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3. 2ovoyn oo ElMnvika

3. YXvvown oto EAAnvika

3.1. Iepiinyn

Av 1 SaTpPn £YEL OC GTOYO TN AETTOUEPT] KOTAVOT|ON TOV PAIVOUEVOV UETAGYNUATIGHOD TOL AdpPdvouy
xopa o6tav epappolovrar vymioi pvbuol 6épuavong oe tHmovg yoAOPwV TS avtoKwvnToPropnyoviog.
Emnwevipdverar oty eEEMEN g Hkpodopng péow tev otadiov Béppavong kot woing g Beppuxng
enefepyociog. Me v KoTavonon ovTdv TV Qavopévayv, ot katepyooieg Ultra-Fast Heating pmopovv av
eleyyBovv kaldtepa pe okond ) Peltictomoinon twv vrapydviov Padudv Kot ) oyedioon vémv. Tétotol
Babuol umopotiv va evempatwbodv otovg Tpéyovieg [ponyuévoug XdavPeg Yynang Avioyng 3" yevidg mov
cuviotavtol amd TOPOUOLES MKPOSOUES KOl TOPOLGLALOVY 10avIKEG Hnyavikég W10t Tes. [ 10 okomd owtd,
peAetdron n enidopact tov pubupod BEppavong, HECH TNG YPNONG TEYVIKADV XOPAKTNPIGUOV, GTI GOOPOTOiNom
Kot 016AVGT TOL GEUEVTITI, OTNV OVOKPLGTUAAMGT] TOV QEPPITN KOl GTNV TLUPHVOCT] KOl avATTLEN TOL
®OTEVITN, TO OTOL0 TEAKE 031 YOUV GTO GYNUATIGUO UTOLVITH KOl LOPTEVGITY, KO GE DTOAEITOLEVO OCTEVITN
Katd TV Poen. AT To TEWPAUATO, TPOKVTTEL TO GLUTEPAGHO OTL G TayLoTES Depikég emeepyacieg, A0y
™G Kabvotepnuévng Kot aTeA0VC O10AVTOTOINGTG TOL GEWUEVTITN, EUQOVILETOL ETEPOYEVELD GTN YTNUIKN
ovoTaoN Kol 6T0 PEYEDOC KOKKOV TOV TPATEPOL MGTEVITN. ALTA 1 €TEPOYEVELN EpyeTan va. eENyNoEL TOV
OYNUOTIGUO TOV UTOLVITN TOPAAANAQ, IUE TOV HOPTEVGITN Kal TN dtaThpnon Tov wotevitn. ['evikd, ot yaAvPeg
OV £Y0VV VIOOTEL TAY1GTN OepLuKkn Katepyasio epeavilovy KaAvTepN avoroyio avtoyne / OAKILOTNTOG ad
ToVG GLUPATIKODS OEPLAVOLEVOVS YXAALPES. AVTEG OL UNYOVIKEG IO1OTNTES TPOKDITTOVY A0 TIG EKAETTUGUEVES
WIKTEG UIKPOJOUEG TOVG. AVTIOETMC, GToVG XAALPeg oV €yovv VITooTel cuUPaTikéEg Oepukég Katepyaoieg, M
JKpodour| amoteAeital POVo amd HOPTEVGITN, KOl £TGL 1) OAKIULOTITO TOVUG OVOUEVETOL CYETIKO YOUNAT.
Amodeikvietal emiong OtL M avtoy Tov YGALPa pmopel va avénbel ywpic onuoviikég amdAeleg oV
OAKIHOTNTA, OTaY gpapudlovtar vynAoi pvBuoi Béppavong. H meipapatiky] mpocéyyion mov ypnoiponoleitol
oe avtn TN oTpPn, emPefardvel HEC® TEXVIKAOV YOPOUKTNPIGHOD TNV IKOVOTNTO TOPAY®YNS UIKTOV
pKpodoudv o€ €va povo Prpa, eENydvVIog ToV TOVTOXPOVO CYNUATICUO UTOVITN KOl HOPTEVGITH, KOl TN
dlTNPNoN TOv ®OTEVITH G €EAPETIKA YPIyopoug KOKAOLG Oéppavong, ommg €xel mpoPrepbel péowm

TEPALATOV TPOGOUOI®MONG.

3.2. Ewayoyn

T televtaieg dekaetieg, ot Propnyaviec mopaymync xaivpa pali pe mv avtoktvntofropnyovio Tpowdovy Ty
TPOCONKN KPAUUTIKOV GTOLXEI®V KOL TNV EQOPLOYT OEPUIKDY KOTEPYUSIDY, LE GKOTO TNV TOPAYM®YN TOTWOV
yGAvPa pe TI¢ EmBLUNTES IIOTNTESG, MOTE VO, EPAPLOGTOVY ot dTpakto (body-in-white) tov oynudrov. Etot,
TPoEkLYOV ol Avertuypévol XaivPeg YymAng avtoyng Le okomo  PEATIOT avaAoyio ovTOXNG/OAKILOTNTOG,
01 0mo{01 YPNCIHOTOLOVVTOL LEYPL CTLEPA Y10 TV KATAOKELN TV oynudatov. Ta televtaio ypovia, woTdcO0,
Ko cOpeovo, pe tig odnyieg g E.E. [1], eysipeton emraktikn emiong n avaykn yuo 1 HEI®ON TV pOTOV
CO/CO; mov mapdyovtar amd to avtokivita. Q¢ omotélecpa, 1 avtokivnTofropnyavio avalntel véeg

neBoddovg mapaywyNg Kot KaTepyasiag xaAPav ®ote vo PelwbEel 1 SITOUT TOV YPNGILOTOIOVUEVEOV VAIK®OV



3. 2ovoyn oro. Elnvika

K0ll, GUVETMS, TO BAPOC TOV OYNUATOG, X0Pig OU®G Vo Tifetan (RTNua LelmoNg TG 0CPAAELNG TOV ETPATOV.
H emPoln tayiotov depuikdv kokiov (Ultra-Fast Heating — UFH), n omoio peletdror and dropopetikég
EMOTNUOVIKEG OMAOEG 6€ OO TOV KOO0 TO TEAEVTOi0 Ypovia [2-11] pmopel vo TpooPépel pion EVOAMOKTIKT
véa péfodo yia v enitevén yolOPov vVYNAOTEPNS aVTOYNS Yo ¥P1IoT OTNV avToKIvNTORtopnyovia. Av Kot
emPoin paydaiov pvBumv Béppovong €xer ypnoipornombel Prounyavikd 6to mapelBov yuoo em@aveloKn
oKApuvon, N epapuoyn e g péBodog Bepuikng katepyociog yaAdOPov Ppioketar akdpo vwd HEAETN.
2opemva pe avt ™ péBodo, To vAkO Beppaivetarl pe moAd vyniovg puBpots Bépuavong (100-1000 °C/s)
péypt v emBounty| Beppoxpacio (>Ac1) Kot Votepa amd eAAYLOTN TapApovi 6€ ot T Beppoxpacio (<3
sec) yoyetat paydaia og Beppokpacio dopatiov. Avtd Epyeton o avrtiBeon pe TG Bepuikés Katepyaocieg mov
YPNOUYOTOIOVVTOL UEXPL CHUEPO Y10 TNV TOPAYOYT TOT®V YAAvPa, m.y. dpoctkol ydAvPec, otig omoieg
epappolovral apketd mo apyoi pvBuoi avabépuavong (~10 °C/s), evd kol o ¥poOvog TOPUUOVIG GTNV
emBount Bepuokpacio eivor onuaviikd peyodlvtepog (4-10 min), evd 1 oapyikn Spooiky (OCTEVITIKN-
QEPPITIKN) UIKPOOOUN TAPOVGIALEL OUOLOYEVELD GTIV TEPLEKTIKOTNTO, G€ AvOpoKo (Kol 6 AOUTd KPOUOTIKG
oToEln), KATL TO 0Toi0 0 CLUPOIVEL GTNV TEPITTMON TOL MGTEVITN, TOL TPOKOTTEL PETA TN poydoio

avafépuavon.

3.2.1. XZromog

Yxomog ¢ Awtpifng etvar n diepevvnon mopaywyng XoALP@V LE YOPOKTNPIOTIKE OVTIGTOUO UE eKEival

[Iponypévev XoroPmv 3ng levidg votepa amd v @oapproyn téylotov Bepikdv KOKA®V.

Yvuykekpyéva, peretnonke 61egooikd n eEEMEN g kpodopne. Avalnmbnke n OmapEn pmowvitn kot
VTOAEIMOUEVOL (OGTEVITN, MOV AMOTEAOVV PaCIKA GLGTATIKA TV gv AOY® yoAvPwv. Katd v meipapotikn
€PELVO, LE YOPOKTNPICUO KOl OVAAVOT] TNG UKPOJOUNG, EKTOG TOL LOPTEVGITH, 0 0moiog amotelel foctkod
OULOTATIKO TNG LKPOodOUNG, mopatnpninke Oviog kot 1 Omapén Umoavitn, oAAG KOl HKPOTOCOTNTOG
vroAewmopeEvoL @otevitn. O oynuatiolog provitn (ko ootevitn) dgv avapevotay AOY® Tov eAGYIGTOVL
drbéotipov xpovov g BepUikng Kotepyaoiog. LUVERTMG, OMOSEIKVOETOL TEPAUOTIKG OTL glvan duvatdv va
TPOKVWYOVV GE WIKPO YPOVIKO OLAGTNO KOl YOPIG TNV €POPUOY TEPIGGOTEPOV PNUdT®V TETOWOL TOHTOV
xoAvPec, ol omoiot péypt onuepa emttvyydvovior pe cvpuPatikéc, ypovoPopeg ueboddovg, kot cuvBeTovg

OgpKovg KOKAOVG.

H peAétn amooxonel, eniong, otn 61€0PLVEN KOl GTOV EUTAOVTIGUO TNG VIAPYOVGAS YVAOGCTC CYETIKA LUE TIC
paydaiec (UFH) kotepyaoieg kot TOUG unyavicpong TV UETACYTLOTIOU®OVY, TTOL cLpPaivouy Katd T didpKela
Thyotng avabépuavong Kat vTd KafeoTOC AUEANTEOD ¥POVOD Yo SIAYLOT). ZVYKEKPIUEVA, LE TNV EQOPLOYT
VynNAGV pubumv Béppoveong, n exidpacn ¢ UFH peietdtol otn didhvon tov cepeveitn, otn oldyvon tov
GvOpaka, GTNV TVPNVOGT TOV WGTEVITN KOl OTIS JIEPYOCIES EXAVOUPOPAC KUl AVAKPVGTAAA®GNC. AVOAOY®C,

HEAETMVTOL TO TPOTOVTO TOV GyNuatilovtat Kotd Ty yoin.

H mopodoa pelétn &vIAooETOlL GTO EMOTNUOVIKO £pY0 NG €PELVNTIKNAG opddag tov Kabnynt) «.

[NomagvBopiov Tve otV eQapproy ThYIoTOV BepUiKdV KOKA®Y Gg XAAvPeS. ZoUTANp®VEL TN STPIPn TG
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3. 2ovoyn oo ElMnvika

Ap. MrovCobvn pe B€po. T poviehomoinon Kot Ty aviAuon ToV QAaIvoUEVEVY, TTOV GUVOVIOVTOL GE OVTES TIG

KATEPYUOIES.

3.3. Iepopotikd pépog

O 6Yed1061O¢ TOV TEWPAUATOV NTOV TETOL0G MOTE VO LEAETNOEl TANP®G 1) EMdPACT TOV TAYICTOV BEPUIKDOY
KOKA®V GT1 PIKPOSOUT KoL TIG UNYOVIKES 1010TNTEG TV UADPOV Kol KATd TOG0 gival SuvaTh 1) EQOPLOYN TOVG
om Pounyavia. o ovtév tov Adyo, TpayuaTomoOnKay TEPAUOTO GE OoKiple UiKpoy upeyébovug,
EPYOOTNPLOKNG KATIOKAG, OTTOV TOV SUVATOG 0 EAEYYXOG TV OL0POPOV TOPAUETPOV TNG DEPUIKNG KoTEPYUTING.
Metd tov TpocdlopIoUod TG ETIOPUCTIC TV SOPOPOV TAPUUETPMV, EYIVOY SOKIUEG GE BLOpMYOVIKNG KATHLOKOG
ocoMVeG Kol peAeTONKe M pikpodoun tovg Votepa amd v emPorn Tayotov Beppuikdv koxiov. Télog,
epappootnkoy paydaiot Beppikol kKOkKAol oe gumopikovg ydAvPes pe okomd va peketndei m duvatdTnTa
napaywyng AHSS. Zuykekpipéva, emAéyOnkov ot 01pacikoi ydAvpes yio Tov AOYo OTL ¥P1OIULOTOIOVVTOL MG

eni 1o mheioTov TNV awToKIVIITORlopnyavio cNiLEPQ.

Epyoaotnproxng KAMpokog doKipég

Merétn g emidpaonc tov UFH og Lkpd doxipa oto
SLGTOAOUETPO

Evpeon Bértiotov mapapéTpmy BepUIK®OV KOTEPYOUOLOV

Bropnyovikn kKhipokao

Mehém g enidpaong tov UFH ce Industry-scale coinveg
yéAvPa LECH TAOTIKNG S1ATUENG

E@appocipotnta ot fropnyovia

Avtikataotaon coppatikov pedodwv moapaywyng AHSS
and UFH xatepyacieg

H apywn mpocéyyion éywve epyactnplokd pe ypnon olactorouetpiog. Ilepilapfdver ) pedétn wikpov
dokipimv (dtapétpov 3 mm, punkovg 10 mm) amd yaunid KpouaTOUEVO YoAvPa LEONG TEPLEKTIKOTNTOC O
GvOpoka Ko YOUUNAT TEPLEKTIKOTNTO GE YPMLO Kol LOALPIaivio. Xe anTd T doKipia, ot OepUikéc KoTepyasieg
&ywav og SCTOAOUETPO Yol TOV akpiPn EAEYXO TOV UETACYNUOTIOUOV QACNG KOl TOV TOPOUETPOV TOV
Oeprikdv katepyosidv. O GKOTOGC AVTHG TNG TPOCEYYIoNG NTAV 1) LEAETN TNG EMIOPAONG KAOE TOPAUETPOV TG
Oepuikng Kotepyasiog Eeywplotd. Me avtd To 0moTEAECUATA UTOPEGE VO, TPOGOIOPIOTEL PE PEYOAVTEPT
axpifeia n Bértiot Bepukn Katepyacio og Prounyoavikng kiipokog doxipe (cwiveg yopic paen idtov
yéAvPa Thyovg ToyduaTog 2,5 mm, dropétpov 35 mm kot urkovg 110 mm). Tvykekpipéva, ot TapapueTpot
7oL peletnOnkay ivar  meplekTikOTNTA TOL VAIKOD 6g Cr, Mn kot Mo (cbotaomn 42CrMo4 kot C45), 1) apyikn

pkpodopn, 1 Beppokpacio avoTTNONG, 0 YPOVOG TAPAUOVIG o€ ot T Beppokpacia (cvotacn 42CrMn6),
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3. 2ovoyn oro. Elnvika

eved TéA0G €ytve GUYKPIoN €VOG TAYIGTOL Oeppucod KOKAOL HE €vov GUUPOTIKO, OUO0 HE OVTOVE TTOV

ypnotporolovvtan otn frounyovia (cvotaon 42CrMne).

O1 yukég ovoTdoelg Tov SoKitiov avaypagovtatl avoivtikotepa otov Ilivaxke 3.1. Emiong, ot apywég
LKPOJOLES AImOTEAOVVTOL A0 PEPPITN KO GEUEVTITT, EITE COALPOTONUEVO £iTE GE TAAKOELDN LOPPT], EVAD OL

Beppikol kOKAOL OV gQappoOsTKaY avaypdpoviol otov Iivaka 3.2.

ITivakag 3.1: O1 ynuikés ovotdoeis katd, fapog % Twv oKWY TOV YPHEIUOTOIONKOY KOTA TH O10.0TOAOUETIA.

Cc Mn Si Cr Mo P S Fe
42CrMo4 0.43 1 0.35 11 0.25 <0.04 <0,04 balance
C45 0.43 0.5-0.8 <0.4 <0.4 <0.03 <0.035 <0.04 balance
42CrMn6 0.43 1.43 04 1.23 0.1 <0.04 <0.04 balance

12



3. 2ovoyn oo ElMnvika

Ilivaxag 3.2: H obotacy, o1 apyikés KPOOOUES KOl 01 TOPGUETPOL TV OEPUIKDV KOTEPYAOLDV TOV EPOPUOCTIKAY TTO.

OOKILI0, O10.OTOLOUETPIOG.

PvOuog ®eppoxpacio Xpbévog PoBuog
Ovopa Apyucn
Zvotoon 0¢ppavong ovOTTNONG TOPOLOVNG yoéng
dokipiov pKpodopun
(°C/s) (°0) (s) (°C/s)
42CrMo4 42CrMo4
Deppitne +
S 100 1080 3 100
[epAitng
C45 C45
UF&Q Deppitne + 3
42CrMn6 2PapoToInuUEVOG 300 900 100
UF&S&Q oepevTimg (2X) 300
UFHT Deppimg + 300 1080 2
42CrMn6 ZQOPOTOINUEVOG 100
CHT oepevtimg (22) 10 900 300

211 GLVEXELN TPUYUATOTOMONKAY TEPANOTO G€ dOKif COAVOV Kavovikoy peyéBoug (delypata UiKovg
110 mm, dopétpov 35 mm kot Thyovg Tory®uUaTog 2.5 Mm), avticTol oV He OWTO TOV YPNCILOTOLEITAL TN
Bropnyavia. XKomog avT®V TOV TEPOUATOV elvar va peretnBel KaTd TOGO TO PUVOLEVA TOV TAPOTN P OMKaV
OTIS EPYOOTNPLOKEG SOKIUEG eppavifovTal Kot og dokipia peyolutepov peyéboug kot va emiPfefoimbovv ta
OLOTOTIKA TNG MIKPOOOUNG HEG® O1eE00IKOD  YOPUKTNPIOUOD. ZVYKEKPLUEVO, WHECH MAEKTPOVIKNG
wkpookomiag diepyouevng déoung (TEM) emiPePardbnke  dmapEn umavitn Kot VIOAETOUEVOD OGTEVITN TN
pkpodoun], eved eEnyndnke n aAiniovyio TOV HUETAGYNUATIOUOV ad TOVE 0moiovg Tpoékvuyoav. H chotaom
Tov yaAvPa givar n 42CrMo4 mov avaypdeetor otov Ilivakae 3.1 mapomdve kol n Ogpukn kotepyooio

avaypaeetatl otov Mivaka 3.3, evd 1 apyikn pikpodoun amoteleito and @eppitn Kol TePAiT).
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3. 2ovoyn oro. Elnvika

Ilivaxag 3.3: H cbotaoy, n opyixi pKpooous] kot ot Topouetpol e Gepuikng KoTepyaoiog yio. Ta. doKiuLa Blounyovikng

KALULOKOG.
PuBuog ®eppoxpacio Xpbvog PvOpog
Ovopa Apycn
Xvotoon 0¢ppavong ovOTTNONG TOPOLOVIG yoéng
doxpiov pupodopn|
(°C/s) (°0) (s) (°C/s)
Deppimg + Baogn| oe
UFIP 42CrMo4 ppims 100 900 - ot
[epAitng vepo

Télog, 610 €moOpEVO emimedo peAéng depevuvinke epyootnplakd oe mepapatikn odtaén Gleeble n
mBavotta 1 péBodog paydaiag avabiproveng vo SlEVPUVEL TIG dVVATOTNTEG TOV VIOPYXOLSHV HeBOdwV
TOPOYOYNG XOAOPOV, TOL YPNOLOTOOVVTOL gVPEMG Oty avtokvntoflopnyavio. o tov Adyo avto,
eméyOnke évog epmopikdg yoAvpag mov ypnouonoleitat evpiéwe otnv avtokvntoProunyovio (Iivekeg 3.4)
Kol 6Tov omoio vroPAnOnkav ot paydaiol Beppkoi kvKAol, mwov @aivoviar otov Iiveka 3.5. Xe avtd ta
nepduoto copnepAnednke éva otddio mpobépuovong (PH), to omoio dev emmpedlel ™ pkpodoun,
SIEVKOADVEL OUMG TN UNYOVT VO ETTOYEL TOVS TAYIGTOVG pLOUOVE BEpravenc. Avtdg o yaAvPog NTay Yoyxpng
ENOONG UE QPEPPLTO-TTEPAITIKT piKpodour], o0mmwg eaivetal otnv Eiwkéva 3.1. H pelém amookomoboe ot0
OYNUOTICUO JIQUCIKNG KPOJOUNG @eppitn-popteveitn péom Ttoylotng Oepuikng kotepyoociog Kot

GUYKPLGT TOVG LE TOVG NOT EQUPLOLOUEVOLG d1PaCIKOVE YUAVPEC e avTioTolyn avaloyia PAcE®V.

Iivaxag 3.4: H ynuikn ovotaon kota fapoc % tov eumopikod ydlvfo mwov ypnoyomomOnre yio. v mopoywyn UF

o1poaaiod yalofo. .
C Si Mn Cr Mo S P Nb+Ti Fe
0.14 0.24 1.7 0.25 0.25 0.004 0.014 0.05 balance
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3. 2ovown ora ElAnvika,

Eiwxova 3.1: Eikova and 1o OM pe v opyikh [ikpoooun tov yoypng eAocuévo yalofo mov ypnoyomombnke yio v
Tapaywyn Tov O1Pacikod xoAvpa.

Iivaxag 3.5: H opyixn pikpodoun kot o1 TopGUETPOL THG BEPUIKIG KATEPYOTIOG TOV EPOPUOCTIKAY GT0. OOKIULO, VIO, THV

ToPayyl T0v d1pactkod yaivfa.

PvOpog Xpbdvog
Ovopa Apyixn Oepuokpacio PuBpoc woéng
0¢puavong TOPOLOVIG
doxiiov pucpodoun avomong (°C) (°C/s)
(°C/s) (s)
UFH 780
Deppimg + 0.2
CH lephimg, 760 65
"Edaion 60% 10
CALH 240

o v avédivon ™¢ pkpodounc éywve ypnon tov Ontikod Mikpookoniov (LOM), tov HAektpovikon
Mikpookomniov Zapwong (SEM), e€omhiopévo pe pacpatopetpo aktivaov X dwaormapuévng evépyetag (EDS),
onmg kot tov Hiektpovikod Mikpookomiov Aepyouevng déoung (TEM). Eniong, éywve availvon pe tn uébodo
IMepibraong Omcbookedaldpevov HAektpoviov (EBSD), kabhg emiong ot avalvon pe mepiblaon
aktivov X (XRD). Mg cuvdvacpud OA0V Tov Topandve texvikov, kobiotatar duvatdg o 660 10 duvatdv

KOAVTEPOG YOUPOUKTNPLOHOG TOV PAGENDY KO TOV GCUCTOTIKAV TNG Kpodopunc. ['a ddeg Tic mopamdve pebddovg
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3. 2ovoyn oro. Elnvika

éyel mponynBei n katdAInAn Tpogtopacio tav dokyiov. To Aoyiopukd ARPGE [13] ypnoipomomOnke yio
TNV ENAVOIKOSOUN O TOV KOKK®OV TOL TPOTEPOV MOTEVITN PacI{OUEVO GTIC GYECELS TPOGUVUTOAITHOD PePPITN
— wotevitn katd Nishiyama — Wasserman (N-W). Mg tn gprion avtod Tov AoyIopko yve o Tpocéyyion
YOPOUKTNPGHOD TNG Hkpodopns 6t Beppokpacio avomtnong. ‘Etol enetevyfn n obvdeon g apykng pe v
TEMKN Kpodoun kot &ytve dvvotn M e£éMEN Tov petacynuotiopodv mov éhafav ydpa. Emiong, ta
daypapparta controlled cooling transformation (CCT) oyedidotkay pe tn xprion tov poviédmv tov Kirkaldy
[14] kon Tov Bhadeshia [15,16]. Xpnotipomoudvrag dedopéve. and Tig Topamdve peboddove, o oxedlaouog Tmv
Swypappdreov CCT dbvatal va e&nynoel Tov oynuatiopd tov tpoioviov e Paens. o ) peiém tov
LUNXOVIKOV 110TNTOV £ytvay okAnpopetprioels Kotd v kiipoka Vickers (HV) kot pgdkvopoi og dokipia

Hkpov peyéboug ko datourg tomov dog-bone.
3.4. Amoteréopato

3.4.1. Avdivon tov mopousTPOV TAYIGTOV OLPUIKDOY KATEPYAGLOY GE EPYOCTHPIOKO EMIMEOO

Héow dlactolousTpiag

Ytov mpmdTo KOKAO TEpapdTmv, otig Bepuikéc katepyacieg oto dwactorouetpo Dil805A ¢ Bahr Co., n
Oeppokpacio avomTong nTov Tave amd v Acs Bepuokpacio. o avTdv TOV AOYO 1| UKPOSOUT OVOUEVETOL
va glvar poptevoltikn, onog eoivetar 6to SEM (Ewova 3.2). Zvykekpiuévo, ota dokipo 6mov 1 apyikn
pkpodoun| amotereito and mepiitn kot eeppit (42CrMo4 - Ewkova 3.2a ko C45 — Ewkova 3.20), poiveton
TG Exel yivel TANPNG dtodvtomoinon tov cepevtitn. To id10 paivetal Kot Yo To S0KIo avapopdic mov ExEl
vrootel apyn 0épuaven pe ypovo mapapovic 300 s (CHT — Ewéve 3.2y), 6mov 1 dodvtomoion Tov
opoipomotpévou oepevtity (XX) koabiotatal duvarr. 10 &V AOy® SOKifo 1 [WKPodou amoTeAEital amo
evpeyebeig Perdvec paptevoitn (M), 6mwg avapévetar and tn cvpPatikn Beprukn Kotepyasio otV omoia
vrefANOn. Avtifétwc, oto LIOAOTO JOKIE TV OTOI®VY 1 APYIKT IMKPOOOUT OTOTEAEITO OO PEPPITN KoL
CQUIPOTOUNUEVO GEUEVTITN, Kol ToL 0ol £xovv VROoTel Thyotn Oepucy kotepyosio (UF&S&Q — Ewdva
3.2B, UF&Q- Ewkoéva 3.2¢ kan UFHT— Ewkéva 3.267T), paivetal Tmg oev £xel yivel TANpng StoAvTomoinon tov
oepevtitn. Eniong, umopel va mapatnpnbei 6t o1 fehdveg tov paptevoit givar pukpotepeg oTo SOKIpLO TOV
éxovv vrootei UFH o€ oyéon pe to CHT doxipo, kdtt 1o omoio Ba avarvbel ot cvvéyeia. Katt avtictoyo
umopel va mopatnpndel Kot yio o 0plo Tov TPHTEPOV WOTEVITN, OTMS AVTA PaivovTol OTIG EKOVES (KiTptvn
dwakekoppévn ypapun). Téhog, og Kamowa amd ta SoKipo Tov £XoVV VIOCTEL TAYIoTN BepKT| Katepyaoia,

TOPOTNPOVVTAL KATOIEG UTOUVITIKES PUKPOOOUEG, Ol OTOIEC OVAOEIKVOOVTOL LU KOKKIVEL, BEAT.
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3. 2ovoyn oo ElMnvika

42CrMo4

Eiwxova 3.2: SE eixoveg amo o SEM yia ta dokio (o) 42CrMo4, orov paivovrar ot feloves puapteveitny (M) koi mbovég
UTOUVITIKES HIKPOOOUES (KOKKIVO PErog), () UF&S&Q mov amoteleitar and uoptevaitny (M) ko opoipomomnuévo oepevtitn
(22), (y) CHT zmov eivau mhijpwg poaprevoitixo, (6) C45 oto omoio mopotnpeitor kopiowg popteveoitng, () UF&Q tov omoiov
n ppodoun) amotedeitar amd M kor XX kou (ot) UFHT oo omoio, extog and M kou XX, mopatnpodviar kai Umouvitikés

HIKPOOOUES (KOKKIVO PEAOG).

[Teprocotepeg evdeifels yo v vmapén prowvitn divovtar amd To EBSD. Zopewva pe toug Zajac et al. [12],
KO GUUQMVO LLE TN PVOT] TOV UTOVITIKOD PETACYNUOTIGHOV, Ot anokiicelg (misorientations) tov opiov tomv
UTOVITIKOV TAOKIOIOV Eval LIKPOTEPES A0 QVTEG TOV OPiY TV LOPTEVOITIKAOV PBelovdv. Avtd cupfaiver
AOY® TOV SLOTUNCLOKOD HETUCYTLOTIGLOD TOV UAPTEVGITN, 0 07010¢ cuUPaivel axoplaio Kot pe TapaudpeOCN
g FCC xuyekidog tov motevitn. AvifETOG, 0 UETACYNUOTICUOS TOV (Ve pUmotvitn, €ival dloyvoloKoc,
dniadn amarteital TePIGGOTEPOC XPOVOC Yo TN dLdyvon Tov GvBpaka amd TNV KLWEAIdO TOV MGTEVITN KoL O
petooynuotiopndc og BCC npokaiei pukpdtepn mapopdpemon. Zopueonva pe tovg Zajac et al. [12], katd avtdv
TOV TPOTO Yivetal £vag SYOPIGHOS GVTOV TOV GUCTUTIKOV PACGEL TOV  GUYKEKPIUEVOV OTOKAICEMV.
Ewwdtepa, ommg gaivetal oto EBSD, peydieg amoxhicelg pe yovieg 56°- 65° (umhe ypoupés) avtiotoyoby
og Beldveg papteveitn, eved KpOTEPES AMOKAIGELG pe Ymvieg 48°- 55° (KOKKIVEG YPOUUES), AVTIOTOLYOVY GE
T KO pmanvitr. Xe kabe mepintmon Opms, avti N uéBodog divel evdeitelg ylo tnv dmapén TOL pmovitn Kot
dev amotelel amodEIKTIKO 6TOLYElD, CLUVETMG AAAEG HEDOSOL TPETEL VaL ¥PpNGLLOTOIN000YV GUVOLOCTIKAE. AVTO
Oo mpaypatomonbel otn cvvéyelo ota dokipio Propunyoviknig KAlpokag. Xto doKipia TG SCTOAOUETPIOG
Bpiokovtol mavtod evoei&elg yio Ty VTapEN TOV UIaLvitn. XToug XGPTES Y10 TO SOKIHLN OOV VITAPYEL OPKETOS
xpovoc mopapovig (UF&S&Q — Ewéva 3.3p kot CHT — Ewkoéva 3.3y) 10 1060010 TV KOKKIVOV YPOUU®OV
TOPOINPEITAL VO €ivol HIKPOTEPO, EVD OEV OVOUEVETOL 1| VTOPEN UTOWVIT G aVTA T dokipi AOY® TOL

avénpévou ypdvov BEpuaveng.
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42CrMo4

Min Max
17 47
Il 48 55°
Hl 56° 65°

Ewcova 3.3: GAIQ yapres ano o EBSD. I'ta youniotepo 1Q, 1o ypduo tov kokkov eivor mo okodpo ykpl, eva yio. ToAd
oynlo 1Q, o1 kokkor gupaviovriar Aevkoi. To Opia TV KOKK®V EYODV GYEOIOOTEL LUE LLODPO YPDUO IO YWVIEG ATOKAITNG
17°-47, ue kéxrvo yro 48°-55° kou ue umle yra 56°-65°. Zbupwva ue ™ fiflioypopia [12], avtéc o1 ywvieg avtiotoryovv

o€ OpLa. peppiTy, umorvity koi paptevoity avtiotoryo. Step size: 70 nm.

Extoég amd pmowvitn, m avdivon oto EBSD £dei&e ko v mbavn Vmopén VTOAEUTOUEVOL MOTEVITY.
Yuykekpyéva, oto SoKipo ota omoia £yl yivel mAnpng dtodlvtonoinon tov oepevtitn (42CrMo4d — Ewéva
3.4a ka1 C45 — Ewkova 3.4y) 10 KAAGLO OYKOV TOV DTOAEWTOUEVOL MGTEVITN ival Tapa TOAD Kpo, LeTa&d
1-2 %. Avtictolyo mocootd Ppébnke kat yio to. dokipa mov Exovv XX ot pkpodoun tovg (UF&S&Q —
Ewova 3.4p ko UF&Q — Ewkova 3.4g). Avtibétmg, oto cupPatikd dokipo (CHT — Ewkéva 3.4y) dev Bpébnke
VTOAEIMOUEVOG MOTEVITNG, EVAD GTO JOKILI0 TOL £xEl VIOGTEL TéYLoTN Oeppukn Katepyasia kol £xel XX ot
pikpodoun tov (UFHT — Ewkdéva 3.46T) 10 TOGOGTO TOV DTOAETOUEVOL (OGTEVITN NTAV APKETH YNAOTEPO,
YOop® 610 4 %. 't TNV amouyn ceaiuatog, otovg xaptes EBSD éxet mpootebei ko n oxéon Kurdjumov—
Sachs (K-S) ywr wotevitm kot @eppitn, n onoia emonuaivel o to eminedo [1 1 2] tov @eppitn eivon
mopdAANA0 oto eninedo [1 1 2] tov wotevitn, petatomopévou katd 90°. Iapatnpeiton emiong 6t Yo ta
doxipio UF&S&Q kot CHT, yia Ta omoio  povn Stapopd ot Beppikn Katepyaoia givat o puBpog 8éppaveong,
1M 010pOpa 6T0 TOG0GTO TOV WoTevitn givar 2 %, dedopévov 0Tt dev vtoAeinetan wotevitng oto CHT dokipo.

Avtictoyo, n uoévn dapopd ota dokipe UF&Q koaw UFHT, givar n dapopetikn Oeppoxpacio avomtnong.
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Qot1660, 1 S0popd oT0 KAAGHO OYKOL TOL OCTEVITN GE OVTN TNV MEPINTOON E€lval PEYAADTEPT KOt
GLYKEKPLUEVE YOP® 610 3 %. XVVET®S, PaiveTal Tmg ot ypriyopol pubuoi Béppavong eivar amapaitmrot, @ote

V0L VTTOAEITETOL 0 WGTEVITNG, OTMG emiong kot 0Tt 1) Beppokpacio avontnong mailel onuoviikd poro.

42CrMo4 o UF&S&Q (e s e A B CHT

Total

Phase Fraction
& Wl Ferrte 0977
B [ Austenite 0.023

Total
Phase Fraction

I iron (Gamma)  0.002

B Ferrite 0.998

Total
Phase Fraction
I Ferrite 0.978
[ Austenite 0.022

Total
Phase Fraction
I 'ron (Alpha) 0.961
[ Austenite  0.039

Total | & % Wy Total

# Phase Fraction . R S Phase Fraction
Bl Ferite  0.987 R . B rFerite 0992

| [ Austenite 0.013 . a2 [ Austenite 0.008 ‘

Boundaries: Axis Angle
Label Plane Normal Direction Angle Tolerance Phase
112 112 90° 5° Ferrite

Ewova 3.4: Xopreg EBSD omov ue koxxivo ypaoua eupaviCovrar ot BCC pdoeig (peppitng) kai ue mpaoivo ypwuo o1 FCC
(wotevitng). I'io 1o TepLocoTEPO. JOKIUIO TO TOGOTTO TOV WGTEVITH £ival TOAD uikpo, yopw oto 1-2 %. o to UFHT doxiuio
70 TOG0OTO TOL Watevity Ppebnre oto 4 %. Me evko ypdua Exel oyeoiootei n oyxéon K-S uetald wotevitn kor peppity.

Step size: 70 nm.

Bdoetl tov avetépm supnudtov, oxedidotnke to didypapua CCT (Ewdve 3.5) yia Tig Tpelg S10pOPETIKES
ovatdoelg pue tn ypnon povtédwv [14-16]. Onwg aiveton 6 autod, 1N WIOVITIKN TEPLOYT], ONAadN N TEPLOXN
otV omoila umopel va yivel UETOCYNUOTIOHOS TOV ®OTEVITN oe umowitn kot Ppioketor petald tov
Oepuokpaciav Bs kot By, e€optaror katd peydro fadud amd ) cvotacn. Kabaog kot ot tpeig yaivPec Exovy
v 1610 meplekTikOTNTO 68 AvOpaKa, ot dlopopic opeilovTal oTn SLapopeTiky TeplekTikdTnTa ot Ypduto (Cr),
Mayydvio (Mn) kou poivBdaivio (M0). @a mpénetl vo onpuetmbel 0Tt 01 PTOVITIKEG AVTEG TEPLOYES UTOPOVV VO,
petakvnOody o olapopetikd uéyebog mpdTEPOL MGTEVITN, KOOMG €MioNG Kol Yylo SOKLUAVOES GTNV
TMEPLEKTIKOTNTA TOV AvOpaxa ot pikpodoun. Kat yuo t1g tpeig cvotdoelg, n Br Oeppokpacio Ppioketor ota
de€10 TOV SLoYPAUUOTOG Kal, GUVERL®G, omorteitol ToAD apyds puBudc wogng, <10 °C/s ya va givar mAnpwg

WITOLVITIKT 1] LUKPOSOUT, KATL TO 071010 OTTOKAEIETOL GTO GUYKEKPIUEVA TTEPGpTa. AT TNV GAAN, TOpOTPEiTOL
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3. 2ovoyn oro. Elnvika

TG N UroviTikn meptoyn yio ) C45 (umie) cvotaon PpiokeTol o aplotepd 6TO SLAYPAUIO GE GYECT UE TIG
GAAEG V0. AvTd onuaivel OTL UTopel Vo GYNUATIOTEL PIavitng Yoo Yp1yopdtepovg puopovg yoéng, uéxpt
100 °C/s. Ot dAAeg 600 GLGTAGELS EXOVV LEYOADTEPT] TIEPIEKTIKOTNTO 68 MN. Avtd To GTotyeio Bempeitar v-
PeEPPOYOVO KOl GLVETMG OVOCTEAAEL TOV peTaoynuatiopd og umowvitn. ['a tov Adyo avtd, ot pmovitikég
TEPLOYES Y10 T ovotact 42CrMn6 (kokkivn) ko 42CrMo4 (tpdovn) Ppickovtan mo younAd kot mo de&id

010 Owdypappa. Avtd onpoaivel 6t yio Tov GYNUATIGUO TOL provitn amaitobvtot o apyol pubuol yoéne. o

Tov {310 AOyo peidvovrtal kot ot TéS Tmv Beppokpacidv Ms.

700
Bs e C45 ]
Bf === 42CrMo4
Msssuns 42CrMn6 @
100 °C/s
600
—"_--
L Js
8500 ”"'
2 - -
E // ,’
g P
g 4
& ' 4
E400 /
= (4
(]
300 .....'..'.........................::::::::::::::::::::::::::::............1
200
1 10 100 1000 10000

Time (s)

Ewcova 3.5: digypopua CCT mov ayedidornke ooupwva ue to poviéda [14-16]. Xe avto Epovv oyediootel o1 umaivitikés
TEPIOYES YIOL TIG TPEIS OLAPOPETIKES TVOTACELS KO Y10, GUYKEKPIUEVO UEYEHOS KOKKOV TPOTEPOL WOoTevity. Me avtiotoiya

xpouoza Eyovy mpootebel kai o1 vwoloyiouéves Oepuorpaoies Ms yia tnv kabe ovoroon.

Téhog, amd v avdivon oto EBSD peiethfnie 1o péyebog tov kdxkwv g pikpodouns (Ewkova 3.6) petd
™ Baen (aprotepd péPog Kabe ekOVOC) AALA KOl T®V KOKK®V TPOTEPOL wotevitn (g€l uépog Kabe ewcovag),
Onmg awtol kataokevdodnkav pe T ypnon tov tpoypdupatog ARPGE [13]. Ze cuvdvacud pe to didypoppio
¢ Ewévag 3.7, pnopei va mapoatnpndet 611 1o péyebog Tov KOKKOL ToL TPATEPOL MGTEVITN gival LeYyoADTEPO
070, SOKipa OOV VIEAPYEL APKETOS YPpovog Bépuaveng (UF&S&Q, CHT). Exriong, ota dokipuo ota omoio £xet
yiver TApNG dAvtomoinon tov oepevtitn (42CrMo4, C45), to péyebog tov mpdTtEPOL MOTEVITY €ivan
UEYOAVTEPO GE OYEOM WE T OOKIMUO OTO OTOi0 VEAPYEL COALPOTOMUEVOS CGEUEVTITNG UETA T Oeppukn
katepyooio (UF&S&Q, UF&Q, UFHT). Téhog, to dokipo C45 éxel peyardtepo péyebog mpodtepon motevit
o€ oyéon pe to 42CrMod4, mapodro Tov £xovv Ty idta apyikn pkpodour| kot Oeppukn katepyaoio. Onmg ivor

AOYIKO, COLPMOVO LE TOV UNYOVICUO TOL WOPTEVGITIKOV UETASYNUOTIGHOV [17], 600 pkpodtepo eivor to
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3. 2ovown ora ElAnvika,

HEyebog TOV TPOTEPOL MGTEVITI, TOGO LKPITEPO OVOUEVETOL TO HEYEDOG TV PELOVOV PLOPTEVGITN GTNV TEAIKN
pucpodopn petd ™ Poaen. H mo exkhentuopévn pwikpodopn cuvavtdtor oto dokipo UFHT, mapopoa pe 1o
doxipio UF&Q, 1 novn dwpopd tmv omoiov givar 1 Beppokpacio avontnons. Oumg, 1 dtapopd 610 TEMKO
péyebog KoKKov Bempeitor apeAnTén Kot EVIOS TOV GTATIGTIKOD GOAALATOS, TOV UTOPEL VoL TPOKVYEL Ol TNV

avaivon oto EBSD.

- 11& N 1IQ - q joum
Méco Eppado Méco Eppado Méco Eppado Méco Eppado Méco Eppado Méoo EpBado

KOKKOVL: 5.9 pm? KOKKoVL: 126.5 um? KOKKoL: 8 um? KOKKOVL: 252.5 um? Kokkov: 11.2 pum? Kokkov: 97.1 um?

e

10 um

w110 -

Méco Eppadd Méoo Epfado Méco Epfado Méco Eppado Méco Eppado Méco Eppado
KokKov: 13.4 um? KoKkkov: 1083.2 um? KOKKOL: 6.4 um? KOKKOL: 53.5 pm? KOKKov: 2.9 um?* KOKKOL: 38.5 pum?

11 1"
% Y

1
001 101 001 101

Eixova 3.6: Xapreg IPF omov paivetor o mpooavarorioudg tov mléyuatog oe ke kokko. XTo opiotepo uépog kalbe eikovag
QOIVETOL ] TEMKT HIKPOOOUN TV OOKIUIWY EVED 010 06T UEPOS PAIVOVTOL 01 KOKKOL TOD TPOTEPOD WOTEVITH, OTWS OUTOL
rpocouoidOnkay ue m ypion tov rpoypiuuotos ARPGE [13]. Kdrw aro kalbe eixova avoaypdpetar To péoo eufiodov twv

KOKK®V, 0Tw¢ avto vroloyiotnke ard to Loyiouixé tov EBSD. Step size: 70 nm.
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3. 2ovoyn oro. Elnvika
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Ewxova 3.7 Aidypouuo. pe o vwoloyiouévo ueyeog kokkov oe eufadov yia to kabe doxiuio. Zrov opiotepo aéova (UrAe)
OVTLOTOLYOVV 01 UETPHOELS YLA. TO EUPAIOV TWV KOKKWY TOV TPOTEPOV WOTEVITH, EVE aTOV 0610 Gove, (KOKKIVO) OVTIGTOLYODV

Ol UETPNOEIS YL TO EUPOIOV TWV KOKKWY THS TEAIKNGS UIKPOOOUNS, LUETA TN fapi].

34.2. O oyxnuaticuos umorvity Kol OTOLEITOUEVOD (GTEVITH KOTA TNV EQPAPUOYY TAYIGCTMV
Ocpuikdv kOKAwy 6e 6WANVES YwpIic paplj (0 TAOTIKO EMAYWYIKO POUPVO PaAyoaiog

avaOépuaveng)

H ovykekpyévn mpocéyyion eixe og okomd T HEAETN TV TAXIOTOV OEPUIKOV KOTEPYASUDY OE COANVEG
peydiov peyéovg, avtiotoyov pe ovtd mov ypnoilonoleitor ot Propnyovia. ATO TNV TPONYOLUEVN
npocéyylon Ppédniav evoeifelg yio v vmapén Pmovitn Kol VTOAEWOUEVOD OOTEVITN GTN IMKPOJOUN. Z€

aVTOHV TOV KOKAO fTay duvarth 1 amddelEn g vmapéng toug pésm g xpnong tov TEM.

[IpaTov, 6mwg eaiveror and tic Ewkéveg 3.8a, P, and 1o ontikd pukpookomo kol 1o SEM avrtictoyya, n
pucpodopun] tov dokiiov mov peleTnOnke givar kupiog poptevortikn. Beloveg paptevaitn topatnpovviol pe
SpopeTikd mhyM Ko pUNKm, aviiroya pe to mote oynpatiotrav [18]. Onwg avapépbnke xor mapamdve,
KoODC 0 HOPTEVOITIKOG LETOCYTILOTIGUOC CLUPAIVEL aKaplaio Kot Vol S1OTUNGLOKOC, Ol YOVIOKEG ATOKAIGELS
avapévovratl vyniéc. Avtd emPefoidvetar omd 1o EBSD (Ewova 3.8y), 6mov ue pumnde ypduo goivoviol ol
amokAicelg petaly 58° kol 65°. Topewva pe ™ Piioypapia [12] avtég o1 yovieg avtiotor oy oe Beldveg
HOPTEVOITN, €V YOUNAOTEPEC AMOKAICELS avTioTolobV og umowvitn kor eeppitn. Emiong, paprevotltikég
Beldveg mopampnbnkav kot oto TEM (Ewkova 3.88). Baocikd Tovg yopokmplotikd givar 1 eviovog
TOPOUOPPMUEVT] TOVC Ooun, UE VYNAG TOGOGTO EAUGTIKNG TOPUUOPPMOONS AOY® oTpEPAONG TOL
KPLOTOAMKOD TAEYUATOG. AVTH 1| VIOV TOPAUOPPOGCT] TOPATNPELTOL e GKOVPO ¥podua ard To TEM, kabdg

eumodileton  mepifloon Tv niektpoviov. Eniong, kabdc n apyikn pikpodoun amoteleito amd geppitn Kot
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3. 2ovoyn oo ElMnvika

TEPATT, OTOC PAvNKE TPOoNyoLUEVMG 6To dokio 42CrMo4, éxel emtevyBel TAPNG S10AVTOTTOINGY] TOV Kot

GUVETMG OEV GUVAVTATOL TN LIKPOSOLT.

Ewxova 3.8: (a) Metalloypagio oto OM omov gaivetor mwg n doun eivar kvpiwg uaptevortiky, (f) ot Peloveg tov
uoptevoity wopornpnbnrav kor ato SEM, (y) o1 feloves tov uopreveity oto EBSD yapoxtnpilovior and uikpo 1Q xou
ueyaleg yoviarés armoxioeig. Step size: 15 nm. (8) oto TEM, o1 feldoveg tov papteveoitn daxpivoviar amod 10 GYHia, TO

1eyebog kot to pEeyGAo moo0oTo droTopoyng.

Ot poptevottikég feAdveg HTopovV va doymPIeTOLY 0T To TAAKION TOL proawvitn pe didpopovg tpdmovg. O
prowvitng, Ady® g vynAotepng Bepurokpaciog otnv onoio oynuotileton, omoKTd TAOKOEWN HOPON Kot
peyalvtepo mAdtog and Tig Peddvec Tov papteveitn. Emiong, yio tov id10 Adyo, Kot €medn emruyydveTon
Sudyvon tov GvBpaka, ta mAaKiOW Tov gival Arydtepo mapapopeopéva. Ocov apopd otn didyvon Tov
GvBpaka, oVt ETTVYYXAVETOL, KUPI®MG, KOVTH 0TO Oplel TOV TAOKISIOV TOL KATMOTEPOL UTOViTH. AOY® TNG
YOUNANG SoAvTOTNTOG TOV AVOpOKO OTNV KPUGTOAMKE OOUN TOL WUTOVITIKOO @eppitn, o GvOpakoag
amoPaiietal pécm dudyvong amd To TAOKISN KOl GLYKEVIPAOVETOL oTa Oplo petald tov miokdiov. H
VYNAOTEPT TTEPLEKTIKOTNTA TOL GvOpoKa oe avtd ta onueio. uropel va odnynoel otn otabepomoinon tov
®OCTEVITN UE OMOTELEG O, QVTOC VO VITOAEITETAL. XE TEPMTMGELC OTOV 1) TEPLEKTIKOTNTA TOL AVOPAKE GTO VAIKO

glvan vynAoTEPN, givar duVATOG Kot 0 oYNUATIOUOC GEUEVTITN OTIG dlempaveleg pnetald tov mAakidiov [19].
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3. 2ovoyn oro. Elnvika

Tétoleg popporoyieg mapatnpovviol 6to vVAkd, otig Ewkoveg 3.9a, B. Zvykexpipévo, mapatnpnonkov
eopeyédn mhioxidwo, mapdAAnAa peToEd Toug peTad TV omoimv Ppiokovial AEMTA VUHEVIOL -QIAN
VROAEMOUEVOL ®oTEViTN, Onmg Ba avarvbel mapokdte. Emmiéov, Aoy tov 41t dev LILAPYEL XPOVOGS YidL TN
dudyvon tov dvBpaka oe peydAeg amootdoels, avtog ‘eykAmPileTar’ evtdg Tov TANKIOIOL TOL pTOLVITY).
Q610600, TOAM AOY® TG XOUNANG dloAvToTnTag Tov AvBpaka ot BCC dopn, avtdg katakpnuviletar vo
popen mapdAANAoV copatidiov cepevtitn. Tétoleg pikpodoués mapatnprdnkay eniong 610 LAKO, OT®S
oeaivetar otig Eikéveg 3.97,6. v Ewova 3.98 £xst mpootebei kot to didypappa mepiblaong niektpoviov
™G emieypévng meployng (selected area electron diffraction - saed), oo onoio dwaywpiletor o peppitng (UmAE)

oo TOV GEUEVTITN (TPAGIVO).

WL roo17a /7 134510

Eiwxova 3.9: Eikoves TEM mov deiyvoov v vmopén umorvity otn uikpooous]. O umoavitng o1oxpiveTol amo 10 ueyaliotepo
TaY0G TAAKLOLOD, THY TOPaiiniio TV TAakidiwVy kol ThY Drepn VTOAEITOUEVOD WGTEVITH OTO EVOIGUETO TOVGS, OTWG ETXIONG
Ko amo TV OTopen TopaiAnAmy couotidiny oeuevtitn oto eowtepiko TV mhaxidiwv. H empPefaoicwon yio tnv drapln tov

OEUEVTITI] EYLVE UE TRV AVAADON TOV Jlaypaupatos mepifloong nlektpoviwy oo paivetar oty ekova (0).

Onwg avaeépbnke, 0 motevitng pnopel va vTOAEITETAL HETAED TOV TAAKISIOV TOV urovitn Adym NG dtéyvong
Tov GvBpoka otV Teployn HETaED TV TAOKIWI®V. XTov umowvitn, To mAakidw oynuotilovtol oyedov
TaVTOYPOVE TO Eva SImA 6TO GAAO KL LE TV TAPOSO0 TOL ¥POVOL emunKOvVovTal. Avtifeto, 6ToV HLOPTEVOITIKO
UETACYNUOTICHO deV cLpPaivel KATL avaAoyo. Ze aUTH TNV TEPITTOOT, B0 GYNUATICTOOV Ol TPAOTESG PEAOVES
popteVeiTn axaploio Katd T SIGUETPO TOV KOKKOL TOL TPOTEPOV MGTEVITN Kol €V cvuveyeia Oa oynuoatifovral
o1 endpeveg Pehdveg, mote vo koAvPBel o 0yKkog 6Aov Tov kokKov. Kabmg dpwg oynuatifovtor oAoéva kot

TEPLOCOTEPEG PEAOVEG EVTOG TOV KOKKOV, O MGTEVITNG OV OV £XEL LETACYNUOTIOTEL AKOUN GE LAPTEVGITN,
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3. 2ovoyn oo ElMnvika

gumiovtileton og avOpaka, Kabmg avTdc Tpémel va kataveundel oe piKpdTEPO OYKO. AVTO €)XEL MG GUVETELD,
G€ KATOL0 GTLEI0 0 MOTEVITNG OV OEV £XEL LETACYNUATIOTEL VAL VoL TOGO EUTAOVTIGUEVOG GE GvOpaka, HoTE
va umopel va vmoleimetar, kobmg peyaAdTepN TEplEKTIKOTNTA o GvBpaka pewdvel TG Beppokpaocieg
LETACYNLOTIGLOD TOV LOPTEVGLTT. ZUVETMDC, VTOAEMOUEVOS OGTEVITNG Umopel vo mapatnpn0el og pmovitikég
KOl LOPTEVOITIKEG TEPLOYEG TOL doKiiov, Onmg eaivetar otig Ewkdveg 3.10a, B, 6mov cuvavtdtal o popen
oupG. Xtig ewoves and 10 TEM éyovv mpootebel ot to dwaypappote mepiBAaons niektpoviov tov

emeypévoV meploy®v (saed) yio Tov dloy®piopd Tov OGTEVITN (TPAcIVo) amd ToV Eeppitn (UTAE).

10 1/nm

'goof]a // [022]y

Eiwxova 3.10: (a,y) Ewxéves TEM oOmov @oivetor vmoAeimusvos wotevitng oto. opia twv felovav/miaxidiowv. To

owypduuota wepibloons Exovv mpootelei (B,0) yia tnv eloxpifwon e dmaplng Tov wotevity (Lpdoivo).

343. H cepapuoyy tayiotwv Ocpuik@v kokiwv oc ooufatiko tomo ydlvfo s
avtokivytofounyoviag epyactyplaxd o Ocpuounyavikoé rpocouoiwtij Gleeble

Méypt otiyung, ueAethonke 1 enidpacn TV TOPAUETPOV TNG OEpUIKNG KATEPYOTTING, TNG YNKNG GVOTOONG

TOV VAIKOD KoL TNG OPYIKNG UIKPOSOUNG Kot amodeiyOnke 6TL 1 TEMKN pikpodour pumopel va amoteAeitar and

UOPTEVGIT, UTOLVITY, DVTOAEMOUEVO OGTEVITN KO, OVOAIY®G LE TO VAIKO, CRUIPOTOUEVO GEUEVTITN. TN

oLVEKEL, oKOTOG etvar va pedetnBel  epapproyn avtig g nebddov e éva cupPatikd THmo yaAvPa yio Tnv

TOPAYOVT.

Onwg mapatnpridnke and 1o SEM, 10 6tadio g npobéppovong (PH) dev éxet enidpaon ot Kpodoun Tov

VAKOV KaOmG vt givor Tapdpota pe Ty apyikn pwkpodour (IM) kat amoteleitar amd eeppitn (F) ko mephitn
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3. 2ovoyn oro. Elnvika

(P), eved mapapéver opotn n emidpaon g édaong (Ewova 3.11a). Zvykexpipéva, eivar opatég ot {dveg g
ghaong, 1 TapapOpPmon Tov eppitn Ko 1 tonov ‘pancake’ doun [20]. Ocov apopd 610 dokipo avapopds
(CALH), tov onoiov n Beppuky katepyacio Exel 6GKOTO VO TPOGOUOLDCEL TIG KATEPYAGIEG OV VITOPAAAOVTAL
CNUEPO OTNV TOPAYDYN AVTICTOLY®V JPACIK®OV YoAOBwv, N pkpodoun eival TumKY Spactkov ydivfa, 1
omoia amoteleiton amd ™ pnTpo Peppitn kot vnoideg popteveit (M) (Ewova 3.11B). I to dokipo CH
(Ewova 3.11y), tov omoiov 1 Oeppukn drapépet omd avt) tov CALH 610 611 Aeinel To 6Tad10 TOPApOVIG TN
Bepurokpacio avontnong, 1 LKpodour| SaPEPEL OPKETE. ZVYKEKPLUEVO, O TEPAITNG TNG APYLKNG LKPOSOUNS
eaivetatl va unv €yt dStadvtonomdei mAnpmg kabmg epeaviletor oepevitmg (0) og ceapomomuévn, oAl Kot
TAoKoew| popen. Eniong, mapatnpodviar axodpa mopapop@@puévol Kot ETUNKUUEVOL KOKOL @eppitn and v
yoypn éhacn. Téhog, o1 vnoideg Tov poptevaitn eoivovtal PiKpOTePES 6 AVTO TO dOKIipl0. AVTioTolyo, OTO
UFH doxkipio, 6mov o pubuog 0éppavong givar moAd vynAdtepoc, T0 TOC0GTO TOL OOIAAVTOL GEUEVTITN
eaivetal va gival peyaldtepo, evd ol vnoideg papteveitn eivar axopa o exhentocuéveg. H doun poidlet
apketd pe avtn tov PH doxpiov, pe tic {dveg g woypng EAaong vo EYouv Topapeivel Kat o geppitng va

TOPAUEVEL ETUNKVUEVOG Kot Topapopeouévos (Etkéve 3.118).
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i
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Ewcova 3.11: (a) n puxpodoun tov 0okiuiov O0mov Exel epopuootel novo 1o araoio g mpolépuavons. H pixkpodoun
amoteleitar amd peppity (F) ko meplity (P) kou eivar mopduoia pe oot Tie Woypis eAoousvng apyikns uikpodouns, () to
ooxkiuio avapopas CALH éyer tqy tomikn pikpodoun dipacixod yalvfo mov amotedeitar amo peppity kar uoptevoitn (M),
(y) oro dokiwio CH n puxpodoun eivar mopouora pue too CALH, pe w diapopd on ta vyoidia poeprevoity eivor mio
EKAETTOOUEVO, KOl VILOPYEL a01aAvToG aeuevitng (8), (9) yia to UFH dokiuio, n purxpodouns pwoialer mo moldd ue v opyixin

wapa pe tov CALH kot armoteleivon and sxlentoouévo peppitn, noptevoitn kol aoldAvTto oeUEVTITH.

Me mo mpocektiky avéivon oto SEM (Ewkéve 3.12) gaivetor 61t Kot ota dvo doKifa 1 0oTEVITONOINGN
Eexwvael oyl wovo oTig Oemipdveleg eeppitn/cepevtitn (Ewkoveg 3.12a, 6) oAld Kot oTIS OEMIPAVELEC
oeppitn/geppitn (Ewoveg 3.12p, €), dnhadn petald 600 1 tprdv kokkwv eeppity (F), yopic v dmapén
GEUEVTITN OTN YOP® TTEPLOYN. ZNUEIDOVETHL OTL OEV TTOpaTNPEiLTaL 0 1010¢ 0 MoTEVITNG, AALG O papteveitng (M)
mov glvar mpoiov ¢ Paeng tov wotevitn. H @Otpwon tov wotevitn otig dempaveleg a/0 avapéveton
Bepuodvvaptkd kabmg vapyel dapopd otny evépyesia Gibbs twv d0o avtdv pdoswv, katl n omoio opsileTal
ot SPOPETIKY TeplekTikdTTa 68 AvOpaxa [21]. Kdtt tét010 6pmg dev cupPaivel oty mepintwon tng

POTpwOoNG peta&h dVo KOKK@V peppitn, Kabmg Exovv v idto péytotn StoAvtotnTo o8 AvOpaxa. e auth TNV
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TEPIMTOON, M KIWNTHPL0G SOV OPEIAETAL GTOV S1APOPIoUO TOL GvOpaka Kot GAA®DY GTOLEIDV 6T OpLOL TOV
KOKKOV Qeppitn, kabd¢ uéow avtmv yiveton mo ypryopa 1n dudyvon [22]. Zvvendg, and avth T dtupopd
TePlEKTIKOTNTOG 68 GvBpaka petald v 000 KOKK®V (eppitn Kol ToL 0piov HETOED TOVG TPOKVLTTEL M
amapaitnTn dpopd otnv evépyeta Gibbs mov kabiotd duvatn Beppodvvopikd ™ HTPOON ToV WGTEVITN 68
avtég t1g Oéoelg [21]. Avtd mopatnpnnke amd ™ ymuikn avaivon EDS oto STEM. T apyovg puBuodg
0éppavong (Ewéva 3.12y) emituyydvetor opoygvomoinon g yNIKNG ovotaong HeTad Tov 600 KOKK®V
eeppitn Ko Tov papteveit, evd oto UFH dokipo (Ewkéva 3.126T) vrdpyel diapopd 6To T0G0GTO TOV
YPOLIOV Kot TOL poayyaviov peTald Tov HOPTEVGITN Kol TOV KOKK®V @eppitn Adym EAletymg ypdvov yia

SulL(LON TOVS KO TOV EUTAOVTIGUO TOL PEPPITN GE AVTA T GTOLXELD.

Eiwxova 3.12: Eicéveg SEM omov paivetar 0ti 1 Tupivearon tov woTevith Kol GOVETMS 0 GYUATIONOS Tov uopteveity (M)
yivetai (a,0) otig diempavels a/0 ko (P,e) onig diempaveies o/a. (y,0t) Eikéves STEM ue ypoyyurn ynuxy avaloon EDS

omov paivetar 11 ovykevipwaon tov Cr kor Mn o diempaveieg o/o.

Eniong, £ywve avdivon tov peyéboug kokkov oto EBSD 6mmg kat avédivon tov peyéBoug kOKKov Tov TpOTEPOL
wotevitn pe m Ponbeia tov mpoypdupatog ARPGE [13]. Kabdg n pkpodoun ewvar dipooikn, Oo mpénet va
onuewwdet 6T o1 TIEG TTOL avaypdpovTal oto ddypappa e Ewkévag 3.13 apopodv 610 tehikd péyebog tov
poptevoitn pali pe tov eeppitn (urhe) 6TwS kot 6to péyehog Tov mpdTEPOL Waotevitn pali e Tov eeppitn
(koxkivo). Onwg mapotnpeital, Kot Omwg gival Aoykd, 660 HEIDVETAL 0 ¥pOVog BEpravong Kot avomTnong,
pewmveton kol to péyebog tov kKOkKk®v Tov TPodTEPOV oTEVITN. ExAénTuven Tov KOKK®OV TOL TPAOTEPOL

®OTEVITN 00MYEl KOl 6€ EKAETTUVON TOV UAPTEVOLTIKOV VNGI0mV, Omm¢ emPefaidvetar Kot amd TO SléypapLiLa.
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Ewxova 3.13: Aiaypoupo ue 10 ufodov twv KOkkmv TG TeAIKNG HKPOOOUNG (UTAE) KOl TV KOKKWV TPOTEPOD MWOTEVITH
(xokkvo) [13] omov mopotnpeitar ueiwon 060 UelveTar 0 Ypovog BEpUavONG. Xe aTES TIG UETPNOELS COUTEPIAOUPAVETAL

Kol T0 EUPAOOV TV KOKKWV QEPPITH.

Onwg pavnke ond Tig KPOSOUES TV d1apdpav doKiimv, o peppitng epeaviletal eite TapapopeOUEVOS 1
oyt. Avtd pmopet va mapatnpndei kodlvtepa oty Ewkéva 3.14a yio 1o CH dokipo kot oty Ewéva 3.14p yuo
10 UFH doxkipio. Onwg eaivetal, kdmolor kOKKol geppitn @aivoviol apKeETE TUPUUOPPOUEVOL, IE LEYAAN
TokvoTNTa dtaTopaydv kot Kupimg oto UFH dokipio, evd dAlot kdkiotl eaivovtor kabapoi omd dratapaysc.
Kotd ™ 0épuavon, Aaupdavel yopo 1n 610d1kacion TG aVAKPLUGTAAAMGNG. ZOUPMOVO, LLE CVTN, Ol STOPoyES
petorpémovior o vo-Opia (SGB) ta omoio petaxivodvtor Kot dnpovpyodv véovg KOKKovg @eppitn. H
KIvNTAPLog dOVOUN G€ 0UTH TN dlEpyacia eivol N LEI®ON TNG ECMTEPIKNG EVEPYELNG LE TN ONUIOVPYIN VEDV,
WKPOTEPOV KOKKWOV Qeppitn kabapdv amd datapuyéc. Avtdg o geppitng ovopdaletal avaKpLGTOAA®UEVOC
eeppitng (RexF). Onwg eaivetar xatr and tovg Kernel Average Misorientation (KAM) ydapteg oto EBSD
(Ewkéveg 3.14y, §), n mokvotnta tov datapaymv oto UFH vAko eival apketd peyolvtepn. Eniong, ta vro-
Oplo. TOV £YOVV GYNUOTICTEL dlaTnPovY TN Popd. NG Aaomg, evd ot VTo-kokkol 6to CH vAwkod eivar mo
ea&ovikoi. Ot KOKKveg Ypopupég vodetkvoovy o LAGB. Onwg gaivetar kai oty Ewkéve 3.14€, yio to CH
doxipo, pécm g uebodov t-EBSD, o oynuaticudc tov LAGB mtpokdmtel amd T GUGGHPELGT SLATOPUYDV.
Yopemva pe tic pvbuioeig tov EBSD, yoviakég amokAicelg petald 2 — 5° avtiotoryovv 6€ STopayES, EVA
yovieg petadd 5 - 15° oe LAGB. Télog, o1 yaovieg petald 15 - 65° avrictoryouv oe HAGB, dnladn oe 6pla
KOKKOV. ZOUQOVA PE oTd, OTOc Paivetal atny gikova avth, To. LAGB mpoxdntovy and v evbuypdppion
TOV S0TOPUYDV KO TN UETAPOAT TNG YOVIOKNG TOVS 0mdKAIoNG Tave and 5°. Ev cuveyela, avth n amdkAiion
0o avénbei kot Oa emélbel 0 oyNUATIOUOS TOV VEDV 0piv KOKKOV. AVTO TO EUIVOUEVO NG ELBVYPAUUIOTC
TOV J0TAPOYDV TOV 00TYEL GE YOVIOKEC AmOKAGELS ovopaletal ‘moAvVY®mVIGHOS” [23] kot Tpokahei peTaforéc

GTOV TPOCAVUTOMGO TNG KPVOTOAAIKNG KOWEADMG HéEGa 6TOV 1610 KOKKO. AvTo Qaivetal otov IPF xdptn g
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Ewovag 3.14C and Tig evaALayEG TOV YPOUATOV EVTOC TOV 600 KOKK®OV QEPPITN. L& APKETA onuEin aVTd TO
oTAd10 NG OvaKPLOTAAA®GNC dev mapatnprOnke. Onwc paivetan otig Ewkdveg 3.146T,1m ot dratapayés eivor

aKavoOVIoTeS kat dgv Exet eméAbel kamoto evBuypdpyion 1 oynuatiopog Low Angle Grain Boundaries (LAGB).

Amd6 v avdivon oto EBSD mpoékvyav emiong T0 TOGOOTO TOV OVOKPLUGTOAAMUEVOL KOL TOV
TOPOALOPPOUEVOD Qeppitn Yia kB dokiplo. ATd avtd o TOGOGTA TPOEKLYE EMIONG KOl TO TOGOGTO TOL
popteveitn. Avtd ta mtocootd avaypdpovior otov IMivaka 3.6. Onwg éyel avapepbei [24,25], o ypiyopor
pvOuol Béppovong emdpodv otlg Oeppokpacieg petacynuoTicpod Ai kot Az KOU GUYKEKPLUEVO TIG
petatonifovv g VYNAGTEPES TEG. LVVETMGS, TaPOLO Tov 1 Beppokpacio avorTnong ftav 1 0t yio OAa ta
dokipa, 1o dokipo CALH éyel mepimov 10 Sumhdiclo mocootd popteveitn and to GAla dvo. Ouwg, to
VYNAOTEPO TOC0GTO TOL popteveitn oto UFH doxipo oe oxéon pe to CH dev cuvdaderl pe avt ) Bempia.
Avto opeiletal 6TO PEYAAO TOGOGTO TOV TOPAUOPPOUEVOD QEPPITN GTO GLYKEKPIUEVO OOKIpO, KaOMDG M
UEYOADTEPT] TUKVOTNTA SLOTAPAYDY EVVOEL TN S1AXVOT) KPOUOTIKOV GTOWEI®V Kal T1 @OTP®ON TOL MGTEVITY,

KA1 T0 omoio dgv pmopel vo. yivel EDKOAN GTOV OVOKPLGTUAADUEVO PEPPITN.

Iivaxag 3.6: KAdouota oykov 100 avarkpuotallmuévon kol TopopuopPmUEVOD PEPPITH KOL TOV UOPTEVOITH/CEUEVTITY VIO

70, TPLa. OOKIUI0 TTOV UEAETHONKOY

KAdoua 6ykov % CALH CH UFH
AvVoKpLGTOAL®UEVOG PEPPITNG 56 % 7% 24 %
Mn-avoKpLGTAAL®UEVOG PEPPITNG 0% 9% 55 %
Moprteveitng/oepevtitng 44 % 14 % 21%
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RD

Min Max

ﬂo 5

Min  Max

— 15" 85°
-_— 5 15°

Edo 5
P = 15° 65°
iy — 5° 15°

Min  Max

G — v o
Q) m— 5 15°

Ewéva 3.14: (a,f) Eixéves SE SEM oug omoies gpaivoviar avaxpvoroliowuévor kokkor geppitn (RexF) xou
Tapopoppwuévor koxkol peppity pe vro-opia (SGB) xai ora Sbo doxiua. (y,6) yéptne KAM 2™ neighbor émov paiverou
T0 AWOTEAECUO. TV FLATOPOYWDOV GTH UIKPOOOUN KOl O GYHUOTIOUOS DTTO-0piwy. Me okodpo umle paivoviair o1 0016AVTES
meplinixéc meproyéc (P). Step size: 50 nm. (g,01) t-EBSD 2™ neighbor KAM ydptec 6mov wdli paiverar o oynuotiouds opicov
LAGB (kéxxivo) kar HAGB (uadpo) kaza tnv ovaxpoordAwon. Step size: 50 nm. () katd ty uetaxivion twv diatopoydv
ONUIOVPYODVTOL YWVIOKES OTOKAIGEIS KO O10POPES TTOV TPOTAVOATOMGLO EVIOS TOV KOKKOV, Omew¢ paivetal otov IPF yaptn.

Step size: 20 nm.

31



3. 2ovoyn oro. Elnvika

Télog, 1 avéivon oto EBSD (Ewkéva 3.15a, B) £0e1&e mOAD HiKpG TOGOGTE VTOAEITOUEVOL MGTEVITI KO OTAL

0 o, ovtiot T o T 0 e LTV, YOPW OT 0.
ovo dokiuta, avtioToryo pe Ta dokipta Tov 2°° KOKAOL TEPARdTOV, YOp® oto 1 %

o, UFH

Total
Phase Fraction

I 'ron (Alpha) 0993

[ Austenite  0.007

Total

Phase Fraction
I ron (Alpha) 0.989
[ Austenite  0.011

ND

Ewcova 3.15: Xopreg EBSD ue tig paoeig tov geppity (kKOkkivo) kol tov wotevity (mpdaoivo). Ko aro dvo dokiuia, 0

TOGOGTO TOV DIOAEITOUEVOD WOTEVITH NTo TOAD Hikpd. Step size: 50 nm.

Emniong, ota dokipo CH kot UFH éywvay dokipéc epehiuopot og pukpd dokipua tomov dog-bone pe dootdoeig
48 x 12.5 mm. Ot Tég TG CLVOAIKNG EMUNKVVOTG TPEMEL VO, AVTILETOTILOVTOL LE TPOGOYT|, KABMDG TUYOV
gykieiopato pmopel vo EXNPEAGOVY ONUOVIIKG TO OTOTEAESHO. [0 KOADTEPA OMOTEAECLATO KOL Yol VO
peietnOei n avicotpomio TOL LAKOD, To SOKIL TOL EPEAKVGLOD KOTNKaAY VIO Yovies 0, 45 kot 90° o oyéon
pe ™ eopd g éraong. Ta amoteréopata avaypdoovral otov Hivaka 3.7. Onwg gatveror, ta dokipo UFH
éxovv peyodotepn UTS and ta CH doxipa katd 150 — 250 MPa eved 1 ohikn empunkvvon (TE) mapapévet
oxedov M 0. H avénuévn avtoyn ogeiletor 6To PEYOAVTEPO MOGOOTO TOV HOPTEVOITN KOl GTNV TLO
EKAETTUGUEVT LKpodoun, Onw¢ avapépbnke mponyovuévac. [apatmpeitar, eniong, 6Tt 6tav o a&ovag tov
EPEAKVOUOV glvar TapdAANAOG LE TN POopd TNG EAoNG, 1) avToyn etvat LYNAOTEPN UE TNV pKkpoTepn Opuws TE.
AvtiBétmg, oV mepinTmon mov 0 GEovag Tov peAKLGLOD PpickeTol VIO Yovia 45° amd T Eopa TG EAAcNG,
N OVTOYN HUEWDVETOL GNUAVTIKA, OUMG 1) OAIKT EMUNKVVOT| €ival 1 peyoluTepn Tov onueiddnke. O Adyog yia
TOV 07010 £Y1vay SOKIUEC EPEAKVGUOD GE SOKIHLO VIO SLOPOPETIKEG YOViEG amd TN Popd TG EAaong gival yia
va pelemOel n avicotpomioo Tov VAKOV. YynAdtepog deiktng R eivarl mpotindtepog Kot onuaivel 4tL ot
WO1OTNTEC TOV VAIKOV £Y0VV UEYaADTEPT 160TPpOTic. AvTIOETOC Yo T0 AR, HikpoTEpEg TIHEG Elvan TPOTIUNTEEC.
Yuvenmg, Ommg Qaivetar amd tov mivaka, ta dokipte UFH, extdc amd avénuévn avioyn sueoviCovv kot

KkaAOTEPT 1oTpomia amd to CH dokipua.

O Adyog v tov omoio mopatnpeitor PeAtiopévn olkudtnto oty oievbuvon tov 45° eoivetor oy
Ewova 3.16. And ovtdv tov IPF yaptn oaivetor 0Tt T0 UEYOADTEPO KAAGUO OYKOL TOL @eppitn £xel

GUYKEKPIUEVO TPOGOVOTOMGHO, O Omoiog OQeideTonl otnv £AAEWYTN OVOKPLOTAAA®GNG TOL. AVTOG O
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TPOCAVATOAIGHOC GUVADEL [ TIG To cuvnbiopéveg dlevBivoelg odicOnong Yo tn BCC doun, ot onoieg givan

o1<11 1>« <110>[30].

Iivaxag 3.7: O1 unyoavikég 101otnres twv CH rou UFH doxiuiowv, omws avtég mpoékoyay amo tig 0okiuéS epelkoouod.

CH UFH
0° 45° 90° 0° 45° 90°
YS (MPa) 453 355 347 570 520 562
UTS (MPa) 697 612 682 973 762 815
UE (%) 7.7 13.1 12.7 8 10 8.7
TE (%) 13.2 24.8 22 13.85 23.9 18
r 0.321 0.883 1.742 0.558 1.671 1.097
R 0.957 1.25
AR 0.149 -0.844

Am6 ™ Opavctoypaeio oto dokipa pe T1c vynAdtepeg UTS (Ewkoveg 3.17a, B) mapatmpeitor 6t 1 Opoavon
gtvor OAKIUN, eV VIGPYOVY EMPAVEIEG TOV avadelkvoovy Bpavon pe oyopd (Cleavage fracture) oe pikpo-
KApako. Avto eaiveton amd v vapén ondv (OAKUN Opoavon) kot Asimv enpaveldv amd omdcyior. Ot omég
OVTIGTOLYOVV GE KOKKOLG Qeppitn Kot To uéyebog tovg eaptdror and 1o péyebog tov geppitn. Ot oméc 010
UFH doxipo ival pkpotepec, mpdyno mov emPefordvel Kot v eKAETTUVGT TOV QPEPPITN GTO &V AOY®
doxipto. To 1010 oyvEeL KO Y100 TIC EMPAVELES ATOCKIONG, Ol OTTOIEC EREVI{OVTOL GTO, GNUELN TTOV LILAPYOVY

ynoideg popTevair.

33



3. 2ovoyn oro. Elnvika

% Boundaries: Rotation Angle

Min  Max Fraction Number

Length

W 15° 627994° 0451
5 15° 0.242

129527 374 mm

2.00 mm

Eixova 3.16: IPF ydptnc tov UFH dokipiov otov omoio poivetal 0 Ipooavotoliouog twv kokkwy. Daivetar 0ti 01 kOKKO1

TOV PEPPITI EYOVY CVYKEKPIUEVO TEPOTAVOTOLGUO, O OTTOL0G EENYEL TNV QVENUEV OAKIUOTHTO OTOY O EPEAKVOLOG YIVETOL DTTO

ywvia 45° omd ™) popd ¢ éaong. Step size: 50 nm.

Opm

Eiwxova 3.17: Opovoroypopies ato SEM omov waparnpeitar orxyun Opadon kai yio ta 000 dokiua ue T OnuIovpyio. 0mev

KOl O€ UIKPO TOGOCTO ETLPOVEIDY ATOTYIOHG.
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3.5. Xvlnmnon Tov arotEAEGUATOV

3.5.1. Zynuaricuos Mapreveity

Y& 00, Ta, Sokipa To ool peAeTHONKOV TO TPOTOV TNG Papnc mov anavtnOnke ce peyarvtepo Pabud ftav o
paptevoitne. Avto eényeitoan evkola and to CCT dwypappa g Ewkovag 3.4, otnv onoia @aiveton 6Tt Yo
pLOLOVG YOENG peyorlvtepovg amd 100 °C/s 1 kapumbAn dev TEPVAEL OO TV UTOVITIKTY TEPLOYN, GAAG HOVO
téuver v Ms Beppokpacio. To péyebog tmv felovav tov papteveit egaptdrol amd to péyebog Tov KOKKOL
ToV TPATEPOL WoTeViTN. EmmAéoy, kabdg o papteveitg eivarl Tpoidv g ypiyopns woéng tov wotevit, 1

ANUKN TOL cVoTacn e€apTdTot Kot oVt amd T YUK cVUGTAGT TOV TPOTEPOV MOTEVITY).

3.5.2. Xnuixn Xvoraon llpotepov Lorevity

Onwg mapatnpndnke, n evTpwon tov wotevitn umopei va cvuPei og dvo onueio. Kat’ apyds, n evtpwon
Eexvaet oTig dtemipdveteg o/, dnAadT| 6TIg SIEMPAVELEG TOL QEPPITN LE TOV ASLIAVTO GEUEVTITN OV Ppébnie
OT0 TEPLGGOTEPQ DOKIULL. XE AVTN TNV TEPITTMAN, 1| KIVNTHPLOG SUVOUT Eival 1) SPOPA TG TEPLEKTIKOTNTOS
oe GvOpaka Kot O PETACYNUATIOUOS GUVOOEVETOL ad EUTAOVTIGUO TOV Qeppitn oe avBpaka. Avtodg o
EUTAOLTICUOC GLUPaIVEL TOTTIKA ETTELON O XPOVOG Yo TN dudyvon Tov avOpaka gival Teplopicuévos. ‘Etot, 0mmg
éyxel vmootnpi&er ot dorpiPfn g n Mmovlodvn [26], ko Odmwg ¢aiveton otig Ewkoveg 3.17a-8, yia
CQUIPOTOUNUEVOVG KOKKOVG GEUEVTITI] UIKPOV UEYEBOLG, 1 TTEPLOYN YOP® OO TOV GOUPOTOINUEVO KOKKO
enpavifel PAOUmon otV TEPLEKTIKOTNTO TOV AvOpaka KoL TOV Hoyyoviov, EVved GTolygio OTMS TO YXPDOULO Kot
7o HOAVPOEVIO dlapopilovTal 6N SlEMPAVELD TOV GEUEVTITN UE TOV PePPiTN. T GUYKEKPLUEVO, SLOYPALLLOTOL
&yovv oyedaotel yo T obvotaon v dokiwiov CH kor UFH. T to dokipio pe ovotaon 42CrMod 7
42CrMn6, n KMudKkmon ot OVOUEVETOL O EVTOVY], AOY® TOV WEYUADTEPOV TOCOGTOL GVOpaKe Kot
payyoviov. Eniong, avtdg o dapopiopds ypopiov kot poivPosviov ota dpla tov cepevtitn kabvotepel
draAvtomoinon tov [26]. Apa, KTl TET010 cLpPaivel kot oTo dokipa Tov pedethOnkayv o ot ™ dTplPiy,

ekToc Tov dokipiov C45, 610 0moio 1) TEPLEKTIKOTNTO GE OVTE T GTOLYELD ElVaL OPKETH LKPOTEP.
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Ewova 3.17: Moypdupata oto oroia paivetor  uetofors e mepiextixotyrag tov (@) C, (B) Cr, (y) Mn ko (6) Mo otov
peppiTy (o) o€ oYéoN e TNV OTOTTAON OTTO TO oPaipiolo Tov oeuevtity (8). Hopotnpeitar 0ti yia Tov AvOpoko. kot To Layyavio
VITAPYEL KAUGKWON OTHYV TEPIEKTIKOTHTA TOVG OTOV YEPPITH EVOD TO YPWOULO KOI TO [OAvPoEVIO drapopilovial mavw otn

diempaveio. To Owaypduuoto onuovpyinkoay ue ™ ypion tov loyiowkod mpocouoiwons DICTRA [26]. XZvoraon
dorxuicov CH, CALH, UFH.

Ao v GAAY, PBpébnke 6TL 1 PUTPmON TOoL ®otevitn cvuPaivel kol ota Opla PETAED dVo N TPLOV KOKK®V
peppitn, YOPIg KATOW TUPOTANGLO LTOPAVOUEVT TNy GvBpaka (cgpevtitn). Xe aut TNV TEPINT®ON, O
wotevitng mov dnuovpyeitor dev gpmiovtiletaol 6e GvOpake Kol 0 CYNUOTICHOS TOV OQEileTal GTOV
S10pOPIG O TOL AvOpaKa GTO OPLa TOV KOKK®V. ZVVETMGS, 0T Beplokpacio ovOmTnong ovapévovTol dVo THTToL
TPOTEPOL WOTEVITY, £vag TAoVG10G o€ avBpaka (Al) kot 0 GALOG pe TePLOoPIGUEVO TOG0aTO AvOpaka (A2). Ot
GVLOTAGELG QVTOV TOV TOUTMV OOTEVITH VIToAoyioTnKav pe T xpnon tov DICTRA [26] kot avaypdaeovtot 6Tov
Hivaxa 3.8.
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ITivaxag 3.8: O1 wepiextikotnres tov gumlovtiouévov oe avlpaxa watevity (A1) kor tov prwyod o avlpaxa warevity

(A2), 6mw¢ avtég vroloyiotnroy ue ™ yxpron tov loyioukod DICTRA [26].

[Teprextikdmro TpdTEPOL

Cr Mn Mo

wotevit (% x.p.)
Al 0.24 0.18 2.77 0.18
A2 0.18 0.19 3.25 0.17

Mo v emPePainon ovTOV TOV OTOTELEGUATOV TNG Tpocopoimong £yve yprion Tov EDS oto TEM. Onwg
eaivetar oty Ewova 3.18, n mepiekticodtnta tov poyyoviov (Lof) peidvetal 660 av&avetat 1 amdoTacT omd
TOV GQOLPOTOINUEVO GEUEVTITN, eV TO YpoOUo (Kitpvo) gaivetar va drapopiletar otn dempdveln, Om®S
npoPrépdnke oo to DICTRA [26].

1 50 nm

Eiwxova 3.18: I'poyyursy ynuuxh avélvon EDS aro STEM oty omoia emifefaimveror 5 kAudrwon otny meplektikdtyTa tov
LOyyaviov oTov QepPIT 060 QVEAVETOL | OTOCTO0N OT0 TOV GEUEVTITH KoL O OlOQPOPIoUOS aTh JlEmpaveLa o/0. Aokiuio
UFH.

YV mepintoon mov €xel yivel TANPNG SwwAvtonoinon tov cepevtitn (dokipe 42CrMo4, C45), avty n
€TEPOYEVELN OQEIAETAL OTIV EAAELYT YPOVOV Y10, OLLOYEVOTOINGN TG oVGTACNG, 1| 0Toila GLpPaivel aEoD £xel

Eemepaotel ) Oeprokpocion Acz 1] VOTEPH OO TO TEPAG GVYKEKPLUEVOL ¥pOVOL oTr| Beppokpacio ovOTTnonC.

37



3. 2ovoyn oro. Elnvika

3.5.3. Zynuaticuocs umorvity

Onwg avaeépbnke, Ppédnkav evdei&elg yio v dmapén provitn 6ta SOKIHe 0TI EPYACTNPLOKNG KAILOKOG
doKpég, evad ) vapén Tov Tapatnpnnke péom tov TEM ota Bropnyaviknig kiipokag doxkipa. H dmapén tov
OQEILETONL OTNV ETEPOYEVELN TOV TPOTEPOL MGTEVITY G TPOG T1) GVGTAGT]. ZVYKEKPLUEVD, O TPOTEPOS MGTEVITNG
oV oyNpatioNKe HeTa&d KOKK®V Qeppitn Kot etvar pTmyd¢ oe dvBpaKka evvoel TOV GYNUATICUO TOL paLvith).
Avt6 cupfaivel 01011, 6mwg eaivetan oto Sdypappa CCT e Eikévag 3.5, 660 peidvetot 1 mepekTIKOTNTO
TOoV AvOpaKe GTOV TPOTEPO MGTEVITN, TOGO Ol UMAIVITIKEG TEPLOYES UETATOMILOVTIOL TPOG TO, UPLGTEPE TOL

S0y PAUIATOG KO TOGO T10 VO €ivat 0 GYNUATICUOC TOV Umanvitn yio Toyhtepovg puipovg yoéne.

3.5.4. Ymoiaimouevog wotevitig

Onwg mapoatnphdnke, eivar duvotdv va voAeinetal o wotevitng o€ tpeic mbavéig meputtooelc. [lpmtov, o
TEPLOYES KOVTO GTOV OOIAVTO GEUEVTITN, OTOL O TPOTEPOC MOTEVITNG £lvol GPKETA EUTAOVTIGUEVOS OF
avOpaka kot poyyavio [26] N TTOON TOV TGOV TOV OEPLOKPACIOV UETAGYNUATICHUOD TOV HOPTEVCITN UTOPE]
va 00Ny oEl 610 va vroieinetan 0 wotevitng og Beppoxpacia mepPdirovioc. Avtd eaivetar otnv Ewkova
3.19, ywo 1o dokipo UFH. Xtov ovykekpipuévo 1Q yéptn tov EBSD ¢aiveton pe mpdowo ypodpo o
vroiewmdpevog wotevitne. Paiveton 61t Pploketar oe mePloyEg YOPNANG TOWOTNTAG OV OVTIGTOL(OVV GTIg

TEPATIKEG TEPLOYES, O1 OTOLES EUPAVILOVTOL PE PLOPO YPDLLLL..

Phase Fraction Fraction
[ Austenite  0.011 0.011 NDI
RD,

Boundaries: Axis Angle
Label Plane Normal Direction  Angle Tolerance Phase
| 112 142 90° 5° Iron (Alpha)

Ewcova 3.19: 1Q yaptns oro EBSD ue evowuorwuévny t pdon tov wotevity (mpaoivo). Me umhe ypaua Exer mpootebei n
oyéon K-S uetalv peppitn kxou wotevity. O vmoleimouevos warevitng Ppioketar oe mepioyes youniov 1Q, o1 omoieg

AVTIaTOLYOVV 0€ 0010AvTeS amolkies mepAity. Aokiuio UFH. Step size: 50 nm.
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AgdTepoV, KOTA TOV GYNUATICUO TOL UTTOViTY, 01 TEPLOYEG LETAED TV TAOKIYIOV epmiovtilovtal o€ avOpaia
pHécm ddryvons. Adym g oxeTikd vYMANg Beprokpaciog Tov Yivetal 0 GYNUATIGHOS TOV UTOViTH, VITEPYEL N
dwbéoiun evépyela yoo va emtevyBel dibyvon tov dvBpaka oe UIKPES AMOGTAGELS. XVVETMG, WUEPOS TOV
avBpaka Ba Sapopiotel oTa Opla TV TAAKIWI®OV, evd To vIOAoumo Ba kKatakpnuvietel, oynuotilovtog
TapdAnio copatiot cepevtitn. Xvvenmg, Adym peioons g Ms ota Opla Tov TAaKioy, Aoym VYNNG
TEPLEKTIKOTNTOG 6€ GvOpaKa, givatl SuvoTd VO VTOAEITETOL O WOTEVITNG GE HOPPT AETTOV VUEVIOV (QIAW)

(Ewoveg 3.9a, B).

H 1pit mepintwon omyv omnoio mopatnpndnke o vmoiewmdpevog motevitng eivor peta&d tov Pehdvov
noptevoitm (Ewove 3.10a). Avtd ogeiletan emiong otnv vynin meplektikdOmTo. 68 GvOpoka, 1 omoio

eNPaviCETOL GTOV KOKKO TOV TPOTEPOL MGTEVITN KATA T SIGPKELN TOV GYNUATIOCUOV TV PEAOVOV LAPTEVGITN.

3.5.5. E&&ién tov ueyéfouvg K6KKov TOV KUPIOY QAGEMY THS HIKPOOOUNS

Ocov agpopd 610 UEYEDOG KOKKOV, YEVIKMOG Tapatnpnnke 0Tt Ta dokipa, 6ta omoia dev £xel OLOKANPwOEL N
oAV TOTOINGN TOL GEUEVTITN £XOVV TLO AETTOUEPT UIKPOSOUT. AVTO OPEIAETAL GTO YEYOVOG OTL O AOIAAVTOC
CEUEVTITNG WTOPEL VO TOPEUTOSIGEL TN LETAKIVION TOV 0Ppi®V TOL WGTEVITN KOTA TNV avATTUEN TOL HEGM TNG
aykioTpmong tov opiav kOkkov (pawvouévo pinning effect). Zoupova pe avtd, yio vo domepdost 1o 6pio éva
KkapPidlo N éva copatidlo cepevtitn, amotteiton peydAo mocd evépyelag, To onoio Opmg dev eivar dabéapo.
[Ma avtdv Tov AdY0 TOpaTPovVTOL KPOT KOKKOL AVALEGH GTO COUATIONN COOIPOTOUNEVOV GEUEVTITN, OTMG
omv Ewodva 3.20. Xe avtég T1g ekdveg and 1o TEM oaivetar 1 drapopd HETAED Tov peyéfoug Tov KOKK®V
ov Ppickoviol 6To eVOIANECO TOV COUIPOIMV GEPEVTITN Kol TOV KOKK®V oV Ogv enmpealovial amd Ta

adtdAvta kapPidta.
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Ewova 3.20: H aykictpwon mov mpokalodv ta opoipiota adidivtov ceuevtity (SC) oty avartoln twv kéxkwv 0onysi oe

exAémrovon g purpodouns. Adoxiuio UFH.

H exiéntuvon tov kdkkov Tov TPOTEPOL MOTEVITN £XEl TPIOL GMUOVTIIKE TPOTEPNLATO GYETIKE LE TN
pKpodoun Kot Tig Wdtnteg Tov VAKoV. [pdtov, 6mms eaivetar and to duypoppo CCT (Ewéva 3.21), 1o
onoio oyedidotnke [14-16] ywo pio cuykekplpévn ynukn ovotaon Kot Yoo petofAntd peyébn mpodtepov
®OCTEVITN, N UTOWVITIKY TEpoyn ennpedleton omd 10 péyebog Tov TPOTEPOL MGTEVITN. AVOALTIKOTEPA, OGO
UIKPOTEPOG EIVAL O TPOTEPOG MOTEVITNG TOGO TO OPLOTEPE GTO SLAYPOUUO LETATOTILETOL 1] UWTALLVITIKT TTEPLOYN.
Av16 onpaivel kot TaAL TG givatl SLVVATOG O UTAVITIKOG LETACYNUATIOUOS Y10 YPIYOpPOLG puluovg yHéng, ot

KOKKOVG TPOTEPOL MGTEVITN TTOV £YOVV APKETA UIKPO uéyebog.
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600
550 Bs

Temperature (°C)

1 10 100
Time (s)

Eiwxova 3.21: Aigypouuo. CCT 1o omoio oyedidornke [14-16] yio ) ynuiki ovotaon tov doKyuiov Kol 6To 0Toio paiveTaL
emiopaon tov ueyéBovg KOKkkov (O1GUETPOS) TOV TPOTEPOL WOTEVITH GTOV GYHUOTIOUO TOV UTOIVITH KOTA TN Bogn yia

ovykekpyévy avotaon. Aoxiuio UFH.

Agbtepov, 1 EKAETTUVOT) TOV KOKK®V TOV TPOTEPOL MGTEVITI GUUPBAAAEL TNV 1GOTPOTIO TOV 1O1OTHTM®V TOV
VAKOD. ZVYKEKPIUEVA, LKPOTEPOL KOKKOL TPOTEPOV MGTEVITN LETOPPALETOL O LIKPOTEPO TOKETA LOPTEVSITT).
Avtd ta TokéTa yopakmmpilovrol amd PeAOvEG LopTEVGITN TOV £XOLV TOV 1010 1| TAPOUOIO TPOGAVUTOAMGLO.
Ortav to woKkéTo eivol pKpOTEPO KOl CUVETMG TEPLGCOTEPT, Ol EUPOVILOUEVOL TPOGAVATOAIGHOL Oa. givar
TEPLGCOTEPOL KO OV B0l £Y0VV KATO GLYKEKPIUEVT] d1EHOVVOT), LELDVOVTOG GUVETMG TNV OVICOTPOTIO, TOV
VAoV, Avtd gaivetar oto UFH doxipto, to omoio éxetl peyaivtepo deiktn R kat pikpdtepo uéyebog mpdtepov
wotevitn (ITivakag 3.7). TELog, 1 EKAERTUVOT TOV KOKK®V TOV TPOTEPOL MGTEVITN 00NYEL GE EKAETTLUVGT TV
Belovav papTeVeitn TG TEAKNG KPOJOUNGE, OTTMG Topatnpnonke yio OAao to dokipta. Avtd cvuPaivel 101t
N eUTPOT TV feElovav poaptevoitn EeKiva amd o, dplo. KOKKOV Tov TpdTeEPOL matevitn [27] kot 1 avamtuén

TOVG dEV UTOPEL VO GLVEXLOTEL TEPX 0T TOL OPLAL TOV KOKKOL.

Eniong, mapatnpnbnke 611 10 dokipio C45, 1o omoio éyxel pikpd mocootd e Mn, Mo ko Cr, €yetl peyardtepo
péco péyeboc kokikov and to dokipo 42CrMo4, mopd v 6o apyikn pkpodoun Kot Bepuikn Kotepyoasio.
Av16 MBavOG 0PeileTal GTOV S1APOPICUO AVTAV TOV GTOXEIMV GTN JIETUPAVELX TOL GELEVTITI LLE TOV PEPPITN,
omwg eavnke amd 1o DICTRA (Ewova 3.17). Katd avtov tov tpodmo, kobvotepel 1 dolvtonoinon tov
ogpevtitn péow tov eavopévov solute drag effect [28]. T avtdv Tov Adyo, 1 SroAvToTOINGT TOV GEUEVTITN

070 dokipio C45 etvar mo ypiyopn kot 1 avanTuén TV KOKK®OV TOV CTEVITN O EKTEVIG.

3.5.6. Avakxpveraliwen Tov peppity

Onwg vrodeikviovy kot to, evpiuata tov Cerda [29], ypriyopor puBuoi 0ppaveng avactéAdovy Ty Evapén

™G dlepyaciog TG AVaKPUOTAAAWOONG, 1| 0TTolo TPUYHATOTOLEiTAL GE VYNAOTEPEC Depuokpacies. Xvvenmg,
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ot N depyacio pumopel vo cupfaivel TapdAinia pe T Siepyacio TG MOTEVITOTOINGNG Kot €V TEAEL, OTOV 1
avOTTNOT YIVETOL OTN OLPUCIKY TEPLOYT, 1| AVAKPVOTAAA®OT TOV Peppitn Oev €xel oAokAnpwbel. I'a avtdv
Tov AOyo Ppébnke mapapopeopévog eeppitng oto. CH kon UFH doxipe, evo oto CALH dokipo m
avaKkpLoTAAAoT £xel oAokANpmBel. H dtopopd oto kAdopa dykov Tov avaKpusTarA@pEVoL eppitn pLetaly

TV 300 TPOTO®V dOKIUimV, oPeileTal 6T LEYAAN dtopopd Tov puBuov BEppavong.

3.5.7. Emiopacn tis HIKPOOOUNS GTIS UNYAVIKES 1010THTES

Ot unyaviKég 1010TNTEG OTMG TPOEKLY AV OO TIG SOKIUEG EPEAKVGLOD GTO, SOKILLO TNG 31)G OEIPAG TEPAUATOV
aQOPOVCaY TN HEYIOTN EPEAKLGTIKY OVTOYT, TO Oplo dloppong kot v oAkuotnta. [Hopoatmpndnike ot n
EKAETTUVON TNG TEAMKNG WIKPOSOUNG GLUPAAAEL oV avENoM TG OVTOYNG TOV LAIKOV, YWOPIiG OUMOC VO
pewdverar n oakpdéto. H avénon g avioyne avt (Iivakag 3.7), uekemOnke oto dokipio UFH mov éyet
7o AEmTOUEPT pikpodoun kat eppavilet vyniotepn UTS, evd n TE mapoapéver idwo pe to CH dokipo. Xtnv
avénuévn avtoy oVUPEAAEL ETIONG TO GYETIKA UEYOADTEPO TOCOGTO TOV LOPTEVGITI) GTO GUYKEKPLUEVO
dokipo (UFH). TTapatmpndnke exiong 6tt 6tov 0 dEovag Tov eQeAKLOUOD gival VIO Yovio 45° amd ™ eopd
mg éhaong, N TE avédvetal onuovtikd o¢ omoTéAEGUO TOV KPUGTOAAOYPOAPIKOD TPOGHVUTOAMGHOD TOV
eeppit. [Mapatnpndnke (Ewkova 3.16) 611 o1 kOKKOL PePPiTn £XOVV GUYKEKPIUEVO TPOCAVUTOAMGO TOV
cUVadEL pE TIC o cvvnOiopéveg d1evBiveels odicOnong yia Ty BCC dopn, ot omoieg sivar o1 <11 1> kau
<11 0> [30]. Avto onuaivetl 6tL to dtdvouopa Burgers yio avtég tig dievbiveelg eivar TapdAinio otn @opd
TOV EPEAKVOLOV, GTAV 0VTOG EQAPUOLETAL VIO Yovia 45° ®g TPOG TN PoPA TNG EAAONS. ZVVETMDC, TAPOTNPEITAL
Bedtioomn TG OAKILOTNTOG TOV VAIKOD G€ auTh TN 61e0BLVGT). ZVVOAMKA TPOKVTTEL OTL [UE TNV EPAPUOYT] TOV

UFH, emruyydvetar onpavtikny avénomn g UTS evd mopdiinia dtatnpeitor  TE ota idwo eminedo.

Ocov agpopd oT1g oKANpopeTpnoels, Topatnpeital 0Tt to CH dokipo xet petmpévn oxkAnpdtnta o€ oyéon e
10 apykd VAo kot to UFH. Avtd opeiletor 610 peydAo T060oTd TOL 0vaKpLGTOAA®UEVOL peppitn oto CH

doxipo. Amd v dAAn, n oxAnpotnta tov UFH opeiletatl 6to vynAdtepo T0GOGTO TOV HOPTEVSITH KOl GTNV

VYNAN TAPOUOPPDCT] TOL PEPPITT.

3.6. Xvumepdopato

H mapovca dwatpin éxel og oxomd va e&nynoet v e£€MEN g pikpodoun|g, 1 onoio divel T duvatdTnTa
eAEYYOL BEPIKDV KAUTEPYUSIDV KOl TOV GYESIOGUO VEDV TOTT®V YOAvPa mov pmopovv va Bewpnbovv wg 3™
vevidg AHSS, 6nwg ot ydivPec TRIP koaw Q&P mov ypnoyorotovvron onpepa. H épevva evidooetal oe pia
oUYYPOVI TOYKOGHLO EMIGTNUOVIKY TAGT OV OPOPA OTN UEAETN TNG CLVOAIKNG EMIOPAONG TOV TAYIOTOV
Oepuikdv  katepyaold®v, VTG OOPOPETIKA TPioUATe, OTOG 1  KOTOVONGCT TOV  (QUIVOUEVOV  TNG
OVOKPLGTAAAWDGTG, TNG OAVTOTOINGNG Kol KATaKpNUviong KopPidiov, Kot 1 mwapaywyn tonwov xaivpa yo

v avtokvnTofrounyovia, 6mmg ot Q&P.

o To amoteréopota NG TPEYOVOAG UEAETNG OQPOPOVV GTOVG UNYOVICUOVG HETOCYNLOTIGULOD OV
TOPOTNPOVVTAL KATH TO OTAd0 TG avabépuavong, Otav ovtn yivetolr poaydain, Kol GTOVC

EMOKOAOVOOVG  UETACYNUATIOUOVE QACEDV KOTA T Pogn, HECH TEYVIKOV YOUPOUKTNPIGHOD.
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YuyKekpyéva, JdlepevviOnNKoV ol JPOPETIKEG TTapduetpol g Oepukng xotepyoasiog emi Tng
UIKPOSOUNG TOL 001 YOUV GTOV TAVTOYPOVO GYNUOTICUO LOPTEVGITN Ko UToIvitn), Kot T dtoTpnon
TOV MOTEVITN KOl GUVETDS G€ PEATIOTEG UNYOVIKES IOLOTITEG.

H dweAvtonoinon tov ogpevtity eEaptdtor amd v tpocshnkn xpopiov Adym g enidpacng ‘solute
drag’, kabmg dropopileTol oTig SEMPAVELES 0/0. TNV TEPITTOOT TOL 1] TEPIEKTIKOTNTA GE YPDULO
glvar younAdtepn, 1n OALTOTOINGT TOV GEUEVTITN €lval TayVTEPT KOl EMTUYYAVETOL KOAVTEPN
OLOYEVOTIOINGT TNG YNUIKNG cvoTaong g pikpodoune. [apdAinia, to poyydavio kot o dvOpakag
dwpopilovtar ota Oplo PETOED TEPAMTN/Qeppitn KOl QEPPITN/QePPitn KOl TPOGPEPOVY TNV
OTOLTOOLEVT] OEPUOSVVOLIKT KIVIITAPLO SVVOUN Y10 TV TUPHVAOCT] TOV OCTEVITN. TN SoAvToToinon
TOV oguevTitn cvuPdaidiel emiong n péylotn Beppokpacio avomTNone, N omoic  £xEL 1GYXVPOTEPY
enidpacn amd Tov pubud Bépuavong. O cEAPOTOINUEVOG GELEVTITNG EITE TPOEPYETOL OO TNV APYLKN
piKpodoun M oynuotiotnke xotd v ovabépuavon, eivor evepyslakd otobepdg Kot Pmopel va
dlumpnBel oV TeEMKN) ikpodour. Avtd dnuovpysl pio KMUOK®OGT TNG TEPLEKTIKOTNTOS TOV
vBpaka o€ P aKTiva yop® oo TO GOUATION0 TOV CEUEVTITY.

H pukpodopn enmpedletat eniong amd Tnv auénuévn Topapdpemo Tov eeppitr, Kabmg ot dtaTapoyég
Agrtovpyodv ¢ dlavAiot yuo T ypryopn otdyvorn tov dvBpoka kot Ba Agttovpyncovv g Bécelg
ETEPOYEVOVS TUPNVMOCNG TOL OGTEVITN. G TPOG TOV PEPPITN, Ol UNYOVIGHOL TNG ETOVAPOPAS Kot
OVOKPLOTAAMWOONG TOL petatomilovior o€ vynAotepeg Oeppokpacieg Kol o€ kdmolo onueio,
OAANAOETIKAADTTOVTIOL [IE TOV UNYOVIGUO TNG WOTEVITOTOINGNG, 0tav gpapudlovial vynioi pvbuoi
0épuovong. Emopévag, o un avakpuoToAAOUEVOC QPEPPITNG GLVLTAPYEL OTN WIKPOOOUN HE TOV
avaKpLOTOAMOUEVO @eppitn. To KAGGUO OYKOVL TOL PN OVOKPLGTOAA®UEVOL @eppitn e&optdrTal
OTOKAEIOTIKA amd 10 pLOUO Oépuavonc. To vynAd KAGGHO PN AVOKPUGTOAAMUEVOL QeEPPITN
emnpedlEel TOV KPUGTUALOYPOPIKO 16TO TOV VAIKOV. OtV TO KAAGLE TOV 0VOKPVGTUAADUEVOL OEPPITN
elvar apkeTd YaumAod, o 16TO¢ gival TOAD TAPOUOLOG UE EKEIVOV TOV OPYIKOD VAIKOD Kot ennpedlet
EVTOVA TIG UINYOVIKEC IOIOTNTEG KO TNV 10OTPOTI0 TV 1G10THTMV TOV VAIKOD.

H nupfivoon kot n ynukn cdotacn tov ootevitn e€aptdtol o€ peydro Pabud amd tovg puiuovg
Béppavong. O wotevitng puTpdvel Otav To VAKO eOdcel T Beprokpacio Acl katd mpotipnon oe
TEPLOYES OOV VIAPYEL OPKETN SOPOPA GTNV TTEplekTIKOTNTA o8 dvBpaka. TEtoleg BEoelg etvan kupimg
01 JEMPAVELEG PETAED PeEPPITN KO TAUKOELDN 1) COUIPOTOUNLEVOV GEUEVTITN, Kol SEVTEPEVOVIMG Ol
dTapayéc N ta opla peppitn/eeppitn. H muprveoon tov wotevitn Ba yivel apyucd otig mpadteg Béceig
Kol ot ovvéxeln Bo Eekvnoel otig emdueveg Béoeic. Q¢ ek tovTov, B GYNUATIGTOVY 000 THTOL
®GCTEVITN, AVTOL [LE VYNAT TEPLEKTIKOTNTO GE AVOpPOKO, GE LWKPN GTOGTOCT] OO TOV GEUEVTITN, Kot
EKEIVOL g YOUMAOTEPN TTEPLEKTIKOTNTO GE AVOPAKD, CYNUOTICUEVOL OTI SIETMLPAVEIEG PEPPITN KoL GE
dwtapayéc. H avamtoén tov wotevitn 0o mapepmodiotel Ady® tov tdyiotov puiudy Béppovong Kot
AMOY® ™G mopovsiog adGAVTOV CEUEVTITN. XTNV WEPITTOON TOL O GEUEVTITNG &ivol TANPOC
LAV TOTOINUEVOS, 01 KOKKOL 0oTevitn Oa avénbolv meptocdtepo og uéyeboc, kabmg n avamtuén Toug
0o e&aptnOel povo and tov pudud Bépuavonc. Xe avtibeon pe v cvpPatikn Oepikn katepyooia, N

ETEPOYEVELN TNG YNUKNG 6VOTOONG SloTNPEiTOL Kot TO HEYENOg TV KOKK®V MOTEVITN UEIDVETAL.
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H ovotoon kor 1o péyebog tov wotevitn emmpedlel to mpoidvia g Poaenc. O papteveitng
oynpoatileTon Katd ) o og Oeprokpacio SOUATION 0md TOV EUTAOVTIGHEVO GE AVOPOKO MGTEVITY.
O oynuatiopds TOL UTOLVITN TPAYUATOTOLEITOL LE TOVG 1310VE pLOLOVG YOENG 6TOV PTY GE AvBpaa
wotevitn. H mopovsio tov prowvitn enifePoarmdvetor amd v avaivon oto, SEM, EBSD kow TEM.
YTOAEMOUEVOG MGTEVITNG G VUEVIO ELPUVILETOL EMTiONG OTIG TEPLOYESG TAOVGIEG GE AvOpaKa AOY® TNG
TomIKNG peimong g Beppoxpaciog Ms.

Ov pikpodopég mov mpokvtovy amd UFH upmopel cuvendg vo amotelodvion omd UapTeEVGiTN,
VTOAEMOUEVO OOTEVITY, UTOVITT, PEPPITN KO AOIAAVTO GEUEVTITN, KO EIVOIL TOPOUOIEG IE AVTES TTOV
cuvaviovior 6tovg [ponypévoug XdivBes Yyning Avroyng 3™ yevids. Katd  didpkeia tov
OOKIUMV EPEAKVOUOV, TO VMKO TOPOLGIOcE TOAD KOAY ovaAoyio avtoyng Kot OAKUOTNTHS OF
oLYKpLoN He Tovg cupfotikong ydAvPeg pe 1o d10 KAdopo Odykov paptevoitn. H avroyn kot n
OKANPOTNTO TOL VAIKOD 0modidoviol GTOV HOPTEVOITH, VO 1 KOAN OAKILOTNTO OmOdIdETOl GTOV
VTOAEMOUEVO MGTEVITI), TOV UITOLViTH Kot ToV eppitn. 261060, AOY® TOV KPUGTOALOYPAPLKOD 1GTOV,
OVTEG O1 1010TNTEG dgv eppavilovy 16otpomia, mepropiloviag €Tt Tig MBAVES EPAPUOYES EVOG TETOLOV
yoAvBa. H Opavon eivar OAkiun o¢ eni to mhgiotov, evd mapatnpndnikay Alyec emedveieg Opadong pe

amOCYLoN.

H UFH omotekel plo evolapépovoa evarloktiky otig pefoddovg péEcH TV Omoimv EMOUOKETOL M

BeitioTomoinon Tov TOm®VY YdAvPa ¢ avtokivnToflopnyaviag oAAd Kot TOTOV YOAVP Yio GANES EQUPLOYES

O6mov amortovvtal VYNAEG avtoyéc. H mAnpng e€fynon tov unyoviciu®y HETOCYNUOTIGUOD KT To GTAdL0

0épuovong kot yoéng otav gpappdlovtar moAd vyniol puduoi, énwe TPOKHTTEL Amd TNV TAPOVGH dSoTPIPn,

divel N duvaTdTNTA EAEYYOL KATEPYOSIDV QLTOL TOV €I60VG KOl TOV GYESOGUO VEDV KPOUATOV. ZvuPaiAct,

emopévag, ot Peitioon g pebddov UFH dote vo xotaotel edkvotikny kot aflomomoiun oty

avTtokwvntoflopnyavic.

3.7.
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4.Abstract

4. Abstract

This thesis aims to offer a detailed understanding of the transformation phenomena that occur when high
heating rates are applied to automotive steel grades. It is focused on the evolution of the microstructure through
the heating and cooling stages of the thermal treatment. By comprehending these phenomena, Ultra-Fast
Heating treatments are better controlled with the purpose to improve existing grades and design new ones.
Such grades can be incorporated into the current 3rd Generation Advanced High Strength Steels that consist
of similar microstructures and exhibit desired mechanical properties. To that end, the effect of the heating rate
is studied, using characterization techniques, on the cementite spheroidization and dissolution, the
recrystallization of ferrite, and the nucleation and growth of austenite, which eventually lead to the formation
of bainite and martensite, and the retainment of austenite upon quenching.

To better analyze these mechanisms, three different approaches were made. On the first approach, the goal is
to study the effect of the chemical composition, initial microstructure, heating rate, heating time, and soaking
time on the microstructure when high heating rates are applied in laboratory-scale samples. The purpose of
these experiments is to determine the optimal sample and treatment parameters that will lead to the desired
microstructures. Therefore, three different automotive steel grades are used that undergo different UFH
treatments on a laboratory scale, and their microstructures are characterized. The results of these experiments
set the stepping stone for the second approach, in which, an ultra-fast heating cycle was studied on industry-
scale samples with the scope to determine whether such treatments can be applied in the industry. The
compositions and thermal treatments are chosen for this set according to the results of the laboratory-scale
experiments. The final approach's scope is to check whether such heat treatments can replace currently used
conventional steel grades. To that end, high heating rates were applied on commercial steel grades and the

microstructure and properties were compared to the conventional ones.

The first approach (Chapter 8.1) comprises a set of three different experiments. Its purpose is to study small-
sized samples to comprehend the effect of the parameters mentioned above better. The heat treatments are
conducted with the use of dilatometers. Three different automotive grades with medium carbon content were
studied, the C45, 42CrMo4, and 42CrMn6. Also, the initial microstructure would consist either of ferrite and
pearlite or ferrite and spheroidized cementite. The heating treatments consist of high heating rates (300 °C/s),
up to the peak temperature (900-1080 °C), and either short (2 s) or long (300 s) soaking times followed by
guenching. For comparison reasons, conventional heating treatments (10 °C/s heating rate) were also studied.
The analysis of the microstructure took place with the use of electron microscopy techniques, such as
Secondary Electron Microscopy (SEM), Transmission Electron Microscopy (TEM), and Electron BackScatter
Diffraction (EBSD). The characterization is focused on the microstructural constituents and their grain size.
Simulation software is also used for analyzing the size and composition of the Parent Austenite Grains (PAGS).
It is found that the dissolution of cementite is impeded to a large extent, depending on its initial shape and size.
This undissolved cementite leads to the refinement of the parent austenite grains and heterogeneity in its

chemical composition, creating gradients in the carbon content. These gradients can lead to the formation of
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bainite and retained austenite in the final microstructure, as has been indicated. Also, alloying elements, such
as chromium and molybdenum, impede cementite dissolution through the solute drag effect. From these

results, the optimal parameters were chosen for the second set of experiments on industrial scale samples.

With the optimal parameters determined, high heating rates were applied (Chapter 8.2) on large-scale hollow
tube samples, similar to those used in the industry, using a pilot setup designed by the supervisor. This approach
aims to study whether such treatments are viable in a production line. The chosen composition is that of the
42CrMod4, with ferrite-pearlite initial microstructure. The heating rate used is 100 °C/s, up to the annealing
temperature of 930 °C followed by subsequent quenching in water. The formation of lower bainite alongside
the retainment of austenite films found in the dilatometry samples is now confirmed with the TEM. The
presence of such constituents is attributed to the chemical heterogeneity that was found in the laboratory-scale
samples. Regions that are not enriched in carbon favor bainite formation, while regions in small proximity to

carbon sources favor the formation of martensite and retainment of austenite.

The third and final approach (Chapter 8.3) aims to study whether the application of an ultra-fast heat treatment
can replace conventional methods currently used in the automotive industry. Therefore, very high heating rates
were applied in a commercial steel grade that is thoroughly used in vehicles' bodies. The microstructure
features and the studied material properties are compared to the conventional, commercial grade. It is found
that the partial spheroidization and dissolution of cementite found in the pearlitic colonies of the initial
microstructure favors the refinement of the ferrite, parent austenite grains, and martensite of the final
microstructure. The evolution of the microstructure is thoroughly studied. The recovery and recrystallization
processes initiate at higher temperatures when high heating rates are applied, which overlap with the
austenitization and are incomplete. The nucleation of austenite occurs inside the pearlitic colonies due to the
high carbon concentration and ferritic areas without any carbon enrichment. Traces of retained austenite are
found inside the partially dissolved pearlitic colonies. The ultra-fast heated samples show increased strength

and elongation compared to the conventional ones.

From this thesis, it is concluded that in ultra-fast heat treatments, due to cementite's impeded and incomplete
dissolution, heterogeneity in the parent austenite's chemical composition and grain size is formed. This
heterogeneity explains the bainite formation alongside martensite and the retainment of austenite. Such grades
with mixed microstructures can be incorporated to the 3rd Generation AHSS that exhibit spectacular
properties. In general, the ultra-fast heated steels exhibit better strength/ductility ratio than the conventional
heated steels. The mechanical properties of these steels result from their refined mixed microstructures. In
contrast, in the conventional heated steels, the microstructure consists only of martensite, and thus their
ductility is expected relatively low. It is also proven that the strength of the steel can be increased without
significant losses in the ductility, when high heating rates are applied. The experimental approach used in this
thesis, confirms through characterization techniques the ability to produce mixed microstructures in a single
step, by explaining the simultaneous formation of bainite and martensite, and the retainment of austenite in

ultra-fast heating cycles, as has been predicted via simulation experiments.
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5. Introduction

5.1. Trends in the automotive industry

Over the last years, the automotive industry is looking for alternative methods to produce better vehicle
components to improve safety and reduce weight while maintaining low production costs [1]. Components
with higher strengths are intended to improve passenger safety, which is the top priority of the automotive
industries according to the imposed regulations. On the other hand, stronger components can reduce the
material used with thinner plates, leading to lightweight Body-In-White (BIW) vehicle structures. Reducing
weight while maintaining the regulated strength criteria is an essential requisite for modern vehicles. Lower
weight means lower fuel consumption and also lower carbon emissions leading to an eco-friendlier way of
transportation. This can be very important for the recently introduced electric vehicles that use heavy batteries,

and thus the weight reduction is a necessity.

In order to meet these regulations, the Advanced High Strength Steel (AHSS) grades have emerged. It is
intended for these grades to cover a wide range of strength/strain ratios making each grade suitable for use as
different components. In particular, grades with low strength and high strain capability are being used in the
crumble zones, the front and back parts of the vehicle to absorb as much energy as possible from the collision.
On the contrary, high strength grades with meager ductility capability are intended for the passenger
compartment, where the deformation has to be minimal. To achieve this, two main ideas are applied. The first
one is alloying the steel with elements such as carbon, manganese, chromium, molybdenum, aluminum, etc.,
in different contents. Each alloying element has a different effect either on the microstructure or on the
properties, or both.

Nevertheless, alloying the steel with some of these elements can considerably increase the final product's cost,
making it non-sustainable for today's market. The other approach is to apply specific thermomechanical
treatments (rolling, annealing, tempering) on the steel to affect its microstructure and its constituents. These
microstructural constituents can either favor the material's hardness and strength (martensite, cementite), while
others tend to favor its ductility and formability (ferrite, bainite). Thus, depending on the component's intended
use, a combination of the constituents mentioned above in different fractions can be achieved through thermal
treatments. It has to be noted that none of these two approaches are self-sustainable, but they have to be

combined to receive the optimal results.

5.2. Generations of AHSS

Currently, the 1% and 2" Generations of AHSS are used in today’s automobiles, which combine thermal
treatments and the use of specific alloying elements. These grades are distinguished by their mechanical
properties and are categorized in Conventional, 1%, 2" and 3" generation steels as shown in the strength-
elongation diagram of Figure 5.1 [2]. The Interstitial Free (IF) and High Strength Low Alloy (HSLA) steels

are lean alloyed steels that show excellent ductility and low strength making them suitable for crumble zones.

49



5. Introduction

On the contrary, Martensitic Steels (MS) and Press Hardened Steels (PHS) offer high strengths but low
ductility and formability, as they are quite brittle. To bridge this gap, grades that combine harder and softer
phases have emerged, such as the Dual Phase (DP) steels that can show a wide range of strength and ductility,
making them the most commonly used steel grades as vehicle components until now. Other grades use induced
plasticity mechanisms, which increase their strength while under stress and during collisions. These grades are
the TRansformation Induced Plasticity (TRIP) steels and the TWinning Induced Plasticity (TWIP) steels.
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Figure 5.1: The strength-elongation diagram and the categorization of different steel grades in it [2].

5.2.1. Conventional Steels

Conventional steels, as called in the automotive industry, are the grades of steels that exhibit lower values of
mechanical strength (up to 210 MPa yield strength and up to 300 MPa Fracture strength) but have very high
ductility. Their common feature is that they consist of a ferritic microstructure and exhibit excellent properties
concerning formability, adhesion. They are distinguished in Interstitial Free (IF) and low carbon (Mild Steels

or Low Carbon, LC) steels.

5.2.1.1. IF Steels

IF or Ultra-Low Carbon (ULC) steels have a very low content of interstitial elements (C <30 ppm, N <30 ppm)
and consist of a ferritic microstructure. They have very high work hardening and formability and excellent
weldability due to the meager percentage of carbon in the ferrite lattice. However, as shown in the diagram,

IFs have low strength.

5.2.1.2. Mild steels

Mild steels are low carbon or slightly alloyed, hypo-eutectoid steels, with a carbon content not exceeding 0.25
% wt. They are produced with very low production costs and exhibit low tensile strength but excellent ductility,

formability, and weldability.
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5.2.2. High Strength Steels

High-strength steels were developed to achieve higher steel strengths and reduce the overall mass of the vehicle
body with the scope to offer more safety. Their microstructure consists mainly of a ferritic matrix.
Simultaneously, the strengthening mechanisms are attributed to creating a solid solution, the refinement of the
grain size, and the precipitation of secondary phases. This category includes the Carbon-Manganese (C-Mn)
steels, Bake Hardening (BH) steels, Isotropic steels (IS), Interstitial Free — High Strength steels (IF-HS), High
Strength Low Alloy (HSLA) and Ferritic - Bainitic (FB) steels [3].

5.2.2.1. C-Mn steels

Steels with combined carbon-manganese (C-Mn) additives contain 1.2-1.8 % Mn and about 0.3 % C. Other
micro-alloying additives such as Si, Al, Ti, Nb, and V are usually added as protection against oxidation, control
the microstructure, and other metallurgical purposes. The total percentage of alloying elements against Fe does
not, however, exceed 3 %. Their typical microstructure mainly consists of the ferrite matrix and pearlite. This
is a category of steels that exhibit increased resistance to fatigue and have good weldability and formability

[4].

5.2.2.2. BH steels

Bake Hardening (BH) steels usually contain a low carbon percentage and have a mainly ferritic microstructure.
The additional aging step during their production aims to increase their strength without losing ductility. Aging
can occur either during the baking process or during the stay at room temperature for several weeks. A primary
condition for their production is the presence of dissolved carbon (C < 25 ppm) in the ferrite lattice after the
final annealing, which then diffuses during the aging step. Higher C content is not desirable, as it favors the

phenomenon of aging at room temperature [5].

5.2.2.3. High Strength — Low Alloy steels

HSLA steels are a particular class of low-alloy carbon steels containing micro-alloying elements such as V,
Nb, or Ti, leading to superior mechanical properties. Their maximum tensile strength can reach 750 MPa while
maintaining excellent ductility, weldability, formability, and resistance to corrosion and fatigue [6]. The main
factors responsible for their aforementioned excellent properties are the refinement of the ferritic grains, the
hardening from precipitation of secondary phases that result from the micro-alloying elements, and the control

of the geometry of the inclusions during production [7].

5.2.2.4. Ferritic - Bainitic steels

FB steels are a class of steels selected in the automotive industry to meet specific requirements during their
application, such as hole expansion and bending. These steels consist of a very detailed microstructure of
ferrite grains and bainite plates. They are usually available as hot rolled products. They have excellent

weldability, good crash performance, and good fatigue [3].
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5.2.3. Advanced High Strength Steels

AHSS steels are mainly distinguished from multiphase microstructures consisting of one or more phases other
than ferrite or cementite, such as martensite, bainite, austenite, or retained austenite, in volume fractions
suitable for the production of components with excellent mechanical properties. All AHSSs are produced by
controlling the chemical composition and cooling rates from the austenitic or the intercritical (ferrite-austenite)

region, either during hot rolling or in the cooling section of the continuous annealing line.

5.2.3.1. 1%t Generation Advanced High Strength Steels

The microstructure of this generation consists of ferrite and martensite/bainite. They were developed to
combine strength and ductility. The ferrite matrix is ductile, favoring formability, while martensite and bainite
are harder phases that increase strength. Bainite formation is preferred, as it is a more ductile phase compared
to martensite. In AHSS, the other phases within the ferrite matrix significantly affect the mechanical properties
and formability. The hardening mechanisms are not conventional, such as forming a solid solution or
precipitates, but more complicated due to the existence of multiple phases. This class includes DP, TRIP, CP,
and martensitic steels (MART) [4].

> Dual-Phase steels

The microstructure of DP steels consists of martensite islands on a ferritic matrix. They are produced by heat
treatments, in which the material is heated within the intercritical region, followed by quenching to room
temperature. The difference in the microstructural components' mechanical properties contributes to the
strength-ductility combination and gives great strain hardening ability (high n-value). DP steels have a low
yield point and exhibit continuous yielding due to the creation of new dislocations in the ferrite matrix due to
the transformation of austenite into martensite, which has high hardness and strength, but low ductility. These
characteristics favor the absorption of energy during crash events. Their tensile strength is between 450-
1200 MPa and depends on the volume fraction of martensite [29], [40], [48]. Usually, low carbon steels (0.08-
0.12 % wt. C) are used, which might contain Mn, Si, and other alloying elements (Mo, Cr, Ni, W) in smaller
fractions [8].

» TRansformation Induced Plasticity steels

TRIP steels are lean alloyed steels with multi-phase microstructures consisting from a ferritic matrix (50 %),
bainitic ferrite (35-40 %) and a fraction of retained austenite of up to 10 %-15 %. The production of TRIP
steels is similar to that of DP. The annealing occurs within the intercritical region followed by bainitic
isothermal quenching at an intermediate temperature within the bainitic region. During isothermal treatment,
a most of the austenite transforms into bainite, while a part of it is retained as a consequence of its carbon
enrichment above 1 %. During consequent quenching, the fraction of austenite that has not stabilized is
transformed into martensite [9], which is not wishful. TRIP-assisted steels' main advantage is the balanced
strength-ductility ratio, which is attributed to their microstructure and, more specifically, to the transformation

of the retained austenite into martensite during deformation (TRIP effect). The excellent formability of TRIP
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steels is attributed to the increasing high work hardening rate, which results from the transformation of the
retained austenite into martensite, which also acts as a strain hardening mechanism, resulting in high strength
and plasticity. TRIP steels, compared to DP, exhibit better formability for the same tensile strength [10].
However, the disadvantage of TRIP steels is that their strong alloying, required to stabilize the austenite at

room temperature, increases the carbon equivalent, decreasing their weldability.

» Complex Phase steels

The CP steels’ microstructure consists of ferrite, martensite, bainite, and tempered martensite [8]. Their
chemical composition is similar to that of DP and TRIP, with the difference that the carbon content is lower
than 0.15 % in order to reduce the retained austenite fraction. At the same time, they contain alloying elements
such as Nb, Ti, and V, which precipitate in the refined ferrite matrix in the form of carbides, nitrites, and
carbonitrides. Delayed recrystallization and precipitation contribute to the refinement of the microstructure.
CP steels have high strength, higher than 800 MPa, but less formability than TRIPs, while their yield point is
higher than that of DP steels. The low content of alloying elements increases the weldability and reduces the
cost [3, 8]. They are characterized by high energy absorption, hole expansion, and high residual deformation
capacity. In the automotive industry, they are used as reinforcement in the passenger compartment's pillars, in
the reinforcement of the doors and other parts of the body.

> Martensitic steels

Martensitic steels (MART) consist of a matrix rich in martensite and small fractions of ferrite and/or bainite.
They are produced by heating in the austenitic region or high in the intercritical region, followed by quenching
in water to room temperature [11]. The presence of 0.09-0.23 % carbon increases the hardness of martensite,
while alloying elements such as Mn, Si, Cr, Mo, B, V, and Ni improve hardenability [11]. Martensitic steels
exhibit a UTS of about 1.2-1.5 GPa (UTS) and may reach 2 GPa [12]. The increase in strength is achieved by
strengthening the martensite, accompanied by a loss of ductility. Their low ductility is sufficient for the
intended applications in the car body but limits their formability. This led to the development of new forming

methods (hot forming, hot stamping) resulting in the development of more advanced types of steel [4].

5.2.3.2. 2" Generation Advanced High Strength Steels

This generation's steels offer an excellent combination of high strength and ductility due to the retainment of
austenite at room temperature. Its stabilization is carried out by the high addition of y-stabilizing elements,
such as Mn [13]. This category includes TWIP and austenitic stainless steels, though they are not currently

used in the automotive industry due to their high cost.

» Twinning-induced plasticity steels

TWIP steels provide a combination of high UTS and excellent ductility [14]. They are austenitic steels, which
during deformation, utilize the phenomenon of the formation of twins due to the very low energy of stacking

faults, in contrast to TRIP steels, which exploit the mechanism of transformation of austenite into martensite
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[29]. As the value of the applied stress to the material increases, the volume fraction of the twins in the
microstructure increases, thus impeding the movement of the dislocations, thus increasing the strength through
grain refinement hardening. This capability of TWIP steels gives them very high strength and ductility. TWIP

steels have exceptionally high manganese content, ~ 22-28 % Mn [8].

5.2.3.3. 3" Generation Advanced High Strength Steels

As imposed by the European Commission [1] and must be followed by the steel industry, the overall trend in
the automotive industry is to decrease the vehicle weight in order to decrease emissions harmful to the
environment. The efforts made by the steel industry in order to meet these requirements is by replacing existing
HSS or AHSS grades with new steels that can provide higher mechanical strength values while maintaining
competitive ductility levels. This way, less material is used during production without compromising the
passengers’ safety. Specifically, high-strength steels need to be replaced by steels with a higher UTS while
maintaining almost the same ductility. Besides, these new grades must also be competitive cost-wise in order
to be able to replace the currently used grades.

» Q&P steels

Quenching & Partitioning (Q&P) steels are characterized by an excellent balance of very high tensile strength
and good ductility with similar chemical compositions to conventional TRIP steels. They are produced through
the Q&P process, consisting of a stage of isothermal quenching and an aging stage (partitioning). At the
guenching stage, the steels are in the austenitic region. They are quenched at temperatures between the Ms and
Ms temperatures to form the desired martensitic volume fraction alongside the existing austenite or ferrite.
After the quenching stage, the steels are held at the same temperature, or higher, during the partitioning stage.
The main idea of Q&P lies in the fact that the carbon contained in the already formed martensite diffuses
through the martensite-austenite interface to the retained austenite. This results in a significant volume fraction
of austenite retained at room temperature alongside ferrite; thus, achieving superior mechanical properties

compared to conventional TRIP steels [8].

» Medium Manganese Steels

MMNS have a manganese content of 3-12% wt. and are distinguished from steels with higher percentages of
manganese (Mn> 15%), such as TWIP. They exhibit extremely high strength, higher than 1000 MPa, combined
with an excellent ductility, which exceeds 25-30 %, thanks to their complex microstructure. In general, MMnS
contain relatively low percentages in alloying elements that stabilize the austenitic phase at room temperature.
Except for Mn, carbon does not exceed 0.4 % wt. while aluminum is present in contents around 3 %. With this
composition, MMn steels consist of refined ferrite and austenite phases obtained by heat treatments of
intercritical annealing. Through the conditions selected for the intercritical annealing and in combination with
their chemical composition, the segregations of carbon and manganese from ferrite to austenite is possible,

thus increasing its stability at room temperature [8].
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These grades are considered the most commonly used grades in the automotive industry, though more grades
will not be mentioned in this thesis. A trend can be found in the design of these grades. Specifically, the
existence of bainite or retained austenite in the microstructure is preferred to maintain a good strength/ductility
ratio, while martensite is essential for increasing the steel's strength. Also, the content of C and Mn is a crucial
factor that determines the microstructural constituents and their properties. Considering these ideas for the
development of AHSS, new methods emerge to produce new grades with the optimal properties that will meet
the requirement imposed by the European Commission [1]. One of these methods is the application of rapid

heating rates.

5.3. The Ultra-Fast Heat Treatment as an alternative process to produce new
AHSS grades

Over the last years, a new thermal treating process is under meticulous investigation as it intrigues both the
automotive industry and academia. This method applies rapid heating rates during the annealing, followed by
minimal soaking times and consecutive quenching [15-18]. Even though the application of rapid heating rates
has been used in the past for surface hardening processes, it has not been applied yet as a thermal treatment for
bulk specimens. The Ultra-Fast Heating (UFH) process attracts so much interest in its complexity to
comprehend the phenomena that occur in such short times and the challenge to control such thermal treatments.
Short heating times lead to different transformation mechanisms, leading to a heterogeneous microstructure
concerning its grain size and chemical composition. Both of these affect the transformations that occur during
the guenching, and therefore, heterogeneity is expected in the microstructure of the final product. Refined
mixed microstructures consisting of all martensite, bainite, ferrite, retained austenite, cementite, and other
carbides are expected from this treatment. Each of these constituents favors different properties of the material.
The advantage of UFH treatment is that complex microstructures are achieved in very short times while it
would need much longer periods in conventional heating lines. The ability to explain and control the formation
of such complex microstructures can constitute an alternative for the production of AHSS steels that can offer
new choices of lean alloyed, optimized steel grades and improve the production process of already existing

grades.

In frames of the current research, an effort is made to comprehend the phenomena that occur during such short
heating times and the microstructure's evolution. To achieve this, scanning and transmission electron
microscopy is used alongside electron backscatter diffraction and electron dispersive spectroscopy to analyze
the constituents of the final microstructure. Simulation software is used to define the microstructure grain size
and composition at peak temperature and better understand the evolution of the microstructure in each stage
of the treatment. Finally, an attempt is made to correlate the microstructure with the material's properties and
specifically the stress and strain. Three sets of experiments have been conducted, one at small scale samples,
using dilatometers for the heat treatment, the second one to study the treatment in large samples in order to
check if this treatment can be sustainable in the industry, and finally, an effort is made to produce existing steel

grades via UFH.
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The purpose of this dissertation is to investigate the production of steels with characteristics similar to those
of Advanced 3™ Generation Steels, after the application of rapid thermal cycles. In particular, the coexistence
of martensite, carbides, lower bainite and traces of retained austenite, which are key components of these
steels, was sought. During the experimental research, with the characterization of the microstructure, the
presence of bainite and retained austenite was indeed observed, the formation of which was not expected due
to the minimum available time of the heat treatment. Therefore, it is proven experimentally that it is possible
to produce this type of steels in a short time, which are currently achieved by conventional, time-consuming

methods.

The thesis tends also to enhance the overall knowledge on the UFH processes, to provide a better understanding
of the transformation mechanisms that occur during rapid heat treatments, and to be the stepping stone on
further research that can lead to the improvement of future transportation. In particular, with the application of
high heating rates, the effect of UFH is studied on the dissolution of cementite, diffusion of carbon, the
nucleation of austenite, and the recovery and recrystallization processes during heating. Depending on these

mechanisms, the transformation products are studied upon cooling.

The present study is part of the scientific work of the research team of Assoc. Professor Dr.-Ing. S.
Papaefthymiou on the application of rapid thermal cycles in steels. It complements the dissertation of Dr.
Bouzouni on the analysis of the phenomena encountered in these treatments via simulation software. Such

studied phenomena are the dissolution of cementite and the kinetics of the austenite formation during UFH.
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6. Theoretical Background

6.1. Steel and its phases

Iron (Fe) and carbon (C) are the basic elements of all steel. However, depending on the application, other
alloying elements may be added to improve the properties and meet each application's requirements. One way
to influence the properties of the final product is by changing the steel's chemical composition with the addition
of alloying elements. The other way to affect the properties is by heat treatment, which depends on the fact
that iron has different crystallographic lattices at different temperatures. Carbon can be considered a small
interstitial atom that fits into the octahedral voids formed in the iron lattice. This results in the strengthening

of steel, and it gives the ability to harden by heat treatment.

6.1.1. Phase diagram

The phase diagram is a graph that shows the equilibrium conditions for the thermodynamically distinct phases.
Depending on the carbon concentration in the steel, the diagram is divided into four parts:

a) hypo-eutectoid steels, which contain less than 0.80 wt. % of carbon;
b) eutectoid steel, which contains 0.80 wt. % of carbon;
c) hyper-eutectoid steels, which contain more than 0.80 wt. % of carbon;

d) cast irons, which contain more than 2 wt. % of carbon.
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Figure 6.1: The Fe-C phase diagram, including the transformation temperatures [19].
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In this thesis, only the hypo-eutectoid part of the diagram, where the carbon content is less than 0.80 wt. % is
considered. Typical hypo-eutectoid steel at room temperature consists of a pearlite-ferrite microstructure with
their volume fraction depending on the steel's carbon content. To further influence the steel properties, more
alloying elements may be added, such as manganese, chromium, vanadium, aluminum, etc. [8]. The effect of
each alloying element on the microstructure and properties is analyzed later in this thesis. In general, two types
of alloying elements can be distinguished depending on their solubility in the iron matrix. These may be
interstitially dissolved elements, like carbon and nitrogen, usually located in the octahedral voids, and
substitutionally dissolved elements, like manganese, chromium, etc., located at the same lattice sites as iron

atoms.

6.1.2. Ferrite

Ferrite (a-Fe) is the body-centered cubic (BCC) allotriomorph of iron. Iron atoms are placed in the center and
on the corners of the unit. Dissolved carbon atoms are located at interstitial sites, with a solubility up to 0.025
wt. % at 723 °C. The solubility of C in ferrite decreases to 0.008 wt. % at room temperature. Below the Curie
temperature (771 °C), ferrite exhibits magnetic behavior and is characterized as a ferromagnetic material, while
above this temperature, it becomes paramagnetic. The ferrite microstructure is the principal constituent found
in carbon steels. Because of the low carbon content, the ferrite microstructure is soft and can be easily
deformed. It may also contain other alloying elements such as manganese or silicon. Ferrite may be found in
different forms. Polygonal ferrite appears dimensionally equal in all directions (equiaxed morphology). In
cold-rolled steels, the ferrite obtains an elongated morphology. In contrast, in heat-treated carbon steels, it may
have an epitaxial morphology meaning that the new ferrite phase grows epitaxially on the existing ferrite grains
[20].

6.1.3. Austenite

Austenite is the face-centered cubic (FCC) allotriomorph of iron. Iron atoms are placed on the corners and in
the centers of the faces of the unit. High solubility carbon atoms present in carbides are dissolved at the
octahedral interstitial sites of austenite during heating. The FCC unit cell defines the arrangement of iron atoms
in crystals of austenite. A crystal consists of a large number of atoms and its structure consists of close-packed
planes of iron atoms stacked in a sequence that repeats every three layers. Three face diagonals define the
orientation of each of these planes in the unit cell. The close-packed atom planes described by the {1 1 1}
Miller indices are the slip planes on which the dislocations move or constitute the boundaries of annealing
twins. It is possible that during some heat treatments, austenite is retained at room temperature. That austenite
is considered ductile and does not undergo the ductile to brittle transition to which body-centered cubic ferritic

microstructures are susceptible [4].

6.1.4. Martensite

At high cooling rates and in the case that the alloying of the steel is such to prevent diffusion-controlled

transformation to ferrite, pearlite, or bainite, the thermodynamic driving force for the transformation of
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austenite leads to the formation of body-centered crystals by a diffusionless, shear-type solid-state phase
transformation and the product is called martensite. Trapped carbon atoms create a body-centered tetragonal
unit cell with one axis (c) longer than the other two axes (a), while higher carbon content leads to greater
tetragonality. Carbon atoms occupy the octahedral interstitial sites in the body-centered tetragonal unit cell of
martensite. The shear martensitic transformation produces crystals with planar geometries. These geometries
are lath or board-shaped in low and medium-carbon steels, while in high-carbon steels, they are plate-shaped.
The formation of martensite starts at a temperature called Ms. This temperature is strongly affected by the
content of carbon and other alloying elements in the steel [21], and since the transformation is diffusionless,

the Ms is not affected by time.

Groups of martensite crystals may form blocks with identical or very close crystallographic orientations [22].
In each of these crystals, a high density of dislocations is expected. Small amounts of retained austenite can
also be found between parallel lath martensite crystals, even in low-carbon steels.

6.1.5. Bainite

Bainite is a microstructure component. Its structure consists of thin ferrite plates and cementite. It has a high
dislocation density, while bainitic ferrite's dislocation density increases with decreasing transformation
temperature [23]. The effect of stress and strain on bainite transformations is similar to that on martensite [24,
25]. Therefore, when the bainite transformation occurs in a plastically deformed austenite grain, the extent of

transformation is reduced [24].

Bainite is distinguished into the upper and lower bainite. According to Matas & Hehemann [26], the difference
between these two morphologies results from the competition between the carbide precipitation rate from
supersaturated ferrite and the rate of carbon rejection from supersaturated ferrite to austenite. Upper bainite
forms at higher temperatures where the carbon diffuses rapidly. The time required for the decarburization of a
supersaturated ferrite plate is smaller than the time needed for carbide precipitation within the plate. The
surplus carbon in the supersaturated ferrite is thus rejected into the adjacent austenite. The carbon diffusion
rate decreases as the transformation temperature decreases and part of the carbon is precipitated as fine carbide
particles inside the ferrite plates. This residual carbon enriches the surrounding austenite, and interpolate
carbides may be precipitated. Thus, the lower bainite is formed. According to Pickering [23], the carbon
content of austenite undergoing the transformation affects the concentration gradient, which in turn determines

the rate at which carbon diffuses from the austenite-ferrite interface.

As will be mentioned later, the bainitic ferrite grows in the form of plates adjacent to each other in groups
called sheaves, Aaronson [27]. The constituent plates are also called sub-units. The sub-units within a sheaf
have approximately the same crystallographic orientation, and therefore neighboring sub-units are separated
by only a small angle boundary. According to Zajac et. al. [28], the misorientation angle between two bainitic

ferrite laths was experimentally found to be between 48-55°, lower than the corresponding angle between two
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martensite laths that is found to be between 56-65°. According to Marder et. al. [25], the ferrite sub-units'

longitudinal direction is parallel to the closed packed direction <1 1 1>,.

Bhadeshia [24] lists the orientation relations between ferrite and cementite in bainite, as seen below.

{001}4//{2 11}

<100>4//<011>,

While a major a / 6 orientation relationship found in tempered martensite was:

{001} // {215}

with < 100 > within 2.6 ° from <311 >, and <010 >y within 2.6 ° from < 13 1 >,.

In upper bainite, the large number of observed o / 6 orientation relationships can be explained by assuming
that the cementite precipitates from the austenite according to the Pitsch variant [29, 30]:

{001}g//{225},
with < 10 0 >4 within 2.6 ° from <554 >, and < 010 >4 within 2.6 °from< 110 >,.

The a / y ratios can be derived from the y / 0 ratios as the ferrite is a variable in the a / y Kurdjumov - Sachs

orientation ratio [31, 32].

In the lower bainite, cementite is precipitated from the carbon saturated ferrite. The 6 / o orientation relation

that results for the lower bainite can be expressed as follows:

{103}9//{101}q

<010>p//<111>,
Also, the cementite habit plane within the lower bainitic ferrite is (112), corresponding to (101),.

6.1.6. Cementite

Cementite is also referred to as 6 and is the most common precipitate found in steels [33]. It has an
orthorhombic crystal structure and may precipitate from either supersaturated ferrite or austenite. In some cases
[24, 34, 35], it has been found that it may precipitate at temperatures below 126 °C and in short times that do
not allow any substantial diffusion of iron atoms, although the long-range diffusion of carbon atoms is
mandatory. Therefore, it has been suggested that the cementite lattice is possible to be generated by the
deformation of the ferrite lattice, alongside the necessary diffusion of carbon into the appropriate sites [34]. It
was also shown [36] that the plane of precipitation of cementite from ferrite is the {1 0 1}o // {1 1 2}.. This

is consistent with the habit plane that contains the direction of reasonable fit between the 6 and a lattices [34],
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which is the (0 1 0)e // (1 1 1),. If cementite is formed during the tempering of martensite, it may assume
many crystallographic variants of this habit plane in any martensite plate. In the case of lower bainite, only
one such variant is usually found, with the habit plane inclined at 60° to the axis of the plate [37]. Cementite

which precipitates from austenite exhibits the Pitsch [30] orientation relation with [001]e // [2 2 5], and [1 O
0le // [554],.

Pearlite is a complex eutectic phase structure that is characterized morphologically by alternating ferrite and
cementite lamellae. Therefore, pearlite is not a phase but a microstructure component. When eutectic steel is
heated in the austenitic region and then slowly cooled, then the eutectic reaction will completely transform the
austenite into pearlite. The nucleation of ferrite initiates at the boundaries of austenite grains and grows in the
form of parallel ferrite plates and cementite lamellae until it is completely transformed. During the slow cooling
of eutectoid steel, a percentage of austenite is transformed into ferrite as it passes through the intercritical

region (a + ) of the Fe-C diagram.

In contrast, the remaining austenite is continuously enriched in carbon due to the low solubility of carbon in
ferrite compared to austenite. If the austenite acquires the eutectic composition (0.8% C), then the eutectic
reaction transforms the austenite into pearlite until the steel is cooled to room temperature. The mechanical
hardness of the pearlite structure depends on the interlamellar distance between the cementite lamellae. As
pearlite contains ferrite, it can be described as ductile, although its ductility is much lower than ferrite. This

decrease is attributed to the a-Fes;C interfaces that may act as crack initiation sites.

6.2. Phase Transformations

6.2.1. Diffusion transformations

Diffusion is one of the most important mechanisms that control the kinetics of a metallurgical process or phase
transformation. Fundamental processes in Physical Metallurgy, such as the development of a new phase, the
homogenization of a cast alloy, and the carbonization of steel, are carried out by moving atoms in the crystal
lattice, that is, by diffusion. Diffusion is defined as the movement of atoms at distances at least equal to the

grid parameter.

Diffusion takes place so that there is always a reduction in free energy. Therefore, it is possible to observe the
diffusion of an alloying element from areas with high concentration to areas with low concentration and vice
versa. The diffusion of the components causes a reduction in free energy and is carried out from high to low
chemical potentials. Therefore, the driving force for diffusion is better expressed as the slope of the chemical
potential dm/dx of a component. The diffusion stops when the components' chemical potentials in the two
solid solutions are equalized, and thermodynamic equilibrium is reached. The most common case involves
diffusion from areas with high to low concentration areas to eliminate concentration differences. For this
reason, and because in practice, it is easier to measure differences in concentration than differences in chemical

potential, diffusion is associated with the concentration of dc/dx [38].
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6.2.1.1. The mechanisms of diffusion

The mechanism by which atoms move within the crystal lattice depends on the type of solid solution
(interstitial or substitutional). The interstitial atoms occupy the vacant interstitial sites, which for BCC and
FCC are the octahedral ones. In most cases, these solids are sparse, and therefore not all interstitial sites are
occupied. Thus, an interstitial atom is always surrounded by another empty interstitial site. Therefore, the
interstitial atom can move to another vacant interstitial site since there is enough thermal energy to pass
between two grid atoms. In steels, carbon occupies interstitial positions in the crystal lattice of iron. Thus, the
carbon diffusion takes place with successive jumps from one interstitial site to another. In the case of diffusion
in solid substitutional solutions, the atoms' movement can be done, as long as there is an adjacent empty lattice
position, i.e., a vacancy. Thus, if the atom acquires enough oscillation energy, it can perform a successful leap
and move to the next vacancy. This movement is equivalent to moving the vacancy in the position held by the

atom.

For this reason, this mechanism is often called "vacancy diffusion™. Two factors must be taken into account
for substitutional diffusion. First of all, there must be empty lattice positions, i.e., vacancies, and atoms must
acquire sufficient thermal energy so that their oscillation around their grid position can lead to a successful
leap towards the vacancy. Both factors are highly dependent on temperature. This is due to the strong
temperature dependence of the diffusion.

Volume diffusion occurs when the interstitial and substitutional movement of atoms in the crystal lattice takes
place. The imperfections of the structure often favor the diffusion. The most common type of diffusion is
boundary diffusion, in which atoms move through the grain boundaries, where the arrangement of atoms is
looser. In this case, the diffusion is faster than the volume diffusion. In fact, in fine-grained metals, diffusion
is faster than in coarse-grained metals because the former contains more grain boundaries. This affects metals'
deformation at high temperatures, i.e., cracking, where diffusion plays an important role. Thus, coarse-grained
metals are more resistant to cracking than fine-grained metals. Another error of the structure, which helps
diffusion, is the linear dislocation. The space below the extra level of dislocation, that is, the nucleus of
disorder, forms a tunnel or pipe through which atoms can move. This diffusion is called dislocation pipe
diffusion. Both boundary and linear diffusion occur at a higher rate than volume diffusion. The grain

boundaries and dislocations are high-diffusivity paths.

According to Fick's first law, the flow of an element is proportional to the concentration's degradation. It is
assumed that diffusion takes place with atom leap in empty interstitial positions. For example, in austenite, the
solid solution is so dilute that six empty interstitial sites surround each carbon atom. The leaps that carbon can
make to these interstitial sites are completely random, meaning there is the same chance of occupying any six
empty interference positions. Also, the frequency of the leaps is independent of the concentration of carbon in

the austenite. Thus, Fick's first law is given by Equation 1:
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~ oc Eq. 6.1,
J= —-D=x (&)

which correlates the flow of interstitial atoms with the inclination of the 6c¢ / 6x concentration. The ratio D is
called the diffusion coefficient and depends on the temperature and the composition and has units m? / s.
According to the diffusion coefficient, carbon diffusion is faster in solids with higher carbon content because
the carbon in interstitial sites deforms and "opens" the grid. This means that carbon jumps from one place to
another are easier. The time change of an element’s composition profile is described by Fick's 2nd law. The
profile is determined by solving the diffusion equation. The flow at each point depends on the value of the

diffusion coefficient D and the slope 6c / 8x. Thus, Fick's 2nd law is given by Equation 2:

Oc 0 Oc Eg. 6.2.
—x (D * &

ot Ox
In the case that the diffusion rate does not change with the concentration of carbon atoms, then the equation

is:

Oc 02c Eq. 6.3.
— D % —
ot 02x

If the O¢ / 6t sign is positive, then the concentration of carbon atoms increases with time, while if it is negative,
then the concentration decreases with time at that point. In substitutional solid solutions, the diffusion causes
macroscopic mass flow (Kirkendall effect: The macroscopic mass flow in a diffusion pair, resulting from the

difference of the intrinsic diffusion coefficients) [39, 40].

6.2.1.2. The role of diffusion

Diffusion has significant effects on several metallurgical processes:

» Diffusion is the main mechanism for performing diffusive phase transformations. For example, the
formation of pearlite in steels during the slow cooling of austenite is carried out by diffusion of carbon
and other alloying elements. If the cooling of the austenite is too fast so as not to give the necessary time
for the diffusion, then martensite is formed instead of pearlite; this martensitic transformation is non-
diffusive.

» Diffusion plays an important role in shaping the structure of castings. When solidifying an alloy, the
alloying elements enter from the liquid to the solid phase. Most of the time, the diffusion in the solid is
slow, resulting in segregation. Areas that were first solidified are poor in alloy elements, while areas that
were solidified last are rich in alloys. The differentiation of castings is an undesirable phenomenon, and
for this reason, after the casting, heat treatment is carried out for the homogenization of the casting.

Homogenization is caused by the diffusion of alloying elements.

63



6. Theoretical Background

» Diffusion plays an important role in the deformation of metals at high temperatures, i.e., during cracking.

The plastic deformation of the metals is carried out by dislocation slip. At high temperatures, the
dislocations, in addition to slipping, also experience "climb". Climbing is essentially a change in the slip
plane if, for some reason, the dislocation is prevented from slipping on a plane and is accomplished by
diffusing atoms to or from the dislocation. By climbing, the irregularities can change the slip plane and
continue to create deformation. At even higher temperatures, plastic deformation is caused exclusively by
diffusion without the need for slipping of the dislocations. This deformity is called diffusional flow and
is carried by diffusion of atoms in the grains, from tensile to compressive regions. Mass transfer changes
the shape of the grains and causes the sliding of the grain boundaries.

With the help of diffusion, many thermal and surface treatments of metals are carried out. For example,
carbonation is carried out by diffusion of carbon to enrich the steels' surface, to increase surface hardness,
and improve the anti-friction properties. Another heat treatment carried out by diffusion is the tempering
of steels. The martensite, which results from the abrupt cooling of the austenite during quenching, is
essentially an ultra-solid solid Fe-C solution, making it very hard but at the same time brittle. With the
heating of the martensite, the carbon diffusion for the formation of cementite is activated. The crystal
lattice of iron relaxes, and the hardness decreases while at the same time, the ductility is restored [38].

6.2.2. Alloying elements

To date, two basic principles have been used to improve the properties of steels, and in particular, to improve

strength and ductility. The first is the alloying of steel with elements (e.g., nickel), which dramatically increases

the cost of the material and adversely affects the raw materials' viability. Each element has a different effect

on the properties and microstructure of the material. The following information is recorded:

» Carbon (C): It is the most important steel element, contributing significantly to their strengthening. It is
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necessary to form micrographic components such as pearlite, bainite, martensite, cementite, or other
carbides. Microstructures consisting of one or more constituents can have a wide range of mechanical
properties and construction characteristics. Increasing the carbon content increases the hardness, strength,
and abrasion while reducing the ductility, brittleness, and weldability. Finally, carbon tends to diffuse to

a relatively greater extent than other alloying elements [41].
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Table 6.1: The pros and cons of the addition of carbon in the chemical composition of the steel.

Used concentrations | Positive effects Negative effects
0.15-0.30 wt.% vy stabilizer Decreases weldability
Determines phase distribution Reduces toughness

Determines retained austenite stability
Determines the amount of second phase
Strengthens martensite

Strong hardenability agent

» Manganese (Mn): It is commonly found in all industrial steels with a content of more than 0.2 wt.%,
which improves the processing capacity of steel. The addition of Mn also contributes to hardness and
strength, but to a lesser extent than carbon. If the percentage of manganese increases, the solubility and
weldability are reduced, but again not to the same degree as carbon. Manganese has a lower tendency to
macro-segregation than other common elements. It is useful in surface quality for a wide range of carbon
content. Finally, it binds Sulfur (S), which comes from the casting and acts negatively on the properties

of steel, forming manganese sulfides (MnS) while it is considered a y-stabilizer and reduces the A; and
M; temperatures [41].

Table 6.2: The pros and cons of the addition of manganese in the chemical composition of the steel.

Used concentrations | Positive effects Negative effects

1.50-2.00 wt.% y stabilizer Carbide formation
Reduces carbon activity in a

Strengthens ferrite

Retards pearlite and bainite formation
Increases the transformation temperatures
Decreases C solubility in ferrite

Regular solid solution hardening
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» Silicon (Si): It is one of the key ingredients added to steel for deoxidization. The percentage of this
element in steel, which is not always noted in the chemical composition, depends on the deoxidization
technique determined for the product. In "Si Killed steels" (deoxidized with Si steels), the Si ranges from
0.15-0.3%, while in "semi-killed steels", the content is lower. If other deoxidizers are used, the Si
percentage may be lower. In low carbon steels, Si is usually harmful to surface quality. Si slightly
increases the hardness of the ferrite without causing a large reduction in ductility, while at the same time,
it has a small tendency to differentiate. High Si levels in steel lead to a reduction in the formability of the
steel and create problems both during galvanizing (hot-dip galvanizing) and during the welding of steel
due to creating a thin layer of oxides (SiOz, MnSiO4). Also, silicon content over 0.15 wt.% contributes to

the formation of carbides and increases the residual austenite stability [41].

Table 6.3: The pros and cons of the addition of silicon in the chemical composition of the steel.

Used concentrations | Positive effects Negative effects

0.10-1.50 wt.% a stabilizer Surface quality
Increases carbon activity in o
Strengthens ferrite

Prevents FesC formation

Solid solution strengthening

» Phosphorus (P): Increases the hardness and strength of steels by significantly reducing ductility,
brittleness, and impact resistance, especially in quenched and tempered steels. It increases the sensitivity
of "medium carbon" steels, especially in combination with chromium (Cr), to tempered steels. P can be

added intentionally to improve formability and corrosion resistance [41].

Table 6.4: The pros and cons of the addition of phosphorus in the chemical composition of the steel.

Used concentrations | Positive effects Negative effects
0.01-0.30 wt.% a stabilizer Segregation
Increases carbon activity in o Toughness

Retards the FesC precipitation

Strengthens ferrite
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» Copper (Cu): Copper has a moderate tendency to segregate. In remarkable percentages, it is harmful to
heat treatment, as it causes hot cracking. It also adversely affects forging but does not affect arc welding
as much. It degrades the quality of the surface and overrides the inherent defects of desulfurized steels
[41].

» Sulfur (S): Causes a significant reduction in ductility, brittleness, impact resistance, and weldability. It
also degrades formability, especially in hot rolling, while its presence increases the tendency to crack
when guenching. It tends to segregate from other common elements. S is found mainly in the form of
sulfate inclusions for this, and generally in steels, the tendency is the sulfur content remains below 0.05
% wt [41].

» Aluminum (Al): Usually used as a deoxidizer and to control grain size. When added to steels at specified
rates, it controls the enlargement of the austenite grain to annealed steels and delays the precipitation of
carbides. Compared to other alloying elements, aluminum is very effective in controlling grain size before
quenching [41].

Table 6.5: The pros and cons of the addition of aluminum in the chemical composition of the steel.

Used concentrations | Positive effects Negative effects
0.05-1.80 wt.% a stabilizer Increases Ms
Strengthens ferrite Castability

Prevents FesC formation

Refinement of Parent Austenite Grains

» Chromium (Cr): This is a powerful carbide forming element. Chromium carbides increase the hardness
and anti-friction properties of steel. Chromium also increases resistance in corrosion and oxidation and
resistance to high temperatures under load and is therefore found in tool steels. The carbides form a solid

solution with the austenite at a slow rate, so sufficient heating time before quenching is necessary [41].
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Table 6.6: The pros and cons of the addition of chromium in the chemical composition of the steel.

>

Used concentrations | Positive effects Negative effects

0.1-0.40 wt.% o stabilizer
Retards ferrite and bainite transformation
Increases the transformation temperatures

Decreases C solubility in ferrite

Nickel (Ni): When used as an alloying element in construction steels, it stabilizes the austenite phase.
Because nickel does not form carbides in steel, it remains in the solid solution, giving the ferrite hardness
and durability. It gives ductility and increases steels' hardenability while reducing the transition
temperature from ductile to brittle fracture behavior. In combination with chromium, nickel produces steel
alloys with better hardness, higher impact resistance, and better fatigue resistance than achieved in carbon
steels [41].

Molybdenum (Mo): Increases the hardness of steel and is particularly useful in maintaining it between
specified limits. This element, especially in percentages between 0.15-0.3 wt%, minimizes steels'
sensitivity to fragility after tempering. It is a powerful carbide forming element that simultaneously
increases the hardenability of the steels. Molybdenum carbides form during tempering after quenching
and cause secondary tempering of the steel. Mo delays the transformation of austenite to pearlite much
more than the transformation of austenite to bainite. Thus, bainite can be formed by the continuous cooling
of steels, which contain Mo. For low-grade steels in Si, Mo's addition lead to mechanical properties similar

to high-Si steels and is therefore used to replace the latter when required [41].

Table 6.7: The pros and cons of the addition of molybdenum in the chemical composition of the steel.
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Suppression of bainitic transformation
Ferrite forming element

Strong solid solution hardening
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» Tungsten (W), Vanadium (V), Titanium (Ti), Niobium (Nb): These are carbide, mainly, and nitride
forming elements, which are elements of microalloying and contribute to the increase of hardness and
strength with the formation of carbides (TiC) and nitrides (TiN). The formation of TiN helps to control
the size of the grains at high temperatures (grain refinement). The presence of Ti appears to adversely
affect the volume fraction of austenite, the stability of which is attributed to its enrichment in C because
it binds C to form carbides.

» Nitrogen (N): Nitrogen is, along with carbon, an interstitial alloying element in steels. Nitrogen increases
hardness and strength while reducing ductility. It is used to increase surface hardness. In fully deoxidized
steels (deoxidation with Al), it forms a dispersion of AIN nitrides, impeding grain growth.

» Cobalt (Co): Cobalt is the only element that reduces the hardenability of steel, does not form carbides,
and generally has little effect on steel's hardness. Its main action is to prevent the restoration of
dislocations and grains' development during the annealing or tempering of steel. Thus, it contributes to
the maintenance of mechanical strength at high temperatures and is used in shaping tools and refractory
steels.

6.2.3. Crystallography of iron

Crystallographic orientation refers to how a crystallographic unit cell in a crystal structure is positioned in
three dimensions of a fixed reference, usually related to the dimensions of the sample. In the case there is no
texture (i.e., no preferred grain orientation) and all possible orientations may occur with equal frequency, the

grains are oriented randomly, and the material has random texture, and its properties are isotropic.

Nevertheless, orientations in polycrystalline materials are rarely randomly distributed. In most materials, there
are preferences for specific orientations caused by thermal stress gradients during solidification or by
crystallization, followed by further thermo-mechanical processing. This occurrence is known as the preferred
orientation or texture. The texture is significant as many material properties are anisotropic to the

crystallographic structure and depend on it.

In order to describe the orientations of crystallites in a polycrystalline material, a coordinate system Ks needs
to be defined. The selection of these fixed coordinates is arbitrary. However, in the case of a sheet, the axes
conventionally coincide with the rolling direction (RD), transverse direction (TD), and normal direction (ND).
For each crystallite, a second coordinate system Kc, which is fixed related to the crystal axes, is selected. These
axes can be arbitrarily chosen, but they must be all the same for each crystallite. For cubic crystal symmetry
the cube edge directions [100], [010] and [001] are usually chosen. The definition of the crystallographic
orientation of grain is ‘the position of the crystal coordinate system with respect to the reference coordinate
system’. Due to crystal symmetry, the choice of the crystal reference system Kc is not unique, and thus different
solutions of the orientation matrix occur, of which the number depends on the sample and crystal symmetry.

In the case of cubic crystal symmetry, there are 24 symmetry axes [42].
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6.2.3.1. Grain boundaries and interfaces

The nature of any boundary depends on the two adjacent grains' misorientation and the orientation of the
boundary plane between these grains. A grain boundary is a boundary between two adjacent grains with the
same crystal structure but different crystal orientations. An interphase is a boundary between two neighboring
grains of different crystallographic structures. Both of them are interfaces; nevertheless, the former is
homophasic interfaces, and the latter are heterophasic interfaces. In one way, the interface is seen as a boundary
between two crystallites that differ in their crystallographic orientations. Then the interface is a plane between
these crystallites with several degrees of freedom. There are eight degrees of freedom, five of which are
macroscopic, and three are microscopic. The three microscopic degrees of freedom refer to translations of the
atoms parallel and perpendicular to the interface. These translations minimize the free energy of the interface.
The local atomic array may differ at different positions of the interface. The microscopic degrees of freedom
are difficult to determine because interfaces can be micrometers in length. The misorientation describes the
macroscopic degrees of freedom between the grains, which take up three degrees of freedom, and the normal
of the interface plane in one of the grains, which takes up two degrees of freedom. Alternatively, interfaces
can be seen as lattice defects, such as strains and dislocations. These lattice defects can have different
geometries, such as long-range order or compatibility between the adjacent grains. When two different phases
co-exist in an alloy, heterophasic interfaces are located between these phases. These interfaces can be coherent,
semi-coherent, or incoherent. A coherent interface is created when the two crystal structures adjoined in the
interface plane match perfectly and are continuous across the interface. This is possible if the interfacial plane
has the same atomic configuration in both phases, which requires the two crystals to have an orientation
relation. Even when the atomic distance is not the same, coherency is still possible if one or both lattices are
strained. These coherency strains increase the grain boundary energy. For a certain misfit, it becomes
energetically favorable to replace the coherent interface with a semi-coherent interface. A dislocation
periodically replaces the misfit. When there is more than one dislocation per four atom planes perpendicular
to the interfacial plane, the interface cannot be determined as coherent or semi-coherent and is called
incoherent. Incoherent interfaces occur when the interfacial plane has a very different atomic arrangement in

the two neighboring phases, so good matching is impossible across the interface [43-45].

6.2.3.2. Grain boundary energy

Grain boundaries have different properties than the lattice because there are excess free volume and a lowered
atomic coordination. Since grain boundaries are defects, they have an energy associated with their non-
equilibrium structure. When the misorientation is small, the excess free volume is also small while the atomic
coordination is relatively high, which results in relatively low grain boundary energy. Small misorientations

are mostly formed by a periodic dislocation distribution and are called low angle boundaries.

Austenite can transform into martensite (o) in many steels, which has a body-centered tetragonal crystal
structure, while ferrite (o) has a body-centered cubic crystal structure. During research on the martensite

formation in steels, researchers found orientation relationships between austenite (y) and martensite. Four
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different orientation relationships between y (FCC) and o (BCC or BCT) have been found by Bain [46],

Kurdjumov and Sachs [31], Nishiyama [47], and Wassermann [48], and Greninger and Troiano [49]. The latter

is an intermediate between the Kurdjumov-Sachs and the Nishiyama-Wassermann relationships. These

relationships are shown in Figure 6.2. The face-centered cubic lattice can be considered as a body-centered

tetragonal lattice with an axial ratio of V2. According to Bain [46], the y—a transformation is equivalent to a

shrinkage of the long axis direction of the tetragonal lattice and a uniform expansion in the perpendicular

directions until its axial ratio is 1, and thus the lattice changes from tetragonal to cubic. Kurdjumov and Sachs
[31] concluded that the {1 1 1} and {0 1 1} planes lie parallel to each other. As a result, the [1 1 1] direction

of martensite and the [1 0 1] direction of austenite are parallel. They agreed with Bain on the relative

displacement among atoms while re-arranging from one crystal structure to the other, specifically the shear

along (1 1 1),, but not on the orientation relationship between the o and y phase.

Orientation

lationshi Lattice correspondences | Angle/axis pair | Alt. | Variants
relationship
{001} //{001}, 3
Bain (B) 45°/<00 1> 3
<110> //<100>, 1
{111} //{011}, 4
Kurdjumov-Sachs
(K-S) <101> //<111> 90°/<1 12> 3 24
Twin related variants 2
Nishiyama- {111 }YH{OI L, 4
o ) 95.25°/<3 6 2> 12
Wassermann (N-W) | _4 12> //<011>, 3
{010} //{101}, 4
Pitsch 95.25°/<6 3 2> 12
<101> //<111> 3
Greninger-Troiano {111 }Y”{Ol L}, 4
. 44.23°/<3 2 15> 12
(G-T) <51217> /I<717 17>, 3
Inverse Greninger- 512 17}}.”{5 1217}, 4423°/<2 3 ] 3 12
23°/<2 315> 2
Troiano (G-T) 4

<llby”<01ba

Figure 6.2:

Orientation relationships between austenite and ferrite [42].

The orientation relationships have variants. Because of symmetry, the number of variants differs in each

orientation relationship. The differences are due to the symmetry axes of the corresponding planes and

directions.
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6.2.4. Recrystallization of Ferrite

6.2.4.1. The process of recrystallization

The heating of eutectoid steels above the Ac: temperature leads to ferrite recrystallization that determines the
grain size and the properties of the ferrite phase. As mentioned above, austenite initially forms at cementite
particles along the boundaries of ferrite grains. Nevertheless, the conversion from austenitization in a
recrystallized ferrite matrix to the occurrence of parallel recrystallization and austenitization radically changes
the final structure. A random spatial distribution of austenite is detected if recrystallization was completed
before austenitization. In a non-recrystallized structure, austenite first forms at cementite particles lengthways
the boundaries of non-recrystallized elongated ferrite grains so that it can lead to a formation of austenite
aligned in the rolling direction enabling banded morphology [50].

Depending on the heating rate up to the intercritical temperature range, the level of ferrite recrystallization,
and the conditions of austenite formation vary in a large way. The reheating conditions influence the
microstructures. Depending on the cooling rate, martensite and bainite can be formed, austenite can be retained,
and cementite and other carbides can be precipitated. If the austenitization process has not been completed,
these microstructural constituents will coexist with the recrystallized ferrite that has not been transformed into
austenite. Additionally, the ferrite grain size is larger in the case of slow heating rates and the amount of

recrystallized ferrite increases with holding time.

Furthermore, the ferrite to austenite phase transformation happens when reaching the eutectoid temperature.
These two phenomena take place with their own kinetics. For slow heating, ferrite recrystallization and
austenite formation are entirely disconnected phenomena. This means that austenite formation starts after the
end of the ferrite recrystallization. In fast heating, these phenomena are being overlapped. Therefore, ferrite
recrystallization is strongly delayed, while austenite nucleation appears to happen more extensively. It can be
assumed that deformation defects become potent nucleation sites for austenite at the expense of ferrite
recrystallization. This distribution of fine austenite precipitates stabilizes the deformation structure and thus
delays ferrite recrystallization. As mentioned above, the amount of austenite depends on both the reheating

temperature and the heating rate.

Additionally, it has been observed that the amount of austenite decreases with the holding time in the case of
fast heating. It can be assumed that these phenomena outcome from a shift in the thermodynamic conditions
prevailing at the ferrite — austenite interface. Concerning fast heating, the austenite starts to form under para-
equilibrium conditions. Substantial nucleation and fast growth lead to a large proportion of austenite [51].
During recrystallization, the deformed ferrite grains are being transformed into more equiaxed grains. The

fraction softening of ferrite can be obtained from the hardness:

Ho—H Eq 6.4.

X= ——
I'IO_ HRex
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HO is the initial microhardness of ferrite in the as-cold rolled steel, H is the microhardness after a given

annealing condition, and Hgex the microhardness corresponding to fully recrystallized steel [52].

The recovery process can be distinguished into three steps; recovery, recrystallization, and grain growth, and

is a process that reduces the total energy of the system.

6.2.4.2. Thermodynamics

As is the case with most processes in nature, all systems tend to decrease their internal energy. In phase
transformations, the driving force is the difference in the Gibbs free energy between the initial and final state.
During thermomechanical processes, such as (hot and) cold rolling, only a fraction of the total energy will be
stored in the material. The major fraction of the total consumed energy will be dissipated as heat. The stored

energy value depends on impurities, temperature, initial grain size, and total deformation.

As mentioned before, grain boundaries denote an increase in the internal energy as a larger number of atoms
will be located in incoherent atomic positions. Elongated grains, in that way, increase the energy state of the
system. Another factor contributing to the increase of the stored energy is the level of deformation and, thus,
the presence of dislocations in the microstructure [53]. The formation of dislocations occurs when plastically
deforming a grain in order to accommodate for the change of the grains’ shape, i.e., during cold rolling. The
combination of the energy increase that occurs by the higher grain boundary fraction and the increase in
dislocation density are the main contributing factors to the total stored energy. This higher energy state is the
driving force for recrystallization [54]. It has been observed that dislocations tend to mobilize and form sub-
grains when there is enough energy to overcome the activation barrier. The energy contributed to these

boundaries depends on the size and misorientation between the sub-grains.

6.2.4.3. Driving force for recrystallization

A high deformation rate is introduced in the material during cold rolling, which translates to a high dislocation
density that corresponds to a high free energy state. When given enough energy (through heating) to overcome

an activation barrier, the material will tend to lower its free energy.

This takes place by the formation of sub-grains, recrystallization, and grain growth. During the first stage, the
dislocations will mobilize and annihilate each other if they have opposite orientation, reducing the total
dislocation density. The annihilation and movement of dislocations will lead to the formation of sub-grains,
and this process is called recovery. Recovery is a thermally activated process, and different phenomena are
more pronounced with increasing temperature, such as the annihilation of dislocations, the coalescence of sub-
grains, etc. The second stage is recrystallization. The total free energy is further reduced by further reduction
of dislocation density. The angles of the sub-grain boundaries increase, and grain boundaries are formed, thus
creating new, strain-free grains. The process of recrystallization can be divided into nucleation of the new
strain-free grains and additional growth until all deformed grains have disappeared and only strain-free grains

are present in the microstructure. The grain boundaries that are now present still contribute to the increase of
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the stored energy. This is encountered by the further growth of some grains at the expense of others, leading

to a decrease of the total grain boundary fraction.

6.2.5. Austenitization

The most important step in a heat treatment process is austenitization [55]. In order to induce austenitization,
the material is heated from room temperature through the intercritical region to the one-phase austenite region.
The main features of austenitization are a) increase in the mobility of atoms and of the driving force with
increasing temperature. With increasing overheating, the phase transition accelerates due to the increased
nucleation and growth rates; b) formation of an austenitic structure with homogeneous carbon distribution

from a two-phase mixture (ferrite-pearlite) [56].

6.2.5.1. The formation of austenite in steels

Free energy change is defined as the difference in the free energy of the product phase (austenite) and the
parent phases (pearlite or ferrite). By increasing the temperature into the austenite region, this free energy
change increases as well. Hence, the rate of austenite formation increases with increasing temperature.
Similarly, with increasing temperature, the atomic mobility also increases. Therefore, the rate of nucleation
and the rate of growth will continuously increase with increasing temperature.

6.2.5.2. The formation of austenite from pro-eutectoid ferrite and pearlite in hypoeutectoid steels

Upon heating, the pearlite regions become unstable once the eutectoid temperature is reached and transform
into austenite. Nucleation takes place predominantly on the pearlite-ferrite grain boundaries [57], and the
pearlite phase will be the first one to transform into austenite [58]. After the 6—a transformation is completed,
the structure consists of austenite regions, in the areas where pearlite was present, and regions of unaffected
pro-eutectoid ferrite. With increasing austenitizing temperature, the austenite nuclei grow at the expense of the
pro-eutectoid ferrite and disappear completely after the A; temperature is reached [59]. Simultaneously, the
austenite formed in the ferritic areas is enriched in carbon through diffusion from the austenite regions formed
from pearlite colonies. Dykhuizen et al. [60] studied the austenitization in low carbon steels and found that the
06—y and a—y transformations are overlapping to some extent. According to them, ferrite cannot transform
into austenite at temperatures right above the eutectoid temperature until the carbon is available from the

pearlite regions. Therefore, the transformation process is impeded by the diffusion of carbon in austenite.

Schmidt et al. [61] studied the formation of austenite from a ferrite-pearlite initial microstructure. They
observed that at low heating rates, the formation of austenite is controlled by the long-range diffusion of
carbon. Nevertheless, at higher heating rates, the growth rate increases considerably, and the interface-
controlled reaction growth mechanism is responsible for the transformation. Thus, it is suggested that a change
from diffusion-controlled to interface-controlled transformation can be expected during the austenitization of

steels with a pearlite-ferrite microstructure.
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The 06—y transformation proceeds faster than the o—y. This reaction is shifted to higher temperatures for
higher heating rates. Datta et al. [58] studied the austenitization kinetics from a pearlite/ferrite initial
microstructure at different intercritical annealing temperatures in low-carbon steel. They observed that the
00—y transformation was completed in less than one second at all tested temperatures. On the other hand, the
kinetics of the a—y transformation at temperatures higher than the Az was found to be different from those
tested at temperatures lower than the As. After the ferrite/pearlite transformation to austenite is completed, the
carbon concentration gradients remain in austenite for a certain time. In the regions of the former pearlite
colonies, there is an excess of carbon, whereas, in the regions of the former ferrite grains, there is a lack of
carbon. These concentration gradients are determined by the heating rate and can remain for a certain time,
but eventually, homogenization occurs, and the final austenitic structure will contain homogeneous carbon

content.
6.2.6. Transformation during cooling

6.2.6.1. Effect of the Cooling Rate and the Transformation Products

The cooling rate from the annealing temperature determines the product of the austenite transformation. In a
steel of a given composition, the lower the heating temperature in the intercritical region, the lower the
austenite fraction, and the lower the cooling rate required for the martensitic transformation. With a high
cooling rate, dual-phase steels can be produced at lower carbon content and substantially reduced alloy content
[62]. During rapid quenching, the amount of formed austenite and the amount of the corresponding martensite,
as well as the properties of dual-phase steels, are very sensitive to heating temperature. On the other hand, with
relatively slow cooling rates, ferrite formation can occur with a near-equilibrium carbon partitioning from the
new ferrite to the remaining austenite. This can be less dependent on the heating temperature. An increase in
the cooling rate from the intercritical region induces high residual stresses that accompany martensitic

transformation and increases the density of unpinned dislocations in ferrite areas adjacent to martensite [63].

6.2.6.2. Formation of ferrite from austenite

At atemperature above the Acs, a carbon steel will obtain a fully austenitic microstructure. When cooled slowly
until below the Aci temperature, ferrite starts to form until it obtains a fully ferritic microstructure. The
nucleation of ferrite starts at grain boundary faces, at grain corners, and at triple junctions, where three grain
boundaries meet. Additionally, heterogeneous nucleation can occur at defects, such as dislocations. These

nuclei will grow into grains until all of the austenite has transformed into ferrite.

During cooling below the As temperature, nucleation of ferrite in the austenite matrix takes place. According
to the phase diagram (Figure 6.1), the BCC structure becomes favorable below the As-temperature. During
cooling, small groups of atoms tend to arrange into the BCC structure. Some of these groups form a stable
nucleus larger than a critical dimension, while smaller groups will not be stable and disappear again. In the
classical nucleation theory, the Gibbs free energy change (AG) is associated with the nucleation process is

expressed as:
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AG = —V(AGy — AGg) + Z Alg, — AGy Eq.6.5.
i

where V is the volume of the nucleus (in m®), AGv is the difference of Gibbs free energy per unit volume
between austenite (Gvy) and ferrite (Gv a) and is called the driving force for nucleation; AGs is the misfit strain
energy per unit volume that results from the non-perfect fit of the transformed volume into the space originally
occupied by the matrix. Ai is the area of interface I, si the free energy per unit area of interface i, and AGg is the
change in free energy associated with consumed defects in the parent phase at the nucleus's location (in J). The
area A; is positive for an interface between the nucleus and the matrix and negative for an interface between

two grains of the parent phase [42].

6.2.6.3. Potential nucleation sites

A distinction can be made between potential nucleation sites. These can be grain faces located between two
austenite grains, grain edges between three austenite grains, and grain corners found between four austenite
grains. The nucleation mostly takes place on irregularities that are present in the parent phase. For example,
the nucleation of ferrite on a grain boundary requires a lower AG* than a homogeneous nucleation for the same
interface energies between the matrix and the nucleus. Homogeneous nucleation has the lowest nucleation rate.
On the other hand, nucleation on defects reduces the change in Gibbs free energy for nucleation by AGqand
favors the new phase's nucleation. Such defects can be vacancies, dislocations, stacking faults, and phase or
grain boundaries. The presence of these defects favors the nucleation rate. Enomoto et al. [64] found that
nucleation rates at grain faces are compared to nucleation rates at grain edges. At small undercoolings, the
grain edge nucleation is preferred over grain face nucleation, while at larger undercoolings, the grain face
nucleation is faster. Huang and Hillert [65] have shown that the dominance of grain corners as nucleation sites
is so strong that the nucleation taking place at grain edges may have occurred at points energetically similar to

grain corners.

Enomoto and Aaronson [66] studied the influence of alloying elements on the nucleation rates. They used five
types of low carbon steels alloyed with molybdenum (Mo), silicon (Si), cobalt (Co), nickel (Ni), or manganese
(Mn). They observed that Mn reduces the steady-state nucleation rate most effectively, followed by Ni. On the

other hand, Co, Mo, and Si increase the steady-state nucleation rate to greater degrees.

Several parameters greatly influence the nucleation rates, e.g., the interface energies and the driving force for
nucleation. These parameters depend differently on each type of alloying element and concentration.
Segregation of alloying elements to austenite grain boundaries may reduce the o,, interfacial energy of the
austenite grain boundary. Segregation to a/y phase boundaries will have the reverse effect [66]. Molybdenum
and silicon tend to segregate easier and therefore reduce the austenite interfacial energy to a greater extent.
The steady-state nucleation rate should be enhanced, but these elements also reduce the a/y interfacial energy,
and therefore, the nucleation rate is decreasing. The observed characteristics of ferrite allotriomorph nucleation

rates in the alloys studied are summarized as followed by Enomoto and Aaronson [66]:
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e Mn decreases the nucleation rate of grain boundary ferrite allotriomorphs by reducing the AGv during
nucleation. It further reduces the nucleation rate by decreasing the austenite grain boundary energy more
than the austenite-ferrite phase boundary energy.

e Si increases the nucleation rate because the negative AGv accompanying the significant increase in the A:s
temperature has a stronger influence than the decrease of the nucleation rate due to reducing the austenite
grain boundary energy.

e Mo increases the nucleation rates at high temperatures for the same reasons as Si.

An important factor to consider is that alloying elements change the temperature dependence of the driving

force for nucleation, AG, and also the start temperature of the nucleation process [42].

6.2.6.4. The martensitic transformation

The starting temperature of martensite transformation Ms controls the substructure of martensite, probable
auto-tempering throughout cooling, and the possibility of preserving some quantities of retained austenite in
the final microstructure. The M is highly affected by alloying elements such as manganese, chromium, silicon,
and carbon [34]. Carbon content in austenite fraction at the moment of its transformation in cooling from
intercritical region is the main factor determining the Ms temperature and therefore the properties of martensite,
the level of residual stresses, dislocation density in ferrite, etc. Depending on the carbon content of austenite
in steels, the martensite transformation and can differ from 0.1 to 0.6 %, which interprets to variations in Ms.
The effect of alloying elements on the Ms is very noteworthy as they differ the permitted cooling rate, the
amount of newly transformed ferrite and the relevant carbon enrichment of y-phase. For example, aluminum
affects the Ms temperature by raising it about 30 °C per 1 % of Al In the absence of full austenitization, though,
Al percentage increase leads to the formation of new ferrite, increasing the carbon content in the remaining
portion of austenite and therefore, decreasing the M, temperature [8]. On the other hand, additions of alloying
elements that increase the hardenability of austenite and prevent new ferrite formation can raise the Ms
temperature, compared to less alloyed steels, due to lower carbon enrichment in the remaining percentage of

austenite.

Crystallography of Martensitic Transformations

Martensitic transformations are diffusionless, involve synchronized movements of atoms, and hence can occur
at low temperatures [67], and can propagate at the speed of sound [68]. There is ho composition change during
its formation and growth in the parent phase. The martensite-austenite interface must be able to move without
diffusion, which means that the interface must contain no more than one set of dislocations. More than one
array of line vectors can lead to interference between the dislocations, and therefore, there must be at least one

line fully coherent in the a/y interface.

Shape deformation

Since the arrangement of atoms in the parent crystal is specific, displacive changes occur to generate the

product phase leading to a visible change in the macroscopic shape of the parent crystal during transformation
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[69]. As shown in Figure 6.3 [33], the initially flat surface normal to da tilts in respect to the line formed by
the intersection of the interface plane with the surface normal to da. The straight-line ab is bent into two straight
parts, ae and eb. It is also shown that the martensitic transformation is diffusionless as labeled rows of atoms
in the parent crystal are expected to remain in the correct arrangement in the martensite lattice. This means
that a particular atom in the martensite has originated from a corresponding particular atom in the parent
crystal. Concerning the reconstructive transformation illustrated in Fig. 6.3, the product phase can have a
different composition from the parent. Also, there has been a rearrangement of atoms during transformation,
and the order of atoms in the product lattice is different from that in the parent lattice. As the reconstruction of
the parent lattice is involved during the transformation, the atoms are able to diffuse around without any crystal

shape deformation. The ab line is unaffected by the transformation.
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Figure 6.3: Schematic illustration of the mechanisms of diffusional and shear transformations [33].

6.2.6.5. The bainitic transformation

Bainite forms at temperatures between the pearlite and martensite transformation temperatures, and in some cases,
they may overlap. That is why bainite exhibits characteristic features of both pearlite and martensite transformation.
According to Bain, it can be defined as a ‘non-lamellar aggregate of lath- or plate-shaped ferrite and carbide’ [24,
70]. The microstructure of bainite may vary with the composition and the temperature of its transformation. Thus,
it is distinguished into two types, the upper bainite, and the lower bainite. The suppression of the carbide component

of bainite is possible in steels that contain a sufficient concentration of alloying elements such as Si or Al. This
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bainite consists of ferrite plates and untransformed austenite. This bainitic morphology has also been reported in

very low carbon steels [71].

The bainitic ferrite nucleates at austenite grain boundaries and grows in the form of plates adjacent to each other.
These groups of plates are called sheaves [72]. These sheaves and the constituent plates (sub-units) within them do
not cross the austenite grain boundaries. The thickness of the sub-units decreases with decreasing transformation
temperature, but the length is unaffected [23]. The sub-units in a sheaf have almost identical crystallographic
orientations and are separated by small-angle grain boundaries. Other phases such as cementite, untransformed
austenite, or martensite may occupy the regions between the sub-units. In the case of lower bainite, carbides are
present within the sub-units, aligned at an angle of about 55-60° to the long axis of the ferrite plate. The transition
from upper bainite to lower bainite usually occurs at around 350°C [73], but it is not sharp, as both upper and lower
bainite can form at intermediate temperatures. In many steels, the transformation to bainitic ferrite may occur
without any interference from other reactions such as carbide precipitation. In such steels, the transformation to
bainitic ferrite ceases earlier, before austenite gains the expected para-equilibrium composition. The reaction is then

incomplete, and the phenomenon is called the ‘incomplete reaction phenomenon’ [74].

Solute drag effect

During the transformation of bainite, substitutional solute elements do not partition between austenite and ferrite.
However, they may segregate to their interface, given necessary negative interaction energy with the interfaces, thus
applying a drag force on the interface's migration of disordered areas. This drag force decreases the mobility of the
interfaces. The extent of segregation, and thus the drag force, increases with decreasing temperature. The ferrite
growth kinetics slow down when the drag force becomes stronger, compared to the chemical driving force for ferrite
growth. Eventually, a saturation point for segregation is reached, but the driving force still increases as the
temperature is reduced. Once it overcomes the drag force, the mobility of the interface is restored, and the
transformation continues. These alloying elements also reduce the nucleation rate of ferrite [75] and contribute to
the incomplete reaction phenomenon. Strong carbide forming elements, such as Mo, favor this effect and the

efficiency of an alloying element depends on its effect on the activity of carbon in austenite.

In upper bainite, cementite precipitates from austenite. On the other hand, in lower bainite, carbide precipitates from
austenite at the austenite-ferrite interface and is eventually incorporated into the ferrite plate [76], based on the

observation that the carbide particles are aligned in the ferrite plate.

The bainitic ferrite plates initially grow along the length, with the diffusion of carbon into the parent austenite, and
hence, the initial plates do not contain any carbides. Next, the plates thicken perpendicular to their length by the
growth of the ferrite and the carbides after their nucleation, which initiates the thickening. It was, therefore,
suggested that lower bainite be regarded as a eutectoid mixture. According to [74], bainite forms by a displacive,
shear mechanism, including the coordinated movement of several atoms across a glissile interface. The growth of
bainite takes place alongside an invariant plane strain shape deformation with a large shear component. Even though
carbon diffusion takes place during para-equilibrium nucleation, the growth is considered diffusionless [74]. Finally,
bainite nucleation occurs at the parent austenite grain boundaries, but the plates do not exceed these boundaries or

twin boundaries.
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Compared with martensite, bainite grows at higher temperatures, in which the austenite is weak and cannot
accommodate the shape deformation elastically. So, it undergoes plastic deformation in the area next to the bainite
plate in order to relieve the large shape strain. This leads to an increase in the local dislocation density, which
impedes the glissile transformation interface's motion. The accumulation of dislocations eventually impedes the
plate's growth, and thus, the plate has a smaller length than the austenite grain diameter. The reaction keeps
progressing by the nucleation of new sub-units next to the existing ones [24]. Also, [77] studied the growth rate of
sheaves and showed that the lengthening rate is greater than expected from carbon diffusion-controlled growth.
According to Takahashi [78], the driving force for the transformation of bainite is smaller than that for martensite.
Due to the plastic deformation caused by the shape change, the bainite plates will grow much slower than martensite
plates. According to the aforementioned, the rate of the sheaf growth as a whole is much lower than that of an
individual sub-unit growth rate and is contingent on the time taken by the sub-unit to reach its limiting size. This

slows down the overall kinetics of the bainitic transformation.

In the case of a complete transformation, the composition of the bainite will be the same as that of the parent
austenite. It is supersaturated with carbon at the beginning of the transformation, as the growth of the bainitic ferrite
is diffusionless. However, the parent austenite grain does not transform instantly in its entirety. As the bainite
transformation takes place at high temperatures, the plate of bainitic ferrite that is formed first will reject its excess
carbon into the residual austenite during the transformation because there is sufficient time. The next plate of bainite
will then grow from austenite that is enriched in the carbon rejected from the first plate with a lower driving force.
This process continues until the driving force for diffusionless shear transformation drops to zero, and the reaction

stops.
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6.3. State of the Art: Ultra-fast Heating as a thermal treatment method

6.3.1. The introduction of Ultra-fast heating

The application of high heating rates has been used over the years as a surface hardening technique [79]. It
was recently introduced as a thermal treatment method for bulk specimens by Lolla [16-18] and Cola [15]. In
their work, they used a special experimental setup to ‘flash process’ steel samples. They concluded that high
heating rates affect the transformation mechanisms that occur during conventional thermal treatment. Thus,
the final products of the microstructure may differ. The need to reduce the production time of steel grades has
been supported in [80]. Until now, it has been found that the application of high heating rates can affect various

metallurgical phenomena that occur during the thermal treatments of steel.

6.3.2. The effect of heating rate in an annealing treatment

In cold-rolled steels, increasing the heating rate leads to an increase of the required heat needed for the
nucleation of austenite grains at the ferrite grain boundaries. The application of high heating rates translates
into short heating time, and thus the nucleation of austenite at ferrite grain boundaries is impeded. The lack of
heating time means that the diffusion distances are shortened, which creates carbon-rich and carbon-depleted
areas in the microstructure. The nucleation of austenite occurs preferentially in the carbon-rich areas.
Therefore, austenite growth occurs along the rolling direction, where the distance between the existing nuclei

of austenite is smaller.

The growth of austenite fraction, V, with time, t, can be described by the Avrami equation:
X =1—exp (—bt") Eqg. 6.6.

Where X is the recrystallized volume fraction of ferrite as a function of annealing time, n is a constant, and b

is reflective of the temperature dependence of the nucleation and the growth rates.

Significant acceleration of austenite growth during the isothermal holding of both low-carbon C—-Mn-Mo DP
and C-Mn-Si TRIP steels at given temperatures reached at higher heating rates were observed by Huang et al.
[52]. Another study [50] used 0.17C—0.74Mn steel and heating rates ranging from 1 to 900 °C/s and found that
higher heating rates affected the austenite transformation during continuous heating of only initially hot-rolled
microstructure. In contrast, in the case of cold-rolled steels, the austenite fractions were relatively independent
of heating rates. The authors explained these results by the differences in the initial microstructure prior to
austenite formation. In the hot-rolled microstructure, the increase in the heating rate required superheating
until a network of austenite grains was formed at ferrite grain boundaries. The chemical composition of steels
can substantially affect both the recrystallization and the Ac temperature, as well as the propensity to
spheroidization of (FeMn)sC. This could explain significant inconsistencies in the results of studies of heating

rate effects using different steels.
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6.3.3. The effect of the initial microstructure

It has been reported [81] that minimal heating times impede the dissolution of cementite inside the pearlitic
zones of the initial material. In this case, the initial microstructure plays a vital role. In the case of conventional
treatments, where slow heating rates are applied, the dissolution of cementite occurs, followed by diffusion of
carbon and other elements that enrich the microstructure's ferrite. This will favor the a—y transformation, as
will be mentioned later in this thesis. In the case of an initial ferrite-pearlite microstructure, the nucleation of
austenite occurs at the boundaries between the pearlitic colonies and the ferrite grains and on the interfaces
between the cementite lamellae and the interspatial ferrite. If the steel contains spheroidized carbides in the
ferrite matrix, then the austenite nucleates primarily at carbide particles located at ferrite grain boundaries. The
spheroidization of cementite is usually achieved by thermo-mechanical processing. The spherical carbides are
more stable than the lamellae and more difficult to dissolve [82]. Also, they offer a more abundant and more
evenly distributed nucleation site for the formation of austenite. According to Garcia and Deardo [83], carbides
located within ferrite grains do not contribute to austenite nucleation. Instead, they dissolve later in the ferrite
matrix with carbon diffusing to the growing y-phase. When heating a preliminary-quenched steel with
martensite microstructure into the intercritical region or in the case of Q&P steels, austenite first nucleates at
the parent austenite grain boundary triple junctions, then at the surfaces of prior austenite grains, and finally,
at martensite plate boundaries. As a result, a microstructure similar to Widmanstétten is produced with an
acicular shape of austenite that may have been transformed to martensite upon cooling, retaining acicular fiber-
type morphology. Tempering of the preliminary martensite may also take place during the heating stage. The
initial microstructure controls the austenitization kinetics and the morphology of austenite-ferrite mixture,
which will be a defining factor for the steel's final microstructure after cooling. The effect of the initial
microstructure corresponds to a shift in the critical temperatures of phase transformations and in the rate of
austenite growth at increasing holding temperature or time. Deformed initial microstructures (after cold
rolling) lead to an increased number of nucleation sites and favor the diffusion of atoms through the
dislocations (pipe diffusion) and thus increase the number of austenite nuclei resulting in acceleration of the
initial stages of austenitization. However, the overall effect of cold working on the austenitization kinetics
depends not only on the microstructure before cold deformation but also on the heating rate, holding time, and
carbon content in steel [8]. Concerning the effect of the initial microstructure in UFH treatments, Cerda et al.
[84] studied the effect of UFH on different microstructures. Specifically, they used a ferrite-pearlite (F+P)
initial microstructure compared to a ferrite-martensite (F+M) initial microstructure ina 1 to 1 ratio. They found
that the steels with F+P microstructure displayed higher ductility and lower strength than steels F+M initial
microstructure after all thermal cycles. Also, the pearlite colonies in the F+P samples were not fully dissolved.
This means that a large fraction of the carbon content has not been diffused into ferrite, which will also affect
the nucleated austenite composition. Also, Papaefthymiou et al. [85] studied the effect of UFH on thermo-
mechanically processed steels consisting of ferrite and spheroidized cementite. They found that the spherical
carbides were not dissolved due to high heating rates. It was also found that partial diffusion took place as they
found a gradient in the carbon content around the spheroidized cementite. Based on the modified fault

migration theory [82], the model for the mechanism of pearlite spheroidization is explained as follows. Various
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lamellar faults occur in a pearlitic lamellar structure, and even new faults may occur during the spheroidization.
The spheroidization will initiate and develop from these lamellar faults, with the driving force being the
chemical potential gradient between the highly curved faults and the neighboring flat interfaces. The
morphological changes will appear as local increases in the lamellar thickness and reduction of the lamellar
length. The lamellae will also show holes and fissures. This morphological change is anisotropic and is related
to the anisotropy of the o/FesC interfacial energy. The most frequently observed preferred orientations along
which the faults grow are the [0 1 0] and [2 1 0] directions. The holes and fissures grow, leading to the
connection of their profiles and the break-up of large cementite platelets into small particles. Due to Ostwald
ripening [86, 87], large cementite particles become larger at the expense of smaller ones, and all the cementite
particles will gradually evolve into spheroids. The partial dissolution of cementite of the initial microstructure,
in addition to the short time available for diffusion means that there is no enrichment of ferrite grains in carbon
before austenitization. Therefore, and due to the short diffusion distances, carbon-rich areas are found in close
proximity to undissolved cementite particles and as the distance from them increases, the carbon content
decreases. In another study, Papaefthymiou et al. [88] concluded that ultra-fast heating rates impede the motion
of the carbon atoms through an interface due to intense segregation of substitutional atoms near
cementite/austenite. This led to partial carbide dissolution which in turn leads to chemical heterogeneity in the
austenite matrix. In the case that the initial microstructure consists of coarser carbides complete carbide
dissolution cannot be achieved compared to other microstructures containing finer carbides [89].

Cryderman et al. [90] reported that martensitic initial microstructures lead to a decrease in the hardness,
compared to a ferrite-pearlite initial microstructure attributed to an increased volume fraction of retained
austenite. This increase in retained austenite (RA) is rationalized by a drop in the Ms temperature due to a more

complete dissolution of carbides in the initial martensitic microstructure.

6.3.4. Nucleation of austenite

The austenite nucleation at the carbon-rich areas can be rationalized from the work of Savran [56]. As she
explained, when the temperature is raised into the austenite region, the difference in the free energy of the
product phase (austenite) and the parent phases (pearlite or ferrite) increases. Hence, the formation rate of
austenite should increase with increasing temperature. In addition, with increasing temperature mobility of
atoms also increases. Therefore, both the thermodynamic driving force for the formation of austenite and the
atomic mobility increases at higher temperatures. Thus, the nucleation rate and growth rate will continuously
increase with increasing temperature. Upon heating, the pearlite regions, which contain almost the entire
carbon content, become unstable above the eutectoid temperature, and transform to austenite. This nucleation
takes place predominantly on the pearlite-ferrite grain boundaries [57]. The pearlite will transform to austenite
first [58]. After the pearlite fully transforms to austenite, the microstructure consists of austenite regions that
have replaced the original pearlite colonies and unaffected pro-eutectoid ferrite regions. The pro-eutectoid
ferrite is being reduced with increasing austenitizing temperature and will disappear completely after the As
temperature is reached [59]. Simultaneously, the carbon in the austenite regions formed from pearlite colonies

diffuses to the austenite formed from the ferrite regions. The transformation of the pro-eutectoid ferrite to

83



6. Theoretical Background

austenite is a diffusion-controlled process in which carbon diffusion in austenite is the rate-controlling factor.
[9]. However, at higher heating rates, the growth rate increases drastically, and the interface-controlled reaction

growth mechanism is responsible for the transformation.

Kaluba [91-93] introduced the massive a—y transformation mechanism when high heating rates are applied.
Specifically, if the driving force is high enough, the transformation starts in a displacive manner before the
nucleation process of a reconstructive transformation is completed. For this to be achieved, an increase of the
carbon concentration at the grain boundaries due to an easy carbon diffusion path occurs, thus ensuring
favorable thermodynamic conditions. Such conditions can also be produced at o/ interfaces. At this stage of
reaction, the volume of the product phase is very small. Therefore, the carbon supply to the reaction zone can
be achieved without any visible dissolution of cementite. According to [94, 95], the carbon concentration can

increase in the interior of a boundary and possibly, in its close vicinity.

The observation of pro-eutectoid ferrite grains in the work of Cerda [96] indicates that the diffusion of carbon
controls the advance of the y/a interface. These grains have similar morphology to those of the initial
microstructure. However, the morphology and grain size of this ferrite is differentiated. These changes indicate
that the mechanism of austenite formation is no longer diffusion-controlled but instead interface-controlled.
Therefore, the ensuing transformation of ferrite during cooling, which starts as an interface-controlled process,
proceeds as a diffusion-controlled process. Papaefthymiou and Bouzouni [97-99] studied the dissolution of
carbides and austenite formation under rapid heating processes. With the aid of simulation, they have showed
that when high heating rates are applied, although the time for diffusion is limited, short-range diffusion occurs
alongside partial dissolution of carbides. The refinement of the parent austenite grains at peak temperature was
rationalized from the existence of these undissolved carbides that prevent the growth. Also, the dissolution rate
of the carbides depends on the segregation of substitutional elements such as Cr, Mn, and Mo. Enrichment in
such elements was observed on the carbide interfaces. This creates a solute drag effect in carbide/austenite
interfaces, which delays the carbide dissolution. Therefore, the segregation of substitutional atoms impedes
austenite formation and results in carbon-depleted austenite grains, leading to chemical heterogeneity at the

peak temperature [100].

6.3.5. Growth of austenite

As mentioned before, austenite grows into both pearlite and pro-eutectoid ferrite. When this austenite is
nucleated at the a/6 interface, it starts to grow, and the newly formed y/a interface moves towards both pearlite
and pro-eutectoid ferrite. When the heating rate is low, then austenite forms via carbon diffusion. Though, with
increasing heating rate, the resulting austenite fractions deviate from the equilibrium values expected in slow
heating rates. At high heating rates, the rate of austenite formation is partly controlled by carbon diffusion.
Eventually, the system will reach some temperature in which the austenite is more stable than the ferrite in

equilibrium with cementite.

Cerda [96] also found that austenite nucleation occurs preferentially at the o/6 boundaries. Ultra-fast heating

leads to a substantial increase in the driving force for nucleation, and thus increases the probability of austenite
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to form at the o/0 interfaces. This newly formed austenite grows in all directions. Nevertheless, its growth rate
into pearlite is higher than the growth rate into pro-eutectoid ferrite. During the first stages of the austenite
formation and growth, the governing mechanism is diffusion-controlled, evident at conventional heating rates.
Though, at later stages of the austenite growth, the massive transformation mechanism occurs when
thermodynamically possible. The velocity of the moving boundaries is affected by the local chemical

composition at the y/o interface and by the heating rate.

6.3.5.1. Austenite growth into pearlite

It was also found that a cold-rolled ferrite-pearlite initial microstructure favors the spheroidization of
cementite, which affects the formation of austenite. On the other hand, when even higher heating rates are
applied, pearlite's lamellar structure can be retained, depending on the treatment. The spheroidization process
of cementite is related to the austenite distribution in the matrix. When cementite is still lamellar, the formation
of austenite takes place in the pearlitic areas [101]. Then, a banded mixture of ferrite and austenite is observed
in the microstructure. In the case that cementite is partially spheroidized, the growth of austenite will be radial
and slower, as the distances between cementite spheres are larger than the interlamellar spacing. Therefore,
the cementite spheres located at the a/o boundaries will be the preferred places for austenite nucleation, while
not all of the spheres will act as nucleation sites.

6.3.5.2. Austenite growth into pro-eutectoid ferrite

The growth of austenite into pearlite and in pro-eutectoid ferrite take place simultaneously. Nevertheless, there
is a kinetic difference between these two processes [102]. The kinetics of austenite's growth into the pro-
eutectoid ferrite is slower than its growth into pearlite since the carbon diffusion distances are longer than the
interlamellar spacing of pearlite. When the temperature is increased slightly above the eutectoid, the a/y
equilibrium will be defined by the Gibbs free energy curves of ferrite and austenite. With increasing
temperature, the a/y equilibrium will be defined by the Gibbs free energy of ferrite and austenite until they
become equal. According to these, Cerda [96] concluded that the growth of austenite does not occur
preferentially into recrystallized or deformed ferrite because the diffusion of carbon in austenite is the main

factor controlling the reaction.

In Figure 6.4 [103], the formation of austenite during traditional and fast heating is depicted. As mentioned
before, during traditional heating, spheroidization and dissolution of pearlite take place, and the austenite
nucleates on the interfaces between ferrite with cementite, ferrite with pearlite, and intergranularly of the ferrite
grains. In the case of fast heating, the dislocations in ferrite are retained, and the dissolution of pearlite is
impeded. All these act as nucleation sites for austenite to form and grow, leading to a more refined

microstructure in the annealing temperature.
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Figure 6.4: Schematic representation of the austenite nucleation and growth under traditional and fast heating conditions
[103].

6.3.6. Effect of Ultra-Fast Heating on Recovery and Recrystallization

It has been reported [104] that the time required to complete recrystallization decreases with increasing heating
rate. At the same time, its initiation is shifted to higher temperatures compared to those of conventional heating
treatments. Muljono et al. [105, 106] claimed that UFH increases the initiation temperature of recrystallization.
Atkinson [107] attributed the impeding of the recrystallization process to interstitial solute atoms that may act
as barriers to the movement of the dislocations in the deformed ferrite matrix and thus hinder the nucleation
of new grains. On the other hand, high heating rates may lead to significant changes in the recovery
characteristics, which may result in an increased recrystallization rate [108]. Another study [109] revealed that
interstitial atoms have a much greater influence on the kinetics of recrystallization at low heating rates

compared to higher heating rates.

It has been found [110-115] that recrystallization and phase transformation are processes that occur rather
independently. However, they are expected to overlap at high heating rates due to the impediment of ferrite
recrystallization. In this case, austenite grows into both deformed or partially recovered ferrite and fully
recrystallized ferrite. The fragmentation of pearlite that occurs during cold rolling affects both ferrite
recrystallization and austenite formation. Specifically, small fragmented cementite has a pinning effect on the
grain boundaries of the new ferrite grains, while it offers a higher amount of potential nucleation sites for
austenite [111].

Bandi et al. [116] also concluded that the recrystallization kinetics increase when increasing the isothermal
holding temperature and cold-rolling reduction. Higher cold-rolling reduction leads to a higher driving force
for the recrystallization, which leads to an increase of the recrystallization fraction that occurs before the
austenite formation. On the other hand, and confirming the claims mentioned above by Cerda et al. [96],

increasing heating rates lead to a decrease in the fraction of recrystallization before austenite formation, even

86



6. Theoretical Background

though these two processes overlap. Bandi [116] also claimed that for the recrystallization process and the

austenite formation to overlap completely, a heating rate over 500 °C/s must be applied.

In addition, Li et al. [117] found that the overlapping of the two processes affects the spatial distribution and
morphology of the austenite. They observed that the morphology of martensite shifted from a network structure
to a chain shape. This was observed for heating at lower annealing temperatures (<800 °C). Reis et al. [118]
observed a texture memory effect after the a-y-a transformation. This means that the initial material's texture
will be retained in the final microstructure after the thermal treatment. The memory effect may affect the
properties of the material, as according to [119], a strong ND fiber in cold-rolled materials will be retained
after UFH. This leads to better isotropy in the material’s properties. Such findings were also reported by [84,
120], who found that the application of high heating rates intensifies the RD fiber at the expense of the ND
fiber.

It was also found that in a DP980 steel sheet [121], the morphology of austenite changes from a random to a
fibrous distribution as the heating rate increase, which is attributed to the overlapping of the recrystallization
and austenitization processes. In the same study, it was also found that high heating rates affect the
transformation temperatures. This was also confirmed by [106, 122, 123], who have shown that increasing the
heating rate does not only impede the initiation of the recrystallization, but it also shifts the transformation
temperatures to higher values. This leads to a lower fraction of austenite than that resulting from a conventional

annealing at the same temperature.

6.3.7. Effect of Ultra-Fast Heating on Grain Refinement

Grain refinement means a reduction of the size of the grains that consist in a steel grade. Many studies have
shown that yield and tensile strength are increased due to grain refinement, whereas uniform and total
elongation are less affected. With a decrease in the grain size, the strain hardening rate is being increased. In
contrast to other methods that aim to increase the strength of the steel, grain refinement also improves the
material's toughness and capability to absorb energy under impact conditions. The most distinct mechanical
properties of the DP steels are the low elastic limit, the high initial strain hardening and the overall continuous
yielding in the quenched state. These features have been attributed to residual stresses and dislocation
heterogeneities present in the ferrite due to the austenite-to-martensite transformation. This transformation
involves a volume expansion of 2-4 %, depending on the chemical composition, causing an elastically and
plastically deformed zone in the ferrite adjacent to martensite. The elastic stresses enable plastic flow during
the early phases of yielding. Interaction between dislocations and their concentration at ferrite - martensite
interfaces and the corresponding long-range elastic back stresses contribute to rapid strain hardening. In DP
steels, uniform and total elongation are slightly affected by a decreasing ferrite grain size. Grain refinement
increases strain hardening rate at low strains; at higher strains, it levels off and equals the rate of the coarse-
grained reference material. This leads to an almost unaffected uniform elongation with the decreasing ferrite

size. The reason for this occurrence is because of the higher fraction of grain boundaries and heterophase
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interfaces that increase the number of dislocation sources and increase the dislocation density, and therefore,
the strength [124].

It was found [118] that when high heating rates are applied, refinement of the microstructure takes place. As
mentioned before, the recrystallization and austenitization processes overlap when high heating rates are
applied. In the case of intercritical annealing, this means that as the recrystallization process is not complete,
the ferrite grain size will be finer, as there is no time for the formation of new, coarser ferrite grains. On the
other hand, there is no time for austenite growth as it depends on carbon diffusion, which requires a longer

time.

6.3.8. Production of AHSS via Ultra-Fast Heating

Dai et al. [125] claimed that UFH could provide a feasible way to produce high-performance DP steels by
taking advantage of austenite decomposition. When the used cold-rolled DP980 sheet was fully heated above
the Acs temperature, at a heating rate of 300 °C/s, it was found that very fine martensite surrounded by
interconnected network ferrite can be obtained with a holding time of 100 s at 800 °C. The total elongation of
the produced steel sheet was improved to 16.7% with a UTS of about 1200 MPa. Concerning the mechanical
properties, [126] found that the grain refinement that is achieved after ultra-fast heating has a minor effect on
the YS and UTS, compared to the microstructural constituents. According to Massardier et al. [127], this grain
refinement is controlled by the distribution of the initial undissolved carbides. Cerda et al. [84] also claimed
that an increase in the heating rate improves both strength and ductility at heating rates up to 800 °C/s while
heating rates up to 1200 °C/s lead to a decrease in the ultimate tensile strength (UTS) and total elongation
(TE). They attributed this behavior to the carbon gradients that are formed in austenite during UFH
experiments.

Hernandez-Duran et al. [128] and Vercruysse et al. [129] recently studied the effect of UFH on the production
of Q&P steels. They concluded that the grain refinement is not as pronounced above a certain heating rate as
it is for lower heating rates. They also found extended heterogeneity in the chemical composition of the
microstructural constituents of their UFH samples, though the work hardening behavior depends on the TRIP
effect. They also found that the uniform elongation of the UFH samples is improved due to the refinement of
the transformation products and the better distribution of the retained austenite. An improvement in the
properties of Q&P steels that have been subjected to UFH was also found by De Knijf et al. [123]. This
improvement was also confirmed by Dai et. al. [125], who attributed the increase in elongation to low-carbon
parent austenite and the bainite formation during the partitioning stage. The heterogeneity of the parent
austenite in carbon and manganese is thoroughly studied by Muljono et. al. [103]. They found that the gradient
in the Mn content in the initial pearlite-ferrite microstructure is inherited to the parent austenite during flash
heating, affecting the austenite decomposition and carbon partitioning upon the subsequent Q&P process. In
the UFH samples, they claimed that the grain refinement and Mn heterogeneity in the parent austenite grains
could accelerate ferrite formation and promote carbon partitioning into austenite, a major factor for its

stabilization.
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7. Experimental Implementation

7.1. Thermal Treatments

The experiments were designed to explain the impact of high heating rates on the microstructure of automotive
steels. To that end, three sets of experiments were conducted. In the first two approaches, the scope was to find
the optimal parameters for the heating treatment in laboratory-scale and industry scale samples respectively.
In the third set, the possibility to use the UFH treatment to replace existing steel production methods is
examined. To that end, high heating rates are applied in a commercial steel to produce grades similar to those

currently used in the automotive industry.

Laboratory-scale experiments

Effect of UFH on the microstructure of steel samples through
dilatometry

Determination of optimal thermal treatment parameters

Industry-scale experiments

Application of UFH on industry-scale steel pipes via a pilot
setup and study of the microstructure

Applicability in the automotive industry

Production of AHSS grades through UFH instead of
conventional treatments

Different heating setups were used in each approach. The dilatometer was used in the laboratory-scale
experiments, described in Chapter 8.1. In this chapter, the parameters of UFH treatments were studied. Due to
the setup and the small size of the samples, the heating and cooling parameters can be easily controlled in the
dilatometer. Once the optimal parameters are obtained, large-scale samples were treated in a pilot setup,
described in Chapter 8.2. The application of UFH in larger samples through this setup aims to simulate whether
such a treatment can be applied in large scale industrially. Also, the aim is to confirm the formation of bainite
and retained austenite that is indicated by the microstructure characterization on the dilatometry samples, as
shown in Chapter 8.1. Finally, the Gleeble simulator is used for the experiments of Chapter 8.3. This setup is
used because it can reach higher heating rates than the aforementioned setups. Also, sheet samples are used

and the mechanical properties can be studied more easily.

7.1.1. Dilatometry

Phase transformations are one of the factors that most influence steel properties, especially the y—a
transformation. Dilatometry is a classic technique, along with differential thermal analysis and quantitative
analysis of microstructures, most commonly used to determine the start and end of phase transformations in

steels.
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The DIL80SA of Bihr Co. is a special dilatometer used to determine the deformation parameter and the
creation of time-temperature-transformation (TTT) and dilatation-transformation-temperature (DTT)
diagrams. The distinctive features of the DIL805A are the high heating rates of up to 4000 °C/s and cooling
rates of 2500 °C/s. Though, the accuracy of the results decreases with increasing heating rates. It was found
that when the heating rate surpasses 200 °C/s, the results can be precarious. The dilatometer was used for the

experiments in Chapters 8.1 and 8.3.

Figure 7.1: The setup of the used dilatometer. The sample is positioned inside the coil and anchored between two metallic

rods.

The specimens are inductively heated in the vacuumed testing chamber by a double coiled induction coil driven
by a high-frequency energy generator. Through the outer coil, a water supply is conducted to control sensible
heat generated as a result of coil resistance. The inner coil's faction is to circulate the cooling gas through the
bores located on its inner surface. To measure the temperature, two K-type thermocouples of 0.1 mm diameter
are spot welded to a central position on the specimen surface. According to the cooling capacity, argon gas is
applied, and the gas pressure is regulated by means of different valves depending on the aimed cooling rate.
The samples used in Chapter 8.1 are cylindrical with a length of 10 mm and a diameter of 4 mm. On the
contrary, the samples used in Chapter 8.3 are sheets with a length of 10 mm, a width of 2 mm, and a thickness

of 1 mm and were cut from the cross-sections of hot-rolled bars.

7.1.2. Pilot-scale induction heating machine

A pilot setup was used in order to perform the heat treatments in larger-scale samples. In this setup, a hollow
seamless steel tube is placed inside a large copper coil. Electrical current is applied on the coil, and the sample
is heated via induction through the Joule effect. The equipment is designed to heat tube samples with an outer

diameter of 30-50 mm and a wall thickness of 1.5 —2.5 mm, reaching a maximum peak heating rate of 200 °C/s.
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The temperature is measured at the sample’s surface with a very high response thermocouple, and the
measurement is used by the software to control the power. After the thermal cycle, the sample can
automatically be released in a quenching tank, filled with water for rapid cooling. This setup was used for the

experiments in Chapter 8.2.

7.1.3. Gleeble Thermo-Mechanical Simulator

Controlled-heating experiments were performed using a Gleeble 3800 Thermo-Mechanical Simulator
(Dynamic Systems Inc., Poestenkill, NY, USA) for the experiments in Chapter 8.3. Gleeble systems are based
on resistance heating. An alternating electrical current is passed directly through the specimen resulting in its
heating via the Joule effect. Extremely rapid and precise temperature control enables to create detailed thermal
profiles needed to conduct accurate simulations. The Gleeble varies both the peak current and power angle in
order to follow the programmed thermal cycle. It can reach high heating rates up to 10000 °C/s, depending on
the sample geometry. Quenching took place either with argon or hellion gas, and the treatments were
performed. An additional step in the programming of the heat treatment was included to avoid overshooting
due to the fast-heating rates.

The sample dimensions were 100 mm % 14 mm, while the rolled sheets' thickness was 1 mm. The temperature
was controlled by a 0.1 mm diameter K-type thermocouple, which was spot-welded to each processed sample's
midsection. The heat treatment data were recorded with a frequency of 100 Hz. The heating/cooling rate was

calculated as the slope of the experimental temperature-time plots.
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Figure 7.2: The setup of the Gleeble 3800. The sample is anchored between the copper holders and heated by the two
coils in the middle of the setup.

7.2. Material Characterization

7.2.1. Sample preparation

In order to be able to observe the microstructure, special sample preparation needs to be performed. For the
Light Optical Microscope (LOM) and Scanning Electron Microscope (SEM), the preparation of the sample

consists of the following steps:

The first step is grinding the sample at 180, 220, 400, 800, 1200, and 2000 grit (SiC grains/inch?) papers.
Through this step, any deformed surface layers are removed from the material. The grinding step was
performed manually, and water was used to cool the rotating grinding disk and remove any detached particles

from the surface. After each grit, the samples were cleaned with water and ethanol and dried with warm air.

The second step was polishing with 6 pm and 1 um diamond pastes until a mirror-like surface is achieved. For
some samples, even a 9 um diamond paste was used. The polishing was performed manually on DP-Mol or
DP-Nap soft cloths, and the appropriate lubricant was used for each paste. Each sample was polished for 15-
20 minutes at each paste. After each polishing step, the samples were cleaned the same way as in the grinding

process.

This process is followed by chemical etching with 2 % v/v HNO3 in ethanol (Nital 2%) for 5-10 sec at room
temperature to reveal the microstructure. The Nital etches first constituents of the microstructure with higher
energy, such as grain boundaries. Consequently, the etching allows easy observation of the boundaries and the

crystallographic orientation of the grains, phases, and precipitates of the microstructure.

The grinding and polishing steps that were used for the SEM are also used for the sample preparation for the
Electron Backscatter Diffraction (EBSD) analysis. Though, two polishing steps are added using 0.3 um
aluminum oxide and 0.1 um colloidal silica (OPU) while no etching is done. This leads to an even more flat

surface, which is necessary for EBSD, as the electron beam is scattered on the sample’s surface under a specific
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angle. Both steps were performed manually. The polishing with aluminum oxide was performed for 15-20

minutes, while the polishing with OPU was performed for 45-60 minutes.

Finally, the Transmission Electron Microscope (TEM) samples were ground to 100 um thickness and then cut
into discs with a diameter of 3 mm. For the grinding, SiC papers were used at 220, 400, and 800 grit, as lower
grit papers may induce dislocations in the sample. Once the sample has reached the desired thickness, it is cut
into discs into the TEM disc punch cutter. The disc is then mounted on a specific sample holder and is ground
to a final thickness of 40 um. Finally, the Precision lon Polishing System (PIPS) was used. The argon ions
beam hits the center of the sample at an angle to reduce the thickness of the sample until a hole is created in
the middle. Once the hole is created, the surrounding area of the sample is expected to have a thickness from

a few nm up to 150 nm. This process was also applied in the samples that were studied with the TKD method.

7.2.2. Scanning Electron Microscope (SEM)

The SEM was used in order to study the microstructures of the initial materials and the materials after the heat
treatments. The constituents and phases of the microstructures were analyzed, as long as their grain sizes and
the sizes of the parent austenite grains. An approximation of the fraction of each constituent was also made.

For the experiments performed at the National Technical University of Athens, a JEOL6380LV SEM was used

with an accelerating current of 20kV and a working distance of 10mm in secondary electron imaging mode.

For SEM analysis in the University of Ghent, an FEI Quanta TM 450-FEG-SEM (FEI Company, Hillsboro,
OR, USA) operating at 20 kV and spot size 5 in SE (BSE) mode was used.

7.2.3. Electron Back-Scatter Diffraction (EBSD)

Electron backscatter diffraction (EBSD) patterns are obtained in the SEM by focusing a stationary electron
beam on a crystalline sample. Electron Backscatter Diffraction Patterns (EBSPs) are observed when a fixed,
focused electron beam is positioned on a tilted specimen. Tilting is used to reduce the path length of the
backscattered electrons, and in order to obtain sufficient backscattered electrons, the specimen is tilted between
55-75°, where 70° is considered ideal. The backscattered electrons escape from 30-40 up to 100 nm underneath
the surface; hence there is a diffracting volume. The image is then captured using a low-light CCD camera.
The bands in the pattern represent reflecting planes in the diffracting crystal volume. Thus, the geometrical

arrangement of the bands is a function of the orientation of the diffracting crystal lattice.
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Figure 7.3: The setup of the EBSD. The sample is placed on the holder in position 1 and tilted 70° to the phosphorous

screen in position 2.

EBSD patterns, consisting of Kikuchi bands, are formed when a stationary electron beam interacts with a
crystalline lattice in a highly tilted sample in the SEM

* The geometrical relationships of the bands hold information about the crystal lattice in the diffracting volume
* The width and intensity of a band is directly related to the spacing of atoms in the corresponding crystal plane
» The symmetry of the crystal lattice is reflected in the pattern

* The orientation of the crystal lattice with respect to a laboratory reference frame can be determined from a

pattern assuming the material is of a known crystal structure.
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Figure 7.4: Formation of Kikuchi bands on the phosphor screen

In the Hough Transform, bands in the pattern are transformed to peaks, reducing the band detection problem
to identify the peaks' positions. The key to the Hough Transformation is the following equation:

p = x *cosO +y * cosO Eq7.1

Where x and y are the coordinates (column and row) of a pixel in the EBSD pattern image, p and 6 are the
coordinates of lines that pass through the pixel. Thus, a pixel in the image space becomes a sinusoidal curve
in the transform space, as shown below. If the equation is applied to every pixel in the image, then the Hough

Transform becomes a large set of sinusoidal curves.

The image quality parameter, 1Q, describes the quality of an electron backscatter diffraction pattern and equals
with the sum of detected peaks in the Hough transform. It is dependent on the material, its condition (strained
or not), and sample preparation.

EBSD can measure orientations directly. Grain boundaries are determined by quantified orientation changes
(misorientations), and therefore grains are determined by grouping together similar orientations. When
grouping pixels as grains, it is possible to specify the minimum number of pixels required. This helps improve

confidence in grain determination, and it is important relative to grain size distribution and step size.
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1 “Pixel” 3 “Pixels”

Figure 7.5: In the EBSD processing software, the definition of grains differs with different settings parameters.

Therefore, the grain boundaries can be classified as Low Angle 5°-15° (LAGB) and High Angle 15°-65°
(HAGB). The associated grain boundary energy is dependent on the grain boundary type and increases with
increasing misorientation angle. The type of boundary also influences etching behavior for traditional
visualization. Therefore, a LAGB can be described as an array of dislocations that cause sub-grain dislocation
cell structures. On the other hand, with larger misorientations in HAGBs, the interface can no longer be
described by dislocations, and the disorder at the transition zone influences boundary properties such as
diffusion and segregation.
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Figure 7.6: The definition of LAGBs (left) and HAGBSs (right).

EBSD was used to study multiple aspects of the samples. The fractions of constituents as ferrite and martensite
were estimated as long as the existence of bainite. The grain sizes were also measured. Through EBSD maps,

the recovery and recrystallization stages were also studied during UFH.

An accelerating current of 20kV is used for the Quanta TM 450-FEG-SEM EBSD in the University of Ghent

and a working distance of 8 mm. The resulting patterns were acquired on a hexagonal scan grid by a Hikari
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detector operated with EDAX TSL—OIM-Data Collection version 6 software. The EBSD scans were performed
at a step size of 50 nm. The corresponding orientation data were post-processed with EDAX-TSL-OIM-Data
Analysis version 7 software using the following grain definition: Misorientation with neighboring grains
higher than 5°, a minimum number of points per grain was 2, and confidence index (CI) higher than 0.1. The
raw EBSD data were post-processed (cleaned) to re-assign the dubiously indexed points using the grain

confidence index standardization and neighbor CI correlation procedure.

The transmission Kikuchi diffraction (TKD) was performed using the same equipment. The working distance
was set to 5 mm and the step size to 20 nm. A TEM disk sample was placed on a special sample holder and

was set so that the electron beam went through the sample and to the detector at an angle of 70°.

7.2.4. Transmission Electron Microscopy (TEM)

TEM was used to prove the existence of different phases and constituents expected from simulation and EBSD.
The morphologies of each constituent were studied, their composition via EDS, and indexing of the selected
areas diffraction was performed for the characterization.

In the NTUA, the Jeol 2100 HR TEM was running at 200kV and was mounted with an EDS detector, while in
Ghent University, a Jeol JEM-2200FS, 200 kV field emission TEM (JEOL Ltd., Tokyo, Japan) was used for
the analysis. The electron source is a LaBs wire. The Digital Micrograph Software by Gatan© was used to
index the patterns received from TEM and measure the size of the constituents. For the indexing, the planar

distance g of the spots was measured in nm™. Then the d spacing is calculated from the equation:

1 Eq. 7.2.

Then, d is compared with the data derived from X-Ray Diffraction analysis and corresponded to specific hkl
indexes of family planes. This process is repeated for at least three spots.

The next step is to calculate the angle between these spots using the equation:

hyh, + kiky + 115 Eq.7.3.

cos@ =

J (he® +k* + 15 (h” + ko * +157)

where ¢ is compared with the angle calculated by the contractor. Finally, the crystal zone axis for the indexed

diffraction spots needs to be defined. To do so, the following formulas need to be followed:

< uvw > = {hlklll} X {hzkzlz} Eq 74
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i j k
[hl kq 11] =i(kql; —1;k;) —j(hyl; —1;hy) + k(hk, — kqhy) Eq. 7.5.
hy ky I

7.2.5. X-Ray Diffraction (XRD)

The XRD was also used to identify the phases present in the commercial steel that was studied in Chapter 8.3.
The samples were prepared by grinding in 240, 500, 800, 1200 grit SiC papers. Between each step, Nital 2%
was applied on the surface in order to reduce the deformation of the material, which may affect the diffraction
of X-rays.

The XRD used had a Mo source (Mo K-alpha: 17.45 keV, L = 0.7107 A) and the sample was rotated at angles

between 20-45°. The detector remained at each degree for 12 minutes and each scan’s duration was 5 hours.
7.3.  Simulation software

7.3.1. Parent austenite reconstruction software ARPGE

ARPGE [130] is a software written in Python and uses theoretical results to reconstruct parent grains from
EBSD data automatically. The misorientations between the scanned grains are identified with operators, the
daughter grains are identified with indexed variants, the orientations of the parent grains are determined, and

some statistics on the variants and operators are established.

With this program, the scanned grains are identified alongside the misorientations between them. It then uses
either the Kudjurmov-Sachs (K-S) or the Nishiyama—\Wassermann (N-W) orientation relationships between

ferrite and austenite in order to determine the orientations of the parent austenite grains.

In order to verify the accuracy of this software, the following experiment was done. The IPF map of a
martensitic steel was made via EBSD, seen in Figure 7.7a. This steel consisted of 96 % BCC and 4 % FCC
(retained austenite) phases, as shown in Figure 7.7b. Thus, the IPF map of the FCC phase only was made
(Figure 7.7c) and compared with the IPF made by the software (Figure 7.7d). To make the comparison easier,
the boundaries of the parent austenite grains are integrated into the IPF map of austenite in white color. As can
be observed, the orientations of the retained austenite match almost perfectly the orientation of the parent

austenite grains.
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Plane Normal Direction Angle Tolerance Phase
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Figure 7.7: (a) IPF map of the ferrite phase of a UFH steel sample. (b) Phase map of the same area indicating the
presence of RA (green). (c) IPF map of the austenite phase only. (d) IPF map of the reconstructed PAGs created by the
ARPGE software. The orientations of the PAGs match perfectly the orientations of the RA. Step size: 50 nm.

7.4. Mechanical properties

7.4.1. Tensile tests

An Instron 5000 tensile testing equipment with a 50 kN load cell and crosshead of 2.4 mm/min (strain rate
0.007) was used to evaluate the tensile properties. Figure 7.8 shows the sub-size dog-bone geometry designed
according to [28]. The tensile sample's shoulders and gauge length are inside the homogeneously heated zone
that was obtained after the heat treatments. Three tensile tests were performed per condition. The yield strength
was determined by the conventional 0.2% offset method. The strain obtained during the tensile test was
measured by 2D-digital image correlation (2D-DIC), and the acquired data was post-processed with the
MatchlD software.
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Figure 7.8: Schematic of the dog-bone sample that was cut for the tensile tests.

Digital image correlation (DIC) is a non-contacting optical full-field deformation measurement approach that
addresses the complex behavior of TRC materials. Developed by Sutton et al. [131] and Bruck et al. [132],
this method has been widely applied for composites and reinforced concrete. In order to perform DIC, an area
of interest is manually specified and divided into an evenly spaced virtual grid. The displacements are
computed at each point of the virtual grids to obtain full-field deformation. In the current experiments, the
gauge length of the tensile samples was painted white. Then, black paint was applied from a specific distance
through spraying so that a random distribution of black dots is achieved. The first image (Figure 7.9a) is taken
before any load is applied and is used as a reference. As the tensile test is performed, the elongation is measured
by the change in the gauge length and the distance between the black dots. Figure 7.9b is taken a moment

before the sample cracks, while Figure 7.9c is taken right after the sample’s failure.
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Figure 7.9: The samples were painted white and black dots were added with black spray paint. The DIC camera tracked

the change in the dots and their distance along with the tensile test. (a) initial position, (b) necking (c) fracture.

With the use of DIC, the R-value was also calculated. The plastic strain ratio R is a parameter that indicates a
sheet metal's ability to resist thinning or thickening when subjected to either tensile or compressive forces in
the plane of the sheet. It is a plastic anisotropy measure and is related to the preferred crystallographic
orientations within a polycrystalline metal. This resistance to thinning or thickening contributes to forming
shapes, such as cylindrical flat-bottom cups, by the deep-drawing process. The value of R, therefore, is
considered a measure of sheet-metal drawability. It is particularly useful for evaluating materials intended for
parts where a substantial portion of the blank is drawn from beneath the blank holder into the die opening. To
calculate the R-value, measure the axial strain (the strain along with the thickness of the specimen, yy) and
transverse (xx) strain were calculated. For instance, the calculated strain on the yy axis is shown in Figure 7.10.

Similarly, the strain in the x-axis and the stain parallel to the thickness of the sample (zz) is calculated.
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Figure 7.10: Schematic of the strain accumulation in the sample at the point before the fracture.

Then the R-value is given from the equation:

e
rR=2 Eq. 7.6
eZ
In order to measure the average normal R-value, the tensile tests were performed at 0°, 45°, and 90° angle to

the rolling direction. Then the normal R-value is calculated from the equation:

1 Eq. 7.7
R = 7 (Ro+2Rss + Roo) g

The planar anisotropy (AR) can also be calculated as follows:

1 Eq. 7.8
AR = 2 (Ro = 2Rys + Roo) |
The R-value is an indicator of a material's ability to demonstrate a non-earing behavior (lower is better), while
AR is an excellent indicator of the ability of a material to be deep drawn (higher is better). A combination of
high R and AR provides optimum drawability. For better understanding, the normal and planar anisotropies

are shown in Figure 7.11.
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Figure 7.11: Schematic that shows the normal (R) and planar (4R) anisotropies on a rolled sheet [133].

7.4.2. Hardness test

During the Vickers hardness (HV) test, the indent is a very small diamond pyramid with a peak angle o= 136°,
which is pressed onto the specimen’s surface with a force of 198 N. The resulting imprint is observed under a
microscope, and the diagonals are measured. Then the measurement is converted to hardness through specific
tables. In each sample, 10-12 measurements were taken in order to obtain a better statistical result, and the
average was calculated. Before the hardness test, the samples were ground up to a 1200 grit paper.
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8. Experimental Results

8.1. The effect of the thermal treatment’s parameters

8.1.1. Introduction

The application of high heating rates was firstly studied at small-size samples with the use of a dilatometer.
Therefore, it is possible to study the effect of different heating and sample parameters easier. Some of the
studied parameters described in this thesis are the effect of the chemical composition, the heating rate, the peak
temperature, and the soaking time at the peak temperature. This will give a better insight into the thermal

treatment that should be applied in large-scale samples to achieve optimal results.

8.1.2. Implementation

Three different experiments were conducted in this set, the implementation of which follows. Controlled-
heating experiments were performed in a Bahr 805A quench dilatometer. The samples had a length of 10 mm,
width 2 mm, and a thickness of 1 mm and were cut from the cross-sections of hot-rolled bars. An S-type
thermocouple controlled the temperature, spot welded to the midsection of each test sample. The heat
treatments were performed using induction heating. For the microstructure characterization, electron
microscopy techniques were combined. Specifically, SEM and TEM were utilized to observe the micro-
constituents and STEM/EDS for their chemical analysis. In contrast, EBSD was utilized to further study the
microstructural constituents, their size, crystallographic orientation, and the prior (parent) austenite [130]
orientation and morphology. ThermoCalce and DICTRA [134] were employed to study the diffusion of
alloying elements and the carbide dissolution during ultra-fast heating and isothermal holding at peak
temperature. The sample preparation followed is the one mentioned in the previous chapter. For Scanning
Electron Microscopy (SEM) analysis, a JEOL6380LYV SEM operating at 20 kV in SE (BSE) mode was used.
For Electron Back-Scatter Diffraction (EBSD) analysis, an FEI Quanta TM 450-FEG-SEM was operated under
the following settings: The accelerating voltage was 20 kV with a beam current corresponding to an FEI spot
size of 5, aperture size of 30 um, and a working distance of 11 mm. The sample was tilted by 70° toward the
EBSD detector. The resulting patterns were acquired on a hexagonal scan grid by a Hikari detector operated
with EDAX TSL—OIM-Data Collection version 6 software. The EBSD scans were performed at a step size
of 0.5 um and 0.05 um. The corresponding orientation data were post-processed with EDAX-TSL-OIM-Data
Analysis version 7 software using the following grain definition: Misorientation with neighboring grains
higher than 5°, the minimum number of points per grain was 2 and confident index (CI) higher than 0.1. Based
on the EBSD data, prior austenite grains were reconstructed using the ARPGE software developed by C.
Cayron [130]. A Jeol 2100 HR, 200 kV Transmission Electron Microscope (TEM) was used for the TEM
analysis in bright field imaging mode. For the calculation of the CCT diagrams, the models of Kirkaldy [135]
and Bhadeshia [136, 137] were used, taking into account the chemical composition of the steel and the grain
size of the parent austenite. During the calculations, the composition's homogeneity and grain sizes are

assumed, while the conditions are considered near-equilibrium.
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8.1.3. Effect of the Chemical Composition

8.1.3.1. Materials and methods

The first experiment was designed so that the effect of alloying elements such as Mn, Cr, and Mo is studied.
Thus, two steel grades were chosen to undergo the same UFH treatment. The chemical compositions can be
seenin Table 8.1.1.

Table 8.1.1: The chemical compositions in wt. % for the two samples that were used in this experiment.

C Mn Si Cr Mo P S
42CrMo4 0.43 1-1.43 0.3-0.4 1.1-1.23 0.1-0.25 <0.04 <0.04
C45 0.42-0.45 0.5-0.8 <0.4 <0.4 <0.03 <0.035 <0.035

The initial microstructure of both grades consists of ferrite and pearlite, and the samples were hot-rolled before
the thermal treatment. As these two grades have the same carbon content, the pearlite fraction in the initial
microstructure is expected to be the same. The ratio of ferrite to pearlite was calculated with the grid method
at approximately 1/1. The images from the LOM for the initial microstructure of the two steels are shown in
Figures 8.1.1a, b.

42CrMo4

Figure 8.1.1: LOM images of the initial microstructures of the (a) 42CrMo4 and (b) C45 samples.

For this experiment, the two samples were submitted to the same thermal treatment. A high heating rate of
100 °C/s was applied until the peak temperature of 1080 °C was reached. This temperature was chosen high
inside the austenitic region of the phase diagram in order to avoid incomplete austenitization. As mentioned
before, higher heating rates lead to an increase in the transformation temperatures, and thus, lower peak
temperatures may lead to remnants of ferrite in the microstructure. The soaking time at this temperature was
short, specifically 3 s, and was followed by quenching with helium gas. The heat treatment is better shown in
the diagram of Figure 8.1.2.
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Figure 8.1.2: The heat treatment that was applied in both samples.

8.1.3.2. Results

From the dilatometer's thermal treatments, the change in the sample’s length due to dilation is measured as a
faction of temperature. From this change, the diagrams shown in Figures 8.1.3a,b are plotted for the 42CrMo4
and C45 samples, respectively. It can be observed for both samples that a decrease in the samples’ length
occurs during heating. This is due to the transformation from the BCC microstructure to the FCC. As the
former has an APF of 0.68 and the latter 0.74, the iron atoms in the FCC lattice are more closely packed than
the BCC lattice. Thus, a decrease in the length of the sample is observed. Therefore, the beginning of the slope
is associated with the Ac; temperature while the end of the slope with the Acs. As complete austenitization is
achieved, the samples continue to increase in length due to dilation. The same applies to the observed slope
during cooling and is associated with the Ms temperature. It has been calculated that the Ac: temperature for
the 42CrMo4 sample is 810 °C while for the C45 is 30 °C lower, at 780 °C. Respectively, the Ac; temperature
for the 42CrMo4 sample is 850 °C while for the C45 is only 10 °C lower, at 840 °C. Finally, the Ms

temperatures were measured to be almost the same.
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Figure 8.1.3: Temperature-dilatation diagrams that were plotted from the dilatometry data for the 42CrMo4 (left) and

C45 (right) samples. The transformation temperatures Aci, Acs, and Ms were calculated from this diagram.

Both samples were studied in the SEM. In Figures 8.1.4 a, c, e, the microstructure of the 42CrMo4 sample is
shown at different magnifications. Accordingly, the microstructure of the C45 sample is shown in Figures
8.1.4b, d, f. It appears that both samples consist mainly of martensite laths. No cementite is observed, which
means that the dissolution process is completed. In the 42CrMo4 sample, some PAGs are indicated with a
dashed yellow line (Figures 8.1.4c, ), while in the C45 sample, they are not so easily distinguished, except
for Figure 8.1.4d. From the SEM, the PAGs of the two samples appear to be similar in size, though a more
thorough analysis is described later in the EBSD comparison. In the 42CrMo4 sample some indications for
lower bainite (designated with a yellow arrow) and some films between laths that may correspond to retained
austenite films or cementite (designated with green arrows) were also observed. The TEM analysis of such
films is shown in Chapter 8.2 of this thesis. In sample C45, it is difficult to observe such morphologies. Finally,
in the 42CrMo4 sample, some large martensite laths are observed, up to 10 um in length, while the martensite

laths in the C45 sample appear finer.
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Figure 8.1.4: SE SEM images at different magnifications for the 42CrMo4 (a, c, €) and C45 (b, d, f) samples. Yellow
arrows indicate possible bainitic laths, and green arrows possible austenite films. PAGs are indicated by yellow dashed
lines.

EBSD analysis was also performed in the two samples. From the 1Q maps (Figures 8.1.5a, b), not many
differences are observed between the microstructures of the two samples. They both appear to consist of
martensite laths, which agrees with the LOM and SEM images. Nevertheless, in the GAIQ maps (Figures
8.1.5¢, d), where the rotation angles are included, indications for the existence of bainite are found. According
to Zajac [28], high rotation angles between 56° and 65° correspond to high angle grain boundaries between
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martensite laths and are shown in blue color. In the case of bainite, the transformation of which takes place at
higher temperatures and is less disruptive, the rotation angles are lower, and specifically between 48° and 55°.
They are shown in red color. Finally, the rotation angles between two ferrite grains are even lower, between
17° and 47°, and correspond to the angles between the PAGs. The charts shown in the same figure (Figures
8.6¢e, f) show that the fraction of rotation angles that correspond to bainite is slightly higher in the 42CrMo4
sample. In these charts, the misorientation angles are correlated to a random distribution of misorientation
(MacKenzie type), and the rectangles indicate the delineated areas of PAGs (black), bainite (red), and
martensite (blue) on the GAIQ map.
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Figure 8.1.5: (a, b) EBSD 1Q maps of the studied area. (c, d) GAIQ maps of the same area with rotation angles included.
Black lines correspond to 17°- 47°, red lines to 48° - 55°, and blue lines to 56° - 65°. (e, f) Charts that show the number
fraction of the different rotation angles. An uncorrelated and a random (McKenzie) distribution are added for reference.

Step size: 70 nm.
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From EBSD analysis, the GAM (Figures 8.1.6a, b) and KAM (Figures 8.1.6¢, d) maps were plotted. As the
samples are mainly martensitic, it is expected that they have high dislocation densities. In the GAM maps, the
average grain deformation is indicated while the LAGBSs are shown in white lines. In comparison to the KAM
maps, it can be observed that the dislocation density is quite high in both samples. This is expected as the as-

guenched martensite has high dislocation density due to the nature of its shear transformation.

From the IPF maps (Figures 8.1.7a, b), some martensite blocks can be observed. These blocks can be
distinguished by laths with the same color, which means they have the same orientation. It can be observed
that the martensite blocks in the 42CrMo4 sample are somewhat finer than in the C45 sample. This is an
indication of the size of the parent austenite grains, which will be discussed later. In Figures 8.1.7c, d, the
phase maps are plotted. In these maps, ferrite is shown in red color, austenite in green, and for better
correspondence, the K-S relationship for a-y: <112>90° is drawn in white. Very small fractions of retained
austenite are found in both samples, specifically, 2.2 % for the 42CrMo4 sample and 1.3% for the C45 sample,
which is a minor difference. It is though observed that this austenite is mainly retained in the boundaries of
smaller martensite laths. This makes sense, considering the transformation of martensite. As the first laths are
formed, piercing through the entire length of the PAG, the rest of the austenite is enriched in carbon. As this
process is repeated and smaller martensite laths are formed, at some point, the austenite that has not
transformed yet will have a very high C content. Thus, the Mstemperature will be decreased to the point that
the austenite can be retained.
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Figure 8.1.6: (a, b) GAM maps of both samples that indicate highly deformed grains in both samples, (c, d) 2" neighbor
KAM maps that show the dislocation density. Step size: 70 nm.
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Figure 8.1.7: (a, b) IPF maps of the two samples that show the orientations of the martensitic laths. (c, d) Phase maps of
the two samples that indicate the presence of retained austenite (green) and ferrite (red). With white color, the K-S
relationships have been drawn. Step size: 70 nm.

Finally, from the EBSD analysis, the average grain size in area (um?) was calculated. As seen in Figure 8.1.8a,
the average martensite lath size for the 42CrMo4 sample is calculated at 5.87 um?2. On the other hand, and as
can be seen in Figure 8.1.8b, the average martensite lath size for the C45 sample is 13.37 um?2. As both samples
went through the same treatment, in order to explain this difference, the PAG size was calculated. To achieve
this, the ARPGE software [130] was used. From its results, the average PAG size for the 42CrMo4 sample
was calculated at 126.48 um? (Figure 8.1.8c), while for the C45 sample, it was much larger, at 1083.15 um?
(Figure 8.1.8d). It has been reported [97, 99] that alloying elements such as Cr, Mn, and Mo tend to segregate

on the o/a and o/6 interfaces during heating. In the current experiments, it is possible that during the
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spheroidization and dissolution of the cementite lamellae, these elements that are mostly present in the
42CrMo4 sample segregate on the a/6 interfaces, impeding their dissolution by the process of solute drag
effect. As the dissolution of cementite is impeded and above the A temperature, these cementite particles can
impose a pinning effect on the movement of the austenite boundaries, thus impeding its growth. Therefore, the
PAGs in this sample are expected finer due to the retarding of the cementite dissolution compared to the C45

sample, in which the fraction of these elements is quite lower.
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Figure 8.1.8: (a, b) Grain Boundaries maps for the two studied samples and the calculated average grain size. (c, d)
Grain Boundaries maps for the reconstructed PAGs of both samples with the calculated average grain size. Step size: 70

nm.
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To summarize, an ultra-fast heat treatment was applied on two different steel grades. In both grades, the initial
microstructure consisted of ferrite and pearlite on a 1/1 ratio, and the content of Cr, Mn, and Mo was different.
After the treatment, both samples had a mainly martensitic microstructure, with a small fraction of RA and
indications of bainite. Both samples had a high dislocation density due to the high carbon content in martensite,
while the retainment of austenite takes place in between the finer martensite laths. The main difference in these
samples is the average grain size of the PAGs and, consequently, the final microstructure's martensite laths.
The refinement of the microstructure of the 42CrMo4 sample is attributed to the solute drag effect that takes
place due to the segregation of its alloying elements that are not found in the C45 sample. This probably retards
the dissolution of cementite, which has a pinning effect on the movement of the boundaries of the austenite
nuclei, impeding their growth.
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8.1.4. Effect of the heating time

8.1.4.1. Materials and methods

The second experiment was designed so that the effect of the soaking time is studied. Thus, one steel grade
was chosen to undergo two UFH treatments. The chemical composition of the grade can be seen in Table
8.1.2.

Table 8.1.2: The common chemical composition in wt. % of the samples used in this experiment.

0.43 1.43 0.4 1.23 0.1 <0.04 <0.04

The grade's initial microstructure consists of ferrite and spheroidized cementite from thermo-mechanical
processing before the thermal treatment. The metallography from the LOM for the initial microstructure of the

grade is shown in Figure 8.1.9a. The spheroidized cementite is better observed in the TEM BF image of
Figure 8.1.9b.

Figure 8.1.9: (a) LOM image of the initial microstructure consists of ferrite and spheroidized cementite, (b) BF TEM
image of the initial microstructure that shows the cementite spheres.
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For this experiment, two samples were submitted to two different thermal treatments. A high heating rate of
300 °C/s was applied until the peak temperature of 900 °C was reached. This temperature was chosen inside
the austenitic region of the phase diagram in order to avoid incomplete austenitization. For the first sample
(UF&Q), the soaking time at this temperature was short, specifically 2 s, followed by quenching with helium
gas. For the second sample (UF&S&Q), the soaking time was 300 s. The heat treatments are better shown in

the diagram of Figure 8.1.10.
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Figure 8.1.10: Time-Temperature diagram with the heat treatments that were applied in the two samples.

8.1.4.2. Results

From the dilatometry tests, the Aq and Acs temperatures can be extrapolated. As the samples' chemical
composition and the heating rate were the same, the transformation temperatures are not expected to change.
Thus, only the temperature-change in length diagram for the UF&Q sample is shown (Figures 8.1.11). It was
calculated from this diagram that the Aci temperature is 837 °C, the Acz temperature 895 °C, and the Ms is
355 °C. These temperatures have higher values than the transformation temperatures calculated in the previous
experiments (Figures 8.1.3 a, b) due to the higher heating rates and the different content of the y-phase

stabilizing alloying elements (Mn).

116



8. Experimental Results

140

L | Acl =837°C
| Ac3=895°C N
1% | Ms=355°C

Change in length
SR
S o

=

0 200 400 600 800 1000

)
S

I
S

Temperature (°C)

Figure 8.1.11: Temperature-dilatation diagram of the UF&Q sample with the calculated transformation temperatures.

From the SEM (Figures 8.1.12a, b), it can be observed that the spheroidized cementite from the initial
microstructure has not been dissolved. Thus, both microstructures (Figures 8.1.12c, d) appear to consist of
martensite and cementite in spherical form. According to [81, 89], partial dissolution of cementite takes place
when high heating rates are applied. Therefore, the size of the spheroidized cementite is expected lower than
that of the initial microstructure. It is also observed that the fraction of cementite in the UF&Q sample is higher
as the lack of soaking time is preventing the dissolution of cementite. With a closer observation in the SEM,
in Figure 8.1.13 for the UF&Q sample, a PAG boundary is shown with the yellow dashed line. Two types of
martensite are observed in this grain. The first one (M) is found near the PAG boundary as the nucleation of
the martensite laths begins preferentially on such interfaces [42]. The other type of martensite (M) is found in
the grain's inner areas and between the SCs. This is attributed to the heterogeneous nucleation of austenite on
the a/6 interfaces of the SCs. It is possible, though, that due to the high carbon content that is found around the
partially dissolved carbides [81], that some of this heterogeneously nucleated austenite is retained and not
transformed into martensite. The blue arrows indicate such possible RA, but TEM is required to confirm this.
Finally, ferrite is observed in the inner areas of this grain, surrounding the SCs. The undissolved spheroidized
cementite (SC) will be intergranular as the austenite forms during heating. In Figure 8.1.13, the PAG boundary
is indicated with the yellow dashed line. The intergranular SCs can be observed. As martensite forms upon
guenching, the grain will consist of martensite, spheroidized cementite and austenite. As the diffusion of
carbon takes place in short range, due to the lack of time, increased carbon content is expected on the interfaces
between cementite and austenite, which might lead to the retainment of the latter. This is indicated in the figure

with blue arrows.
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Figure 8.1.12: SE SEM images of the (a, ¢) UF&S&Q and (b, d) UF&Q samples. In both cases, the dissolution of

spheroidized cementite is not completed.

Figure 8.1.13: SE SEM image of the UF&Q sample shows that dissolution of cementite is not complete. The blue arrows

indicate possible RA attached to the spheroidized cementite (SC). The yellow dashed line indicates the PAG boundary.
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EBSD analysis was performed in the two samples as well. From the 1Q maps (Figures 8.1.14a, b), not many
differences are observed between the microstructures of the two samples. The main difference is the observed
size of the martensite laths. In the UF&S&Q sample, the laths appear to be both thicker and longer than in the
UF&Q sample. Both samples appear to consist of martensite laths, as the SCs are too small for the EBSD scan

to recognize.

Nevertheless, in the GAIQ maps (Figures 8.1.14c, d), the rotation angles are included, and indications for the
existence of bainite [28] are found as well. Again, high rotation angles between 56° and 65° that correspond
to high angle grain boundaries between martensite laths are shown in blue. The rotation angles for bainite are
between 48° and 55° and are shown in red, while the rotation angles between two ferrite grains are between
17° and 47° and are shown in black color. The charts presented in the same figure (Figures 8.1.14e, f) show
that the fraction of rotation angles that correspond to bainite is similar in both samples. In these charts, the
misorientation angles are correlated to a random distribution of misorientation (MacKenzie type), and the
rectangles indicate the delineated areas of PAGs (black), bainite (red), and martensite (blue) on the GAIQ map.
It has to be noted that this method is not decisive on the existence of bainite, and TEM must be employed. The
TEM analysis for the existence of bainite is described in the next chapter.
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Figure 8.1.14: (a, b) EBSD IQ maps of the studied area. (¢, d) GAIQ maps of the same area with rotation angles included.
Black lines correspond to 17° - 47°, red lines to 48° - 55°, and blue lines to 56° - 65°. Step size: 70 nm. (e, f) Charts that
show the number fraction of the different rotation angles. An uncorrelated and a random (McKenzie) distribution are

added for reference.
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The GAM (Figures 8.1.15a, b) and KAM (Figures 8.1.15c, d) maps were plotted. As the samples are mainly
martensitic, it is expected that they have high dislocation densities. In the GAM maps, the average grain
deformation is indicated while the LAGBs are shown in white lines. Due to thermal treatment, no LAGBs are
expected. With dark blue color, some areas with a high fraction of SCs are observed in both samples. In
comparison to the KAM maps, the dislocation density can be determined to be quite high. This is expected due

to the martensitic microstructure and from the presence of SCs.

From the IPF maps (Figures 8.1.16a, b), some martensite blocks can be observed in these samples as well,
with the <101> and <111> orientations being the most dominant. In Figures 8.1.16 c, d, the phase maps are
plotted. In these maps, ferrite is shown in red color, austenite in green, and for better correspondence, the K-S
relationship for a-y: <112>90° is drawn in white. Very small fractions of retained austenite are found in both
samples, specifically, 2.3 % for the UF&S&Q sample and 0.8 % for the UF&Q sample. As seen from the phase
maps, the RA is mostly found in the areas where the SCs are denser and specifically the areas with dark blue
color in the GAM maps (Figures 8.1.15a, b). As reported from [81], due to the partial dissolution of SCs, a
gradient of the carbon concentration is created. Thus, regions with a high number of SCs are expected to

contain a larger carbon content. This favors the retainment of austenite.
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Figure 8.1.15: (a, b) GAM maps of both samples that indicate highly deformed grains in both samples, (c, d) 2nd neighbor
KAM maps that show the dislocation density. Step size: 70 nm.
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Figure 8.1.16: (a, b) IPF maps of the two samples that show the orientations of the martensitic laths. (c, d) Phase maps
of the two samples that indicate the presence of retained austenite (green) and ferrite (red). With white color, the K-S

relationships have been drawn. Step size: 70 nm.

Finally, from the EBSD analysis, the grain size was studied in area. As observed from Figures 8.1.17a, b, both
samples have similar martensite lath size in area. For the UF&S&Q sample, the average lath size is calculated
at almost 8 um?, while for the UF&Q sample, it was calculated at 6.4 um2. The larger average grain size is
expected in the former sample due to the higher heating time, which favors the parent austenite grains' growth.
Concerning the PAGs (Figures 8.1.17c, d), the difference observed in the grain size is quite larger.
Specifically, the PAG average size for the UF&S&Q sample is 252.5 um? while for the UF&Q sample,
53.5 um2. This difference is attributed to two main factors. First, the lack of heating time in the UF&Q sample
prevents the growth of the parent austenite grains. The second factor has to do with the SCs. They might have

a pinning effect on the movement of the PAG boundaries and thus impede its growth.
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Figure 8.1.17: (a, b) Grain Boundaries maps for the two studied samples and the calculated average grain size. (c, d)
Grain Boundaries maps for the reconstructed PAGs [XX] of both samples with the calculated average grain size. Step
size: 70 nm.

In summary, both samples consisted of spheroidized cementite and martensite, while indications for bainite
and retained austenite were found. Ferrite is also found in the UF&Q sample, as the austenitization process
may not be complete. The presence of SCs in both microstructures has a great effect on the microstructure. As
reported elsewhere [81], gradients of carbon are created around these SCs that favor the retainment of austenite
in close proximity. Also, they impede the growth of the parent austenite grains by a pinning effect leading to
a refined microstructure. Between the two samples, the amount of SCs is expected to lower in the UF&S&Q

sample as the longer heating time leads to further dissolution.
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8.1.5. Comparison of an ultra-fast heating cycle with a conventional heating cycle

8.1.5.1. Materials and treatments

The purpose of this experiment is to compare qualitatively and quantitatively, where possible, the
microstructures of a hot-rolled chromium molybdenum medium carbon steel formed after conventional
heating, isothermal soaking and quenching (CHT) with a UFHT steel with heating rate 300 °C/s and soaking
for a maximum of 2 s at the austenitization peak temperature. The chemical composition of the grades is the

same as the previous set of experiments and can be seen in Table 8.1.2.

The experiments were performed in a Bahr 805A quench dilatometer. The heat treatments for the conventional
(CHT) and the ultrafast (UFHT) heat-treated samples are summarized in Figure 8.1.18. The Tpea iS
significantly increased in the ultrafast heat-treated sample to avoid the intercritical region because the increased
heating rate shifts the Acs temperature to higher values [44,45]. Both samples' initial microstructure is also
similar to the previous experiments and consists of ferrite and spheroidized cementite, as shown in Figure
8.1.9.
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Figure 8.1.18: Time-temperature diagram with the heat treatments that were applied to the sample for this experiment.

The transformation temperatures of the UFHT sample calculated from the dilatometer are the same as those of
the previous experiments, as the chemical composition and heating rates are the same. Specifically, those were
found to be the following: A1 temperature = 837 °C, Ac; =895 °C and Mg = 355 °C. For the CHT sample, the

transformation temperatures are closer to the ones determined from the Fe-C diagram. According to the
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diagram that was plotted in Figure 8.1.19 [85], the Ac: and Acs transformation temperatures were calculated

to be 710 °C and 770 °C, respectively, in equilibrium conditions.
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Figure 8.1.19: Isopleth of the phase diagram of CrMo steel calculated using Thermocalc®. [85]

8.1.5.2. Results

The microstructure of the conventional sample is shown in Figure 8.1.20a, c. The volume fraction of
martensite appears to be 100%, while there is no evidence for the presence of cementite or undissolved
carbides. The size of martensite laths is very similar, while it is larger than the average lath size of the UFHT
sample, as shown in Figure 8.1.20b, d. According to this figure, the microstructure of the UFHT sample

demonstrates a mixed microstructure with coarse and fine martensite laths and SCs.
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Figure 8.1.20: SEM images of the CHT (a) and the UFHT sample (b). The CH consists of a martensitic (M) matrix, while
the UFH sample consists of a martensitic (M) matrix and undissolved cementite (UC).

From the EBSD analysis of the grain size (diameter), the coarser plate in the CHT sample (Figure 8.1.21d)
was measured at an average of 3.77 um. In contrast, finer plates were measured at an average of 1.93 um in
UFHT (Figure 8.1.21e), indicating that the martensitic laths are significantly refined compared to the CHT
sample. Using the ARPGE software [46], the prior austenite grains were reconstructed, and the normal
direction inverse pole figure (ND IPF) maps are shown in Figures 8.1.21a, b. For the UFHT (Figure 8.1.21b),
these PAGS are significantly smaller in size than in the CHT sample, while the deviation between the PAGs
in the UFH is quite large. In particular, the average calculated grain size for the PAGs is 11.12 um for the CHT
sample and 7 um for the UFHT sample. As seen in Figure 8.1.21c, for the conventional heat-treatment, almost
40 % of the PAGs have a diameter of 20 um. After quenching, the martensitic laths in the final microstructure
vary in size between 1.6 and 3.6 um (Figure 8.1.21d). Concerning the UFHT sample, the PAG size has greater
variation. Specifically, most of the PAGs have a diameter between 8 and 14 um (Figure 8.1.21c). The reason
for these smaller austenite grains, except for the shorter heating time, is that the undissolved cementite spheres
act as nucleation sites and austenite nucleates at the a/6 interfaces and at o/a interfaces [56]. This means that

there is a higher amount of austenite nuclei whose growth is impeded by the lack of heating time.
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Moreover, undissolved carbides have a pinning effect, thus, further impeding the growth of austenite grains.

After quenching, the microstructural constituents mostly have sizes between 0.2 and 1.8 um resulting in a very

fine microstructure. The undissolved carbides (UC) can be seen in Figures 8.1.22a, b, which are bright-field
TEM images of the UFHT sample.

CHT © UFHT ¢

&
e
.% iy

o 8 ® L
012345678 91011121314151617 1819202122

Grain Size (diameter — pm)

CHT © UFHT f
@, B

@ n

& ~

% n
|
. =
& ]
0 1 2 3 4 5 6 7 8

Grain~ Size (diameter — pm)

Figure 8.1.21: (a) IPF map of the reconstructed PAGs of the CHT sample with the use of the ARPGE [46] software, (b)
IPF map of the reconstructed PAGs of the UFHT sample with the use of the ARPGE [46] software, (¢) grain size chart
for the PAGs of both samples indicating the refinement of austenite in UFHT, (d) IPF map of the final microstructure of
the CHT sample, (e) IPF map of the final microstructure of the UFHT sample, (f) grain size chart for the final

microstructure of both samples indicating the refinement of grains and laths in the UFHT. Step size: 70 nm.
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Figure 8.1.22: (a) undissolved spheroidized cementite (USC) is present in the final microstructure of the UFHT sample,
(b) some of these USCs are also found on grain boundaries (GB), which is an indication of the pinning effect they impose

on the movement of the boundaries.

Further investigation on the UFHT sample based on grain average Image Quality (GAIQ) confirmed the
presence of ferrite. At the same time, there are strong indications for bainitic laths or martensite laths with low
C content. This technique depends on the distortion of the lattice of each constituent and the diffraction pattern
it produces. Depending on the diffraction pattern's quality, the 1Q will differentiate for each constituent during
the analysis of the EBSD data. This technique has been used before to distinguish ferrite from martensite and
bainite [97, 138]. In this case, the selected cut off ranges have to be defined very carefully as the dislocation
density, and corresponding lattice distortions in bainite and martensite are very close. Therefore, green areas
denote grains with low grain average image quality with possibly high dislocation density regions that most
probably correspond to martensitic grains, blue areas denote the grains with the highest GAIQ and possibly
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with the lowest dislocation density and correspond to ferritic areas, whereas the red areas can be bainitic laths
or martensitic laths with low C wt.% (Figure 8.1.23a). According to Pinard et al. [139], higher lattice distortion
in martensite leads to a lower quality of its diffraction patterns. According to the GAIQ, the percentage of
martensite (green) is 54.2 %, that of ferrite is 1.3 %, and the percentage of low carbon martensite or bainite is
40.3%. The presence of ferrite in the microstructure is also confirmed from the TEM, as shown in Figure
8.1.24. The reason ferrite is retained in the microstructure lies on the fact that increasing heating rates shift the
transformation temperatures to higher values [122]. Thus, the austenitization process is not complete in the
UFHT sample.

A grayscale GAIQ map (Figure 8.1.23b) was used to make a closer approximation of the bainite fraction,
including the misorientation angles. According to [39], misorientation angles between 17°-47° (indicated in
black) correspond to PAGBs, angles between 48°-55° (red) correspond to bainite, while those between 57°-
65° (blue) correspond to martensite. From this map and the chart provided, it appears that only a small fraction
of misorientation angles corresponds to bainite. This chart depicts the misorientation angle (red line) correlated
to a random distribution of misorientation (MacKenzie type), while the rectangles indicate the delineated areas
of PAGs, bainite, and martensite on the GAIQ map. When combining these two maps, it can be said that only
a small part of the red-colored laths corresponds to bainite while the rest corresponds to low-carbon martensite.
Bainitic morphologies are observed in the SEM (Figures 7.25 c, d) and are shown inside the yellow dashed
circles. The presence of bainite in the microstructure of ultra-fast heat-treated steels is also supported in the
work of Cerda et al. [126] on 0.2 % and 0.44 % carbon steels where they observed bainitic morphologies in

OM and SEM. Its presence is further analyzed in the next chapter.
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Figure 8.1.23: (a) colored GAIQ map for the UFHT sample. Martensite is indicated in green, ferrite in blue while low-
carbon martensite and bainite in red, (b) gray-scale GAIQ map of the same area with misorientation angles indicating
the boundaries between ferrite (black), bainite (red) and martensite (blue). Step size: 70 nm. (c) the presence of bainite

has been observed in TEM and (d) in SEM. The two SEM micrographs indicate the presence of bainitic areas in the

microstructure.

Figure 8.1.24: BF TEM image showing ferrite grains (F) found in the UFHT.
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Austenite was also found in the microstructure of both samples. Figures 8.1.25a,b show the phase maps for
the CHT and UFHT samples, respectively, which indicate the existence of retained austenite. In the CHT
sample, only a very small amount (0.2 %) of austenite was detected, while in the UFH sample, the identified
amount of austenite is 4.2 %. To obtain the austenite amount, other constituents with FCC structure (such as
MnS) had to be excluded, and, thus, the K-S relationship for a-y: <112>90° was used.

Plane Normal Direction Angle Tolerance Phase
112 112 90° 5° Iron (Alpha) b

Total

Total

Phase Fraction Phase Fraction
I ron (Gamma) 0.002 I iron (Alpha)  0.958
I Ferrite 0.998 [ Austenite  0.042

Figure 8.1.25: (a) Phase map of the CH sample, which consists of 0.2% austenite, (b) phase map of the UFH sample in
which the amount of austenite is considerably higher (4.2%). Step size: 70 nm.

content. The same phenomenon is expected even more pronounced when the initial microstructure consists of
ferrite and spheroidized cementite. As has been observed, the spheroidized cementite particles do not dissolve
when high heating rates are applied. This means that the carbon content is concentrated in these particles. As
has been observed, only partial dissolution of cementite takes place, which creates a gradient of carbon content
in close proximity to the cementite spheres. The austenite formed on the o/6 interfaces or near them will be
enriched in carbon, while the austenite formed at ferrite grains will have a lower carbon content. In both cases,

though, austenite enriched in carbon and austenite poor in carbon is expected at peak temperature.

Nevertheless, austenite nucleation initiates preferentially on the a/6 interfaces due to better thermodynamical
conditions (higher difference in carbon content). Then, austenite will also nucleate on a/a interfaces due to
possible segregation of carbon and other elements on the boundaries, as found by [97]. In the CHT sample, the
aforementioned mechanisms are not expected as there is enough soaking time for dissolution of cementite and
homogenization of the chemical composition. The rest of the samples consisted mainly of martensite, while
traces of bainite and retained austenite were found. The existence of retained austenite and bainite in the
microstructure is thoroughly explained in the next chapter. The former is mainly attributed to the high carbon
content found in very close proximity to the cementite particles. In contrast, the latter is attributed to the lower

carbon content of the austenite formed in ferritic areas.
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8.2. The formation of bainite and retainment of austenite in industry-scale

samples

8.2.1. Introduction

Although using high heating rates is a familiar technique for surface hardening processes, it has not been used
yet as a bulk heat-treatment process. The greatest challenge in this method is the ability to control the heating
rate and peak temperature in the volume of the sample. Efforts have been made to apply ultra-fast heating in
flat samples using the Gleeble machine and small cylindrical samples using dilatometers. Those efforts have
been quite successful, as a homogeneously heated zone has been created on these samples. In these zones,
studies have shown that ultra-fast heating leads to the formation of refined complex microstructures that may
consist of fine martensite, undissolved cementite, lower bainite, and traces of retained austenite (and ferrite in
some cases), as is indicated. In this research, high heating rates are applied on a medium-carbon steel, and the
evolution of the microstructure is studied. Simulation software is used to calculate the composition of the
different phases at peak temperature and after quenching to predict the phase transformations that occur during
this process. Finally, characterization techniques are used to study the constituents of the microstructure and
confirm the results that were predicted from the simulation. For this research, a medium-carbon steel is used
with ferrite and pearlite as initial microstructure formed as a hollow seamless tube. The whole tube is then
heated rapidly, and once the peak temperature is reached; it is quenched with water. As predicted by the
simulations and shown by the microscopy results, heterogeneity is achieved in the composition and size of the
parent austenite grains. This heterogeneity is responsible for the formation of different constituents during

guenching, such as ferrite, martensite, and bainite, and can explain the retainment of austenite that is found.

8.2.2. Materials and methods

The material used in this research is a medium-carbon, low-manganese steel, and the exact composition can
be seen in Table 8.2.1.

Table 8.2.1: The chemical composition in wt. % of the steel used for rapid treatments.

C Mn Si P S Cr Mo Fe

0.43 1.0 0.35 0.035 0.04 1.10 0.25 Balance

The initial microstructure is shown in Figure 8.2.1; it consists of ferrite and pearlite in a 3/1 ratio. The ferrite

grains are not elongated and free of deformation as no cold-rolling has taken place.
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Figure 8.2.1: The initial microstructure of the steel consisted of ferrite and pearlite in a 3/1 ratio.

The TCFES database was used in Thermocalc to plot the Fe-C diagram (Figure 8.2.2) for the composition of
the material given in Table 8.2.1 in equilibrium conditions. From this diagram, the A1 and Acs temperatures
are measured at 710 © and 760 °C, respectively.
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Figure 8.2.2: The Fe-C diagram as was calculated from Thermo-calc for the given composition and in equilibrium [85].
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According to the phase diagram, the following heat treatment was selected, shown in Table 8.2.2. The high
heating rates were applied through a coil via induction heating. A pre-heating stage was included that did not
affect the microstructure, but its purpose was to aid the heating machine to achieve the heating rate of 100 °C/s.
Keeping in mind that the transformation temperatures increase with high heating rates [116], the peak
temperature was chosen high in the y region. The soaking time at peak temperature was minimal, and the
sample was quenched in water. For comparison reasons, another sample was studied in the OM, which
underwent a conventional heating treatment, and was used as a reference. The parameters of the treatment for

this reference sample are also shown in Table 8.2.2.

Table 8.2.2: The parameters used for the ultra-fast thermal treatment.

Samples Annealing stage Cooling stage
Annealing rate Peak Temperature Soaking Time Quenching medium
(°Cls) °O) (s) (°Cls)
UFH sample 100 930 - Water
Reference sample 10 930 1800 Water

During ultra-fast heating, the homogenization of the composition in the microstructure is limited as there is
not enough time for the dissolution of cementite and diffusion of carbon. In a previous work [97] using
DICTRA in the same material, it was shown that two possible types of parent austenite exist in the
microstructure at the peak Temperature. The parameters used for this simulation approach are in detail
described in [123, 126]. The C-rich austenite is estimated to have a higher concentration of carbon (C),
manganese (Mn), and chromium (Cr). It is expected to be in small proximity to the pearlitic colonies of the
initial microstructure. The second parent austenite composition is depleted in carbon, and the reason is that it
is expected in areas relatively further from the pearlitic areas. Due to the short heating time, the diffusion
distance of carbon from the dissolving cementite is limited. Thus, ferrite grains located away from the pearlitic
colonies will transform into austenite without profound enrichment in carbon. The two types of austenite

composition are shown in Table 8.2.3.
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Table 8.2.3: The composition of the parent carbon-rich and carbon-depleted austenite, as calculated from DICTRA

simulation [97].

Parent Austenite Cr (wt. %) Mn (wt. %) Mo (wt. %) C (wt. %)
C-depleted 0.5 0.4 0.1 0.2
C-rich 0.6 0.8 0.1 0.7

For the characterization of the microstructure, different microscopy techniques have been used. In order to be
able to observe the microstructure, special sample preparation is required. For the Light Optical Microscopy
(LOM) and Secondary Electron Microscopy (SEM), the sample preparation consists of the following steps:
grinding up to 2000 grid SiC paper and then polishing with 6 um and 1 um diamond paste until a mirror-like
surface is achieved and followed by chemical etching with 2 % v/v HNO3 in ethanol (Nital 2%) for 8-10 s at
room temperature to reveal the microstructure. A JEOL6380LV SEM was used; an accelerating current of
20 kV and a working distance of 10 mm in secondary electron imaging mode was selected.

The grinding and polishing steps are also used for the sample preparation for the EBSD analysis. Though an
additional polishing step is added using a 0.1 um colloidal silica (OPU), no etching is applied. An accelerating
current of 20kV is selected for the Quanta TM 450-SEM EBSD and a working distance of 8 mm. The resulting
patterns were acquired on a hexagonal scan grid by a Hikari detector operated with EDAX TSL-OIM-Data
Collection version 6 software. The EBSD scans were performed at a step size of 50 nm. The corresponding
orientation data were post-processed with EDAX-TSL-OIM-Data Analysis version 7 software using the
following grain definition: Misorientation with neighboring grains higher than 5°, a minimum number of points
per grain was 2, and confidence index (CI) higher than 0.1. The raw EBSD data were post-processed (cleaned)
to re-assign the dubiously indexed points using the grain confidence index standardization and neighbor CI

correlation procedure.

Finally, the TEM samples were ground to 100 um thickness and then cut into disks with a diameter of 3 mm.
They were then ground again to a thickness of 40 um and in the end ion milled with the PIPS. The Jeol 2100
HR TEM was running at 200kV and was mounted with an EDS detector.

8.2.3. Results

The heating cycle applied in the reference sample was that of a conventional treatment for the production of a
martensitic steel. Thus, the microstructure is expected to be fully martensitic. This can be confirmed by the
LOM metallography of Figure 8.2.4a. It can be observed that the microstructure consists of martensitic laths

that may reach up to 50 um in length. Martensite laths may form martensite blocks with similar orientations
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along the parent austenite grains. The boundaries of some PAGs are indicated with yellow dashed lines. Their

increased size is expected from the extended heating time that allows austenite to grow.

From the LOM (Figure 8.2.4b) and SEM (Figures 8.2.5 a, b), it is observed that the microstructure is mainly
martensitic, and the size of the parent austenite grains (PAGS) varies between 10-30 um. According to the
PAG size, the length of the martensite blocks also varies between 5-20 pum. It is also observed that variation
exists in the martensite lath width even inside of the same block. The martensite laths are closer observed via
TEM in Figures 8.2.6a,b. The formation of martensite is expected during quenching and due to the high carbon
content in the steel. It is shown that some martensite laths are separated from another phase that appears darker
on the TEM. Two possible explanations can be given to describe this. The first one is that the angle of the lath
boundaries appears darker from the transmission of the electron beam. The other possible explanation is that
once the laths are formed with shear transformation during quenching, carbon is accumulated on the
boundaries, leading to the retainment of austenite. Finally, from these figures, it is observed that martensite is
formed in blocks with their size depending on the parent austenite grain size. The advance of the block will
end once it meets the boundary of the parent austenite or once it meets another martensite block. The laths
inside the same block are expected to have the same orientation, and this can be seen in the IPF map of Figure
8.2.7a. Finally, martensite is expected to be surrounded by HAGBs due to its shear transformation mechanism.
To verify this, the rotation angles for the same EBSD scan are shown in Figure 8.2.7b, where blue color
indicates boundary misorientation angles between 56° and 65°. According to Zajac [28], these angles
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correspond to misorientations between martensite laths. As the formation of martensite is a shear
transformation, the high angle grain boundaries are expected.

Figure 8.2.4: (a) OM metallography of the reference sample showing a fully martensitic microstructure. Some PAGBs
are shown with yellow dashed lines. (b) OM metallography of the UFH sample, the microstructure of which appears

more complicated.
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Figure 8.2.5: SE SEM images showing the martensite laths at (a) 2000x and (b) 5000x magnification.
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Figure 8.2.6: (a, b) BF TEM images showing the martensite laths. They are distinguished from their lath shape, the high

deformation from the shear transformation, and the lack of cementite precipitates inside the lath.
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Figure 8.2.7: (a) IPF map indicating that the martensite laths inside the same block have the same orientation. (b) High

rotation angles (56°-65°) shown in blue color indicate the martensitic laths. Step size: 50 nm.
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In order to analyze the grain size of the martensite laths, five EBSD scans were performed with a sum of 789
identified grains taken into account. From these scans (Figure 8.2.8a-e), the average grain size (area) was
calculated at 21.75 um?. The refinement of the microstructure depends on the size of the parent austenite grains.
Due to short heating times during UFH, the PAGs are not expected to have time to grow. From the OM and
SEM images (Figure 8.2.5), it is calculated that they have a diameter of 15 um on average. If they are
considered circular, the area is calculated to be equal to 176.7 um?. From the same OM and SEM Figures, it is
also observed that there is heterogeneity in the sample concerning the PAG size. As reported [35], martensite

nucleation starts on the PAG boundaries, and therefore, smaller PAGs translate to smaller martensite laths.
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Figure 8.2.8: (a-e) 1Q maps in different areas of the sample. The grain size (area) of each scan was taken into account,

and the average grain size was calculated. Step size: 50 nm.
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Further PAG refinement could be expected if there was no cementite dissolution due to a pinning effect [85].
Instead, in the current sample, no cementite from the initial microstructure is found, which means that complete
dissolution has been achieved at this heating rate. Nevertheless, complete homogenization of the chemical

composition is not achieved.

From the EBSD analysis (Figure 8.2.9), traces of retained austenite (yellow) are found in the microstructure.
To verify this, the K-S relationship <112>90° misorientations between ferrite and austenite are shown in blue
color in the Image Quality (IQ) map. The presence of film-like retained austenite is also shown from TEM
analysis, as shown in Figures 8.2.10a, 8.2.11a, and 8.2.12a. The average thickness of the RA films is
calculated at 25 nm. Morito et al. [140] thoroughly studied the retainment of austenite in films. The diffraction
pattern of the selected area (saed) shown in the green circle is shown in Figures 8.2.10b, 8.2.11b, and 8.2.12b
indicating the existence of retained austenite. In both TEM images, the RA is found in films.

The main reason for the retainment of austenite in the microstructure is higher carbon concentration locally,
which would drop the Ms to lower temperatures. During ultra-fast heating, the homogenization of the
composition in the microstructure is limited as not enough time exists due to rapid treatment for the dissolution
of cementite and carbon diffusion. No pearlite remnants were observed in the current work, so it is assumed
that the dissolution of cementite is completed. However, a gradient in the carbon content is expected due to a
lack of heating time above the Acs temperature, and therefore homogenization cannot complete. Thus, the areas
near the dissolved pearlite colonies will be enriched in carbon, and the retainment of austenite is more plausible
in the proximity. From [88,99], DICTRA software has shown that there are two possible types of parent
austenite in the microstructure at peak temperature. The first one has a high carbon concentration and is
expected to be in small proximity to the initial microstructure's pearlitic islands. The other one is depleted in
carbon, and the reason is that it is expected in areas relatively further from the pearlitic areas. Specifically, the
nucleation of austenite during UFH can occur with two different mechanisms. The first one takes place near
or inside the pearlitic colonies where the carbon content is higher, and ferrite enrichment can occur in short
distances. Then the nucleation of austenite is controlled by the difference in the carbon content and, therefore,
the difference in the Gibbs energy between cementite and ferrite, as would take place in a conventional heat
treatment. In the case of austenite nucleation between ferrite grains, where there no pearlite is present and
therefore the maximum carbon content is defined by its solubility in ferrite, the mechanism is different. Kaluba
et al. [91-93] reported that when high heating rates are applied, homogenization of the microstructure and
enrichment of ferrite in carbon is averted as the diffusion distances are shortened. Then, in the C-depleted
areas, the nucleation of austenite is not driven by the carbon diffusion but by the mobilization of the interfaces
and the transformation of the FCC structure from the previous BCC. The distinction of the parent austenite in
C-rich and C-depleted through DICTRA was shown earlier in Table 8.2.3. From this table, it is also shown
that the C-rich austenite is also enriched in manganese alongside the carbon enrichment. This alloying element

is considered a y-phase stabilizer and thus favors austenite (y) retainment in these areas during quenching.
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Figure 8.2.9: Phase map of the sample with the <112>90° K-S relationship misorientation between ferrite and austenite.
Due to the small thickness of the RA films and the limitation to the minimum step size, the depiction of RA is not

corresponding to the TEM images. Step size: 15 nm.
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a

Figure 8.2.10: (a) Bright-field TEM showing an RA film on the edge of a lath. (b) The diffraction pattern of the saed

indicated inside the green circle is indexed.
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Figure 8.2.11: (a) Bright-field TEM showing an RA film on the edge of a lath. (b) The diffraction pattern of the saed

indicated inside the green circle is indexed.
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Figure 8.2.12: (a) Bright-field TEM showing an RA film on the edge of a lath. (b) The diffraction pattern of the saed
indicated inside the green circle is indexed.
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Using the two compositions of Table 8.2.3 and with the models of Kirkaldy [29, 30] and Bhadeshia [31],
the continuous cooling transformation (CCT) diagrams are plotted (Figure 8.2.13a). It is observed that in
the C-rich areas, the M; temperature decreases at almost 200 °C in comparison to that of the C-depleted
areas. In addition to the aforementioned increase in Mn in the C-rich parent austenite, the retainment of
austenite is possible in these areas alongside the martensite transformation. On the other hand, the decrease
of carbon content in the C-depleted areas leads to a shift of the Bs curve to the left-hand side of the CCT
diagram. This means that at high cooling rates (higher than 100 °C/s), bainite formation is possible in these
areas. As the sample was quenched in water at room temperature, it is expected that the cooling rate
exceeds 100 °C/s. Even at a cooling rate of 100 °C/s, the C-depleted parent austenite grains may transform
into bainite or martensite as the specific cooling rate curve intersects the Bs and Ms curves but not the Bt

curve.

On the other hand, according to the CCT diagram, the C-rich grains can transform only into martensite, as
the Bs curve does not intersect the curve of the specific cooling rate. According to the literature, in this
sample, indications from EBSD are found (Figure 8.2.13b) from misorientation angles between 48° and
55° that are shown in red and correspond to bainite [28]. In order to validate these indications, TEM was
used. From this analysis, large laths were found in the microstructure with elongated parallel cementite
particles inside (Figures 8.2.14a, b, 8.2.15a, b, 8.2.16). According to the work of Bhadeshia [34], these
morphologies correspond to lower bainite with the precipitation of cementite during quenching. The
formation of lower bainite occurs at the lower part of the CCT diagram and by the shear transformation.
Thus, the carbon is trapped inside the bainitic laths forming fine parallel cementite particles. To confirm
this cementite inside the bainitic laths, the diffraction pattern (Figure 8.2.17b) was taken from the selected
area in Figure 8.2.17a. From the TEM analysis (Figures 8.2.18a, b and 8.2.19a, b), it is also observed
that parallel laths are found to a great extent with cementite or austenite films in between. According to
the work of Takahashi [78], this morphology corresponds to lower bainite, as well. During its formation,
carbon is displaced from the formed ferritic plate due to its low solubility in carbon. This excess of carbon
is then segregated on the space between the plates and may lead to the parent austenite retainment in films
[140]. In addition, due to the short cooling time given, the carbon located in the middle of the plate is

trapped, as there is not enough time for diffusion.
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Figure 8.2.13: (a) CCT diagram plotted using the models that shows the Bs and Bf curves for the C-rich and C-depleted
parent austenite compositions. (b) EBSD GAIQ with the rotation angles. According to [28], bainite laths (B) have low
misorientation and rotation angle between 48°-55°. Due to the nature of the martensitic transformation, martensite laths
(M) show bigger misorientations with an angle between 56 °-65°.
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Figure 8.2.14: (a) BF TEM showing large laths with parallel cementite particles inside, indicating the existence of lower
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Figure 8.2.15: (a) BF TEM showing large laths with parallel cementite particles inside, indicating the existence of lower
bainite in the microstructure. (b) Magnification of the first image where the parallel cementite (FesC) particles are better

observed.
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Figure 8.2.16: (a) BF TEM showing a bainitic ferrite lath with parallel cementite particles (Fe3C) inside, indicating the

existence of lower bainite in the microstructure.
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Figure 8.2.17: (a) The parallel cementite particles found inside a bainitic ferrite lath. (b) saed diffraction pattern from

the area shown inside the yellow circle indicating the correlation between the cementite (6) and ferrite () lattices.
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Figure 8.2.18: (a) BF TEM images of lower bainite. It is shown that parallel bainitic ferrite plates exist in the

microstructure with RA formed in between (b) It can be observed that inside these plates, there are cementite particles

that have precipitated upon cooling (FesC),
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a

Figure 8.2.19: (a, b) BF TEM images of the lower bainite. Again, parallel bainitic ferrite plates exist in the microstructure

with RA formed between and FesC precipitated inside.
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The measured micro-hardness of the two samples is shown in Table 8.2.4. It appears that the hardness of the
UFH sample is higher than that of the reference sample by approximately 50 HV. As the microstructure of the
reference sample is fully martensitic, it is expected to have increased hardness, compared to the UFH sample,
as the presence of bainite should decrease the overall hardness. Though, the grain refinement that is observed
in the UFH sample can contribute to the increase of the overall hardness of the sample, as is the case with these

samples.

Table 8.2.4: The average Vickers hardness for the UFH and reference samples

Samples Average HV Average Deviation
Reference sample 413 36
UFH sample 465 10
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8.3. The Ultra-Fast Heat Treatment as a method to produce commercial DP
Steels

8.3.1. Introduction

In order to fully comprehend the viability of UFH, experiments were performed in commercial grades that are
already in use in the industry. DP steels have been thoroughly used in the automotive industry due to their
respectively easy production. They consist of martensite islands on a ferritic matrix, and their strength depends
on the martensite fraction and hardness, while their good elongation is attributed to the fraction of the ferritic
matrix. In this chapter, the purpose was to produce such a grade using ultra-fast heating. Using a commercial
grade as initial material, a typical DP cycle was applied and then compared to the UFH cycle. The phenomena
that may occur or be impeded during the heating stages when high heating rates are applied are studied. Such
phenomena are the dissolution of cementite in the pearlitic colonies, recovery and recrystallization of ferrite,
enrichment of ferrite in carbon, and nucleation and growth of austenite. These phenomena occur during
conventional heat treatments as time is necessary, but during UFH, in which case the heating time is limited,
they are either impeded or even averted. Whether these phenomena take place or not and their impact on the

microstructure and properties of the material is studied in this chapter.

8.3.2. Materials and methods

Until now, the study of UFH cycles has focused on the explanation and understanding the phenomena that take
place using special steel grades. Nevertheless, to connect this method with the automotive industry,
commercial steel grades were selected for this study that is already applied in the industry. Hence, a low-
carbon, low-manganese steel was selected that was cold-rolled to a 1 mm thickness (60 %) thickness and
consisted of ferrite and pearlite/martensite in an 87 %-13 % fraction. The composition of the material is shown

in Table 8.3.1, and the initial microstructure in Figure 8.3.1.

Table 8.3.1: The chemical composition in wt. % of the commercial steel used for the experiments.

C Si Mn Cr Mo S P Nb+Ti Fe

0.14 0.24 1.7 0.25 0.25 0.004 0.014  0.05 rest
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Figure 8.3.1: (a) OM metallography of the Initial Material that consists of ferrite (bright areas) and pearlite/martensite

(dark areas). (b) SEM image of the initial material showing the ferrite and pearlite in the microstructure.

158



8. Experimental Results

The heat treatments were performed in a Gleeble machine and consisted of three different experiments. An
ultra-fast heating (UFH) cycle was performed at a very rapid heating rate until the peak temperature is reached
inside the intercritical range with subsequent quenching. This cycle was compared with a conventional heating
(CH) with a slow heating rate to the same temperature and subsequent quenching and finally with a cycle
intended to simulate the continuous annealing line heating (CALH) cycles used in the industry right now. This
cycle consists of slow heating to the peak temperature, soaking time, and then quenching. All previous cycles
had a preheating (PH) stage intended to make the leap to the peak temperature smaller and make the heating
easier for the machine [141]. Nevertheless, the PH cycle's microstructure was also studied to confirm no change

in the microstructure. The parameters of the heating cycles are shown below in Table 8.3.2 and Figure 8.3.2.

Table 8.3.2: The heat treatments that were performed in the Gleeble.

Pre-heating stage Annealing stage Cooling
stage
Heating Heating Heating | Annealing Peak Soaking | Quenching
rate temperature | time rate Temperature | Time rate
(°Cls) (°C) (s) (°Cls) (°C) (s) (°Cls)
PH 10 300 30 - - - -

CALH 10 300 30 10 760 240 65
CH 10 300 30 10 760 0.2 65
UFH 10 300 30 780 760 0.2 65
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Figure 8.3.2: Time — Temperature diagram with the treatments that were performed in the Gleeble.

With the use of Thermocalc, the phase diagram was calculated in equilibrium and plotted in Figure 8.3.3a.
From this diagram, the A1 and Acs temperatures were found at 670 °C and 840 °C, respectively. It has been
reported by Valdes-Tabernero et al. [122] that when high heating rates are applied, these temperatures tend to
shift at higher values. This was confirmed for the studied material using the models developed by Kirkaldy
and Bhadeshia [135-137] and by dilatometry experiments. The results can be observed in Figure 8.3.3b. For
the dilatometry experiments, heating cycles were performed on flat samples with dimensions 10x4x1 mm at
constant temperatures above the Acz with different heating rates ranging from 1 to 200 °C/s. It is well observed

that the Ax temperature is shifting to higher values with increasing heating rates, but the curve for the Ac
temperature tends to normalize after a critical heating rate.
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Figure 8.3.3: (a) Phase diagram of the used material calculated by Thermocalc for the given composition. (b) Heating

rate — Temperature diagram comparing the resulting Ac: and Acs temperatures (full lines) and dilatometry (dashed lines).

The samples for the microstructure characterization were cut from the homogeneously heat-treated zone of the
Gleeble specimens. Then they were ground and polished to a mirror-like finish using 6 um and 1 ym diamond
pastes and etched in a chemical solution of 2% v/v HNO3 in ethanol (Nital 2%) for 5-8 s at 20 °C to reveal
the microstructure. For TEM and transmission Kikuchi diffraction (TKD) analysis, disk samples were cut from
the Gleeble specimens. Then they were manually ground to a thickness of 100 um and ion milled using a PIPS.
SEM analysis, an FEI Quanta TM 450-FEG-SEM operating at 20 kV and spot size 5 in SE (BSE) mode, was
used. The same microscope was used for EBSD analysis operating under the following settings: The
accelerating voltage was 20 kV with a beam current corresponding to a spot size of 5, aperture size of 30 um,
and a working distance of 7 mm. The resulting patterns were acquired on a hexagonal scan grid by a Hikari
detector operated with EDAX TSL—OIM-Data Collection version 6 software. The EBSD scans were performed
at a step size of 50 nm. The corresponding orientation data were post-processed with EDAX-TSL-OIM-Data
Analysis version 7 software using the following grain definition: Misorientation with neighboring grains
higher than 5, the minimum number of points per grain was 2, and confidence index (CI) higher than 0.1. The
raw EBSD data were post-processed (cleaned) to re-assign the dubiously indexed points using the grain
confidence index standardization and neighbor CI correlation procedure. Based on the EBSD data, the prior
austenite grains were reconstructed using the ARPGE software developed by C. Cayron [29]. The transmission
Kikuchi diffraction (TKD) was performed using the same equipment. The working distance was set to 5 mm
and the step size to 20 nm. A Jeol JEM-2200FS, 200 kV field emission transmission electron microscope was
used for the TEM analysis. The continuous cooling transformation (CCT) diagrams were plotted using the
models of Kirkaldy and Bhadeshia [136-138] and were calculated considering the chemical composition of the

steel and the grain size of the parent austenite.
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8.3.3. Results

8.3.3.1. Microstructure comparison

The microstructures of the different heat treatments were compared through the SEM. The microstructure of
the PH (Figures 8.3.4a-c) stage appears to be very similar to that of the IM and has not been affected by the
low-temperature heating. It consists of ferrite and pearlite, and the cold-rolled microstructure is maintained
with bands of pearlite/martensite between the elongated and deformed ferrite grains. The purpose of this step
is not to change the microstructure and avoid any recovery from the initial material [141]. Despite, it facilitates
the Gleeble to achieve the high heating rates required as the leap from the 300 °C to 760 °C is easier to reach
than the leap from 25 °C to 760 °C. On the other hand, the microstructure of the CALH sample (Figures 8.3.5a-
c) is a typical DP microstructure that consists of martensite islands on a ferritic matrix. The martensite islands
are intergranular and surround the large ferritic grains. Most ferritic grains are still elongated in parallel to the
rolling direction and appear to be clear of any deformation, and one can suppose that the recrystallization
process is complete. The diameter of the ferrite grains along the ND axis appears to be similar to that of the
IM, indicating that the cold rolling bands have been partly retained. Concerning the CH sample (Figures
8.3.6a-c) though, the microstructure appears different from the CALH, even though the slow heating rate is
the same. The martensite fraction appears smaller in the CH sample, while pearlite colonies remain in the
microstructure and have not been fully dissolved. The cementite in these undissolved colonies appears in both
lamellar and spheroidized forms. Both deformed and non-deformed ferrite grains exist in the microstructure,
and the cold-rolling bands are more profound than they are in the CALH sample. Finally, in the UFH sample
(Figures 8.3.7a-c), the overall microstructure is more similar to the IM and PH samples than the annealed
samples. The cold-rolling bands have been retained; most ferrite grains remain deformed from the rolling and
elongated parallel to the rolling direction. Their diameter in the ND axis appears smaller than in the CH and
CALH samples. The martensite islands appear to be more refined than in the CALH and CH samples, and the
pearlitic colonies have been retained to a greater extent than in the CH sample. Both spheroidized and lamellar

cementite appear in the microstructure, with the latter form being more pronounced.
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Figure 8.3.4: SE SEM image of the PH sample at (a) 2000x magnification, (b) 5000x and (c)10000x. The microstructure

consists of ferrite (F) and pearlite (P).
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10 ym

Figure 8.3.5: SE SEM image of the CALH sample at (a) 2000x magnification, (b) 5000x and (c)10000x. The

microstructure consists of ferrite (F) and martensite (M).
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Figure 8.3.6: SE SEM image of the CH sample at (a) 2000x magnification, (b) 5000x and (c)10000x. The microstructure

consists of ferrite (F), martensite (M), and pearlite (P).
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Figure 8.3.7: SE SEM image of the UFH sample at (a) 2000x magnification, (b) 5000x and (c)10000x. The microstructure

consists of ferrite (F), martensite (M), and pearlite (P).
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8.3.3.2. Austenite nucleation

With a closer look at the CH and UFH samples in SEM, two different types of martensite were observed,
depending on their position inside the pearlitic colonies or on ferrite grains' interfaces. The position of these
martensite islands gives an insight into the a—vy transformation mechanism when the heating time is not
enough. According to Kaluba [91-93], when the heating rates are high, the transformation that occurs is not
controlled by the diffusion of carbon but by the mobility of the interfaces. This applies in UFH, where the high
heating rates impede the full dissolution of cementite and thus the carbon diffusion and homogenization of the
composition. This creates gradients in the microstructure with areas rich in carbon in close proximity to the
pearlitic colonies and areas depleted in carbon when there is no carbon source nearby. According to these, the
nucleation of austenite inside the pearlitic colonies (Figures 8.3.8a, c) is expected due to the high carbon
content. This excess in carbon favors the kinetics of the transformation due to the difference of the Gibbs free
energy, as was explained by Savran [56]. Nevertheless, this cannot explain austenite's nucleation between two
ferrite grains (Figures 8.3.8a, d), where no difference in carbon content is expected. In this case, the driving
force for this nucleation derives from the segregation of carbon and other elements on the grain boundaries.
As has been reported by Bouzouni et al. [98, 99] and Papaefthymiou et al. [97] via simulation software,
segregation of alloying elements on the grain boundaries take place even during UFH, which creates the
difference in carbon content to make the austenite nucleation possible according to the Gibbs free energy.
Savran [56] also showed that during heating in the temperature range between the A and Acs temperatures,
the maximum carbon content of ferrite is decreasing according to the Fe3C diagram. This rejected carbon also
contributes to the local chemical heterogeneity being a driving force for austenite nucleation. As this
phenomenon is happening for both slow and ultra-fast heating rates, it can be assumed that it is not affected

by the heating rate, although the diffusion and segregation of alloying elements depend on it.
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Figure 8.3.8: SE SEM images indicating the nucleation sites of austenite from the positions of martensite inside the
pearlitic colonies for the CH (a) and UFH (c) samples and also between ferrite grains (b, d) with no apparent carbon

source.

8.3.3.3. Dissolution of pearlite

The pearlite was also studied under TEM for both samples. Similar to the outcomes of the SEM analysis,
undecomposed pearlite is observed in both samples. In the CH sample (Figures 8.3.9a-c), pearlite is found in
both lamellar and spheroidized morphologies, with the latter prevailing. In the UFH sample (Figures 8.3.10a-
c), the lamellar form of pearlite is found in a larger fraction than the spheroidized one. This observation can
be rationalized based on a shorter heating time during UFH treatment. According to different theories of
spheroidization [82], a potential chemical gradient leads to a curvature in the lamellar interface. Atoms move
from the curvature of a lamella through diffusion to the flat interfaces of neighboring or the same plates and
eventually lead to the lamellar plate's break. The curvature of the plates can be seen in (Figures 8.3.5b) for the
CH sample. Undissolved cementite is also found in the CH sample, which means that the dissolution needs
more time than that given in this treatment. This also means that in the CALH treatment, the dissolution
initiates during the soaking stage and not during the heating. Even though the heating time is minimal in the
UFH treatment, spheroidization of the lamellas takes place due to the very high energy induced in the system

during heating.
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Figure 8.3.9: BF TEM images for the CH (a-c) sample indicating the incomplete process of spheroidization of cementite

during heating.
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Figure 8.3.10: BF TEM images for the UFH (a-c) sample indicating the incomplete process of spheroidization of

cementite during heating.
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From the EDXS analysis, it is seen that alloying elements such as manganese and chromium are concentrated
in the cementite of the microstructure. This is in accordance with the results of Papaefthymiou et al. [85], who
predicted the accumulation of these elements in cementite by simulation using Thermocalc and DICTRA
software. It is seen from the EDX line scans in Figures 8.3.12a, b that the calculated mass % intensity for Cr
and Mn is higher in the cementite lamellae and spheres compared to that of the adjacent ferritic matrix. The
same was observed for the CH sample in Figures 8.3.11a, b. From those figures, it can also be seen that the
spheroidization process was more pronounced in the CH samples compared to the UFH sample. Figure 8.3.12c
shows that the mass % intensity of Cr and Mn was increasing near the grain boundaries of three ferrite grains.
The segregation of these elements favor nucleation of austenite as mentioned earlier and, after quenching,
martensite. Nevertheless, concerning the slow heating, a homogenization of the topical chemical composition
occurs due to the longer heating time, as shown from the EDXS analysis results (Figures 8.3.11c) of the CH

sample.
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Figure 8.3.11: STEM images for the CH sample, including EDS line scans for Cr and Mn along (a) lamellar cementite,

(b) spheroidized cementite, and (c) martensite.
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200 nm

Figure 8.3.12: STEM images for the UFH sample, including EDS line scans for Cr and Mn along (a) lamellar cementite,

(b) spheroidized cementite, and (c) martensite.
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8.3.3.4. Grain size analysis

EBSD was used for the grain size analysis. Three scans for each condition (CALH, CH, and UFH) were
obtained with a scan size of 40 um x 40 um. For the CALH treatment, the scans included an average of 3305
grains, for the CH treatment, an average of 7059 grains, while the scans for the UFH treatment included an
average of 9818 grains. The difference in the recognized grain number is due to the different average size of
the grains in each condition. The ARPGE 2.4 software, developed by C. Cayron [130] and was used in
automatic mode to plot the grain boundary (GB) maps of the reconstructed prior austenite grains (PAGs) for
the three samples and are shown in Figures 8.3.13a, ¢, e. For the UFH (Figure 8.3.13¢), these PAGs combined
with the pro-eutectoid ferrite have a significantly smaller size than the CALH and CH samples. In particular,
the average calculated grain area for the PAGs was 79.14 um? for the CALH, 71.87 um? for the CH, and 64.43
um? for the UFH. The difference in the PAG grain sizes is attributed to the different heating times used in each
treatment. In CALH, where there is soaking, the PAGs have more time to grow.

Nevertheless, an error should be considered in these calculations as the ferrite's size is also measured. After
quenching, the final microstructure had an average grain area of 32.79 um? for the CALH, 17.27 pm? for the
CH, and 12.61 um? for the UFH (Figures 8.3.13b, d, f). The reason for these smaller austenite grains is most
likely that austenite nucleates at the interface of undissolved cementite with ferrite and at ferrite/ferrite
interfaces, therefore smaller PAGs lead to an increase in the grain boundaries and hence, more martensite

nucleation sites and finer microstructure.
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Figure 8.3.13: EBSD Grain boundaries maps for the PAGs and final microstructure respectively of the CALH (a,b), CH
(c,d), and UFH (e,f) samples. Step size: 50 nm.

175



8. Experimental Results

Moreover, undissolved pearlite—spheroidized cementite has a pinning effect, thus, impeding further the growth
of austenite grains by impeding the movement of austenite interfaces. This does not take place in the CALH
sample, where the cementite has been fully dissolved. Thus, due to the absence of undissolved cementite and
higher heating and soaking times, the parent austenite grains can grow larger in this sample. On the other hand,
in the CH and UFH samples, spheroidized or lamellar cementite in the microstructure impedes the movement
of the PAG boundaries and hinders its growth. This effect can be seen in Figure 8.3.14a for the CH sample
and Figure 8.3.14b for the UFH sample. In the former, the disintegration and spheroidization of pearlite are
visible with very fine ferrite grains in between. The dissolution of pearlite is even less pronounced in the latter,

and cementite partly maintains its lamellar form. After quenching, the microstructural constituents mostly had

an average grain area of 17.3 pm? for the CH and 12.6 pm? for the UFH sample.

Figure 8.14: BF TEM images of the CH (a) and UFH (b) samples indicating the pinning effect of undissolved cementite
on the movement of grain boundaries and thus the growth of austenite.

8.3.3.5. Retainment of austenite

From XRD (Figures 8.3.15a-c) and EBSD analysis, small fractions (<1 %) of retained austenite were also
observed in the CH and UFH samples. This retainment of austenite is possible due to the heterogeneity in the
topical chemical composition. Specifically, as mentioned before, due to the short heating times, the dissolution
of cementite is not completed, and the diffusion of carbon is limited throughout the microstructure. Therefore,
areas near or inside the undissolved pearlite colonies are expected to have higher carbon contents than ferritic
areas far from any carbon source. This higher carbon content decreases the Ms temperature locally and can
make the retainment of austenite possible. This is confirmed from the EBSD phase maps (Figure 8.3.16a.b),
where the retained austenite (green) appears inside martensitic or pearlitic areas.
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Figure 8.3.15: XRD analysis of the (a) Initial Material, (b) Conventional Heating sample, and (c) Ultra-Fast Heating
sample. In the CH and UFH samples, a small fraction of retained austenite (FCC) is found.
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Figure 8.3.16: EBSD phase maps of the CH (a) and UFH (b) samples showing small fractions of retained austenite in

both samples. Step size: 50 nm.

To further analyze this, simulations were performed in DICTRA [142] (Figures 8.3.17a-d). A spheroidized
cementite was assumed in these simulations with size 5 nm and 6.67 % of carbon content. In the simulations,
the content of different alloying elements was calculated according to the distance from the cementite. As it
seems, the contents of C and Mn drop with increasing distance from the cementite (Figures 8.3.17a, ¢). On
the other hand, elements such as Cr and Mo (Figures 8.3.17b, d). tend to segregate on the interface between
0 and . This is explained as the solute drag effect and the accumulation of these elements on the interfaces,
further impeding cementite dissolution. In the case that there is no apparent carbon source (cementite), the
results are shown in Figures 8.3.18a-d. According to these results, the carbon content (Figure 8.3.18a) in
austenite is above the average carbon content of the material, which is explained by the higher solubility of
carbon in austenite as the transformation is not completed. The manganese content is higher in austenite than
ferrite as manganese is an austenite stabilizer alloying element (Figure 8.3.18b). Chromium content in
austenite tends to accumulate near the y/o interface and decrease slightly near the y/a in ferrite (Figure
8.3.18c), dictating that chromium content in ferrite must decrease in order to satisfy the local equilibrium
condition meaning that chromium diffuses from ferrite to austenite. Molybdenum, similarly to chromium, is a
ferrite stabilizer. Therefore, it has a higher solubility in ferrite compared to austenite. Molybdenum content
near the y/a tends to decrease, showing that the diffusion is achieved from austenite to ferrite. The results of
the simulations are proven by EDS on TEM, as seen in Figure 8.3.19a. In this figure, a line scan was taken
from the center of a spheroidized cementite. It appears that the mass% intensity of Mn (purple line) is
decreasing with increasing distance from the cementite. Additionally, as shown from the yellow line for Cr,
the mass% intensity has a peak on the interface between the cementite and the ferritic matrix, as was predicted

from the simulations. Due to its small fraction, retained austenite could not be found in TEM, but its presence
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is shown in the EBSD phase map Figure 8.3.18b with green color whereas the axis angle <112>90°, which is
characteristic between o and y is shown in blue color. The IQ map is also given to predict the location of the
retained austenite, which is inside the expected pearlitic areas. This is expected as these areas are enriched in

carbon due to the short diffusion distance, which leads to a decrease in the Ms temperature.
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Figure 8.3.17: Composition profiles for (a) C, (b) Cr, (c) Mn, (d) Mo during ultra-fast heat treatment in cementite —

ferrite system at Tpeax temperature [142]. The phase between cementite (6) and ferrite () is the newly formed austenite
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Figure 8.3.18: Composition profiles for (a) C, (b) Cr, (c) Mn, (d) Mo during ultra-fast heat treatment in ferrite/ferrite

(0/a) system at Tpeak temperature [142]. The second phase formed is austenite (y).
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Figure 8.3.19: (a) EDS on TEM confirms the DICTRA results on the segregation of Cr and Mn on the interfaces between
6-y-a. (b) Phase Map (PM) of the scanned area where the retained austenite is shown with green color. For further
certainty, the KS relationships for <112>90° between ferrite and austenite are shown in blue. (c) Image Quality (IQ)
map of the same area where the retained austenite is highlighted. The location of the retained austenite is shown to be

inside low image quality areas that correspond to martensite or pearlite. Step size: 50 nm.

8.3.3.6. Recovery, recrystallization, and texture analysis

From the SEM analysis in the CH and UFH samples, deformed ferrite grains were observed in both samples
(Figures 8.3.20a, b). This means that the recrystallization process has not been completed in any of the
treatments. Nevertheless, the fraction of recrystallized ferrite (RexF) grains in the microstructure differs in the
two samples, with the UFH sample consisting of a much smaller fraction of RexF. From the SEM, it is also
observed that in the UFH sample, the dislocations maintain the rolling direction, indicating that the

recrystallization process is at a very early stage.

Further analysis was conducted with EBSD. The grain average misorientation (GAM) map (Figures 8.3.20c)
as well as the kernel average misorientation (KAM) [37] map (Figures 8.3.20d) were plotted. The former

shows the fraction of misorientations inside each grain, while the latter shows the local orientation gradient
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due to dislocations present in the scanned area. Recrystallized ferrite grains should have low average
misorientation and appear in blue, while the recovered ferrite and martensite appear in green. Local
misorientation can be characterized using a misorientation Kernel approach. For a given point, the average
misorientation of that point with all of its neighbors is calculated with the provision that misorientations
exceeding some tolerance value (maximum misorientation) are excluded from the averaging calculation.
Therefore, the KAM map can offer a qualitative distribution of the material's strain based on the local
misorientations that occur due to strain. During recrystallization, these dislocations mobilize, forming new
grains, and thus the recrystallized ferrite appears free of dislocations. Before the completion of this process,
these grains can be located from the dislocations that surround them before they turn into grain boundaries.
According to Peranio et al. [143], the most important driving force for recovery and recrystallization is the
reduction of strain energy within the ferrite grains, which occurs through a reduction of dislocation density. In
addition, the low angle grain boundaries (LAGB) that are expected in recovered ferrite were included in the
GAM map with red color to further distinguish the two types of ferrite. Concerning the CALH treatment
(Figures 8.3.21a, b), 100 % completion of the recrystallization process is expected due to the high heating
time. From the KAM map (Figure 8.3.21b), it is seen that the dislocation density is high at the martensitic
areas and on the boundaries with ferrite. This is why the average misorientation appears higher in this sample's
GAM map (Figures 8.3.21a). In this sample, the fraction of martensite is 44 %. It was also calculated that the
recrystallization of ferrite was much more pronounced in the CH sample than in the UFH sample. In specific,
it was calculated from the 1Q and GAM maps that the area fraction of recrystallized ferrite for the CH sample
was 77.4 %, while the fraction of recovered ferrite was 8.6% (Figures 8.3.21c, d). The remaining fraction
(14%) was considered to be martensite and pearlite (cementite). In the case of UFH, the fraction of
recrystallized ferrite was calculated as 23.7%, of recovered ferrite as 54.5 % (Figures 8.3.21¢, f), and of
martensite plus pearlite as 21.8%. These fractions are summarized in Table 8.3.3. From these calculations, it
is seen that the fraction of martensite in the UFH sample was somewhat higher than that in the CH sample.
This result contradicts previous research [97, 122, 123], where it was supported that the increase of the heating
rate leads to an increase in the A¢: temperature, and thus, less martensite is expected in the microstructure of
the UFH sample than in the CH sample. Though, the difference can be explained by the lack of recrystallization
of ferrite in the UFH sample. According to [141], the phase transformation in deformed ferrite is faster than in
recrystallized ferrite as it provides an increased number of nucleation sites for austenite formation. The
deformation also reduced the nucleation energy barrier between o/y interfaces by increasing the strain energy.
This strain energy is the driving force for both recrystallization and phase transformation [144]. Finally, the
deformed ferrite contains a larger number of dislocations and grain boundaries. These lead to a dislocation
pipe diffusion of carbon, which favors the phase transformation of austenite thermodynamically [145]. Cerda
[96] and Meshkov [100] related this phenomenon to the spheroidization of cementite that takes place in CH.
Thus, the higher fraction of martensite in the UFH sample's microstructure can be explained even though the

transformation temperatures have shifted to higher levels than those expected in equilibrium conditions.
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Figure 8.3.20: (a) SE SEM image of the CH sample indicating the existence of large recrystallized ferrite (RexF) grains
alongside deformed ferrite grains that contain sub-grain boundaries (SGBs). (b) SE SEM image showing that the fraction
of deformed ferrite is much larger in the UFH sample. (c) KAM EBSD maps for the CH and (d) UFH samples showing
the result of the dislocations on the microstructure (green) and the formation of low angle grain boundaries (red). Step

size: 50 nm.
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Figure 8.3.21: GAM and KAM EBSD maps for the (a,b) CALH, (c,d) CH and (e,f) UFH samples. These maps indicate
the density of dislocations and thus the level of deformation in ferrite and martensite. Recrystallized ferrite grains are

virtually free of dislocations and thus appear in blue. Step size: 50 nm.
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Table 8.3.3: The fractions of recrystallized ferrite, non-recrystallized ferrite, and martensite/cementite, as calculated
from the GAM and KAM maps.

Area fraction% CH UFH CALH
Recrystallized ferrite 77.4 % 23.7 % 56 %
Non-recrystallized ferrite 8.6 % 54.5% 0%
Martensite/Cementite 14 % 21.8 % 44 %

Further analysis of the recovery and recrystallization of ferrite was performed using the TKD method. From
the maps in Figure 8.3.22c, it appears that during the heating of the CH sample, the dislocations move and
start to accumulate, forming Low Angle Grain Boundaries (LAGBs) shown in red lines. With increased heating
time (i.e., slower heating rate), the recovery and recrystallization phenomena can take place, and these
boundaries are expected to become High Angle Grain Boundaries (HAGBSs) (black lines) in order to form new
grains with lower strain internal energy and free of dislocations. From the Inverse Pole Figure (IPF) map of
Figure 8.3.22¢, it appears that these dislocation ‘walls’ are responsible for orientation gradients within a single
grain. This phenomenon is called polygonization. The case is not the same for the UFH sample. In these maps,
martensite was removed as it reached an image quality lower than 0.1 and appeared as black areas in Figures
8.3.22b, d, f. In this case, the dislocation density was high in the ferritic grains neighboring to martensite
grains. This is expected due to the difference in the hardness between martensite and ferrite [124]. The ‘walls’
that appear in the CH sample were also not observed in the UFH sample. This means that, after heating with
very high rates, the dislocations were not affected, indicating that recovery and recrystallization of ferrite were

impeded locally in some areas.
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Figure 8.3.22: TKD 1Q maps for the (a) CH and (b) UFH samples. (c,d) KAM maps of the same areas indicating the
density of dislocations (green) and the formation of LAGBs (red). (e,f) IPF maps of the same areas indicating

misorientations inside the grains due to the formation of dislocation walls. Step size: 20 nm.
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EBSD analysis was also performed to study the effect of UFH treatment on the texture and recrystallization of
the steel. In Figure 8.3.23, the most important body-centered cubic (BCC) texture components in the ¢2 = 45°
section of Euler space are shown next to the Orientation Distribution Function (ODF) maps of the cold-rolled
initial material (IM), the CALH, CH, and UFH samples. As it appears, the ODF map of the UFH sample is
slightly different from that of the initial material (IM). The components of the cold-rolled material have
remained unaffected during UFH. On the other hand, the ODF map of the CH appears quite different than
those of the IM and the UFH sample. The main reason for this is the recrystallization of ferrite that takes place
on a much larger scale during conventional heating. As it was mentioned by Cerda [96], during UFH, the
recrystallization of ferrite takes place simultaneously (overlaps) with the phase transformation. Therefore, the
main fraction of ferrite maintains its cold-rolled texture. For the CALH sample, the RD and ND fibers are still
visible, but the overall texture is more similar to that of the CH sample due to the high fraction of RexF. Main
components, such as the (0 0 1)[1 1 0] and the (0 0 1)[1 1 0], remain unaffected during UFH as they are
frequently present and show a maximum frequency in the texture of both the IM and the UFH sample. The
story is similar for components on the ND fiber such as the (554)[225], (1 1 1)[1 2 1] and (1 1 1)[1 1 2] that
appeared in high frequency in the texture of all three samples.
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Figure 8.3.23: Most common components of the Euler space alongside the ODF maps for the IM, CALH, CH, and UFH

samples.
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8.3.3.7. Tensile properties and hardness

To have complete knowledge of the effect of UFH on DP steels, tests were conducted to check the mechanical
properties. Specifically, the micro-hardness and tensile tests were performed. During the tensile tests, the main
issue was that with the Gleeble, the homogeneously heated zone was not large enough to cover the whole
gauge length of a standard tensile sample. Therefore, smaller tensile samples were cut, in ‘dog-bone’ shape.
In order to determine the homogeneously heated zone, the micro-hardness was measured along the length of
the samples. As shown in Figures 8.3.24a, b, the homogeneously heated zone for the CH is around 15 mm,
and for the UFH, approximately 10 mm in length. The deviation in these two curves is due to the constituents
(martensite, ferrite) that affect the hardness. It is also observed that the hardness of the CH sample decreases
due to the high fraction of recrystallized ferrite, which is expected to have decreased hardness. According to
the aforementioned, the tensile samples shown in Figure 8.3.25a were cut with gauge length 8 mm, which is
smaller than the homogeneously heated zone. To study the material's isotropy, the tensile samples were cut at
different angles to the cold rolling direction, at 0°, 45°, and 90°, as shown in Figures 8.3.25b-d, respectively.
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Figure 8.3.24: Micro-hardness profile of the (a) CH and (b) UFH samples indicating the homogeneously heated zones.
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Figure 8.3.25: (a) The dog-bone tensile sample dimensions and their (b-d) direction in comparison to the rolling direction

(grey arrows).

The samples were placed in the tensile machine with pin holders using the holes of the samples. The strain rate
that was selected was 2.4 mm/min (0.007). Three samples per condition were tested to get the average
properties. Tensile tests were also performed for the CALH samples, but due to manufacturing problems and
lower hardness, the fracture occurred outside the gauge length, and therefore, the results were not included in
the study. From the standards, the tensile properties of the initial material were measured: 400 MPa Yield
Strength (YS), 640 MPa Ultimate Tensile Strength (UTS), and 23 % Total Elongation (TE). In Table 8.3.4
below, these properties are given for the CH and UFH samples alongside the Uniform Elongation (UE) and
the R and AR values that indicate the normal and planar anisotropies of the material, respectively.

For the UFH sample, from the table and Figures 8.3.26, 8.3.27, it is shown that at 0° angle from the rolling
direction, the highest UTS and Y'S were achieved at 973 MPa and 570 MPa, respectively. Nevertheless, the
total elongation for these samples was quite low, at 14 %. The UTS and YS decrease at 45° angle from the
rolling direction but are still considered higher than the IM while maintaining a considerably good elongation
at 24 %. Finally, at a 90° angle from the rolling direction, the strength is slightly lower than at 0 °, but the

elongation is somewhat higher. The same trend is followed by the CH sample as well.

Nevertheless, both the UTS and YS are quite lower than in the UFH sample, while the elongation remains at
the same levels. This increase in strength in the UFH sample is correlated to the increased fraction of martensite
and pearlite calculated from EBSD analysis and from the lower fraction of recrystallized ferrite. Concerning
the R and AR values, both samples are anisotropic, as expected, due to the retainment of the cold-rolled
microstructure. Although, the higher R-value in the UFH sample indicates that it might be less anisotropic than

the CH sample. According to [119], the stronger is the Y (ND//{1 1 1}) texture, the stronger anti-thinning

189



8. Experimental Results

ability can be achieved. Thus, the better R-value of the UFH sample can be attributed to its stronger ND fiber,
as indicated in the ODF maps in Figure 8.3.23.
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Figure 8.3.26: The engineering stress-strain curves for the CH and UFH samples for different tensile angles, as were
plotted from the tensile tests and with the use of the DIC.
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Table 8.3.4: The tensile properties and R-values of the CH and UFH samples.

CH UFH
0° 45° 90 ° 0° 45° 90 °
YS (MPa) 453 355 347 570 520 562
UTS (MPa) 697 612 682 973 762 815
UE (%) 7.7 13.1 12.7 8 10 8.7
TE (%) 13.2 24.8 22 13.85 23.9 18
r 0.321 0.883 1.742 0.558 1.671 1.097
R 0.957 1.25
AR 0.149 -0.844
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Figure 8.3.27: (a) Tensile and yield strengths for the CH (blue) and UFH (red) samples in relation to the angle of the
tensile direction to the direction of the cold rolling. (b) The uniform and total elongations for the CH (blue) and UFH
(red) samples in relation to the angle of the tensile direction to the direction of the cold rolling.

It is also observed from Figure 8.3.27 that at 45° from the rolling direction, the elongation of the UFH sample
is similar to that of the initial material, while the strength increases as well, giving probably the optimal strength
to stress ratio. This can be attributed to the texture of the material. As shown in Figure 8.3.28, the majority
(14.8 times random) of ferritic grains appear at 0° (brass orientation) on the alpha fiber, followed by 25-35°
and 80-90° on the gamma fiber at 5 times random each. From the geometry of these BCC crystals [146], this
means that the slip directions that are most commonly found in the material are the <1 1 1> and the <1 1 0>,
for which the Burgers vector is parallel to the tensile direction when the load is applied at 45° angle to the
rolling direction. Therefore, the grains exhibit higher elongation when pulled towards this direction, and thus

the total elongation is increased for these samples.
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Figure 8.3.28: (a) ODF of the UFH sample indicating the direction of the grains. (b) Degrees — ODF times random chart
indicates the density of grains that are rotated to a specific orientation. (¢) IPF map of the UFH sample indicating that

the highest fraction of ferrite has a similar orientation. Step size: 50 nm.

Fractography was made in the fracture surfaces of the CH and UFH samples at 0° from the rolling direction in
SEM (Figure 8.3.29), in which they showed the highest UTS. At first glance, it is observed that the size,
spread, and density of the dimples varies with the heating rate. In both cases, a mixed fracture can be considered
with cleavage and dimple surfaces in microscale. In the CH sample, the fracture is predominantly ductile. On
the other hand, the dimples are smaller in the UFH sample, but the fraction of brittle surfaces where the shear
fracture occurred is higher. This can be attributed to the increased fraction of martensite calculated in the UFH
sample from EBSD analysis. The larger dimple density and smaller average size observed in the UFH sample’s

fracture mean higher deformation capacity.

In Figure 8.3.30, the fracture surfaces are shown for the different angles for the UFH sample. A trend can be
observed from these figures, and specifically an increase of the brittle surfaces as the angle from the rolling
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direction increases. This means that at 0° from the rolling direction, the fracture appears to be more ductile,
while at 90° from the rolling direction, the fracture is more brittle. At 45° from the rolling direction, an
intermediate state is observed. The reason for this can be possibly attributed to the retainment of the bands
from the cold rolling. As was mentioned in SEM Figures 8.3.6, 8.3.7 at the beginning of the chapter, the
martensite islands in the UFH sample mostly appear on the cold rolling bands that have been retained during
the heating. Bearing in mind that those SEM images are taken at the samples' cross-section at 90° from the
cold rolling direction, they correspond to Figures 8.3.30 e, f. Therefore, the banded martensite islands will
exhibit cleavage fracture at the studied direction, which will propagate through the soft ferritic matrix. On the

other hand, at 0° angle from the rolling direction, their fracture will be more ductile.
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Figure 8.3.29: SEM fractography of the CH and UFH samples at different magnifications at 0° angle to the rolling

direction indicating mixed fracture mode, primarily ductile with a few cleavage surfaces on a microscale.
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Figure 8.3.30: SEM fractography of the UFH sample for tensile tests at 0°, 45°, and 90° from the rolling direction.

Concerning the Vickers hardness of the material (Table 8.3.5), it can be observed that the hardness is lower
for the CH sample than in the IM. This happens due to ferrite's recrystallization and the formation of new

dislocation-free ferrite grains that exhibit lower hardness. On the other hand, for the UFH sample, the hardness

196



8. Experimental Results

is only slightly higher than that of the IM. The main reason for this can be the presence of deformed ferrite to
a great extent in the microstructure and of martensite at almost 25 % volume fraction. Compared to the IM,
which consisted of 86 % deformed ferrite and 13 % pearlite/martensite, the UFH was expected to exhibit higher
hardness. The reason for this can be the content of carbon in the martensite. As mentioned before, martensite
can form between two ferrite grains with no apparent carbon source. This martensite is expected to have much

lower carbon content than the IM's pearlite and martensite and, therefore, lower hardness and brittleness.

Table 8.3.5: The average Vickers hardness of the IM, CH, and UFH samples.

IM CH UFH
HV (average) 271.2 235.2 274.8
Deviation (average) 2.6 2.5 4
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9. Discussion

9.1. Discussion on the effect of the heating parameters

High heating rates were applied in small samples as described in Chapter 8.1, in order to reveal and study the
effect of different heating parameters in the microstructure evolution. The initial experiments were performed
in the dilatometer so that the phase transformations as affected by the ultra-fast heating could be properly
monitored. The effect of alloying elements, such as Cr and Mn, was studied alongside to the effect of the
heating rate. Also, a comparison was made between an ultra-fast heat treatment and a conventional heat
treatment to unveil the effect of rapid heating. The initial microstructure has a great effect on the experiments.
In the samples where the initial microstructure consisted of ferrite and lamellar cementite, during heating, a
complete dissolution of cementite is achieved. This means that diffusion of carbon has taken place effectively
and that the austenite formed is enriched in carbon. Though, the soaking time is minimal and complete
homogenization of the chemical composition may not be achieved. As the homogenization occurs mostly
during soaking, in the case of ultra-fast heating, gradients of carbon are expected across the microstructure.
Therefore, the austenite formed inside or near the prior pearlitic colonies is expected to be enriched in carbon,
while austenite formed from ferritic grains will have a lower carbon content. The same phenomenon is
expected to be even more pronounced when the initial microstructure consists of ferrite and spheroidized
cementite. As observed, the spheroidized cementite particles do not dissolve when high heating rates are
applied. This means that the carbon content is concentrated in these particles. Furthermore, only partial
dissolution of cementite was found to take place. This creates a gradient of carbon content in close proximity
to the cementite spheres. The austenite formed on the o/6 interfaces or near them will be enriched in carbon,
while the austenite formed at ferrite grains will have a lower carbon content. In both cases, though, austenite

enriched in carbon and austenite poor in carbon is expected at peak temperature.

Concerning the effect of the chemical composition of the steel, two grades were studied. The first grade (C45
sample) had low additions of alloying elements while the other had a higher content of Cr and Mo (42CrMo4
sample). As both samples consisted of ferrite and lamellar cementite in their initial condition, complete
dissolution of cementite was achieved. Both microstructures are martensitic with a very small fraction of
retained austenite (1-2 %). Additionally, it was observed (see Figure 8.1.8) that the average grain size of the
PAGs, and consequently of the final microstructure, is much more refined in the 42CrMo4 sample. This is
attributed to the solute drag effect of Cr and Mo [97]. As it is also confirmed by the analysis shown in Chapter
8.3, in particular see Figures 8.3.17-19, Cr and Mn tend to segregate on the surface of cementite, thus,
impeding its dissolution. Therefore, the growth of austenite is also impeded, due to a pinning effect applied by

cementite, until it is dissolved.

As expected, the application of long soaking (more than 300 s and at high austenitization temperatures e.g.,
1080 °C) in the heat treatment leads to dissolution of cementite. This results from the second experiment of

this set, in which the UF&S&Q sample, contains, spheroidized cementite that has dissolved in a much greater
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extent than in the UF&Q sample, where there was no soaking in the peak temperature. As these two samples
consist of the same initial microstructure and chemical composition, it can be concluded that the dissolution
of the spheroidized cementite depends mostly on the heating time.

In addition, when comparing the UF&Q sample with the UFHT sample, the difference in the retained austenite
fraction is noteworthy, almost 3 %. These samples have the same initial microstructures, chemical
compositions and heating rates while the changing parameter is the peak temperature (1080 °C to 900 °C). It
is reported [123] that with increasing heating rate, the Ac and Acs temperatures increase. Also, it is found that
the UFHT sample consists of a small fraction of ferrite [Figure 8.1.23]. Therefore, it can be concluded that in
the UFHT sample, the austenitization process is not completed. In addition, the homogenization process and
the diffusion of carbon is not as pronounced as in the UF&Q sample. Hence, more areas with increased carbon
content are expected in the UFHT sample, leading to the retainment of more austenite.

The CCT diagrams were plotted [135-137] for the three compositions used in this chapter. As seen in Figure
9.1.1, the Bs, Br, and Ms curves are shown for the different grades.
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Figure 9.1.1: The CCT diagram shows the shift in the bainitic areas depending on the chemical composition.

The bainitic area is determined between the Bs and Bs curves. If the cooling rate curve (black lines) intersects
the bainitic area, then bainite starts to form until the Ms is reached and the martensitic transformation begins.
In the case that the cooling rate curve intersects the Brcurve, the bainitic transformation is complete, and the

microstructure will fully consist of bainite. However, this would require much slower heating rates. It is
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observed in this figure that the bainitic area for the C45 grade (blue lines) is shifted to the left side of the
diagram, in comparison to the 42CrMo4 (green lines) and the 42CrMné6 (red lines). As the carbon content is
the same in all the grades, this shift is attributed mainly to the manganese content. Mn is a y-phase stabilizer
that suppresses the bainitic and martensitic transformations. Therefore, the 42CrMn6 grade, which has the

highest Mn content, has the lowest Ms temperature, and its bainitic area is shifted to the right.

On the other hand, the C45 grade has the lowest manganese content, and thus its Ms is higher, and its bainitic
area is to the left of the diagram. As mentioned before, in all these samples, a carbon gradient in the austenite
exists even after the peak temperature. Hence, the bainitic areas may shift further to the left or the right side of
the CCT diagram, depending on the austenite's carbon content. The effect of the carbon content is shown
below, in Figure 9.1.2. The composition used for this CCT diagram is that of the 42CrMo4 sample for an
average PAG diameter of 15 um and the carbon content is deviated. Similar to the effect of Mn, shown in
Figure 9.1.1, increased carbon content shifts the Bs curves to the right-hand side of the diagram and decreases
the Ms temperature. The reason is similar, as carbon is also a y-phase stabilizer and impedes the formation of
bainite/martensite in the expense of austenite. Thus, according to this diagram, austenite grains in areas
depleted in carbon may transform into bainite upon quenching with a cooling rate of 100 °C/s. Such areas can

be found in the UF&Q and UFHT samples, in which the carbon is concentrated in the undissolved cementite.
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Figure 9.1.2: CCT diagram that shows the Bs temperature curves for deviating carbon content. The composition used for
the diagram is the 42CrMo4. Increasing carbon content shifts the Bs curves to the right-hand side of the diagram and the

Ms temperature to lower values.
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Refinement of the PAGs is observed in the ultra-fast heat-treated grades. Due to the short heating times, the
growth of austenite is impeded. Also, the undissolved cementite spheres have a pinning effect on the mobility
of the interfaces, further preventing the austenite growth. This may also lead to the formation of bainite, as is
indicated in Figure 9.1.3. In this CCT diagram, the 42CrMo4 composition is used, while the PAG size is
differentiated. It can be seen that with decreasing PAG size, the Bscurves shift to the left-hand side of the CCT
diagram and the formation of bainite is possible for higher cooling rates. Therefore, in the samples with
undissolved cementite in the microstructure, where refinement of the PAGs takes place, the formation of

bainite upon quenching is possible.
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Figure 9.1.3: CCT diagram plotted for the 42CrMo4 composition in which the Bs temperature curves for different PAG
sizes are shown. Decreasing PAG size shifts the Bs curves to the left hand-side of the diagram making the formation of
bainite upon quenching possible.

9.2. Discussion on the formation of bainite and the retainment of austenite in

large-scale samples under UFH cycles

The transformations that occur during Ultra-Fast Heating are dictated by the resulting heterogeneity in the
chemical composition. It has been previously reported [97] that high heating rates impede the dissolution of
cementite. Therefore, the majority of the carbon content is found in the undissolved cementite. It is particularly
found [81] that partial dissolution of cementite takes place, which creates a carbon gradient in the
microstructure. In the experiments of Chapter 8.2, complete dissolution of cementite is achieved.
Nevertheless, the heating time above the Acs temperature is not enough for homogenization of the chemical
composition in the material's microstructure. Hence, the regions near the dissolved pearlitic colonies will be

enriched in carbon. As the initial microstructure consisted of a 3/1 ratio of ferrite to pearlite, the C-rich areas
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are expected to cover a similar fraction of the microstructure. In these areas, the nucleation of austenite occurs
on the 8/a interfaces, with the difference in carbon being the driving force [56]. The newly formed austenite
grains will be enriched in carbon due to its availability and will grow with increasing heating time. Though,
due to the lack of time for the growth of austenite, some grains are expected to be refined. In these C-enriched
grains, martensite laths will start to form by a shear transformation mechanism during quenching. During this
shear transformation, there is no time for carbon to be partitioned [24]. Nevertheless, as indicated by Figures
8.2.9-12, retained austenite films were found in the microstructure (approximately 3 %) between martensite
laths, indicating that the excess of carbon and manganese may decrease the Ms and M; temperatures. Thus, the

martensitic transformation is not completed.

On the other hand, the areas not adjacent to any pearlitic colony are not expected to be enriched in carbon. As
the initial microstructure was not deformed, the distance carbon can travel through pipe diffusion is limited,
and thus, the preferential route for its diffusion is through the ferrite grain boundaries [145]. This segregation
of carbon and other alloying elements in the interfaces is the driving force for the nucleation of austenite
between two ferrite grains when there is no other carbon source in proximity. This formed austenite, though,
will not be enriched in carbon. The mechanism that takes place, in this case, is similar to the bainitic displacive
transformation and is controlled by the movement of the interfaces [91-93]. According to the CCT diagram
(Figure 8.2.13), such parent austenite grains may transform into bainite during quenching alongside
martensite. Indeed, lower bainite was found in the microstructure via TEM (Figure 8.2.14-19). Due to the
displacive nature of lower bainite transformation, there is not adequate time for carbon diffusion in long
distances, so fine parallel cementite particles are precipitated inside the bainitic laths. Due to the higher than
the Ms temperatures at which the bainitic transformation occurs, the internal energy is higher and partial carbon
diffusion occurs at short distances from the super-saturated bainitic laths, and thus austenite is retained in films
on the lath boundaries [78]. Nevertheless, as observed from the CCT diagram, martensite also forms in the C
depleted parent austenite grains. This martensite is expected to contain less carbon and thus be less brittle than

the martensite formed in the carbon-rich areas.

According to these, the final microstructure consists of martensite, lower bainite, and retained austenite. It was
found (Figure 8.2.9) that the fraction of retained austenite in the examined region was approximately 3%.
Also, from Figure 8.2.13a, it can be assumed that the maximum possible fraction of bainite transformed from
the carbon-depleted austenite (for 100 °C/s cooling rate) is almost 50 %. As the area fraction of pearlite in the
initial microstructure is approximately 25 %, due to the lack of heating time for homogenization, the carbon-
depleted austenite will cover a 75 % area fraction. Thus, the bainite fraction that will occur from this austenite
will cover a fraction of 37.5 % of the overall microstructure, while the rest microstructure will consist of
martensite. The reason such mixed microstructures are desired is that they can achieve a good ratio of strength
and ductility [147]. Bainite favors the ductility of the material, while martensite increases its strength. Retained
austenite films, despite the Transformation Induced Plasticity effect, also impede the movement of

dislocations, thus favoring the strength of the material [148].
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9.3. Discussion on the application of UFH on a commercial DP steel grade

In Chapter 8.3, the effect of UFH is studied on the microstructure evolution of a conventional DP grade. The
high heating rates have an impact on the transformation temperatures, shifting them at higher values. As
mentioned before, during heating, the cementite is only partially dissolved, creating regions with higher or
lower carbon content in the material. In Chapter 8.1, it was shown that when the initial microstructure consists
of ferrite and lamellar cementite, the cementite would fully dissolve when high heating rates up to 300 °C/s
are applied. In Chapter 8.3 though, it is described that even though the cementite is in lamellar form, it is not
fully dissolved. As the peak temperature is lower in these experiments, 760 °C instead of 1080 °C, and the
heating rate is much higher, 780 °C instead of 1080 °C, it can be assumed that the heating temperature is more
important for the dissolution of cementite than the heating time. Even though the dissolution of cementite is
not completed, spheroidization occurs. According to different theories of spheroidization [82], atoms move
through diffusion to the neighboring or even inside the same lamellae and eventually lead to the plate's fracture.
In the areas of the lamella that carbon atoms have accumulated, the thickness increases and a sphere is formed.
As the spheroidization process is a diffusion-controlled mechanism, time is required. Though, when high
heating rates are applied, this time is not available and hence, the spheroidization process may not be
completed. The evolution of the spheroidization process of cementite is observed in both samples and can be
seen in (Figure 8.3.9, 8.3.10).

As homogenization of the chemical composition cannot be achieved due to the low heating time and the
diffusion of carbon is impeded, the regions near the undissolved pearlitic colonies are expected to have high
carbon content. A gradient of carbon and manganese is created around the undissolved cementite, as suggested
by Figures 8.3.17-19. In contrast, in ferritic regions of the initial material that are located far from any carbon
source, enrichment in carbon is averted. Again, this heterogeneity in the chemical composition is apparent in

the parent austenite grains during and after the austenitization process.

In parallel, the recovery and recrystallization processes are also impeded during ultra-fast heating and overlap
with the austenitization process. This is in accordance to the work of Cerda et al. [114-115]. The mobilization
of dislocations in the deformed ferrite and the formation of low and high angle grain boundaries is averted
locally, as shown by the TKD results (Figure 8.3.22). This has an important impact on the microstructure as
these retained dislocations act as nucleation sites for austenite when the Ac: temperature is reached. More
nucleation sites mean that more parent austenite grains will be formed with a smaller size leading to a refined
microstructure. Another factor for the refinement of the microstructure is the undissolved cementite, either
lamellar or spheroidized. It is shown (Figures 8.3.13-14) that this cementite has a pinning effect on the

mobility of dislocations and of the grain boundaries of the parent austenite.

According to the aforementioned, for ultra-fast heating, at the intercritical peak temperature, the microstructure
is expected to consist of deformed ferrite, very small fractions of recrystallized ferrite, undissolved cementite
in lamellar and spheroidized forms, carbon enriched austenite near this cementite, and carbon depleted

austenite. Heterogeneity is not met only in the chemical composition of the austenite but also on its grain size.
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The austenite nuclei formed near or inside the former pearlitic colonies will be able to grow until cementite is
found and impede the movement of the grain boundaries. On the other hand, austenite nuclei formed between
ferrite grains will have the ability to grow much more as no obstacles are apparent, as long as the heating time

allows it.

Concerning the crystallographic texture of the ultra-fast heated material, it is almost identical to that of the
initial material as the cold rolling morphology and bands are retained. This creates a highly anisotropic
material, as shown from the tensile tests with the direction parallel to the cold rolling exhibiting the highest
strength (Figure 8.3.26, 8.3.27). The optimal balance of stress/strain ratio is achieved when the tensile axis is
at an angle of 45° to the rolling direction with an increase in both strength and elongation. The texture of the
material also explains this. The largest fraction of crystals in the ferrite grains is rotated towards the <1 1 1>
and <0 0 1> directions (Figure 8.3.28). This means that their most common slip planes [1 1 1] and [1 1 0]
have Burgers vectors parallel to the tensile axis, when pulled at 45° to the rolling direction, exhibiting better
elongations. Finally, the ultra-fast heated material shows similar hardness to the initial material due to the large

fraction of deformed ferrite.

204



10. Conclusions

10. Conclusions

This thesis aims to explain the evolution of the microstructure that gives the potential to control thermal
treatments and design new steel grades that can be included in the 3" Generation of AHSS, alongside the
currently used TRIP and Q&P steels. This research is part of a rather recent worldwide trend to study the
overall effects of ultra-fast heating treatments, having different scopes such as the comprehension of the
recrystallization processes, the dissolution and precipitation of carbides, and the production of automotive steel
grades such as the Q&P.

The results of the current study explain the transformation mechanisms that occur during the heating stage
when high heating rates are applied and the consequent transformations upon quenching via characterization
techniques. In particular, the simultaneous formation of martensite and bainite, and the retainment of austenite

that result in optimal mechanical properties.

e The dissolution of cementite depends on the addition of chromium due to the solute drag effect, as it is
segregated on the o/6 interfaces. Similarly, manganese and carbon segregate on the boundaries between
pearlite/ferrite and ferrite/ferrite and offer the required thermodynamic driving force for austenite
nucleation. In the case that the content of such alloying elements is lower, the dissolution of cementite is
faster and better homogenization of the chemical composition in the microstructure is achieved. In the
dissolution of cementite, the peak temperature has a stronger effect than the heating rate. Spheroidized
cementite, either from the initial microstructure or formed during the heating stage, is more energetically
stable and is retained in the final microstructure. This retainment of cementite creates a gradient of carbon
content in a radius around the cementite particle.

e The microstructure is also affected from the deformation of ferrite, as the dislocations act as fast-track
ways to the diffusion of carbon and act as nucleation sites for austenite. Regarding ferrite, the processes
of recovery and recrystallization shift to higher temperatures and, at some point, overlap with the
austenitization process, when high heating rates are applied. Therefore, non-recrystallized ferrite is found
in the microstructure, alongside recrystallized ferrite. The volume fraction of non-recrystallized ferrite
depends solely on the heating rate. The high fraction of non-recrystallized ferrite affects the texture of the
material. When the fraction of recrystallized ferrite is quite low the texture is very similar to that of the
initial material and strongly affects the mechanical properties and isotropy of the material.

e The nucleation and chemical composition of the formed austenite is strongly dependent on the heating
rates. Austenite nucleates once the Ac: temperature is reached preferentially in sites where there is enough
difference in carbon content. Such sites are primarily the interfaces between ferrite and lamellar or
spheroidized cementite, and secondarily dislocations or ferrite/ferrite boundaries. The nucleation of
austenite will thus initiate first at the former sites, and then will initiate in the latter sites. Hence, two types
of austenite will be formed, those with high carbon content in close proximity to cementite and those with
lower carbon content, formed on ferrite interfaces and dislocations. The growth of austenite will be

impeded due to the high heating rates and to the presence of undissolved cementite. In the case that the
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cementite is fully dissolved, the austenite grains will grow more as their growth will be dependent only
on the heating rate. In contrast to a conventional heat treatment, the chemical composition's heterogeneity
is retained and the size of the austenite grains are refined.

The composition and size of the austenite affects the quenching products. Martensite is formed upon
guenching to room temperature from the carbon-rich austenite. The formation of bainite takes place with
the same quenching rates in the carbon-depleted austenite. The presence of bainite is confirmed from the
SEM, EBSD, and TEM analysis. Retainment of austenite in films also occurs in the carbon-rich areas due
to a decrease in the Ms temperature.

The UFH microstructures may consist of martensite, bainite, undissolved cementite, retained austenite,
and ferrite, and are similar to those met in the 3™ Generation advanced high strength steel grades. During
the tensile tests, the cold-rolled material exhibited a very good strength and elongation ratio compared to
conventional steels of the same martensite volume fraction. The strength and hardness of the material are
attributed to the martensite, while the good ductility is attributed to the retained austenite, bainite, and
ferrite. Nevertheless, due to the specific texture of the cold-rolled samples, these properties are
anisotropic, limiting the possible applications of such a grade. The fracture is mainly ductile from the

fractography, with a few cleavage fractures surfaces observed.

In the pursuit for optimization of automotive steel grades, the process of UFH has a prominent position. This

thesis provides a detailed explanation of the transformation mechanisms, that occur upon the heating and

cooling stages when very high rates are applied. In that way, the ability to control such treatments and to

design new alloys can be achieved. Therefore, this thesis can contribute to the improvement of this process

for its application in the automotive industry.
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