar, with no evidence of plastic deformation, which confirms its very
high hardness but also its brittleness. This behaviour is due to its low Cr/C ratio, which results
in the highest @lume of carbides and a microstructure heavily dominated by both primary and
eutectic carbides. The large, pHitee primary carbides together with secondary carbides act
as stress concentration points, making it easier for cracks to start and spregt thm
material (Guan et al., 2018). The presence of river lines on the fracture surface indicates that
cracks tend to follow the alignment of the carbide structures, highlighting how these carbides
control crack paths and promote brittle fracture. Thié-defined, clean fracture edges further
show that the material has very little capacity to absorb energy before breaking, which is typical
of a very hard but brittle microstructure (Abdetiz et al., 2017; Zhang et al., 2024). As a
result of this carbideich and highly brittle structure, P3ht shows the lowest Charpy impact
toughness among all the heistated samples.

Overall, the fracturdehaviourof HCCIs in both agast and hedteated conditions reflects

the tradeoff between hardness and toughness. While higher carbide content increases hardness,

N=T



it also promotes brittleness, reducing impact resistance. Thdrbattd samples showed
considerablelecrease in fracture toughness compared to thasisn order of decreasing Cr/C

ratio, with P1ht retaining some energy absorption ability while P3ht completely lost energy
absorption ability. Heat treatment further refines the microstructure and increases hardness, but

at the expense of toughness, making the materials more prone tdddhitke

5.6 Conclusi on

The findi-avgst ftrmenhteaesd sampl es il l ustrate the
on hardness and resul ting toughness. P1, \
underdevel oped carbides, had theslsow€dtnviearsae
ag€ ast P3, characterised by the highest <carb
hi ghest hardness but the | east toughness. P2
and intermediate fi netned sharfdnmescsr ossntd utcd wg len
were intermediate between P1 and P3. Heat tr
al | samples by refining the <carbide struct
However, this iacrtreadiemini dkhednessgsgheess, pa
hi gher volume of <carbides, such as P2ht and
these samples increased hardness but resulte

P2ht, rwa tdhevnmeol oped carbides than P1 but finer
bet ween hardness and toughness. The results
and microstructure on the mechann cianlf |cuheanrcaecdt
the Cr/ C ratio. A decreased Cr/C ratio and

di mini shes toughness, especially after heat
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Chapté&heo6lnfl uence of Mic
Constituents on Wear Perfo

Cast | rons
6.1 I ntroduction
We ar occurs when a materi al gradually | oses

cont act wi t h anpoptbhetriseusr f aaeh a8 mining an
components experience high friction and mech
resi stance | sCuédg ddrmtsi alt (B@Gr.tyweigla®ll$p) us el&€Cf or

because it contains hard carbides that redu
(Filipovic, Kpraela) GaMowéweskithe wear perf
sever al factor s, i ncluding hardness, t he si
within the material. These factors aTle dir e
results from the previous <chapter hi ghl i gh:
mi crostructure in determining the mechanical
an increased volume of <carbi des,i swhitccu gehnnheasi
He at treat ment further increases hardness,
t oughmhleiss. chapter i nvestigates the wear beh

examines how these factor scaisnf |atnede antecadie & a mp ¢
are tested to evaluate the effect ofebethetr

coefficient of friction (COF) and wear rates

materi al | oss, considéeerngtthe mictbstaltoyr
tracks and examining worn surfaces, this cha
t he best protection against wear . The effec

resi stance igs wditshc utshsee dal ladyoncomposi ti on t ha

bet ween hardness and durability.

NO=



6. 2 Wear Re CasHGIcse of As

6. 2.1 Coefficient oHCESampies Behavi ol
Figure 6.1 shows the plot of coefficient of
wear experiments bet weaent thaemmll aani e tbhGOWP 3 as
pl ots show thatlal P2t hrmeaa ®8B8mpglodd ow a si mi
increases sharply at the bengipnhnaisneg boeff otrhee sttea
approximaoelm Lt0d@Gning for 1000m in total. An
COF, ftliwmgt baet ween ~0.a8 layn dd e0c.r8e5a sainndg dtroawsatridcs
to well bel ow the COF of P1 and P2. P1 and
bet ween ~0.7 and O0.75, with P2 showing | ess
runnainngphase, t hel aGQOF erl gmasitmsblre, wi th minor
samples and a drastic decrease observed in P

from ~800m.
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6. 2.2 Wear Parameters-casB€C®ampl| Rat es o
Table 6.1 shows wear parameters such as pene

and wear rate across the samples. The sampl e
of wear. The penetration dept®. Xer Fhs weéeat hp
reveal noticeable differences in penetration
t hecast sampl es. P1 has theemdeepeusgtgesdn entgr a -
materi al | oss at | dwopsnhr.f a&Pcle haarse aa (mo4dd.e3 amm| )

volume (0.0016 mmj), i ndicating severe wear
(0. O0M9 emaking it more resistant to deep wea
sur face area c(a49.nlg mrhja), wemdi i s mor e even
concentrated. Despite this, the worn vol ume
indicating that it wears more uem,f cramsl ya. sR3 g

deeperc ave atrlhasn #2bst antially | ess than P1. I
(44. 2 mmj]), indicating more | ocalised wear.
efficiently resists materi al |l oss, as seen |
reests show that the Weartkekepesamedwede thiaPRer

are in the wear behaviour .

Tablledrg. sl i ding we&mspartameditesad < aomp laess .

SampPenetrati oWorn SurfWorn Vol dnWear Ral
dept h(Om) Areafmm gmm¥ Nm)

P1 0.037 N 0.44.3 N 0.0.0017 No.16.2 N
P2 0.019 N 0.49.1 N 0.0.0009 N (9.39 N
P3 0.020 N 0.44.2 N 0.0.0009 N (8.93 N1
P1ht0.033 N 0.47.8 N 0.0.0016 N (15.9 N
P2ht 0.021 N 0.46.4 N 0.0.0015 N (9.74 N
P3ht0.021 N 0.47.8 N 0.0.0010 N (9.37 N
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FiguzTehe& .penetration depth versus width of t

wear fa@rastheaaanpt esabaead bamples P1 to I
Figure 6.3 shows tchaestweRdimprieet R3 .t r Emael droaplasi
has the highihés®?2 WwedO ramej A8m39f dl LlOwe d mhmy / K
P3 has a marginally | ower wear rTahtueshef w8a®3
rate decreased progressively from P1 to P2 a
and P3 ar e -rtehsei sntoarnet -onaersadrn ¢ atmmpée eads The di ffer
observed in P2 and;tPBud,s tmaeyyihatlH ywea  rf ftehree n
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6. 2. 3 Wear Mechanism DuriCagtDMHy g&l iCdir o
Cast I ron Sampl es

Figure 6.4 depicdaasst heamwrlaegs tPh,c kB2 o0famsd P33 ¢
in BSE and SE imaging. In P1 (images a and b
of material removal and deepigapnbvpboudhengu
arough surface, i ndicating abrasive wear. T
surface. The wear track in P1 consists of z
adhesive wear. I n P2 dk mampppearcs amnmo adt)h e rt hteh a
deep grooves. The dominant wear mechanism acg
some wear debris accumul ation ohas$ hlkessrmartce
aring than P1. The grooves on the surface

ntroll ed. P3 has mild abrasive and adhesi v
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e al most tiode;n@wealert ovittha sl i ghtly more ur

oawepsar slightly finer and continuous, wit
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ere is only minor differpedrceatingthkbewemay
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100 ym* EHT = 1500 kV Signal A= NTS BSD Date: 30 Oct 2024 ZEISS 100 ym* EHT = 15.00 kV Signal A= SE2 Date: 30 Oct 2024 ZEISS
WD = 10.5 mm Mag= 100X Aperture Size = 120.0 pm H WD = 10.5 mm Mag= 100X Aperture Size = 120.0 pm

100 pm* EHT = 15.00 kv Signail A = NTS BSD Date: 30 Oct 2024 ZEISS . EHT = 15.00 kV Date: 30 Oct 2024

ZEISS
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Fi guA4SEM .i magelsOOx magnwemcatranks for Pl(a
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Fi guwaks hbowss t he scars for the corresponding
BSE and SE i maging. SEM i mages at 5001 magni
adhesi on wear basedneaotnr ihxo w eaatbitde ss laindli ng w
samplien FFl gurveead. 5substanti al materi al | os s,

texture. Large parts of the matrix have been

The absence of a developedcaméar bbdeeanté¢ dvopl
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significant wear, with the matrix exhibiting
i mages ichiagnudrded nbo.n5st r at es a -andthbbbadge@abrati b
where bbdytwodbrasion is occurring from the d
causing friction withbady abdrlasyi srurifsacoec caunrdr i
bet ween the ball, the fracntfuaecd. chhhditdreaplarh.
worn grooves with la omi xscaofat d e @a rabRidd essa ary e niv
embedded he matri x, afrbhotoghesom@hareuvisaickly
the matrix and primary carbides arefRwgareng
6.sbhow finer wear tr anlds awimoh es hualilf m@img asvtemw g
mi clreov e | abrasion. The primary iamdegea utteat iicnt

matrix, with evidence of primary carbide fra
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Fi gusx®EM .i mages of wear tracks for P1(a), Pz

BSE i maging and P1(b), P2(d) and P3(e) at

6. 2.4 Surface Topographyasft talma Weart S
Treated HCCI Sampl es
The surface topography of t he svweawn tirna cFki sg ufrc

foll owing dry slidinghewewnserar Fsourr fPalc eFiogfurPel 6i.
Extensive materi al |l oss is observed as the
surface displays deep scratches or grooves ¢
i s characterrsatd def or At imanaen dmasr Kkeemd ipe tbg er su
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i mply extreme wear. This extremely rough te
abrasive wear, where abrasive particles or ¢
with the aggressive fluctuati dcrg dERs drFv gad rien

the wea surface has a much smoother topogr a

-~

on the surface show mild abrasive wear. The
indicating mild abr asviivsei bweear .i tT hiosu gnino rwee acro nit
therefore causes | ess material damage. This

di spersed carbide structure, which helps to

S
experien@aéedo Thinsiisgs eP2whwictihebstggdde eGGH voef f | uct
hat of P1 in Figure 6. 1.

t han t

4.9um

Oum

Fi guauréf.ace topography of the wear surface
sliding wear

P3 (Figure 6.6¢c) has the most homogeneous t
continuous grooves signify mil ddiadbtrraish wtee dvew

pattern that reflects a more steadyhweaghpuot

NTMM



This is consistent with the significant drop

homogeneous texture sugtgeersm swe aratr és3i shtaasnh sal p

deformation. These topograpRy bastuhesmoskes
more uniform wear behaviour in the |l ong run,
an intermediate degree of wear. The wvariatio

mi crostructure of earrwyatsample affects the w

6.2.5 Wear Balls Aft-€Ea#HCy Slhimgpil eg We a
The wear surfaceafotfert hder ya lsu mi-dneas gb agl eddsplwne r t

i n AppBelnaghides . The wear scars on the alumina b

stereoscope, as shown in Figure 4.8. All the
t 8haha et,Hal et (38dd)Ré&®lIlRanuseverad .wga&r02wouyl d
more irregular or el | i pitn ctah. ssTdsatrusadiyrwhuil cabr vea
scars indicates that only mild wear occurre

amount of eecareadebyrivsi sw bl e on the surface o

mat erial transfer from the alloy samples to
than any actual damage to the balls thbhemsel
significant damage. This is typical of adhes

in this tribosystem. The wear on the al umina

scars were very small .-0¥danrddi)sg a Rdatoth e ASTIV
tip remains mostly round with only light abr
materi al after testing, it means that the fI
ball did not suéfeEedbt mecddwidhEmmil&kdarmd@014); Oc
Akinl abi , (2016) amndsbDoAmmdeot e THBlaenmed fADrEed,y vn

wear value was reported for the wear ball

6. 2.6 EDS Anal ysi s-CodHCW&SampTreacks for
The EDS spectrum in Figure 6.7b shows the co

as shown in Figure 6.7a for sample P1. The s
Cr and some C content. From thegoeg i EDS orfe d let
was from the matrix with some from carbides
underdevel oped; therefore, the chances of th
them being part of the debdi $fseeaehti hot Ahec e

from the EDS alone, as there are a variety o

NTTN



the depth of the beam penetratempncohseduwee ndt
analysing the matrix or the carbide bel ow w
carbon content reported by the EDSSome elcitarsa tn
the results outputted

Fi guhEeD®% .a) i mage of area analysis done of
analysis for P1.

The EDS spectra for P2 and P3 are shown in F

i mages showing the areas where the analysis

samples show dominant peaks ofi el dolil ofvede b
made for sample P1 can be made here. The mat
testing, with some primary carbides fracturi
results in this case taree daesptwelolf arhley biemadn

analysing the materi al bel ow t heen. dABdi 5i ohalt
t he carbon content reported by the EDS spect
to the results outputted

NTT=



Mo profile 3 I Spectrum 122
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Fe 597 09
Cr 216 05 = ol Fe 644 07
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C 138 08
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vt
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Fi gu&EM .i mages a) and b) showing the select
respectively. The corresponding EDS spectra
the analysed regions.

6. 3 Wear ResiTgteaH@@l 9 f He at

6. 3.1 CoefficienltreaHGESampli®on of Heat
P1ht to P3ht during dry sliding weast expm@pli en

P1L to P3 surfaces. The COF plots for P1lht, P
rise dur i nign tphhea sreu nbneifnogr e 8 02a00i Im.s iTnhge atfetsetr
tot al di stance of 1000 m, during which all/l

val ues, ranging between 0.7 and 0. 8, with m
all oys exhibited simclaat CORsbeDmwvp hgs ¢ hatdl d

ri ses as surface asperities come into contac
surfaces smooth out, |l eading to a more stab
t he IC&OFel s of f , snaftleedtriimcd | ©the ddkypavi our for
test . The three alloys fluctuate within simn

di fferences shown at -thmeph&gé hncamgesmtd ibmiett i,
roughness of the surfaces. However, for the
reached a peak andFstabilised to the same CC
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Fi gux@oe&f.ficient of f rircetaiteerd bseahmpv iesu rP 1dhft ha
sliding wear.

When compartirmegattence shempl es (Prhtst RdDuint ePPlar
P2, P3), in Figure 6.10 there are generally
heat treat ment. This is withealhlee edeecpeava i
The COF for P3 was initiall ycadtgnanfde ahhesatdtl v nh
around 700 m in the running of the test, wh
samples. This candbeéaatnhesbut bdmbgennsnantasasa
and the precipitation of secondary carbides
interactions during sliding. Fi glux €aas8t 1 Anshc
heateated.f oTheP3COH uctuates above all sampl e
drops at ~700 m, where the COF drops below a
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Figulril€oefficient of fcrasctt isoanwhpbleaida ehileoata mplf e & <
P3ht during dry sliding wear.

6. 3.2 Wear Parameters dneédaf@@$a mRmlteess o
The wear profilestreaaTaedl satipleso(Ptlheé, h&&2ht

in penetration depth, worn surface area, an
penetrati onendepmhh cahf 10s. 0 d3weri g¢thsa nwePalr, hmetatnd i
a€ast counterpart. However, its worn surface
i s spread over a | arger area instead of bein
Pl1ht stil!l has t hOeO 1hG gnhnejs)t amoor eng tviokd eusreeeng(10e s |,
it still wears the most. em2hs|l hgst b ypasntep eat
P2, but its worn surface area is now smaller
wear ogersarface, the materi al now wears sl
| ower than P1ht at O0.0016 mmj, showing that
and P3ht show a marginal di fferencel awmestthei |
penetrationenlepltths oworOn. 0s2W0Or f ace area increas
but its worn volume is the | owest at 0.0009

strengthened the carbide morahdépbpgwpndndaosez

resistant while all owing wear to spread out
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Figure 6.10 shows et watarde ahtadadt 9 ammldess oF 1 ats
sliding wear. T h et rweeaatre dr ast eempfloers tfhoel | lbewsst a

having the highest wear rate (¥X%.9 0B010 mmina

and P3ht having the | owest wear rate -(9.37
resistant, while P1ht experiences the most w
When compa<xias¢ @wthrde ahtgeadt sampl es i n Figure 6
i mprovement in wear resistance, with the wea
in P1 to 15.9 1 10 mmj / Nm i n rmPalrhgi.n adn itrheer
in wear rate, rising from 9.39 I 10 mmj / Nm
P3ht also sees a marginal increase in wear r.
in P3 to 9.37 1 10 simp WNmhiah P3ht. i Mpbesee

P2ht and P3ht experiencedtdr enatr e mtafeoriameyr € as e

di fferences i n fthestweadampmrattereesattiosdt.thiee haat

m As-cast wHeat Treated

20
18 -
’E‘ 16 -
£ 14 -
e J
= 12
® 10 -
=
g
< J
x 6
c 4
o
= 2
0 .
P3
m As-cast 16.2 9.39 8.93
m Heat Treated 15.9 9.74 9.37

Sample

FigurZ®2We @r r at e-ctas én disrdeahtecads hstaompH3e s P1

6.3.3 Wear Mechanism Dur i--h@QC8armp | SIsi di r
Figure 6.13 shows the SENTiemd gas safmpwear Ptlih

P3ht at 100x magnification in BSE and SE i me

|l ook more even, with a smoother gusf ade daerop
pl oughing marks, showing that the adhesive w
out more evenly across the track, covering ¢

NIT



not have rough edges or | arge grooves, which

P1. There are also signs of adhesive wear, W
surface. The wear track in Brguwestsh6ah3aoanand
of wearing than Plht. The surface consists ¢
than in others, giving the surface an uneven

traces of materi al dteebariisn g,c causmuwealtle da si nmipnact c

they are stildl relatively uniformly scatter e
primary carbides while material is removed f
mar kinndgsdeaep scratches, indicating that wear
the surface. The track shows signs of a mor
than in Plht. The wear track in Figorkesr®. 13
compared to P1lht and P2ht . Unl i ke P1lht, whi
grooves, and P2ht, which has deep wear scar
fine, continuous grooves with imi nPidnmal insa tneorrie
with evenly spaced grooves. There are fewer

materi al |l oss compared to Plht. The wear de

more evenly spread debili stacuct muleatoifont.h eT hwee
suggests similar wear resistandeeodtyo a2 hats,i owmi

P3ht which experiences a balance between the
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Fi gur3SE®. i mages of wear track for Plht (a)
magni fication in BSE imaging and P1lht (b), P
I magi ng.

Figure 6.14 shows-tnéat esdc agsampdloas thle theeaP3 a
(500x) in BSE and SE imaging. The wear obser
a combination of mild abrasive weaf &Gndeadhe
and a continuous weaabr atsn amk svihgeg es tssmarhil ¢ raob
asperities gradually wear down the surface

even wear pattern and smooéehwearfawherf eamat
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