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ABSTRACT

THE EFFECT OF SI AND MO ON THE ISOTHERMAL
TRANSFORMATION TREATMENT AND TEMPERING OF A BAINITIC
MEDIUM C STEEL

Kafadar , G¢l ten
Doctor of PhilosophyMetallurgical and Materials Engineering
SupervisorProf. Dr.Bi | gehan ¥gel

December 2021101 pages

Bainitic steelshavebecomepopular in recent yeathatgenerally includemedium
high C(-0.51%), high Mn(1-2%) and high Si (~R%) because of their high
mechanical propertieslowever, their transformation time is very longl@ days).

In this study, onef the maingoalis to obtain bainiticsteels whichhaveshorter
bainitic transformatiotimes.This may be achieved by changing Mo and Si ratios in

the alloys.

In this thess study,isothermal transformation treatment and tempering of a bainitic

medium C steebre investigated.This research work aims to study the effect of

2wt%Mo on bainitic transformation kinetics and bainite morphology in 0.6wt%C
1.2wt%St1.0wt%Mn (60SiMrb) steel Different heat treatments were applied for

bainitic transformationin the first set of specimenaystenitization was done at
950AC. It iI's foll owed by ansandshighener mal
temperaturesSecond set ofpecimensverea u st eni t i,ragidly caolkdi® 50 AC
salt bath and isotheiBMA@AICYfDredi élfiebenwe i
Another set of specimens weepidly cooled in oil after an austenitization treatment

and then tempered intheteenp at ur e r a5 %G N&dhessaedthgadd



tensile testing were applied to investigate the mechanical propénti68SiMn5

specimens, the amount of retained austenite increases with increasing the amount of

bainite but no retained austenite ibserved in bainiti2wt% Mo addition of
60SiMn5specimens2wt% Mo addition of 60SiMn5 specimesisows thesecondary
hardening effect peak upon tempering at 500
hardening would also contribute to the behavior of Mo in tempered bainitic steels.

Keywords:Bainite Transformation; Microstructure; Secondary Hardening; Bainite;
Tempering
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ilavesinde60SiMn5beynitiknumuneleridek a | é nt € © s %2Moilavesig® r ¢ | me z

olan 60SiMn5 numunelerinde5 0 0 A @mpkremeneticesindd ki nci | sertl ekm
tepe nbkkeKskéi nci |l sertlekmenin incelenmesi,
-eli klerdeki davranékéna da katkeéda bulunac
Anahtar Kelimeler:Beyn i t D% n¢ K¢ mg; Mi kroyapé; Kkincil
Temperleme

viii



To myspecialmom, super dad, best sister evaly loveandalsomy little

princesK p ® ke born



ACKNOWLEDGMENTS

First of all, | wouldlike to thankto my dear advisor Prof. DBi | g e h avho ¥ g e |
has been teaching and guiding me for whole time from the begirihengas always

been leading and encouraging me without any hesitation and helped me to solve the
problems with innovative appach | appreciate so deeply and am so thankful for

every year of study with him.

| am grateful to Prof. Dr. Ali Kalka@for his help,and valuable comments on alloy
preparation. | also would like to thank Bor o f . za@rb¢z, FRaE. Dr. Abbas
Tamer¥ z d e, . Kazam Tur, andD r . Koray Yurtekeéek for thei

during my thesiperiod

| am so thankful tofte valuabld>-211 Labmembersl would liketo thank mylovely
friendsMe r v e ¥ z k udndl Aziz TasemAstaged | | u , alwalhisavithane e

and motivates me with atheir positiveenergy and friendshgp

My lovely mother SemaK € |agd-fatherA h me t ... khe twé most important
people in my life who have been with me from the very beginning ohttademic
career | know you have beeriired asmuch as me through this periodou have
ercouragel me anytime when | felt tired and disappointetliknow, | would never

havegot my PhDdegreewithout supports of/ou.

My dear sisteand best friend° zdenur, you have al ways been
me in this life. Whenevel lost my way, you enlightened mkevery appreciate you

for that you have alwayiseen with me.

Of course, should mention theupport of mylovely husbangdMurat. Thank you for
reminding me every time that | am strong enough to do anythimguld also like
to thank mylovely daughterK p éokbe borrwho accompanied me during thetlas
monthsof my doctoratgeriod She gave méheemotionalpowerl needandhelped

me to concludeny thesis process in a calmer and more beautiful way.



TABLE OF CONTENTS

D OO PP E PP P PR PPPPPPPPTPI vii

ACKNOWLEDGMENTS. ...ttt a e e X.
TABLE OF CONTENTS... .ottt Xi

LIST OF TABLES.......c et eee e Xiii

LIST OF FIGURES ... ..t aeeeees Xiv
LIST OF ABBREVIATIONS.......eiiiii ettt eeme e XVii

CHAPTERS

1 INTRODUCTION. ...ttt emme et e e ernmaeeene e e eeenes 1
2 LITERATURE REVIEW.......e e 5
2.1 BAINITE FORMATION ...t 6
2.1.1 UPPEI BaINITE ...oiiiiiiieeeeeeeeee e 7.
2.1.2  LOWET BaANITE ..ot 8.
2.1.3  The Behavior of Alloying Elements..............ccccoiiimiimmmnniiiiiiiiiiee 10
2.1.4  Carbide PrecCipitation............coouuiiiiiiiiiiccceeee e 15
2.2 TRIP STEELS .. ..o e 16
2.3 ToCONCEP T e 17
2.4 ALLOY DESIGN. ..ottt ee e 20
2.5 LOW TEMPERATURE BAINITE ... 21
2.6 MOTIVATION OF THE THESIS STUDY......ccoiiiiiiiiiiee e 26
3 EXPERIMENTAL ...t 29
3.1 AlIOYS <. 29

Xi



3.2 Experimental Method..............ooooiiiiiiiieeee e 30
3.2.1  HeatTreatment STUAIES. .......coviiiiiiiiiiii i 30
3.3 Characterization Methods.............cooiiiiiiiiieen s 36
3.3.1  Optical MiCroscopy STUAIES......ccceveeiiiiiiiiiiiiieeee e 36
3.3.2  Scanning Electron Microscopy StUudi@S..........cceeeeeiiiiiiieeeiiieeeeeeee, 36
3.3.3  Carbide EXraCtion........ccuuuuuririiiiiiie et e e 36
3.3.4  Mechanical Characterization.............ccccvviiiiiieemeiiieeeeeeeeeee e 37
3.3.5 Retained Austenite Determination.............cccvevveericcerenscnneeeee e 37
4 RESULTS AND DISCUSSION.....ccuuiiiiiiiiiiii e 39
4.1 Microstructural EXamination..............ccccuuvuviiiimmmniiiiiiiiiiieeeeeee e 41
4.1.1  Isothermal Treatment Studies ofMIN-Si alloy.............ccevvvviiiiiiiieennns 41
4.1.2  Isothermal Treatment Studies ofMN-Si-Mo AllOY ...........cccceeviiiinnnn. 52
4.2 Carbide EXtraction StUTIeS............ocviieiiiiiiiieemiiieeee e eeeas 62
4.3 Tempering StUdIES......ccccoevieieeeiiiieeeeeee e 64
4.4 Mechanical Properties............ccoouiviiiiiiieeee e 69
4.4.1 Hardness MeasUIremMENLS............uuiieiiiiiimemiieeee e e et ee e eeeeseees 69
442 Tensile TeSt StUAIES..........uuiiiiiiiiiiiiieeei e 73
4.5 Bainitic Transformation and Retained Austenite Determinatian......78
5 CONCLUSION ...t eeee et eee e e e e e e e eeees 91
REFERENGCES ... ..ot ee e 93
CURRICULUM VITAE ..ottt 101

Xii



LIST OF TABL ES

TABLES

Table 2.1The chemical compositions of the neanostructured bainitic steel [19].

...................................................................................................................... 12
Table 2.2The chemical composition of the bainitic steel [36]....................... 12
Table 2.3The chemical compositions of bainitic steel [40]..............cccvvvveen. 13
Table 2.4The chemical composition of bainitic steel {39]. ..........cccccovvvvvinnnn. 13

Table 2.5 The chemical compositions of the first set of designed bainitic alloys [8].

..................................................................................................................... 22
Table 2.6Quantitative data of Mn, Nil, and Ni2 alloyS..............ccvvviveiiieennne 24
Table 2.7The chemical compositions of the new set of designed bainitic alloys
VL5 1 1 PR UPPRPPPP 24
Table 2.8Quantitative data of new designed allays...............ccccceeiiicceeeennnnns 25
Table 3.1 Chemical compositions of theM-Si and GMn-Si-Mo alloys (wt. %).
..................................................................................................................... 29
Table 4.1 The calculated bainite transformation times extrapolated from the
calculated TTT diagram for-®In-Si and GMn-Si-Mo alloys.............ccccceeeennn. 41
Table 4.2. The obtained phases as a result of heat treatments................... 52
Table 4.3. The obtained phases as a result of heat treatments................... 62

Table 4.4 The possible carbides, apgmate composition, space groups and

carbide conSIStiNg SPECIMENS........uuuiiiiee e ceeercce e e erne e e e e e e 63
Table 4.5 Hardness measuremMentS.........cooeeviiiiiiiiccmee e e e e eeeeeiieeeeeeenees 70
Table 4.4 Tensile testing of Specimens.............cccceccivieeeneeescciiiiiiiiveeeeeeen [ 4
Table 4. 7Retained austenite MEASUIEMENLS..........ccevviiiiiiiiieeniieieeieeeeee e 79

Xiii



LIST OF FIGURES
FIGURES

Figure 2.1Fe-C phase diagram of a euteict steel...............cccoovvrvriiiieenn e, 6
Figure 2.2. Optical micrographs of a eutectdekt(a) pearlitic structurgb:c)
bainitic structure, (d) martensitic StruCtyiBF]. ...........cccccvvrvrriiiiiieeeeee 7
Figure 2.3. A schematic view of carbonfdgion during the bainite transformation
LS RSO URPRPOPPPRI 8
Figure 2.4. Calculated lower bainite transformation start temperaturgsiior
carbon steels as a function of transformation temperature [15].................... 9.

Figure 2.6. Optic micrographs of the bainit
days, (a) for 4 days and (d) for 6 days [40)-........cceeueerermmmiiccreeeeeiee e 14

Figure 2.7. The changes of phases and hardness values in bainitic steel isothermal
treated 200 UC..f.or..1..1.0..10..da.ys....15

Figure 2.8. Definition of theglcurve [18].......cccooviiiiiiiiiiiiieeee e, 18
Figure 2.9. Lever rule applied to the durve to determine the allowable fraction of
0= ] 1 = PPUPRR 19
Figure 2.10. Definition of thegland 6 c ur v.e...[.1.8. ] .ccceeiiiin. 20

Figure2.11. EM mi crograph of bainiti.c..m22crostruct

Figure 2.12. Transmission electron micrographs of bainitic ferrite and retained

austenite films (a) Nil alloy; (b) Ni2 alloy [8]........cuuumiiiiiiiiiiiiiieeeiiiiiieeeee 23
Figure 213SEM mi crographs from 0. 3BAI N1 to 0. 3BA
(b:d) 500AC.,..r.es.pec.t.i. Vv el Y., 25

Figure2.14.a)d®¢ curve and b) TTT diagr.amof the de
Figure 3.1. The photographs of (a) Muffle furnace, (b) Salt bath, (c) Dry heat oven.

..................................................................................................................... 35
Figure 4.1 TTT diagrams of @Mn-Si and GMn-Si-Mo alloys, respectively.....40
Figure 4.2 SEM micrograph of 900T-200-12..........cccvvieieeiiiiiiiisceeeie e, 42
Figure 4.3. Heat treatment flow OfM@N-Si dlOY. ......coovveviiiiiiiiiiiiiiic 43

Xiv



Figure 4.4. SEM micrograph of Q.........cccooeeiiiiiiiiiice e, 44

Figure 4.5. SEM micrograph of {Z00-1h.............oovvvmiiiiiiiiiiiecceee e 45
Figure 4.6. SEM micrographs of (a) IT260and (b) IT20a12............cccceeeeennnnn. 46
Figure 4.7. SEM micrograph of T2 ............c.ovviiiiiiiieieeceeeieieeeeee e a7
Figure 4.8. SEM micrograph of {Z50-1..........ccccoeeiiiiiiiiiiiieeee e 48
Figure 4.9. SEM micrograph of {Z50-12...........ccovvviviviiiiiis i 48
Figure 4.10. SEM micrograph of 4300-1/4..........oovvvvvviiiiiiiiiiiiianiiieeeeee . 49
Figure 4.11. SEM micrograph of 4300-1.........ceemiiiiiiiiiiiiiiiiiieeeeeeeee e 50
Figure 4.12. SEM micrographs of IT3@0...........cccoviiiiiiiiiiiieee s 51
Figure 4.13. Optic micrographs of homogenizeM@-Si-Mo alloy................... 54
Figure 4.14Schematic representati@f the homogenization process............ 54
Figure 4.15. Heat treatment flow ofMIN-Si-Mo alloy............cccooeviiiiiiiiiccennnn. 55
Figure 4.16. SEM micrograph of MQ. ..........oovviiiiiiiiiiie e 56
Figure 4.17SEM micrograph of IT230-1........ccovvmiiiiiiiiiiiiii e 57
Figure 4.18 SEM micrograph of MAT-230-12..........ccueiiiiiiiiiiiiiiiieeniiieeeeeeeennn 57
Figure 4.19SEM micrographs of M&T-230-24..........ccccciviiiiiiiiieieeeieeeeeee 58
Figure 4.20SEM micrographs of MAT-23048............ooevvrrivviiniiiiimmeeeeennnnnnns 59
Figure 4.21SEM micrograph oMo-1T-2801...........covvvirriiiiiiiiiceeeriin. 61
Figure 4.22SEM micrograph of MAT-280-12...........ccuviiiiiiiiiiiiiiieeniiiiieeeeeen 61
Figure 4.23The hardness of martensitic and bainitid/@-Si alloy................... 66

Figure 4.24. The hardness results of martensitic and bainMo-Gi-Mo
] 01T .41 S O RUOSPT 67

Figure 4.25Hardness values of bainiticKn-Si and bainitic @Mn-Si-Mo alloy.

...................................................................................................................... 69
Figure 4.26Hardness vs. tempering temperature é¥1@-Si alloy..................... 72
Figure 4.27Hardness vs. tempering time ofMh-Si-Mo alloy......................... 13

Figure 4.28. Stress strain curves 0f230-12 and MeIT-230-48 specimens....75
Figure 4.29. Comparison ténsile strength and yield strength values of bainitic

and tempered martensiticl@n-Si-M0 SPECIMENS...........ccevvveeeereevviecmriinineee d 0

XV



Figure 4.30. Hardness values of the isothermal treatilh<Si and GMn-Si-Mo

=1 [0 YA SRS 77
Figure 4.31. Tensile strength values of the isothermal treatdd-Si and

OV [ B 1Y (o J= 11 [0 )2 T PP 18
Figure 4.32. The retained austenite contents of all the specimens.............. 80

Figure 4.33. Comparison of XRpatterns of Q, MdT-230-48, and IF250-12

specimens. In 25012 specimens, austenite peakd11),"Y200),"(220) are

ODSEIVEA. ... 81

Figure 4.34. The schematic drawing@T cur ve. At the right of t
bainitic reaction CannNOt ProCEEd..........ccceeeiiiiieiiiiieeeie e 83

Figure 4.35SEM micrograph of MdT-280-12. Very thin, elongated carbide

precipitation within and between the sheaves can be seen (white precipitad4s).

Figure 4.36. SEM micrographs of-BA00-24, IT-250-12, IT-300-3 and

MO-IT-230-48, r€SPECHVEIY......ccceeeeeeeeeieeeeeeeee s 38

Figure 4.37. SEM micrograph of M@ -280-12. Very thin, elongated carbide

precipitation within the sheaves can be seen (white precipitates)................ 89

XVi



Br

Bs

CCT

CP

FC

HV

HV30

LTB

PSE

RA

RT

SEM

TRIP

TTT

XRD

LIST OF ABBREVIATION S

Bainite Transformation Final Temperature
Bainite Transformation Start Temperature

ContinuousCooling Transformation

Complex Phase

Furnace Cooling

Vickers Hardness

Vickers Hardness under 30 kg load

Low Temperature Bainite

Martensite Final Temperature

Martensite Start Temperature

Product of Strength and Elongation
Retained Austenite
Room Temperature
Scanning Electron Microscopy
TransformatioAinduced Plasticity
Time-Temperaturelransformation

X-Ray Diffraction

XVii






CHAPTER 1

INTRODUCTION

In recent years, the pressure on automotive industry for safer, more energy efficient
andenvironmentally friendly cars lead to the replacement of mild steels with high

strength steels at an increasing trend [1]. Despite the competition from aluminum
alloys and magnesium alloys, steel is still a leading material that offers automakers

a robustand economical material for body structure.

Since, the discovery of bainitic microstructure and named in honor of E. Bain, many
commercial low carbon bainitic steels become available in the market. These include
creep resistant steels [2, 3], bainitic fiog steels [4, 5] and complex phase (CP)
steels with bainitic constituents [6, 7]. However, especially at high %C and %Mn
contents, the bainitic transformation limit may be reached, beyond which austenite
will no longer transform to bainite leaving bloclaustenite regions in the
microstructure. These blocky austenite regions together with the carbides
precipitated within and between the bainite sheaves degrade the toughness of bainitic

steels.

In recent years, Bhadeshia and Caballero has developed ao$éiggs carbon high
silicon carbide free bainitic steels with an ultimate tensile stresf@2t0 GPa and a
toughnesss high a80MPam'?[8-10]. The presence of high %Sippressethe
carbide precipitation within bainite sheaves (bainitic ferrite)e Tiansformation
carried out at lower temperatures (very close to Martensite Stght élso prevents

the blocky austenite formation and helps the retention of retained austenite between

the bainite sheaves and improves the toughnesssistance tarack propagation

However, at low temperatures, the bainitensformatiorcan be verylsggish and
may extend to Aays9 days [1114]. It is found that the growth of bainite cannot be

sustained once the carbon concentration of the austenite reachegtinesTof the



phase diagram [1%7]. The points where the free energies of austenitefarrite

are exactly the same, which have the same chemical composition, is called the T
curve Bhadeshia and Caballero has shown that several alloying elements like Al and
Co can shift th&@ to higher carbon concentrations and increase the rate ¢ibreac
[13,14,3]. On the other hand, Mn has an opposite effect. Althoudbdteasethe

Ms temperature and enhances strength of bainite dueansformationat low
temperatures, Mn alstecreasethe rate of the reaction. In a study, however, using

a lower content of Mn shifted th& curve to higher carbon concentrations and
permitted a higher degree of transformation to bainitic ferrite without too much loss

in strength [9)].

In studies of higlstrength bainitic steels, the Mo content is kept loav,in the range
0.2%0.4% to avoid temper embrittlement. However, Mo as an alloying element
have several important effects on steedulipressegrimary ferrite and pearlite and
hence enhances bdma formation [20-23]. Depending on the heat treatment
procedure Mo may cause secondary hardening in steels, by replacing coarse
cementite precipitation with a much finer alloy carbide dispers26h Mo is also

used as soligolution strengthening elemen

The aim of this study is to produce the finest possible bainitic microstructure by
transformation at the lowest possible temperature by decreasing bainite
transformation temperaturesd increasing the maximum volume fraction of bainite

in the final microstructure.

This study is focused asothermal transformation treatment of a bainitic medium C
steel. In this experiment, two main parameters areestigated transformation

temperature andMo, Si content. Theeffect of these parameters on bainite
morphology, retained austenite contewctirbide precipitation and mechanical

properties are investigated.

The following chapters include literature review, experimental, resaitd
discussionand conclusionsiespectively. In thesecond chapteimportant points

about bainitic formation, carbiefeee bainitic steels, and low temperature bainitic



steels will bementioned. In thehird chapter the experimental methods pnano
bainitictransformation on low alloyed steels will be explained. Irfolieth chapter
microstructural and mechanical results will be investigatestussed and compared
with the literatwe together. In the final parthe results obtained from the study and

its contributions to the literature will be indicated.






CHAPTER 2

LITERATURE REVIEW

Different microstructures may be required place of use of the steels. For example,
hot rolled, or cold rolled, oheattreatedsteels have different performances and so
different microstructuremay beachieved. Some traditiontchniquegiuring heat
treament may provide good mechanical propertiespecially, quenching causes to

big increases in the strength valu&kerefore this method is preferred to increase
the strength of the material. However, the cost ofgtrenchingprocess is so high.

The stel needs to be heated to the @Q0CC range and then quenched to achieve

a martensitic microstructurén addition, after the quenching procetb& quenched

steel need# temper for two hours. This tempering process also increases the cost
[24].

Theuse of bainitic steels is preferred in various mobile vehiclgls The reason is

that there is a decrease in the total weight of the vehicle. Advanced bainitic steels
have a good elongation. This means that they have good ductility. The reason of this
ductility is their microstructure in which bainitic ferrite provides ductility. Bainite
phase is a hard phase. The combination of these phases may create good stretch
flangeability and bendability. A uniform fine lath microstructure is obtained in
advanced ainitic steels with bainitic ferrite matrix and bainite phases. Also,
martensite phase may cause differences in hardness. [Adtesegeneitieprovide

good deep drawability.

When we considered all these effects, bainite phase has an impedpecallyfor
mechanical properties of the materighe strength values of the bainite phases are
so close to the strength values of the martensite. In adtlititrese this phase has

a tough microstructure and tempering is not neelleslvery attractive thatoth the



toughness and strength valumgected to be obtained in maraging steels can be
achieved and it is 9 times cheap2®|[

2.1 BAINITE FORMATION

Looking at the TTT diagram @feutectoid carbon steel (Figuzel) as arexample,
themartensitic structure can only be observe
550AC, while the pearlitic s7TRQACurbknishbbs
temperature range, a new structure was fodrls structure islower than fine

pearlite andfaster than martensit€(),27]. Edgar Bain and Davenport (1930) first

found these structures which are their generic terms are bamuitebserved in the

optical microscopyFigure 2.2) This microstructure was expressed as acicular, dark

etching aggrega[15].

1200
1100 = Austenite (y)
1000 — |
Y + FpaC
900 —
— 800 —
&’
= o
700 0.80 3
Ferrite ()
600 — |
a + FesC
500 ; l L | |
{ 0.5 1.0 1.5 2.0 25 10

Fe Wt % C

Figure2.1. Fe-C phasaliagram of a eutecid steel
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10 pm

Figure 2.2. Optical micrographs of a eutectoid steel (a) pearlitic structimxe)

bainitic structure, (d) martensitic structyd].

The change in transformation temperature reveals two different bainitic structures,

upper bainite and lower bainite.

2.1.1 Upper Bainite

Upper bainite has a bulk structure that fills austenite grains whereas lower bainite
hasanacicular structure that separates austenite griirssobtained as a result of

isothermal heat treatment between ugperi ni t ® 50ALQ0AC N eut ect o
Upper bainite consists of thin ferrite p
plates are formed in clusters and this structure is known as bundle. In each bundle,

the plates are parallel to each other, and each plate has its own crystal arrangemen

The individual plates within the bundle are called thewnits. The sukunits are

usually separated by cementite particles or low irregular boundaries. Upper bainite
occurs in two distinct stages. In the first step, bainitic ferrite is formed wijhiaer

carbon solubility (0.02wt%). After the ferrite is formed, the remaining austenite
becomes enriched with carbon and eventually the cementite particles precipitate into

ferrite subunits in the remaining austenite layers. [15,20].



2.1.2 Lower Bainite

Thelower bainite is very similar to the upper bainite in terms of microstructure and
crystallographic feature#. the transformation temperature is quite low and close to
the Ms temperature of the steel, all the carbon supersaturated in the bainitic ferrite
plates will not be able to escape to the austenitecariddeswill precipitate inside
bainitic ferrite and in the carbon enriched austef#&29. This microstructure is
known as lower bainite. This bainite transformation may be seen clearly in Figure

2.3[15]. In the lower bainitecarbideparticlesareprecipitatedn ferrite plates.

Carbon supersaturated plate

Carbon diffusion into / Carbon diffusion into
austenite austenite and carbide

precipitation in ferrite

Carbide precipitation ¢
from austenite

%z

Upper Bainite Lower Bainite

Figure2.3. A schematic view of carbon diffusion during the bainite transformation
[15].

Bhadeshia explained thainly lower bainite is expected in steels with carbon
concentrations exceeding 0.4 %. Figurd ghows the calculated lower bainite



transformation start temperatures for plain carbon steels as a function of

transformation temperature.

700
|
ST
60O} *\-_\”
upper L
M. bainite ok
SO~ 4 S
O 500 o~ >
;- t)\\)d ower
,::g 100 ‘ThDU\ bainite
= martensite \\\
o ll o
& 300 A
E martensite
G .
’___' o \
200¢ o Bg
|
100}
|
7] SR, e
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Carbon content / wt%

Figure 2.4. Calculated lower bainite transformation start temperatures for plain

carbon steels as a function of transformation temperatéte [

In order to produce bainitic steel, it becomes critical that the pearlite and ferrite
region on the CCT diagram should be pushed as far to the right as possible to allow
for the bainitic formatior{fFigure2.5). At this stage, the role of alloying elemergs

quite large.
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Figure2.5. A schematic view of CCT diagram

2.1.3 The Behavior of Alloying Elements

Bainitic transformation is of great importance in the heat treatment of steels. In alloy
steels, pearlite and bainitic transformations are distinguished from each other.
Alloying elementsacceleratéhe formation of bainitic ferrite by separating the terri

or ferrite-austenite interfaces.

It may be valuable here to mention about the growth mechanism of bainitic ferrite in
lower bainitic transformation. Upon an isothermal transformation at low
temperatures, the bainitic ferrite grows into austenite. Afiter growth, the
supersaturated carbon in ferrite is partitioned with austenite due to a displacive
mechanism [28,29]. At this stage carbide precipitation takes place both in ferrite and
between austenite/ferrite boundaries. However, it has been showim thigels
containing high Si, the carbide precipitation in bainitic ferrite is retardgd$dicon

is very important alloying element in the alloy design. As a result, more carbon is
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partitioned between ferrite and austenite causing super saturatmstehite. The
austenite with excess carbon cannot transform to martensite upon cooling and retain
as thin austenite films between ferrite layekscertain amount of austenite may
remain in the microstructure at room temperature (RT) when the bainite

trarsformation is completed. This austenite is chfietained austenite (RA) [31].

Carbon is highly soluble in austenite and is a strong austenite stabilizer, which slows
down the reaction kineticéligh amount of Si and C, bainite plate thickness and
amount of residual austendee among the factors affecting the yield strengthen

the amount of high carbon residual austemteeases, the ductilitglso increases.

[32]. Silicon is very importanélloying element in the carbigfieee bainitic steels. It
dissolves very slightly in cementite. It especially prevents the carbide precipitation,
improves mechanical properties of the allSpmeCr and Mnadditionin the alloy
increases the hardnegd1-1433]. High amount of Si(>1.5wt%) delays the
cementite precipitation at high temperatures likeA80and therefore, istabilizes

austenite

Alloys designed by Yoozbashi et. al. are given in TaldeThey developed the new
alloy by revising the Steel A and Steel B obtained in their previous research. The
main purpose here is to reduce the amount of C (from 1 to 0.69 wt%) and Co (from
1.5 to 0.14 wt%) [19] By reducing the amount of Co, both a eef$éctive solution

is created and good mechanical properties are obtailbdn ©nsidering other
studies, it was seen that Co and Al were added to give the ductility and strength and
to accelerate bainitic transformatidri4,34]. This effect can also bechieved by
reducing the austenite grain size. The resulting microstructure has finer grains,

higher bainitic ferrite amount and higher hardré<s.
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Table2.1 The chemical compositions of the new nanostmext bainitic steel [19].

Cwt% Siwt% Mnwt% Alwt% Crwt% Co wt%

Steel A 1 1.5 1.9 - 1.25 -
Steel B 0.8 15 2 1 1 1.5
New Alloy 0.69 1.92 1.38 0.75 1.39 0.14

Molybdenum as an alloying element is so important in the alloy ddsidelays the
formation of ferrite and pearlite by splitting the bainite and pearlite noses in the C
curve of the continuous cooling transformation diagrgmviding thebainite phase

in wider cooling rate during continuous cooling) and so increases the formation of
bainite (depressing the bainite transformation start temperature to lower level above

the martensite transformation start temperat88) [

Manganese is a @exred alloying element due to some properties in the bainitic
steels. These are to decrease the bainite transformation temperature and improve
mechanical properties. Huang et 86|[investigated the effect of alloying elements

for same carbon amouiliTable 2.2) They use timiemperaturigtransformation

(TTT) diagrams to analyze this effect. Calculations showed that it is still possible to
accelerate the transformation kinetics. According to this research, reducing Mn has
a much greater effect than incseay Co in terms of accelerating the bainite reaction
which can bring significant cost reductioifiey revealed that Mn reduction has an

important effect on accelerating bainite formation at low temperat8égs [

Table2.2 The chemical composition tifie bainitic steel 86].

Cwt% Siwt% Mnwt% Alwt% Crwt% Mo wt% Balance
0.8 1.9 0.1 0.7 1.9 0.25 Fe

Soliman et.al. designed alloys including different amount of alloglgments
(Table 23). In alloys X, Y and Z, Al and Co are added to accelerate the bainite

12



transformation and Mn is set to 0.9 wt%, 0.3 wt%, respectidz1g8]. AmelFarzad

H. et. al. designed an alloy not including Mn elem&8}.[Decreasing or removal
of Mn has a twofold effect:

- The degree of bainitic transformation increases because tt@avie shifts to the
right.

- The transformation rate increases because the thermal stability of the retained

austenite lowers.

Table2.3 The chemical compositions of bainitic ste¢(].

Alloy Cwt% Siwt% Mnwt% Alwt% Crwt% Mo wt% Co wt% Balance

X 0.67 210 0.92 090 1.30 0.24 1.73 Fe
Y 055 210 0.37 090 147 0.46 1.8 Fe
Z 115 215 - 089 058 0.25 1.58 Fe

Alloy Z achieved a hardness value of 694 HV after treatment &C200 about 10
days. In alloy X, acceleration of bainite formation was obtained by decreasing the
carbon content. Bainite formation rate andtd&l amount increase lgecreasing

the carbon content.

Table2.4 The chemical composition of bainitic ste8F{39].

C (%) Si(%) Mn (%) Cr(%) Mo (%) V (%) Fe (%)

098 146 1.89 126 0.26 0.09 Bal.

Caballero et. al designed a low temperature bainitic steel. Its chemical composition
is in Table 24. They concluded that a significant amount of bainite can be obtained
if the transformati on t e mptenstimatiortmei s ke p't

kept at around two days. The transformation time required to obtain a completely
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bainiticmicrostricture is approximately 6 da{Sigure 2.6) Refining prior austenite

grain size and alloying with Al and Co could reduce the transformation time from a

week to a dayThe idea is to increase nucleation sites and reduce the driving force

for bainite transfomation. Precipitation of cementite in the bainitic ferrite was
observed after a transformation time of ten

found to be extremely fine, approximately 20 nm wide and 175 nm #ijg [

T

Figure2.6. Optic micrographs of tdag (bpf@Pnitic ste
days, (a) for 4lays and (d) for @ays BQ].

The phases formed with the change in the transformation time and theiesgardn
change (Figure 2) . During the transformation at 200
hardness occurred because the bainite replaces some of the martensite, then the

hardness increases with an increase in the fraction ofbfimete which has a
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hardness comparable to that of the mixture of martensite and austenite at zero

transformation time.
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Figure2.7. The changes of phases and hardness values in bainitic steel isothermal

treated 20a@®daydC for 1 t

2.14 Carbide Precipitation

There are two types of precipitatedrbideparticles: those growing from carbon

rich austenite, which separates the bainitic ferrite layers, and precipitates from super
saturated ferrite. Depending on the chemical composition and temperature, the
carbides in ferrite sometimes form as cementitesamdetimes as other transitional
carbides. It is important which carbide precipitates fi@@mentite particles are
undesirable due to the damage initiation effect on the microstructure. One of the most
effective ways to prevent the presence of cementitegtes is to add silicon to the

steel Silicon retards cementite formation ararbides usually precipitate as epsilon
carbide inside the bainitic ferrif@5, 20].

Normally tempering is not applied tbe bainitic steels. However, it is known that
Mo has several beneficial effects on alloy steels. It yields a secondary hardening peak
at around 55 when sufficient amount is added as an alloying element. Even when
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the amount of %Mo is low, the softening of martensite delays during tempering [20].
This dfect is attributed to the fact that the relatively coarse cementite dispersion is
replaced by a new and much finer alloy carbide precipitation. There are several
studies on tempering behavior of bainite. However, as far as gathered from the

literature, tke effect of Mo on tempering of bainite is very limited,42].

In steels where there is high concentration of silicon, cementite is usually seen as
carbide. But orthorhombic carbides,-@carbides and transient carbides are also

carbides that can be seerbiainite and tempered bain|tib, 20].

2.2 TRIP STEELS

TRIP steels actually fall into the advanced high strength steel class. They are
especially preferred in the automotive sector because they meet the two most
important demands of weighéduction and safetylf]. In transformationinduced
plasticity (TRIP) steelsthe microstructure contains enough residual austenite to
stress induced the phase (martensite or baindi4)) This causes an increase in
strength and ductilityThe effect ofetained austenite g important in TRIP steels.

The mechanical properties of TRIP steels are controlled by the residual austenite in
the microstructur@45]. TRIP steels are preferred in the automotive industry as they

provide good mechanical propesid6].

In a mixed microstructure consisting of bainitic ferrite and austehéejuctile films

of austenite were deeply dispersed between the ferrite plates and they have a crack
blunting effect. They cause the transformation of austeniteatibensite under the
influence of the tension field of a growing crack. Therefore, they further contribute

to toughness. This effect is named as T&fect [20].

Nowadays, TRIRaided bainitic steels with high silicon content consisting of
carbidefree banite matrix and retained austenite films have been stuBiedng

the bainitic transformation, the presence of high %Si suppresses the carbide
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precipitation within bainite sheaves and the surrounding austenite is stabilized due

to the rejection of carbdinom ferrite to austenite.

Depending on the carbon content, the TRIP steels can exhibit a wide range of
properties. Bhadeshia and Caballero has developed a series of high carbon carbide
free bainitic steels containing high C and high Si witlhuléimate tensile strength in

the range 2.0 GPa and a toughness of as high as 30MfP&.if)].

2.3 ToCONCEPT

To is a critical temperature to obtain the incomplete reaction of bainite during the
bainite formation. The bainite formation has a subunit growtthis growth, excess

of carbon transforms to austenite and forms residual austenite. Cementite formation
is observed between the ferrite plates. This process occurs until the value of carbon
concentration of the residual austenite is equal to the cadmaewtration of the free

energy of bainite.

The variation of carbon conceptaisteniteXy) can be calculated with this equation

(Eq.1.) B7.

w o v ééeeeéééeeceééeeceeceeééeeeeééEql

wheredjis the average carbon content of the alloy.

L is the volume fraction of bainitic ferrite.

i is the amount of carbon in solid solution in the bainitic ferrite.
The poinswhere the free energies of austenite and ferrite are exaethame, which
have the same chemical composition, is called tipoiht. The curve formed by the
changing temperature according to the changing amount of carbon describes the T
curve. If the amount of carbon is on the lower side of the curve, bainitic
transformation does not occur. If the amount of carbon is on the upper side of the

curve, bainitic transformation is possilple3].
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Figure2.8. Definition of the T curve [Lg].

The main aim of th& concept is to increase the maximum amount of bainite that
can be formed (Figur2.8 and 29). The permitted fraction of bainite is determined

by
i) lowering the carbon amount of tadoy,

il) changing the amount of the substitutional alloying elements,

iii) decreasing transformation temperature.
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Figure2.9. Lever rule applied to thegcurve to determine thalowablefraction of

bainite.

The point where the free energies of austenite and ferrite are exactly the same, which
have the same chemical composition, is called theoint (Figure 2.10)However,

if the stored energy of ferrite is also taken into account, Thezplaces with § (400

J motY). However, the stored energy term does not change the overall result, because
the To curve just shifts slightly and the relative positions are not aff¢dt&d

If the carbon content of the residual austenite exceedsoticar¥e on the phase
diagram, the maximum amount of bainite that can be obtained at any temperature is
limited [18].
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2.4

ALLOY DESIGN

The main purpose of alloy design is to provide the maximum amount of bainitic

ferrite formation. Some limitations may lacountered in this process, such as the

hardness of the steel preventing the formation of proeutectoid ferrite during cooling.

The desired microstructure consists of bainitic ferrite and austenite. In the alloy

design, some points need attentibonhigh strength steels, cementite initiates the

fracture. Bainitic ferrite contains almost no carbon. Since carbon shows a brittle

effect on ferritic microstructures, bainitic ferritic microstructures provide an

advantage in terms of strengHmne grain size of ferritplatess| e s s

t han

lem

Grain refinement is used to increase the hardness and toughness of the properties

[20].
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For a steel with a certain composition, the highest temperature at which bainite can
be obtained is the bainite start temperatugg, @hd the highest temperature &ieh

martensite can be obtained is the martensite start temperat)re (M

Alloying elements play an important role in determining the martensite and bainite

formation temperatures. The extent of this effect is explained by empirical formulas.

Bs( A C) 2B(#t06C)90(Wt%Mn)-37(wt%Ni)-70(wt%Cr)83(wt%Mo)by
Steven & Haynes4[].

Ms( A C) AZB@Bv19%C)30.4(Wt%Mn)}17.7(Wt%Ni) -12.1(wt%Cr) -7.5(wt%Mo)
+10(wt%Co0}7.5(wt%Si) by AndrewsH0].

2.5 LOW TEMPERATURE BAINITE

Nano bainitic steels can have strenglgctility and even acceptable toughness
values[51].

It is expected that the fine bainitic microstructure consists of nanoscale bainitic
ferrite layers and thin retained austenite films. It may be obtained by transforming
the bainite at low temperaturesdato add an alloying element that would retard

precipitation of carbide.

This fine bainitic microstructure was obtained in a high carbon high silicon steel by
i sot her mal heat treat ment at 21D ow toer
Microstructure is formedy 20-40 nm thick plates of ferrite and films of carbon

enriched austenite.
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Figure2.11. TEM micrographof bainitcmi cr ost r uc tblfr e at 200

Bhadeshia and his team worked on two silicontaining steels, F8.2G2Si3Mn

and Fe0.4G2Si3Mn. The aim was to obtain the optimum alloy having carbidefree
bainitic steels microstructure.

For this purpose, Caballero and his team designed different sets of lallthesfirst

set designed baindtisteels, they used the steels as the reference on the above research
of Bhadeshia.

In this set of designed bainitic steels, the amount of carbon is selected as 0.3 wt %
[8]. The amount of carbon is important to obtain high strength (minimumNIP@J.
130MPa.rh toughness and 16a0700 MPa strength values are obtained with these
two steels (Nil & Ni2) for bainitic microstructure8][ The chemical compositions

of these steels may be seen in Tahie

Table2.5 The chemical compositions of the first set of designed bainitic al8ys [

Alloy C (%) Si(%) Mn (%) Ni(%) Cr(%) Mo (%) V (%)
Mn 032 145 197 <002 126 026 0.10
Nil 031 151 <001 352 144 025 0.1
Ni2 030 151 <001 353 142 025 <0.005
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For the first set of designed bainitic allogsseen in Figur@.12, Nil and Ni2 alloys

have mainly bainitic ferrite and retained austenite. These alloys contain high amount
of carbon.This carbon content cause to the formation of residual austenite after
bainite transformation. Quantitative datas for Mn, Nil, and Ni2 is shown in Table
2.6. Bainitic ferrite in Nil and Ni2 alloys has high volume fraction. This may cause

that retained aushite forms as films between the subunits and bainitic ferrite.

Figure 2.12. Transmission electron micrographs of bainitic ferrite and retained
austenitdilms (a) Nil alloy; (b) Ni2 alloy[8].
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Table2.6 Quantitative data of Mn, Nil, and Ni2 alloys

Alloy  Bainitic Ferrite Martensite RetainedAustenite

(vf) (vf) (vf)

Mn 0.26 0.67 0.7
Nil 0.62 0.26 0.12
Ni2 0.81 0.11 0.08

Caballero et. al. designed new set of designed bainitic steels. In these steels, alloys
are rearranged because nickel additoonot sofeasibledue to economic reasons.
Instead, alloys withmanganeseaddition are designed. The similar chemical
composition of Ni2 steel is used to obtain the bainitic microstructure because Ni2
steel has the best results in the first set of designed bainitic steels. Two step cooling
is preferred to obtain the fully bainitic microstructure by considering the kinetic

model. Tte chemical compositions of these steels may be seen in Téble 2.

Table2.7 The chemical compositions of the new set of designed bainitic alloys
(Wt%) [14].

Alloy C Si Mn Ni Cr Mo \%
0.3BAIN1 0.29 150 225 -- - 026 -
0.3BAIN2 029 146 197 -- 046 025 --
0.3BAIN 3 0.29 1.49 1.56 -- 1.47 0.25 --

0.3BAIN 4 0.27 1.71 153 147 0.17 024 -

The combination of the cooling process and low carbon content increases the amount
of bainitic ferrite and decreases the amount of retained austenite and martensite

(Table 28). These microstructures may be seen clearly in Figli

24



Table2.8 Quantitative data of new designed alloys

Alloy Bainitic Ferrite Martensite (vf) Retained Austenite
(vf) (vf)
0.3BAIN 1 0.76 0.21 0.03
0.3BAIN 2 0.77 0.13 0.10
0.3BAIN 3 0.88 0.2 0.10
0.3BAIN 4 0.88 0.09 0.03

Figure2.13. SEM micrographd r om 0. 3 BAI N1
500AC,

(b:d)

respectivel y.

t o

0.

3BAI

These new alloys have similar curves &wland Ms temperatures, but different
diffusional noses. The calculated TTT diagrams (FigLitd) determined to obtain

the desired fully bainitic microstructure witivo-step cooling
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Microstructural characterization revealed that from the 0.3BAIN1 to 0.3BAIN4
alloys have the desired microstructure consisting of cafioegeupper bainite. The

best results were obtained after air cooling from every temperature tested for 0.3
BAIN 4. High volume fractia bainitic ferrite and fine grained microstructures were

obtained. These properties increased the mechanical performance of these materials.

2.6 MOTIVATION OF THE THESIS STUDY

As mentioned in Tenaglia's stud, rolled/forged homogenized steels are used in

most studies. However, this thesis study focus on cast and homogenized steels while
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observing the effect of alloying elements. In this study, the effect of isothermal
treatment temperature and time on the microstructure and mechanical properties is
observe. The stability of the microstructures and mechanical response of the alloys
as a result of longerm heat treatments applied to a particular alloy (0.6%C
1.0%Mn1.2%Si and 0.6%<.0%Mn1.2%St2%Mo) was discussed.

In the litaature, the effect of Mo on tempering behavior of bainitic steels are not
studied extensively. In this context, this thesis study will be interest to the effect of
Mo on tempering behavior @f carbide fredainitic steewhich contains 1.2%SiIt

would be interesting to study the effect of 2%Mo on bainitic transformation kinetics
and bainite morphology in a high Si and medium carbon (0.6%C) steel. To examine
the secondary hardening effect of Mo in a bainitic microstractuould also
contribute to the behavior of Mo in tempered bainitic steels. The bainitic
transformation behavior and resulting nestructures are compared in a 0.6%C
1.2%S+1.0%Mn steelwith and without 2%Mo additio
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CHAPTER 3

EXPERIMENTAL

3.1 Alloys

The first steel is commercial 60SiMnbhis aloyhas been suppli ed
A . FKhis alloy will be referred as-®n-Si alloy during this thesis studyhe second

steel is laboratorgast 60SIMn5 steel with 2wt%Mo addition. This steel is prepared
asfollows. The melt is prepared using an induction furnace under an air atmosphere.
After the steel containing 0.6% C is completely melted, Siis added to increase silicon
level and to decrease oxygen in solution. When the steel is deoxidized sufficiently
the other alloying elements Mn and Mo are added to complete the alloying stage
before melt delivery. After alloying, the mold is preheated to fill the mold cavity
completely and to prevent premature freezing during casting. Finally, the steel alloy
is poura into permanent molds preheated to®@B@0XC and cast as a plate with
dimensions 220x215x17 nfrHomogenization is done at 1P&0for 24 hours. This

alloy will be referred as ®In-Si-Mo alloy during this thesis study. The chemical

compositions of the alloys used in this study is given in Talile 3.

Table3.1 Chemical compositiaof the GMn-Siand GMn-Si-Mo alloys (wt. %).

Alloy C Si Mn Mo Cr Ni Al
C-Mn-Si 06 1.2 1.0 0.03 0.19 0.07 0.02
C-Mn-Si-Mo 059 1.17 089 202 0.20 0.08 0.02

29

by



3.2  Experimental Method

The Mstemperatures and isothermal bainite transformation kinetics curve (asr)
calculatedising the JMaPro.The calculated/stemperatures are checked using the
An dr eqgudtisn 50| for Ms:

Ms( A C) -423B08/8C)30.4(Wt%Mn}17.7(Wt%Ni)12.1(wt%Cr)7.5(wt%Mo)
+10(Wt%Co0}7.5(wt%Si)

The calcul at ed v-aMh-Sialloyafid 22B452A @ MNASI-MDD r  C
alloyaccordngtoAndr ewds di agr Mstempdriiwes oranSiu | at e d

and for GMn-Si-Mo al |l oys wusing JMat Pro are presen
respectivelyConsi dering the Andrewbés eteaation and
isothermal transformationemperatures are lseect ed as 250AC and 30
C-Mn-Si alloy, whereas hey ar e 230 A®n-SMdal®&80AC for C

3.2.1 Heat Treatment Studies

Before the isothermal treatment studies, homogenization was applied to the
C-Mn-Si-Mo steel at 115%. For both teel grades, the first set of specimens were
austenitized at 98C for 45 min and quenched into salt bath for isothermal treatment
between 20%C-300°C for different time intervals. The second set of specimens were
guenched in oil from 9%C and then temped in the temperature range of
200°C-550°C for 90 min. As the third set of specimens, several bainitic specimens
are also tempered in the temperature range oP@BBXC for 90 min for
comparison purposes. Heat treatment sets are summarized and gieh farla
simplicity. For example, for the specimens labelled a2aT-1 and MeQ-T-500:
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IT-200-1

\_, Transformation time (h, min)

» Treatment temperaturéQ)

» Isothermal treatment

Mo-Q-T-500

» Tempering temperaturd()

» Tempering

» Quenching

» C-Mn-Si-Mo alloy

The detailed information obtained in Tabl@,3[able 33 and Table 3.
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Table3.2 First Set of Specimens

Steel Type Isothermal Treatment Transformation Time (h) Label ID
Temperature (°C)
C-Mn-Si 200| 230|250 280 | 300 | 1/4 |1 6| 12 | 24 | 48 IT-2001
C-Mn-Si-Mo
C-Mn-Si 200| 230|250 | 280 | 300 | 1/4 |1 6| 12| 24| 48 IT-200-6
C-Mn-Si-Mo
C-Mn-Si 200|230 250 280 | 300 | 1/4 |1 6| 12 | 24 | 48 IT-200-12
C-Mn-Si-Mo
C-Mn-Si 200| 230|250 | 280 | 300 | 1/4 |1 6| 12 | 24 | 48 IT-200-24
C-Mn-Si-Mo
C-Mn-Si 200 | 230| 250 | 280 | 300 | 1/4 | 1 6| 12 | 24 | 48 IT-250-1
C-Mn-Si-Mo
C-Mn-Si 200 | 230| 250 | 280 | 300 | 1/4 |1 6| 12 | 24| 48 IT-250-12
C-Mn-Si-Mo
C-Mn-Si 200 | 230| 250 | 280 | 300 | 1/14 |1 6| 12| 24 | 48| IT-3001/4
C-Mn-Si-Mo
C-Mn-Si 200 | 230| 250 | 280 | 300 | 1/4 |1 6| 12 | 24 | 48 IT-300-1
C-Mn-Si-Mo
C-Mn-Si 200 | 230| 250 | 280 | 300 | 1/4 |1 6| 12 | 24 | 48 IT-300-3
C-Mn-Si-Mo
C-Mn-Si 200| 230|250 | 280 | 300 | 1/4 |1 6| 12 | 24 | 48 | Mo-IT-230-1
C-Mn-Si-Mo
C-Mn-Si 200 | 230| 250 | 280 | 300 | 1/4 |1 6| 12 | 24 | 48 | Mo-IT-230-12
C-Mn-Si-Mo
C-Mn-Si 200| 230|250 | 280 | 300 | 1/4 |1 6| 12 | 24 | 48 | Mo-IT-230-24
C-Mn-Si-Mo
C-Mn-Si 200 | 230| 250 | 280 | 300 | 1/4 |1 6| 12 | 24 | 48 | Mo-IT-23048
C-Mn-Si-Mo
C-Mn-Si 200| 230 | 250 | 280 | 300 | 1/4 |1 6| 12 | 24 | 48 | Mo-IT-230-1
C-Mn-Si-Mo
C-Mn-Si 200| 230|250 | 280 | 300 | 1/4 |1 6| 12 | 24 | 48 | Mo-IT-230-12
C-Mn-Si-Mo
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Table3.3 Second Set of Specimens

Steel Type Quenching Tempering Temperature (°C) Label ID
C-Mn-Si yes 200 400 500 550 Q-T-200
C-Mn-Si-Mo
C-Mn-Si yes 200 400 500 550 Q-T-400
C-Mn-Si-Mo
C-Mn-Si yes 200 400 500 550 Q-T-500
C-Mn-Si-Mo
C-Mn-Si yes 200 400 500 550 Q-T-550
C-Mn-Si-Mo
C-Mn-Si yes 200 400 500 550 Mo-Q-T-200
C-Mn-Si-Mo
C-Mn-Si yes 200 400 500 550 Mo-Q-T-400
C-Mn-Si-Mo
C-Mn-Si yes 200 400 500 550 Mo-Q-T-500
C-Mn-Si-Mo
C-Mn-Si yes 200 400 500 550 Mo-Q-T-550
C-Mn-Si-Mo
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Table3.4 Third Set of Specimens

Isothermal
Steel Type treatment terr;r;;aeT:til;igg(]OC) Label ID
temperature
°C)

C-Mn-Si 230 | 250 | 200 | 400 | 500 | 550 IT-250-12-FC-T-200
C-Mn-Si-Mo

C-Mn-Si 230 | 250 | 200 | 400 | 500 | 550 IT-250-12-FC-T-400
C-Mn-Si-Mo

C-Mn-Si 230 250 | 200 | 400 | 500 | 550 IT-250-12-FC-T-500
C-Mn-Si-Mo

C-Mn-Si 230 250 | 200 | 400 | 500 | 550 IT-250-12-FC-T-550
C-Mn-Si-Mo

C-Mn-Si 230 250 | 200 | 400 | 500 | 550 | Mo-IT-23048-FC-T-200
C-Mn-Si-Mo

C-Mn-Si 230 | 250 | 200 | 400 | 500 | 550 | Mo-IT-230-48-FC-T-400
C-Mn-Si-Mo

C-Mn-Si 230 | 250 | 200 | 400 | 500 | 550 | Mo-IT-230-48-FC-T-500
C-Mn-Si-Mo

C-Mn-Si 230 | 250 | 200 | 400 | 500 | 550 | Mo-IT-230-48-FC-T-550
C-Mn-Si-Mo

Isothermal transformation was conducted in a salt bath with a sufficient thermal

capacity to avoid appreciable temperature fluctuations during operation. Dry Heat
Sterilizer/Oven is used for long isothermal hétsatments and tempering. Its

maxi mum working temperature is 250 AC. The

seen in Figure 3.1.
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(©)

Figure3.1. The photographs of (a) Muffle furnace, (b) Salt bath, (c) Dry heat oven.
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3.3 Characterization Methods

3.3.1 Optical Microscopy Studies

Optical microscopy studieare conducted to examine the microstructures, phases

present and phase morphologiklsivitz Digital Microscope HD$800, Koreais

used as an optical microscope. Firstly, each samuiat from the middle part into

two equal parts along the horizontal direantiwith Buehler Isomet 5000 Linear

Precision Saw, USAThese samplesre mounted during the metallographic

preparation. The metallographic preparation includes grinding (Metkon Gripo 2V
Grinder, Turkey), polishing ( Mecmpoland230 P
etching (2% Nital).

3.3.2 Scanning Electron Microscopy Studies

SEM studies are conducted to investigate the phases present and phase
morphologies. SEM (Nova Nano SEM 430, FEI LTD, Oregon, USA) equipped with
an EDX analyzer systems used for examinatin. Firstly, each sample cut from

the middle part into two equal parts along the horizontal direction with Buehler
Isomet 5000 Linear Precision Saw, USA. These sangiemounted during the
metallographic preparation. The metallographic preparati@mudes grinding
(Metkon Gripo 2V Grinder, Turkey), polishing (Mecapol P230 Polisher, France for
6em and 1em), and etching (2% Nital).

3.3.3 Carbide Extraction

Carbide extraction from the specimens is performed in an electrolytic cell which is
connected to a dice current source and containing stainless steel sheets as the

cathode. Extraction is carried out at a current density of 0.0FAfcan electrolyte
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of 10%HCIMethanol. The weight percentages are determined by weighing the filter
paper before and afterdHiltration. In the oven, the filter papers are dried for&
70°C.

3.34 Mechanical Characterization

3.3.4.1 Tensile Tests

Tensile test specimerase prepared according to ASTM E8/E8M16a standard.
INSTRON 5582 Universal Testing Machireeused for tension tests. For each heat
treatment, 2 specimemsetested.

3.3.4.2 Macro HardnessTests

Macro hardness measurement® conducted to determine the hardness of the
specimens. These measuremanétaken on tk Vickers scale using the EMCO test
machine (M4UJ025) and under 3@g load.The hardness valuesetaken as the

average of 8 indentations for each specimen.

3.3.5 Retained Austenite Determination

Quantitative Xray diffraction analysis is employed by comparithg integrated

X-ray diffraction intensity of ferrite and austenite phases to determine the volume
percent of retained austenite-rXy diffraction (XRD) specimens are sectioned to

ensure the removal of the decarburized layer. Then, after grindiritpahglolishing

using 10Om diamond paste, the samples ar
minimize the effect of plastic deformation on the surface which may otherwise affect

the amount of austenite. XRD analysis is carried out using a BRkekdvane
diffractometer with monochromated ®@U r adi ati on (wavel ength

operating at 40 kV and 40A. Scanning is performed in thg 2ange of 201 2 0 U a't
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a scanning rate oPin' . The volume fraction of the retained austenite is calculated
from the integrated intensities of (111), (200), (220) austenite peaks, and the (110),
(200), (211) ferrite peaks.
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CHAPTER 4

RESULTS AND DISCUSSION

In this study, GMn-Si and GMn-Si-Mo alloys were usedCarbon amount is
important in the alloy desigif the percentagef carbonis high, Ms temperature
decreases, the transformation shifts to very long periods, the amount of retained
austenite increaself the percentag®f carbonis low, Ms temperature will be too

high. A high Mstemperature would yield thicker bainite sheaves which would lower
the strengthThe carbon content is kept at around 0.6%C to obtain a fine bainitic
structure [%4] and to sippresses the bainite start temperat&ieaddition is an
important parameter in these steels because increased amounts of Si prevent the
cementite precipitation [18,3%H]. High Si retards the bainitic transformation rate.

Mn content is limited to1.0% for several purposes: Mn suppresses the M
temperature which is necessary to obtain a fine structured strong bainite. On the other
hand, above 1%Mn, the bainitic reactions become very sluggistiZB@].
Molybdenum could shift the pearlite transfotma line of CCT to its right and
restrain the formatioof ferrite, butnot retard bainite transformation. It also raises

the temperature of the maximum rate of pearlite transformation, and reduces the
temperature of the maximum rate of bainite. This waekult in the separation of

the pearlite line and the bataitransformation lineand consequently make the

bainite transformation easier under the same cooling condition.

To analyze the @1n-Siand GMn-Si-Mo alloy composition before the experiment,
TTT diagrans werecalculated via JMat Préigure 4.1 shows the TTT plots for
the two alloys using JMat Pro softwarEhe calculated time intervals for bainitic

transformation at different temperatures are given in Table 4.1.
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Figure4.1. TTT diagrans of C-Mn-Si and GMn-Si-Mo alloys, respectively
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Table 4.1. The calculated bainite transformation times extrapolated from the

calculated TTT diagram for-®In-Si and GMn-Si-Mo alloys.

C-Mn-Si Bainite
Ms =250 200AC 250AC 300AC

1%B 100%B | 1%B | 100%B

15 min 830min 5 min 215min ) _
(14 h) (4h) 1 min 50 min
Ms =230 230AC 280AC

1%B 100%B | 1%B | 100%B

50min | 2500min | 6 min | 400min
(42h) (7 h)

41 Microstructural Examination

4.1.1 Isothermal Treatment Studiesof C-Mn-Si alloy

Fourset specimens were prepafed C-Mn-Si alloy(Table 4.1)

a) AsQuenched Specimens

b) Isothermally Treated Speci mens at 200.
c)l sothermally Treated Speci mens at 250AC
d) I sothermally Treated Speci mens at 300.

I nitially, the austeniti zalh Figue 42t teemper at u
scanning electron micrographare given which belong tasothermal treated
specimens&@ 5 0 AC f o.fThe2nitrodtrecture af 96IT-250-24 consists of a

mixture of bainite, some amount of martensite and widmanstatten fegitas.
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'HVV | HFW . vac mode
20.0 kV [19.9 pm|High vacuum METE-METU

WD ‘mag
6.3 mm | 15 000 x

Figure4.2. SEM micrographof 900-1T-200-12.

Carbon must diffuse during the nucleation of both widmanstatten ferrite and bainite.
Nucleation probably occurs by a process akin to the dissociation of arrays of
dislocations. This follows from the observation that the activation energy for
nucleation idirectly proportional to the driving force, rather than the inverse square
relationship implied by a heterophase fluctuation model of nucleation. Both
Widmanstatten ferrite and bainite develop from the same nucleus; it develops into
bainite if the growth s possible at the temperature where nucleation becomes
possible. Otherwise it evolves into widmanstatten fertites seenfrom the TTT

plots thafferrite shifts quite to the right. One of the most important reasbiss is
theeffectof Si.
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Due to the presence of tadmanstatterferrite, austenitization temperature was

increased f r oamdf@ubsétApEcimerns wepkepated
a) AsQuenched Specimens

b) Isothermally Treated Speci mens at
c) Isothermally Treated Specimen®as 0 A C

d) I sothermally Treated Speci mens at

Heat treatment flow of @1n-Si alloy can be seen in Figu4eS.

Ferrite, 0.1%
— === = Pearlite, 0.1% and 99.9%
' e Bainite, 0.1% and 99.9%

Temperature (C)

0.1 10 1000 100000
Time (s)

Figure4.3. Heat treatment flow of ®1n-Si alloy.
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As-Quenched Specimens

Figure 44 shows the SENmMicrographof Q. The microstructure is fully martensitic.

) 2

57| WD | mag | HV HFW —_— o ym — —
2% 7.0 mm |10 000 x| 20.0 kV | 29.8 um METE-METU

Figure4.4. SEM micrographof Q.

| sot hermal treated specimens (200AC)

1hour isothermal treatment at 24D (IT-200-1) producs little amount ofoainite
(Figure 45). As the time is extended, bainite begins to appear in the following
samples (Figre4.6). After 14 hours, the structure ismpletely bainitiqFigure4.7).
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5| WD mag HY HFW | — —————— 10 pm —————
6.6 mm | 15 000 x| 20.0 kV |19.9 um METE-METU

Figure4.5. SEM micrographof IT-200-1h.

Figure 46(b) shows thathite microstructurés mostly bainitic tough some amout of

martensite may be preseftalculated TTT diagram supports tpisenomena.
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L4
HFW 10 ym

! WD | mag HV
19.9 um METE-METU

5.7 mm |15 000 x | 20.0 kV

; ‘ HV | HPW | —— 10 pm -
6.9 mm | 15 000 x| 20.0 kV | 19.9 ym METE-METU

Figure4.6. SEM micrographf (a) IT2006 and (b)IT200-12.
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R, )

WD mag | HV | HFW P — e —
6.8 mm | 20 000 x | 20.0 KV | 14.9 pm METE-METU

Figure4.7. SEM micrographof IT200-24.

|l sot hermal treated specimens (250AC)

The microstructure of 1T25Q consists of a mixture of bainite and M/A regions.
(Figure4.8). After 4 hoursthe microstructurés completelybainitic (Figure 49).
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mag HV T - - 1b m — -
6.1 mm | 15000 x| 20.0 kV |19.9 pm METE-METU

i
s WP

A ; L N : ’ g . N, § ; L
WD mag S um
5.3 mm | 20 000 x [ 20.0 kV [14.9 pm METE-METU

Figure4.9. SEM micrographof IT-250-12.
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Isothermal treated specimeng 3 0 0 AC)

The microstructure of 60Si Mn5 all oy isot!
of a mixture of bainite and M/A regioiiBigure 410). After 1 houraccording to the

calculated TTTdiagrams themicrostructureshouldbe completely bainiti¢Figure

4.11). However, the M/A regions could be detected even after a treatment of 3h in

the salt batt{Figure4.12).

mag HvV | H.F\:.’V ' T ——— — - -
6.6 mm | 15000 x| 20.0 kV |[19.9 ym METE-METU

Figure4.10. SEM micrographof IT-300-1/4.
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WD | mag | HV ‘ HFW 10 prm

6.4 mm|[15000 x| 20.0 kV |19.9 pm METE-METU

Figure4.11. SEM micrographof IT-300-1.
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Figure4.12. SEM micrographof IT300-3.

51

























































































































































