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Abstract
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1. | nt roducti on

1.1 Background

Il n the automotive industry, significant
of steel components. Over the-wleagthtdegad
was to use a gauge reduction method whi c

strong steels through data monitoring an

properties, temperature of the workpiece
steelexit through a cold/ hot rolling mil
uni froertmal | i c coatings with the aid of str
software. An alternative approach is to
i mprove high modulus steel (HMS) and adyv
examples ofgr cwpnpoaréeecer ami c, carbi de,

reinfoftpmdese exhibit high Young's moddl
when combined with a | ow alloy steel. Th
a high stiffness, hi gh modul us steel wi t
casting and sintering techniqgues’$ whi hst

composite reinforcement.

Some examples of automotive paritagasnwhi ch

whi t e, BI W) , engine bl ocks, suspensi on S
[ 2] Merging a ductile matrix with a stif
technically <c¢challenging, as there needs:s
fabricat i-pmno caensds phoesat treat ment s. Borid
popul ar (apatirraends iwiitohn met al through eute

to achieve high strength and stiffness;
|l iteratur e-bfoirmaci (M dBg. i Berpropdliaralnyi upmi(rTe d
this can prsoevidlies terqiubadt ipobpdauwheg Sol mdnfgi
Ot her metal sntandavanadiem and ni obi um,
researched as part of the cerami c compos

composites work as excellent strengthen



bonding and a homogeneofu3] @acbiodés ustahe
have been studied but it has been found
compared to dlwe linlseancke, TdBRspite i1ts e
hot r[o2]l i ng

Lightweight component design is of great
with the main goals being to improve fu
capability of vehicl es; t hese can i ncl

performancéelMSThaauvuseebetn extensively useEe

and | ight automotive component s, using |
structurally ¢$d§nTdheadompnercehratng c al pr oce s
mi croall oying are the two main routes us
in particul ar, the hardness and strengt/|
the composition used. rTohuetrenso nmseucchha nai sc agl u ep
tempering wil/l produce excellent grain r
cost and -omomrseu mt n e Ther momechani cal o
controlled rolling and coolingttecthunn gue
the steel. This grain refinement enhanc
tensile strength and i mpact resistance,
automotive applications. However, t he ¢
including the need for precise temperatu
can be a | imitation5]for widespread adopt
Mi croall oyed ( MA) steels offer enhance
addition of smal | amounts of all oying e
provide superior strength, toughness, ar
heat treatsmsnt makoaoneg them i deal for aut
to microalloyed steels |ies in the prec
vanadium, niobium, and titanium. These e

grain structagarthangr eoingirtodtliioon of car bi

steel matri x. The refinement of grain



properties, including higher yield stren

For instance, vanadium and niobium contr
t hat I nhi bit grain gr owt h duergirmg naodt

mi cr ousrfe6y cMA st eels are often produced t
combines mechanical wor king and ther mal
typically involves hot rolling foll owed
steel's toughnessngndhetfengbhibynw pfomet

structures. The resulting microstructur
carhbndegminddsorniaggritbobs ch | mpede di sl ocati
contribute to the ghepEFs high strength

An SMC i s composed of t wo key el ement
reinforcement. The | atter i s commonly r €
typicall ybasedemamiec i al and is found as

fractions fl2a%.gi hlgi § radimf fSer s significant/l

other hand, as it is a base€g Gs]|bgelprwicti o uw
met al which can form precipitates as |
strength and durability compared to a m
fabricate | ightweight components as a s
SMCare complex i-phasemseeattsenosndt he mor
particles in |Iiqguid and solid phases anc
strongly influence stiffness and strengt
composiongonasast he all oying additions do
point where unfavourable phases form in

woul d be adding too much titanium (Ti) t
nitride (TiNjlysfbot meweédpbiymaitani um car
review in this thesis wildl | ook at <car bi
medi um carbon microall oyed steel; the paé
addi tions are Tivanmidohhimum VONb)Tharmsd wi | |

understanding of these el ements and thei



Preci phiatradtdimoengpetar ti tic (PHFPXasberl| ©1ii gh
manganese in composition with a microst
Thamounpreaoft ectoid ferrite present I n PH
controll ed][ t.@)elsisreg raantoes h mp r md e dfneersrsi tan d
fracture toughness; Kawbié¢he , e(cd wpattilaltiatsy i
Ti C, NbCfammd &Lr i ng the |l-cgubdnpbaeel ian

high thermodynamic stability once for med
to a base steel is to pin grainmnil®gdgUhiindar.i
i n paritsi exlceerl,l ent at higher temperatur e:
vacuum induction mel ting. V and N b I n
recrystallisation of austenite grains di
MAst eel will be coarse in grain structur .

met hod generally TigsBxhdbriesgsimbracabela

precipitates; however, the effects of gr
a bolrasdeed reinforcement are greater. The
Ti2Bi || be di Cbapsed Rater in

With continuous advancements being made
i mportant to establish goals for i mprovi
design and geometric adaptation. Struct
fabricatecowabhi-pib weaaredl new el ectric vehic
hi gh modul us, stiffness and strengt h. S
components, body panels and engine/ motor
avehitcdtedls mmpbor dsi sesearch HMSBwi tihe de
particular composite ceramic reinforceme
the overall density of steel components
strengt h, parts can be made |l ighter thr
comporseiitnef orced steels can keep the same
exhibiting similar or greater mechanical

an electric vehicle.



1.2 Aim and Objectives

The overall aim of this preajsesdtstied tsa nfta
technol ogy/ ofgr&a8Um anduction melstiirngd e( VI N

st aTgweP . The feasiskitloiftoyTdgmeinst t(o be est a
through experi ment al wor k using faciliti
(HRI') . By first developing a microall oye
can abéeéained through microstructur al ane
uni quely f abpo < ialhgemnosctaend it rhcegoretstse mai n
focwhi ch S t diBm¢ or ptohreat exi sti ndhrecompo
processiimg praovdtld sealn dT hFeA SKTey,. ac hi evabl e o
these newly developed steels are:
| . To understand the physical metal l ur
precipitation hardening, steel powd
through a comprehensively written |
Il I . To understand the process and techn
through experimental worKk
|l 1 ITo fabricate monolithic and atomise
mi croscopy and mechanical property &
| V. To conclude on the overal/l benefits
materi al used for automotive compone
V. To i mprove the strength and el asti

I ntr oduBasaqi n gomposite reinforceme
processing routes

VI .To control the phase transformati on
SMC steels wusing TMP routest rsasicrh a
compr eB&SC)on (

VIIT To critically compare VI M and FAST t

in the autoamwmtivaeusectalr stal e



1.3 Thesis Structure

1.3.1 Overview

This thesis comprises nine chapters, eac
and understanding of MA and MA steel cor
VI M processing route are found in Chapt e
processimg frowndc ian Chapters 6 and 7. C
mi crostructural and mechanical property

ChaptAgrcdmpl ete overview of the research
and the necessity for research. This «c¢h

objectives and provides.a summary of the

ChaptEBhe 2lLiterature review explores the
SMCs. Present |l iterature on the fabri cat
t he identi ficati on of correct manuf act u

necessitoyj eocft .t hi s pr

Chapt®B®hi 8:chapter outlines the methodol o
sel ection of materi al composition, t he
FAST, and TMP. | t also covers analysis t

testing. Addedsictriiobneasl Ityh,e iutnhni que met-hods er

austenite grain boundaries (PAGBs)

ChaptMdircdoscopy and mechanical property
using VI M, foll owed by hot rolling and
i mpact of cooling rate modifications on

i's anal ysedndg heloaagthr src aminar oscopy (SEM),
hardness testing, aamdamipd syossn asn t( RIFrDeAg u ewnhci y
for calcul ating Youngdés modul us. The ef
hardness, str eindgtuhl tviamautees) ,( yeileolndg aa i on,
hi ghlighted.



Chapt®&irmblarly to Chapter 4, the i1 nvest.i

properties is carried out for thez>same M
in 5% and 7.5% volume fractions. These &
7. 5MASC. Grain refinement and phase tran
after PSC testing are also discussxssed. C.

are also presented.

Chaptd@&mabysis of American |l ron and Stee
powder, which has a composition similar
at the beginning of the PhD due to restr
COV D . Ext enstiivreg FASTS4 %240 i s presented
mi croscopy, hi ghlighting progressive der
for the microsgowdacddruries wbhecadedi Bn a 5% v
S4140 matri x.

Chapté@&he7FAST processing route for MA st
and gas atomisation is examined. The ef
powder particle size are explored with
Additionally, t be% ivrod aurmpeo rfari @ cotmd eanf a6 &
reinforcing composite iIis investigated tF

X-ray energy di speEBS$S)v.e spectroscopy (X

ChaptAgrcm®iitical comparison of the micros
bet ween the VIM and FAST processing rolt
manufacturing high modulus composite ste
detail ed diesicrusse ®masctoinvet hadvantages an:
remar ks address which processing route i
automotive industry, considering factor:

perf or mance.



Chaptelthi%: section summarises the resea

significance and implications. |t addres
of the research. Addi tionally, recommen
suggesting ipoontse nftoralf udritrheecrt i nvestigati o

1.3.2 Flow Diagram
Fi guhrieghl i ghts a generic path of process

Development of Advanced
High Modulus Steels for
Automotive Applications

Fabrication of a
microalloyed steel and SMC
with TiB, reinforcement

Field Assisted
Sintering Technology
(FAST)

Vacuum Induction
Melting (VIM)

. Plane Strain Powder o
Hot Rolling . . Consolidation
Compression Analysis

Microstructural
Characterisation and
Mechanical Testing

Optical/SEM Vickers
Microscopy Hardness
Tensile
Testing

FiglreFl ow diagram il lustrating processing and anal

.
.
s



2 . Literature Revi ew

This chapter wil/ provide a comprehensi
steels fabricated using both wvaascsuiusm eidn d
sintering technology (FAST) met hods. |t
researicdqhr oanl Inooyed ( MA) steels and steel
various grades, and understand how di ff

mi crostructure and consequently the mect

by introducing eteHe ffabomdamdantoanl tsechni que
foll owed by an exploration of the physi
and precipitate reinforcements in MA st
( TMP) routes will hbeandeptah | €xa micn atsii onrg

produced through VI M and FAST met hods.

Many automotive components found in susp
rigidity, which means that the stiffness
parameter. Problems with current mat r i x

damagi nagn i mencsh T hecsoeh eisnicolnudaenddef ract ur e
reinforcement particl es.neFrodonsttthleii mp orittar
facforsan effective reinforcement addit
inteffld¢d®&sher factors that the reinforce

are the volumetric fraction of precipita

2. FlundamenSt akebmaking

Steel making is an essential process in n
higwmal ity steels used in automotive app
and FAST, two advanced met herbsd utl uast sareee |

wi t he rsiuopr p¥bMeritniveod .v e s mel ting met al s

el ectromagnetic induction, which signif]i
i mpurities, pesultti nsgg eiehs.hi ghhe process
materi al s i n & acuwaen kclhea mibietr hi nnha&r e an a



passes through a surrounding <coil, i ndu

currents generate heat, mel ting the met ¢
undesirable el ements such as hydrogen, (
met hod alrl eavissef oconpg r ol over the alloy
production of steels with tailored prope
ar e particularly beneficial for aut omo

propertie[sl.aljre cruci al

FAST 1 s -eadgceutmeitnngod f or consolidating poc
solids using electric fields and pressur
and temperature compared to traditional

a pulreed kil ectric current (DC) to the pc

| ocali sed heating at the contact points
and densification; t[hli3s]FASTkeowb| as I dbel
of advanced -gsrtaeienlesd wmitchr ofsitnreuct ur es, enh;
and wear resistance. |t also facilitate
functionally graded steeltsomowhiveeh carmgp omi
due to their I mproved|[ péfTYbMmamde FASJ
respected rout esqufadri t pr cd tleeilsg whitdghh s uj
properties, and both have their advantag
for precise contr ol over composi tion
i ndi aslpleeasf or devel oping HMSs for aut omo
advancement s i n these methods continue

supporting t he -gdeenveerl aotpinoem ta wotf o[no&tfitve t ec

2.1.1 Vacuum Induction Melting

Vacuum I nduction Melting (VI M) -piusridaycr u
steels by using electromagnetic inducti c
mi ni mises contamination from gases and
higlerfor naenrciealmsa wi th specific propertie

are critical processes that result I n

10



segregation. During VI M, the induction

el

en
pr

| n
al
ma
me
hy
oV
pe
ae
ma
CoOo
fi
re
re

en
Un
i n

ma

O «Q < o
D

> O

o X

e
h

o

o Qo -

ti

< 9 »w S S

o

> 0O o n o

—

ctromagré€li6il]a nsttihrer ilniggui d met al wi t hi

an

d

u

VI

e

r
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M, raw materials are placed in a

nating current passes through a <co

netic field that i nduces eddy <curren
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S

aurl

t a

e

r

ng t heThmatvearcivauum hel ps remove wunde
gen, oxygen, and ni[tlrr7ddkea, pteadsBagc
the melt's composition and purity

rmance alloys wused in mechanically
pace and automoti ve i nd-psbcesesed T
s is significantly refined due to «
mi nati on. The grain structure of m

: whi ch enhances mechani cal proper:t

I $UUBNTRIi s process is particularly adyv

C
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S

t
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c

r
t

yge
créasesowrghnassrogen causes embrittl em

ive el ements that are prone to oXIi
onIm®&Int s

nor mal at mospheric st e erhanta&kli Inigc ¢
sions tend to precipitate during
ifal's ductility. Il n contrast, VI M n
nt i lsowe x tAsemedtyal s sol i dify, t he e
ases significantly, potentially ca
ndness and porosity in castings. Pr
Uus pr ogriecsast idounr,i npgr osdoulciidnigt i mpr oved
olling gas content in a vacuum red:!
eel It is well known that hydrogen

n | eads to sveagii mudc amgil tuisommnise mp an :
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ageing, fatigue, and stress rupture prop
[ 2.0]

Recent advancements in VIM technology f
precision of the melting process. I nnova
crucible materials, i mproved induction <c
t hat f uad hiemp ureidtui es. These advancement ¢

mat erials that <can be processed wusing V
more complex alloyg 2wWiJ]Thet aeFrenéed!| ptygpert
to the piodosethposni oé materials, where it
di spersion of reinforcing particles with
steels produced through VI M exhibit i mp
uni form di st r idkkewt iammd oft hfeirne taarbgit heni n.
di stribution is crwucial for applications
I nt e[g2.2]tTyo summari s e, VIM i s employed to
[ 2:3]

| . Extracting unfavourabl e gasses

Il Il . Removing trace elements with high vap
|l 1 IPRreventing oxidation due to air expos

el ement s
|l V.Managing-dppesadant reactions such as d

V. Attaining the highest standards of ma
VI .Ensuring extremely precise compositio

2. 1. 2adsiedtded Sintering Technol ogy

Fi ealsdsi sted sintering technology (FAST) c
simultaneously with a pulsed direct cur
typically enclosed within a graphite di e
and elaéctcmuirrent | rbeuomeewmpanlt,eclhd@dsti Nggt he
sintering process to occur at | ower t en
compared to conventional sintering meth
[ 24]The gener al FAST machi gafray]lpar atus i

12
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Pyrometer/
Thermo-
couple

Powder

Electrode

Water cooled vacuum chamber

Fi gr efFAST schematic with 25n included mould hou

e application of a pulsed electric fi
rticle contact poi nt s, |l eading to th
scharges are believed to enhance mass

d pl amdtiicord,efwhi ch promote the consol/
terial. Additionally, the higdor diemt i n
owt h, all owing -groai n hmai agred tnrt a ©othu rod s .f i
vantageousi nvhemampo ©tcresct ured materi al s
eser vatgiroani nefd fmimceg ostructures i s cruc

rengt h, har dinz26&]s , and toughness

e ability of FAST to apply a uniaxi al
critical role in enhancing the densi fi
cilitates the rearrangement and defor

i miomatof pores and the suppression of

e ssugiest ed densi fication I S particul a

refractory materials or materials with

de

t e

nsificatdioni omhalougihnt emai ng met hods wou

mp e r[ a2t4ulr e s
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The versatility of FAST extends to its &

including metal s, ceramics, composites,
(FGMs). The <capacity to produce dense me
and cedhtplhdsée compositions has made it a

of advanced materials for wvarious appl:i
and bi omedi cal i ndustries. For i nstance

tungstenobaMCttofl e conphslimthasch are commonl

cutting tools, with enhanced hardness ar
of the precise control over microstructu
However, despite iIits numerous advantages
The rapid heating and cooling cycles in
stresses, potentially |l eading to cracki

mat e Aidal $i onal l vy, the use of graphite di
electric current, can introduce carbon c

of the si nt2edr]ed TrRaBtde r ioammlgoi ng research i1

optimising processing parameters, such
applied pressur e, to mitigate these cha
FAST.

2.2 Recrystallisation and Grai |
Recrystallisation is a restoration proc

grains with nefwreegaeggraaivel yThlies egptocess

nucl eation of new grains and the migrat.

pregrses, the original deformed matri x i
for med recrystallised grains, | eadi ng 1
mi crostructure that i's free f[radm Tdaefsor m
process resul ts i n significant changes
pronounced softening effect, whi ch S
observed i n ot her restoration processes:s

14



recrystallisation is accompanied by not ¢
ductility.

Recrystallisation <can occur under di f f
accordingly. When recrystallisation occlt
known as dynamic recrystallisation. I n ¢
the debormatocess has finished, It | S I €
Dynamecrystallisation istempéenaotdbaellyowi
st rdeeifror mati on processes, where it plays
consedqyent he mechanicall 3@rj&per yséeal bf sal
al so be demonstrated as a continuous res
dynamic recrystallisation, where new gtr
continues. l n some met al s, undteur speftcheé.i
accumul ation of defects and the resul tin
|l ead to the nucleation of new grains wi
pat hway, where nucleation occurs withou
dice®ntinuous dynamic recrystallisation.

the recovery process +tusp solfowdi sallolcoawiinogn
reach | evels sufficien{3fLlpr the nucl eat:i
The conditions under which recrystalli se
rat e, and the nature of the material, [
speci fic recrystallisation mechani sm

Understandchgnitdhresei sneessenti al for tail
properties of high modulus steels throug
2.2.1 MRercamisda allisation of Austeni
At el evated temperatures during plastic
i nteraction bet ween hardening and softe
def or med, the introduction of di sl ocati
mi crostructureynadmiweveestoration process
counter this work hardening by eliminati

15



Il n materials such as austenitic steel, w
the recovery process is notabl ycesnltorwe dd u e
cubic (FCCQC) structursel iipn alchd esmnsoldoawt i mat
all dbwos a significant accumul ation of d e
sufficient stored energy to nucleate ne:

without the requ3.2]lement of recovery

The ssttrreassn behaviour associated with dy

of the underlying metallurgical transfo
def ormation progresses, the mat®r,iadt har
whi ch poi nt dynami c recrgshoaft | dgaaamono
recrystallisation shows the balance bet

continuous deformation and the softening

free graimg.i oRhiresiuhteran t hel)apopne atrhaen c

st rsetsrsai n curve. As deformation continue
materi al undergoing dynamic recrystalli
reduction in the overal/l str esstsataenntsitlr t

(4, where a colxptiamtmgiBBeaisneéevel (

Dynamic recrystallisation i s characteri s
of high energy, such as triple junctio
def ormati on progresses, these newly nucl
untilretalcdy t he critical strain necessary

This ongoing procassaatestcamldi $hesn anst &éa&c

continuous devel opment of nucll8dfTlba an

mi crostructur al evolution during dy nami
di stinctive "neckl ace™ structur e, wher e
for the formation of new grains. These

nei gmnbgowrriai ns, at which point additiona

grain boundaries within the matrix. This

16



is recrystallised, resulting in a micros

structure that significantly influences
2.2.2 Static Recrystallisation of /
During the hot wor ki ng of austenite, w h
critical strain necessary to initiate o
recovery i s minimal, static recrystalli
procesrsestlTcdriasti on mechani sm, which typic
bet ween successive deformations, pl ays a
and restoring thel dUujctility of the mater

Static recrysdapéndant omr ocesd remegwhi als
nucl eate and grow within the deformed m
which occurs concurrently with defor mat
after etxh ernal stress I S removed, al |l ov
recrystallise under ther mal confgiBbjons
The driving force for static recrystal
def

t hese di sl ocati ons accumul at e, t hey cre

or mati on, which is concentrated i n th

pot enteiaatli onnucsli tes for the formation of

The process of static recrystallisation
which is commonly used to model the Kkine
recrystfad:d]i sati on

o p APP® 1)

wh e

]

e X(t) is the fraction of recrystal/l
depends on the matetgial thpd  Avemmier akpoa

provides information about the nucleatio

17
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his equation illustrates how static rec
raction of recrystallised materi al I nc
ventually r e p8.Ausr i an@mpslteattiiocn recrystall
ormed grains grow at the expense of t

he original¢hdmsetooatroatur e. The nucl
ypically occurs at leoncsaittiyonss uwiht hashigghai
riple junctions, and other regions of

bsorb and eliminate the dislocations, |
ef ormatdiueare d [ 8.8fheectlksi neti cs of static r
nfluenced by sever al factor s, i ncl udi

rain size, and the presence of all oyin
ccelerate the recngstal Fasaeromupt eats s
ew grains. Conversely, | ower temperatu
onger times for the materi al to fully
romote or inhibit stanitcheiercregfsftadtl icmat
f grain boundaries and the s[tZa&mnl ity
xample of static reckiyg®radfIriospa tar kceod ids
t eel being heated tOoA.recrystallisation

(b) | Heating (C)

Austenite (y) Subgrains Recrystallisation Recrystallised
grain boundary nuclei grains

FigBreSchematic r
heated to fo
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223Grain Pinning Mechanism

One of the most widely recognised model :
grain si ze and sPtertecrhgt heliast i o mehiHal | Tt
guantitatively expresses how decreasing
strengtéer iddlea-Plembhth equation is given by:

N o Yo I (2)

whefoes the yield st,siesngtthhe offr itchtei oma tsetrrieas
strength of t he materi al , whi ch S a ¢
di sl ocati o®@i smotvhPemeéHtahl, Is | o psep,e cai fmact ecroinaslt a
reflects the strengtheni iy sintnfhleuawves agfe
di ame3.®fAccor di nAPge ttcoh trheel aHailol n dieicp ,e ass= st, h
the yield nstrreeamsgetsh Thi s occurs because ¢
to dislocation moti on, which is the pri
crystalline material s. The finer the gr.:
i mpede the mowaemeaohs ofthemséby requiring

initiate pl ad0]lc deformati on

Experi mental studies havPee tccohn sriesltaetn tolnys hsi
a wide range of materials, incl uddilnjg st e
[42], [4Bdbr EAdmMmple, in steels, grain re
alloying can significantly enhance t he
ductility. Thi s makes grain refinement

devel opstihhmgemgmmdénr imbhgbh steel s.

At very smal/l gr aiPetshzeds fean hasembeenH
further grain refinement | eads to a decr
to thlkeogmadaamy sl iding that becomes domin

where the grain boundaries themndetll]]lves c a
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Grain pinning by precphpasat parp@cdaduiers wh

boundary movement, stabilising the micrt
pinning I S I nfl uenced by the size, vol
precipitates within the matrix. This mec
and einnhgantche material's mechanical pr ope
si e pinnkngsdocicated with the movemen
directly relatcepstanelpe macoe dohgpt® Zen
(see Equai]iTahre d)ol ume fraction of precipi
the pinning force and grain migration be
per unigt. aFora i(Mst ance, i f a second phas
grain boundary, the surface energy of s:
acting as a pinning mechanism replaces p

This means that a greater amount of for

grain boundary to move away from the par

0O 1w (3)

whetrree pinnpimgi $ odepgendent on the radius

fraction, V, and the number of particles

., UWowup TQTQ 1 1¢8 pQ (4)
Simi ODaowegngoaatEpua)t i lombke ptecipitation c

strengi,hewmherge f is the volume fraction

grain di.ameter [ 48]
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2.M8i croaMéodyenmh Chebbsas S

2 . 1H.y

peout ectoi d Steel s

Hy peout ect ojitdypstakl g containing bet ween

under

go sever al transf ot maniicamsstiruat us ie

mechani calDuprionpge rtthieesausteniti sing proce

the criticé® twehnepreer aittur exi st s opmasten)e a.

characteris-edntbryeda ctibtce ( FCI[CA.6 ] cTrhyi st al
homogenous austenitic phase is essenti al
transformations. Upon cooling s3spptow t he
eutectoid ferrite begins to precipitate

nucl e
aust e
mor ph

rate

ation and growth occur because ferr
nite, causing car bon t o be di ffus
@Inagyi str tebunteicamoiadf fprrai te are i1 nf

and the initial austenite grain siz

As cooling continues to the edd)ecttdied 1

remai
mor ph
gr owt
al ter
i nter
affec
struc
aust e
mart e
nee-di

whi c

> T

whi c
usefu

engin

ning austenitenamanwhocmsdestoi peasart
olfeegy idfe aneC)cenmentsi tter a(nkFsd or mat i on

h mechani sm wher e ferrite and cem
n

ating |l amel | ae, creating a chara
| amel |l ar spacing, whpgchate, i svegns é|
ts the mewihtamifcianerpr(ospmaltliers,i nt er |

—
c

res enhancingd.7dtt renghér aado lhiamrgn
ite transformati on bypasses pear |

it e. Bainite, f or med at i Nt er mec

d S5 S

S

e ferrite and cementiteppd@hebaitmiutc
forms at higher temperatures with
f

orms at | owe r-l itkeempsetrraut cutruerse .wiBahi n
I combination of hardness asnd duc
eering3app[B8ati ons
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and

Temperature ("C)

500

400

nsite, formed through rapid quenchi
n -ciemnthreedly tetragonal ( BCT) I ron. Tl
ves a shear mechani sm, resulting
strughumartAaAhshoe i s extremely hard
ring to enhance toughness. During
ratur e bel ow t he eutectoid poi nt

saturated martesnnss teudhhtas efgein i be
process relieves internal stresses,
duct i I[i3t9y].Ttho# & lhgeh csuteetlthese transfor

ecipitation and segregation phenome

as manganese, silicon, and chromi urt
s, influence t hed ttrhaen ssftoarbmaltiitoyn otfe m
el ements enhance hardenability, pr
mprove the overall mechani cal prope
Hypo-eutectoid

Austenite (y)
grain boundary

<0.76 wt% C

Cementite
(Fesc)

2 1

0

05 10 15 20 25

Proeutectoid-
ferrite (0f)

Composition (wt% C)

Fig&rePhase diagram oéunectDoiréd svt e &l Cwhiyplo -exémpltofdes th

ferrite and pearlite
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2.2Mi croall oyed Steel s

Mi cr oa(l MAst eeck | s, al s-et kepgatl h oo WIHBFHL A) st
represent a modern class of materials dc¢
properties through the addition of micro
TMP. These steetedabg thaermactel atively |
in the r-8ndgé&, otombdoBed with microall oyin
(V) , ni obium (Nb) and titanium (Ti) 1in

[ 50 B] These el ements significantly enhan

resistance of t he steel t hrough compl e
hardening, grain refinement, and phase
el ements in téeeisecitstreel ses plmaymaddi fying
enhancing mechanical properties. Vanadi
common microalloying el ements, each con

performance:

Vanadi uvanavdi:um i s known for its ability
during cooling, which precipitate withir
act as obstacles to dislocation movemen
through prdenpngat Vamathiawvum al so contri bu
restricting austenite grain growth duri
mai ntaining a fine grain struct@gbe@]that
[ 5.3]

Ni obi umNi(dNb)um i s particularly effectiyv
during ther momechanical processing, ther

| t forms niobium carbides (NbC) and nio

both intergrramuwllarr .anfd ei ptrresgnce of Nb i
the strength of the steel through a comb
precipitation hardening. Nb al so raises

for conltlrionng epdr aacot i ces t hat e[nShdalnce t he
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tani ulm t(aTnii)um contri butes to the for ma
d titaniunm nnitthrei dleisqui(iiTdi INs)taaatee ef f ect i Vv ¢
finement and prepapittateenaheaergant ngul
eventing the coarsening of austenite
nal mi ¢b66%3Thacftiumee di spersion of Ti C pi

sistance to dislocation [mg2é¢n, furthe

e i mproved mechanical properties of m
rough controlled TMP, particularly <co
ocess t mctcumatagement emper at ur e and

nditions (strain and strain rate) to ¢
heated to a temperature above teébe aust
d e€25Where the microalloying el ements
1]This homogenises the steel and prepa
ring controlled hot rolling, the steel
t en I methgstnalnl i sati on region, wher e
ntroldwantt ot hper compl ete recrystallisa

hances the dislocation density and prc
ring subsequent cooling. The defor mat.
t htee mp egrha tennridg eausx gi on to achieve dyna

e-tleaper ature austenite region to contr

ter def ormati on, the steel i'sS subject
ten iismparrtaamett er. Fast cooling rates ar
rmation of coarse pearlite and to enc
rtensitic structures, depending on the
e cooling madse tahesoprnedi piet ati on kin
ements, where rapid cooling can | ock n

preci migt astuebds edquwreint ageing treatment
croall oyed steels is |l argely deter mine

ring controlled cooling from the aus
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components that form include ferrite,

contributing to the:steel ds mechanical p

FerrnlTreansf orTrheet itaom:nsf or mati on from aust
begins at t e mpagireanipuerreast sireelc mwmildem@at ed by t
of microall oying elements |ike Nb and Ti
resulting ferrite grains are fine and ec

and strength. The addi teiloany so ft higi-tcaruosat!el noi

ferrite transformati on, réfirpi ng the fin
Pear(UFe®For mattieam:! i te forms through a e
| ower end of the cooling randane&d consi
The interl amell ar spacing of pearlite i
pearl ite, which forms at hi gher cooling
reduced ductility. Il n microall oyed steel
swppr esses the formati on 56f] pearl i te, fav
Bainite and Mar ¢ BsaMBatieni Reer rhaotrimsn at | nter
rates and is characterised by its acicul
strength and toughness. Bainitic structu
requihrgmgp aetsi st ance. Martensite, whi ch
rates, i s a supersaturated phase that si
However, ma rttyepniscietdjilicy r et eteelnrsperi ng to res
and riedtuecrenal sSstresses.

232. Pr ecitpet nf orcement

The precipitation of carbides and nitri
series of di stinct stages during TMP.
homogeneous, -codhteereennt,, osemincoherent pha

steel se clraytsttiadd,i npl ay a <cruci al rol e |
enhancing mechanical properties. Precipi

i nteriors but al so at grain boundari es
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strianduced precipitation [doud&h exgprsadisgiqtuat

process typically begins with the nucl e:
the austenite phase, foll owed by growt
decreases further. Recent l iterat,ure ha
which are of significant I nter est due
strength. These nanoprecipitates, primar
V and Nb serve to inhibit the movement

rediamg grain growth at el evated tempera
mai ntaining a fine grain size, which dir
toughness lonf ptahret i ctud ealr ., studies have sh
titanium nitride (Ti NpCanNM) niabeée umi ghalryp o
pinning austenite grain boundaries and
temperatur g 59y dokbceseiffigcti veness of t hes
boundary pinning is highly dependent on
form during Fablsthomwsodédsesiefdg.ects of mic

on the mechanical and/ or thermodynamic c

The st agamsbifdeer and nitride precipitati

mi croal |l ayedasft &®] 6§ ows

| . Precipitates for med during t he i qui

solidification are typically highly
significantly affect austenite recrys
i n this stagee ccaonarssleonw ndgo wonf tahust eni t
reheating process.

Il I . During controlde@eduaced | ipm@c i psittraatiinon
effectively inhibits austenite recrys
| eading to an enhanced microstructure

|l 1 ITEi ne precipitates f ortnd erurriitneg torra rasfftcel
nucl eating dterthéeeausteniabee or wi t |

resulting in a refined precipitation
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TabltRrinefpatts ofelmme8otad | oyi ng

Element wt % Effect

C <0.25 Strengthener

Retards the austenite decomposition during accelerated cooling
Mn 0.5-2.0 Decreases ductile to brittle transitions temperature
Strong sulfide former

Deoxidizer in molten steel

Si 0105 54lid solution strengthener

Deoxidizer

Al <0.02 Limits grain growths as aluminum nitride

Very strong ferrite strengthener as niobium carbides/nitrides

Nb 0.02-0.06 Delays austenite-ferrite transformation

Austenite grain control by titanium nitrides

Ti 0-0.06 Strong ferrite strengthener

A% 0-0.10 Strong ferrite strengthener by vanadium carbonitrides

Austenite grain size control

Zr 0.002-005 g ong sulfide former

N <0.012 Strong former of nitrides and carbonitrides with microalloyed elements

Promotes bainite formations

Mo 0-03 Ferrite strengthener

Ni 0-0.5 Increase fracture toughness

Co o5 e oo et

Cr 0-1.25 In the presence of copper, increase atmospheric corrosion resistance
B 0.0005 Promotes bainite formation

MengarofiioceasMAsatdt eel s and i n (pVgrst itchud amri cvl
precipitate responsi bl @ nf car merndd ruaema sceasr bio
matfp6.8]In the conducted experi ment, trad
were used durindpebbdi ng onphteovorg s saahsl e s e suct
def ormati on temperatur e and cooling r e
mi crostructurae maxstf wWreeemefefeaawelr Bce pi t ati o
hardening was o0bscehravreadc tweiertilps(e¥d mamsy t t bt es g
transmission el ectrohetdhwyicesladrecoamyt h( TEM)e.l
approxi mate6,gliamp0 dRa& ment from the base
by around agp M®ailwaltvatf % V.
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2. TAher momecPhaciesal ng

Ther momechani cal processing (TMP) S a
mechani cal def ormation with carefully c¢
mi crostructure and enhance the mechani c:
process isitaltiaoaultahrel yprvoduction of ad
controll ed i nteraction bet ween temper a
deformation directs key phase transf or m:

boundary dynamics.

Through TMP, materials can achieve refin
of secondary phases, and optimised phase
strengt h, toughness, and fatigue resi st
abyl itto mani pul ate microstructur al c hang
recrystallisation, phase transformation,
exampl e, control of rolling temperatur e
coarseni ng arnadb lper oomoctreo sdtersuict ur al featur

peatdql6ilt] e

2.4.1 Hot Rolling

One metdefdoronfati on wer hhpiecetl | begomes t
densi fying the materi al and altering the
| ooked at the i mpact of hot rolling on

Zro@ar t.i cFloes t heFiexhpreg amewrtdgé shape sampl
condi t BEConasndg010 6©® t he rollmhg ftempehatup
speed and a hol dif®d]htei noeb soefr vE&Q c tme @ uw fogss r
sigreaf real i gnmeartt iocfl edr Gvhi ch had been
direction of rolling. Pore shrinkage o0c:«
were detected at a &€ol Thng pemper at soe |
rolling strain and it wasndaacreadl wduerd ntgh a

decreadsesumber of pvoorlelstiga]s wel |l as their
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FigbreRepresentation of (a)andt h(ebévied gme {sgPajc izmenre and r o

Lar t-K@grmuienek 3sgtudaled i nterfaces and def ecH
whikdtdi t ani umigBceonamide einforcement. Aft
via eutectic solidificati on, the materi a

mm dowmmbwdB minutes at an i) 3] Bl asempe

def ormati onri@pcacrurircdde si mt a temperature

absolute melting temperature. Dislocatio
| argieparticles making it more difficuldt
(1 denti fied as basal and prismatic), I myg

in thepéapont mcleséver raotbsee ved at high stra

overal/l materi al di splayed good dwuctilit

2.4.2 Plane St(rRS@G) Compressi on

At her momechani cal nracmnpg mesussisd mbu ( TRMAE n g
techniques such as fTMG@lacholnhlecemqadibd sf or

both deformation and temperatureBprofil e
defining and controlling imposed strain
as managing the heating and cooling temp

and repeatable method for studying the e
I si tfal t heurmamau f@afct aut omoti ve component

appli ¢&@8i]lons

The versal MOnatcyhionfe tlthes in its ability

conditions expescaheedndusti nigall apgecesse
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gui de on the accurate
MBnascthri anien rTahtee sg uu sdien ¢gh
i men preparation, geon
on passes have resul
he i mposmedt soofaitmeanad

uracy of | oad measur en

nd reliabl eTNM@aochtaatcomatcthes in alignr

I ons i n t he def or mat i

FEA) . Mi salignment of

m def or mat i-sohna ppeast ht eedr endst, o rstuicohn sa,s |Ue

i stent def or
ely affect t

ed. Therefor

mati on zones across
he reproducibility of

e, mai nt ai nipreg atpireg i S

ions 1s 1Iimperative for achieving
BahtEMOnachi ne' s ability to I mpose

ature histor

i es on materi al makes

tructur al evolution under condi ti

ses. Thi s cyapabefuty fos HdgveSv el opi

compoasnd espti mi sing processing parameter

as Iimproved streng
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Sample

Deformation tooling

FigbreSchematist rafi na cplewaretsasiimoinng 2 deformation tools whic
sampbd]

2 .5t eMalt rCo mp o s(i StMeGCss )

Steel matrix composites (SMCs) advance t

steels through the incorporation of har

and bori des. These reinforcements signi

resi st amgde¢tee mpaenmrdathuire perf ormance of the
hi ghly suitable for demanding applicati
aerospace, and[686pl mé&ebLfagbUling

Car bi des, such as titanium carbide (TiC
carbide (WC), are among the most commonl
composites. These carbides are character
me | tpiongmnd are wemprtihweewm al | strength and
the composite. The incorporation of <carl
resistance by <creating a hard phase tha

effectivel yeredumangr ithle Frass [dbBWBg t o abr
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Bori des, such asg) tandandhhrmo mioirm deeb s(oTd Bl & ¢

cruci al role in reinforcing steel matric
excell ent t her mal stability, and chemic
applicationdg emeoaeuianiumg Ipiegh or masicen.and

The addition of boride particles to the

supeerliaosrt i chawmwdlmué sis,and [ 681 mal resistanc
The distribution, size, and morphol ogy o
the stees$i gaiffaicstaoawrtse t hat i nfl uence the ¢
composite. Fine, uni formly distributed
contribute to a more homogeneous micros
properties. Addi boodahlgy betweennt dadref &sdiead
ceramic reinforcements plays a vital r ol
behavi oguri.ntSearrfoanci al bonding ensures eff¢
to the reinforcement s, thereby enhanci ni
[ 6.8]

2. e aRaicnf orcement

An i deal met hod of i ncorpor atn nsg iaugr a mi c
ferr ¢ &leloanht MoaonMs sui taboei d@aeineet i veg met
such aanddi Alas the procedoaembabésrpl ada erF
ofn fsotmati on has belenOsitug i éldMbaBonLd bted i
an SMLC.acdaHHM8ewhich can be produced at a
Feri aBd wee e melted in an alumina crucib
heating source. After maintammi hgeal mgli
was poured and7.0pkheey dinf ar aasiton ( XRD)

showed peaks corTieBpohodt emgeadoiregh atth aotf u s
to obtain a matrix compodJiidBeati sl 3&«c hviod wark
part weteeqsual |y di stributed to give a homo
I ncrienasveo| unseh dweadc tmmoorne nucl eati drmheasrd | e

par t[i7cd]es
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Anot her repor-t by Mapok® ®Dettbies samealk
technique wusing VIM with AI SI 420 stair
excellent mechanical properties as well
hi ghromium coh7pkRpRR2]Agali3ny) homogemhieBbus sc
partwad eachi eved, using a temRdstatdy e oI
carried out showeTd Bprefcek st)ipthest Stghs .ngb tbait e d
densities of the stainTieBver et seetmhd &d Sk

theoretical values stat dad,hewictelr ahmigh emratp

Bonnet[ lett] adblo.r ates on different reinforc
Young's modulus and density of a medium
titanium and vanadsieckemghaebwdéidB(hasct, avd

form during eutectic solidification

P T
o

?’-a) Fe-TiC i U
A S Nee

FigareSEM i magkisC odné&/ €)mpFeFemi crostructures fofméd under e

Fromm M the results showed primary dendri

of the cast pi ece. |l ncreasing the fract
mor phol oggxaet mherastructur e, whi ch can
fibrous. Hots or oplelrifnogr meads aa a t hi ckness
each pass, using a temperature of 900eC
expected, both carbide and boride precip
equal di sftoriebuwhiomh &@ehomogeneous heat t
(1200eC for 30 min); no fracturing or re
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This study also | ooks into specific stidf
VCat different fractions whilst comparin
found in |iterature findings. Thi s shows
ouegnsuclhiagity and wunderstandi ng -loiff et he
applications such as weight savings and

al so addressed.

Anot her paper by 6®8tngaednit het edfects o
el ements in addition tpoeabrxdsie icarnbonm ostte
preci pi ttehtegsmo ay mparne fcearl rl eyd over nNi obi um
precipitates as VC is more energetically
It a better solute for di $38I 6t mbhamrlingd
Bonnet] 1eM] Madupl ed with hot rol |l isncgalwas u
i ndustri al process. Nitrogen | evels were
vanadium nitride (VN) precipitates form
cooling ratetsafti benC/waa,s Pplgtfeomrimed t hr oug
done to Iimprove the hardness of the stece
sol utiPing Breseh.ows how Vickers hardness (
temperature, the value of hardness | evel

Car bon extr adtoinggmsi depltircaans mi ssi on el ect
all owed for fphassde bdbedepsatlyi de stingui

verified through targeted electron backs
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Fig&reChange in Vickers hardness vdléwwd with increasi

Though both VC and Ti C are excellent r e
carbide reinforcemenp66owalsersdé¢ utdh @& daibm Wan
the favourable density of Nb with the
homogeneously distribute due to its | owe
a cast piece during solidibLDEebateehos.enCar k

as carbide segregation tends ][ T.4] Tohcec ur

experi ment Il nvol ved arc melting 304 stai
1050eC and water quenching. It was found
with the presence of ~5% Ti C, whi ch was

mappimg,fycihg the carbide morphol ogy and
the reader ( Fi gnuucel gaft.ie iMéh epma rtthiec I TeisC f or me
acicular morphology that was present wit
t hat combiningaNbBbeanathi di ¢ boepotsi d fe matdairci
reduces the solubi-dtidtye odt ecaalrsbi alreds ¢ aan |
hardness as wel/l as sliding wear. Thes:¢
experi ment al approach presented, whi ch

wear testing.

35



(a) Target: 5 vol% NbC

(b) Target: 5 vol% (Nb,Ti)C

Fig&reSEM and EBSD highlighting carbides in samples which
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tudy by [Zbhwvgegsetgaled the strengthen

ri-NJe p(rVeci pi tates i n an austenitic

hodol ogy wused, controlled hot rol |l in
er al di fferent cooflfienrgenmtata®ss twarsi tuise d
di scovered that Il ncreasing the temp

ater austenite grealitrecdioza, fwelrirah ei ;1 ud

d&d] so performed Charpy mechanical t es
ir compatibilityaudiotnoofmmwaect umeg s @ldist |
unts of ferrite would i wprddv ef efrrraicttet

reases at higher temperatures and hol
e growth was found to be initially sl

due to the pN npnriencg peifitfraet detig g eeftvditéhceh eVh e r

a regai opeemegpmibarun dav e meWwhen there i s
se particle present at the | ocation ¢
ndary decreases. This occurs as a pa

upy the surf alf45Rhlrheea SOHEM amipcrreocg rpa pt hast e
ciwemeper esent edi gcdPpeearhiyghl i ghting <cl ear
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growth with incTekpspeg tempkeudeéedr ehat pas
VN sl ows the rate of austenite grain gro

was verified through experi ment al hol di

anal ysi s.

Figu®ePrior austenite grain boundaries e€€PAGBgE)Aanaodoad)in a
116G 75]

2. Bo2 Reienf or cement

Thearee a number of ternar yB-Xaboyasedt eme
ceramic reinforcement), where 6X6 is a t
precipitation and strengthenj il orReeadh aanti s
eval usaetviemdgglment s to replace 06X0, wher e i
hexagonal »dwatt ipceseimhtXBo ensure effecti\
paper booskk @dmpacli &ment s which vary from
niobium (Nb) to chromium (Cr) and mol ybd
and crelbbnegtdey pieces to be used for |

engi neersitnrgaisnt rceusrsves wre rHengdtbted [otwed as s
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FiglteEngi neesrtirmg ns tpB-¥stasl [fooyrs ,Fewher e ' X' is the pairing
reinforcemdidt particle

Ti2Brei nforcement I S highly popul ar i n !
composites and t hiBsTiwad |jows tsihfoiwed as telxa
modul us ®dLParyiueldd sMPanghd aoftdmBGte ten

of BMP&. A variety of materi al character.i
all oys. For instance, V alloys showed gr

due to a higher fraction of Alrliotytsl ew hbiot
i ncorporated Mo,ghTa,ghHed asgi KNyo rhaor phol
charact.erAlsoantgzsoindce TainBl Zr were concl ude

promising for [fluture all oy design
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Tander stTaipBdo rhkosv i n a steel composite, it

i ndi vi dual mechani cal and t her mal pr opc¢
reinforcement. Many stilikdBBesahatveenpgshehi
stiffening addition, however t he ceranm

resear che[d7.@]yfhMumreecearch describes the ¢
bel onging to the P6/ mmm space Tgaeupme. | de
l i sted, some of which being hot pressing
hi ghlights (tThd nfdl eixtisbielastey ooff producti on

TicBhas an el astic m&GPwal vast orfo oanr otuenmdp e &5

decreases with increasing temperatur e, F
el astic moduHFiuglh)2 @as shown in
600 T T , r
s} Elastic modulus p (g/em®) [Ref ] |
A 4.07[22
¥ 42030
500 " 421([22] -
® 429(35
F '\'L“;._‘ ¢ 4.50[26]
O 400 + G = _ ¥
2 fax—a—aaa =
2 350 - o -
'8 A
= 300 I shear modulus A i
250 L‘“N"... A -
M A
200 + -
TiB,
150 1 1 L 1

0 500 1000 1500 2000 2500
Temperature (°C)

FigheeTemperature effects on plbéasfr8] modul us at var
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A fascinating ear l[y7Fpaokerd byt Damakead i ett i
phase di agiBans yosft eam.Fel ni t i al EMC &ahteughbhb

powder sintering, It was found that 0 XY
di sregard. -ClhAdichng oftewmame, phase equil i bri
aid of an el exnt aloAsHeE o eertohuincdr 030 % v ol . (

di spffaywed pr eci pbtsapgeec i pmaerntsisccineesat edg at 1
[ 77] T me Biclvaas achi eved t hr oligha#BhaeF&sgns he
The overall speci fic movdoullwnse ifnrCarggtaisoenss
agreeing with the simplerthaomst iidal eas

stiffness in a steel matri x gf7t7dr hot f o

Li dt7r9dludi ed tihre HBeifBfes cntfso rocfe me o-avar bean a b

steel matrix, which was homogeneously pr
Ti2Bhave hi gh t her modynami c stability ar
properties for strengthening. VI M in p

di stribution of cer anhircoeulgehe tinf oma gmetnit c p:
|l nduction melting also all ows for better
with any oxides or ugcaesds ebse itnhga te xht arvaec t beede n
chambers TiaBricated byTimi xainmdg ffee-B)yoouuwss bToil
shown simply in thp70¢Rcihputeicomguati on be
mechani sm whipcah tficrl eshTigplihe cmo dyymami c st .
once formed up to [ar.8tlemperature of 3498K

0QYg0oQe Y&y o00Q (5)

|l n tsbhasta i ngot, it Twabr ebispirtvatded hwer & h
homogeneously but of differkinRsesd.zeThids
paper shows that the greater the concent

stoichi ofmreMaurcadlley t hey become for nucl e
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prominent at higher vol ume -cfarsatc tgroanisns Iw
refined signi fsiirgtl edgagt trhaloluigrhg aptrhoec e s s ,
posi tliefhr edi pi tates remained unchanged.
an ultimate tensile stMPangth a6WBRS)e di mar €
wt .T%B

An nvestigation on mechani TiaB araenidn ftari coeod
Al S 420 martensitic steel aw[@as9]cwahror i ed
i ncorpodorBtoevdlea in 1%, 2% and 4% vol ume f
powder whae# haddedci bl e with the AI SI 420
temperature ofTikBbdeCerAppar goretaks wer e
XRDwith no unfavourable secondarys phases

These phases ardaeditoadvhaenitra glecowesr t her mi

desirabl e mechanical properties.

Mi croscopy results highlighted an i mpr ov
strength with increaSBiBhgwhviodhumea s i lto magle
al | samples due tsd i teifdnghladg c torcochubrlyinced ri icn
Tensile data revealed that the tensile s
amounts with |inear I mpr olvieBme @4 s n th.ei Yige
strength also improved with a gradual d

fracture straifrl.eeBTshiasn sitduedayl irdeemtf or c e mer
to SMCs as it does not change in morphol
and exhibits excell ent 9meacdhdaintiicoan s .p rAo pneorr
study by[ €%teuwndiee d ati pBea se fofne cftrsact ur e toughl
rolling and tensile testing techniques.

vol ume fimBsiogsVoM with meltingstagp 1650

hot rolling procedure. Mi caesstt rAMQAsradils e
typical hypoeutectlio®agttrwwdtewsr e mwigtem oausd
at | esgn timasi x@. After rolling, the part
regions, parrt ival ameé yf rad c thiigrhse. Thi s was

41



wit hael i gnment of grains being observed i1
tesgtiitngvas cl ear t hatwesitenprngu ehd awidt he | aaddi
TizBfter hot rolling. This is partially d
and the increasedTePiarttnes ®esbr dughit %byol
Ti2Barticles aggl omerate and are very ptr
which is not conducive to fracture resis

rolndiand further grain refinement, fract

25. SMCBabricated through FAST
The fabrication ofso&kbCse waidar hFfyA 19 ecsf. f eFri sr

rapid heating rates (often exceeding 100
the sintering environment mi ni ntihsues t he
mai ntaining the I nTlappltiyed funihax icaol mpporse
sintering enhances densi fication by pr
def or mati on t heeocardeitnigc @alo dems| 8.0 ETshiisn htihgeh
density is critical for emawnutri awgl amlay h
and wear resi st d@ame edi satrrei bnuatxiiomi,s erdar phol

bonding of the reinforcement particles,

factors influencing the overal dofcfoempsosi
superior t her mal and chemical stabilit
resistance. lts incorporation into the ¢

with an enhanced combinati on ofsttroeusgsh,n e s
hitetmperature applications. The interfac
the steheds nuaatrasxt i b glt@mngeas there 1 s o00p
sintepan ameteessatlihleity of FAST allows fo
with tailored mi crostructures. By adj u:
temperatur e, pressur e, and heating rate
di stribution of the greaind osriczecemeonft tphhea sneas
porosity of Thhe ¢tempobsiotfe.contds mlg ithees:

mechanical properties of the composite f
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Ther mal Mi smatch and I nterfacial Bondi ng

Th
S i
cCo
Du
p a
i n

ar

Hi
cCo
di
re
Ad
be

Li
ce
on
Wi
an
be
wa
st

mi

er mal mi smatch between the MA steel

gni ficantly i mpact i nterfacial bondi n¢
efficients of thermal expansion (CTE)

ring thei pgubhaedheooling cycles of FAS
rticles expand and contract at differ.:
terface. These stresses can |l ead to tF
ound t he plToitBe ntpiaarltliyc Iweesa,k eni ng the i1 nt .
gh ther mal stresses can al so cause pl a
mpromising the integrity of the inter
sl ocations I mpedes effective | oad tr
inforcemgnt heredecaall mechani cal perf
dressing this issue requires careful C
addressed in this thesis.

terature in studying SMCs which use FA
ramic reinforcemenvtess tihsgead .l S0mueSnedea mFl e
an SMC (using FAST), [8.1uJdWhen bcyo nibw onne
th 316L austenitic SEMemhgaes Wwefkepbbbhni
al ysed. The phase ¢ omploisghliioghh toefd dtihfaft
came more prominentl twiwahs idnecerneeads i tnhga tZr
S successful i n combining a ceramic r
eel using SPS at a temperature of 137
crostructufr&l]was observed
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fcc+ @ sohd solution

fcc-Fe sobd solution

fec-Fe sohd solutior
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Figu8eXRD pattern of sintered 316£20W8tlH di fferent wt

An exampl e of a conventional sintering
compositestirrengtihi ggh eel has pé@hestudi ed
Ti-€t eel composite was @mreastsed utrimnracieghusa n
t emper atnuvreesst h egoaefteb@edi ng and overalll mi cr
deduced that the Ti C powder particles (5
the steel matri x. Measurements of relat.i
it was concluded thaer spempemeatsursentemna:

pressure yielded higher denébfies and | o

| n TBiBo™i-Cei nfsorecedd covepe sidi @esl by Bi ngho
[ 8.2] The experiment al proc¢dbutmei umvahde d
carbide powders wusing FAST, eéwiah aoMdPat
hol ding pressurdemdomp dpoimdeaut eber mhel y ex
650which was obaepwvedr ¢ hsiowg hreducing di
the two diesmpDendltreampdnat ures whi ch

to be the case due to the wettability

i mportant not t o ioncrleasse ttoh @ htee ned rt a tnwgr
as sintering wild.l cause excesosri vlmoudids pl

breakadjeecreasing the effect of densifica
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The SEM images ob

shovwbdmogeneousTikBeatdr iTbCt wene

bot h h e

observed

tained from t m

c

ofem2 which is very f i nbeecallubsees pamal tl a3
i nadequate time to growBdweghbogthdegui t
having a holding time past 5 minutes <ca
| ower holding time wil!/| not allow for fu
density show vdowperwittihve nbceheaksigmd ehol di
A steady increment of temperatureC was uUsS
to #050which yiel detdhcecolhe dsitsatelmalt! tssi natnedr i
temperature and hold time have vital ef f
of the SMC

100 -
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3 92 —m— Relative density = @
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Figl#deRel ati(Vesdeabdingogr)t iviee hart d B2 ]J( HRA)
Sulima[] 2] mdudied the effects that FAST
densi fication and TpasBoep enrftoirecse moefntS MOsh i vei t
I mpor ttdfed braiscati on of SMCs with FAST i s
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resear ched in this field, making this
devel opment. A commerci al 316Lemgt aviarsl es s
sintered with diffeTieBipavoil abheS5Pmyeecedhht

measur ement of densi ficaté.on was <carried

o s 22 (6)
0 O
whe¥Yoeungdés maddivebheCEYy of | ongitudinal
(C nN@re used t o c alCcaunldant€er et hdee tdeernnsiinteyd, a s
of the sample thickness andet aelcoeneeant
for any percentage uncertainties for th
f ound asFisghuosweniThisggia s f o umodma goe noeeosutsrliybut ed
in the matrix at all temperatures rangi

for thetopalrociactleesat grain boundari es.

| t oMassrtihfaitedt he hiTgibBeay vhod wemerse dbdced t he ¢
of the mateinXxoasembnt ha8diarobawednesnss v
I mproved with gregatwart hadadni tiinepnfstovoaimeTnitB o
i ncreasing the hold temperature from 10
t hat compl ete consolidati oni rwtaesr moolte caid k
di ffusion, wit hl8%.poFRrossm ttye nteeevied f toefs €6me g
became a ductility |Iimiting factor when

Sulima that the dwell time strongly inf
bonding occurring at hi gher temperatsur e
I mportant to sphgsendempéehat une@uas react
moul d breakage and force deviation. |t

friacm edhoulBd not exceed 4% as the plast.
4% volume fraction, the highest tensile

observed and are deemed to be suitable f
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were 5 minutes dwelMPat
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- —o— Ferrite
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——TiC

< Liquidus
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coonng
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FigLb6ePhase prediction using Ther modaled 12031]8 b wi t h a t

XRD measurements confir meBd anhdewilpirBe s& nc e
homogeneous dipsapretrisciloens .o fT hTei Bsampl e was
with 0.04% porosity and exhibited a 36.
compared witMAgtheelor iTghenadi stri bution o

homogenous with small amounts of Ti C pre

Ti C in particular was not observed thro
al ongsB ddeueFet o stoichiometric reactions
the matri x. It I's t her faodrde t v iotnasl otf o aery
el ements which tend to form secondary pt
so that there iIis not an excess or | ack

formation of other phases.
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Research into incorporating reinforceme
met al(lRIMgouwt e is steadily advancing, wi tl
di scoveri eusndensamanidngig of the process.
i nteraction bet ween composite reinforc
particularly because t het PtMe pmechasrsi sinss

hi ghly dependent on evnayxe raabtl verse ,s uacrhd adsw eplr

Densi fication i1is a <critical factor i n t

s
sign
relatively ddenstikhiesgke|l pmmatrchke def or ma
d
0

ficantly undermine the strength and
bonding when temperature and pressure a
i ncorporation of hard ceramic powders |
approxmgelpyr esents uniqgue challenges.

mel ting ipBbincdamfi mMmpede effective densi f|
achieve a cfomlploysi densnateri al. This emph:
opts mg processing parameters and under s
bet ween the reinforcement and the steel

properties are achieved
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2. ummary of Literature

The extensive boHIMSref nfloneedt wr eh oner a

highlights the advancements in enhancing
types, i ncluding those with austenitic
ceramic rei nfsdadramelme notust, alsi Bt he most st uc
effectiveness in improving tensile propce
when incorporated into a | argely ductile
and microscoaiyl amla¢ gymessiBt Bs refl ects it
success I n providing the necessary sti
appl i datcioogmp®OMRtiinngt he ff &SMdiisecaai o om t o yi el
advantageous out comes, particul arly I n
reducti on, which are cruci al for enhan
composites.

However, despite the significant progr es
gap in research concerning the use of u
and ni odbddiimt iacsnal rmiinrf oalcleaneinr ¢ . These
utilised iIin casting drmpotsemtieali ngon echae
modul us steel s ( HMS) with superior pr o
componernmnthse, ayeta of MA st eel Ccprap ceil tye s
expldhed. |l iteratdkeyriesniedvdAIFavPMerout e
the devel opment of SMCs, where parameter
guiedxeper i memomalt wios &Kpcforicdmmtm@mapér & e I nval u
i n advancing the devel opment of HMS, par
reinforcemenitTMPtaon da crheifeivnei ntghe desir ed b
stiffness, and dudtilciong | ius i DN te dt vicero trelp o €
potential for f ur tchoemp arreisnega r'SThMp raensde eFAi an

routes

for the fabrication of MASC all oy
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S3Met hodol ogy

3.1 Materi al Composition

This study | ooks at refining a case harc
heat treaf memt fsuwelp saast igoinenc hT mapsteered st e m
ar e referred +thar desneppekelpittiate ¢ PHFP) S
mi croall oying el ement s such as Fi, N b
strengtheni ngqn mérehanoirsmmsof [claOr]blihcee PaHfFdP |
composition was given as a recommendatic
Vol kswagen. Fr omeéeahrilsy oibdogpmotaildadlpad & MA)
fabricavwedaduwmiinmgdu &t Mo nl hree IMAI rsg e(el was t
a suitable matrix f or ttihtea naidudnr ieBaobno eoifd eT i
reinfoecapmgrct i cl e t o 1 mpr ovseu crhe cahsa nY ocuanl g
modul ulshese all oysowebnaalnd u7d.iSe dv owliutnme per
addit iToBsndmafmed as MA steel composites
O5MASCOG represent smaat croirprocad Itleo yweidt hs t5 eV

add€lde el emental compositi ohabilfe these al

St eel 4140 (S4140)-awsbstuseddsifotrertihreg fti ec
route at t he begilhmisansgu eo ft ot htihse purnoa veacitl
atomi sation factll9fhi esaduboyngpolCO¥VI Bi mi |
qgualitiesdaspithe ®elFPhaving micrdaal | oyi n
excell ent understandi h@gMaiphet hmmepoawdepr m
all owing familiarisation of powder handlI
and characterilmptoirarant e yhniagqguesa.ll oys st
medi-cuanr bon (pl aci ng-eutheammt oiind tsheehypegi
manganese steel s. The el ement al CcComposi
anal ysed ntdhurcaowugphh e do ptl iacsaria emi ssi GR spec
OES), with the exception ofwi $4l Ahyap ywd e

Hoganas, Sweden.
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Tab2 e Aver age el emeweiadh tc apfgpmdsecratdIlAinn gont compared to the tar
steel compositi opPHEBWLA4Bl aokk MASLl all oys with 25 and 7.5

Mat er

Fe C Cr Mn Mo Nb Ni P S Si Ti \% B

MA St 96. 0.:¢¢0.:2.0.¢0.00.:0.00.00.°"0.0C6O0. - -
5MAS(94. (0. 0. :1.:0.00.00.:0.00.00. "72.0C60. :0. ¢
7.5MA92.¢0.:0.:1.:0.(0.00.:0.00.00.°2.50.:1. :
S414/(97. (0. 1. 0. ¢O0. -- --0.00.00. - - - - - -
3.VaculmducMebnhi ng
A ConsaVicMAdiOk gwas u 4 elkAsttoa dioldWwAiScCatad | oy
wi tm $iBuVI M was also used to cast an |
atomi sed for itnhgeo tPsM weoruet ef aadoAdudnmdi € d ons d e |
Figudespl ayhe moul d was assembledldn t he
chamber due to the weigBorom nher iades e MBI
was used on surfaces where the maltthen me
such as psthhreecertkmocoupl e and tBN acnther asnoe
l ubricating barrier, ensuring t hAant t her
alumina crucible was mounted with a base
ferrous refr avot,o-Nfga nnledB Jal s Tl{&er emai ni ng
el ements weclka@dagdpBrdeady af or dropping on
st waee a cAfetder pumping the chamber to rem
commenced using the power wunit. The i ndtu
i's responsible for heating the materi al
i ncreasing the weuA rneanxti nfutnh etreenfipgérre@apuor e 0
power olu&Wutwast ratabdrl dbeds . f Aft er -Tih,be rem
V, Si, Cerl eanmede t N dr opped from the char ge
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material was |l eft to el ectbemagnienotuc aldl vy
the moiihd cast ingot was |l eft to cool I n
before the mould was At &kealocect eamdodi $ ae
i sopropanol al cohol was perfor dhemdott o en

WOrsen over ti me.

Base steel with

ferro-alloy additions Chamber

Mould assembly
with copper

Induction coil base-plate

FiglvelLabell ed asselmMdMdyM icnh aanmbeerConsar c

| GBESvas <carried ,Bbhef, foitehbl eMie st t e |0 f
el ement al wacipashiet itoanr g ed n P HtFHP¢ &0 el ic & |
comparison can 2pbewheueadai ol dabl enat ch i s
el ement s. |t was asvsaullngesdil itghhatt! yt hdeu r Tin gw
howetviee addedi hilseadiangedo a sl i dghtrly hi
the MA dtteewas expectedolladihds o mav ®n dwo
mel ting, however most of what was added
i deal as strengthewerg addednat denihreg st
becoming t da 5bywitt. b ea i dt M >hlee aNeAhasstte eelx ac t |
ma t tcHreH FcPo mp o swiittihont ,h e d&WpCe c tTa t@ r@amcdodM G at e
to be preseAtdisncuodei onatoi xt he MASC comp
ChaptSectbon 5. 2.
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Figu8e(a) Charge which holds the ferrous alloying el ement
glass and | ever for pouring the liquid alloy

3.T3her mo me cPrraonciecsasli n g
3. HoRol |l i ng

To ensurastabkbatwattmel rely homogeni sed, a
treat ment was performed bef oswerpgelhaec ehdot r
a furnace at 1250eC for 4 hhoaldesnt o en

| ut iTome sedgot was coating with BN as

o ow

i daAt F&EMNN hot r @t lranuntg croiollli nwgi tthabl e was

~—+

e thickness of t Rmeam; ntglhits ttohiagpkmesxd ma:

n
0
X
h

ea®er -maacsti niengs paessitmens required for PSC
hi cRhe initial thickness of the 1i1ngot
emper ategrnenaai ma@mMh0Ot.emplirat wae) done to e
n

[ got does not <cool t oo wauwylliedaldy tdou rcirnagc ki
and a poor surface f ibmns ht.hiWiktnhe sesa cwha sr o
meaning that awdrmpeanfoonmed 4t pagstesto t he

Aftertbasse, 7t he ingot waascelfhhcedlOamknimndt
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temperature dropped to 918e¢eC (constant t
an infrared thermometer). Though this 1is
it was important to keep the hot ductil
Al i nformati on regarding the gap bet we:c¢
pressure and di mensional parameters was
(Fi guP®ehe i ngot and radlislhionwdi gp@&Ge atnigen dar e

the final pi ece, whtiermhpeaevwaast Ured ta fttoerc otoH e

31182021 10:19:04 AM
HYDRAULIC PUMP

PUMP GAPFULL |
} OPEN ‘
— - = — e il

e ———
> e ——

| Myi g ) ki
‘ SpeedSPm—“

Speed PV 0.00 MPM '

CYLINDER DOWN [ | |FRONT GUARD DOOR

. M@f‘l‘l‘ An,n‘}i H“‘UR.\LL\‘I‘:. I;ll\‘l‘

UMP

Figu®elLive screen view on the FENN mill during hot rolli
information on the reverse rollers
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FigReea) Hot rolling of the MA ingotcamld (b) the fin
To simul at e t he final rolling spraaise s

compression (PSC) samphtcets | wWwede  Thgsepamged
werfa r st machined into rectangul ar bl ock
PSC testing, ensuring the samples were ¢
t he graanmien ofoenabli asamepimosrs g eeevchiicrh i s
i mporMftoantagonuwlr aconsi stenawal ynsimd .crAfstceorpys
the sample surfaces were ground to achi
defects that could influence deformati ¢
confirmad musihbogeentsruer i ng t héeesclamptals deaw

speci f.ications
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30mm

¢ KSNY2 QR dzLJX S

=)

FigRte(a) Ronlgoetd WA h 12mm final thickness and PSC sampl
direct,anpd, (RP a geometry schematic of a PSC sample di men:
yell ow

33. 2 Final Rolusingg SPS@ I ati on

During industrial rolling, materials exp

pl ane strain compression (PSC) test the

| aboratory simulations of commerci al h ot
overr otdehni ques, S-8 € hdaeafro rantahtii eovnisn ga nhdi git
| aragreerle f ommeéedr i al, which i s beneficial

and mechani cR3C atneadtysi swer e conducted
t hermomechani(cfdaMBjprhaode gsviligegd sheet met a
body pawmtillsi sshpydrabkei selftier momechani cal

machine at The University of Sheffield.



compubetrolled system all ows for preci sc¢
i ncluding temperat Ar € ul bhtel atsenc hanhidctaslt rcaai pn

of the TMC machine 3are summari sed in Tab

Tab3tMain feat ur-eydodMdnae hE &6kl o

Features Machine Characteristics. Servo-hydraulic
Actuators Servehydraulic
Maximum strain ~2
Maximum strain rate 150200 /s
Maximum deformation temperature 1200GC
Maximum load 500kN
Machine Stiffness 410 KN/mm
Maximum FTTU reheating temperature 130GC
Full quench start time < 0.5secondgrom the end of deformation
Controllable cooling variables Forced air, mist and water quench
Reheating rate Rapid and controlled heating (up to 13009
Temperature measurement Upto 3 thermocogples inside the PSC
specimen

The purposexpkrithmeni&eICat ¢ ot he f i nal rol |
usually performed in manufacturing after
i nvol ves defining the i mposed strain, st
Mmi cr ostr uctsupreec iagdnd tpahrageeetr it ngnesfoort mat il e
For this fedpepéfement , tempebhatsemne wpit df ial €€
str@ofm 0.3 and a strain rateTtlst elpds/ sanfdor
coessponding temipRirapdaee oropl & ged as f ol
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| . Sample is heated to 1250eC and hel d f

] 1 Cooled to 1100eC at 10eC/s, then defo
strain

|l I THel d at 1100eC for 20 seconds then <co

| V.When o9000560eC i s reached, a second def c
using theamdamet csdaimdiitnhd®es s assglimed th
there is fully unrecragstthadrd e siesdd fawlslt e

recrystallised austenite.

V. After holding the temperature for 10
or control cooled, where Kheosdimg def
rawesg®, 2, 0..99hando0l 1@G/ svas perf or me
air with mist for 30eC/s, and forced
temperature profile was obtained dire

10mm into the PSC sFpiegl2itreen, as i ndica
Deformation at € = 0.3

) at a strain rate of 10/s
1250
1100
1050
:G 900
- e |
E : ............ ..4_"“'." 90/
5 | Gp .
=3 T, ~Fe
CIE) ' Quenched /S
l_ : ......
Time (s)
Fi gR2Teemperature profile for PSC experiments
The setup of t he PRFRSICY AtReBsutr i in®S T lhkeest r at d
speci men is deformed between two fl at,
temperatur-d) swhateméotaddata is accurat el
of a -bnaiscekdelsuperall oy, are sufficiently

f or -theingpher at ure defor mati ons.
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Fi g8 schematic PbiCegrtamedfupt ihes depicted, showing (a) the
speci men and deformation tool s, (b) +béel defodRPHcEpPpoeni (MBI
pl antee odeftor med PSC specimen use[d87Jor microstructu

Ani ni ti al rough deformate@omwipgdssa vwasg adc on
whi ch d B mo h datursatteeni t e graabionvercefyshaménts a
t emperAatswerdeeh @ r matsisonrwas t hen cagrioged out
1080 ol |l owed by isother malf ohronlad gOwga sfadr 9D
hosesni nud at e t he t her modynami c behavio

gui |l i bri umsawlkeimpdeerfiaisnuerde aAs t he hi ghest t

Q @d O

ustenite -eaxnids tf eirnr [i @ &Y Tchod bv @aluamne ¢ @lrc Al at «
sing JMat PB8&hsoht war edi scussedC,i ni tChiasp't
ssumed that the austenTobe irecsysplast s ed

9,1]which means the deformatudmeandtgaan

ree MAT méA rsitxe.e | | whi ch becomes the mat:

nvest itdgeapttend tion understand the effects
guenckhermpe b € IPIHwda)s t he t ar get [plh@&s ehitgrhans
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modul ugq HMPageldsomi nant |l y exhibit the exce

stiffness of pearlite.ofbenscshmpgest 6r 6 m
900eC or abDpéefCowmsd to studybalbhrdaponrios
( PAGBs) in .Fbe MAesfeelh!l -s0Frkengghstawe a

(HSLA) steels used for automotive compon
strain ratl®d9®/ Betawe @n satnrdaian toefmpCe.rg&at ur e b
and e€10Q] ., AR 3lexamplsepecfhrmamd PS@ a r obot
conltiremgyt ry from the fast thermal treat me
the toolingFriig¥dehhhdwmgsndeflf ar satnpwbe aft e

defor pasisers :

Figade(a) Robot arm of the TMC machine inserting and hol
speci men bef otrestainmdg avittehr tP8dC def or mati on passes |

3.PAlowder Metall urgy
3.4.1 Atomisation

Gas atomisation was wutilised to produce
steel with the same c¢chemi cal Atcoommpsoastiitoino
began wioumtti MA =ft gderd nd{ sBeygRenc ay c k
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keph a vacuum or inert gas atmosphere, t
contamindatiporf Thhe bar was tdaeiRl hemae¢ ed
2%, where the steel reached | iquid meta
werln enmedi at el y spurbejsescutreed itnoerhti gghas | et s,
the molten metal to atomise it into fine
process, i ncluding gas taycpceu rcapimeelsys lulr e d ¢
optimise particle size and distribution.
i nert properties and its ability to prev
higloal ity 9pidwder

The -prgisure gas jets rapidly disrupted
up into fine droplets. These dropl ets ¢

S P
Th

erical particles as they cooled whil
sapidi fication Iis essenti al i N prese
st
pr

h

e

eel |, mi ni mising grain growth and ensu

0
atomi samben, coaften using a cyclone sepa

n

g

n

a

pelrhte esal i di fied powder particles wer

fi

ri

er particles fqaowmmt at igars, stthre amowda

orous sieving and classification proc

ranging from daof awvmer af olihwen drienda | mipcorwodnes
characterised by its morphol ogy, particl
all of which are critical for subsequent
manufacturing.caTheatitne)] esppeoduced thr

n
process wer e -spuairfiterdc uRRASTLY | wwe | hi gh packi
0

fl owability, and mechanical performance
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FigableayI M moul d asasdéihimigyx yiMAm d it @aenbdl cha)s tatMAak wiothhe a

shaped for atomisation

s HENRY
@ Universityof | 5 -0 0.
Sheffield | |y srirore

Figaéelnduction coil and chamber view during gas
Transl ationdgl95entre (RTC)
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3. 4. 2 Ahoaw dyesri s

Poatomi sati on, the powder wundergoes ana
requiremRBT Thfeorf i rst step i nvolves sievi
to segregate the powder into vead®mus si z
500nm di ameter. This is achieved using a ¢
sizes. The goal is to obtain a narrow pa
particl eAfstiere giaemmwgieng, the powder is sub
usieghni ques such as scanning electron r
detail ed examination of the parti-cle sh
spherical, as this mor phol ogy ensures |

|l rregul arllyeshapedhpasttiltose with sharp
i dentified and quantified because they <c
and uniformity][ @EtVMh e rfoiva ale pl rlnat dydocnt | ma g «

all ow for the 1 dentification and <c¢cl assi
mor phol ogy. Keywor ds commonly used t o
spher i esaplh,e rn ecaarl , i rreg(uhaerr,e asnngaull laerr, Bar

attached t o ellaornggéanteesda.e @ ¢ slkcedyopgt aurnsd earset a n C
how the powaeer Spvh drli-sbpehhearvir c anle apar ti cl es
preferred due to their superior flowabil
more wuniform sintering and i mproved mec
|l rregul ar or aepgotherphanhde¢l may oamagahive

and could | ead to defects in thdgO9f6ilnal p

For this project, a powdezswarmi xtad rcas | ad retda
MA steel as the matrix. Using th%idensit
the Archimedes principleasaddS5RhA,@&) Emown
calculation was pe(¢(Mofr gkes nf @ h iFa rtsatis g e trhcer
tot al mass must be divided intcantdh@e5#gesp
MA steel. The ma s s contributionbyof e a

mul tiplyingwitthke tdleemsvdlyyme, V.
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Theol ume of c pampdo nMeMAstnstialMsB c alfc ulsdt ed

&) 0 e W&
” Ta)qT@(p
0 0 8oL & T aph
" x&p ©
The individual masses can t hers eb e oonadlecrusl
can then be placed in a ball milling mac

0 T®C TP L W Q
0 XX p p&T Yp &

3.4.3 Ball Mi | Iing

To achieve a homogeneous mixture of <45
wi 6B voTiwhewdaera,l cul apteirofnobrangesdd on t he de
of the steel dendcerimiBi ngowder 2,xact mass
for a speciTihiec pvoowduenmmres wer e then careful
staintleaeslks| .dgi n@art hel®6t bahl PMi |l |l ing mac
features a planetary bal/l milling setup
the powder mixture was subjected to si mu
its own axi s while al sfo trlod amad miga meg 0 uhidi
motion generated sifgmrnde < almet wenpractt h @ nmi
the powder s, promoting effective mechan
homogenei ty Tohe triiel Imimxg upreacessevwowastcond
per mir p)othei c(hs evlassct ed to optimise the m
avoiding excessive heat generation, w h
transformations or particle agaqltonleS at i
mi nutoesachi eve a uni bparmt iddIsda g iviutthiom tolf e
ensuring that the 5% volume fraction wa
MA spewler.
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FigB7feRetsch pdxinetmlmalyl dmialll i ng machine

Fign8eMi xed MAL1BPGmwdearh (58 vol. Ti B
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3. Flikasdsi sneelrebecnhgn ol ogy
When setting up t hEPDRABITg natewio mpeo r(tFaTt

aspects need to be addressed: t he machi
configuration. The process begins by sw
argon and atmosphere valves, which are
vacuum r &l emmmsemoWlAl d2 assembly i s prepare
graphite ram pieces, wear pads, and gr a
mould walls to prevent powdern | Fdgaisiad re d

30 I n some instances, boproent dpedtwrdiedoem ( B N)
sticking and to mi-te @gattieo mn yb eptowesenrt i talh e «
steel powder. Additionally, graphite foi
pads to ensure smooth operation and to
sintgmroaHsnsa.l 'y, a graphite thermal | acke
to prevent thermal Thessesumpluensagr es nt ba

remains cont ai ned and uncontami nat ed,

sinteringAfecemdiltaiyems.ng each componsesad,
usi ng a hydraulic ram and the entire é
components or powder |l eakage Once the r

chamber with the ther moccloouspel de aantdt atchhee dp,i

moved so that they hold the assembly at

as the vessel cannot be opened whil st tF

powder (m) needed is calculated simply t
a "R (7)

whejsies t he apparent densiid yt lod dersei rpeodvdfei

of the sample and r is the inner radius

using a computer |inked to the FAST macl

FAST run ar e-hwd odu ymiemsg,u rper ttahte 3p rkeNs,s uirnec rte
desired value, heating up until 400eC fo

the temperature at a desired rate (eC/ mi
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FCTHPD 25
Spark Plasme Sireering sysism
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(el

Fi gRa®9eCT HZP5 Dmachi ne
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DC

Upper ram

Graphite foil
encasement

Wear pad

[[[—

Wear pad

Lower ram

Fi gBOFRAST moul d assembly for a 20mm di ameter s:
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3.Metall ofregppmhriact i on

Fomi croscopy tduwmadayss-riedtl edt eM®Ni ng a band
(Fi g8t EBo c uMAst lee | using a band saw, the

clamping the steel workpiece in ahdce to
Vi bratriong cutting. Next, the speed of t
the hardnessCobl ahe M& appkled continuou
reduce friction, dissipate heat, and pre
the | ife od&nanhseurseasw ab lsandoeot her cut. The |
steadily, all owing the blade to graduall
it, which could I ead to blade damage. Af
tdn cut surface iIis inspected for quality.

FigBteBand safwa ecussiti nMgA i n groal laendd MA )s theoetl

Thieot r ol | edde fionrgmoetds PaSnCd s peci mens were se
pl aneRDfaNnDd mount ed i n ,c ornedaudcytpirveep abBraakteil oi nt
gri poeérnAsuit eormed hi nset.e eflhwasr paogr essi vely g
60B0@A,20a0nd 250 Q silicon carbide papers,
l ubricati on. Final p d lhirneden cnagr ywsatsa | pl e rnfeo rd
suspensdmnsBaofteml respectively, unt i | al |
removed, resdlitkiendf iinn sah neinr Ttohrep r sepseecrivnee nt
surface before etchiagcoesamphes wéEr eshkhp

(Il PA) to prevent oxidation.
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3.6t ching

Etching is used to reveal and highlight
grain boundaries, and phase distribution
or alkaline solution to the polished su
andli ssolves regions with | ower surface e
within specific microstructur al phases.
the etched surface, making the microstr

el ectircoro$m®apy

For microall oyed mbdeaetkitmgtvbd chghaive diezra
i n parptrioocviel aro, be difficult due to the n
the chemical compD&d ughtn.t cGairncvi eas teitg aatl e 1
to rev-aabtpnibe graisy bgundangedi { PAGBNt
steel Cc 0 mpsoesvi @ th almisc aalndet chant s. These et
traditional 2% nidaadt¢ommphaiit fefdenrog ot pwectrtiicn
Reveal i ngs RAGBBant due to their i nfluen
(ducti | i tanfdrsatcrteunrgst[hil 6 b.A\fh b @ ne € t e asl t| eoeyl esd
were medi um-Oc atrwhha o) ( wl .t ho fesimtaH dr aTididn oW
saturation of carbon was all owed for the
Garcia; this wagd itd@nne aofo tah drosvit @deus tinaanir p 1
grain b,ournadmird ecso aulsiiwag art JdwWéOmedifismrgme d t o
trap the carbon atoms and precaenbon hem
di ff-uei aned phésesi tsaacrmbpaaatilidsa Il aet h
martensitic watsmuct yreacwlkiu¢mar and hard t
al omiedi PAGBAE|I dMmeetesyioél dedepoor resul t:
acid withisedydmbeozane wettBagwagrné wae
12 drops of hHyQ@wecbl atso adddd(in a tes
around the graintithiosinalas o eygi eAhdgBdvee oi sy
This could be due to | ow chromium cont e

susceptibl.e to corrosion
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FigB2ePAGBs of Ti +V stteemeple raatt uaruesst elrnli5t0iesCat(ilerf t) and 1200ecC

Gar

Ci

a

bounda

bounda

surf ac

bounda

Unl

i ke

prepar

wer
was
Af t

i n

e
d
er

al

h

o

as dar[k98]pot s

et al . also studied ther mal et ch

ry grooves are formed during trans

ries under cooling. Jchoensdee n sma t han
e ainfdf yw«iloalnffeh ed gr o owleasr aadrtee rwdsaal i n
ries, where t he mechani sms stated
chemical etching, t her mal et chi
ation with the final step being a

aatadiabhi on furnadcseataitorn etCéd mp ampatuun
ne under vacuum to avoid oxidation
cooling to room tempebdxatwearee aadb sae

mi croall oyed steel types at al |

promotes carbon diffusion and other pha:

t he
a ¢
gi v
whi

matrix. This paper provides w@lsarity
| ear revele tforalPA&BSuUnNt of data and

es
ch

confidence to researcher s, and a

indicates consistency between runs
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36.1NiI t al
Ni t al (2% nliRA I 6 acicd MMM®8¥W et chant used i
and pearlite in microstructures, and can

concentr@®@2Ji oni s expected that ferrite an

al | cases excluding the quenched PSC s
performed in a f uamesdcnmplbeosarwent eTdo&el Wprelpe
under an optical Ni kon microscope to ens

scratcbhesal d hht nder charact erprseaparoend a\nd
20 ml was poured into a small gl ass beak
etching occurred(ai ssktgad nheaeal i rcracre sf i
sampl ebs surface began to dul I . To stop
used t o submefroglel otwread nshaympali & dh,adids tai Islpe d y!

ol PA addiowing for easy drying of the sar

3.26°.i cAciicd

Picric acid is of tdeune utsoe di ttso erfefveecatli vRMG
etching these boundaries while preservi
reacts with the steel, preferentially at

making them more vi siibsl eetucnhdienrg at encihcnri ogsus
the PAGBs clearly, all owing for det ai |
di stri but iiomp orMfwdaincthhn cherest anding the mate
and mechanical properties. Tthhea t ¢ ot rmter oglrl a
boundaries are di st ietccthiyngr eovre ad a&ma guin gh
surfdos]

A saturated picrili cpacdtddg GsBoel ghi oght( gel WO
sodium dodefSPpPhbwesgulimataege(nt qwe s Plbe&Cad d o n
samples to see if thismawnbyattdorsvehi cRAGB
attack rate and etching quality of picri
temperature at whi ch ehtycdhriongge noH&hul oosr | ared
promot etpigtrtaiimg blouOhmdlarafespi cric acid sol
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1g of SDS was added. Theladied magnelk ettt s
machi ne Bpewntwials @k ached on the ther mom
HCI wasT hrdaeamig s avepleespl aced in the solu
eatlh mature the etchingwasisonliuttiiaolnl ya sv etrhye
t hpei criTchiascidar kened the soluti omi gwrea de
34 10Rflt er some evapomattieddy athidme h(a pupsreo x
dummy s anspanees ,prtonceess used for nital was
with an additional step of swabbing with
procklses etchedtbhbexfaamcemedassi ng a Ni kon

optical mi cr osgroiper teu otbseirtvee t he

MBI RERARARARERARE N
AT AT R .
— L L1

FigBBeSetup of different solutions used during the

Fig8#dePicric acid solution (a) before and (b) after ma
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3.Mi croscopy

3. 7.1 OpSciacnatth @agniMi @eam oscopy
To analyse thepmotripbldé ®bg phaSaeldt amald gr a

sampl es, both optical and scanning el ect
Optical Mi cTrhoes ceotpoyhed sampl es were first
mi cr o Nd kKpen Ec | )itpos eo blsVelr5v0e t he over al | gr

di stributj oasowelplhaasescheck that the po
wer e clear of Thdiese ps tsecpr apcheisd e d a br oa

mi crostructur al features, such as grain

SEM Anal etailed morphol ogi cal aalWmBEIl ysi s
| nspect F5®o wSreEsMe othpTlhees wer e pl aced wunder
sescondaercyt r on ba cSkEs)c adtréedetr ean ( BSE) Il maging
used. SE imaging highlighted surface to
acicul ar TiePar it tamd@e ppEhj)a,se structures, whi |l
provi ded contrast based on at omic num
identification pardwiktF esehé¢ mhbsies. anldi s
approach ensured a comprehensive under s
and the di saprrielcu tpii d ma tMeXsS CwiiaBAldidy st leemal | vy,
ragnerdyy pesgpseiciea osEDP)y ufaKsltiosendap t he el em
di stri butmicem owt, phothonge afoatrchnedatiast ri but i c
compositdppnt ie©ldd®Bhen phasBA matri x

3.2El ecBacknscitftfaracti on

For electron backscatter diffraction (EB

usi ngmOcdl |l oi dal silica with water. It

surface was perfectly parallel to the op
in an wultrasonic | PA bath for 5 minutes
l eft on .t Da esAdFmopglteEr eerse nt i n the qgquenchec

pr eciesc miomgsy s yBBQg®achi ne was used to | as:¢
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of the mmmprhne qurface area)kV opowedr nfionru!
smooth finis$b. i temaslilif $f edrorniet e gr ain si ze

| odsrindeximEgCiSamrces the surface quality
beam milling to argodwve hs unrgf achee Isayneprlse t
gual i ty, -fdreefeo rsmuartfiaocne. Thi s 1 s cruci al f ¢
accurate detection of c¢crystallogr.aphic ¢

Parameteragasiong EBSDJEWdr e Edks 7f9dI0l dws :

T RDND plamaé¢ysed

T Wor ki ng WD s= alnécde., 7 mm

T Ti |t around RD = 70c¢

ﬂUsed()m.ﬂtep size for acicular ferrite

T FBCC/ FCC package i n HKL Channel 5 FIl a

T Boundary & colour mapping obtained
Selecting an appropriate step size i s <crI
size -oéntomeof the average grain size 1is
mi sorientation measurement s, although t1

scal efedt tuhes being studied and the cond
t hsepati al di stribution of texture compon:
size is effective. However, for detailed
ori envartiiaotni ons within graing,l04d4]Gs mealnl er
that the tgh@aiguesnczlked nMA AFcdosmiwnabtur e:
gr at mwgi c aildffgr omargemm, t and. 8onsidering the
Substructures withimemAWwastathesealofdiept Bi
PAGBs
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38Mechanical Testing

38 Tensles i ng
A standard ASTM E8 tensil e -Rceesltl whrso Lconr
machine on defortmheadrRSGashebiemenshapdsg

showhi ghbhewith the gauge area | ocated wi

@3 _ Deformation Zone

RD

<:> Gauge Length Undeformed Zone
FigBbeSchematic of how a tensile dog bone wpedi mére i s m
indication of microstructural analysis on th

The geometry of these dRiggdBiche sampl emg nk
were sec-cftampedand utshengt easmoFntgsoflegaypes |
the crosshead movement speed was set t

continuously measured t héafeacrhcaengwa s na pmalt

generating a |live Tpl etnsof et laicsurat at mem
gauge |l ength was initially determined b
points of the gauge ar ea, which were pr
camera on the tensile macbkiame)| eal itgmaede,)
pins to estimate the gauge | ength digita
moved apart, and the digital reamdgeng upo
in |l ength every second. Thi s dasttar awans s

cureaeabthegcal cul ation of Youngos mo d u |
el ongation, and tensil e ssthengs hel olrog a
measurement ©OH&ooidpudtoimgthadtn,g and camera a

mai nt.ai ned
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FigB7eldlB entsd d migf Bb)l ack ex
griamgd (b) revised 15 kN

38. 2 Resonantarmpidmgae ysy sD
Resotfarequaemgigmg | ysi s (RFDA) was wused to

al cl asnpec ihmaddd efdgrf oheedog bao
l'ing holding a dog bone spec

measures t-thevswughcti we ntierctheng rqautee du smatge rt ih
engineeri REFDAI MCEBf(EsgB@@a aRFDA i s an I m
excitation technique (1 ET) t hadl acsdn cga
modul us t hr alitgehst vin-br eae'lForneesti ng was u ¢
unnecessary damping and wuncertainty of s
not clamped at either end. The RFDA e
frequeeaicmngsdet ected by a microphone at t
i apercentage detfhirncteudphbgt t her @esgtrh. The |
by the (BogB8wmas edirectly I inked to the a
wavelengt hs. As wel | as t he i mpul se e X
vi brations and ambient noises to account
recordedpam baltaonpce fraltleowldadnelmysi acalu me
whi ch wer e miakreameWilntels ea are needed for

dengbbftythe. sampl es
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Youngods modul us iAsS Tdva ICCABZa88M9eHl/l B®7 h 26 & O

standard equation presented[b95Bpinner a

C:

0O Tt ¢ — 'Y (8)

wher e YoungHs imo dduel puesn,d e n't on thehdeaensit

fl exuralf,ftdeudmaey,knlessa afortr fflea hgddaommlVea,c t
dur at[ildrb,]

FigB8e(a) RFDA appaiewusfampp@bprptsisdevhi ch il lustrates the
i mpul se exdiitretcitdry deVvioove t he sampl e

Measurement

FFT
Measuring Nr_

Date & time
12/06/2023
12:02
File path
Filename

Mode

Interval time

Time till measure
Sec

Input Channel

Sample frequency

Sensore sensitive

8146.22 0.000831 |- e

50.0520 NaN
99.5767 . 0.002784

Saved

Max. measure time
1.000 B9
F1 F2 F3 F5 F6 F7 F8 F9 F10 F11 F12

Show
Spectra results

Print Signal Calculate HNo time

Result analysis again interval Mieasure Settings it

Results Datastorage Options. ‘

FigB®eSofGUharoem t he | Mk RH DA -luoeri ttt e stpdpys the signal C
mi crophone,riwhhht epltdhte proppsents the Fourier analysis of t
identified peaks and the calculated modul u
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The uncertainty given by the machine can
technique. An ek7s9mPd eumwoard tdaibret yN obt ai ne

mo d urheusssur ements on the MA steel. This ¢
variance, sqguaring deviations, summi ng
observations, and then taking the square

1.Cal cul at eximméas Me@muenmbbdsre asur ement s
(205. 0+208. 5+21)06502+027&GB5a 0 +208. 0
2.Calculate the Squared Deviations from
For 205.2005GRa&=80255)

For Z®P&.2508.53=200. 5)

For 210.200 0GR&=B0255)

For 206.2006GR&=20255)

For 208.2008GR&=R0255)

3.Sum t he D[egwiaateidons:
6.25+1.0+6.25+2.25+0.25 = 16.0

4 Cal cul ate the Vari ance:

= =2 =4 -4 -

SumfSqguabeevdi aGniuomasdhre asur ement s
1606H=3.RP%A
5.Determine the Uncertainty:
St anbavidaSgoiar (J)ance
Sqrt)21. GPa

38. 3 ViMikcerroshar dness

Using a Mitutoyo Char py airmp adadt oiundemt earl,
obtained throughout this project to see
adding micr oalTlixdynidn g8 el geenmse nitisc |l udi ng hot
defat imdhm ough ORS@ aclhd sadmiphngs with averag
and vertical di amond i ndent aftoilolno wienad itnh
ASTM E384[ d0dwharcd wadlVithraad nuselsat sudssisng 1
orf@arce of a2G&rtNMwwdiltthti me.
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4 . Me dCaurnb oMi cr oal $teeyedd wi t

Preci ptharade oFeed r-Pagarcl i tic
Mi cr ost Faubcrtiucraet ed vi a VI M

4.1 I ntroducti on

(P

The devel opment and optimisation of medi

a prechprdenegebelrticc( ®8FPUcture are v
the automotive industry where the relat
duct ivliittayl .i sMedi um car bon steels, typical
0.3% to O. 6 %, of fer a flexible platform
controlled ther momechanical processing

such as niobiamd vanhadium are introducec
significant transformation i mprtelteipn tmitarc
hardening, which is a key mechanism for

Precipitation hardening iIin these steels
car bi des, nitrides, or carbonitrides, w
ferritic and pearlitic phases. This resi
andnsile strength while maintaining sat:
serve as pinning points within the mi c
movement and refining the overal/l grain
automotiwveomyp,pl wobare components are sub
conditions that require materials capab
dynamic stresses without yielding to bri
The vacuum induction melting (VI M) proce
these advanced steel s, providing the pr
composition, and ensuring that the micr
througholutemnhmwmemal . This uniformity is ¢
of unwanted phases or inclusions that <co

8 2



properties. Additionally, the vacuum enyv
uch as oxygen and nitrogen, -wkitahl can

i nclusions that weaken the steel

Il n the context of the PHFP[Mm0dtbetfectu
phase provides a matrix that i's relativ
absorption and deformation under | oad, \
crasehsi stant automotive structurhesandThe
hardness, contributing to the wear resis
bearings. The relationship bet ween t he
strengthening effect of t-hiekereehavitatres
t he imalt edan endure both high | oads and i
def ormati on or failure. The mi croall oy
refinement of the pearlitic colonies, en
pearliteyurwhialkriemses t[He 8dgTthriesn gntihc roofs ttrh
refinement IS essenti al for achieving

automotive components subjected to cycldi

This chapter researches the process of f

a PHFP microstructure via VI M, exploring
el ement s, processing parameters, and the
propert iexsamiBing the interaction of pha
their i nfluence on the material's Dbehayv
ongoing devel-ppmkeaot maonfc ehisgtheel s tail or e
requirements ofusthg. automotive ind

4. 2 FabracHMitcomalolffoyed Steel

This section explaoreBAedle, fabirliicatmgegnt o
outlined HylL,OBwédc k hevvohkswagen recommende

mat ebreifdolme® i ncorporation of Ti B as a col

8 3



4. 2.1 VI Modndd nHo't
The fabri dMaAst er!| ol st bdwaysn itnhiitsi atvddvM t hr ou

process. This method was selected to ac
composition, ensuring the successful i n
el ement s t o MARROMptolypdr totipamnsgeedt by 1Bl A k et
confirmed by t he cToanbg oestihtei oenl ael meanntasl yGCs,i sM
Si, Cr, and Mo were accurately added to
Foll owing the VkBsproogoes, unier ment a
treatameng@20f0or twbomogemieteni crostructur e
treat ment was essential to reduce segreg
all oying el ements throughout the ingot,

processing.

The homogenised ingot wason aemenisnudtj iexrn e
casting defects such as porogsiotyeasdweo
gradual ly brought cltocs eac hhiyeve mmhevid ehs iera
t hi c,karse swseelnlh atmlxee me c hani c aeln spurhcep esrttriuecst ua
integrity of the material . AfSamplheost froorl

pl asntecaoimmpr esstent({ RECWwere machined from

Tabd e El ement compositi omnf itnhewvetiagrhgetpeR HRM hdt( davehle Y%pacmpucad i tMA
steel compositionduwer ofhi eodputpihceadl u gehnaissmsdi @AE Ss)pect roscopy (

Mat er Fe C Cr Mn Mo Nb Ni P S Si Ti V

PHFP 96. 0.:0.:1.¢0.¢(0.00. 0.00.00.¢0.00O0.:

MA St/ 96. 0.<¢0.:2.00.(0.00.:0.00.00.70.00.:
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42 . Construction of CCT Curve

The const o meetmpenr-atatsé or mat i ocont(iTATuUTOu san
cool-rmgmsformati onalflCETysencuiralespart of un
transf orMpsttieens .i Mhese curves are fundar
mi crostructures that devel op under di f f
determine the mechanicalGepeoR®ET hagrecs ©OCT t
curves for the sel eavatse ¢ e Mifs o antmes adl Bl acsoPOpOo S |
13.[8B,9]a thermodynamic and ki netic Ssi mu
mat er i alTsT Ts cciuernvcees. provi de a map of phas
temperatur es, I I lswethrnaasst Bgi theo wt rpehrasfesr m
mi crostructures (e.g., pearlite, bainite
temperatures. i dé®be unudrevyesd aadeng | sot hel
processes, but they do not accurately r
cooling, which islIlmprectgpesabuoh Bsedugsat
hot r[ollOl9]ng

CCT curves, on the other-wbarhd, saemrambos
materials are subjected to controlled c
temperatur e. CCT curves map oudti ftfhreg etnrt a
continuous <cooling conditions and are t

operations wherei ¢ hiefacrcaafetteedyi.c it @n s sc an
for the formatibar nnift @o,hapear Isiutceh, alsai ni |
function adfe,caomalkiimg n hem necessary for
strategies that achared et des, rmac if@mcir oaslt r

instafhbe, target mic-pbatsetwbrmura@ttes sa raiwcd]

CCT curve will i ndicate the cooling rat
al so show the cooling rates to avoid th
martensitled wdad ht caoluri ttl eness. Therefo

designing heat stndeaatt mepnrtodpurcec etshsee desir

strength, dwuctility, and toughness in MA
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To construct TTT and CCT curves for t he

foll owing steps are undertaken:

l .1l nput Material T@Gemepasicti eatmemi cal C 0 My
steel I's i nput i nto JMatPro. This 1 n
carbon, manganese, niobium, vanadi um,
i nf or mactailocnultad e the equilibrium phas

phases present at different temperatu

Il I .St mul ati on :andMaArPaloy siusns t he si mul at.i
and temperature at which different ph
generates the TTT and CCT curves, S h ¢
each phase ,traasn sdfidsnpygdayie&n gi4nt e

' T'Il.nterpretation ©Ohe CCCT Cuuwvee i s partd.i

determining t he cooling rapeardedwir
mi cr os tlrduecnttuirfei.cat i otnh e atne ropee rmaatduer eo nr ¢
cooling rates at which ferrite and p
reveal s the conditions under which ot
form, allowing us to adjuststhlrry @ao el i

undesirabl e.

According to the calculations, t he aust e
determin®e€ usi hg 8Blat Pr o, wheCchbogeapbe
eutectoid temperature. At this elevated
the austenite matri x, all owing for cont 1
and pearlite microBtgertetuuhesfi elAsi t @dstcat
()i s e@81land the pear la)itse8ads2 alrhte tceorod @ rnagt w
suggest that a s¢ow caooloipng mahipdhaet fOr kL
ferpedrlite structure. How@Wesecaildap ttheol ¢
i's a possibility of forming mixed micr o:¢

potentially bainite in its upper and | ow

8 6
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= 500
400
300
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T
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o
z
g
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FigateConstruction of CCT curve flr3am@d the MA compos]
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43PSC Experi ments

4. 3.1 Temperature Profiles

As stated Seat Cbap8e8.3, the cooftbhbedate
MA steel s i n this study we&r e @uemchead,Fl
900/&£05Mi st cool i ng wal/ss ussenmxlcad, afioo!| c o bl
was use@,f Or 5Chads &m@l evat er cooltihmg was
guee@ad hsaBplten BNsprdg was usetdo omr é \nents
sti caknitdog mi ni mi s eo no xti hdeea ssacnahleendggur nace was
vacuumert at mosphere. Raw temperature |

appendi x of this thesis.

4. 3.2 Fl ow Behaviour

The -dioapl acement data recorded dWwA i ng tt
steel was systematically consértaea idat a
adhering to a stfa&8nwWdahdi eegepr meptialeset
def ormation passes designed to cumul ativ
pass contributing 0.3 strain. The&, first
foll owed by a s e eond gpladsSBth esttsrterii éndrsbre hB W 0

corresponding to thieg4e2 passes is depicte

During the secone, ddfher nfaltow ns tarte s&0 0e x h
i ncr easteo s &wi aihn ar eTahcihsi nggr a0d.u5a8l. r i se i ndi
strain hardening characteristic of aust
108€Q0 the total strain achieved was 0.55,

a mctetably | owenlulkeow i starte sy of dywrddgmi ¢ r
[ 110]Thi s reduction in flow stress at hi
dynamic recrystallisation, where the ma

t hat accommodat e def ormati on mor e easi |

def or mati on.
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MA Steel

r 3
300.00 o
-900°C,e=0.58
M- 1050°C, € = 0.55
209 MPa
S 200.00 -
b=
w
wv
L
=
n 126 MPa
()]
2 100 MPa
M 100.00 - :
96 MPa
0.00 T —
0.00 0.20 0.40 0.60
True Strain
Fi gd2RSC t r uset rsatirnescsur ves during @aéfoymaiitdnpepakseal afe sMA
strength indicated for both second deformati or
4.4 Microstructur al Characteri:

4. %r.ilor Aust BouhdaGrabn

Prior austenite grain boundaries (PAGBs)
present i nt lsdiyp & &p Ipaesfeorter ansTlhheamat boonda
contribute to tthe ndethalpmomett orspfas t he
the formation and distributi ®RWGBS awuvubse
significant because they serve as sites
transformation, affecting the grain size
For I nst ammcsi,t iicn sntaeretl s , t he PAGBs can
martensitic packets[,11aaPAGRY n@agle bhdDcwheatt
carbide @amecipmardtra tcid @ersm, which further af
properties by hindering dislocation mov
PAGBs t hrougd$uctheddshii qgwesand optical mi c
valuable insights into the material 6s t

potential for mechanical performance in
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I n examini ngVMAIPISe&C o¢percd mechs et ched with

mi crostructural differences are observed
and e€050 he specimen é€qguerbhbdtdgraml 808
mi crostructur e, with faint, equi axed pr

vi si bl e, as i nkdi g@BCod viey s&d yowd hien speci
fromeglOproesent bahndoife gdeasrtki ngnd bri ght regl

with picric acid, usi ng t BCe sspaentel neetnc. h i Tnhg
banase in the direction of roll Tmg and
presethce obmndim@ 490960i men | i kely represe
martensite with sobrel nrietteaiimne d@gtihack 9dra mkhdire
study, numerous attempts at reveal ing F
chall enging, despite using techsi ffjoesdsu

i n previ ofulsO 3]i,t e[rlalt2u]r e

Fi gd8uenched MA PSCas Pddichfe rhad 8f0récCm (et chedvhwirteh 6 RIDOr i s at
rol di ngction

El ectron backscatter diffraction (EBSD)
i dentRAGHIsmg to the | ack of indexing at t
orientdbtbnsudsiwhuchuces!| d make PAGBs mc
I n the MAstheadleg aatn dgDOUHPO awearse preval ent
smal lemj <c1@hich posed challenges for achi
thiFs gddehows the grain misorientation wi
di stingui shianngglLeaivbBlanaddarigés.
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At €00PAGs are elongated and | ath substr
At ¥ED,50t here is no prevalent grain elong
as the grain boundaries are reformed 1iIn
The EBSD analysis,emwitrtesaldteap i i mae mofd e
60%, taking approximately 2 hours per in
i dentifyingnganBAG®Brsagl-qoh s uinsi ng i ndeu e t o t
magni ficati onsnmadduilraetdns ifsomb stthresc.tumnf@rue c
accurate grain somael meteashbnemeas, sadbi as
converging methoddfimgayebdeneamosssaon.t rilar:
from i nver s(el Phoslinee fcihgusreens t o provide the

crystallographic orientation of PAGBs.

IPF Z Color 3

Fi gad4eBSD i mages at two sites of MA steel qguenched from (.



4 . pAscAsatnd Hot IIRorldstdr Wct ur e

Scanning el ectron nfiocrr etshcsotpaysi(cSrEoMa) | |i onyaegde
shownFiigmMibe Obtained through a sciamptl e 2
mi crostrucaaai @u leadhbidbleatrsa dteer(i sti cs as we
aggreQaeeta&MA, -aast iibrognotgewiembdibs -menhal |l ic

i ncl uwsMiosnsbkeei Botht emscr ostructluirnekde dhi ghl
wi t humiohorm shapes and sizes. This match
all 1 Iwho sMAdt eeglasdas mi cr ost r ucothunrneesa |ainndg t
on mechani cAalsiparldpgenrmiadimeis.of ound, wi th t he
of polygdw®dlei hgr roibtsecvasd imn crlostascture
be due to the | ow carbon content (0. 06wt
t o fTohorem.f i ne microsdasutctsutrat d rgmaitrmer afsi

mi croal l oying.

Figa5eSEM for (a) bottamtaMd Ebpetopngbtthe as
The hot rolled ingbhoytheasameé sapphaaaltt &@s i
and the micHiogsdthaugthUurghiti ® si mitlharrouagchi cu
optical .Brcgbseopyegi ocnadnaoihtélyobgatsee nPl
direction ToHi srodHdmgat eesnt hat the destru
of grainhbwvekeaAipprmreki mi nary hegath orr atr
hours was performed beflamo dherna fgaxdldlrabogn t

and ferrous alloying elements that may h
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Figa6®ptical micragddped MA tsheehot
4. 4.3 Phase Transformation with Mooc¢
This d$deocwuiseme omhase transftohenasMiAceeh kéh av
cooling from a second def o mar g€l 0 5fhaes s ¢
ooling rates auleiCé sC/i 2 &t 5 gaadnvdinl I be

Il scussed, imed$ h@asd loivrelgeyr at e-@ .ex/asn gtianrgg eftr ot
hases identifiedi gdbhben Wwheh CChegphddi t(i c

nalysed for Vol kswagen t-lmarchenpad estt el I

0o 9 T a O

ommonly wused in the automotive industr)

-

ateegdfs ARG ter shelehte npertiadarfyo rfnoicrugs. of t |
determine whether the grain refiPfSUnent a
deformation is preserved as the speci men
aims to examine the evolution of mechani
providing i nsight into how these varyi:
mi cr ousrter uznd mechanical performance of

effects of t heepdei cctoiool ni ncga nmabtee smaadl € so nb et hhe
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practical applications, ensuring that
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d u catcihliietvye di.s For t he MA &s/tBegegldv7eoo0l ed

ents SEM microstructures amad ¢€e€lr05@ oo
rmation temperatures during PSC. Bo
ostructur al out come, with the for ma
cture. This lath martendiitkee ifeamarlk
h dorensalkt offlITApymi calolly,ngl ath mart e
arallel or slightly staggered | at hs
ets. This fine, acicular structure i
e the rapid s$tanstfter mat mamt ensesmt aul
on diffusion. Despite the expectatioc
cooling rate, no significant refini
er condition.

€0555EM i mage, however, reveal s f ai n
rved under higher magnificati on, I N
omi nant |l ath martensitic structure
ness and I swpdumaririiyybe®Thuse | ath m
ity of dislocations and its fine str
eby increasing hardness. However, t
ricts tthhee naabtielriitayl otfo wundergo pl ast
ced ductility. The rapid cooling tra
rom forming softer phases such as f

tle micryptcalctafequeéatcthed martensit

e bodLhankeélB86@di ti ons exhi bit super
eptible to |l ow ductility, making th
nsive deformation or toughness.

MAB & e e | cObbBiegaéhd | @strates the opti c:

e

r

rved aftemrC caonoded InQ@yB Oftrho mc A®OM0ddi t i ons pr

ostructur al features, ArFa d d mibraa mti It ye
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needles forming near grain boundaries. 1
terms of elongation or orientation. De sy
are expected to exhibit relatively high
AFand bainite structures typically combi
resulting in a balanced mechanical perfo

its strength anAFenosuugrhense stsh,a ta |ltohneg smadtee r i |

bal anweennehardness and the ability +to
mi crostructur al combi natiinona pipsl ipcaarttiiocnusl ¢
compromi se between strength and dwuctilit
@
W5 T wn xY. — w5 WK Y

©)

o

/

w 5 min kXY w5 XY

Fig4a7vyeSEM (scanning electron, SE) | megds dat@ttawia )radPi f i c
1080 deformation temperfatmade odud/insgg rR$ @ wift IB0a
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