Ty

Muhammad Farrukh SiddiguBSc.

Recrystallization andGrain Growth Behavior of Austenitic SainlessSeel 304

MASTER'S THESIS

to achieve the university degree of
Master's degree progranProduction Science and Management

Submitted to
Graz University of Technology
{ dzZLISNIJA & 2 ND &
Mohammad Bagher Nasiri

Assa. Prof. Dipking. Drtechn.Norbert Enzinger

IMAT-Institute of Materials Science, Joining a@fokming

GrazMay 2021



' CCLSI L ¢

| declare that | have authored this thesis independently, that | have not used thiduer
the declared sources/resources, and that | have explicitly indicated all mateatddas

been quoted either literally oby content from the sources use@he text document
uploaded to TUGRAxIiIne is identical to the present mast@thesis dissertation.

Date signature



A Ve

1 63 0GNY O

The current thesis focus on investigating tkieetics of reversion transformation of
deformationinduced martensite BIM) A y i 2 G KS LI NIy iy b Bza i KB A
recrystallization of austenitgrains and grain growtrbehaviair of austenitic stainless
steelAISI 304 To stimulate the recrystallizatioadeformation is required to applp

the material. Due ta@oldrolling deformation strain-induced martensite formed ithe
metastableaustenitic stainless steel(ASSs)he DIM consistsof two phases, epsilon

60 0 Y| MiicE ¥ agararBagnetic phase and alph&’Y martensitewhich is a
ferromagnetic phaseTherefore, he Ferritscopeas amagnetic detection deviclas
been used tomeasure the phase fraction derromagnetic phasesncludingh’-
martensite andt - ferrite. The light optical microscope (LOMlectron backscatter
diffraction (EBSD) and scanning electron microscope (8Ebused to evaluate the
phase fraction of microstructure constituent§o confirm the existing phases in the
cold-rolled AISI 304L, theray diffraction(XRD) investigation was conducted on a 25%
coldrolled sample, which confirmed themartensite in the resultThevarious heat
treatments were performean 25%, 50% and 6786ld-rolled AlSI 304kpecimensn

a temperature range of 600°C to 800°C with differealfdingtime from (90 min to 480

min), in order to study the reversion of DIEhd recrystallization phenomena

According to the resudt from Ferritscope, LOM and EB3be asreceived plate
contains 3% - ferrite in the initial condition due to solidificatiorThe ferromagnetic
phasesuch ash @nartensite start to decreaseat 600°Cin coldrolled specimens
However the LOM and EBSD results of cealdlled specimensshowed that ©-
martensitewas notchangel significantlyat a reversion temperature o600°C While
at 700°G 180 minof annealingthe recrystallizedine austenitegrairs formed in the
deformed region of 50% colalled and 67% coldolled specimen became fully
recrystallized The EBSD results confirméte completion of the recrystallizatiom
25% and 50% colblled specimensafter 60 mirutes of annealingat 800°C The

average grainsize of recrystallized specimensvas measuredaround 6um.



Furthermore, 50% cokblled recrystallized at 800°€60 min(6um grain sizeandthe
asreceivedplate (initial grain size 30um) were placed for austenite grain growth heat
treatmentsin a temperature range of 900°C to 1200°C with several holding times from
2 min to 120 minAt a temperature of 900°C, the grain growth in recrystallized 50%
coldrolled specimen was noticed as a very slow procéss indicated that ata
temperature of1000°C, naustenitegrain growthwas observedin the asreceived
plate and a slow grain growth process was observed in recrystallized 50%olbedtd
specimen At a temperature of 1100°C the austenite grais grew faster in the
beginningill 30 min of annealingut with alonger annealing timethe austenite grains
stopped growing furthemwith long annealing timeAt a heattreatment of 1200°C,
grains grew so fastfrom the beginning of annealing tinreg 5 min andabnormal grain
growth of some grainsvasobservedwith different holdingtimes. The averagegrain
sizewas measureof asreceivedplatearound84umand recrystallized 50% cotdlled

around81lum after60 minutesof annealingat 1200°C.
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ASS: Austenitic stainless steel

AISI: American iron steel institute

DIM: DeformatioAnduced martensite

FCC: Faamentredcubic structure

BCC: Body centrezlibic structure

HCP: Hexagonal closed packedicture

BCT: Body centred tetragorsdtucture

TMP: Thermomechanical processing

SFE: Stacking fault energy

HAGB: High angle grain boundary

JMAK: JohnseNlehl-Awami-Kolmogorov model
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GDRX: Geometry dynamic recrystallization
COM: Crystallographic orientation map

Rcr: Critical radius

LOM: Light optical microscope
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1 Introduction

The austenitic stainless steslalsoknown aschromium, nickel steel, and itis widely
used in all types of industrial applications in@rosiveenvironment Characteristic
areas of use includg, chemical, automotivegil and gasnd other process industries
like power generation and nuclear planBue to their alloying elementg, hasaface
centre cubic crystal (FCC) microstructanmedit is considered to beorrosive resistance

and non-magnetic stainless stefl,?2].

1.1 Background

The strength level ofustenitic stainless ste€AS$ specificallythe yield strength is
quite low around 200MPa in the annealed conditiofter solution annealing, and
extendingthe strengt level, ASSare often undergangcold work[3]. GenerallyASS
showa high strainhardening Therefore,cold workcan beconsideed asa suitable
strengthening methodRenowned steel such as ABBHL can extendts yield strength
up to 1400MPa with 10% elongation féer thermomechanicatreatment. Dependng
on the chemical composition of the steels and thercentageof coldrolling, some
strainrinduced martensitecan be formed dring plastic deformationwith the
sequence of MYIMg "‘phasetransformation Generally, lhis martensite igecognized

as deformationrinduced martensite(DIM) [3,4].

Two types ofDIM can be formed in ASSs after cold rollingludinghexagonal close
packed (hcp) known as epsilon denoted dgign (1) and a body centre cubic pcg
known as alpha denoted by thsign(" ") martensites Their content always depends
on the percentage of cokblling deformationand the chemical composition of ASSs

[5,6]

Reversion transformation usually occuascording to thechemical composition of
ASSs andheating time and temperature Generally, two types of reversion

mechanismsappearedin coldrolled deformed ASSwcludingdiffusion and shear



type. Diffusiontype contairs the random nucleation of austenite ithe DIM phase

and the orientation of austenite in crystallography is alwagsystematic The shear
type consist othe movement of partial dislocations along the basal plane constitutes
the transition mechanismHowever,the heavily deformedregion ofDIM is agood
causeof nucleation for newstrainfree austenite grainsn the subsequent reversion

heat treatment[7,8].

Recrystallization i&nown as themicrostructural phenomenathrough which new
strainfree austenite grains formeith the coldrolled deformedregionof ASSé€y heat
treatment. Recrystallization occurs through the help of stored energy and that energy
comes from the coldvorking deformation The newstrainfree austenite grains
nucleatemainly at the deformed regionsuch as shear bands and grain boundaries,

andthe growth of the new grains eatthe entiredeformedstructure[9,10].

Several factorbawe influencedhe recrystallizatiorof ASSssuch aghe percentage of

cold rollingdeformation, initial grain sizethe chemicalcompositionof alloys[9,11].

The grain growth starts en recrystallization is completad the deformedASSsit
requires the temperature above recrystallizatiand a long holding time is needed.
The forcewhich drives the phenomena of grain growththe reduction of total grain
boundary energyThe grain growthoccursbecause of the lower free energy of the
atom on the convex side, and throughnettransmissiorof atoms from the concave
side of curved grain boundaries to the convex sitlee influential factors in grain

growth are solutes, particles, andeating rate(time andtemperature)[9,12].

1.2 Objective

The objective of the presemtesisisto investigate the three phenomena in celdlled

AlSI 304&and as receive@on-rolled) condition.

9 The kinetics of eversion transformation of deformatiemduced martensite

(DIM).



1 The occurrence of recrystallizatiote(nperature andime) phenomenan cold
rolled deformed austenitic stainless steel AISIL304
1 The grain growthbehaviairr of recrystallized and the a®ceivedAlSI 304L

through various heat treatments

1.3 Procedure

The materialvasreceived in the form of the @receivedcondition (non-rolled plate)

and cold-rolled deformed microstructure at room temperature with different
percentage otoldrolling of 25%, 50% and 67.9%he materialwascharacterzed bya
variety of measurementtechniques including magnetic inductionbased device
Ferritscopeli2z 2001 AY (GKS @I f dzS 2¢FCSTNNRNEY | WS (
martensite in the initial condition and after heat treatmentthe microstructural
characterizatiorby Lightoptical microscope (LOMQ estimate the differenphasesn

the deformed specimens and also grain boundariethefaustenite phaseScanning
electron microscope (SEMNd electron backscatter diffraction (EBS®Yeveal the
texture of (DIM) phasg and the recrystallizatiograinsin coldrolled specimensx-

ray diffraction (XRDiest to detect the existing phases in the cetdlled deformed
specimen and to identify the mechanical properties of the specimens the Vickers
hardness test is conductedrurthermore, he averagegrain size of AlSI 304 was
measuredbefore and afterthe variousheat treatmens by the intercept andimage

processingpproach

The current thesis consists @f different chapters.Chapter 1 providesa detailed
introduction of the topic and objective of thehesis.Chapter 2is a literature review

that providesthe detailked structural changes iaustenitic stainless steel after cold
rolling, phase transformation and the recrystallization and grain growth phenomena.
Chapter 3 and 4 give a brief detail about the measurement methanid the
characterization approaches usedtinre investigation othe materialbefore and after
heat treatment Chapter 5 and 6 consist of the experimental results and conclusion

which isfollowed by the references at the end of chaptéer
3



2 Literature Reviav

2.1 Austeniticstainlesssteel

The low carbon@stenitic series of stainless steelsnsist ofaface-centredcubic (FCC)
crystal structureand hasa great corrosion resistance up to 900°C bothhaggh and
room temperature.The crystallographic structure of austenitic stainless steelsgJASS
contairsone atom ateverycorner of the cube and one in the middle of each fadse
FCC structures formed due tothe addition of the alloying elementsTheASS atoms
distributionisshown inFigurel. Ferriticstainless steatonsists o body-centredcubic
(BCC) crystal structukeherethe atoms ardixedin every corner of the cube and one

atom in themiddle[2,13].

Ferrite Austenite
b :. - y l‘_h. - .III

T Add Nickel /
\ /
."H'.
\ N
."f I'l.
I { ~—L7L

E—
L ] -
- — 1
.
. —

Body centred cubic struciure Face centred cubic struciure

Figure 1. The microstructure odustenite stainless stedlefore and after addition ofalloying
element (Ni)2].

Austenitic stainless steeSSShavedifferent classificatios according to the unified
numbering system (UN$)cluding200 and 300 series. 200 series contelnromium

and manganese and 300 series classification contain chromium and [di¢kel

The classification of different standagdadesof the 300 series is given ifablel. The
200 and 300 series have madifferent compositions angroperties, but they also

have few common characteristi¢s4].



The hardnessstrength and stress resistancan be enlargetly coldrollingbut not by
heat treatment.In the annealed conditiornthe majority of ASS&re nonmagnetic but
through cold working some may become a little magnetid4]. The chemical
composition for304Land 316 gradesslisted inTable2. Generally, 304is considered
as a low carbon austenitic chromiumickel stainless steel with overall corrosion
resistance parallel to 304 is recommendedo use in specific harsh environments for

the parts which cannot be annealed after weldif3,14]

Tablel. Classification of 304L and 316L in different standmediesworldwidg14].

UNS

USA France Germany Germany Russia Sweden UK European Union

number

AISI AFNOR W.N. 17007 DIN 17006 GOST SIS BIS EURO NORM

304L Z2CN180 1.4306 X2CrNi1811 O03KH18N1 2352 3045811 X3CrNi1810 S30403

316L Z2CND123 1.4435 X2CrNiMo01813 2353 316S13  X3CrNiMol17132  S31603

Table2. Chemical composition for 304L and 3154].

Other

UNS  Type C Mn P S Si Cr Ni
Elements
S30403 304L 0.03 2 0.045 0.030 1 18 8 N: 0.01
S31603 316L 0.03 2 0.045 0.030 0.75 1618 10-14 N: 0.01

2.2 Coldwork effect on Austenitic stainlesssteel

Generally, Austenitic stainless stegaSSk have excellent corrosion resistance,
toughness and weldabilitydowever, the amountof yield strength is fairljittle about
200MPa in the annealedondition Toextendtheir strength, most of the time ASSs
are cold worked after solution annealing. Meanwhile, ASSs fawegh strain
hardening coefficienwhich makesthe cold workto be an appropriate strengthening
method. Due to the thermomechanical process yield strangicrease inASSs
specificallyin 304L - type up to 1400 MPa with an elongatiasf about 10 per cent.
Depending on the percentag# coldrolling, and the chemical composition of the ASSs
some martensite can be formed and that martensite is known ‘dsformation

induced martensit€(DIM) [5].



Figure3 showsthe complete overview of the different transformation that happens
in the ASSs with different heat treatmenfBuring the cold working of ASSs, stacking
faults packs or defected- martensite, deformation twins, deformatiordmdsand U -
martensite can be formedesidesseveredislocation.Thestacking fault energ{SFE)
has a significant role in the deformation structure, growing dislocation, density and
distribution of lattice faults and tendency concerningmartensite formation.The
stabilizedalloyingelements have a negligible effect tre strain-hardening behaviour

of the ASSsAfter the cold work ofASSs, two different microstructures can be formed
for carryinga high SFE, a cellular dislocation distributiathout DIM, and for a low
SFE a planar dislocation distribution with the presence of .DINe kands of
deformation can be seen in botlDue toa low degree ofdeformation stagesthe
volumeof ¥ ¢ martensite ismost importantin the relation toU- martensite. If the
percentageof U- martensiteraisesincessantlywith the volume of deformation, the
percentageof ¥ ¢ martensitedrivesthrough an extremeand lowerssubsequentlyand
signifyingthe followingorder! Mg {B,15] There are different types of cold work
such as rolling, bending, shearing and drawitig16]
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Figure 2. Phase transformation happens in austenite stainless steel (ASSs) at differ
temperatureg5].



2.2.1 Coldrolling

In various coldvork techniques, cold rolling is considered the most common and
widely used technique from an industrial point of view. The golting technique is
used for many applications such as car body parste goods construction industry

etc. Figure3 shows, the thickness reduction tife ASSgplate is moving through two
rolling mills. The rollingill makes several changes in the microstructure of ASSs such
as grains size, phase transformation, precipitation and inciedbke internal

stresseq16].

Rolling mill

Material

Figure3. Cold rolling crossectior16].

There are several adntages of the coldolling technique such as no influence of
oxidation due to the operation carried owat room temperature, the procedure is
guite fast and bulk production can be possible, the finished suiifeaievays neat and

clean,andavailability d thin sheets for various applicatigt6].

2.3 Martensitic stainlesssteel

G a I NI Swasdisdbvered by the German scientist Martens and the terminolsgy

used for the hard micro constituents in quenched stg&l§.



Martensitic stainless steels usually have 11 to 18 per cent chromium content but also
containaroundl per cent carbon which increases thardnessand can be used as a
cutting tool and, in some casessocontainnickeland molybdenum.Themartensitic
stainless steels ammagneticby natureandhavea decentfatigue propery whenheat
treated. Generally, heydo nothavedecentlow-temperature propertiesand are not
recommended tobe usedordinarily for cryogenic applicatiorbecause at a lower
temperaturethey become brittle.While improving fatigue resistance and strength by
heat treatment alsodecreaseghe toughness and become brittle @attemperature
above 90°C. Because of their low ductilityral a significant amount o€arbon in

several gradet is considerednappropriate for veldingpurpose[8,15,18]

The microstructure of martensd stainless stealis stronger than themicrostructure
of austeniic stainless steeWhich avoidghe dislocation motion$17,19]

Generally, two types of martensite can be formed in stainless std¢ls gsilon
martensitewhichisNB LINB a Sy G4 SR o0& GKS &ae&avyoz2ft -0¢0
induced martensitavhichisNB LINB a Sy fi§1] 6& oh Ov

2.3.1 'l - martensite

The productl -martensite hasa hexagonaklosed packedhcp)crystal structureand
paramagnetic naturg6,20]. Thetexture of'l - martensiteformsneedlelike thin plates

that go through the austenite grainend stoped inside the grain boundarieghe

Y A ONER & G NHz@rfedsheSs céndisteht with a stacking fault and lyingbhilp
plane. The result obtained from the Burgers alignment relationship shows only four

different variants2 T ¢ martensite[21].

IJMMMY! KK dnnnmyY 1l
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Thewell Y26y YSOKI YAAY Faaitbnsditk S theQchidhate inatiany 2 T
of -<112> Shockley partial dislocations. The resemblance between the microstructure

2 T-plane and deformation twin shown Figure4® ! f (G K 2 dz3 Kmartensité | y S 2
requires a stacking fault on every next plane and twin can be defined as a stacking fault

on each head to head <112> LIJitK S/ ST 2 NI | -imargensite has a ‘similar

mechanism to the creation of twir{21,22]
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2.3.2 "~ martensite

h”- martensite hasa body centre cubic crystal structure (BCC) and has ferromagnetic

VI Gdz2NE @ Ly - a&tehSiteh@da baByicantred tetragonal (BCT) structure

but in stainless steels because afairly low amount of interstitials, it is generally
mentionedas BCQather than BCT23]. b dzOf S| {i-Am&rténsige Heelrs from-

martensite at intersections of shear bands, because of the impact of stacking fault
SYSNHe o{C90 27F (KS mdrtamsitéiSgowingby suikdssivé ® ¢ K
nucleation and coalescence of new nuclierefore theintersection of new shear

bandswill beformedas a function of the new nuclgt,20].



The chemicatontent of austenitic stainless ste¢ASSk the coursethat encourages
the phase transformation playsiamportant part in the martensitic transformation

and the SFE also depend on the compositioA$5$1,20,22]

The few research of reversion of deformatioruced martensite (DIM) phases | y R
h Qmartensiteinto the ASSs were carried out from the point of view of controlling
microstructure and improving mechanical properties. The significant improvement in
the mechanical properties gives rise to substantial curiosity in the development of
ultrafine-grain mderials. During heat treatment, the plastically deformed ASSs
undergo recovery and recrystallization in contrast, the DIM phases reverse back to the

parent austenitg24].

2.4 Reversiontransformationof deformation-inducedMartensite

The reversiortransformationof deformationinducedmartensite (DIM) in austenitic
stainless steal(ASS) islessstudied than its formatiorj7,15]. Thereversion ofDIMIn

the ASS is obtained at a consideraby lower temperature rather than the
recrystallization temperatureThe reversioncan happen in two waythe sheartype
mechanism and diffusionalontrolled mechanismThe diffusional reversion involves
random nucleation of austenite iBIM orat the lath boundaries and the orientation
of austenitein the crystallography is always unsystemalicerefore, the nucleated
grains growin the form of equiaxedgrains.In the shear reversion mechanisrthe
diffusionless transformation happens and tii#M phase returns to the austenite
phase. In the case of lowering the martensitic shear reversion temperature by
increasing the Gibbs free energy, the transformation between face centre cubic (FCC)
and body centre cubic (BCC) structurampactedby the increasef alloying element
nickel and chromium ratio Such steels undergo the martensitic reversion in a low

temperature range when the ratio of the alloying elements is sustained ag&\gh

10



Thermodynamically, a minimum driving forcensededfor the shear mechanism to

be functionaland the lowest possible temperature is above 600°C for the A3Ss.
morphology of newly formed austenitgrainsrelatesto the parent DIM and it holds a
high digocation density and the defects recover to form subgrains due to long
annealing.Shear type reversioalwaysoccurs within asmall range of temperature
while diffusiontype reversioralwaysoccurs ®#ove the temperature range @200 °C

The estimatiorof the critical driving force for shedype reversion is about 500 J/mol
The reversion mechanism is followed by recrystallization and it results in refined grain
microstructure ASSE3,9,25,26]

Generally, two factors are more essential for the revarsransformation oDIM, the

temperaturerangeand chemical composition afustenitic stainless ste@dSS$9,26].

2.5 Recovery

Recoveryis defined as the changes im deformed structure which start before
recrystallizatiorand moderatelyre-establish the propertieto their standarddefore
deformation. It is understood that recoveryassential because diie variation in the
dislocation structure of the materials. Recovery may occur not amlglastically
deformed but in any crystal into which a nequilibrium and higlabsorptionof point
defectshas been presentedor example, materialthat have beerrapidly cooéd or
irradiated from high temperatures Dislocation recovery is a series of the
microstructural transformation of actions which are shownFigure5, usuallyform
duringannealing of specific casand willrely on severalimitationssuch as material,
strain, deformation and annealinggmperature In several caseshe recoverycan

appearduringdeformation as a dynamic recovegi].

11
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Figureb. Several phases in the recovery of plastically deformed matg&igls

Recovery and recrystallization asequentialprocesses and controlled through the
stored energy of the deformed region. When the recrystallization has started and the
deformed microstructure has been disbursed, then no additional recovery can occur.
The recovery process performs a significant roleeicrystallization and sometimes it

Is difficult to separate both processgs7,28]

2.6 Recrystallization

Recrystallizatiorparticipates inthe creation of new strainfree austenite grains in
deformedportionsof the materialsandled to changethe microstructureto anormal

condition fromthe plasticallydeformed condition[27].

Recrystallization of the deformed microstructuiecalled primary recrystallization
The process ohon-homogeneougrain growththat may arise irfully recrystallized

materialis called secondary recrystallizatifv].

12



In general, lhe termrecrystallization refers to the primary recrystallizatidhis easy
to divide primary recrystallizationinto two sections nucleationis the first arrival of
recrystallizedgrains in thedeformed regionand growthof new grain replaces the
deformed region of the materials The phase transformation and kinetics of

recrystallization arsimilar whichoccursby nucleation and growtlil5,27,29]

2.6.1 Nucleation

Nucleation may be defined aa crystallite of low internal energy growing into
deformed or recovered material from which it is separated by a high angle grain
boundary(HAGB) During recrystallizationf the numberof nuclei per unit volume (N)

remains constant and it would be an important parameterin other words, the
nucleationrate 0 — also needs to be measuredHowever, nucleation during

recrystallization isn intricate course the rate of nucleation is notanticipated as a
easy parameter The rate of nucleationis not persistent in every case during

recrystallizatiorf27].

2.6.2 Growth
The growth of recrystallizedgrains is more eagerly examined rather than their
nucleation. Itis normally recognizedthat the velocity ¥) of a high angle grain

boundary(HAGB)which is also the growth ratef the graingG)is givenin equation
D).

where (M) is denoted by the mobility of boundary ar{®) denoted by the boundary
net pressurg27,30].
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2.7 StaticRecrystallization

The kinetics ofstatic recrystallizationin deformed metals and alloys have been
conventionallyanalysedoy using thestandardrelationship by JohnseNlehl-Avrami
Kolmogorov (JMAK)odelalso known as th&vrami equationThe JMAK equatior2)

IS given below.
O p Qwn 6 D )

where (F) is denoted bythe volumefraction recrystallized(B and k) are denoted by
the modelrelyconstant and(t) is denoted by the timerlhe kinetics of recrystallization
are typically related with the JMAK model by plottilog ¢In (1 - F)) againstlog ()
producesa slop of straightline equal to the(k). The JMAKnodel relies on some
expectations such as unsystema#iod normal nucleation, persistentand smooth
growth rate, uniform impingement andycloidalgrainoutlines Theconstant of the
JMAK model depends on the nucleation typei.e, continuous nucleation, site
saturated nucleatiom which theinitial nuclei haveasecureddigitand nucleation rate
Iszeroat t > 0, or nucleation rateuninterruptedly fluctuating The constanik) has
value (3) for a site - saturated nucleatioralong withthree-dimensional(3D)growth
and(2) for two-dimensional (2D) growtilhe value of constant nucleation rafe is 3
for (2D) growth and 4 for (3D) growth. The extended JMAK model contains
heterogeneousite-saturated andhe constantrate ofnucleation at grain boundaries,
corner andedgesthe value Ifor k for boundary nucleation, 2 foa corner and 3 for

edges are shown ihable3 [31,32]

Table3. The constant ofhe JIMAK model depends on the nucleation ty|2&$

Growth Dimension

Site Saturéion

Constant Nucleation

1D 1 2
2D 2 3
3D 3 4
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For several aspects of static recrystallization, many researchers have been
investigaing JMAK deviations theoreticaly and experimentdy, specifically the

nucleation and growth proceds/ time or spacelependencie$31].

2.8 DynamicRecrystallization

Dynamic recrystallization (DRX) appears during straining, and to be considered limited
to low stacking fault energy materials including austenitic stainless steel (AB&S).
major factor may influence substantial consequencalpnamic recrystallization RX
such asstacking fault energy (SFE), the thermomechanical processing,(fhiiglBrain
sizein the initial condition the chemical composition o$teels and second phase
particles[24,33]

In simple words DRXis defined I aTheWatic recrystallization (SRXJenotesthe
recrystallization procesthroughoutannealingwhich happers duringdeformation at
highertemperatures is called dynamic recrystallization QRX 34]

Throughout thedeformation prior grain boundariesextending tothe deformation
path, grain boundargdges or cornerbecome visibl@and then the nucleation ohew

DRX grain®ccursat the edge or corner sidef grain boundaries (i.e. bulginght
critical strain’l ¢, the nucleation of DRX grain may start, by increasiegpercentage

of deformation the creation of necklace structureand the DRX microstructure
continues further. The effect of initial grain size has completely vanished but the
deformation conditions, temperature and strafrequencyhave effects on the DRX
necklace structure. The DRX¥ntainspartly a high dislocation densi as shown in

Figure6 [33,35]
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Figure6. Three different types of dynamic recrystallization occur in metals and [8®lys

Continuous dynamic recrystallization (CDRX) is the prafdssmation ofnew grain
boundaries bymisorientation ofadjacent subgrain.CDRX occurs in the large grain
boundary velocity, the subgrain boundaries are removed by moving boundaries before
they transform into largeangle grain boundaries.Discontinuous dynamic
recrystallization (DDRX) is taking place by nucleation and growteveyrains eating
rapidly the surrounding strain hardened matrix. The mdjffierencesbetween IDRX
and CDREan be described as follows
1 At large strains, CDRX dominamstrong crystallographic texture veneasthe
formation of texture delayed by DRX
1 The temperature relies upon the flow stress is generally reported to be larger
for DDRX36].
Geometry dynamic recrystallization (GDRX) is defined as the generation of equiaxed
grains during hot deformation by theelocation of HAGBs tacontour serrations,
thinning of the grain thickness, and impingement of serrated HAGBs wdunessing

1-2 subgran size distanc33].
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2.9 Grain Growth

The surface energy of the grain boundaries is the drifonge of grain growthand it
occurs at elevated temperature3he total number of grains decreases when larger
grainsstart eatingsmaller grainsSome graiastart to shrinkwhenthe overall surface
energy is lower and their total area reducd$ie mean value of grain size increases
when grains are constantly growirmyer time. To calculate the grain size tife
materialthe grain diametehave been usedThelaw ofIdeal graingrowth associate
with grain diameteraverageto initial grain size rad time whichis given byequation
(3).

0o 0¢ +0 3

WhereD isdenoted bythe average grain diameterols denoted bythe initial grain
size,constantof proportionality represented b thatassociates withemperature
and activation energy for grain growth ahdlding time denoted by [38].

Thefollowing factors areaffecting grain growth.

2.9.1 Rate ofheating

The rate of heatingf the austenitic stainlessteel(ASSpghasbeen intended to hava
significant impact on grain growth kineticsihe result of a slower heating rate has
revealedalarger grain size ©Duringthe heating procesghe difference in initial grain

size can be described by grain growth. The grains are continually growing when the
specimen is heated from its austenite transition temperature to the target
temperature The slower heating rate speciméakesalongertime to reach the target

temperature as compared to thiast heating rate specimef87,40]

2.9.2 Zenerpinning
In the existence of a second phase partitiat pinsin place of grain boundariethe
grain growth can be reservetdihe Zeneforces are théholding forces applied to grain

boundaries. A critical radiy&.) of grain is where the driving force is parallel to the

17



pinning force employed by second phase particles on grain boundargisen in

equation(4). This equatioralso called the Zener Equation.

0
YOIt sy 4

Where A isdenoted bya constant, r islenoted bythe second phase particlmean
radius, and fepresentsthe volume fraction othe second phase particlaghichmay
hinder thegrain growthcomprisea very small oxidesulphide and carbideparticles.
At elevated temperature where the particles are disappearing or disg@ner, pining
cannot be detected, butat lower temperatures whee second phase particlesxist

Zenet pinning can bebserved 37,41}
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3 Material Characterization

In this chapter,the kinetics ofreversion transformation of deformatiecmduced
martensite (DIM)the recrystallization andyrowth of austenite graisare analysel.
Theexisting phases in the coldlled deformed specimen of austenitic stainless steel
AISI304L such as deformatioinduced martensite (DIMphases{ O | ¢ridt -+ 0
ferrite in the asreceived platewere estimated before and after various heat
treatments. The following measurement techniques haverbgsed in ths study such

as FerritscopgLightoptical microscope (LOM), Scanning electron microscope (SEM),
Electron backscatter diffraction (EBSRyay diffraction (XRDand Vickers hardness

test.

3.1 FerritscopeFMP30

The magnetic detectiondevice Ferritscope FMP30y Fischemworks based onthe
magnetic induction methodThedevice generate a magnetic fieldthrough a coill,
whichrelates to the magnetic catent of the materials The changef the magnetic
field tempts a voltage proportional to the ferrite content in a second ¢hin, this

voltage isassessedsshown inFigure?.

Soft iron core Low-frequency
alternating
—— - magnetic field
- ~ -~ ~
g ’ -
Exciter current » N
’ \
L' ’ 7 Y i v A
[] N
$¥ )
]
B Y i
I | || Measurement
5 1 !y signal
1 B
PR I U = f(FN)
| 7 /=
°o °q°: : o°° \AO\\QQ: lble : : °°° °o <
e® , 290 o o%W & 0 s @0 o 1
Y © o o S s, o © o o ° O
o S D © ™o b O o o
3 2
1: Ferritic portion of structure
2: Steel substrate material

Figure7. The basic mechanism of Ferritescope FMR23D
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All magneticcontents are recognized by this deviaeasilysuch as delta ferrite, and
deformationrinducedh - martensite. To obtain the value of magnetic phases of the
material the device has to be calibrated according to international standafthe
Fisher calibration standards set both Ferrite Number (FN) and Ferrite%diFrger

to maintain the accuracy the final result at least 30 t60 readings have to be taken

In this study 60 readings were taken of each specimen from different point areas
[42,43]

3.2 Light Optical Microscopé.OM)

A Zeiss conventional light optical microscope (LOM) was employedake
micrographs of the etched specimens and higher magnifications up to 500x were used
to analyse the overall interestinghasesof the asreceived,deformed andheat
treated specimerwhere various substructures of different phases such as austenite,
Y I NJi Sy & Aférrfe could Be highlightedn image processing, the phase fraction

Is measured by using the high magnification LOM images with special software ImageJ
It is considered one of the most reliable techniques. Nevertheless, the finalt resu
depends on the quality of theOMimagesand operator skills. e images should be

neat and cleanwvithout any scratches and not be over etched.

3.3 Scanning Electron Microscope (SEM)

Thecold-rolled deformed and aseceived microstructuref AISBO4Lbefore and after
heat treatment were investigatedby using a Zeiss Sigma field emissgmanning
electron microscop€SENMN. Theacceleratingvoltageof 20 kV and10 kV was applied
to reveal thetexture of the austenite and deformatiofinduced martensite(DIM)
phase Due to the high amount of misorientation within the grain boundaonésold
rolled deformed and partially recrystallized specimetiee SEM micrographas poor
contrast Therefore electron backscatter diffractiodEBSIP mapping was used to

reveal the grairtexture.
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3.4 Electron Backscatter Diffraction (EBSD)

The electron backscatter diffraction(EBSI technique was applied to obtain
information aboutdifferent phases and crystallographic orientatiaf coldrolled
deformed AISI 3Q4before and after heat treatmeniTheEBSRechniquecan be used
to asses®plastic deformatiomrmaterialbecause thepercentageof a deformed region
can beproposed throughcrystal reorientations of grainsand alsahe plastic strain

has an inline relationship withrains average misorientation (GANB4].

3.5 X-Ray Diffraction(XRD)

Thex-ray diffraction (XRD) analysis was perfornveith SIEMENs D5005, using-Cu
Anode 40kV, 40mAA scanning speed of 0.10 for sample 25% coldolled in the

initial condition was carried out. The scattered signal from the sample is recorded and
graphed. The peaks that appear on the graph depend on the atomic structure of the
material inspected.The texture present in the heet materials after plastic
deformation can interrupt the accuracy thfe XRD technique. By averaging intensities

of different diffraction peaks, thempad of texture can baninimized[43].

3.6 Vickers HardnesMeasurement

The hardness offers significantindication of the mechanical properties of materials
that is considerablein quality, design, alloy development, and material selectlan.

the present study, the Vickersmrdness HV10 static indentation tests were conducted
according to Vickers at theobders and the centre of eachmounted sample. A
diamond made pyramidal indenter was holding for 15s with a load of 10 kg (HV10) into

the investigated material AlSI 30Before and after heat treatments.
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4 Experimental Work

4.1 Samplegreparation

Thematerialof investigationis well known and widely used austengiainless steel
grade AISI 304(EN 1.4301L The plates underwena cold rolling process ithe
Vostalpineto apply different coldrolling deformation such as 25%, 50% andd67
whichare mentioned iriTable4. The chemical composition of theaterial AISI 304is

given by the provider Kloeckner metals Austria Gmbh & CO K€tedsin

Tables.

Table4. Asreceived and coldolling deformation rate of austenitic stainless steel AlSI 304L.
Asreceived Cold Rolled

AISI304L Non-rolled 25% 50% 67%

Table5. The chemicatomposition of austenitic stainless steel AlSIL39grovided by Kloeckner
metals Austria Gmbh & CO KG

Chemical composition(wt.%)

Alloy : :
C Mn Si Ni Cr N S P Fe

AISI 3041 | 0.08 | 1.99 | 1.34 8.01 19.04 0.1 0.02 0.03 | Balance

ThecalibrateddeviceFerritscope FMP30 was employed i aaxisdirectionsuch as
Normal PlangRolling Planeand Transverseplanein order toto obtain the exactean
value ofmagneticphasesof eachcoldrolled plate of AISI 304before and after heat
treatments Around 60 readings vere taken overall for each sample and 20 readings
for each directiorfrom different pointareaswith the help ofthe Ferritescopeprobe.
Every plateof coldrolled and ageceived specimensategorsedin block sizelOmm

X 60mm x 100mm asshown inFigure8. later on, the randomly selected blocks of the

specimens were cut into small pieces.
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The microstructureof AISI 304 was investigatedbefore and aftervarious heat
treatments by conventional light optical microscope (LOM), scanning electron

microscopg SEM), electron backscatter diffraction (EBSD) arad/ Xiffraction (XRD).

The specimens underwentnetallography procedure, the specimens were first
mounted by CITOPRESS and then, the specimens gvevad by 80 to 4000 grit
sandpapers an@vent to the mechanical polising up to 1um bySruer. Immediately,
the specimen immersed in the water and stayefba minutes in ethanol to acquire
the clear surface texturdn some cases, electrolytic polishingingStruer Lectropol

in a mixture of electrolyte A2 | at 22%or 12 seconds and potential differenceof
40V.

RD : rolling direction
N TD : transverse direction

ND : normal direction

RD

1D

S3: Normal Plane

S2: Transverse plane

100mm

Figure8. Theblock size of AISI 304L.
However, austenitic stainless steel304L is generally easy to polishbut etching

considers beinghe most difficult processThe ability ofAISI304L such ascorrosion

resistancanakes the choice of etchant tougher than carbon atiter alloys ofsteels.
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Afew etchants have been used during the investigation of the -colléd deformed
microstructure of AlSI 3Q4nd asreceived conditiorbefore and after heat treatment
listedin Table6. The Aqueous nitric acid electrolyte etchant was used for highlighting
the austenite grain boundaries fall the specimenandto obtaina better result the
etching time was set around 40 sexls, 1V potential difference, 32°C temperature
and 18 flowrate were applied in each casAfter applying the etchant on the surface
of the sample, the samplesimediately immersed iawater and ethanol bathBeraha
tint etchant was used to reveal the ¢ ferrite and deformatiorinduced martensite
(DIM) content in all the specimens, Beraha tint ischour etchant and shows the result
by different colour contrast.In the procedure of Beraha tint etching, the specimen
immersed in the Beraha tint solutigast for a maximum of 5 to 10 seconds and needs
an appropriate wash in the water and ethanol to obtain good results. Beraha tint
etchant remains active just for an hour after that it should be discaruefbliowing
the proper safety measures.

Table6. Names and chemical compositiof etchantswere used during the investigation of

the AISI 304 microstructure23].
Etchants Composition

Aqueous nitric acid electrolytic etch 60 mL HNO3 and 40 mL H20

SN KFQa dAyd SiOK |1partHCI 2 parts H20, 1 g K2S205 per 100 1

solution

4.2 Heattreatment

The coldrolled specimens underwenvarious heat treatmerd processat 600°C to
800 with different holding times from (30 min to 480 mirfpr reversion
transformationof deformationinduced martensitgDIM). The temperature range of
900°C to 1200°@ith different holding times from (2 min to 120 miwgs used for the

grain growth of recrystallized austenite grains andeseivedplate (nonrolled).
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The list of various heat treatments is givenTiable7. The furnace was set to heat at
the required temperature, and once the furnace reaches the required temperature
the specimens are placed into the furnace immediately. The temperature dropped
between 15 to 25°C due tibhe placement of the specimens and then the furnace took

around 2 to 5 minutes to reach the target temperature again.

Table7. A table of various heat treatments was applied for reversion transformation of (DIM),
recrystallization, and grain growth behaviour of AlSI 304L.

Samg(l)isl_AISI Temgecr;ature Time (minutes)
2 |5|7]/10|15/30|45|60|90|120|180|240| 360|480
25%, 50%, 67 | 600 X X
coldrolled 700 X | X | X
800 X X | X

. 50% colerolled 900 X X | X | x
recrystallized at 1000 X | x|x X X
800°C ¢ 60 min
(6um) 1100 X | X|X| X X X
.Asreceived plate X X | x| x| x| x
(30um) 1200
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5 Results and Discussion

5.1 Asreceived andcold-rolled AISI 304 in the initial condition

Figure9(a)shows the microstructure of AlSI 304 as-received conditiorby using the
light optical microscope (LOM)The microstructure ofthe asreceived condition
contains up to 3% - ferrite dueto solidification The Ferritscope aninage processing
phase fractiorresultsconfirmed the amount of - ferrite content inthe asreceived
plate of AISI 304L

Beraha tint etchant was used to reveal the microstructur¢hefasreceivedplate by
colour contrast, the dark blueolour represents the amount of - ferrite and the rest

represent the amount of homogenous austenite grains.

Figure 9(b) shows the microstructureof 25% coldrolled deformed AISI 304
According to previous studiedue to the cold workng effect, the austenitephase
transformed to deformatioAnduced martensitéDIM) phase, and two martensite3
andh”) formed in the microstructure of AISI 30Beraha tint etchant was used to

reveal the amount of DIM and - ferrite content for all the specimens.

The etchant highlighted the DIM content wililackcolour and austenite phase with
white colour.The LOM shows the texture of DIM)) the thin parallel needles like
shape that go throughthe parent austenite grain and stopped inside the grain

boundaries.

The amount of DIM increased due to the increase in the percentage of cold rolling
thicknesgeduction. According to theOMresults the amount of DIM has high values
in the transverse plane (rolling direction) as compared to the other two directibes

LOM resultof 50% and67% coldrolled AISBO4L shows inFigure9(c) and (d)

26



pm
pm

0 - ferrite

-50

pm

-100

-150 |
0 ¥-austenit€

pm -150 pm

© (d)

Figure 9. The LOM images of four different specimens in the initial condition frana3s
directions. (a) the aseceivedplate. (b) 25% cohblled. (c) 50% coiblled, and (d) 67% cald
rolled.

The electron backscatter diffraction (EBSD) result confirmédS | Y 2 cifsfrile 2 F
in the asreceived plate of AISI 304n the initial condition from the rolling direction
shown inFigurel0(a). The EBSD result also shows the austenite grain boundaries with

a twin in some areas of the specimen.
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The EBSD result of 25% coddled AlSI 30dgave the evidence of DIM

Y R

h O LIKI

in the transverse plane (TP) shownhkigure10(b). The EBSD map also shows the
I guBtenitdlpMaBeyinithe 25% celdlled specimen

amount2 FCRSNNA G S

in the initialcondition.
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Figure10. (a) the EBSD results of thed&S OSA GSR O2 y RA (i A 2 gferde(ly) i |
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(TP) also highlighted the other phases in the coligéd deformed AlISI 304L.

The DIM phases are not distinguishable by LOM result, thuspgbeimen 25% cold

rolled AISI 304lis placed forx-ray diffraction KR measurement analysis to obtain

the actual amount oexisting phases in the initial conditiormhe XRD result &5%
coldNB f £ SR & K 2 ¢ a-marnsite in s deformed¥egisseein Figurell,

the XRD result also highlighted the pegal¥” ¢ martensite,l ¢ ferrite and theparent

I ¢ austenitephasesin the result
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Figurell The (XRD) test of 2586ldrolled AISI 304L in the initial condition and shows a peal
2 T- martensite

It is not possible to differentiatéhe two phasesof DIM (1 | y) Brolgiimage
processing phase fractionf microstructure constituentsby using LOM image
Therefore,the magnetic induction device Ferritscope was employed to andlyse
magneticphases ¢ ferrite and U- martensitein the cold-rolled deformed AISI 304L.
Figurel2, shows thecomparisonresultsthat are obtainedfrom the Ferritscope and
Image processinghase fraction byusing LOM images.h& results show the as
received condition contains around 3% ferrite in the initial condition The image
processing phase fraction of microstructure constituebysimageJ prograrshows
the collective result oDIM phases(]l | y)Rnd falébt ¢ ferrite in cold-rolled
deformed AISI 304 The calibrated devicEerritscope confirmed the amount 6f -
martensiteand+ ¢ ferrite contentsin the cold-rolled deformed specimensWhen the

percentage of cold rollinoncreasethe volumeof magnetic phases also increase
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m Image Processing Result of DIM + &-Ferrite

60 M o’- martensite + 6-Ferrite content by Ferritescope
50
40
30
2
| '
o m

As-Received 25% - Cold-Rolled 50% - Cold-Rolled 67% - Cold-Rolled

o

Average value of 8-ferrite and a-martensite
o

Figure1l2. Thegraph shows a comparison result of the image processing phase fraction of D
b -FSNNAGS o6& LYI3ISW LINE INGIFYNT §yyaRh (iiSeshewasiSaN
obtained by calibrated device Ferritscope. Theeagived plate only contains- ferrite.

5.2 The averagegrain size of AISI304Lin the initial condition

To measure the average grain sizealw as-receivedplate and cold-rolled specimen

in the initial condition the most common techniqglieearinterceptmethod was used
While using thantercept methodthe scale bar of the software ImageJ should be set
according to the scale size of the light optical imagemaintain theaccuracyin the
result,the randomly selectedine must bedrawnaslongasit can produces0to 100
intersectionpoints at the micrographAt least 5 random lines have to be drawn to
obtain the satisfying average grain size resultse formula othe intercept method

to calculate the average grain sisggiven below37].
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Aqueous nitric acid electrolyte etchant was used to reveal the grain boundaribe of
as-received and coldolled specimens of AISI 304igurel3, shows the detail of the
average grain size tiie asreceived anaold-rolled specimensy thelinearintercept

method.

Average Grain Size in the Initial Condition by Intercept Method
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Figurel3. Shows the result of the averageain size of the aseceived plate and collled AlSI
304L in the initial condition. The average grain size was measured by the intercept method.

Figureld(a), (b), (c), and (dre the randomly selected LOM images that were used to

measure the average grain size from different planes of theeasived condition and
25%, 50%, 67% cold rolling deformation of AISL304



() (d)

Figure14. Randomly selected LOM images were used to measure the average grain size in
initial condition. Figure (a) Asceived plate, figure (b) 25% cetled, figure (c) 50% cald
rolled, and figure (d) 67% cetdlled AISI 304L.

5.3 Reversiontreatment of deformation-inducedMartensite

Padilhaand ceauthors [5] reported that the reversion of Onartensite starts in the
temperature range of 600°C to 750°C with long annealing tand they also

mentioned theSingtQ &ork in their study theh -Gnartensite remain stable between
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200°C to 400°CAntti and ceauthors [7] studied the reversion of straimduced
martensite in austenitic stainless steel (ASSsL¥@gins at a temperature of 650°C
and completely fine grain structure obtained at 900°C after 30 minutes of annealing.
Meysam and c@uthor [45] investigated the kinetic of reversion transformation of
deformationrinduced martensite (DIM) a temperatureof (750°C) with 70% cold
rolled thickness reduction of AISI 30#hey staed the reversion of DIM g750°Gwas
observed a fast process with fanction of time and recrystallized grain structure

formed with a longer annealing time

5.3.1 Reversiortreatment results of the present study

In order to investigae the kinetics of reversion transformation of deformation
induced martensite(DIM) into the parent austenite phasdhe austenitic stainless
steel AISI 304 with different coldrolling deformation was placed for reversion
treatments with the temperature rangof (600°C to 800°C) with different time frames.
The deformed region of AlSI 304nderwent recovery and recrystallisation during the
heat treatment and at the same tim®IM transforms into the parent austenite phase.
The reversion process of DIM in aasitic stainless steel AISI 30kkads to the grain
refinement and very tiny fine austenite grains are obtained. The following annealing
reversion treatments have been applied to the specimens of 25%, 50%, 67% cold

rolled deformed AISI 304ee inTable8.

Table8. The heat treatment plan for reversion treatment of deformatioduced martensite
(DIM), andrecrystallization.

SamplesCold | Temperature

rolled AISI 304 (°C) Time (minutes) Cooling
306090 180 240] 360 480
600 N X Ambient
25%,50%, 67% 700 X | x X
800 X | X | X

The reversion of DIM at a temperature of 600°C was obseagedslow process, the
light opticalmicroscope (LOM) imagesid Ferritscpe shows the evidence of reversion

of DIM into the austenite phasafter different reversion annealing.
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According to the ©M and Ferritscope result, tHe- martensitereversed back to the
austenite phase in the temperature range(600 to 700°¢and at the same timand
temperatureX - rfhartensite remain stable. The LOM result shows the amount of stable

'| - martensiteat atemperature of(700¢ 180 min). ¢ KS NXB O S Martangitg wazd ¥ 'l
observed by LOM result at a temperatusg(700°C- 240 minutes). Therefore, newly
recrystallized austenite grains were formed in the heavily deformed region of AISI
304L

The calibratedlevice Ferritscope shows the reversiorh 6fmartensiteand magnetic

contentt -ferrite in Figurel5after differentreversiontreatments

Magnetic content a’-martensite + § - Ferrite obtained by Ferritscope after

different Reversion Treatments

20 m 600°C-90-Minutes

600°C-360-Minutes
W 700°C-180-Minutes
700°C-240-Minutes
15 700°C-480-Minutes
W 800°C-30-Minutes
800°C-60-Minutes
800°C-90-Minutes
10
o I
I {.II I-II iIIiII
0

25% Cold-Rolled 50% Cold-Rolled 67% Cold-rolled

Ferrite Number

Figurels.{ K2 6a G KS |+ Y2YtyNG @yFa & O dit yf R ™ Wiitd gbaidet] O
by calibrated devic&erritescope after different reversion treatments of deformaiimfuced
martensite (DIM).

The Ferritscope result of celdlled samplesin the initial condition before heat

treatment, as mentioned above iRigurel2.
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The LOMmagesFigurel6 reversion treated at 600°&igurel? reversion treated at
700°CandFigurel8reversion treated at 800°€hows the visual evidence rdversion

of DIMat different temperatures and time frame¥heLOM and Ferritscopesults of
25% coldrolled sample from different directionat areversiontreatment of 600°G

90 min showsthe amount ofh’- martensite start to reverse back to thgarent
austenite phaseseein Figure16(a) I Y R {+ Kn&rtensite remain stable at this
temperature and time. Th&erritscope and LOM results gave strong evidence of the
complete reversion of -martensite to parent austenite at a&mperature of 700°C
180min, and some amount af ¢ ferrite can be seem Figurel7(a) and (b)Whereas

(i K Snaftensite starts to reverse back to the parent austenite phase at a temperature
of 700°CG 480 min and completely reversed backtte parent austenite phase at a
temperature of 800°€60 minas shownn Figurel8(a). Figurel5, shows the reversion

2 ¥'- martensite in 25% cokblled specimenrstarts at 600°C- 90 min and in that
temperature 0 KS NI @ S-Martangitg wad dbsefvedsa slow procesand the
O2YLX SGS NB nandhsitein/25% goledllgd specimenoccurredat a
temperature of 700°C180min.

The results of 50% colledblled from different directions at different reversion
treatmentsshown in Figurel6, Figurel7andFigurel8. According to Ferritscope result

see inFigure 15 and LOM resultsjt can be seen thd Y 2 dzy ("-ma&t@nsité
completelyreversed back to parent austenite at a temperature of 700E8) minsee

in Figurel7(c)and (dyp ¢ KS [ ha NBadzZ G | aFerri@kshéa azy
microstructure of 50%old-rolled at different reversion temperatureshownin Figure

17(c).The LOMresuljivesi G NBy 3 S@PARSY OS 2 F-maenéitelfoSG S NJ
the parent austenite phase at a temperature of 8008C minisshownin Figurel8(b).

At a temperature of 700°@r a longer timethe reversion of DIM was observexsa

fast procesawith the helpof LOM and Ferritscope results.
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d-Ferrite

y-austenite

16 (a). LOM image of 25% cololled AISI 304 16 (b). LOM image of 25% coldlled from the

from three directions after reversion treatmer transverse plane hedteated at 600°€360 min.

at 600°C; 90 min. Shows some amount oDIM ¢ -Omartensite
NEOSNESR ol O ¢ martengiz
stayed stable.

16 (c). LOM image of 50% coldlled from 16 (d). LOM image of 50% coldlled from three
three directions after reversion treatment ¢ directions after reversion treatment at 600%C
600°C; 90 min.Does not show any evidence « 360 min. Theamount of DIM ¢ -Omartensite
reversion of5LaX YR a2YS NBEGSNBRSR ot O] dmartdngie
ferrite presence in the microstructure. stayed stable.

16 (e). LOM image of 67% coldlled from 16 (f). LOM image of 67% cololled fromthe
three directions after reversion treatment ¢ transverse plane reversion treated at 6008C
600°Cg 90min Does not show any evidence « 360 min, the DIM stayed stable.

reversion of DIMR Y'S | Y 2 dzyfeirite ;

can be observed.

Figurel6. The colerolled AISI 304L reversion treated at 600°C.
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17 (a). LOM image of 25% cololled AISI 304 17 (b). LOMimage of 25% colblled transverse
rolling plane reversiontreated at 700°C; 180 plane reversiontreated at 700°G; 180 min. A
min. Theamount of DIM ¢ Yeversed back tc significant amount ofl ¢ ferrite can be
austenitel Y R martensiteremain stable. observed.

17 (c). LOM image of 50% coldlled rolling 17 (d). LOM image of 50% caldlled transverse
planereversion treated at 700°€180 min.The plane reversion treated at 700°@ 180 min.
amount of DIM ¢ Xeversed back to austenit { 2 YS | Y 2 deyfile ca® Be seen in the
andsome® - martensite remain stable microstructure.

5-Férrite "’Q

3 d-Ferrite.

17 (e). LOM image of67% coldrolled rolling 17 (f). LOM image 067% coldrolled transverse
planereversion treated at 700°¢ 180 min.All plane reversion treated at 700°@ 180 min.
DIM reversed back to parent austenitSome { 2 YS I Y 2 deyfiié ca® Be seen in the
I Y2 dzy (0 -ferfit§ can be seen in th¢ microstructure.

microstructure.

Figurel7. Thecoldrolled AISI 304L reversion treated at 700°C.
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The results of 67% collled from different directions after various reversion
treatment, at 600°C after 90 minFigurel6(e) and (flshows a significant amouratf
DIM content in all three directions, and also tBeraha tint etchant highlighted the
| Y 2 dzy ( ferdit& with dark blue colour lines in the rollirdjrection. According to
Ferritscope resultFigure 15 and LOM results, IeDIM reversed back to parent
austenite at a temperature of 700°C after 180 minutes of heat treatnvemth can
be seen inFigurel7(e) and (f).At the same temperature and timehe LOM results

also show some amount of¢ ferrite in the microstructure.

-~ £-martensite
d-Ferrite’

18 (a). LOM image of 25% coldlled AISI 304 18 (b). LOM image of 50% caldlled rolling
transverse planeeversiontreated at 800°G 60 direction reversion treated at 800°¢C60 min
min. The stabldJ- martensite reversed back t All ¥ - martensite reversed back to the austeni
austenite. phase.

18 (c). LOM image of 67% caoldlled transverse plane after reversion treated at 80Q°€D min.
Some amount ofEferrite can be seen.

Figurel8. The colerolled AISI 304L reversion treated at 800°C.

The LOM result highlighted the amouht¥ - ferrite in the microstructure of 67% cold

rolled (Transverse plane) at different reversion treatments as shoviiguarel7(e),
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(f), and Figurel8(c). At a reversion temperature of 700°C after 180 mfrannealing

very tiny newly recrystallized austenite grains are formed in the microstructure of 67%
cold-rolled AISI 304 At 700°C, the reversion of DIM was observed as a fast pratess
67% colerolled AISI 304 The devicererritscopealso detects the - ferrite content in

the microstructure after different reversion treatments.

5.4 Recrystallization

During reversiortransformation of deformatioAnduced martensitgDIM) into the
parent austenitephase the austenitic stainless ste@lISI 304 undergorecovery and
recrystallization penomena In primary recrystallization phenomena, the newly
austenite grains are nucleated in the deformed region of A8l 304and that newly
nucleated grainscan grow further. The kinetics ofrimary recrystallization is
expressed byhe Avrami equationsee egation 2 on pagel3), the fraction of newly
recrystallized grains as a function of heating tjraad the constant othe Avrami
equation k as a functioaf material deformation percentag&Vvhen the percentage of
cold rollingdeformationis high the recrystallization occurs eafe stored energy in
the grain boundaries after cold rolling deformation is the driving force forptivaary
recrystallization phenomenaVostly, at a lower tempeture of annealingand with
less amount of deformatiothe resultmayonly berecovery whereas recrystallization

requires a highertemperature[46][47].

In the present studythe recrystallizationtemperature andime) of newly austenite
grains in the deformed region oAISI 304 with 25%, 50% and 67% cold rolling
deformationthrough different heat treatmentiave been examinedrhe grain size
distribution wasmeasuredby thelinearintercept methodafter everyheattreatment

at (600°C to 800°@emperature rangdrom different planes of coldolled specimens.

The aqueous nitric acid electrolyte etchant was used to reveal the grain boundaries
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At 600°Gafter 90 minof heattreatment, thespecimenstill show asignificantamount
of DIM texture inside the parent austenite grainand no evidencewvas found for

recrystallizedaustenitegrains at this temperature and time

By Heat treatment at 700°Gor 180 min, the 25% coldlolled deformedshows no

evidence of recrystallized austenite grains.

However, 50%cold-rolled specimen shows newly recrystallized austenite griaitise
deformed regiorasshownin Figurel9(a) and (b)andin the transverse plane (Rolling
direction) high amount ofrecrystallized austenite grainsan be observedn the
deformed region. The microstructure of 50% coddled after different heat
treatments can be differentiated in three regions, the etchant highlighted the DIM
region separately, newly recrystallized austenite grains in the deformed region, and
the parent austenite grains size up to 30utso, the etchant revealed some amount

of stable’l -martensite texture in the microstructure.

At 700°G 180 minof heat treatment the 67%cold-rolled specimen shoscompletely

recrystallizedaustenite graingsshownin Figurel9(c) and (d)

The newly nucleated austenite graingegrfurther with alonger annealingtime. The
recrystallization in 67% colalled deformed specimerwas observedfast process.
Due to thehigh degree of cold rolling reduction, the stored energy in grain boundaries
and annealing temperature and time leads to tmecrystallization phenomena

according to the pattern afhe Avrami model.

The grain size of newly formed grainasmeasuredapproximatelyup to 2pumin 67%
coldrolled specimen after heat treatment at 700&@er 180 min The aqueous nitric
acid electrolyte etchantloes not sha any evidence dDIM contentbut+ -ferrite can

be seemafter heat treatment at 700°CL80 min
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Reerystallized Grains

19 (a). 50% coldolled (Rolling plane) heal 19 (b). 50% colérolled (Transverse plane) hee

treated at 700°€180 min.Somerecrystallized treated at 700°C 180 min.A largeamount of

austenite graingormedin the deformed region recrystallized austenite grainformed in the
deformed region.

19 (c). 67% colerolled (Rolling plane) heat 19 (d). 67%cold-rolled (Transverse plane) hea
treated at 700°€180 min a fully recrystallizec treated at 700°€180 min a fully recrystallized
austenite grains structurérmed. austenite grains structuréormed.

At reversion treatment o700°G 240 min no evidence of recrystallization detected in
25% coldrolled deformedspecimen(TransversePlane) The etchantrevealed the
parent austenite grains and some amountstible’l - martensitetexture. The 50%
coldrolled deformed specimerfrom the (Transverse Plane) half of the deformed
region underwent recrystallizatioras shown in Figure 19(e), some previously
recrystallized austenite grains follows grain growth phenomena at this temperature
and time. The 67% coldolled specimenundergoes grain growth phenomenéhe

grains are growing by increasing the annealing time but at a temperature of 700°C
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240 mn of heat treatment the grain growth was observed a very slow process and

some amount of - ferrite can be seen ifkigurel9(f).

19 (e). 50% colerolled AISI 304 (Transverse 19 (f). 67% colerolled AISI 304 (Transverse

plane) heattreated at 700°€240 min, half of plane) heattreated at 700°€240 min. Shows

the specimen became recrystallized. fully homogeneous recrystallized austeni
grains structure, and the grain growl
phenomena were observed in 67% cold rolli
reduction.

Figurel9. The recrystallizatioresult of 25%, 50%, and 67% codled AISI 304L at heat treatmel
of 700°C with different time frames.

The specimens 25%, 50% and 67%-oolled were placed in a furnace for further heat
treatments at 800°C temperature with three different time fram@&0, 60 and 90
minutes) The specimens were investigated from the transverse plane. At a
temperature of 800°G 30 min, he 25% coldolled deformedspecimen became
partially recrystallizegfew newly recrystallized austenite grains were formed in the
heavily deformed region as shown frigure20(a). The average grain size less than
3um, andthe LOM image also shows some amountmartensite texture After
increasing the annealing tim® (60 min)shown in Figure 20(b), the completely
recrystallized homogeneous grain structure was obtaiaed some amount oft -
ferrite can be seenn the microstructure. The grain growibf newly recrystallized

austenite grainsvas observed ah temperature of 800°C fa90 minannealing time
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20 (a). LOMimage of 25% colbolled AISI 304 20 (b). LOM image of 25% cololled AlSI 304

(Transverse Plane) hetiteated at 800°€30 min. (Transverse Plane) hetitated at 800°&50

Few newly nucleated austenite graimsd 1- min. The Completely homogeneot

ferrite can be seen in the microstructure. recrystallized austenite grains structure forme
I YR I|¢feditd can be seen.

The 50%¢old-rolled deformed specimen at 800430 min of heat treatmenbecame
fully recrystallizel. The recrystallization phenomena occurred a little bit faster in 50%
deformed specimen irtompaison with 25% deformed. By increasing the time of
annealingat 800°C- 60 min, the LOMrigure20(c) shows some grain growth of newly
recrystallized austenite grains but at 800°©0 min of heat treatment shows no

evidence of grain growth and the grains size remain same at this anné&aimg

20 (c). LOM image of 50% cololled AISI 304 20 (d). (LOM) image of 67% catdlled AISI 304
(Transverse Plane) heakated at 800°€50 (Transverse Plane) heteated at 800°&50
min. The Completely recrystallized austen min. The homogeneous austenite grai
grains structure formed. structure can be seen.

Figure 20. The recrystallization result of 25%, 50%, and 67%-rotiiedd AISI 304L at heat
treatment of 800°C witllifferent time frames.
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The 67% coldolled specimen after hedreated at 800°C 60 min shows some grain
growth see inFigure20(d), after increasing the annealing time to 90 min the grains

remain stable in size

Theelectron backscatter diffractio(EBSPresult of 50% coldolled AISI 304L from
transverse planeonfirmed the formation of newly recrystallizedistenitegrains in

the deformed regiorat a heat treatment temperature of 700180 min The EBSD

map also differentiated the other phases in the result suctf &-Y- NI Sy & A G Sz
ferrite and parent! ¢ austenite phaseas shown in Figure21(a). By the increase of
annealing time at 700°€240 min the 50% colblled AISI 30dmoderately became
recrystallizedas shownin Figure21(b). The EBSD result of 67% cobdled AISI 304L

after heat treatment at 700°¢240 min, shows recrystallized austenite grain structure

see inFigure 21(c). The recrystallization occurs very fast in 67% <¢olted. The

average grain size tiie newly recrystallized grain size was measured approximately

around 3um in the transverse plane (TP).

The EBSD result of 25% coblled AlSI 304at a temperature of 800°€30min shows
some partially recrystallized austenite grains and the number ofréiffiephases in the
RST2N)YSR NBFXI2NI &YIZFASINNGR (S Ig fuRtenltdlphiBeyas
shown inFigure21(d), with a long annealing time to 60 min the recrystallization was

observed very fast in 25% celdlled specimen can be seenkigure21(e).

The LOM and EBSD mapping revealed the recrystallized austenite grain structure in
50% colerolled AISI 304at a temperature of 800°¢ 60 min see irFigure21(f). The
average grain size of fully recrystallized 50%-colidd austenite grains was measured

around 6um.
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Gray Scale Map Type:<none>

Color Coded Map Type: Phase
Total Partition
Phase Fraction Fraction
Il iron (Gamma) 0668  0.668
[ iron-Hp, Epsilon 0151 0.151
[ martensite 0085 0085
B rerite 0.096  0.096

Boundaries: <none>

Recrystallized Grains

Vs ~
.

Recrystallized Graips

et S

21 (b). The EBSD result of 21 (c).The EBSD result of 21 (d). The EBSD result of

50% colerolled AISI 304L
(TP) after heat treatment at
700°Cg 240 min.

67% coldolled (TP) after
heat treatment at 700°C
240 min, became fully
recrystallized.

25% coldolled (Th after
heat treatment at (800°G
30 min), some
recrystallized austenite
grain formed in the

deformed region.

21 (e). The EBSD result of 25% coddled (TP) 21 (f). The EBSesult of 50% coldolled AISI

after heat treatment at 800°G 60 min, became 304L (TP) after heat treatment at 80060

fully recrystallized. min, completely homogeneous recrystalliz
austenite grain structure obtained.

Figure21. The EBSD results of recrystallization (Temperature and TirB8ydn50% and 67%
coldrolled AISI 304L shown in figure (a to f) after various heat treatments.
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The averagegrain size of newly recrystallized austenite grains was measated
different heat treatment temperature and timas shown irFigure22. The average
grain size of 25% and 50% specimens at an annealing tempecd®08°Gemainthe
samefrom the initial condition, the average grain size was measinettveen 30 to

35um.

At 700°C; 180 min of heat treatment, the recrystallized austenite grains were formed
in 50% colerolled (Transverse Plane) with an average grain sidumf, and in 67%
coldrolled specimen the recrystallized austenite grains were formed in both rolling

and transverse plane direction witaverage grain sizef around 3um.

The completely recrystallized grain structure occurred in 25%-roblield specimen
after heat treatment at 800°C 60 min, the average grain size was measuatd

approximately around 6um in the transverse plane (Rolling Direction).

The grain growth was observed in 67% eallled specimen by increasing the
annealing time at 800°G 90 min of heat treatment but a very slow process was

observed.

In a 50% cokdolled specimen the completely recrystallized austenite grain structure
was formed at a temperature of 80030 mn with an average grain size of around
6um, and the homogeneous grain growth was observed a moderate process in 50%
coldrolled specimen with log annealing time. The average grain size was increased

up to 2um at an annealing temperature of 80G&°@0 mn.
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25% Cold-Rolled Average Grain Size After Various Heat
Treatments

GOOC 90 min I

—_
w

—_
o

v

Normal Transverse Rolling Transverse Transverse Transverse Transverse Transverse
Plane Plane Plane Plane Plane Plane Plane plane

600°C-90 mln
700°C- 180m|n
700°C- 180min
700°C- 240m|n '
800 C. 30m|n 800°C-90min
800 C 60min I
4

50% Cold-Rolled Average Grain Size After Various
Heat Treatments

600°C- 90 min

EO(TC 90 min

7D(TC 180 min 800°C- 60 min
4
amc 30min Wffmlmi”

Transverse Transverse Transverse
Plane Plane Plane

Normal Transverse Rolling
Plane Plane Plane

Subfgure (a). Shows the average grain size Subigure (b). Shows the average grain size
25% colerolled after various heat treatments® 50% colerolled after various heat treatments
800°C¢ 60 min the grain structure became full At 800°C¢ 60 min,the grain structure became
fully recrystallized.

recrystallized.

Newly Recrystallized Average Grain Size

700°C- 240 min

6
5 700°C- 180min 700°C- 240 min
4 700°C- 180 min | 700°C- 180 min
13
2
1
0
50% Cold-  67%Cold-  67%Cold-  50%Cold-  67% Cold-
Rolled Rolled Rolled Rolled Rolled
(Transverse  (Rolling  (Transverse (Transverse (Transverse
Plane) Plane) Plane) Plane) Plane)

um

39
3,8
3,7

3,5
34
33
3,2
3, 1

67% Cold-Rolled Average Grain Size After Various
Heat Treatments

800°C- 30 min 800°C- 90 min

800°C- 60 min
Transverse Plane

Transverse Plane  Transverse Plane

Subfgure (¢). Shows the average grain size Subfgure (d). Shows the average grain size
newly recrystallized grains in the deformed regi the fully recrystallized grain structure of 67

of 50% and 67% colwlled specimerafter various coldrolled specimen after

heat treatments.

various heat

treatments.

Figure22. (a) the average grain size of 25%, (b) the average grain size of 50% and (d) 67% ¢
rolled specimens after various heat treatments. The average grain size of neewlgtallized
austenite grains was measured by the linear intercept method listed in subgrain (c).
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5.5 Grain Growth

5.5.1 Introduction

Generally, grain growtls defined as an increase in the average grain size in a crystal
structure. Tle phenomenon of grain growth affects the mechanical properties of
austenitic stainless steelnd alsorevealedthe behaviour of grain boundariester
heat treatment[38]. Rodrigo Pinto and cauthors [48] investigated the grain size
evolution of austenitic stainless steel 304-(aseived condibn) at a temperature of
1100°Qwith different holdingtimes (15 to 180 min)They reported the grain growth
took placeslowly at a timeof 15 min to 180 minand the average grain size was
measured after 60 minutes of annealing by linear intercept method around:190m

and after 180 minutes of annealing, it was measuwagalind 126> Y' 5 H n Teyhave
also reported someflanormal grain growthn the specimens annealed at (110@80
min). Shirdel and ceauthors[49] studiedthe grain growthbehaviaur of 304Lat a wide
range of temperaturédrom (800°C to 1200°Cdheaverage grain size of the-asceived
samplein the initial conditionwas measured by the linear intercept methadound
20um. At an annealing temperaturef 800°C, hey have not found any evidence of
grain growthbut at 900°C witha longer annealing time of 4 hoursignificant grain
growth was detected due tthe synergic effect of heating time and temperatufiéhe
grain growth temperature at 1000°C withhéurs annealing time and 1150°C heating
temperature with 2 hours annealing timequally distributed grain size was reported
in their study.At a temperature of 1200°C, the abnormal grain growth was detected
after 4 hours of annealing and the size of theger grain was 300 times bigger than in
the initial condition.Tikhonova and cauthors [50] examinedthe grain growth of
recrystallized austenitic stainless steel 3§ge with an average grain size of 7um from
a temperature of (800°C) with time frames 30 to 120 minutes. At 30 minutes of
annealing, the grain size increases up to 0.78 um and by the sedannealing time

to 2 hours, the grain size increases further around 1.068pavard and c@authors[51]
studied the grain growth phenomena of 40% coddled austenitic stainless steel type
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304Lannealed at 1150°C for 20 mites with water quenched. They have reported the
average grain size around 80um at a temperature of 1200°C withré@tes annealing

time.

In the present study, to better analyse the grain growth behaviour of AlSI &6zr
various grain growth heat treatmentsyo specimendully recrystallized800°C¢g 60
min 50% colerolled average grain size 6uiend asreceivedplate with an average
grain size of 30um in the initial conditiomere chosen. The heat treatment plan for
grain growth of recrystallized 50% cealolled and ageceived plate listed below in
Table9.

Table9. The heat treatment plane for grain growth.

Samples Tem|(o°eCr;';1 ture Time (minutes)

2|/ 5]7(10|15| 30 |{45|60(90| 120

1200 X X | X| X | X|x

Asreceived condition (30um) 1100 X X X X

1000 X X X X

1200 X X | X | X | X|X

50% colleerolled and recrystallize 1100 X X X X

at 800°C; 60 minutes (6um) 1000 X X X X
900 X X X X | x| X

The averageecrystallized grain size of 50% cotdled heattreated at 800°& 60 min
was measured by thinearintercept method around 6 um and the average grain size
of the asreceived plate in initial condition was measured around 30pmwo
methods the traditional one linear intercept andhe newly developedimage
processing model have been used to measure the average austenite grain size.
The randomly selectedight optical microscope(LOM) images of various heat
treatment were used to analyse thgrain growth. The austenite grain size was
measured and evaluated using the average grain size measurement Hindae
intercept method through software ImageJ. To obtain an average grain size
distribution and maintained the accuracy in the result, a minimum of 200 austenite

grains were measured for each specimen.
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5.5.2 Grainsizedistribution by Image Processingrogram
To measure and evaluate the grain dize MatLab facilities used to convéditie light
optical microscope(LOM) imagesnto artificial crystallographic orientation map

(COM) dataan image processing routine was programniigdsupervisoM. Nasiri

Light optical
microscopic image
(LOM)

Image processing
(Detection of
microstructures as a
separate object)

v

Assignation of random

orientation to each
object

Austenite
v

Artificial EBSD 0 o

0 5 10 15
Grain Diameter (m) «10°®

[111]

v
Grain size
measurement

[001] [011]

Figure23. Flowchart and procedure of grain size measurement by Image processing model
developed by supervisor M. Nasiri.

As shown inFigure23, the grain boundaries in the LOM image are detected after
filtering and sharpening then the grains are constructed by tracing the grain
boundaries. The routine identifies each grain as an individual object and assigns a
random orientation to each object @nproduces a artificial COM data file. Using the

MatLabscripts The size of each grain is calculated and those data can be exported as

an Excel or MtLabfile.

50



Figure24(a) shows the initial microstructure of asceived AISI 3@4andis the same
picture after image processinghe last picture othe right-hand sideshows the grain

diameter distribution

Figure24(b) shows the initial microstructure of AISI 3Cafter cold rolling with 50%
deformation and recrystallization heat treatment for 800°€D min.Depicts the LOM
picture after image proessing andhe last picture ofthe right-hand sideshows the

grain diameter distribution

24 (a). The microstructure of The same picture after Shows the grain diameter
the asreceived specimen in  image processing. distribution.
the initial condition.

24 (b). LOM image of Processed LOM image of Grain diameter distribution
recrystallized 50% cold rolling recrystallized 50% cold by artificial EBSD map.
reduction. rolled.

Figure 24. The LOM and image processing program results of thee@sved plate (a) and
recrystallized 50% colblled figures (b), Processed LOM image figures, and the last pictilme of
right-hand side shows the Grain diameter distribution figures.
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5.5.3 AverageGrain size measurement

The average austenite grain sigéncreasing as &unction of annealing temperature
and time. To determine the average grain size of different heat treatmenitg t
recrystallized50% colerolled (average grain size 6umjas placed for an annealing
temperatureat 900°C with differentioldingtimes, the average grain sizgrew with
increasinghe annealingime, the normal grain growth wasebservedbut it was a very
slow processThe total average grain size waseasured21um at atemperature of
900°Cfor 120 minutes The asreceived and recrystallized 50% cotilled specimens
were placed for further grain growth heat treatmeat 1000°Cwith different holding
times, normal austenite grain growth was observadboth specimenas shown in
Figure25(a)and p). The average grain size of ther@seivedspecimernremains stable
YR AdG 61 a YSIFadzNBR on>Y o6& GKS fAYySEN
processing program was measured around 28pmshown in Figure 25(a). The
histogram shows thelistribution of grain sizeof each temperature and timen
micrometre (uLm). Meanwhile, he averagegrain sizeof recrystallized 50% coloblled
specimenwas measurel around 28> Yby the linear intercept methodand 3um by

the image processing madl can be seen iRigure25(b).

of grain di;

jteoum | Grain Diameter (m) 10

25 (a). LOM image of the aeceived plate The histogram shows thdistribution ofgrain size
heattreated at 1000°E 60 min, the average of the asreceived plate AISI 304

austenite grain size/as measure@0opm

Histogram of grain di:

10 12
100 pm Grain Diameter (m) 10°

25 (b). LOM image-of recrystallized 50% co The histogram shows thdistribution grain size of
rolled heattreated at 1000°Q; 60 min, the recrystallized 50% colalled AISBOAL
average grain size was measured 28um
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Grain growth heat treatmentemperature 0f1100°Cthe normal grain growttwas
observed in theasreceived andalso inrecrystallized 50% colblled specimenss
shownin Figure25(c) and(d).

The average austenite grain size was increased-nre@svedplate after 60 minutes

of annealingup to 50um and the total average grain size was measbyethelinear
intercept method around@9um (30um in the beginning)

The average grain size was measuredahymage processingrogramaround 74um
shownin Figure25(c).

Whereas in the recrystallized 50% cotlled specimenthe total average grain size
was measured by the linear intercept method around 64um (6um in the beginning),
and by the image processing program the average grain size was measured 59um can

be seen irFigure25(d).

At a temperature of 1200°C, the abnormal grain growth of some grains was observed

in both specimens and it can be seerfrigure25(e) and (f).

The average grain size of theraseived condition was increased up to 86um after 60
minutes of heating and measured by the linear intercept method and by image
processingprogram, the total average grain size of the-raseived plate was

measured 81unas shown irFigure25(e).

Thus, the average grain size of recrystallized 50% ot specimen was counted
84um by the linear intercept methoand the average grain size was measured by the

image processing pgyam around 81uncan be seen ikigure25(f).
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of grain d
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Grain Diameter (m) %104

25(c).LOM image of the aeceived plate heat The histogram shows thdistribution of grain
treated at 1100°C¢ 60 min, the average size of the aseceived plate AlSI 304
austenite grain size was measuredsdfum.

of grain d
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200 Grain Diameter (m) %108

25 (d). LOM image of recrystallized 50% co The histogram shows thdistribution of grain
rolled heattreated at 1100°Cg 60 min, the size of recrystallized 50&6ld-rolled AISI 304
average grain size was measu&gim.

Histogram of grain diameter

Count

05 1 1.5 2
Grain Diameter (m) %10

25 (e). LM image of ageceived plate heat The histogram shows thdistribution of grain
treated at 1200°@ 60 min, the average grai size of the aseceived plate AlSI 304
sizewas measured 4um.

Hi: of grain d
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25 (f). LOM imageof recrystallized 50% colc The histogram shows thdistribution of grain
rolled heattreated at 1200°Cg 60 min, the size of recrystallized 50% ceatdlled AISI 304
average grain size was measureighs.

Figure 25. The grainsize distribution by image processing programme and linear intercey
method at different temperature and holding timdigy(re a to f).
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The trend of grain growth in recrystallized 50% ewliied specimen at a temperature

of 1200°C with different timérames see ifrigure26.
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Recrystallized6pum Grain size) 1200°C; 5 min
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1200°C; 10 min 1200°C; 15 min

1200°Q; 30 min 1200°Q; 60 min

Figure26. The trend of graigrowth in recrystallized 50% celdlled specimen at a temperature
of 1200°C.
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The Figure27 and Figure 28 shows the grain growth in the asceived plate and
recrystallized 800°C; 60 min 50% coldolled at various temperature At a
temperature of 1100°C, the grain growth is a fast process in the beginning in both
specimens but by increasing the time of annealing, the grain growth slows down. At a
temperature of 1200°C, the grainagywth was observed a fast process from the initial

to the final heating time (5 min to 60 min) in both specimens.

Average Grain size of As - received plate by Intercept and
Image Processing Method

100
90
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E so
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0
Initial 1000°C - 60 1100°C - 60 1200°C - 60
Condition min min min
Time & Temp

¥ Intercept Method  m Image Processing

Figure27. Shows comparison of average grain size measurement by the linear intercept
image processing prograof the asreceived plate at various temperature and time.

Average Grain size of Recrystallized 50% cold-rolled by
Intercept and Image Processing Method
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Figure28. Shows comparison of average grain size measurement by the linear intercept &
image processing program of the recrystallized 50%@iled specimen atarious temperature
and time.
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5.5.4 Development ofGrain size

The error bars in the micrographs show the standard deviation from the mean value.

In each sample there are plenty of grains, the mean value is the mean grain diameter

of all of them. The deviation is calculated according to the difference between the
meanvalue and size of each grakigure29 shows the grain diameter as a function of

heat treatmenttime at 1200°C along with the processed LOM picturethefheat

treated samples. As shown Kgure29, the grain diameter increases rapidly in the

early stages of heat treatment and reaches aroufid & | 60 inBINds

Figure30 shows the result of the same heat treatment applied to samples with an
AYAGALFE 3INFAY RALFYSGO SiNbedehinning is faspand iKgets 3 NI A
slower by increasing the time of the heat treatment and reacBds ¥ | F G SNJ cJ

minutes.

120 = ‘
!

100 . -

Grain diameter (m)

0 5 10 15 30 45 60
Time (min)

Figure29. Grain diameter evolution during isothermal heat treatment of the sample recrystallize
50%coldrolled with an initial grain diameter of 6um at 1200°C.
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Figure30. Grain diameter evolution during isothermal heat treatment of the sampieesived
condition with an initial grain diameter of 28um at 1200°C.

Figure 31 shows the grain evolution at 1100°C together with the processed LOM
pictures of the heatreated samples with an initial grain size of 6um which increases
dzLJ 42 cn>Y FTFG4SNIcn YAydziSa G mmnnc/ o

0 2 5 7 10 30 60
Time (min)

Figure 31. Grain diameterevolution during isothermal heat treatment of the sample
recrystallized 50% colwlled with an initial grain diameter of 6um at 1100°C.
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Figure32. Grain diameter evolution during isothermal heat treatment of the sarapieceived
condition with an initial grain diameter of 30um at 1100°C.

Figure32 depicts the grain diameter changes by heat treatment at 1100°C. The grain

growth at 1100°C is slower than that observed at 1200°C showigime30.

The mean grain diameter after 60 minutes of heat treatment is arordjgm while

the grain diameter was around 30um in the beginning.

Figure33 and Figure34, shows the grain diameter evolution during the isothermal

heat treatment at 1000°C for samples with the initial grain diameter of 6um and 28um

respectively.
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Figure 33. Grain diameter evolution during isothermal heat treatment of the sample
recrystallized 50% cofwlled with an initial grain diameter of 6um at 1000°C.
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Figure34. Grain diameter evolution during isothermal héagatment of the sample aseceived
condition with an initial grain diameter of 28um at 1000°C.
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5.6 VickersHardnesslest

Three hardness Vickers measurements were conducted for each speecimébe
borders and the middle of eaamounted sample TheVickershardnessresponse of

the samplesn the initial conditionis shown irFigure35.

Vickers Hardness Response
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__ 500
-
=
° 400
3
™
= 300
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e
£ 200
B
T
” i I I I
0
As-Received 25% Cold-Rolled 50% Cold-Rolled 67% Cold-Rolled
Samples

M Initial Condition ™ Recrystallized (800°C - 60 min)

Figure35. Comparison of Vickers hardness results between the specimens in the initial condit
recrystallized at 800°€60 min (6um).

The coldrolled specimens contain a high value of hardness in the initial condition due
to the presence of deformaticinduced martensite (DIM) by cold rolling. After various
reversion treatments, the value of hardness decreases in therotlield specimens
and improvinghe mechanical propertiesuch as tensile strength, yield strength and

toughness

The recrystallized specimens have more or less the same hardness values as-n the as

received plate in the initial condition as showrFigure36.
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The comparison of hardness values of grain growth specimens including the as
received plate (initial grain size 30um) and recrystallized 8@080min 50% cold

rolled (initial grain size 6um) as showrFigure36. The average grain size is inversely

proportional to the hardness value.

Vickers Hardness Response
250

200

150
100
5

900°C-5 900°C-60 900°C- 1000°C-2 1000°C- 1000°C- 1100°C-2 1100°C- 1100°C- 1200°C-2 1200°C- 1200°C-
min min 120 min min 30min  60min min 30min  60min min 30min  60min

Hardness Value (HV)

o

o

Temp & Time

u As-received plate w1 50% cold-rolled (recrystalized)

Figure36. Comparison of Vickers hardness value between the@sved plate (initiagrain size
30um) and 50% colblled recrystallized at 800430 min (initial grain size 6um) after various
grain growth heat treatment.
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6 Summary

The behaviour of coldolled deformed metastable austenitic stainless steel I3@4s

investigatedthrough various heat treatments

1 To determine the kinetics of reversion transformation of deformatioduced
martensie (DIM)

1 The impact of time and temperature on the occurrence of recrystallizaition
the different cold-rolled deformed specimensuch as 25%, 50% and%7

1 The effect of heating rateand time on the austenite grain growth after

recrystallization and asreceivedcondition.

Thecoldrolled deformed specimens contateformationinduced martensite (DIM)
and DIM consist o& ferromagnetic { -Omartensite and parageneticfmartensite)

phase

The specimens were analysed usihg@ magnetic induction device Ferritscope to
obtain the value of magnetic phasés-(ferrite andh - martensite) At least 60to 100
readings were takem each casé&rom the different point areagborders and middle),

and different planes such amormal, rollingandtransverseplane

The microstructural studies of AISI 3@ere conductedvith the help oflight optical
(LOM), Scanning electron microscope (SEM), Electron backscatter diffraction (EBSD)
and Xray diffraction (XRD). The XRtteas beernconductedto confirm theexisting

phasedn the coldrolled deformedspecimen

The reversion annealingf DIMwas performedn this studyin a temperature range of
600°C to 800°C with different time frames.

The asreceived plate with an average grain size of 30um in the initial condition and
recrystallized 800°€60 min 50% coldolled with average grain size 6um were chosen
for austenite grain growth heat treatmenwith a temperature range of 900°C to
1200°C with differenholdingtimes.
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6.1 Conclusion

The calibrateddevice Ferritscopeconfirmed, that the asreceived plate contains
approximately3%t! -ferrite in the initial conditiordue to solidificationThecold-rolled
specimens contaiadditionallythe magnetic phasé @artensite The amount ofh -O
martensiteincrease due to the increase of cold rolling deformati@merefore 67%of
cold-rolled specimen contained mote Gnartensitethan 25% coldolled. The result
of x-ray diffraction(XRD) showed sonttegmartensitein the 25% coldolled deformed
AISI 304in the initial condition

After reversion annealingt 600°Cthe light optical microscop€LOM result did not
showsignificantevidence of reversion afeformationinduced martensit€DIM)while
Ferritscopegave evidence adecreasing of magnetic phases at this temperature. At a
temperature of 700°@ 180 min,Ferritscopeand LOMesults gavestrongevidence of
reversion oft &I NI Sy & xmaSensitelzémained stable 25% and 50% cold
rolled specimen whereas 67% calulled became completely recrystallized this
temperature and timeAt the same temperatur&00°Cwith alonger annealing time

of 240 min,the electron backscatter diffractionEBS[Pand LOMimage processing
phase fractioNB a dzf 1 & O2 y F A NMB&tensite SthehBantadstente y 2 T
phase The reversion processt DIMwas observediery slowat a temperaturerange

of 600°C to 700°@ 25% and 50% colwlled specimens, andt 700°G 180 minvery
tiny recrystallized straifree austenite grains were formed in the deformed regain
50% coldrolled specimenThe reversion of DIM was observiedbe a fast process at

a temperature of 800°Gafter 60 minutesof annealing the 25% and 50% cotiled
specimens became fully recrystallized wéh average grain size of 6uriigure 37
gives the detailed results okversion of DIM at different temperature and times in
25%, 50% and 67% celolled specimens.
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Reversion of DIM
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Figure 37 Shows the reversion of deformatiamluced martensite (DIM) at different temperatur
and time in 25%, 50% and 67% eRlolled (€R) specimens.

The austenite grain growth was observed very slow process in recrystallized 56% cold
rolled specimen at a temperature of 900°C and 1000°C, whilenecasved specimen
austenite grain growth was not observed and average grain size remained stable at
30um.At a temperature of 1100°C, the grain growth was experierasadfast process

in the beginning but witha long annealing timgthe grain growthslows down. The
average grain size of @sceived was measured 79um and recrystallized 50%- cold
rolled was measured 64um after 60 minutetannealing at 1100°C. The austenite
grain growth was observedss afast process from the beginning of annealing in both
specimeans at a temperature of 1200°The average grain size was measured i as
received condition after 60 minutesf annealing timeat 1200°C86um (30um was in

the initial condition), and the average grain size of recrystallized 50% ai¢d was

measured 81m (6um was at the beginning of annealing)

Figure 3, shows the tendency of grain growth in the-rageived plate (initial grain
size 28um) at a temperature range of 1000°C to 1200°C with different holding times
from (2 min to 60 min). The average graine was measured by an image processing

program. Figure @ shows the tendency of grain growth in the 50% ewlided
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recrystallized at 800°€C60 min (initial grain size 6um) at a temperature range of 900°C
to 1200°C with different holding times from &n to 60 min). The average grain size

was measured by an image processing program.
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Figure 8. The tendency of grain growth in the-seceived plate was measured by an ime

processing program at the temperature range of 1000°C to 1200°C at differielimg times from
(2 min to60 min).
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Figure 3. The tendency of grain growth in the sample 50%-colléd recrystallized at 800360

min (6um) was measured by an image procespimogiramat the temperature range of 900°C 1
1200°C at different holding times from (2 mir6tmin).
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6.2 Outlook

In order to meaure the magnetic phasgd & I NJi Sy & X feBite)linythe cold
rolled deformed austenitic stainless steql&SSk the magneticinduction device
Ferritscope isconsidered areliable measuring method. The device should be
calibrated before employed to the specimens, and to maintain the accuracy in the

result at least 40 to 80 readings have to be taken from different areas cftbeimen.

Due to resemblance in the texture of deformatiomduced martensite (DIM) phases
h O yrRartensite the light optical microscope (LOM) does not distinguish the two
phases. Therefore, electron backscatter diffraction (EBSD) aay diffractionare

reliable techniques to evaluate the DIM phases in the plastically deformed material.

The presence of ¢ martensite in the plastically deformed ASSs still debatable, due to
cold deformation and the existence of high residual stressas very diffcult to

identify the actual amount of ¢ martensite by EBSD and XRD test.

To measure the average grain size the linear intercept method is considered time
consuming and needs to count a minimum of 100 to 150 intersects point to meet the
accuracy in théinal result. While an image processing program is less time consuming
providing the detailed results of each grain diameter and average grain size within a

few minutes. The image processing progna@uaognisas each grain as a single object.
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8 Appendix

Aqueous nitric acid electrolyte etchant revealed the grain boundariesAoS|

304L.

The25% coldrolled specimen light optical microscope (LOM) images.

(a) Normal Plane (NP) (b) Transvers@lane (TP)
Figure40. Heated treated at (600°€ 90 minutes).

(a) Rolling Plane (RP) (b) Transverse Plane (TP)
Figure4l. Heated treated at (700°€¢ 180 minutes).
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