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AUSTENITE DECOMPOSITION IN MEDIUM CARBON
MICROALLOYED STEELS: MECHANISM,
STRUCTURE AND PROPERTIES

The aim of this work was to determine TTT diagrams of two mediumcarbon V microalloyed
steels V-N (0.256%C, 0.0235%N, 0%T1i) and Ti-V-N (0.309%C, 0.221%N, 0.011%Ti ). The
isothermal treatment was carried out at 350, 400, 450, 500, 550 and 600°C. These treatments
were interrupted at different times in order to analyze the evolution of the microstructure.
Isothermal decomposition of medium carbon vanadium microalloyed austenite was evaluated
by optical and SEM metallography.

In the first step, austenite grain size is establish in temperature range 850-1150 °C. Ti bearing
steel exibits lower grain size at high temperatures. This effect is attributed to pinning effect of
TiN particless. Nevertheless, temperature of 1100°C provided grain size very simillar to
60um, value suggested as optimal for intragranular nucleation and formation of acicular
ferrite.

Isothermal treatment enabled plotting the TTT diagrams. In both diagrams, equal
transformations are observed. Influence of Ti addition is not very clear; it is assumed that
increased level on carbon has covered expected influence on intragranular nucleation. Four
curves are found to be relevant for austenite decomposition in medium carbon V-
microalloyed steels:

(1) Grain boundary ferrite is the first phase to be generated at all temepratures. In the lower
temperature range the widmanstetten ferrite is formed, while on higher temperatures grain
boundary allotriomorphs are produced. This difference is attributed to displacive nature of
transformation at lower and diffusional transformation at higher temperatures.

(2) Second curve is related to nucleation of Intragranular ferrite (IGF). In the lower
temperature range (350—400°C ) acicular ferrite plates are grouped in sheaves; at intermediate
temperatures (450-500°C), a more interlocked microstructure of acicular ferrite was clearly
observed, while microstructure generated at high temperatures (550—600°C) is characterized
by polygonal idiomorphic ferrite.

(3) Third curve is related to onset of pearlite. It occurs at temperatures > 500°C, followed by

an incomplete reaction phenomenon.



(4) The transition between an acicular ferrite sheaf morphology and interlocked
microstructure is observed to take place at 400/450°C. However the bainitic sheaves are
frequently observed when the isothermal transformation time is increased at 400°C and
temperature diminishes to 350°C.

Finish of transformation was clearly observed at temperatures below 500°C. However at 550
and 600°C, incomplete reaction phenomenon occurs. This behaviour is attributed to carbon
enrichment in austenite and decrease of driving force for austenite decomposition.

Martensite start temperature is established to be 320°C and 330°C for Ti-V-N and V-N steels
respectively. Slightly lower Ms temperature of Ti-V-N steel is attributed to higher content of
carbon and Ti, elements that increase hardenability.

The lower yield stress for Ti-free steel (V-N) compared with titanium —containig steels (Ti-V-
N) is attributed to lower carbon content compared with titanium-containing steel. Yield stress
decreases from the maximum values for temperatures 350°C — 400°C for both steels
investigated. It is assumed that it reflects dislocation strengthening associated with the
presence of hard phases such as bainite, since the dislocation density of the ferrite increases
with decreasing transformation temperature. at higher temperatures, At temperatures higher
than 450°C, in both steel yield strength increases. This behaviour is more pronounced in Ti
bearing steel and it is attributed to more effective stabilization of austenite in steel with higher

carbon, as well as higher presence of pearlite.

Key words: Microalloyed Steels; Phase transformations, TTT diagram, Acicular
Ferrite, Bainitic sheaves, Grain Boundary Ferrite, Widmanstatten
Ferrite, Polygonal Ferrite, Pearlite, Optical and SEM Microscopy

Research field: Technical Sciences - Engineering
Specific field: Metallurgical Engineering — Physical Metallurgy
UDK number: 669.017
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Pasnararwe ayCcTeHuTa y cpeareyribEHUYHUM
MUKPOSIErMpaHM Yenuumuma: MexaHn3am,
CTPYKTypa n CBOjCTBa

VY pany cy ucnuTaHa JBa CpeAmEYIJbeHHYHA YelIMKa MUKPOJIETUpaHa BaHAAWjyMOM, KOjH ce
Mmel)ycoOHO pas3nukyjy Mo cagprajy TUTaHa, a3ota u yribeHuka, V-N (0.256%C, 0.0235%N,
0%Ti) m Ti-V-N (0.309%C, 0.221%N, 0.011%Ti ) genumm. Yenmumu cy HUCHOpYyYeHH Kao

TOIIOBAJbAHEC HIMIIKC Ca KOBAHUM KpajCBI/IMa.

Y mpBoj ¢asu je ypahena cepuja y3opaka y umiby ojpehuBama BeIMUMHE IMOJIA3HOT
ayCTeHUTHOT 3pHa, y omcery 950-1250°C. ¥V mwpy noOujama aujarpama H30TEPMaTHOT
pasnarama ypaleHa je cepuja y3opaka KOjU Cy M30TEpMAJIHO TPETUPAHU Ha TemIepaTrypama
u3mehy 350 u 600°C. CBu y3opuu cy npso nporpeBanu Ha 1100°C. HakoH m3orepmaiHor
TpeTMaHa, y30pI Cy KaJbeHH Y BOJM, a 3aTHM CEUSHH Ha TOJOBWHE, OpYIICHH, IOJIUPAHH H
HArpmwKeHH 10 CTaHAApPAHO] Tpoueaypu. HakoH nerassHOr mocMaTpama Ha ONTHIKOM
MUKPOCKOITy, M3a0paHu y30pIy Cy TOCMAaTpaHW Ha CKCHUHT EJIEKTPOHCKOM MHKPOCKOITY.
VY3o0piuu koju cy xopumrheHu 3a mMetanorpadcka HUCIUTHBakA Cy MCKOPUIINCHU 32 MEpeHe
TBpohe (jeaHa MOJOBMHA) M 3a M3pajay y3opaka 3a oapehuBame rpaHHlle TeUeHa TECTOM
MPUTHCKUBameM Ha ypehajy 3a McnHMTHBame jeTHOOCHHMM 3aTe3ameM. YTBpheHo je na je
onrTuMalHa TeMnepatypa mnporpeBama 1100°C, kao u 1a ce HakoH Kasjbema ca 1100°C mobuja
MOTIYHO MapTeH3WTHA CTPYKTypa. Harmm mopact BenudmHE 3pHA y 4elnWKy Oe3 THTaHa je
nocneania ojcyctsa yectuna TiN koju OI0Kupajy rpaHulie 3pHa. 3aTo je 3a TeMmrepaTypy
nporpeBama onadbpana 1100°C jep 06e30elyje BenmmuuHy 3pHa o1 0ko S0m Koja MpOMOBHIIIE
arkynapau pepur. Takohe, y okBupy mpeMMUHAPHHUX pe3yiTara, oapelena je remmnepaTtypa
noueTka MapteHsutHe Tpanchopmanuje Ha 330 u 320°C, 3a yenuk ca BaHAIM]YMOM, OJHOCHO

YyeJIMK ca J0JaTKOM THUTaHa.

Paznmuure mopdonoruje noOujeHe y TOKY HM30TEpMATHOT pas3jiarama Cy IpHKa3aHe Ha
MukpodoTtorpadujama. Pesynaratm mo0HjeHH y OBOj IUCEpPTAlMjU yKa3yjy nia y IeJIoM
temneparypHoM nozpy4jy 350-600°C pasznarame aycTeHHTa 3al0OUYHMIbE M3/BajabeM (eputa
M0 TpaHMIlaMa TIOJIA3HUX ayCTEHUTHUX 3pHA. Y BHUCOKOTEMIEpPATYPHOM IOJAPYYjy TPaHUIHU

(bepuTH y TOTIYHOCTH JEKOPHUIILY TPaHMIE 3pHA, JOK C€ Y HUCKOTEMIEPATypPHOM IOAPYY]jY
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nopeJl TpaHUYHUX (epuTa jaBibajy M OCHHUTHU CHOIIOBH HYKJICHPAaHW Ha TpaHUIIAMa 3pHA.
I'parnyan eputh y BHCOKOTEMIIEPATYPHOM HACTajy AW(Y3MOHUM MEXaHHW3MOM, IOIITO CY
TEeMIIepaType Ha KOjUMa C€ jaBJbajy IOBOJAHO BHCOKE na omoryhe mudyswmjy. Hbuxoma je
KapaKTepHCTUKA Jla PacTy IyK I'paHHIa ayCTeHUTHOr 3pHa. Ca apyre crpaHe, TPaHUYHH
(bepuTH HIUCKOTEMIIEPAaTYPHOM IOJPYYjy Cy UICHTU(PHUKOBAaHU Kao BunmanmrereHoB depur,
KOra yclieJl HUCKHX TeMIlepaTrypa Ha KojuMa je oTexaHa Audy3Hja KapaKTepHIle CMHUIIAjHH
MEXaHHU3aM W KapaKTepUCTHYaHU OOJWK (OOJIMK TUTOYHIIE, WTJIHMIIE MIIM TPYOTJIACTH OOJIUK) U
KOj€ pacTy ca TpaHHIle Ka YHYTPalIkhOCTH 3pHA) U MOTY c€ HYKIEUpaTH U ca Beh MpeTxoIHO

HacTaor ()epUTHOT 3pHA.

Ca mpoaykemeM BpeMeHa N30TepPMaTHOT pa3iiarama, OBH IPOLIECH CE 3aBPLIABAjy U NOUYHE
W3JIBajake¢ MHTPArpaHyJIapHO HyKJIenpaHor depurta. Y MUTamY je alluKyJIapHu GepuT umja ce
MopdOJIOTHja pa3uKyje y 3aBUCHOCTH OJ1 TOTa Y KOM TEMIIEPaTypHOM IOJIPY4jy CE jaBjba: Ha
BUIINM TeMIIepatypama (epuTHa 3pHa Cy UIIIHYacTa U MOTIYHO MPOU3BOJEHO OPHjEHTHCAHA,
JIOK CY Y HHUCKOTEMIIEPAaTypHOM IOAPYYjy HIVIMIE MapaieHe U YMHE CHOIOBE. 3aBpPIICTKOM
U3/IBajarba aluKyJapHOT (epura, NOYMI-e W3/ABajame mepiaura y oba yenuka. Konmdnna
nepiuTa je BeoMa Mana, ma je mocie 20 MHHYTa pasiarambe ayCTeHUTa 3aBpIICHO |
dopmupane cy ¢QuHamHe MHKPOCTpyKType. Ha HmuMm TemmepaTypama CTpPyKTypa ce
cactojaia u3 BuamanmTeTeHoBOr (hepuTa, OCMHUTHUX CHOIOBA W allMKyJapHOT ¢eputa y
00JIMKY CHOTIOBA, JIOK Cy Ha BHIIMM TEMIIEpaTypaMa MPUCYTHH TPAaHHYHH AIOTPHOMOPOH,
UTTIMYAcT alMKyJapHH (epuT W TepiuT, y3 NPUCYCTBO 3aocTajor aycreHura. OBaxo
NO3HAaBamkEe IMPOMEHA Ha CBAKOj OJ TeMIeparypa je oMoryhuiao KOHCTpyHcame aujarpama

HU30TCPMAJIHOTI" pasjiarama.

Ha o6a TTT (MP) mujarpama ce 3amakajy MIAeHTHYHE 00JIACTH, y3 HAIIOMEHY Jia Cy KpUBE Ha
JujarpaMy 4elMKa ca TUTaHOM IIOMEpPEHe Ka [Iy>XMM BPEMEHHMMa M Ha HEIITO BHUIIE
temneparype. Hoc kpuBe 3a uenuk 0e3 TUTaHa je Ha UCHOJ 2 CEKyHIE Ha TeMIlepaTypH
u3mely 400 u 450°C, ogaocHo Ha 2 cexyHne Ha 450°C y yenuky ca TutaHoMm. Pesynraru

Mepema TBpohe, TpaHulle TeUema Cy 1aTH y Tabeilama U IpUKa3aHu Ha JdjarpaMumMa.

HcnutuBame TBpAohe CBHX y30paka U IpaHHIE Te€YeHha y30paka ca (UHATHOM CTPYKTYpOM
ykazyje na cy Hajpehe TBpaohe m3aMepeHe 3a TecToBe ca HajkpahMM BpeMeHHMMA, JIOK Ce
rpaHuIla TeYCHa CHI)KABa 0J1 MAKCUMaJIHE BPEAHOCTH JO MHHUMAJIHE, a 3aTHM IIOHOBO pacTe.

OBaKBO IOHAIIAHKE je JOBCICHO Yy BE3Y Ca CMAKBCHEM KOJIHMYUHE MPUCYCTHUX OEMHHUTHHUX
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CHOMOBA M BUAMaHIITeTeHOBOT (pepurta. Ca npyre cTpaHe, Ha BUIIUM TeMIepaTypama, IMOITo
je mpucytaH (eHoOMeH HenoBpIIeHe (HEKOMIUIETHE) TpaHchopMaluje, ycien KaJbemba

CTa0MIIMCAaHOT ayCTeHHTA, TBpIoha MMOHOBO pacre.

I'pannnia Tedema Moka3yje BeOMa CIMYHO MOHAIIAmke. Y LEJIOM TEeMIIEpaTypHOM MOAPYYjY

HUCIIMTHBAaKA, YCJINK Ca TUTAHOM HMa BehI/I rpaHully TCUCHA. OBakBO ITOHAIIAKE je JOBCACHO
y BE3y

VY ob6nactu ox 350 do 450 °C rpanuna Teuema omana. JloOujeHe BUCOKE BPETHOCTH yKa3yjy
Ha TPHUCYCTBO (a3za ca BEIMKOM TyCTUHOM MAMCIIOKAllMja, KOja je KapaKTepUCTH4YHA 3a
OeunutHe ctpykrype. Ha temnepatypama msznan 450°C y oba yenuka, A0ia3u 0 mopacra
rpanuie Tedema. OBa mojasa je U3pakeHHja y 4YeIMKy ca TUTAHOM, LITO j€ TOBEJICHO Y BE3y
ca CHa)XHHJOM CTaOWIM3alMjoM ayCTEHHTa y 4YeluKy ca BehmMm canmpkajem nerupajyhmx

eneMeHara u nmopehanuM canpikajeM mepianTa y CTpyKTypH.

K/bYUYHE PEYUMU Muxkponerupanu uennuu, Pasne tpanchopmarmmje, TTT nujarpam
M30TEPMATHOT pa3jarama, AUUKyJapHU (epuT, bemHUTHH CHOMOBH,
@epur no rpaHunama 3pHa, Buamanmrereno depur, I[lonmronamau
¢epur, Ilepnmur, CsermocHa U ckeHupajyha  enexTpoHcka

MUKPOCKOIHja
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1. INTRODUCTION

The relationship of structure, properties and processing control (SPPC technology ) plays a
vital role in controlling the properties of hot rolled products which indicate that the modeling
of phase transformation behavior as one of most important parts, which is required for safe
performance application. Many essential properties of iron alloys depend on the mechanism
of phase change and the choice of any material is based upon fitness for purpose. The main
characteristics in selecting a steel grade are; the yield strength, the tensile strength, (uniform)
elongation, low temperature impact-toughness, work-hardening, hole-expansion ratio, fatigue
performance and weld-ability. The ideal steel to be used in forging must have the following
characteristics: (1) must be able to generate the final properties without post-forging heat
treatment, (2) must be capable of being forged and cooled in a simple manner, (3) must be
able to generate high strengths and toughness in large section sizes, (4) must be amenable to
surface enhancement techniques such as induction hardening or nitriding. Therefore for safe
MA forging application it required development program search for processing parameters &
structure to improve the fracture toughness. The control of austenite grain size and
precipitation strengthening are important factors in the development of the final mechanical
properties of the product i.e understanding the precipitation behavior that found at different
points in the thermo-mechanical processing of the steel. The size, morphology, chemical
composition, crystal structure for precipitate .The precipitation strengthening due to particle
present in the steel are important factors in the development of the final mechanical properties
of the product. The type of particles can be classified into three groups. The first group
includes the larger sized inclusions, encompassing MnS and TiN particles of sizes greater
than approximately, 2 pm, which can easily be observed by optical microscopy. These types
of particles have been observed to be ineffective as acicular ferrite nucleation sites. The
second group are the inclusions whose size is between, approximately, 0.5 and 2 pm, which
have been observed to be seen the most effective in promoting the nucleation of ferrite plates.
The larger sizes belonging to this group can be seen by optical microscopy, but the majority
of this group are only visible using electron microscopy and the composition of these particles

has been analyzed using energy-dispersive spectrometry (EDS),examined by transmission



electron microscopy TEM. Finally, the third group includes all the inclusions smaller than
200 to 300 nm, whose effect on the austenite transformation but seems to be ineffective as
acicular ferrite nucleation sites.The demand use of MA steels in the international markets
such as pipelines, construction, automotative component, pressure-vessels, offshore oil and
gas industries, some of them are required for service in hostile environments. So it require
increased strength (combined strength and impact toughness) and reduce weight and cost
level. Becouse the microalloyed steel properties are uniform throughout a cross section,
whereas those of quenched-and-tempered steel, are heterogeneous with the difference
between the quenched hardened layer and non-quenched core area. The difference becomes
greater as the diameter of the steel rod increases. Therefore, as the diameter increases, the
benefit of the micro-alloyed steel increases. Also the high strength forging steels have
traditonally developed their strength and toughness by quenching and tempering following
hot forging.This multi-stage process extends production time and can cause distortion in
complex shaped components, so its increases in production cost. In order to overcome the
previous problem the microalloyed forging steels have been developed, which achieve their
strength during air cooling after forging thus removing the need for secondary heat treatment.
By contrast the air cooled structure is generally composed of coarse ferrite and pearlite and
this can limit impact toughness. So its needs to be accompained by refinement of
microstruture. These the reason why small addition of alloying elements such as vanadium,
niobium and /or titanium typically on the order of 0.1 to 0.2 mass pct or less is necessary to be
used or added. In regard to microalloyed forging steels several studies have concentrated on
determining the microstructural features that control toughness. Bainite represents one of the
most fertile areas of steel research and development: transformation-assisted steels for
automotive applications, inoculated acicular ferrite steels for the construction of oil platforms,
high-strength alloys for the defence and aerospace industries, ultra-low carbon bainitic steels
for the construction industries etc. The acicular ferrite has also been developed in a medium
carbon forging steels or a low carbon steel and good combination of mechanical properties of
medium carbon microalloyed steels are attributed to the dominant presence of fine ferrite-
pearlite and a cicular ferrite microstructure, while the presence of bainitic sheaves leads to
decrase in toughness. Acicular ferrite and bainite are usually considered to be formed by the
same transformation mechanism. The acicular ferrite formation is a mechanism competitive

with bainite formation. Acicular ferrite, as bainite, is formed by a shear-diffusional



mechanism. The main difference between acicular ferrite and bainite is related to the
nucleation sites. The acicular ferrite is in fact intragranularly nucleate bainite. Both
microstructures develop in the same range of temperature: below the high temperatures where
ferrite and pearlite form, but above the martensite start temperature. The bainite initiates at the
austenite grain boundaries, forming sheaves of parallel plates with the same crystallographic
orientation, where acicular ferrite is nucleated intragranulary at nonmetallic inclusions.. There
are several mechanisms proposed to explain why non-metallic inclusions favour the
nucleation of ferrite : (i) the existence of local variations of the chemistry of the matrix; (ii)
generation of strain-stress field around the inclusions due to the different thermal expansion
coefficient of austenite and inclusion; (iii) improvement in the global energetic balance of the
transformation by the reduction of the austenite-inclusion surface; (iv) the creation of low-
energy surfaces between ferrite and inclusion with the existence of a good lattice matching

between them.

The microstructure of acicular ferrite is less organized when compared with the ordinary
bainite, the acicular ferrite have chaotic arrangement of interlocked plates. This
microstructure is better suited to deflect propagation cleavage cracks and therefore more
desirable from toughness point of view in comparison to bainite sheaves. In some recent
studies, an improved toughness, observed in medium-carbon steels is associated with AF. The
purpose of the present study is to clarify experimentally the TTT diagram of V-N and V/Ti
Steel. Moreover the influence of isothermal transformation temperature and time on the
nucleation of intra-granular ferrite and indirectly, on the development of the intra-granular

acicular ferrite in micro-alloyed steel have been investigated.



2. PREVIOUS WORK

2.1 MICROALLOYED (MA) STEELS

The microalloyed steels (MA) or High Strength Low Alloy (HSLA) steels are steels in which
small addition of alloying elements lead to intensive grain refinement and / or precipitation
hardening due to precipitation of stable carbides, nitrides or carbonitrides [1, 2] As in the
previous investigation [2, 3, 7]. Precipitation hardening by fine carbonitride particles has long
been recognized as an important mechanism for the strengthening of microalloyed steels. The
use of microalloying in steels is based on the addition of small amounts of vanadium, niobium
and/or titanium, [4] typically on the order of 0.1 to 0.2 mass pct or less. Precipitates (TiN, TiC,
NbCN, NbC, NbN, VN and VC), will be form and its stability depend on the composition [5].
Other elements, such as aluminium for grain size refinement and boron for hardenability, and
elements residual from steelmaking, may be also present in steels in small amounts, but such
elements and their effects are generally considered to be outside of microalloying
technology.Compared with carbon steels , MA steels offer not only a higher yield strength ,
which in most cases permits savings in weight or prolonged service life of components and
structures,but also favourable working properties,such as improved formability and
weldability ,and optimized service properties , such as resistance to brittle fracture ,to lamellar
tearing,and hydrogen—induced or stress corrosion cracking [6].The main motives for
developing MA steels were:significant increase in strength, leading to either lowering the
construction weight or increase in carrying capacity, and a demand on world market for steels

with good weldability for pipelines[1]. Several studies have shown that HAZ grain size can be



controlled by Ti addition because the titanium nitride is stable at the high temperatures
attained in the fusion boundary region of the HAZ and can prevent grain growth of austenite

in this region [8-12].

The choice of any material is based upon fitness for purpose. The main characteristics in
select on a steel grade are; the yield strength, the tensile strength, (uniform) elongation, low
temperature impact-toughness, work-hardening, hole-expansion ratio, fatigue performance
and weldability. The microalloyed steel properties are uniform throughout a cross section,
whereas those of quenched-and-tempered steel,are heterogeneous with the difference between
the quenched hardened layer and non-quenched core area.The difference becomes greater as
the diameter of the steel rod increases. Therefore, as the diameter increases, the benefit of the
micro-alloyed steel increases.The medium carbon V-microalloyed (MA) steels are
increasingly used instead of traditional Q&T steels in many applications, Table 2.1. However,
as have been reported at several international conferences devoted on MA forging steels its
used also in the construction, automobile, pressure-vessels, offshore oil and gas industries,
and are designed to be in a corrosive environment [13-17]. Figure 2.1, show some of
examples of hot strip steel applied in the automotive and construction industry. In respect to
automotive applications it is importance of fatigue resistance is obvious for a steel to be used
in automobile components that are routinely subjected to cyclic loading [18]. However the
main driving force to apply steel with higher strength than mild steel is the possibility of
weight savings, based on the results in Fig. 2.2 , which not only results in reduced fabrication

costs, but in case of automotive application also improves fuel economy [ 9,13,16,19-24].

Table 2.1. Application for microalloyed forging steels [24].

Crankshafts Pistonshafts
Connecting Rods Axle Shafts

U-Bolts for Leaf Springs Suspension Arms
Steering Knuckle Supports Transmission Shafts
Antisway Bars Wheel Hubs
Induction Hardened Gears Steering Arms
Drive Couplings Axle Beams
Fasteners Pipe Fittings



Figure 2.1: Examples of hot rolled HSLA strip steels for automotive and construction
applications: (a) Passenger car wheels; (b) High level racking system; (c) Various profiles for
automobiles; (d) Semi-trailing arm; (e) Truck frame; and (f) Masts for wind powered
generators [25].
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Figure 2.2: Potential weight savings when substituting a 200MPa yield strength Steel [26].

The difference in proceesing route between conventional quenched-tempered steels and

microalloyed steels is shown in Fig. 2.3(a,b). The a major benefit, therefore, of MA is the



fact that save energy by eliminating the heat treatment from the production sequence as
shown in Fig. 2.3 (b) i.e reduce manufacturing cost [23,24]. So there is large market for steels
with strengths less than 1000 MPa, and where the total alloy concentration rarely exceeds 2
wt%. Bainitic steels are well suited for applications within these constraints. The most
modern bainitic steels are designed with much reduced carbon and other alloying element
concentrations. They are then processed using accelerated cooling in order to obtain the
necessary bainitic microstructure. Advances in rolling technology have led to the ability to
cool the steel plate rapidly during the rolling process, without causing undue distortion. This
has led to the development of ‘accelerated cooled steels’ which have a bainitic microstructure,
can be highly formable and compete with conventional control-rolled steels.The reduced alloy
concentration not only gives better weldability, but also a larger strength due to the refined
bainitic microstructure. The ultra-highstrength steels consist of mixtures of bainite ferrite,
martensite and retained austenite. They have an enhanced hardenability due to manganese,
chromium and nickel additions, and usually also contain silicon in order to prevent the

formation of cementite [27-30].

High-strength steels are made with very low impurity and inclusion in concentrations, so that
the steel then becomes susceptible to the formation of cementite particles, which therefore

have to be avoided or refined.

Medium-strength steels with the same microstructure but somewhat reduced alloy content
have found applications in the automobile industry as crash reinforcement bars to protect
against sidewise impact. Another major advance in the automobile industry has been in the
application of bainitic forging alloys to the manufacture of components such as cam shafts.

These were previously made of martensitic steels by forging, hardening, tempering,
straightening and finally stress-relieving. All of these operations are now replaced by
controlled cooling from the die forging temperature, to generate the bainitic microstructure,
with cost savings which on occasions have made the difference between profit and loss for the

entire unit as illustrated in Figure 2.3.
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Fig.2.3. Temperature-time processing schedules for producing (a) quench and tempered
forging steels (b) micro-alloyed forging steels [24].

Creep-resistant bainitic steels have been used successfully in the power generation industry
since the early 1940s. Their hardenability has to be such that components as large as 1m in
diameter can be cooled continuously to generate a bainitic microstructure throughout the
section.The alloys contain chromium and molybdenum, which serve to enhance hardenability
but also, during subsequent heat-treatment, cause the precipitation of alloy carbides which
greatly improve the creep resistance [19].By contrast the inoculating molten steel with
controlled additions of non-metallic particles, bainite can be induced to nucleate

intragranularly on the inclusions, rather than from the austenite grain surfaces. This



intragranularly nucleated bainite is called ‘acicular ferrite’ [19]. It is a much more
disorganized microstructure with a larger ability to deflect cracks. Inoculated steels are now
available commercially and are being used in demanding structural applications such as the
fabrication of oil rigs for hostile environments. The relationship of structure and properties
and processing control (SPPC technology) plays a vital role in controlling the properties of
hot rolled products which indicate that the modeling of phase transformation behavior as one
of most important parts, which is required for safe performance application [31,32].For safe
MA forging application it required development program search for processing parameters &
structure to improve the fracture toughness [13].The control of austenite grain size and
precipitation strengthening are important factors in the development of the final mechanical
properties of the product i.e understanding the precipitation behavior that found at different
points in the thermomechanical processing of the steel (the size, morphology, chemical
composition, and crystal structure of precipitates) i.e by steel design. As reported by [33-35],
the design of novel high strength bainitic steels for defence applications for example with a
bainitic matrix which necessitated a Charpy energy of about 40 J at - 40 °C, a fracture
toughness (Kjc) of 125 MPa m'?, yield strength of 1000 MPa, ultimate tensile strength of 1100
MPa and a minimum elongation of 12%. Regarding to precipitation strengthening due to
particle present in the steel. The type of particles can be classified into three groups. The first
group includes the larger sized inclusions, encompassing MnS and TiN particles of sizes
greater than approximately, 2 pm, which can easily be observed by optical microscopy. These
types of particles have been observed to be ineffective as acicular ferrite nucleation sites. In
the second group are the inclusions whose size is between, approximately, 0.5 and 2 pm,
which have been observed to be seen the most effective in promoting the nucleation of ferrite
plates. The larger sizes belonging to this group can be seen by optical microscopy, but the
majority of this group are only visible using electron microscopy and the composition of these
particles has been analyzed using energy-dispersive spectrometry (EDS),examined by
transmission electron microscopy TEM. Finally, the third group includes all the inclusions
smaller than 200 to 300 nm, whose effect on the austenite transformation but seems to be
ineffective as acicular ferrite nucleation sites [36].However the steels with a mixed
microstructure of allotriomorphic ferrite, bainitic ferrite, retained austenite and martensite
have potentially good combinations of high strength and formability [37,38].Components

made of microalloyed forging steels have always suffered from lower toughness value



compared to their quenced and tempered counter parts. This has limited their application
particularly for safety compnents where both high strength and toughness properties are

required.

Because the first generation of microalloyed steels was (C-Mn-V steels) had ferrite-pearlite
microstructure and low toughness values were associated to the inherent cleavage fracture
made of pearlite. Therefore researches have been focused on eliminating or minimizing the

amount of pearlite that formed during post forge cooling [13].

In recent years the trend has been to modify the ferrite-pearlite microstructure with high
impact touhness microstructure such as acicular ferrite through a judicious control of
thermomecanical processing parameters. The primary goal of a modern thermo-mechanical
treatment is to refine the grain structure in order to obtain a good combination of mechanical
properties. The ultimate objective is the production of high strength-high toughness parts

suitable for application in automobile safety partes.

The microalloying elements are added to high strength low alloy (HSLA) steels for two

purposes: (i) produce grain refinement and/or (ii) precipitation strengthening.

In both cases the desired effects are achieved by intelligent use of precipitation reaction of
microalloy carbo-nitrides both in austenite prior to transformation and in ferrite, during and
after transformation [39-41].In the new approach to grain refinement microalloyin elements
are directly used to promote nucleation of intragranular polygonal ferrite or acicular ferrite AF
inside the austenite grains [39,40].Good combination of strength, fracture toughness and
weldability of V-microalloyed HSLA steels in the as hot rolled condition can be obtained by

careful choice of thermo-mechanical controlled processes (TMCP) [41, 42].

2.2 TIME-TEMPERATURE-TRANSFORMATION
(TTT) DIAGRAMS

TTT diagram measure the rate of transformation at a constant temperature. In other words a
sample is austenitised and then cooled rapidly to a lower temperature and held at that
temperature whilst the rate of transformation is measured, for example by dilatometry.

Obviously a large number of experiments is required to build up a complete TTT diagram.

10



There are two main types of transformation diagram that are helpful in selecting the optimum
steel and processing route to achieve a given set of properties. These are time-temperature
transformation (TTT) and continuous cooling transformation (CCT) diagrams. CCT diagrams
are generally more appropriate for engineering applications as components are cooled (air
cooled, furnace cooled, quenched etc.) from a processing temperature as this is more
economic than transferring to a separate furnace for an isothermal treatment.As shown in
figure 2.4. The TTT diagram composed of two overlapping C curves and for low-alloy steel
TTT curves separated by existence of bays region and the experiments indicate that in low-
alloy steels containing relatively large quantites of alloying elements, the bay is replaced by a
break in the TTT diagram, so that the overlall appearance becomes that of two C curves
separated by a stasis region where no transformation occurs despite prolonged heat
treatment.One of which represents diffusional transformations (equiaxed or poloygonal ferrite
and pearlite) and the other, three common displacive transformations in steel
includeWidmanstatten ferrite, bainite and martensite [15,43]. By contrast not all three
displacive reactions found in every steel and it is depends on quantities of austenite stabilizing
elements [15].(driving force for transformation decrease as the alloy content increase).
Sharma and Purdy [44] indicated that the incubation periods normally associated with TTT
diagram (i.e. the time period before the onset of a detectable amount of isothermal
transformation). Examination of a time—temperature—transformation (TTT) diagram for
carbon steel (Fig. 2.4), bearing in mind the fact that the bainite forms by the decomposition of
austenite at a temperature which is above Ms, but below that at which fine pearlite form (All

bainite forms below the T temperature) [45].
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Fig. 2.4 TTT diagram showing the different domains of transformation [19].
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The transformation of acicular ferrite is similar to that of bainite as shown in fig.2.4, it is form
below the transformation temperature of pro-eutectoid ferrite and pearlite and above the
martensite start temperature but the nucleation sites are different [15, 46-50]. Bainite is a non-
lameller aggregate of carbides and plate shaped ferrite as shown in fig.2.4, while the
transformation to pearlite reaction is essentially occur at high temperature.The nature of
bainite changes as the transformation temperature is lowered. Two main forms can be

identified: upper and lower bainite. As shown in figure 2.5.
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Fig. 2.5. Schematic illustration of the microstructure of upper and lower bainite [51].

2.2.1 TRANSFORMATION-START-TEMPERATURE

It is a common observation that the Widmanstatten ferrite-start (Ws) and bainite-start (Bs)
temperatures are more sensitive to the steel composition than is the A.; temperatur.The TTT
diagram Fig. 2.4, which consist essentially of two C-curves.The lower C-curve has a
characteristic flat top at temperature Ty, which is the highest temperature at which ferrite can
form by displacive transformation.The transformation product at T, can be Widmanstatten
ferrite or bainite, but it is found no need to distinguish between these phases for the purpose
of nucleation. The same nucleus can develop into either phase depending on the prevailing
thermodynamic conditions. As we know the carbon must partition during the nucleation stage
in order to obtain a reduction in free energy. By contrast diffusioless nucleation would in
some cases lead to an increase in the free energy. According to Bhadeshia [52], the T} can be
estimated for any sreel and the free energy change AG, can be caculated from readily
available thermodynamic data. A full description of this calculation is given in 2.3.3.1
Thermodynamics of Bainite Formation. As we mentioned before the nucleus is identical for

Widmanstatten ferrite and bainite, but it is possible to distinguish them by growth process. If
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diffusionless growth cannot be sustained at Ty then the nucleus develops into Widmanstatten

ferrite.

So that Th is identified with WS. A large undercooling is necessary before bainite can be
stimulated. However if the driving force at Th is sufficient to account for diffusionless growt,
then Th = BS and Widmanstatten ferrite does not form at all. However, theWidmanstatten
ferrite and bainite is suppressed to temperature below MS in which case they do not form at
all [15]. A ccording to the data fitted in Fig. 2.42, the bainite is expected to form below the To

when:

Where, AGy—a is the free-energy change for the transformation, and GSB is the stored
energy of bainite (about 400 J /mol).However the solubility data are available in some
equations for example VN and VC [19, 53-56]. However a full description of this behaviour
for Nb — C, Nb — N and Nb—C—N system is given in Ref. [46, 57-69].

Log [V][N] = -7840/TVN + 3.02 (2.1)
Log [V][C] = -9500/TVC + 6.72 (2.2)

Where [Nb] , [C], and [N] are the concentrations in weight percent, and T is the absolute

temperature.

2.2.2. QUANTITATIVE ESTIMATION OF TRANSFORMATION
TEMPERATURE

The upper and lower bainite is expected to exist during isothermal transformation and it
depend on the time required to decaburise a plate of ferrite (tq) and time interval necessary to
obtain a detectable amount of cementite precipitation in the ferrite (tp). i.e (rate of
decarburization and precipitation) Therefore and according to Fig. 2.6, if the tq < ty then no

lower bainite exist and upper bainite is obtained, and vice vers.
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Fig. 2.6 Show how the variation of t4 and ty can lead to (a) Steel incapable of transforming to
lower bainite (b) Steel able to transform to upper or lower bainite (c) Steel able to transform
to lower bainite (no upper bainite) [15].

Some caculated data [51] on the plain carbon steels are presented in Fig. 2.7. Indicate that the
lower bainite should not be observed in plain carbon steels with carbon concentrations less
than 0.32 wt%. Furthermore, only lower bainite (no upper bainite) is expected in steels with
carbon concentrations exceedinig 0.4 wt%. However steels containing between 0.32 and 0.4
wt% of carbon should exhibit both upper and lower bainite, depending on the reaction
temperatures. As indicated in Fig. 2.7. Lower bainite can be observed in plain carbon steel
with more than 0.32 wt% carbon. But as the transformation proceeds, the austenite becomes
enriched in carbon. This lead to the possibility of upper bainite being followed by lower
bainite during isothermal transformation.That reason why mixed microstructures can be
obtained in plain carbon steel containing less than 0.32 wt% carbon, especially if the rate of
carbide precipitation from the austenite is slow enough to allow the austenite to become
enriched. By contrast , the mixtures of upper and lower bainite can be obtained by

transformation at temperatures just above LBg (Lower Bainite Start Temperature).
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Fig. 2.7 Calculated LBg (Lower Bainite Transformation Start Temperature), Bs and Mg
temperatures as function of transformation temperature [51].

2.2.2.1. Isothermal Transformation Kinetics

The progress of an isothermal phase transformation can be conveniently represented by

Avrami equation :

X =l-exp k-t

(2.3)

where:

X — fraction of transformed structure

t — time for X

n - Avrami exponent

k — constant

Increase of transformed fraction (f) with time elapsing, t, during isothermal transformation of
temperature T, can be illustrated on TTT diagram. One example of TTT diagram is shown on
figure 2.8 [70]. In the case of transformation y—a, f'is the volume fraction of  phase in any

moment. Therefore values of are limited to range between 0 and 1.
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Factors affecting realtion f{t,T) are: nucleation rate, growth rate and distribution of
preferential places for nucleation, overlaping of neighbouring diffusion fields of new grains,

impeachment of new grains etc.

Regarding austenite decomposition, type of transformation y—a, transformation is finished at
the moment when complete fraction of a phase is transformed. During transformation, growth
rate of new grains can be treated as constant, implying that transformation will be finished not

because of the decrease in grain growth rate, but because of impeachment of new grains.

During y—a transformation, nuclei of a are formed continuously during transformation, with
constant rate N. Assuming that newly formed nuclei grow in sphere shape manner, with radii
1, with growth rate v, the volume of all nucleii formed in starting time (boundary condition

when t=0), can be described with following equation:

log { —am
] - o
f
71
_ T,
0
(b) log{ —em=

Fig.2.8. Diagram of isothermal decomposition [70]

45

4
V=—m=—=r(t)
3 3 (vt)

(2.4)
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Total volume of all nucleii formed up to time t can be described with next equation:

_4 3
V = gm/(t—f) 2.5)

Number of nuclei formed during increment of time dt is equal to Ndt, per unit volume of
strating (non-transformed) phase y. Assuming that grains will not get in contact up to the end

of transformation, for unit volume, fraction transformed /', can be calculated as:

(2.6)

t
f :zV'zgﬂNvﬁ(r—rmr
0
. 4 3,4
f—gﬁNv t 2

This equation is valid only in the case when f«1. With time elapsing the probability for
contact between new o grains increases, leading to decrease in transformation rate. Taking
into account random distribution of nucleation sites, both for short and long times,

transformation kinetics can be described with following equation:

f :1—exp(—§7sz3t4) 2.8)

For short times, this equation is equal to equation (2.7) because 1-exp(-z)=z. Also, in the case

of long time, (t—x); f— 1.

Using replacement,

k = 4 Ny’
3

(2.9)

Equation (2.9) is equal to (2.3). Equation (2.3) is known as JIMAK (Johnson-Mehl-Avrami-

Kolmogorov), or more often Avrami equation.
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After double In of eqation (2.3):

Inln

=Ink+n -Int (2.10)

Avrami exponent n, is derived as slope from equation (2.10). Theoretically, values of n are in
the range 1 to 4. In the case when there is no change of transformation mechanism value of n

is constant and shows no temperature dependence.

Driving force for transformation is lower energy of a than y phase; therefore there was a need
or quantification of transformation kinetics that takes into account the influence of material

and processing parameters. Therefore, equation (2.3) can be rewritten::

n
X =l-exp - B -

tr 2.11)

where:

X - fraction of transformed structure

t — time

tp — time for transformation of fraction
n - Avrami exponent

B — constant calculated from equation (2.12):
B=—-In(1-F) (2.12)

Usually, this is time for 50% of transformed fraction (F=0.5), and equation (2.11) can be

rewritten:

n

X =1—exp| —0.693 ——

2.13
0.5 @.13)

where
to.s — time for 50% of transformation,s

Time for 50% transformation is calculated from eq(2.14) [71-81].
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0

los = AeXP(ﬁ) (2.14)

where

A — constant

T — absolute temperature
R — universal gas constant

Q — activation energy for transformation

2.3. DECOMPOSITION OF AUSTENITE AND
MECHANISMS OF TRANSFORMATION

The rate at which austenite decomposes to form ferrite, pearlite and bainite is dependent on
the composition of the steel, as well as on other factors such as the austenite grain size, and
the degree of homogeneity in the distribution of the alloying elements [19]. One of the
reasons why there is a great variety of microstructures in steels is because the same allotropic
transition can occur with a variety of ways in which the atoms can move to achieve the
change in crystal structure. The austenite can transform to ferrite either by breaking all the
bonds and rearranging the atoms into an alternative pattern (reconstructive transformation), or
by homogeneously deforming the original pattern into a new crystal structure (displacive or
shear transformation) without diffusion. All the phase transformations in steels can be
discussed in the context of these two mechanisms as illustrated in Figure 2.9 [19] The pearlite
is the good example of a reconstructive transformation. All experimentall data show that the
pearlite grows with the diffusion of substitutional solute atoms [82,83].The substitutional
solutes do not diffuse at all during displacive transformation. For this reason, the observed
effect of solutes, on the rate of transformation, is larger for reconstructive than for displacive

transformation (Fig.2.10)

Dubé [19], proposed a classification of morphologies of ferrite which occur as the y/a
transformation temperature is lowered. Dubé recognized four well-defined morphologies

based on optical microscopy:
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Fig.2.10 TTT diagram showing the larger retarding effect that manganese has on a

reconstructive transformation compared with displacive [15].
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2.3.1. PRO-EUTECTOID FERRITE

Grain boundary allotriomorphs are the first morphology to appear over the whole range of
composition and temperature and has a shape which does not reflect its internal crystalline
symmetry. This is because it tends to nucleate at the austenite grain surfaces, forming layers
which follow the grain boundary contours (Fig. 2.11a).The allotriomorph is in contact with at
least two of the austenite grains and will have a random orientation with one of them, but an
orientation which is more coherent with the other. It may, therefore, be crystallographically
facetted on one side but with a curved boundary on the other side. However, at the highest
temperatures (above 800 °C), they predominate by growing along the boundaries, and also
into the grains to give a well-defined grain structure, generally referred to as equi-axed ferrite.
The allotriomorphs nucleate having a reproducible orientation relationship such as the

approximate Kurdjumov—Sachs orientation with one austenite grain (y;) [15, 19]:

{111},, || {110},.
(110)y, || (111)4.

As well as during the isothermal transformation processes, the formation of proeutectoid
ferrite from austenite occurs by a diffusionally controlled reaction which consists of

subsequent events:

Incubation — Nucleation — Growth — Impingement
Incubation

The incubation can be defined as the minimum time at which it is not possible to find some
ferrite nucleated at the austenite grain boundary.

Nucleation of Proeutectoid Ferrite

Many studies have been done on nucleation of proeutectoid ferrite [85-87]. In general,
twommemntypes of nucleation are possible during the phase transformation [85]: homogeneous
and heterogeneous. Proeutectoid ferrite nucleates heterogeneously in recrystallized austenite,

the most probable nucleation sites will be grain surface, edgesand corners, as shown in Fig.

2.11(g).
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Grain Boundary Grain Edge Grain Corner

(2)
Fig. 2.11(a)Grain boundary allotriomorphs of ferrite. (b)Widmanstitten ferrite growing from

grain boundary ferrite. (c)Grain boundary allotriomorphs and intragranular idiomorphs of
ferrite. (d)Intragranular Widmanstétten ferrite plates. (¢)Grain boundary allotriomorphs and
intragranular idiomorphs of cementite. (f)Widmanstétten cementite: optical micrographs, (a)—
(d) x500, (e) and (f) x350 [19]. (g) Heterogeneous nucleation sites in fully recrystallized
austenite [85].
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Fig. 2.11-continued. Schematic illustration of ferrite morphologies (i) Grain-boundary
allotriomorphs,(b) Primary Widmanstétten(c) Secondary Widmanstétten (d) Primary
Widmanstitten sawteeth grow from grain boundaries with a triangular appearance(e)

Secondary Widmanstitten sawteeth (f) Idiomorphs that are equiaxed but faceted ferrite form
almost entirely in the interior of parent austenite grains. (g)Grain-boundary idiomorphs are
not normally observed in steels. (h) Intergranular Widmanstitten plates in parent grain of
austenite. (i) Massed ferrite [123]

Growth

Once ferrite nucleated at boundary sites, growth of ferrite will proceed, being driven by the
difference in free energy between the austenite and ferrite phases.The kinetics can be divided
into thickening and lengthening (Fig.2.12). As reported by Simonen et.al. [88].

Lengthening kinetics of proeutectoid ferrite provides results indicating that the planar

interface-carbon-controlled and edge mechanisms takes place during transformation. Since
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the lengthening of ferrite is much faster than thickening, and austenite grain boundaries are
usually completely covered by ferrite grains before apprecible growth by thickening has

occurred [89].

Thickening

T gy

Lengthening

Fig. 2.12 Thickening and lengthening of grain boundary allotriomorphic [90].

Impingement

At the later stages of the transformation, the carbon diffusion field from adjacent ferrite
grains, each being created by rejection of carbon into remaining austenite,overlap.The process
reduces the carbon gradient at the interface and thus slows down the carbon diffusion.The
phenomenon is called soft impingement, another type of impingement which occurs when
ferrite grains impinge on each other is known as hard impingement.The parabolic growth law

does not hold anymore when either type of impingement occurs [88].

2.3.1.1 Widmanstatten Ferrite Morphology

Widmanstétten ferrite plates or laths: These plates grow along well-defined planes of the
austenite and do not grow across the austenite grain boundaries. Primary Widmanstitten
ferrite grows directly from the austenite grain surfaces, whereas secondary Widmanstitten
ferrite develops from allotriomorphs of ferrite already present in the microstructure (Fig.
2.11b).However as shown in figure 2.13. Primary Widmanstatten ferrite either directly grows from
the austenite grain surfaces, whereas secondary Widmanstatten ferrite develops from any
allotriomorphic ferrite that may be present in the microstructure [45]. Hillert pointed out that ferrite
could inherit the content of alloying elements from austenite even if it partitions at the interface

[91,92].The Widmanstatten ferrite can form at temperatures below to the Ae; temperature when
AG"7" "<~ Ggw (AGm < GN)
Where Ggyw is the stored energy of Widmanstatten ferrite and hence can occur at very low driving

forces; the under cooling needed amounts to a free energy change of only 50 J.mol™.This is much less
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than required to sustain diffusionless transformation and A is the free energy change

associated with the paraequilibrium growth of Widmanstatten ferrite [15,45,93].

austenite
grain

allotriomorphic
ferrite

primary O,
secondary ¢,

Fig 2.13. Morphology of primary and secondary Widmanstatten ferrite [45].

2.3.1.2. Idiomorphic Ferrite Formation

The idiomorphic ferrite or intragranular idiomorphs ferrite are equi-axed crystals which
nucleate inside the austenite grains (Fig. 2.11c), usually on non-metalic inclusions present in
the steel. An idiomorph forms without contact with the austenite grain surfaces and has a
shape which some shows crystallographic facets.These type of ferrite,which grows by
diffusional mechanisms, can be classified into two main forms: allotriomorphic ferrite and
idiomorphic ferrite [94,95].Allotriomorphic ferrite nucleates at the prior austenite grain
boundaries and tends to grow along the austenite boundaries at a rate faster than in the normal
direction to the boundary plane (Figure 2.14). By contrast, idiomorphic ferrite nucleates at the
inclusions inside the austenite grains and can be identified in the microstructure by its
equiaxed morphology (Figure 2.14). Consequently, the balance between the number of
intragranular nucleation sites and the number of sites at the austenite grain boundarie is a very

important factor in the competitive process of allotriomorphic-idiomorphic ferrite formation.
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Fig. 2.14 (a.b) Idiomorphic and Allotriomorphic ferrite: (a) Schematic illustration [45]; (b)
SEM micrograph [94]; (c,d) Optical microstructure of the Fe—1.5Mn—0.2C alloy transformed
at 973 K for 240 s; (b) schematic representation of intragranular ferrites in (a) [96].

It is well known that an increase in the PAGS leads to a reduction in the number of nucleation
sites at the austenite grain boundaries. Therefore, an increase in the PAGS indirectly favors
the intragranular nucleation of ferrite: then, the formation of idiomorphic ferrite, rather than
allotriomorphic ferrite, is enhanced. Likewise, as the PAGS increases, the number of
inclusions trapped inside the austenite grains increases, which promotes the intragranular

nucleation of ferrite.
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2.3.1.3. Intragranular plates
These plates are similar to those growing from the grain boundaries, but they nucleate entirely

within the austenite grains (Fig. 2.11d).

2.3.1.4. The Effect of Alloying Elements on the Ferrite Reaction

The alloying elements can be divided into three categories [19]:

(1) Elements which enter only the ferrite phase; such as nickel, copper, phosphorus and
silicon, which, in transformable steels, are normally found in solid solution in the ferrite

phase.

(2) Elements which form stable carbides (carbide-forming elements) and also enter the ferrite
phase. Typical examples are manganese, chromium, molybdenum, vanadium, titanium,
tungsten and niobium. At higher concentrations most will form alloy carbides, which are
thermodynamically more stable than cementite. Manganese carbide is not found in steels, but
instead manganese enters readily into solid solution in Fe3C. The carbide-forming elements
are usually present greatly in excess of the amounts needed in the carbide phase, which are
determined primarily by the carbon content of the steel.The remainder enter into solid
solution in the ferrite with the non-carbide-forming elements nickel and silicon. Some of these
elements, notably titanium, tungsten and molybdenum, produce substantial solid solution

hardening of ferrite. The majority of alloying elements used in steels fall into there category.

(3) Elements which enter only the carbide phase. Nitrogen is the most important element and
it forms carbonitrides with iron and many alloying elements. However, in the presence of
certain very strong nitride-forming elements, e.g. titanium and aluminium, separate alloy

nitride phases can occur.

Two basically different modes of growth of pre-eutectoid ferrite in austenite have been
observed. The actual mode observed is dependent on the composition of the alloy but the two

modes may occur at different temperatures in the same alloy. The modes are:

(a) Growth with partition of the alloying element between o and y under local equilibrium

conditions.

(b) Growth with no partition of alloying element between a and y under local equilibrium

conditions.
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In the first mode, the ferrite grows at a slow rate determined by the diffusivity of the alloying
element in the y phase. This behaviour is sensitive to alloy composition. The mode where no
partition occurs gives rise to a narrow zone of enrichment or depletion, depending on whether
alloying element is a y - or a -stabilizer, which moves ahead of the a / y interface. In the no-
partition regime the observed growth rates are relatively high, being determined by the
diffusivity of carbonwhich diffuses several orders of magnitude faster than the metallic

alloying elements.

A third approach to the ferrite reaction was introduced by Hultgren [19], who proposed a state
of para-equilibrium at the y/o boundary. In this, the transformation occurs at such a rate that

the substitutional solutes are unable to partition.

2.3.1.5. Structure Changes Resulting From Alloying Addition

The addition to iron—carbon alloys of elements such as nickel, silicon, manganese, which do
not form carbides in competition with cementite, does not basically alter the microstructures
formed after transformation. However, in the case of strong carbide-forming elements such as
molybdenum, chromium and tungsten, cementite will be replaced by the appropriate alloy
carbides, often at relatively low alloying element concentrations. Still stronger carbide-
forming elements such as niobium, titanium and vanadium are capable of forming alloy
carbides preferentially at alloying concentrations less than 0.1 wt% [19].It would, therefore,
be expected that the microstructures of steels containing these elements would be radically

altered.

2.3.1.6. Effect of Ti on Grain Size Control

In commercial V-microalloyed steels small amounts of Ti (~ 0.01%) are commonly added to
prevent excessive grain coarsening at high temperatures [8,9,42,97,98].Because, Ti reacts
with the nitrogen in the steel to form a fine dispersion of very stable TiN. However, to attain
the fine TiN size necessary for effective grain growth control fast cooling is needed during the
solidification of the steel, as in continuous casting of slabs [8,42,97].A general conclusion is
that the stability of TiN itself is not expected to change by additions of other microalloying
additions, such as V or Nb [8,42,97] Ti as a result of its much lower solubility compared to V
or Nb.
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2.3.1.7. Effect of Mn and Mo on the Kinetics of the Ferrite Reaction

As reported by Kinsman and Aaronson [99], and as can be clearly seen in Fig. 2.15, ferrite
still grows much more slowly than in Fe—C alloys, even when no partition of alloying element
is observed. For Mn, some of this retardation is because the substitutional solute affects the
thermodynamic stability of y relative to a. But for molybdenum containing alloy the a/y
boundary collects atoms during the transformation and, as a result, experiences an impurity

drag.
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Fig 2.15 Effect of manganese and molybdenum on the kinetics of the ferrite transformation
[19,99].

2.3.1.8. Toughness Improvement

Improvement of these steels toughness is vital. By microalloying with Ti or alternatively
raising the Al-content somewhat above normal levels and with close control of N it is possible
to reduce the austenite grain size to below 50 um. This refines the final ferrite-pearlite
microstructure and thereby increases toughness. By combining this method with a reduction
of the C-content and an increase of the Mn-content to dilute the pearlite with respect to
cementite, it has been possible to double the Charpy impact toughness of the standard V-
microalloyed steel while maintaining the level of strength[100,101]. Fig. 2.16 shows
examples of predicted microstructure steels having different levels of vanadium, niobium and
nitrogen, when subjected to the same rolling schedule [102].As evident from Fig. 2.16, the
steel with high vanadium and nitrogen is characterised by the most effective microstructural

refinement..
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Fig. 2.16 Development of austenite microstructure for Ti-V-(Nb)-N-steels during simulation
of industrial hot rolling of plates [102].

2.3.1.9. Effect of Reheating Temperature

The yield stress and tensile strength decrease because lower reheating temperature reduces the
amount of dissolved vanadium (or niobium) in the austenite and accordingly the potential for
precipitation hardening after cooling. For Ti-V-N microalloyed steels it was found that a
reduction in reheating temperature from 1250 to 1100Co reduced the yield stress by about
40MPa while at the same time decreasing the ductile-brittle transition temperatureby about
15C o [42].The carbon steels are the most frequently produced and used steels. More than
85% of the steels produced are carbon steels. Variation of carbon has the greatest effect on the
mechanical properties of steels. Carbon steels contain up to 2 % total alloying elements and
can be subdivided into ultra low carbon, low carbon , medium carbon , high carbon and ultra
high carbon steels.The medium carbon microalloyed steels are designed to meet the specific
requirements of mechanical properties.These steels are similar to low carbon steels except
that carbon content in these steels are higher and normally in the range of 0.25 to 0.60 % and
the manganese from 0.60 to 1.65% (up to 2% also used), in order to provide adequate deep
drawing and welding properties with small quantities of chromium, nickel, molybdenum,
copper,nitrogen. In these steels small amounts of vanadium, niobium and/or titanium is also
present. Individual elements generally less than 0.10% and total microalloying elemants
generally less than 0.15% are added for refinement of grain size as well as precipitation

hardening.
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The medium carbon steels may also have small addition of calcium, rare earth elements or
zirconium for sulfide inclusion shape control.However the steels can be classified based on

different systems depending upon:
The composition: Carbon, micro alloy, low alloy, high alloy or stainless steels.

The manufacturing processes: basic oxygen process, energy optimizing furnace or electric arc

furnace.
The finishing methods: Hot rolling, cold roling or forging etc.
The type of product: Flat such as platesheet,strip,long such as wire rods,

reinforcement bars, rounds and shapes,pipes and tubes or forged

products.

The de oxidation method:  Killed, semi-killed, rimmed or capped steels.

The microstructure: Ferrite, austenite, pearlite, bainitic or martensitic.

The strength levels: HSS, HSLA or normal strength to meet standard requirement
heat.

The treatment process: Annealing, normalizing, thermo mechanical treatment,

quenching and tempered etc.

Quality defining designations: Forging quality, Commercial quality, drawing quality or

welding quality etc.

2.3.2 PEARLITE TRANSFORMATION

Pearlite is a diffusional transformation. All experimentall data show that the pearlite grows
with the diffusion of substitutional solute atoms. Pearlite has never been shown to grow by the
para-equilibrium transformation of austenite [82,83]. Hillert and co-workers [19], were able to
show that pearlite could be nucleated either by ferrite, or by cementite, depending on whether
the steel was hypo- or hyper-eutectoid in composition. Mehl and co-workers [19], took the
view that pearlite nodules are formed by sideways nucleation and edge-ways growth (Fig.
2.17). Modin [19], indicated that nucleation of pearlite also took place on clean austenite

boundaries. Hillert has shown that nucleation also occurs on ferrite, C. S. Smith [19], first
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pointed out that the mobile pearlite interface in contact with austenite was an incoherent high-
energy interface growing into a grain with which the pearlitic ferrite and cementite had no

orientation relationship.
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Fig. 2.17 Idealized pearlite nodule at austenite grain boundary [19].

Therefore, the nodules which nucleated on pre-existing grain boundary cementite and ferrite
would choose the higher energy interfaces across which the boundary phase had no
orientation relationship with the adjacent austenite, while on the low-energy interfaces
Widmanstitten growth of ferrite (or cementite) was usually observed. The spacing of the
lamellae in pearlite is a sensitive parameter which, in a particular steel, is larger the higher the
transformation temperature.The spacing was first measured systematically for a number of
steels by Mehl and co-workers [19],who demonstrated that the spacing decreased as the
degree of undercooling, AT, below the eutectoid temperature increased. Growth of the
lamellae can only occur if the increases in surface energy is less than the decrease in energy
resulting from the transformation. Therefore, the condition for growth can be found from

Equation (2.15):

AH (Te —T) /(Te) p Sy = 20. (2.15)

Where
Te = Eutectoid temperature
T = Transformation temperature

AH = latent heat of transformation.
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o = Interfacial energy per unit area.

So = Interlamellar spacing or pearlite spacing and p is the density.

The equation predicts three important aspects of the transformation:

1. The pearlite spacing SO decreases with transformation temperature.

2. The fineness of the spacing is limited by the free energy available from the transformation.

3. A linear relation should exist between the reciprocal of the spacing and the degree of

undercooling.

It is only possible for cementite, ferrite and austenite to coexist in equilibrium at the
eutectoid temperature in plain carbon steels. Therefore, fully pearlitic steels in which all of the

austenite 1s consumed.

2.3.2.1 Divergent Pearlite

However, when substitutional solutes are present they may partition between the phases so
that the austenite may become enriched or depleted as the transformation proceeds, leading to
a decrease in the driving force for transformation.This in turn leads to an increase in the

interlamellar spacing as the pearlite grows, a phenomenon known as divergent pearlite [19].

2.3.3.2 The Kinetics of Pearlite Formation

The pearlite nucleates at preferred sites in the austenite and the nuclei then grow until they
impinge on each other.The process is both time and temperature dependent, as it is controlled
by the diffusivity of the relevant atoms. Johnson and Mehl [19],first applied a detailed
analysis of nucleation and growth to the pearlite reaction, which assumed that the fraction of
austenite transformed (X) could be expressed in terms of a rate of nucleation'N defined as the
number of nuclei per unit volume of untransformed austenite formed per second, and a rate of
growth of these nuclei G, expressed as radial growth in cm s - 1. An expression was obtained

for the fraction of austenite transformed X, in time t:
X =1— e—(}?,“"S}I,-";.’GSEA
(2.16)

where: N is the rate of nucleation and G is the rate of growth. In practice, however, the
pearlitic reaction does not conform to the simple nucleation and growth model referred to

above, because of [19]:-
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1. N is not constant with time.
2. G can vary from nodule to nodule and with time.
3. The nuclei are not randomly distributed.

4. The nodules are not true spheres.

For that reason Cahn and Hagel [19], suggest a new theoretical approach which fully
recognized the inhomogeneous nature of nucleation in the pearlite reaction. It was pointed out
that not all grain boundary nucleation sites were equivalent, that grain corners would be more
effective than edges, and that edges would be better than grain surfaces. The expression for
the fraction of austenite transformed assuming site saturation of grain corner sites is [19]:

X — 1 — o~ @/3)m Gt

(2.17)

where m is the number of grain corners per unit volume. The time for completion of the

reaction, tg, is simply defined as [19]:

— 0.5d/G
tr = 0.5d/G, (2.18)

where d is austenite grain diameter and d/G is the time taken for one nodule to absorb one
grain, so the presence of only several nodules per grain will meet the above criterion for ts
The nucleation rate, where measured, does seem to vary with time according to the relation:
where k and n are constants. However, for most experimental conditions, the
N = kt".
(2.19)

where k and n are constants. However, for most experimental conditions, the rate of growth G
is the dominant quantity. The rate of growth of pearlite nuclei can be measured by reacting a
series of samples for increasing times at a particular temperature. It has been found that G is
structure insensitive [19], i.e. structural changes such as grain size, presence or absence of
carbide particles have little effect. However,G is markedly dependent on temperature,
specifically the degree of cooling AT below Te, and increases with increasing degree of
undercooling until the nose of the 77T curve is reached,G is also strongly influenced by the

concentration of alloying elements present [19].
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2323 The Growth of Pearlite Nuclei

The rate of growth of pearlite nuclei G, can be measured by reacting a series of samples for
increasing times at a particular temperature.As a result of measurements on polished and
etched sections, the radius of the largest pearlite area, assumed to be a projection of the first
nodule to nucleate, can be plotted against time. Normally a straight line is obtained, the slope
of which is G (Fig. 2.18). It has been found that G is structure insensitive [19], i.e. structural
changes such as grain size, presence or absence of carbide particles have little effect.
However, G is markedly dependent on temperature, specifically the degree of cooling AT
below Te, and increases with increasing degree of undercooling until the nose of the TTT
curve is reached, G is also strongly influenced by the concentration of alloying elements

present.
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Fig. 2.18 Growth of pearlite in two 0.8C 0.6Mn wt% steels [19].

The growth of pearlite was proposed by Mehl and Hagel [19],and proposed the following
relationship for G:

K D!
So (2.20)

-

Where D¢ the diffusion coefficient of carbon in austenite, S  is the interlamellar spacing and
K is a constant. The growth rate increases as the transformation temperature is lowered,

because the driving force of the reaction is increased [15,19].
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2.3.2.4  The Effect of Alloying Elements on the Pearlite Reaction

The work of Mehl and coworkers [19], showed that many alloying elements reduce both rates
of nucleation N and rates of growth G. For example, in molybdenum steels of eutectoid
composition both N and G were decreased, and nickel steels behaved in a similar manner. The
growth rate G as a function of atomic concentration of alloying elements in several groups of

steels is shown in Fig. 2.19.
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Fig. 2.19. Effect of alloying elements on the rate of growth of pearlite in the range
550-700°C[19].

The change in slope for Mo steels was correlated with the substitution of cementite by a
molybdenum-rich carbide. Certain elements, notably cobalt, increased both N and G for the
pearlite reaction. The rates of growth of pearlite nodules at 660 °C in cobalt steels are
compared with that of a cobalt-free steel in Fig. 2.20.

Recent work [19], on chromium steels has shown that the addition of 1wt% Cr to an eutectoid
steel results in substantially lower growth rates of pearlite. It follows that in general the C-
curve for a pearlitic steel will be moved to longer times as the concentration of alloying

element is increased.
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Fig. 2.20. Effect of cobalt on pearlite growth rate [19].

2.3.2.5 Mechanical Properties of Pearlite

The strength of pearlite would be expected to increase as the interlamellar spacing is
decreased [19]. Pearlite has an adverse effect on ductility and toughness. The presence of
pearlite in the microstructure provides sites of easy nucleation of cracks, particularly at the
ferrite—cementite interfaces. The result is low energy absorbed due to the fact that many crack
nuclei can occur at the pearlitic interfaces which, together with the high work hardening rate
associated by presence of pearlite, restricts plastic deformation in the vicinity of the crack.
The result is that there is a wide transition temperature range (Fig. 2.21) [19].Also impact
transition temperature is raised substantially as the carbon content is increased (Fig. 2.21), and
quantitative studies have shown that 1wt% by volume of pearlite raises the transition
temperature by about 2 °C [19].Hugo and Woodhead [19], confirmed that the yield strength
and the ultimate tensile stress (UTS) could be linearly related to the reciprocal of the square
root of the interlamellar spacing or of the degree of undercooling. Steels of lower carbon
contents, i.e. down to 0.3 wt%, gave similar results, but situation is different for lower carbon
steels, i.e. below 0.3 wt%, where pearlite occupies a substantially smaller volume of the
microstructure. In these steels the yield stress is not markedly affected as the proportion of

pearlite is increased, provided other factors, e.g. ferrite grain size.
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Fig. 2.21 Effect of pearlite on toughness measured by Charpy impact transition temperature
[19].

2.3.3. BAINITE TRANSFORMATION

The first theory based on the mechanism of the bainite reaction, which emerged incorporated

the following principles.

(i) An individual platelet grows without diffusion. Any excess carbon is then partitioned into

the residual austenite [103].

(i) The size of each platelet is limited by a breakdown in interface coherency due to the
plastic accommodation of the shape deformation [104]. The growth of a cluster of platelets

therefore requires the nucleation of new platelets.

(ii1) Classical nucleation theory is inappropriate for the bainite reaction [52]. Nucleation is

governed instead by the dissociation of three-dimensional arrays of dislocations.

The essential kinetic features of the bainite transformation are illustrated schematically in

figure 2.22. All the available theories has been reviewed in [15].
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Figure 2.22: Schematic illustrating the growth of sheaves by propagation of successive sub-
units for bainitic microstructure [15,42,105].

2.3.3.1 Thermodynamics of Bainite Formation

The equilibrium is said to exist in a system when it reaches a state in which no further change
is perceptible i.e (system sinks into a very deep free energy minimum or lowest free energy
state), no matter how long one waits [106].However metastable equilibrium is in minimum
free energy but does not exclude the existence of deeper minimum. A bainite microstructure is
far from equilibrium. The free energy change accompanying the formation of bainite in Fe-0.1
C wt% at 540 °C is - 580 Jmol™, whereas that for the formation of an equilibrium mixture of
allortiomorphic ferrite and martensite at the same temperature is - 1050 J mol™ (excess 470
Jmol™). Also, when compared against highly metastable materials such as rapidly-quenched
liquids which solidify as supersaturated solutions, or multilayered structures containing a
large density of interfaces. This bainite steels can be welded, where all the other materials

listed in table (2.2) with high stored energies would not survive the weld process [15].

Table (2.2). Excess energies of metastables materials

Materials Excess energy in units of RTy
Highly supersaturated solution 1
Amorphous solid 0.5
Artificial multilayers 0.1
Bainite 0.04
Cold-deformed metal 0.003

Where R is the gas constant and Ty the absolute melting temperature
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It has been demonstrated that bainite does not follow classical nucleation theory involving
heterophase fluctuations, but rather follows a theory similar to that of martensite where the
activation energy for nucleation is related directly to the driving force [43,105]. Bainite
nucleates like martensite but with the partitioning of the interstitial carbon [52,107]. The
chemical driving force for nucleation is defined as the free energy changes that accompanies
the formation of a nucleus from the matrix [39,40,42,43].The free energy changes that occur
as result of the formation of a ferrite nucleus, when the austenite partly decomposes into
ferrite (formation of a ferrite nucleus hardly affects the composition of remaining austenite) is
given by Fig. (2.23a).The formation of bainite becomes possible at a temperature where the
conditions for nucleation and growth are satisfied simultaneously. To achieve a detectable
nucleation rate i.e

AGm < GN, 2.21)

Where, AGm as shown on figure 2.23 6(a), is the maximum free energy available for para-
equilibrium nucleation in which only carbon is partitioned between the parent and product
phases (maximum possible free energy change for nucleation), Gn is a universal nucleation
function which expresses the minimum free energy required to obtain a detectable amount of
Widmanstatten ferrite or bainite. AGm is calculated using the parallel tangent construction as
shown in Fig. 2.23(a), and described by [45,108].GN has been determined experimentally by
[109], and found it equal:

GN =3.637(T — 273 .15) + 2540 J / mol (2.22)
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Fig. 2.23 Free energy diagrams illustrating (a) the chemical free energy changes during the
nucleation and(b) the growth of bainitic—ferrite from austenite of composition x [45].

For temperature range (670-920 K°), where T is the absolute temperature.The nucleus can

only evolve into bainite if there is sufficient driving force available for growth without a
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composition change as shown in Fig. 2.23b. Authors [52,110], has been estimated to be 400 J /
mol, so that the condition for growth becomes

AG y—a <—400 J / mol (2.23)
where AGy—a is the free-energy change for the transformation of austenite into ferrite of the

same composition as shown in Fig. 2.23b.

2.3.3.2 Kinetics of Bainite

As shown in Figure 2.22, a sub-unit nucleates at an austenite grain boundary and lengthens at
a certain rate before its growth is stifled by plastic deformation within the austenite. New sub-
units then nucleate at its tip, and the sheaf structure develops as this process continues. The
volume fraction of bainite depends on the totality of sheaves growing from different regions
in the sample. Carbide precipitation events also influence the kinetics, primarily by removing
carbon either from the residual austenite or from the supersaturated ferrite. Little is known
about the nucleation of bainite except that the activation energy for nucleation is directly
proportional to the driving force for transformation [19, 52]. However, unlike martensite,
carbon must partition into the austenite during bainite nucleation, although the nucleus then
develops into a sub-unit which grows without diffusion. The individual plates of ferrite is too
small to be resolved adequately using optical microscopy, which is capable only of revealing
clusters of plates.However the higher-resolution techniques such as photoemission electron
microscopy (Fig. 2.24), it has been possible used to study directly the progress of the bainite
reaction. Not surprisingly, the lengthening of individual bainite platelets has been found to
occur at a rate which is much faster than expected from a diffusion controlled process. The
growth rate is nevertheless much smaller than that of martensite, because the driving force for
bainite formation is smaller due to the higher transformation temperatures involved. The
platelets tend to grow at a constant rate but are usually stifled before they can traverse the

austenite grain.
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Fig. 2.24 Photoemission electron microscope observations on the growth of individual sub-
units in a bainite sheaf [111]

The lengthening rate of a sheaf is slower still, because of the delay caused by the need to
repeatedly nucleate new sub-units. Nevertheless, sheaf lengthening rates are generally found
to be about an order of magnitude higher than expected from carbon diffusion-controlled
growth. Also using thin-foil electron microscopy, the thickening of bainite sheaves was
measured. The result is thickening process depends on the rate at which sub-units are
nucleated in adjacent locations within a sheaf. The bainitic reaction takes place isothermally,
starting with an incubation period during which no transformation is detected followed by an
increasing rate of transformation to a maximum and then a gradual slowing down. As reported
by [112-116,280], the temperature and transformation time determine the phase fractions andthe
carbon content of the retained austenite, which in turn determine the mechanical properties.These
features are illustrated in Fig. 2.25. For three transformation temperatures and for the same

holding time, the fraction of bainite transformed was greater when transforming at higher

temperatures.
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Fig 2.25: Volume fraction of bainite as a function of transformation time and temperature, for
Fe-0.29C-1.4Mn-1.5S1 (wt%) [117].
The overall transformation characteristics, i.e. the change in the fraction of bainite with time,

temperature, austenite grain structure and alloy chemistry are therefore best considered in
terms of a TTT diagram (Fig. 2.26).The TTT diagram tend to have two separable C-shaped
curves becous the reaction rates are slow at high and low temperatures. In this effect, the
diffusion of atomes becomes difficult at low temperatures whereas the driving force for
transformation is reduced as the temperature is raised [15].The one at higher temperatures
describes the evolution of diffusional transformation products such as ferrite and pearlite,
whereas the lower C-shaped curve represents displacive reactions such as Widmanstétten
ferrite and bainite [19]. In lean steels which transform rapidly, these two curves overlap so
much that there is apparently just one curve which is the combination of all reactions. As the
alloy concentration is increased to retard the decomposition of austenite, the two overlapping
curves begin to become distinct, and a characteristic ‘gap’ develops at about the Bs
temperature in the TTT diagram. This gap is important in the design of some high-strength
(ausformed) steels which have to be deformed in the austenitic condition at low temperatures
before the onset of transformation [19].There are two major effects of alloying additions on

transformation kinetics. Solutes which decrease the driving force for the decomposition of
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austenite retard the rate of transformation and cause both of the C-curves to be displaced to
longer times. At the same time they depress the martensite-start temperature as illustrated in
Fig. 2.27. The retardation is always more pronounced for reconstructive reactions where all

atoms have to diffuse over distances comparable to the size of the transformation product

[15].
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Fig. 2.26 TTT curves for a Fe—3Cr—0.5C wt% steel [118].
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Fig. 2.27 Calculated TTT diagrams showing the C-curves for the initiation of reaction for a
variety of steels [15,43,45,108]
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2.3.3.3 Kinetics of Growth

There are two processes to consider in the evolution of the bainitic microstructure:

(1) Independent nucleation of a sub-unit at an austenite grain surface and

(2) Subsequent autocatalytic nucleation of sub-units on pre-existing platelets. The latter

process is essential in the generation of the sheaf structure.

As shown in figure 2.22. A sub-unit nucleates at an austenite grain boundary, and lengthens
at a certain rate. So the sheaf can continue to grow by the sub-unit mechanism until the TO
condition is achieved (growth is stifled by plastic deformation within the austenite) as
illustrated in figure 2.42. New sub-units then nucleate at its tip, and the sheaf structure
develops as this process continues [15,45,105].The nucleation rate, I, is dependent on the

activation energy i.e

Iy x vexp{—G"/RT}

(2.24)
where v = kBT/h is the attempt frequency factor, kB and h are the Boltzmann and Planck
constants respectively, G* is the activation energy for nucleation, and R is the universal gas
constant. The activation energy for the nucleation of bainite is proportional to the driving

force for transformation [52].

In respect to the nucleation rate its possible also, the lengthening rate of sub-units can be
calculated as predicted theoretically by Trivedi [119], or measured by using hot-stage
photoemission electron microscopy. Electrons are excited from the surface of the sample
using incident ultraviolet radiation, and these photo-emitted electrons which form the image.
The technique can resolve individual sub-units of bainite as demonstrated in Fig. 2.24. The
volume fraction of bainite depends on the totality of sheaves growing from different regions
in the sample. Carbide precipitation events also influence the kinetics, primarily by removing
carbon either from the residual austenite or from the supersaturated ferrite. Little is known
about the nucleation of bainite except that the activation energy for nucleation is directly
proportional to the driving force for transformation. This is consistent with the theory for
martensite nucleation. However unlike martensite, carbon must partition into the austenite
(carbon must be allowed to partition during nucleation) during bainite and Widmanstatten
ferrite nucleation [15,45,52,105], although the nucleus then develops into a sub-unit which

grows without diffusion.
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2.3.3.4  Estimation of Bainite Dislocation Density

Bainite has a high dislocation density p ¢ (more dislocation than allotriomorphic ferrite), even
when they form at similar temperatures, it is depends on the shape of deformation, and the
density of defects increasing as the transformation temperature decreases. Results are
summarised in Fig 2.28. However the X-ray line profile measurements also show an increase
in the lattice strain due to dislocations as the transformation temperature is reduced.This can
be used to estimate the dislocation density, latter it is influence strength of the parent and
product phases. The isothermal transformation to bainite at 300, 360 and 400 °C gave
dislocation densities 6.3 x 10 ~'°, 4.7 x 10 " and 4.1 x 10 > m ~ ? respectively. A full
description of this behaviour is given in Ref. [15,104].
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Fig 2.28 Dislocation density of martensite, bainite acicular ferrite and Widmanstatten ferrite
as a function of the transformation temperature [120].
The empirical relationship which is valid for all displacive transformation (martensite, bainite

and Widmanstatten ferrite), over the range 570-920 K°:

6880 1780360

log ps = 9.28480 + 2

(2.25)
Where p d is the dislocation density in m~ 2 and T is the reaction temperature in Kelvin [120].

For martensite the transformation temperature is taken to be M g temperature. The

strengthening 6 ¢ (MNm ~?) due to dislocations is given by:

64=038pub(pd ) =734x10°(pd)*’ (2.26)

where L is the shear modulus and b is the magnitude of the Burgers vector.
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2.3.3.5 Bainite Morphologies

Bainite is defined as the product of a nonlamellar, non-cooperative mode of eutectoid
decomposition [121,122].Bainite describes the resultant microstructure in steels of the
decomposition of austenite (y) into ferrite (o) and cementite (Fe3C) in the temperature range
above the martensitic transformation and below that for pearlite [123].Bainitic steels are used
in a number of applications in industry because bainite structures can have good mechanical
properties. They are stronger and harder than pearlite and have greater toughness than

martensite.
All the proposed models for the transformation fall into two categories:

1) Displacive Tansformation (martensitic) is like shear process, because it is often associated

with a change in crystal structure.
2) Diffusional Transformations. This is some times called a reconstructive transformation.

The transformation was believed to be martensitic if it conformed to the requirements of the
Phenomenological Theory of Martensite Crystallography (PTMC [121].These can be

summarized as follows:

Precipitates formed by a martensitic mechanism must have a plate or lath morphology and

exhibit an invariant plane strain surface relief.
The prent and product phase are related by an atomic correspondence.

The orientation relationship between the parent phase and the product phase is irrational

(except for fcc: hep transformations).

Internal heterogeneities are required to produce a lattice invariant deformation (except fcc:

hcp transformations).

There is no composition difference between the precipitate and matrix (except, perhaps , in

interstitial alloys)
There is no difference in long-range order between the parent and the product phases.

For a transformation to take place martensitically, all of these requirements must be met
[121].0n the other hand, many of these requirements are also fulfilled by dissusional
transformation. In order for a transformation to take place by a shear mechanism, the

interphase boundary must be glissile and capable of moving in a conservative fashion. It does

47



clearly distinguish between bainite and lamellar pearlite. In fact, observations of roughly
equiaxed bainite nodules in both Ti-Cr alloy and in steels [121].Led to the recent proposal that
such equiaxed shapes are the fundamental morphology of bainite, and that Widmanstatten
bainite structures form as a result of the dominating influence of one of the proeutectoid

phases (e.g proeutectoid ferrite plates or laths) ) [121].
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Fig.2.29. Schematic illustration of various bainite morphologies [121]; (a) Nodular bainite;
(b) Columnar bainite; (c) Sheaf of upper bainite laths; (d) Lower bainite; (¢) Grain boundary
allotriomorphic bainite. f) Inverse bainite

2.3.3.6 Upper and Lower Bainite

Bainite nucleates on parent austenite grain boundaries (Fig. 2.30). Its growth completely takes
place within the parent austenite grain. When the carbide precipitation occur in thin austenite
regions between ferrite plates or laths (ferrite plates or laths precede the formation of carbide)
converting the microstructure to upper bainite as shown in Fig. 2.29(c). This classic bainite
morphology Fig. 2.31(a) consists of fine plates of ferrite (also called subunits ) as shown in
Fig. 2.31 (b,c) that grow in clusters called sheaves Fig. 2.31(d) with further reduction in
reaction temperature [15,121,123]. Plates in each sheaf are separated by low-angle boundaries
or cementite particles. These ferritic structures are parallel to each other and have identical
crystallographic orientation. In upper bainite the excess carbon is then rapidly partitioned into
the austenite from which it precipitates as coarse cementite during the progress of the

transformation. However for lower bainite, the partitioning of carbon is somewhat slower
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because of the lower temperature so that there is an opportunity to precipitate some fine
carbides within the ferrite. There is nevertheless some precipitation of cementite from carbon-
enriched austenite. By contrast in the martensite, the carbon remains within the supersaturated
plate until a tempering heat treatment can be given to precipitate fine carbides [124].

The microstructure of upper bainite consists of fine plates of ferrite, as shown in Fig. 2.5
[15,19,45,125-127].1t is also possible to measure the thickness of sub-units (individual
platelets) by empirically modeled formula [127], as 0.2 x ( T — 528 ) / 150 um , based on
experimental data by Chang & Bhadeshia [128] ,for steels containing 0.095-0.5 wt% C,
transformed isothermally between 523 and 773 K°, then it follows that the sub-unit volume is

given by

2
Vu= (100.0x 10° x T—528 /150)" x 0.2 x 10"® x (T — 528 / 150)

3
=20x10"7x(T-528/150)" m’ (2.27)

The plates grow in clusters called sheaves. Within each sheaf the plates are parallel and of
identical crystallographic orientation, each with a well-defined crystallographic habit. The
individual plates in a sheaf are often called the ‘sub-units’ of bainite. They are usually
separated by low-misorientation boundaries or by cementite particles [19,46], so that a low
angle boundary arises whenever the adjacent platelets touch. The ferrite always has a

Kurdjumov-Sachs type orientation relationship with the austenite in which it grows [19].
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Fig. 2.30 Optical micrographs of (a) the structure formed by transformation (b) typical upper
bainite formed by the decomposition (c) the upper bainite laths (d) the bainitic structure
formed by the isothermal decomposition [123].

sheaf of bainite

sub-unit

S
(b) sub-unit

(@)

Fig. 2.31(a) General surface displacements due to upper bainite (b) Corresponding outline of
the sub-units near the sheaf tip (c) TEM micrograph of a sheaf of upper bainite (d)TEM
micrograph illustrating the substructure of upper bainite plates (2340 steel) [15,19,123].
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The elongated cementite particles usually decorate the boundaries of these platelets as shown
in Fig. 2.5. The amount and continuity of the cementite layer depending on the carbon
concentration of the steel [45], i.e that will be the main difference between the low-carbon and
medium carbon microalloyed steel. At figure Fig. 2.22, each sheaf is itself in the form of a
wedge-shaped plate on a macroscopic scale. The sheaves inevitable nucleate heterogeneously
at austenite grain surfaces [19,129, 49], this can be harmful to mechanical properties because
cleavage crack can propagate readily across the packets [15,19, 130], or nucleated with one
austenite grain (individual) and grow in the different direction [13,131]. The ferrite plates are
so much fine, each about 10 pm long and about 0.2um thick, making the individual plates

invisible in optical microscope [19,45].

Lower bainite has a microstructure and crystallographic features which are very similar to
those of upper bainite. The major distinction is that cementite particles also precipitate inside
the plates of ferrite. There are, therefore, two kinds of cementite precipitates: those which
grow from the carbon-enriched austenite which separates the platelets of bainitic ferrite, and
others which appear to precipitate from supersaturated ferrite. These latter particles exhibit

‘Petsch’ orientation relationship with the austenite from which they precipitate [19].

[00 1]resclI[225],.
[100]pesclI[554
[010]pescI[110],.

N

The carbides in the lower bainite are extremely fine, just a few nanometres thick and about
500 nm long. Because they precipitate within the ferrite, a smaller amount of carbon is
partitioned into the residual austenite. This in turn means that fewer and finer cementite
particles precipitate between the ferrite plates, when compared with an upper bainitic
microstructure. An important consequence is that lower bainite is usually found to be much
tougher than upper bainite, in spite of the fact that it also tends to be stronger.The coarse
cementite particles in upper bainite are notorious in their ability to nucleate cleavage cracks

and voids [15,19,45].

51



(@ (b)

Fig. 2.32 (a) Bainite with cementite (b) Bainite without cementite (c) Intense dislocations
both at the bainite/austenite and in the vicinity of interface [19,123].

The addition of sufficient quantities of alloying elements, such as silicon or aluminum, can
even completely suppress the nucleation of cementite, resulting in an upper bainite
microstructure consisting of just bainitic ferrite and carbon-enriched retained austenite
[19,123].In the stabilization of carbon-enriched austenite surrounding the transformed plates
of bainitic ferrite, as shown in Fig. 2.32(a, b). However the reduced strength of austenite at the
elevated transformation temperature range of upper bainite and the shape change associated
with the bainite transformation cause deformation of the parent austenite matrix, resulting in
the buildup of dislocations at the y /o interface Fig. 2.32 (c). The tangles of dislocations at the
interface produce a workhardening effect, reducing interface mobility and halting the growth

process, thereby limiting the size of each platelet within the sheaf [123].

2.3.3.7. Transition from Upper to Lower Bainite
The transition between upper and lower bainite is believed to occur over a narrow range of

temperature. It is possible for both forms to occur simultaneously during isothermal
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transformation near transition temperature [15].On a recently proposed diffusional mechanism
for the formation of lower bainite [122], a largely carbide-free ferrite plate forms first and
secondary ferrite plates then form predominantly at one broad face of the initial plate or
(spine) by edge-to-face sympathetic nucleation [121], as shown in Fig. 2.33 (a, b). However at
elevated temperatures the diffusion is so rapid that there is no opportunity to precipitate
carbides in the ferrite, giving rise to an upper bainitic microstructure. A full description of this
behaviour is given in Fig. 2.34(a). As the isothermal transformation temperature is reduced
below Bs temperature so the time for decarburization increases, some of the carbon has an
opportunity to precipitate as fine carbides in the ferrite, whereas the remainder partitions into
the austenite, eventually to precipitate as inter-plate carbides (upper bainite sheaves are
replaced by sheaves with a different morphology), as shown in Fig. 2.33 (a, b). Its called
lower bainite microstructure. Because only a fraction of the carbon partitions into the
austenite and the inter-plate carbides are much smaller than those associated with upper
bainite as shown in Fig. 2.34 (b). Both carbide (lath like) and cementite are observed to
precipitate within lower bainite. These lathlike carbides frequently adopt a unique variant
within a ferrite grain, usually oriented at a characteristic55 to 60° angle to the long axis of the
bainitic ferrite plate Fig.(c)[15,19,121-123].The broad faces of the secondary plates lie at an
acute angle with respect to the longitudinal axis of the spine and carbides form along these
broad faces in usually very narrow austenite regions remaining between adjacent secondary
plates as schematically illustrated in Fig. 2.29(d) [121]. This is why lower bainite with its
highly refined microstructure is always found to be much tougher than upper bainite, even
though it usually has a much higher strength [19,45].1t is also possible to obtain mixtures of
upper and lower bainite by isothermal transformation. As upper bainite forms first, the
residual austenite becomes richer in carbon and the tendency to form lower bainite increases

as the transformation progresses [19,45].
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Fig. 2.33 Ligth Micrograph (a) sheaves of lower bainite (b) Lower bainite- 4360 steel (c)
TEM lower bainite showing the precipitation of several variants of carbide particles within the
plate of bainitic ferrite [15,19,123].
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Fig. 2.34 (a). The approximate time required to decarburize a supersaturated plate of bainite
[19]. (b) Stages in the development of a bainitic microstructure [15,19,45,51,84,123,124].

2.3.3.8 Nodular (Granular) bainite

Granular bainite (Fig. 2.35a) is a term frequently used to describe the bainite that occurs
during continuous cooling transformation. This terminology is used widely in industry, where
most steels undergo non-isothermal heat treatments [15,19,45]. The nodular bainite formed in
hypoeutectoid steels after precipitation of a considerable volume fraction of proeutectoid
ferrite allotriomorphs and sideplates [121].The term used to describe bainite is external
morphology. The two eutectoid phases play a nearly equal role in the evolution of the external
morphology is the growth of bainite nodule and shape of eutectoid mixture is approximately a
sphere as shown in Fig. 2.29(a) [121], this form of bainite is only observed in low- or
medium-carbon steels [121], also bainite nodules have been observed in hyper-eutectoid Ti-
Cr, Fe-C, Fe-C-Mo and Fe-C-Ni, [121] and Fe-C-Mn alloys [122].Because the transformation
occurs during cooling, the sheaves of bainite are coarse, giving the resultant microstructure a
blocky or granular appearance as shown in Fig. 2.35(a). A characteristic feature of granular
bainite is the lack of carbides in the microstructure, because the carbon partitioned from the

bainitic ferrite stabilizes the residual austenite so the final microstructure contains both
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retained austenite and some high-carbon martensite in addition to the bainitic ferrite

[15,19,123].

(b)

Fig. 2.35 Electron Micrograph (a) mixed microstructure (granular bainite, austenite, and
martensite), with the parent austenite boundaries delineated by irregularly (b) blocky, or
columnar-shaped, regions generally nucleated at grain boundaries that contain a coarse
dispersion of carbides in a steel, austenitized and isothermally transformed at 290 °C [123].

2339 Columnar Bainite

Columnar bainite is a modification of nodular bainite i.e the nodular internal morphology
develops between preciously formed bainite elongates along austenite grain boundaries
[121,122].as in Fig. 2.29(b), instead of adopting the nearly spherical shape of nodular bainite.
This bainite morphology consists of nonacicular ferritic grains containing cementite
precipitates formed in the bainitic temperature range at very high pressures. This

microstructure is most often observed in medium- and high-carbon steels as illustrated in Fig.
2.35 (b) [123].

2.3.3.10  Grain Boundary Allotriomorphic Bainite
Below the widmanstatten start temperature, (Fig 2.4) the first ferrite to form adopts the grain
boundary allotriomorph morphology and supplemented by intragranular plates or laths when
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the austenite grain size is sufficiently large (usually ASTM 0-1 or larger), and replaced by
allotriomorphic bainite with decreasing austenite grain size at a given temperature [15,121].
The extenal shape of this form of bainite is thus obviously dictated by the proeuectoid ferrite

allotriomorphs as schematically illustrated in figure (2.29d).

2.3.3.11 Inverse Bainite

In these cases, the carbide phase nucleates first, resulting in a different microstructural
appearance than normally observed. The external morphology of this microstructure was
originally reported by M. Hillert [121].Is dominated by the proeutectoid cementite reaction.
Proeutectoid cementite plates or grain boundary allotriomorphs initiate inverse bainite
formation [122]. The cementite is soon surround by a rim of ferrite, and a non-lamellar
eutectoid mixture of carbide and ferrite then develops from the ferrite rim as schematically
illustrated in figure 2.29 ( £ ) [122]. The initial cementite precipitates as lath or plate but is
quickly engulfed by a sheath of ferrite, as shown in Fig. 2.36(a).This formation causes the
decomposition of adjacent austenite into larger ferrite laths that grow and coarsen by a more
classical bainite reaction (Fig. 2.36b). The greater volume fraction and higher growth velocity
of ferrite regions ensures that the volume fraction of inverse bainite will be relatively small;
consequently, a large portion of the normal bainitic structure nucleates independently of the

formation of inverse bainitic structures [123].

(a) (b)

Fig. 2.36. Replica electron micrograph (a) showing the microstructural unit of inverse bainite
(b) showing the evolution of a normally bainitic structure from initially formed units of
inverse bainite [123].
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2.3.3.12 Pearlitic Bainite

In the case of alloyed steels, especiallywhen steel contain strong carbide forming elements, it
is possible to obtain pearlite, in which carbide phase is an alloy carbide such as M;C; instead
of cementite, it is forms at T > Bg , or some below Bs, but only after holding for very long
time (many days) as illustrated in Fig. 2.37. The pearlite etches as dark nodules as can be seen
in Fig. 2.37 (a) whereas on TEM, the colonies tend to have crystallographic facets Fig. 2.37
(b) (rather than rounded colonies for normal pearlite) i.e it consist parallel ferrite plates with

intervening carbides (its similar to upper bainite).

Fig. 2.37 Pearlitic bainite (a) light micrograph (b) transmission electron micrograph [15]

2.3.3.13 Effect of Pressure on Bainite Morphologies

Nilan obtained under condition of high hydrostatic pressure in (0.44%C and 0.82%C) [121].
At a pressure of one atmosphere, the 0.44%C steel is hypoeutectoid while 0.82%C is a near
eutectoid composition [121] As the pressure is increased to 270 k bar, both alloys become
hyperutectoid. This is reflected in the change from an upper or lower bainite morohology at
315 and 290 °C to a columnar bainite microstructure [121].Increasing the pressure has the
same effect as increasing the carbon concentration. The increased pressure raises the driving
force for the nucleation and growth of cementite relative to that of ferrite, thus a, / 0. and AG

v% AG V¢ decrease, her favoring a transition from upper or lower bainite to nodular bainite.
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2.3.3.14 Heat Affected Zone in Bainitic Steels

As reported by [15] the heat affected zone (HAZ) regions, which have been austenitized by
the heat pulse may transform during cooling into untempered martensite or to some other hard
microstructure. These hard regions are susceptible to cold-cracking due to hydrogen
embrittlement and other impurity effects. This is the main reason why hardenable steels are

difficult or impossible to weld {Fig. 2.38).

strength

ductility

Property

weldability
— toughness

W

Carbon equivalent

Fig. 2.38 Variation in mechanical proerties of HAZ as function of C.E [15].

Therefore, to avoid martensite formation in the HAZ, the cooling rate must be reduced during
welding and it can be done by heating the steel before welding begins (preheating), but this
processes adds cost of manufacture. So the cold cracking susceptibility of the weld HAZ is
directly related to the composition of steel [132] As weel as, one common criteria of
weldability is the carbon equivaent C.E (measure of hardenability) which gives information of
the risk for hydrogen induced cracking in heat affected zone (HAZ), and results which are
summarized in table 2.3. Whereas if (CE) < 0.41 the risk of cracking is negligible for the
sheet thickness of interest (3—8 mm) [133]. However the strengthening due to grain
refinement and precipitation hardening by microalloying permits a reduction in (CE) to the
result that the net effect is an imporvement in cold cracking susceptibility [3]. Whereas the
lower carbon contents in MA steels also led to improved weldability and weldment properties.
Graville has shown that the susceptibility to underbead or cold cracking of the weld HAZ is
directly related to the composition of the base plate as shown in Fig (2.39).
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Figure 2.39 Influence of steel composition on the susceptibility of the heat affected zone to
cold cracking. Carbon concentration and carbon equivalent (CE) values are represented by

weight % [132].
There are two popular formula for C.E caculation [15]:

M Si Ni+C Cr+M V
CE—C+ n-+ 1+ 1+ u_l_ r+ Mo + wi%
is applied to steels containing less than 0.18 wt% of carbon. The other equation:
Si Mn+Cu+Cr Ni Mo V
CE=C+—+———+—+—+—+5B wt%
+3[]+ 20 +6[]+ 15 +1[]+ WHE
(2.29)

and it is accepted for steels containing higher than 0.18 wt% of carbon.

Table 2.3. Effect of the carbon equivaent C.E on weldability

C.E Weldability
<04 Excellent
0.41-0.45 Good
0.46-0.52 Fair
>0.52 Poor
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234 ACICULAR FERRITE MORPHOLOGY

By inoculating molten steel with controlled additions of non-metallic particles, bainite can be
induced to nucleate intragranularly on the inclusions, rather than from the austenite grain
surfaces. This intragranularly nucleated bainite is called ‘acicular ferrite’. It is a much more
disorganized microstructure with a larger ability to deflect cracks[15,134] Several authors
showed that the presence of a uniform layer of allotriomorphic ferrite along the austenite
grain boundaries as shown in Fig. 2.47 induces the transformation of austenite to acicular
ferrite instead of bainite[15,50,95,98,121,135].The plates of acicular ferrite nucleate
heterogeneously on small non-metallic inclusions and radiate in many different directions as
shown in figure 2.40(a,b). It is believed that propagating cleavage cracks are frequently
deflected as they cross an acicular ferrite microstructure with its many different orientations.
This gives rise to superior mechanical properties, especially toughness. Acicular ferrite is
therefore widely recognized to be a desirable microstructure [14,15].The suppressing of the
grain boundary reaction preventing the nucleation of coarse boundary plate structure, BS or
blocky ferrite BLF and promote the nucleation of acicular ferrite [15,45,56].Acicular ferrite
microstructure, which provides effective grains (structural) refinement, is one of the most
desired microstructure that improves both strength and toughness [15,49,98,136,137]. In early
days most of the work on acicular ferrite has been carried out on welds, the high density of
inclusions present in steel weld deposits ensures a high density of nucleation sites, which
favors the development of an acicular ferrite microstructure instead of a bainite one[48,49].
The process of nucleation on the inclusions, together with the autocatalytic nucleation, leads
to a chaotic arrangement of plates and fine-grained interlocking microstructure characteristic
of acicular ferrite. Acicular ferrite has also been developed in a medium carbon forging steel
or a low carbon steel following a conventional processing route .The main factors affecting

the formation of AF have been summaraized as follows [56]:

1) Non-metallic inclusions are preferential sites for AF, but their nucleation potential vary

with composition, crystal structure and dispersion (number, size and spacing).

2) An increase in austenite grain size can act to decrease the y/o transformation temperature.
This can increase intragranular nucleation potential until an intermediate grain size range is

reached at which the potential is optimized.
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3) Alloy hardenability (cooling rate control) must be such to provide the necessary

transformation temperature range whereby AF can be formed.

So it should be possible to switch between these two morphologies by controlling the
nucleation site. A bainite microstructure can be replaced by one containing acicular ferrite by
increasing the number of particles [15]. A cicular ferrite does not grow in sheaves because
their development is stifled by impingement between plates nucleated independently at
adjacent sites [49,138].The larger prior austenite grain diameter (PAGD), as shown in Fig.
2.45 enhances the transformation austenite-to-acicular ferrite in detriment to reconstructive
and bainite transformation [49,94,136,139,140,141,142,143,144]. The large austenite grains
are required for the preferential formation of acicular ferrite relative to bainite [15,49,94,130].
The plates of acicular ferrite nucleate heterogeneously on small nonmetallic inclusion as
shown in figure 2.40(a,b).and radiate in many different directions [15,49,98].The acicular
ferrite is in fact intragranularly nucleate bainite [15,46,48,49,130,136,139,140,145].The
morphologies of acicular ferrite and conventional bainite differ in that the former nucleates
intragranularly at inclusions inside large austenite grains. The microstructure of acicular
ferrite is less organized when compared with the ordinary bainite, the acicular ferrite have
chaotic arrangement of plates and fine grains interlocked, such microstructure are better suited
to deflect propagation cleavage cracks and therefore more desirable from toughness point of
view in comparison to BS [15,46,56,131].The crystallographic data show highly misoriented
plates nucleated on the same inclusion, propagation cracks are then deflected on each
encounter with a differently oriented acicular ferrite plate. A full description of this behaviour
is given by Gourgues et al [146].This give rise to superior mechanical properties especially
toughness (improve toughness without compromising strength). In some recent studies, an
improved toughness, observed in medium-carbon steels is associated with AF [56,98].In
acicular ferrite microstructure, four points are critical for the achievement of optimum

strength and toughness properties [46]:-

1. Refining the ferrite lath size.

2. Eliminating pearlite.

3. Minimizing the development of interlath carbides.
4

Control of the amount and distribution of retained austenite
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Figure 2.40(a). Schematic presentation showing the formation mechanism of a fine mixed
microstructure of intragranular ferrite and bainite [147](b).Replica transmission electron
micrograph of acicular ferrite plates in a steel weld deposite[15,19] (¢) Surface displacements
associated with the formation of acicular ferrite [15].

The resulting dislocations are inherited by the acicular ferrite as its grows giving dislocation
at 10" m?, whereas it contribute some of 145 MPa to its strength [15]. Acicular ferrite clearly
grow by a displacive mechanism, so as reported in Ref. [148],there is no long-range
partitioning of substitutional solutes during forming of acicular ferrite, where as the size of the

acicular ferrite plates increases with transformation temperature.

2.3.4.1 Mechanism of AF Formation

It was emphasized that the transformation mechanism for acicular ferrite is identical to that
for bainite, so the acicular ferrite is intragranularly nucleated bainite, whereas it is possible to

switch between two morphologies by controlling the nucleation sites. There fore acicular
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ferrite and bainite forms at some what higher temperatures where the carbon can escape out of
the plate within a fraction of a second. Its original composition cannot therefore be measured
directly. There are three possibilities [15,19,45].The carbon may partition during growth so
that the ferrite may never contain any excess carbon. The growth may on the other hand be
diffusionless with carbon being trapped by the advancing interface. Finally, there is an
intermediate case in which some carbon may diffuse with the remainder being trapped to
leave the ferrite partially supersaturated. As shown on Fig, 2.41. Austenite with a carbon
concentration to the left of the Ty boundary (Which is the thermodynamic boundary below
which there is a driving force for the diffusionless transformation) can in principle transform
without any diffusion. The diffusionless transformation is thermodynamically impossible if

the carbon concentraction of the austenite exceeds the T, curve.

Free enargy

Temperature

=

Ael Aead

Carbon concentration

Fig, 2.41: Schematic illustration of the origin of the T construction on the Fe—C phase
diagram [15,19,45,84].
During isothermal transformation and suppose that the plate of bainite grows without

diffusion, as shown in Fig.2.42 then partitions its excess carbon (excess carbon rejected) into
the residual austenite. The next plate therefore has to grow from carbon-enriched austenite.
However this process must cease when the austenite composition eventually reaches the T
curve (Transformation in fact ceases before the austenite achieves its equilibrium
composition). The reaction is said to be incomplete [15,19,45,121].This characteristic is
known as incomplete reaction pheneomenon. This is because the regions of austenite with the
highest carbon concentration (Xy > X Ty) are unable to transformation to bainite. An obvious

one is the fact that incomplete reaction pheneomenon is not general in steel. Recent findings
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indicate that it depends upon the types of alloying elements present and their concentrations

[121].However as reported by Bhadeshia[149,150],and illustrated in Fig. 2.43, two different

reconstructive reactions occur after the bainitic reaction is stopped by continued holding at the

isothermal transformation temperature for long time (days). Decomposition of residual

austenite at an incredity slow rate lead either to pearlite which nucleates at the austenite grain

boundaries or the original bainite/austenite interfaces move to produce ferrite growing

eiptaxially from bainite plates .
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Fig.2.42 (a) lllustration of the incomplete-reaction phenomenon. (b) Experimental data

showing that the growth of bainite stops when the austenite carbon concentration reaches the
TO curve [15,19,45].
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Fig. 2.43 The decomposition of residual austenite once the bainite reaction has stopped. (a)
pearlite colonies, (b) ferrite growing epitaxially from bainite plates [ ].
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2.3.4.2 Paraequilibrium Transformation Mechanism

The carbon, which is a fast diffusing element in iron, partitions to an extent which allows it to
achieve local paraequilibrium at the interface. This is a metastable mode of transformation,
which allows the growth of ferrite to be controlled by the diffusion of carbon, without any
partitioning of alloying element. Paraequilibrium carbon concentration causes the residual
austenite to become enriched in carbon, the enrichment of austenite with carbon should
eventually cause the paraequilibrium precipitation of cementite from austenite in a region
adjacent to the bainitic ferrite. Hulgren [15],proposed, (without any evidence,) that bainitic
cementite should be randomly oriented to the austenite in which it precipitated. This process
of ferrite and subsequent cementite precipitation then repeated, giving rise to bainitic
sheaves.Therefore considered upper bainite to be similar to pearlite but growing under

paraequilibrium condition and different in the orientation with austenite.

2.3.4.3 Factors Effecting Acicular Ferrite Formation

2.3.4.3.1 Effect of Isothermal Transformation Temperature
As shown in Fig. 2.44. Quenching from 600°C produced a thin band of grain boundary ferrite

and higher number density of intragranulary nucleated polygonal ferrite crystal as shown in
Fig.2.44 (a). Isothermal transformation at 550°C as shown in Fig. 2.44(b) produced a very
little grain boundary nucleated allotriomorphs and high density of small ferrite side plates
nucleated within the prior austenite grains. According to Fig. 2.44(c) a very fine acicular

ferrite structure was formed in V-steels when the the isothermal transformation temperature

was lowered to 450°C.

(a) 600°C (b) 550°C (c) 450°C

Fig. 2.44 Microstructure of 0.10%V steel isothermally transformed between 700-450°C prior
to gas quenching to room temperature [39,40].
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2.3.4.3.2 Effect of Inclusions

The reduction in inclusion density leads to a transition from acicular ferrite to bainite
[145,281-82].Non-metallic inclusions steel are the most potent nucleants if they have a good lattice
match with ferrite. There may then exist reproducible orientation relationships between inclusions and
the ferrite plates that they nucleate [15].The steels with relatively free of non-metallic inclusions
as shown in figure 2.45 , bainite nucleates initially in austenite/austenite grain surfaces and
grows by repeated formation of sub-units as shown figure 2.22 to generate the classical sheaf
morphology [49,130,145].Acicular ferrite content is always very small in absence of
inclusions. Supporting experiment is when the inclusions are removed by vacuum remelting a
weld. Therefore when steel cools, it transforms into bainite instead of acicular ferrite

microstructure. A full description of this behaviour is given in Ref. [151].

Bainite
Acicular ferrite

Figure 2.45 The effect of inclusion density, since the sample with smaller inclusion density
transformed to bainite [15, 49,145].

2.3.4.3.3. Effect of Reheating Temperature
The austenite grain size control and precipitation strengthening are important factors in

development of the final mechanical properties of the product [9,129].As reported by [288]
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, and illustrated in Fig 2.46(a), the austenite grain size for Nb-V Microalloyed steel slightly
increase when Ty, = 900-1150°C, whereas for the V micro-alloyed steel, it is effective as
grain size inhibitor only below 950°C, above this temperature the grains coarsen rapidly. This
is attributed to the precipitation dissolution temperature. After the precipitate is in the solid
solution, it acts as solute drag (weak pinning), but if temperature lower than precipitation
dissolution temperature, the MEA will precipitate and retard grain growth (grain size
inhibitor) i.e acts as (strong pinning) as shown in Fig. 2.46 (b). However for Nb-V the higher
increase in grain size was observed when T;;=1250 °C, because the niobium is an effective
grain refining element [3,9,152].Whereas the lower end and upper end dissolution
temperature of (Nb)(C,N) precipitate which was in the vicinity of 1200°C ,and in the close to
1250 °C as predicted based on Johansen, Hudd and Narita relations [46].However at higher
reheating temperature, the increase in the amount of AF, due to higher austenite grain size
because austenite grain boundaries are preferred sites for the nucleation pearlite and bainite
[15,49,94,138].Therefore ,with larger austenite grains fewer nucleation sites will be available
for the above phases , as a result , intragranular nucleation will be promoted in expense of

grain boundary transformation products.
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Fig. 2.46 Average austenite grain size variation with reheating temperature (a) Nb-V
Microalloyed steel [46], (b) V Microalloyed steel [288].

It has been known for many years that particles can restrain the growth of austenite grains

[46,153,154,288].Several theoretical interpretations of grain growth in particle-containing
materials have been put forward. The model developed by Zener [155] produces a simple

relationship:
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“ =37
(2.30)

Between the grain radius R, the particle volume fraction f'and particle radius r.He considered

that both grains and particles could be approximated to spheres.

Gladman [156] adopted a more realistic approach by considering the pinning force exerted by

a single particle on a planar boundary and then derived the driving force for grain growth. An

important feature in this model is the ratio of the radii of growing grains to matrix grains, Z.
_ 7|

Ro-7 (32
6/\2 Z

where Z lies between V2 and 2.

o | W

(2.31)

Hellman and Hillert [157] considered the curvature in the grain boundary and introduced into
Zener's equation a correction factor § which equalled to (0.12540.Ln(40R/r) ,and for

abnormal grain growth the equation was derived as

4y
R. =
Y/
(2.32)

where 3 was normally between 1.3 to 1.6.

In recent years, computer modelling has been developed to predict particle-size / grain-size
relationships. Hillert [158] compared these models with both two and three dimensional
approaches. He concludes that in three dimensional systems
A
c T g £003
of (2.33)

is recommended, except for large values of f, where the exponent decreases to lower values. Rios
[159] derived an equation to predict grain growth in systems in which particles are coarsening and

dissolving where

R, =—
toef

(2.34)
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Another model, developed by Elst et al, [160] can be modified to accommodate elongated
particles, a bimodal particle distribution and a distribution of grain boundary precipitates.

Here

4r (3 2}

Y

2 Z
(2.35)

where f is an increasing function of R /r and Rg approximated to 0.056~0.067 (I”/f) [161]

2.3.4.3.4 Effect of Allotriomorphic Ferrite Formation
Since the allotriomorphic ferrite is the first phase to grow on cooling from the austenite phase

field.The formation of an allotriomorphic ferrite layer on the pervious austenite grain
boundaries as shown in (Fig. 2.47). It is expected to cause a reduction in the density of
austenite grain boundary nucleation sites and, hence, promote the preferential formation of
acicular ferrite at the expense of bainite i.e the promotion of grain boundary ferrite will

encourage intragranular acicular ferrite nucleation [15,49,56,98,94,136,145,162,163].

NO GRAIN BOUNDARY ALLOTRIOMORPHIC POLYCRYSTALLINE LAYER OF ALLOTRIOMORPHIC
: ! FERRITE FERRITE

Fig. 2.47. The growth of a layer of inert allotriomorphic ferrite at the austenite grain surfaces
causes a transition from bainite to a cicular ferrite [15,49,145].

2.3.3.3.5. Effect of Boron

The boron retards the heterogeneous nucleation of allotriomorphic ferrite at the austenite
grain surfaces, to a greater degree than that of bainite as can be seen in Fig. 2.48. Boron
segregates to austenite grain boundaries, so it reduces the grain boundary energy i.e makes it
less effective as heterogeneous nucleation sites (render austenite grain boundary nucleation

sites impotent and hence to promote acicular ferrite). A typical addition of = 0.002 wt% is
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sufficient to have a profound effect on transformation kinetics [15], although the exact
amount must clearly depend on the austenite grain size. Too much boron precipitates as
borides which stimulate the nucleation of ferrite. Boron is only effective in enhanching
hardenability when present in solid solution, not when precipitate as oxides or nitrides as

illustrated in Fig. 2.49. It’s the reason why boron-containig steels are usually deoxidized with

aluminium
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Fig. 2.48. The effect of boron. There is a pronounced effect on the allotriomorphic ferrite
Transformation but only a minor retardation of bainite reaction [15].

100 |- =
o] I P
g 80 ! soluble boron + ’ "b ;
S 60F boron nitrides -~ boron-iree
oy -
g 40F e
+~ B 4
2 20 i soluble boron
s L M| |
10 100 1000

Time / s

Fig. 2.49. The rate of reaction is fast in steel containing boron nitride, compared with Boron
free,where as the rate is slow in solouble boron steel [15].

2.3.4.3.6 Effect of Sulfur and Managanese

Manganese sulphide (MnS) particles are commonly present in commercial steel, ther can act
as substrate nucleation sites of primary ferrite plates. The presence of MnS core covered or at
least partially covered with vanadium nitride (VN) and vanadium carbide (VC) or both of
them, promotes the nucleation of idiomorphic ferrite as illustrated in Fig.2.50(a,b) and

Fig.2.51.By contrast and as reported by [164],the presence of MnS at the surface of oxides
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particles inhibits the nucleation of ferrite. In some studies it is suggested that, for titanium
containing steel, the MnS is found to be precipitate on titanium oxides and stimulaing the
nucleation of acicular ferrite [15].The formation of bainite or intragranular ferrite will found
[131] dependend on the amount of sulphur added to the steel. So small concentration of
sulphur (S = 0.005 wt %) can sometimes stimulate the nucleation of bainite and resulting
decrease in absorved energy [131,165].Moreover, the formation of intragranular ferrite plate
IFP is promoted by increasing amount of sulfur (0.06-0.07 wt% S) due to increase the number
of MnS particles as an effect off sulfur addition , resulting an increase in absorved energy
(Fig.2.50-C), due to increase the resistance to the propagation of brittle fracture which is
dominant in fracture mode at lower temperature, however as the amount of sulfur addition in
large quantities, the MnS particles coarsened and acts as crack initiation points, there by
promoting brittle fracture [46,131].Some researches indicate that the intragranular ferrite is
caused by the formation of Mn depleted zone around inclusions [147].The precipitation of
MnS at oxide was reported to promote the formation of intragranular ferrite [147].Recent
experimental results clearly demonstrate that intragranular ferrite plates can easy nucleate on
VN [166].This has been related to the atomic matching between (100)vn // (100)a planes
which allow the growing ferrite to maintain coherent, low energy interfaces with respect to
vavadium nitride, in order to obtain intragranular ferrite the active VN particles must first

form in austenite [166].

(a) (b)
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Fig.2.50 (a) TEM micrograph-VC nucleated at incoherent MnS,(b) TEM micrograph.
Itragranular nucleated ferrite at MnS + V(C,N) complex precipitate [96],(c) Effect of sulfur
content on impact absorbed energy at -50 °C and 20 °C [131].

2.3.4.3.7. Effect of Nitrogen and Vanadium
Previous data strongly indicate that the role of nitrogen is clear. The positive effect of higher

nitrogen content in V-microalloyed steel on the yield strength, notch toughness and
weldability is given in Ref. [102,167].However as reprted by[8,42],the nitrogen in V-
microalloyed steel is conducive to improved grain refinement and raised yield stress.The
recent experimental results clearly demonstrate that intragranular ferrite plates can easy
nucleate on VN [39,40].As shown on the Fig. 2.51 VN start to grow on the existing MnS
inclusions. So it is concluded that nitrogen is a very reliable alloying element, increasing the

yield strength of V-microalloyed steels by some 6 MPa for every 0.001% N [168].

Fig. 2.51 Intragranular ferrite nucleus in 0.12%V-steel, water quenched from 660°C after =
5% transformation [39,40,169].
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(a) 0.22C-0.12V-0.0015N (b) 0.1C-0.12V-0.025N

Fig. 2.52. Microstructure of low N-steel, and high N-steel isothermally transformed at 450°C
[39,40].

However the V is the most effective microalloying element for nucleation of intragranular
ferrite. The formation of intragranular polygonal ferrite requires the presence of active VN
particles in austenite [39,40].But the effect of V in promoting the formation of intragranular
polygonal ferrite is more profound in high N steels, because as the N content is increased the
chemical driving force for precipitation is increased and VN particles become coarser and
more numerous, thereby increasing the nucleation rate of intragranular ferrite. However the
tendency for the formation of acicular ferrite was observed in the V-microalloyed steel with a
very low nitrogen content as shown in Fig. 2.52. This suggests that vanadium on its own
promotes the formation of the acicular ferrite microstructure. If it is assumed that V alone is
responsible for the formation of AF i.e in this case the driving force for nucleation of ferrite
determined by the interaction of V with other alloying elements [39,40],as e.g VC. By
contrast the vanadium is selected due to its precipitation hardening capability, with a view to
improve the toughness properties [98,179,171].As reported by [15],presence of small
concentrations of nitrogen in ferrite steel, it is unlikely that nitrogen has any significant
thermodynamic effect on the y — o transformation, its influence must be kinetic, perhaps via
some interaction with the inclusion phases. Authors [162],found that intragranular ferrite
predominant morphology were nucleated at VN or VC which was precipitated on MnS
particles in austenite grains resulting in a fine ferrite-pearlite microstructure, because
vanadium free steel, containing only MnS inclusion which implies that these MnS inclusions
are not an effective nucleant for ferrite or only a weak nucleant, based on this finding the

success was achieved in improving of toughness of hot-forged products with a strength of
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800-900 MPa with no subsequent heat treatment can by widely used for automobile structural
parts [46,131].It has been suggested [162],that presence of V can enhance the nucleation
potential of inclusions by precipitation of VN at the inclusion surface due to it produce low
energy interface [15,131,172].Authors [166],explain two ways in which the precipitation of
VN in austenite can be enhanced. The first alternative is to modify the steel composition to
obtain a high density of MnS inclusions or other particles which may act as nucleation sites
for VN in austenite. The second alternatives a strain-induced precipitation of VN in austenite
during hot rolling in the temperature range of VN precipitation. It is clarified that the addition
of both vanadium and nitrogen is indispensible for the formation of intragranular ferrite plates
[49,131,147].The presence of high V and N in steel that lead to vanadium nitride VN can
precipitate on manganess sulfide particles (MnS) before austenite is transformed to ferrite acts
as nucleation sites of intragranular ferrite [56,131,166].As the nitrogen content is increased
the chemical driving force for precipitation is increased and the VN particles become coarser
and more numerous, thereby increasing the nucleation rate of intragranular ferrite [166]
Fig.2.50 (a) which show typical example of VC nucleated at incoherent MnS i.e (VC/MnS) in
Fe-12Mn-0.8C-0.3V, since VC grows only into austenite, it is usually considered that VC
should hold a low-energy orientation relationship with respect to austenite [96], fig.2.50(b)

shows an intergranular ferrite nucleated at MnS+V(C,N) complex precipitates.

2.3.4.3.8. Effect of Ti addiation

Titanium is added with the aim of refining the microstructure through the inhibiting effect to
grain coarsening exerted by small TiN precipitates [98,173-175].To suppress this grain
coarsening, a addition of 0.010 — 0.015 % Ti will provide TiN precipition on grain boundaries
[1,8,9] Therefore Ti additions, on the order of 0.01%, which cause the precipitation of fine
TiN particles in austenite, are very effective in maintaining fine austenitic grain sizes during
forging. It is important not to add too much Ti in order to prevent the formation of coarse TiN
particles in liquid steel. Coarse particles are ineffective in restraining austenite grain growth
and are detrimental to toughness and fracture. Ti is a very strong nitride forming element, and
titanium nitride particles are stable at the high temperatures of forging. Fig. 2.53 ranks austenite
grain coarsening behaviour of steels containing V, Al, Nb and Ti and shows that grain coarsening
in Ti-containing steels does not occur at temperatures around 1200°C or higher [85].Titanium and
vanadium microalloyed steels are of common use in the manufacture of automotive

components [27,98,176].Moreover the intragranular nucleation of acicular ferrite can be
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promoted by inoculating the steel with TiN particles, and by rendering the austenite grain
boundaries inactive in respect to nucleation of bainitic sheaves [15,56].The small TiN —
particles existing after strand casting of Ti — microalloyed steels, not only engender effective
grain — growth inhibition between rolling passes and during colling following the termination
of rolling, but are also useful for restricting HAZ — grain coarsening in association with
subsequent welding [177].The maximum level of fine TiN precipitation from supersaturated
solid solution occurs when the levels of Ti and N in the steel are at the stoichiometric ratio
[178,179] i.e the increasing levels of TiN precipitation with increasing Ti in the steel , only a
part of this precipitation is fine enough to be effecive in controlling grain size i.e the use of
Ti—based microalloy precipitates reveals an attractive means of controlling the coarse grain

size in high heat input welding application [178].
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Fig. 2.53 The effect of various microalloying elements on austenite coarsening [85].

However as given in Ref.[147], TiN particles served as nucleation sites for proeutectoid
ferrite preferentially and also accelerated its formation in low-carbon alloy steels. TiN is
regarded as an effective nucleation sites for intragranular ferrite owing to low interfacial
energy between ferrite and TiN. Morikage et al [147] also reported that the critical size of a
TiN particle for the formation of ferrite decreased with the amount of undercooling in low
carbon steels, that is =140 nm at 750C and = 50 nm at 650C. The intragranular nucleation of

acicular ferrite can be promoted by TiN particles.
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2.3.4.3.9. Effect of the Crystallographic Relationship between the Phases
The crystallographic relationship between the phases affects greatly the nucleation kinetics of

intragranular ferrite. The factor governing the formation of intragranular ferrite plates is the
presence of precipitates which can develop coherent, low energy interphase boundaries with
ferrite in austenite for that reason toughness of medium carbon steel with tensile strength
higher than 1000 MPa were shown to be improved through the formation of intragranular
ferrite plates i.e formation of low energy boundaries interface seems to promote the
nucleation [96,131].The interfacial energy are considered to be strongly depended on the
lattice mismatch of interphase boundary [131].Acicular ferrite is not found when the density
of intragranular nucleation sites is small. Alternatively, an increase in the density of austenite
grain boundary nucleation sites leads to the same transition [49,145].This lead to formation of
low-energy ferrite/V(C,N) interface seems to promote the nucleation of ferrite in this case
[49].Recent experimental results [166], clearly demonstrate that intragranular ferrite plates
can easy nucleate on VN. This has been related to the atomic matching between (100)yy //
(100)a planes which allow the growing ferrite to maintain coherent, low energy interfaces
with respect to vanadium nitride, in order to obtain intragranular ferrite the active VN
particles must first form in austenite [166].Since the misfit ratio of VN, which is for (001)
planes estimated at 1.37% is lower than others (For TiN =3.8% and for MnS = 8.8%) i.e VN
particles should be more potent nucleation sites than the latter [56].As it is shown in fig.2.54
that the interfacial energy between ferrite and vanadium nitride VN is very small if the B-N

relationship holds.
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Fig.2.54 The relative interfacial energy, R, as function of the lattice parameter ratio, L.P.R
[131].
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These results suggest that intergranular ferrite plate is nucleated while maintaining, low
energy interfaces with respect to vanadium nitride [131].Also Ishikawa et.al [86] reported that
the presence of low energy ferrite/V(C, N) interface with the Baker-Nutting (B-N) orientation
relationship promotes intragranular ferrite transformation. The low degree of misfit between
the ferrite matrix and the substate lattices and a large strain field build up in austenite around
inclusions are both assumed to increase the nucleation potential of inclusions, and to favour

nucleation at higher temperatures [56,172].

2.3.4.3.10. Effect of Molybdenum and Chromium

The addition of suitable amount of chromium and molybdenum prevent the formation of
allotriomorphic ferrite at high concentrations and, hence, lead to the promotion of classical
bainite at the expense of acicular ferrite [15,145].In some quantitative data [145,180] have
been reported that as the chromium or molybdenum is increased, the volume fraction of
acicular ferrite goes through a maximum as a function of concentration as illustrated in Fig.
2.55, whereas at relatively large concentrations of chromium and /or molybdenum, its
prevents the growth of allotriomorphic ferrite and acicular ferrite is replaced by classical
bainite, until the microstructure becomes almost entirely bainitic. However as reported by
[145],this effect cannot be attributed to any drastic changes in the austenite grain structure,
nor to the inclusion content of the weld deposits, but may be related to the reduction in the
coverage of austenite grain boundaries by layers of allotriomorphic ferrite as the solute

concentration exceeds a certain value.
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Fig. 2.55 .Change in microstructure of steel weld as a function of chromium and molybdenum
concentration [145,180].
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Concurrently below that concentration, the steel hardenability is low enough to ensure that the
austenite grain surfaces are completely covered by uniform layers of alltriomorphic ferrite,
consequently allowing the development of acicular ferrite by intragranular transformation.
However the chromium or molybdenum its called also strong carbides forming element, it has
been suggested by [145,177],that it can reduce the rate of growth of ferrite, as well as
proeutectoid ferrite, by a solute-drag effect on the moving y/a interface. It is generally
accepted that austenite decomposition is delayed in molybdenum containing steels leading to
an increase in hardenability [136] (decrease rates of transformation) i.e two c-curves in TTT
diagram are separated, and as the hardenability of steel decreases, the two curves tend to
overlaps so it appears like the TTT diagrams contains just one curve with complicated shape.
The alloys utilize chromium and molybdenum, which serve to enhance hardenability but also,
during subsequent heat-treatment, cause the precipitation of alloy carbides which greatly
improve the creep resistance [45].Whereas isolating of the bainite reaction in low-carbon
steels has been found by adding small amounts of boron and molybdenum to suppress
allotriomorphic ferrite formation.While the straight molybdenum steel encourages the bainite

reaction [45].

2.3.4.3.11. Effect of Stress on the Acicular Ferrite Transformation
As reported by [181], the stress has little influence on the overall fraction of acicular ferrite.

Nevertheless, an extermally applied stress accelerates transformation and alters the

morphology of acicular ferrite [15].

2.3.4.3.12. Effect of Strain

The growth of ferrite plates results in carbon enrichment of the remaining austenite which
may remain untransformed or transformed to martensite. Upon the application of strain, the
untransformed austenite is converted to martensite, which would increase strain hardening
and residual compressive stresses bringing higher resistance to necking and crack arrest
properties respectively [46].So the effect of deforming austenite prior to its transformation is
illustrated in Figs. 2.56.The outer part of the sample recrystallise whereas the center remains
unrecrstallised (deformed). The acicular ferrite/binite microstructure are the main component
in the outer part of the sample (recrystallised region), allotriomorphic ferrite and pearlite are
the major component of microstructure in the center as showen in Figs. 2.56 (b) and 2.56 (c),

respectively.This is attributed to the increase deformation promotes the formation of
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allotriomorphic ferrite inside austenite grains as shown on fig. 2.56.(d) and indicated by white
arrow[176].Authors [166] revealed that the precipitation of VN in undeformed austenite is
very sluggish and requires long holding time near the temperature of maximum precipitation
in order to produce effective VN particles [166].

N A Recrystallised

Deforme ‘

(d)

Fig.2.56. (a) Scheme of prior austenite grain structure, (b) outer and (c) center of steel
(d).Formation of intragranular proutectoid ferrite in steel (see arrows). Black solid lines
indicate the prior deformed austenite grain [136].

2.3.4.3.13. Effect of strain rate
The strain rate has a strong effect on acicular ferrite formation as shown on fig. 2.57 on the

same deformation level and cooling condition, the volume fraction of acicular ferrite
increased for high strain rates as compared with lower ones that was due to increase the shear

bands at higher strain rates i.e intragranular nucleation sites increases [136].
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Fig 2.57 Microstructure of steel obtained after deformation at € =1,and cooled at 2C/s (a) 1/s
(b) 10/s strain rate [136].

2.3.5. MARTENSITE TRANSFORMATION

The fundamental requirement for martensitic transformation is that the shape deformation
accompanying diffusionless transformation be an invariant—plane strain; all the characteristics
of martensite will be shown to be consistent with this condition. The transformation starts
only after cooling to a particular temperature called the martensite start (Ms) temperature. The

fraction transformed increases with the undercooling below Ms.

2.3.5.1. Nature of Martensitic Transformations

Martensitic transformation is diffusionless [15,19,182].The formation of martensite can occur at
very low temperatures where atomic mobility may be inconceivably small. Even when martensite
forms at high temperatures, its rate of growth can be so high that diffusion does not occur. Plates of

martensite in iron based alloys are known to grow at speeds approaching that of sound in the metal

[183].

2.3.5.2. Orientation Relationships

Since there is no diffusion during martensitic transformation, atoms must be transferred across

the interface in a co-ordinated manner (Ref. 184]. All martensite transformations lead to a
reproducible orientation relationship between the parent and product lattices. Typical examples

of orientation relations found in steels are given below [19,185].
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1-Kurdjumov—Sachs:
{1115 {011},
<101> [ <111>,

2-Nishiyama—Wasserman

b

(111} ) {011}
5.3° from< 111 > towards < 111 >

3-Greninger—Troiano

{111}, about 0.2° from{0 11},
<101 >, about 2.7° from < 11 1>, towards <111 >,

The Kurdjumov—Sachs is found in plain carbon and low alloy steels up to about 0.5 wt%
carbon [19]. When the carbon content is increased, the orientation relationship changes from
Kurdjumov—Sachs to Nishiyama. The change is not detectable microscopically.Although the
addition of metallic alloying elements causes Nishiyama it to occur at much lower carbon

contents [19].

2.3.5.3. The Shape Deformation due to Martensite Transformation

It is clear from Fig. 2.58, that the martensitic transformations are always accompanied by a
change in shape of the parent crystal, this shape deformation always has the characteristics of
an invariant—plane strain (IPS), when examined on a macroscopic scale. All martensitic
transformations involve co-ordinated movements of atoms and are diffusionless [185].The
formation of martensite (due to its IPS shape deformation), cause a distortion of the parent
lattice. The strain energy due to this distortion, per unit volume of martensite, is

approximately given by [186]:

E = E:,u(s?' 1 62)

' (2.36)
where p is the shear modulus of the parent lattice, c/r is the thickness to length ratio of the
martensite plate and s and & are the shear and dilatational components of the shape
deformation strain. E usually amounts to about 600 J / mol for martensite in steels [186].The

typical energies associated with martensitic transformation are given in table 2.4.
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Table 2.4: Typical energies associated with martensitic transformation [187,283].

Jmol~!
Strain energy 600
Twin interface energy 100
~v/a' interface energy 1
Stored energy due to dislocations 20
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Fig.. 2.58 Schematic illustration of the mechanisms of diffusional and shear Transformations
Transformations [185]
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By contrast, in the case of the diffusional transformation illustrated in Fig. 2.58, it is evident
that the product phase can be of a different composition from the parent phase. In addition,
there has been much mixing up of atoms during transformation and the order of arrangement
of atoms in the product lattice is different from that in the parent lattice - the atomic
correspondence has been destroyed. Because the transformation involves a reconstruction of
the parent lattice, atoms are able to diffuse around in such a way that the IPS shape
deformation (and its accompanying strain energy) does not arise. The scratch ab remains straight

across the interface and is unaffected by the transformation.

2.3.5.4. Thermodynamics of Martensitic Transformations
Martensite is not represented on phase diagrams because the latter deal with equilibrium.

Martensite deviates from equilibrium in two important ways:

(i) Martensite grows without diffusion, so it inherits the chemical composition of the parent
austenite. In an equilibrium transformation the chemical elements partition into the parent and

product phases in a manner which leads to a minimisation of free energy.

(i) The shape deformation associated with martensitic transformation causes strains; the
resulting strain energy has to be accounted for before the transformation can happen. These

deviations can be represented on a free energy plot as illustrated in Fig. 2.59.

The relationship with the phase diagram is illustrated in Fig 2.41. Martensitic transformation

is only possible below the Ty temperature.

The distance ac in figure 2.59 represents the free energy decrease when austenite of
composition x decomposes into an equilibrium mixture of ferrite and austenite of

" and x" respectively .The distance ab is the smaller decrease in free energy

compositions x*
when martensite forms without any composition change, taking into account the stored energy

associated with the transformation [45].
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Fig. 2.59. Dependence of free energy on carbon concentration [45]

2.3.5.5. MARTENSITE Morphology

Two different morphologies are observed in ferrous martensite microstructures: plate

martensite and lath martensite, as shown in Fig. 2.60 [188]

2.3.5.5.1 Plate Martensite
A characteristic of plate martensite is the zigzag pattern of smaller plates,as shown in Fig.

2.60 (b) and Fig. 2.61 (a), which is formed later in the transformation. Smaller planes are
bounded by adjacent larger plates that were formed at the beginning of the transformation. An
important feature of plate martensite is the presence of microcracks (see Fig. 2.61 a). These
cracks occur when adjacent martensite crystals impinge on each other. Due to the shear-type
mechanism, the transformation velocity of martensite can approach 10 ® mm/s, and thus
growing martensite plates can achieve a significant amount of momentum. Impacts between
moving plates create these microcracks [189].The substructure of plate martensite consists of
transformation twins, as a result of the shear mechanism that occurred during the

transformation.The regions in between the martensite plates in these micrographs are leftover
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parent phase that did not transform to martensite, called retained austenite, (the region
between these packets is retained austenite). Retained austenite between martensite plates is

easily resolvable by the light optical microscope.

Retained
austenite

. .~ \
Prior Prior
austenite austenite
grain grain
(a) (b)

ig. 2.60. Martensites. (a) Lath. (b) Plate [189].
E]

(€Y )

Fig. 2.61. (a) Plate martensite. Arrows indicate microcracks [191], (b) Martensite plates. Note
the presence of midrib in both plates. Plate 1 shows fine structure consisting of twins [190].

2.3.5.5.2  Lath Martensite
The other major martensite morphology is lath martensite (Fig. 2.60 a), some times referred to

as packet martensite. The structure of most hardened steels is lath martensite. Figure 2.62 (a)

is a micrograph of lath martensite in Fe-0.2C alloy. The dashed lines trace out prior austenite
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grain boundaries and the dark regions labeled A, B, and C are martensite laths.The term lath
refers to the fine structure of the martensite crystal i.e lath martensite is much finer than plate
martensite. As shown in Figure 2.62 (b), laths tend to align themselves into groups with the
same orientation; these groups are termed packets.and transmission electron microscopy
(TEM) is often necessary to resolve the laths. The substructure of lath martensite consists of a
network of dislocations, a result of the shear processes during transformation. As with plate
martensite, retained austenite can be present in lath martensite, both in between packets and
between individual laths. Due to the difference in martensite morphology scale, the quantity

of retained austenite in lath martensite is significantly less than that for plate martensite [191].

(b)

Fig. 2.62(a) Optical micrograph showing martensite laths in Fe-0.2%C alloy (b)TEM showing
a packet of martensite laths (between arrows) [189].

2.3.5.6. Effect of Carbon on Martensite Morphologies

Most low-carbon steels form lath martensite, while higher-carbon steels form plate martensite.
Figure 2.63 shows which martensite morphology exists for a wide range of carbon contents.
Note that it is also possible to obtain microstructures with a mixture of both plate and lath

martensites.
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Fig. 2.63 Martensite transformation start temperatures versus carbon content [189].

2.3.5.7. Martensite Start Temperature

The martensite start (Ms) temperature generally features on a TTT or CCT diagram as a
horizontal line parallel to the time axis. The martensite—start temperature (Ms) is the highest
temperature at which martensite forms on cooling the parent phase [15,19,182].The microstructure,
(dislocation, vacancies, grain, twins, inter-phase boundaries, and precipitates), external stress
and plastic deformation, may sometimes play an important role, but the chemical composition
of a steel seems to be a main factor in affecting its Mg [192].It can be estimated by two
formulas:-

1) The statistical formulas in the general linear form of:

Ms = kg—'—Zk,'w,'

Ms = 545 — 4704wc — 3.96w3i - 37.7an

—21.5wc, ) 0, °C.
wer + 38.9wym C 237

2) A new empirical model taking into effects of binary interactions. By adding interaction
terms into eq. (4) for C-Si, C-Mn, C-Cr, C-Mo, Si-Mn, Si-Cr, Si-Mo, Mn-Cr, Mn-Mo, and

Cr-Mo, a more accurate regressive equation has been obtained [192].
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MsBR = 540 — 584.9wc — 23.1ws; — 117. 7wy — 42.5w¢y
+ 49 9wy — 62.5wce-si + 178.3wevn
— 10.0we_cr + 52.5Wemo + 117.2wsiwmy
+ 50.9wsicr — 142 2WsiMo — 29.2Wwn—cr

— 9.TwMn-Mo + 69.9Wcr-mo,  °C (2.38)

The effect of carbon on both Ms and Mf is shown in Fig. 2.64(a) from which it can be seen
that, as the carbon content is lower both Mg and My increase. A better approach is to express
Ms in terms of the driving force for transformation. It was found that the driving force
AGo'—vy at the Ms temperatures of the alloys was practically constant, approximately 1250
J/mol, independent of carbon content. However, work on iron—nickel alloys [19], has shown

that the driving force increases with increasing nickel content, i.e. as the Ms is depressed.

Temperature ( °C)

0 02 04 086 o8 10 12 14
wt% C

Fig. 2.64(a) The effect of carbon on Ms and Mf [19].

Austenite Grain Size and (Ms)Temperature. There have been several studies on the dependence of

the martensite—start temperature (Ms) onthe austenite grain size [193].The austenitisation temperature
also affects Ms [194].The results presented in Fig. 2.64(b); consistent with previous work [193],

there is a large dependence of Ms as a function of the austenite grain size.
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Fig. 2.64(b) Measured variation in the (Ms) temperature as function in the grain size [193].

2.4 STRENGTHENING MECHANISMS

As we known the strength is a basic engineering specification, steels can be made stronger by
transforming the austenite at ever decreasing temperatures (Fig. 2.65), or by increasing
hardenability, whereas the toughness does not necessarily increase with strength, by the same

time the ultra high strength steels are difficult to be welded.
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Fig. 2.65 Variation of the tensile strength as function of the temperature at which the rate of
transformation is greatest [15].

The strengthening of structural steels by increased C was unacceptable because of low

toughness and poor weldability, for that reason the development of microalloyed steels is
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needed [42].The microalloying steels with small amounts of strong carbide and nitride
forming elements such as Nb, Ti and V have achieved a great improvement in their
mechanical properties. These improvements in mechanical properties are a result of many
factors. The microalloying elements (MAE) Nb ,Ti and V are widely appreciated and
exploited for their ability to increase the strength and toughness of structural steel . The MAE
are known to impede the motion of crystalline defects such as grain boundaries,
recrystallization boundaries and dislocations when the MAE are present either as solute (weak
pinning ) or as precipitate ( strong pinning ) . Hence, the MAE can suppress grain coarsening,
static recrystallization and the motion of dislocations [132].However as reported by
[14,195].The strengthening mechanisms applied in MA steels include : —

1. Grain refinement;

2. Precipitation;

3. Dislocation substructure;

4. Solid solution strengthening;

5. Strain aging.
Grain refinement is the preferred mode of strengthening in steels because it is the only
mechanism that improves both strength and toughness [15] and consequently the precipitation
in the ferrite will provide additional strength to the microalloyed steels [9, 195] A small
addition of microalloying elements, MAE (0.1wt%), such as Nb, V, and Ti, can provide
sufficient microstructure control, that produces a fine —grained steel with good combination of
strength and toughness, whereas the post—process heat treatment is not necessary. The
elimination of heat treatment is cost reduction factor that provides the driving force for the
development of MA steel for forgings .[9,13,20-23].Grain refinement is unique in that it adds
both strength and toughness to the steel whereas microalloy precipitation increases strength at
the expense of some loss in toughness [42].Also the particles which precipitate during or after
transformation to ferrite are nessary to produce the very fine particles that are responsible for
dispersion strengthening [9,39,40,197] As reported by R . K .Amin,[196] the value of (Acyn)
for any given rolling condition increased with increasing reheating temperature up to the
stoichiometric Nb : Cgq ratio . The increase in (Acy,) with increasing reheating temperature
was due to the increaserd solubility of precipitate. So the composition of the steel with respect
to the ratio Nb :C, Ti: C or V : C is also important. The maximum temperature—dependence

of the solubility of the precipitate occurs at stoichiometric composition [27,178,179], so that ,
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at this composition, the maximum amount of precipitate will be formed. In most structural
steels, the ratio Nb : C, Ti :C or V : C is much lower than the stoichiometric ratio, and
consequently increasing the metallic alloy addition will increase the strengthening due to
precipitation [9,27,178,179].The value of precipitation hardening was taken from the work of
Irvine [198] However the contribution to strength from dislocations was evaluated from the

standard relationship [198] :
ca=a GbVp (2.39)
=14.4.10%Vp

where o is a numerical factor dependent on crystal structure , G the shear modulus , b the

Burgers vector , and p the dislocation density (lines/cm?).

In general, decreasing the transformation temperature by either alloying or increasing the
cooling rate, both refines the grain and increases the dislocation density. This increased
dislocation density increases the yield stress [27].The yield strength is expressed by the Hall —
Petch [8,197] relationship : —

6,=69+Kyd " =(orLu+0sn+Gan+Gpn+cn)+K,d "? (2.40)
where o 1, = intrinsic lattice hardening ,
sh = solid solution hardening ,
dn = dislocation hardening ,
ph = precipition hardening ,
th = texture hardening , and

Kyd~ '/2 = hardening due to grain refinement.

The dislocation hardening Ac 4 1 and texture hardening Ac (1 will depends on the % of
deformatiom and as given in Ref.[197] are negligibly small by 10 % reduction due to quite
similar structure with no deformation observations. Since there is no dislocation and texture

hardening (G 4 = 0, o (1, = 0), equation (2.40) is reduced to :

Gy=6Cn+GCn=0pn+Kyd "? (2.41)
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With increasing amounts of deformation up to 30 % or more, ferrite grains are elongated,
texture is more strongly developed, and dislocation density becomes high. All of these factors
contribute to the increase in strength [196,197].The microalloyed steels are strengthened by a
combination of grain refinement, subgrain formation, and precipitation hardening. The
amount of strengthening from columium carbonitride precipitates depends upon the amount

of columbium added, finishing rolling temperatures, and amount of deformation [9,199].

2.5. TOUGHNESS

Because of the difference in the mechanism of transformation, bainitic steels have always
been second—best when compared with tempered martensite [124].As we noted earlier bainite
grows without diffusion causes large regions of austenite to remain untransformed (Blocky
regions of austenite) as shown in figure 2.66(a ,b,c). The blocks are relatively unstable and
transforms into high-carbon, untempered, brittle-martensite under the influence of stress, its
acts as largs inclusions render the steel brittle (Lack of Toughness). The blocky regions of
austenite can be eliminated by promoting further transformation to bainite by displacing the
T 0 curve to larger carbon concentration i.e strong and tough bainitic steel can be designed.
This has led to the development of novel ultra-high strength steels with strength and
toughness combinations which match or exceed more expensive alloys [19,200,201].0r by
reducing the average carbon concentrations as shown in figure 2.67. Both of these new steels
have much better impact properties because the modifications allow more bainitic ferrite to
form at the expense of blocky austenite, so the better toughness is achieved without any

sacrifice to strength [15,19,45,124,200,201].
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Figure 2.66 : (a, b) Transmission electron micrograph of a mixture of bainitic ferrite and stable
austenite. (b) Optical micrograph of upper bainite in an Fe—0.43C-3Mn-2.02Siwt% showing
the blocks of retained austenite between sheaves of bainite [45,124].
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Figure 2.67: (a) Calculated TO curves for the Fe-C, Fe-Mn-Si-C and Fe-Ni-Si-C steels. (b)
Experimentally determined impact transition curves [45,124].

2.4.2 INFLUENCE OF CHEMICAL COMPOSITION ON TOUGHNESS

2.4.2.1 Effect of Silicon

The diffusion of carbon atoms from the ferrite to austenite after the transformation without
formation of carbide due to the presence of silicon [202], so the carbides in the ferrite need
not always be cementite. As reported by [45,134,187], steels containing more than about

1wt% silicon (which retards cementite formation) or it is possible to suppress the formation of
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cementite altogether. Reasults which are given in Ref.[124,134,187,203], show that the
addition of suitable amount of silicon (e.g. 1.5 wt %), has an effect on toughness (Lack of
toughness can be eliminated). Due to the cementite precipitation from austenite can be
prevented by increasing the silicon concentration to about 1.5 wt%. Because silicon is
insoluble in cementite (Silicon has a negligible solubility in cementite and hence greatly
retards its precipitation). Silicon rich bainite steels can have very good toughness because of
the absence of brittle cementite i.e there are no cementite particles to nucleate cleavage cracks
or voids [104,124,134,187,202,203]. However as reported by Sakuma et al [204], the increase
of silicon content is beneficial for enhancing the combination of strength and ductility, and
effectively retards the pearlite formation, but prolongs the bainitic transformation time
required for the optimum mechanical properties. Also and as reported by [205], small amount
addition of both aluminium and phosphorus retard cementite precipitation during bainitic
transformation and hence can substitute for silicon because aluminium, like silicon, is not
soluble in cementite and phosphorus reduces the kinetics of cementite precipitation. However
the aluminium is less potent in retarding the formation of cementite than silicon at the same

weight concentration [206].

2.4.2.2 Effect of Titanium

Another approach to increase toughness is to add titanium as a microalloying element. Ti is a very
strong nitride forming element, and titanium nitride particles are stable at the high temperatures of
forging. The titanium nitride particle dispersions prevent austenite grain growth, and as a result
more grain boundaries are available for pearlite nucleation and pearlite colony size is reduced.

The finer pearlite colony size increases impact toughness [4, 24].

2.4.23. Effect of Sulfur

Another approach [131].to increasing toughness of microalloyed forging steels is to increase
sulfur content to suitable amount as shown in Fig.2.50. Authors [ 207,208] have shown that in
vanadium-microalloyed steel ferrite nucleates and grows on manganese sulfide particles due to
vanadium nitride and carbides precipitate on the sulfides and stimulate the nucleation of
ferrite as shown in fig 2.50 (a,b) and figure 2.68. As a result, ferrite forms not only on widely
spaced austenite grain boundaries in steels forged at high temperatures, but also within austenite
grains. The intragranularly nucleated ferrite breaks up the structure of coarse colonies of pearlite,
effectively decreasing pearlite colony size and improving toughness. As well as the addition

of 0.1 wt% phosphorus leads to an increase of about 75 MPa in the strength of ferrite [27].
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Figure 2.68. Intra-granular ferrite formed in MnS particles. The ferrite is surrounded by pearlite

which appears black in the light micrograph [207].

2.5. PRECIPITATION IN MICROALLOYED STEELS

The precipitation process proceeds at perceptible rate only if there is driving force , that is , a
free energy difference between the product and parent phase. The chemical driving force for
nucleation is defined as the free energy changes that accompanies the formation of a nucleus
from the matrix [39,40,42] Fig. 2.69 illustrates the chemical driving force for nucleation of
V(C,N) in austenite, during y-o transformation and in ferrite. It can be seen that , as the
temperatures is decreased the driving force increases monotonically and changes slope after
the austenite to ferrite transformation i.e the chemical driving force for precipitation in
austenite is low but increases suddenly and strongly as vy is transformed to a , reflecting the

solubility drop associated with the widely different solubilities in the two phases.
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Fig. 2.69 Chemical driving force , AGy, / KT, for nucleation of V(C,N) as a function of
temperature (a) and the solubility drop of V during y-a transformation (b) [39,40].

2.5.1 EFFECT OF NITROGEN AND VANADIUM ON DRIVING
FORCE FOR PRECIPITATION

The nitrogen in small contents adds significantly to precipitation strengthening as shown in

Fig. 2.70(c) due to the larger driving force in the high-N steels than in the low-N steels

becouse it will cause a denser precipitates and electron microscopy has clearly confirmed this,

as shown in Fig.2.70 (a,b).

0.5 %N §

97



300

0.1%C Isothermal transformation
& 650°C
= 250 - / 700°C
2 0.12%V / 750°C
é 200 |- /;50 C
E ° 4 700°C
= ~ o 750°C
i i o ¢
% 150 D.;o .
= / e 0.06%V
S00F * /
.
E o
@ 50
o
o
0 l l L 1 l
0 0.005 0.01 0015 002 0025 003
wi% N
(©)

Fig. 2.70.(a,b) Electron micrographs illustrating the effect of N on the density of V(C,N)-
precipitates during isothermal transformation,(c) Nitrogen effect on the precipitation
strengthening of V-steel [39,40,42].

The dominating effect of N on the driving force for V(C,N) is also clearly seen in the figure
2.71. Hence, the strong effect of N in increasing this driving force [39,40,42].The V is usually
the preferred element when precipitation strengthening is wanted. A modest addition of
0.10%V can bring about a strength increase beyond 250 MPa, and in special cases even up to
300Mpa [209].1t should be noted, however, that the driving force can also be raised by V-
addition but the effect per concentration unit is much less. Moreover, V-additions increase
alloying costs significantly whereas the usage of N at the present levels is free [39].As shown
in figure 2.71. Since the nitrogen contents of commercial structural steels , up to 200 ppm ,
are generally below the solubility limit in both ferrite and austenite , for that reason all the
nitrogen is available for precipitate formation and however the nitrogen is always present in a

form where it can react efficiently with microalloy elements [39,40].
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Fig. 2.71 (a) Chemical driving force, AGm/RT, for precipitation of VC and VN in 0.12% V
steel. (b) Effect of equilibrium and metastable carbon content in ferrite on driving force for
precipitation of V(C,N) at 650°C [39,42].

The effect of V- and N-additions for precipitation strengthening of steels is clearly
demonstrated in Fig. 2.72 [84]. According to these results 5 parts per weight of N are
equivalent to one part of V. Enhanced cooling is an efficient method to increase precipitation
strengthening; raising the cooling rate from 1°C/s to 4° C/s increases the tensile strength of a
0.4C-1.2Mn-0.10V steel by 120 Mpa [100,210].The most significant properties of V as
compared to Nb and Ti are [42]:-

1) The solubility of V(C,N) is much larger i.e larger amounts of V can be dissolved at a given
temperature.

2) This implies that N as a microalloying element has a decisive role in V-microalloye steels,

especially for the enhancement of their precipitation strengthening .
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Fig. 2.72 Effect of precipitation strengthening by V and N on Rm. All steels contain 0.7%Mn
and were austenized at 1200-1250°C [101].

The nucleation and morphology of V(C, N) particles at dislocations and microtwins have been
reported in Ref. [211]. Previous work [212], has examined precipitation behaviour and found,
the precipitates of V(C,N) obeyed the Baker-Nutting (B-N) orientation relationship with the

pearlitic ferrite as given below.
(001 )ae /(001 )y,
(010)2/ /(110}y )
(1000 /(110}y ey

However when precipitation takes place it may do so in two different ways. One of these is so
called inter-phase precipitation and as reported by [129,213,214], the mechanism.of
interphase precipitation is fall broadly into two categories: ledge mechanisms and solute-
depletion model based on solute diffusion control. In this case the particles are alingned in
rows in the same phase boundary all possess the same orientation, a unique variant of the B-N
orientation relationship . By contrast in the case of the random precipitate, the particles are not
alingned in rows but are randomly distributed and also are characterised by the occurance of

different variants of the B-N orientation relationship [215].

2.5.2 KINETICS OF CEMENTITE PRECIPITATION

Speich [15] reported that the change in hardness of martensite in iron-carbon steels after time
of tempering at temperature above 320 °C, includes significient contributions from recovery,

recrystallisation and coarsening of cementite particles as illustrated Fig. 2.73
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Fig. 2.73.Hardness curves changes for five steels (different in C wt %), tempered for 1 h [15].

The change in hardness is attributed dut to precipitation of carbides, in left of vertical line,
where as at right the change is due to recovery or coarsening processes [15]. Since it is
assumed that the volume fraction of cementite £{t}is related at any time to hardness of the

martensite, H{t}, it follows that:

§{ty = (Ho — H{t})/(Hy — H) (2.42)

Hp is the hardness of the as-quenced virgin martensite, Hr is its hardness when all the carbon
has precipitated but before any significant recovery, recrystallisation or coarsening has
occurred. The assumption here is that the amount of carbon precipitated is related linearly to
the change in hardness during the early stages of tempering or isothermally treated. However
the Hr can be expressed empirically as a function of the initial hardness and average carbon

concentration X (mole fraction) as follows:

Hp = Hy[1 — 1.7313"%] 2.43)

This equation is valid plain carbon steels containing less than 0.4 wt% Carbon, the value of
Hr becoming constant thereafter. The hardness Hy of plain carbon martensite (< 0.4 wt%
carbon) before tempering or isothermally treated (as quenced) can be also deduced from the

data reported by Speich:

H, = 1267(weight % carbon)™ + 240 (2.44)
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This equation gives the hardness of virgin martensite in plain carbon steels as a function of
dissolved carbon. By contrast, there is evidence that the effect of carbon tends to eventually to
saturate, so Hy should be set not exceed about 800 HV. However the yield strength of
martensite Oy is expressed as a combination of the intrinsic yield strength, the effect of the
dislocation cell structure, and precipitation hardening by cementite [216]:

o, =0y +ke ' +k,A, MPa 045
Where 0 is the intrinsic strength of martensite (including solid solution strengthening), €,is
the average transverse thickness of the cell structure, and A is the average distance between a

particles.

102



3. EXPERIMENTAL PART

3.1 CHEMICAL COMPOSITION OF STEELS

The chemical composition of steel studied in the present work is given in Table 3.1. The

steels were made by ingot casting and fabricated into 22 and 19 mm diameter bar by full-scale

forging and hot-rolling. Representative hot-rolled steel bars were homogenized at 1250 °C for

4 hours, in the presence of argon as protective atmosphere, to minimize any effect of chemical

segregation. After annealing, the samples were oil quenched. Specimens with 12mm height

were cut from 22 and 19mm diameter bars.

Table 3.1: Chemical composition of the experimental steels (wt %)

Element

Cr

Cu

Al

Ti

Nb

Chemical composition (wt %)

Ti-V-N Steel

0.309

0.485

1.531

0.0077

0.0101

0.265

0.200

0.232

0.017

0.041

0.011

0.123

0.003

0.0221

V-N Steel

0.256

0.416

1.451

0.0113

0.0112

0.201

0.149

0.183

0.038

0.023

0.002

0.099

0.002

0.0235
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Figure 3.1. Thermal schedule for elimination as-received microstructure.

3.2. PRIOR AUSTENITE GRAIN SIZE

Evaluation of prior-austenite grain size (PAGS), involved heat treatment, etching and grain

size measurement.

3.2.1 HEAT TREATMENT

The samples with 19 and 22 mm diameter and 12mm in length of the two steels were used to
reveal austenite grain boundaries by thermal etching (TE) method. Samples were heat-treated
in radiation furnace at different heating temperatures to the austenitization condition listed in
table 3.2., in order to yield distinct prior-austenite grain size (PAGS). After that the samples
were quenched in water and afterwards tempered at 450 °C for 24 h, and then slowly cooled

in natural air to room temperature. A scheme of this heat treatment is shown in Fig. 3.1.
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Table 3.2 : Austenitization condition (Ty is austenitization temperature and ty is

austenitization time).

Steel Ty (°C) ty (s)

Ti-V-N 950, 1050, 1100,1150,1250 600

V-N 950, 1050, 1150,1150,1250 600
Aunstenitization

950-1250C/ 10min

Temperature

450C/24hr
/ |
Time

Fig.3.2 Thermal tesing procedure in order to reveal prior-austenite grain size.

3.2.2. ETCHING

The etching reagents based on saturated aqueous picric acid plus a wetting agent seem to give
the best results in quenched and tempered steels [141,217].The chemical etchant that gave
positive results for these steels revealing the prior-austenite grain boundary at all
austenitization temperatures was a solution formed by 100 ml of distilled water, 10 g of picric
acid (Cs¢H3N307), 50 ml of sodium alkylsulfonate (Teepol), 1 ml of HCI. However, it is
relevant to point out that this solution is used hot (90 °C), then immerse the polished

specimen into the solution. Eaching time is usually in the range of 25 seconds.
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3.2.3. GRAIN SIZE MEASUREMENTS

Grain size determination (linear intercept) was conducted via standard methods on samples
etched in aqueous picric acid containing a wetting agent as mention before. The standards for
the determination of grain size are set in ASTM E112 and DIN EN ISO 643 [218-220].
Linear intercept technique involving at least 50 intercepts, which made it possible to count the
number of grains intercepted by the grid line. The austenite grain size control are important
factor in development of the final mechanical properties of the product [129].There are three
types of error that can influence grain size estimates. The first arises from experimental
limitation for example limited resolution, poor grain boundary delineation, over-etching,
inaccurate test line length measurement, miscounting. The second error type is due to
improper sampling and the third error type arise from the representativeness of the chosen
areas and specimens to the entire material, the last two error types are usually the greatest

source of error [221].

3.2.4. ISOTHERMAL TREATMENTS

A Scheme for isothermal testing treatments is given in figure 3.3. Samples were austenitized
for 600 second at 1100 °C and quickly cooled to test temperature. After austenitization,
specimens of both steels were isothermally transformed at different temperatures ranging
from 350 °C to 600 °C at different times between 2 and 1200 s. A full description of scheme
of isothermal treatments is mentioned in table 3.3, finally after the isothermal holding time,
the specimens were water quenched to room temperature. The samples were cut,
mechanically ground and then polished to 1um diamond finish paste using standardized
metallographic techniques and subsequently etched in 2 % nital for their observation by

optical and scanning electron microscopy (SEM).

Table 3.3: A scheme of isothermal treatments

Isothermal treatments, °C Holding time,(s)
350 10,20,30,60,120,600,1200
400 2,5,10,20,30,60,120,600,1200,1800
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450 2,5,10,20,30,60,120,600,1200,1800

500 5,10,20,30,45,60,80120,600,1200
550 5,10,20,30,45,60,80120,600,1200
600 5,10,20,30,60,80,100,120,600,1200
© 1100°C/10 min
2
=
1
o,
g 600°C
- 550°C
500°C
A50°C
400°C )
350°C
-
Time

Figure (3.3) Schematic Presentation of Testing conditions at different temperatures performed
in order to evaluate isothermal decomposition.

3.2.5. Ms TEMPERATURE

The martensite start (Ms) temperature in present work has been examined by analyzing the
result predicted experimentally by use of optical microscopy. Moreover large numbers of
experimental data are required and used for complete analysis and predict the Ms temperature
in present work. Testing details are given in table 3.4, while schedule of testing is shown in

figure 3.4.

Table 3.4. Testing temperatures performed in order to determine Ms temperature
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Steel Testing temperature, “C Holding time, s
Ti-V-N 330, 320, 310, 300, 290, 280,270 45

V-N 340, 330, 320, 310, 300, 290, 280,270 45

O 1100°C /10 min
2
[ye1
=
8,
g 340 °C
= 330°C
320°C
'DC
280°C D
270°C
-
Time

Figure 3.4. Schematic Presentation of Test conditions performed in Order to determine Ms
temperature.

3.3 HARDNESS MEASUREMENTS

Hardness is the property of a material that enables it to resist plastic deformation, usually by
penetration. Hardness test is practical and provide a quick assessment and the result can be
used as a good indicator for material selections, because it is very sensitive to change in
microstructure.

For each specimen, the Vickers hardnes was measured using a 30 Kg/mm?® as indentation
load. The hardness measurement was carried-out at five points in the region of specimen

where microstructure observation was made.
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3.4 COMPRESSION TESTING

Compression tests were carried out at room temperature on specimens transformed
isothermally at isothermal treatment was carried out at 350, 400, 450, 500, 550 and 600 °C
for different isothermal times.The compression equipment used in the present study is built up
around a 100 KN maximum capacity of (Instron Servo-Hydraulic Testing Machine. Model
1332) A detailed description of the machine has been given in appendix 1. The compression
specimens of Smm in diameter and Smm in length-cylinder machined from the metallographic
samples were tested in accordance with ASTM E9-89a [203,222].These test methods cover
the apparatus, specimens, and procedure for axial-load compression testing of metallic
materials at room temperature. Also as reported by [Ref. 131,223], compression specimens
with different sizes were also used. Compression tests were performed for evaluation of the
offset yield strength, Ry at plastic strain of 0.2 %. The deformation speed was 0.5mm min™

corresponding to a strain rate of approximately 4 x 10 S™.
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4. RESULTS

4.1 AUSTENITE CONDITIONING
4.1.1. PRIOR AUSTENITE GRAIN SIZE

Typical microstructures showing revealed prior austenite grain boundaries are shown in
Figure 4.1. On the other hand more images showing the prior austenite grain boundaries in
this work are given in appendix A. Grains are generally homonegeous in size and equiaxed in

shape.
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Figure 4.1. Typical microstructures showing revealed prior austenite grain boundaries (a, b)
950 °C, (c, d) 1050 °C, (e, f) 1100 °C, (g, h) 1150 °C and (k, 1) 1250 °C; (m) the grain size as
a function of austenitization temperature

The grain size was measured using traditional intercept method that included more than 50
visual fields. The values of average prior austenite grain size are given in table 4.1 and shown

in figure 4.1m.

Table 4.1. Prior Austenite Grain Size (PAGS ) estimated in this work.

Austenitization Prior austenite grain size (PAGS), um
temperature Ty, °C Ti-V-N steel VN steel
950 9+ 1 9+1
1050 35+5 28+3
1100 60+5 50+5
1150 64 +3 75+5
1250 80+ 10 100 + 10

Two steels show very similar behaviour, i.e., grain size increases with increase of

austenitization temperature. At temperatures below 1100°C, measured grain sizes in both
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steels have close values, but at temperatures above 1100°C, the grain size increase is more

pronounced in VN steel in comparison to TiVN steel.

4.1.2 DIRECT QUENCHING

Several samples were either directly quenched or quenched after a spot second in salt bath,
from reheating temperature of 1100 °C, in order to clarify if the austenite decomposition starts
during continuous cooling from reheating temperature to temperature of isothermal treatment.

After thorough search, no sign of any microstructure but martensite was recorded.

4.1.3 ALLOYING ELEMENTS DISTRIBUTION

Taking the solubility product of alloying elements into consideration the distribution of
vanadium and nitrogen in austenite is rationalized in terms of the temperature for complete
dissolution of VN and VC, according to the equation (2.1) and (2.2) [53-56]. Results are
given in Table 4.2. It is assumed that the total amount of Ti is within TiN particles, which are
insoluble at the reheating temperatures.Using stochiometric ratio Ti:N = 3.4 it could be
calculated that titanium ties 6 ppm of nitrogen for V-N and 32 ppm for V-Ti. Therefore,
available amount of nitrogen left in solid solution is slightly reduced in comparison to

chemical composition, Table 4.2.

Table 4.2. Distribution of alloying elements and temperature for complete dissolution of VN

and VC.
Steel [N], (ppm)  [N]rin, (ppm) [N, (ppm) Tyn, (°C) Tve, (°C)
V-N 235 229 6 1111 1088

Ti-V-N 221 189 32 1114 1084

4.1.4. SELECTION OF REHEATING TEMPERATURE

Reheating temperature was selected to be 1100C, based on two reasons:
(i) At 1100°C microstructure consists only of austenite, avoiding influence of other

microconstituents on further austenite decomposition;
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(i1) The grain size in both steels is large enough to enhance AF formation instead of
bainite by increasing the ratio between intragranular and grain boundary nucleation sites

[142,143].

4.2. MARTENSITE START (MS) TEMPERATURE

The martensite—start (Mg) temperature is of vital importance for engineering practice.
Therefore great efforts have been made in predicting the Mg temperature of both steel

investigated in present work.

4.2.1. PREDICTING MS TEMPERATURE BY EMPIRICAL
METHODS

The martensite—start (Ms) temperature calculated by use of different empirical equations for
both steel investigated in present work and the calculation results have shown that, it occure at
temperature 337 + 20 °C [192,224-230]. The details of Ms temperature calculated by use of

different empirical equation for different authors are given in table 4.3

Table 4.3: Methods for predicting the Ms Temperature.

Ms — (Ti-V-N Stee)l Ms — (V-N Steel) Source
336 365 [Eq.4]. [192]
346 373 [Eq.5]. [192]
344 366 [225]
353 377 [226] [227]
335 361 [192]
357 383 [192]
351 379 [228]
355 381 [227]
343 366 [229]
340 361 [230]
318 359 [230]
355 381 [230]

Ms: Start Temperature of the Martensitic Transformation [°C]
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4.2.2 MS TEMPERATURE EXPERIMENTALLY ESTIMATED

Start Temperature of the Martensitic Transformation (Mg Temperature) was estimated in this
work using optical and SEM microscopy. Ms temperature was detected as the highest
temperature at which only martensite was present, as shown in Fig.4.2. i.e., when no grain
boundary ferrites (GBF) were recorded because the GBF is diffusion processes. The
specimens were treated for 45 seconds on each testing temperature, in order to avoid influence
of possible temperature gradient in specimens. The Ms temperatures estimated in this work
are given in table 4.4 and are plotted in Fig. 4.30 by a horizontal line parallel to the time axis.

Results show that Ti-V-N steel has lower Ms Temperature. The experimentally estimated (Mg

Temperature) results in rather good agreement with the similar steel given in Ref. [231].

-

a) TiS-330 °C —BS phase onset nucleated at ~ b) TiS-330 °C —BS phase onset nucleated at
G.B triplepoint G.B triplepoint

- Em- __20pum

¢) TiS-330 °C —-BS phase onset nucleated d) TiS-330°C —BS phase onset nucleated at
atG.B G.B
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50 um

(e)TiS -320°C-No any clear phase nucleated- ) TiS -320°C -SEM-No any phase nucleated-
All Martensite All Martensite
Figure 4.2..Typical microstructures showing revealed Ms Temperature, of Ti-V-N steel at
330°C/45s (a-c) 200X, (d)500X, where (e) 320°C/500X, and (f) SEM /320°C.

Table 4.4. Martensite Start Temperature experimently estimated for TIVN and VN steels, °C

Steel Ti-V-N V-N
Martensite Start Temperature, °C 320 330

a) TiF-340 °C-BS onset(1252— 200X) b) TiF-340 °C -BS onset (1257-200X)

116



¢) TiF-340 °C —BS phase onset nucleated at d) TiF- 330°C-200X-No any clear phase
G.B (1253—45s — 500X) nucleated-All Martensite.

Figure 4.3..Typical microstructures showing revealed Ms Temperature, of V-N steel at
340°C/45s, when (a, b) 200X, (c) 500X, where (d) 330°C/500X.

4.2.3 DETERMINATION OF Ty FROM Mg TEMPERATURE

The Ty describes the critical temperature for athermal decomposition of austenite. Ty is
defined as the temperature at which the ferrite and austenite phases with the same
composition have an equal Gibbs free energy. The T, represented based on equation (8) given
in Ref. [192], and the results have shown that, it occure at temperature 637 °C for Ti-V-N
steel and 646 °C for V-N steel respectively.

4.2.4. INFLUENCE OF CARBON ON Mg TEMPERATURE

Undoubtedly, carbon plays the strongest role in decreasing the Ms.This is consistent with
results shown in Ref. [192,231]. In present case, the decrease rate of Ms temperature reduces

when the C concentration in the steel increases.

4.3. BAINITIC TRANSFORMATION START
TEMPERATURE (Bs)

The temperature corresponding to the upper part of the shear transformation C curve is often

called the bainite-start temperature Bs [108,231]. The Bainitic Transformation Start
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Temperature (Bs) calculated by use of different empirical equations for different authors and
experimentally measured for both steel in present work are given in table (4.5). It is clear
from table (4.5) that the predicted results in rather good agreement with the experimental for
both steel investigated. The experimentally estimated (Bs Temperature) results is rather good

agreement with the similar steel given in Ref. [231].

Table (4.5) By : Start Temperature of the Bainitic Transformation ( °C) for steels studied

calculated by use some authors sources.

B, for Ti-V-N Steel B, for V-N Steel Source
534 549 Kirkaldy, [224]
522 548 Suehiro, [224]
526 537 Zhao, 2002,[224]
534 549 [232]
520 550 Experimentally measured

4.4 ISOTHERMAL TRANSFORMATION

The transformation behaviour was evaluated in temperature range 350-600°C after isothermal
treatment. Phases were evaluated on bases explained in chapter 2. Identification of phases was
based on the shape of new phase, temperature range and place of nucleation, using OM and
SEM. Identified phases are: grain boundary ferrites in high and lower temperature range,

acicular ferrite (needle type and sheaf type), bainitic sheaves and pearlite.

4.4.1. GRAIN BOUNDARY FERRITES

Grain boundary ferrites obtained during isothermal decompositions are allotriomorphic and

Widmanstatten ferrite.

4.4.1.1 Allotriomorphic Ferrite

Allotriomorphic ferrite is the first phase to be nucleated during isothermal treatment in
temperature range 500-600°C. Allotriomorphic ferrite nucleates on the austenite grain
boundaries as shown in Fig. 4.4 and Fig. 4.5 for both types of steels. On the other hand more
Grain Boundary Ferrite (GBF) images present in this work by optical and SEM images are

given in appendix B. After the first grains are produced, allotriomorphs continue to decorate
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austenite grains. Further growth in the direction inside grains is not pronounced. Therefore, it
can be summarized in Fig. 4.4 and Fig. 4.5 at highest temperatures, they predominate by
growing along the boundaries, and also into the grains to give a well-defined grain structure,
generally referred to as equi-axed ferrite. However the allotriomorphic ferrite obtained after
increase treatment time are shown in Figure 4.4 (k-n) and Figure 4.5 (a,m,n). The proeutectoid

ferrite start to decoreate all the austenite grain boundary as treatment time increased.

Table 4.6 Nucleation onset time for Allotriomorphic ferrite in both steels

Isothermal transformation Allotriomorphic Ferrite nucleation time, s
Temperatures, °C V-N steel V-N-Ti steel
450 2 2
500 3 5
550 5 7
600 7 10
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a) SEM/ 600°C /10s /(S6x2500-2) b) OM/600°C /10s/500X
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—tm_

¢) SEM /550°C /5s/ S5x2500-2 d) OM/550°C /10s/200X

e) SEM/500°C /03s /(S4x7500-2). f) OM/500°C /55/1000X

g) SEM /450°C/ 2s / (S3x2500) h) OM/450°C/ 2s/1000X
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m) OM/600°C/ 20s/200X(027) n) OM/600°C/ 20s/500X(1032)

Fig. 4.4 SEM images and optical micrographs of Grain Boundary Ferrite GBF for V-N steel.

v % LY
' # > S\

a) SEM/600°C /10s /(S11x5K-1). b)OM/ 600°C /30s/1000X/ (1049)
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c) SEM/550°C /10s /S9x3k-1 d) OM/550°C /20s/1000X

e) SEM/500°C /55 /(S6x5k-1). f) OM/500/°C 5s/1000X/ (704).

Am *
g) OM/500°C /10s/ (719 — 10s — 200X). h) SEM/500°C /10s/ (S7x2k-1).
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k) SEM/ 450°C / 2s/ (S4x8k-1)

S0um _
m) OM/600°C /30s/200X (1294).

- Aty iy
Lol 4 L 1

n) OM/600°C /60s/200X (1299).

Fig. 4.5 SEM images and optical micrographs of Grain Boundary Ferrite GBF for Ti-V-N
steel.

4.4.1.2. Widmanstédtten ferrite

These laths (narrow plates) of ferrite are nucleated on grain boundaries and grow along
crystallographically defined planes of the austenite; these grains do not grow across the
austenite grain boundaries, but in one of austenite grains. Primary Widmanstétten ferrite
grows directly from the austenite grain surfaces, whereas secondary Widmanstétten ferrite
develops from allotriomorphs of ferrite already present in the microstructure as illustrated in
Fig. 4.6. It occurs in temperature range below 500 °C and it is also exist on isolated sites at

higher temperature as illustrated in Fig. 4.6 (x, w and z). The incubation time for

Widmanstitten ferrite formation WSF is given in table 4.7
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Table 4.7 Nucleation onset time for WSF by sec. For both steel investigated.

Isothermal Transformation Widmanstaetten Ferrite start time, s
Temperatures, °C. .
V-N steel V-N-Ti steel
500 Nil Isolated
450 2 10
400 2 10
350 10 10

Incubation time for WSF in this temperature range is shorter for V-N-Ti free steel, in

comparison to Ti steel.

—um_

a) SEM/WSF / Ti-V-N steel /500°C /10s ~ b) OM/WSF Onset/ Ti-V-N steel/ 350°C/10s

—m

¢) SEM/Ti-V-N steel /350°C / 10s d) OM/WSF-Onset / Ti-V-N steel /450/°C/
10s/1000X
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f) OM/WSF /V-N steel/ 400°C /10s

—

g) OM/WSF/ V-N steel 450°C /2s h) OM/WSF/V-N steel /450°C /5s

ZOEm
k) OM/WSEF/ V-N steel /350°C /10s

(1)OM/WSF/ Ti-V-N steel /500°C /10s
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(n)OM/WSEF/ V-N steel /450°C /5s

—m_
(x)OM/WSF/ V-N steel/ 550°C /20s (y)OM/WSF/ V-N steel/ 450°C /10s
- um -10 um
(w)OM/WSF/ Ti-V-N steel /550°C /80s (z)OM/WSEF/V-N steel /600°C /120s

Figure 4.6. SEM and OM images showing the nucleation of Widmanstétten ferrite
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4.4.2 INTRAGRANULARLY NUCLEATED PHASES

Intergranularly nucleated phases classified in this chapter are: (i) Intragranular idiomorphs;
(i1) Intelocked acicular ferrite and (iii) Sheaf type acicular ferrite. Intragranular cementite and
intragranular plates are listed in 4.4.3.1 and 4.4.4 respectively. Acicular ferrite formation is a
mechanism competitive with bainite formation. Acicular ferrite is usually considered as
intragranularly nucleated bainite. Both microstructures develop in the same range of
temperature: below the high temperatures where pearlite onset form, but above the martensite
start temperature. The identifying difference between acicular ferrite and bainite is related to
the nucleation sites. The acicular ferrite is always nucleated intragranularly, usually at
nonmetallic inclusions. There are two types of acicular ferrite, depending on the morphology:
(a) interlocked type - chaotic arrangement of interlocked plates, or (b) sheaf type - sheaves of

intragranular parallel ferrite plates

4.4.2.1. Polygonal Ferrite (IGF)

These are equiaxed crystals which nucleate inside the austenite grains as demonstrated in
Table 4.8, usually on non-metalic inclusions present in the steel. An idiomorph forms without
contact with the austenite grain surfaces and has a shape which some shows crystallographic
facets as shown in Figure 4.7 (a-1). On the other hand more images showing the Intragranular

Idiomorphs in this work are given in appendix D.

Table 4.8 Nucleation time for Polygonal Ferrite or Intragranular Idiomorphs for both steels.

Temperatures Intragranular Idiomorphs start time, s
°C. V-N steel V-N-Ti steel
500 10 10
550 20 30
600 30 60
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e) 550°C /120s SEM) —Ti-F(1500-2) f) 550/°C 420s SEM) -TiS(1500-2)
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k) Ti free 600°C /120s/SEM/1000-1 1) 600°C /120s/200X (058)-Ti free.
Figure 4.7(a-1) SEM and OM images showing the Intragranular Idiomorphs formation

4.4.2.2. Interlocking Acicular Ferrite

(i) Nature of Inclusions and Nucleation at Particles
At the initial stages, the nucleation of the primary ferrite plates takes place intragranularly at

second phase particles present in the austenite and not at grain boundaries. Nucleation time
for primary acicular ferrite is given in Table 4.9. Examples of different particle stimulated
nucleatin are presented in figure 4.8. Second phase particles in this work are nonmetallic
inclusions, as identified on figure 4.9. The times for the onset of Interlocked type AF are

seems tobe very similar for both steels as indicated in table 4.9. Also, with prolonged time,
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the amount of interlocked type AF increases up to the moment when pearlite transformation
occurs.

Table 4.9 Interlocking Acicular Ferrite start time

Temperatures Interlocking Acicular Ferrite start time, s
°C. V-N steel V-N-Ti steel
450 10 10

a) OM / 450°C /20s-TiS b) SEM / 450°C /20s/10k TiS)

¢) SEM / 450°C /20s/13k TiF d) OM / 500°C /30sTiS
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— et

f) SEM / 450°C /20s/TiF

—=um
h) OM / 600 °C /100s/TiF

20um

k) OM /450°C /10s/ Ti F 1) OM /500°C /30s/ Ti S
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m) OM /500 °C /45s / TiS n) OM /450 °C /20s/TiS
Figure 4.8 (a-n) SEM and OM images show nucleation at particle.
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Full zcale = 1.32 k cps Curzor: 51675 ke¥

134



Full zcale = 1.87 k cp=s Curzor: 41275 ke¥
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(c)
Fig.4.9 (a-c) SEM image showing the beginning of the nucleation of acicular ferrite at an

inclusion and EDX spectrum of an inclusion (a) 500°C /30s (Ti-V-N steel).(b) 500°C /30s
and (c) 450°C /30s (V-N steel ).

The micrograph present in Figure 4.9 and an energy dispersive X-ray (EDX) spectrum
analysis illustrate a typical active inclusion, with the corresponding chemical analysis at
different points of the particle, which reveals the existence of Ca-treated manganese sulfides
inclusion (Ca,Mn)S core covered or at least partially covered with VC or V(C,N) complex

precipitates.

(ii) Formation of Interlocked Structure
In regards to the nucleation of the first acicular unites takes place intragranularly at non-

metallic inclusions present in the austenite and after the initiation of the first generation of
plates from inclusion as can be seen in Fig. 4.8, the second generation of plates nucleated on
the face of a substrate plate (sympathetically) must have a different habit plane and
orientation. The result of multiple sympathetic nucleation is an interlocking ferrite network,
and after sufficient time, it results into a complex interlocking ferrite microstructure,
characteristic of acicular ferrite, such as that shown in Figure 4.10 (k-n).

In Figure 4.10.The sympathetic nucleation of secondary acicular ferrite plates has been
observed to occur at the austenite/primary acicular ferrite interface and continue to grow
within the austenite matrix until impingement occurs with other plates. However the acicular
ferrite does not normally grow in sheaves because the development of sheaves is stified by

hard impingement between plates nucleated independently at adjacent sites [233].A typical
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example of impingement processes is illustrated in the SEM and optical micrographs as

clearly shown in Figure 4.11.

e)-SEM/ Ti-V-N steel /450°C /20s(2245201) £)-SEM/V-N steel/ 450°C /20s(1S09X5K).
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M)SEM/V-N /450°C /1200s (S5x1000-1). N) SEM/V-N steel/450°C /1200s (S5x2500-2).
Figure 4.10. SEM and OM images showing the sympathetic nucleation and AF interlock

structure formation.
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a) OM/V-N steel/500°C /30s

-

e) OM/450°C/1800s/1000X/ Ti-V-N steel ~ f) OM/350°C /600s/500X/ V-N steel (1485)
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Ngd __".,:"--'
g) OM/550/°C /30s/500X/ V-N steel g) OM/550/°C /30s/500X/ V-N steel
Figure 4.11 Examples of impingement processes.

4.4.2.3. Sheaf Type Acicular Ferrite (STAF) Morphology

Main characteristic of sheaf type AF is presence of intragranularly nucleated microstructure
composed by sheaves of parallel ferrite plates, Figure 4.12. After nucleation, it transformed to
sheaf type acicular ferrite (STAF) or generation of plates developed in a parallel sheaf
formation i.e there is more tendency to form sheaves composed by parallel plates, but the
origin is not the grain boundaries and the final microstructure is composed of packets of plates
following the same growth direction, as is shown in Figure 4.12 and it is called sheaf
morphology or sheaf type acicular ferrite (STAF). Nucleation time for sheaf type acicular
ferrite for both steels are given in Table 4.10. In regards to the nucleation of the first acicular
unites takes place intragranularly at non-metallic inclusions present in the austenite and by
comparing the micrographs corresponding to 10 seconds of isothermal at 450 °C and 400 °C,
it can be seen that at initial stages, the transformation proceeds identically in both cases. The
difference in the microstructure obtained at the two temperature become pronounced as the
transformation progressed beyond 10 seconds, i.e., after the initiation of the first generation of
plates from inclusion as can be seen in Figure 4.10. At 400 °C, the second generation of plates
developed in a parallel sheaf formation. By contrast the transformation at 450 °C progressed
with non parallel plates. As illustrated in Figure 4.10, the plates nucleated on the face of a
substrate plate must have a different habit plane and orientation, leading to a chaotic
microstructure. By contrast, a plate nucleating at the tip of the substrate plate must be
identical variant with the same habit plane and orientation, giving rise to a sheaf

microstructure as illustrated in Figure 4.12.
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Table 4.10 Sheaf type acicular ferrite start time formation for both steel.

Temperatures Sheaf Type Acicular Ferrite start time, s
°C. V-N steel V-N-Ti steel
400 10 20

a) OM/350°C /20s/500X/ V-N-Ti steel

—tm

_oum
¢)OM/400°C /20s/1000X/ V-N-Ti steel/561 d) 400/°C 30s/1000X (294)/ V-N steel
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e)OM/ 400°C /120s/ V-N-Ti steel ) OM/400°C /120s/1000X / V-N-Ti steel

o e PN SN 55 415V 0 M'Q':w*"ﬁ' .
k) OM/350 °C /20s/200X/ V-N steel(1443). 1) OM/400 °C /30s/100X/ V-N steel (295).

Figure 4.12 (a-1) OM images showing the sheaf type acicular ferrite (STAF) formation

4.4.3 FORMATION OF CARBIDES

Carbides formed during austenite decomposition are cementites. Various morphologies of
cementite are polygonal cementite or Intragranular Idiomorphs of Cementite and
Widmanstitten cementite. As in the case of ferrite, most of the side plates originate from grain
boundary allotriomorphs, but in the cementite reaction more side plates tend to nucleate at

twin boundaries in austenite.

4.4.3.1 Intragranular Idiomorphs of Cementite
Results which are summarized in Fig. 4.13 show that there was some tendency for Grain

boundary allotriomorphs and intragranular cementite to occur at the same condition. However
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Grain boundary allotriomorphs are the first morphology to appear over the whole range of

temperature as demonstrated Figures 4.4 and Figures 4.5; cementite is usually located at GBF

grain surface.
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e)OM/600°C /100s/500X/ V-N steel fYOM/600°C /600s/500X/V-N steel
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g)OM/ 600°C /120s/500X/ V-N steel h)OM/ 600°C /600s/500X/ Ti-V-N steel

Figure 4.13 (a-h) OM images showing GBF and intergranular cementite exist at the same
condition.

4.4.3.2 Widmanstitten Cementite

Following the growth of side plates or Widmanstitten ferrite, cementite follows the same
pattern as ferrite. On the figures is clear very strong relationship with ferrite grains, figure
4.13 and figure 4.14

(a) 550°C /600s/200X/ V-N steel(1081) (b) 550°C /600s/500X/ V-N steel(1082)
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() 550°C /600s/500X/ V-N steel (f) 550°C /12008/500X/ V-N steel

Fig. 4.14(a-f) Optical micograph showing presence of Widmanstatten Cementite in some
cases.

4.4.4. INTRAGRANULAR PLATES

These plates are similar to those growing from the grain bundaries, but they nucleate entirely
within the austenite grains (Fig. 4.15). They occur in wide temperature region, showing
crystallographic orientation. They look very much a like bainitic sheaves, but they are

nucleated within the grain and also, in contrast to sheaf type AF, they are much thicker.
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(c) 500°C /20s/500X/ V-N steel (725) (d) 500°C /20s/500X/ V-N steel(740)

Fig. 4.15(a-d) Optical micograph showing presence of Intragranular plates in some sites.

4.4.5 BAINITIC SHEAVES AND PLATES

Bainitic plates are similar to bainitic sheaves both growing from the grain bundaries, but
differ in thickness. The bainitic plates are thicker than bainitic sheaves as can be seen in (Fig.

4.16) and Fig. (4.17). The bainite seem to be exists without presence of cementite (Fig. 4.16).
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(a) 500°C /20s/500X/ Ti-V-N steel

(e) 500°C /120s/500X/ V-N steel(806) (f) 500/°C 80s/500X/ Ti-V-N steel (
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(g) 550°C /20s/500X/ V-N steel h) 450°C /60s/1000X/Ti-V-N steel .
Fig. 4.16(a-h) Optical micograph showing Bainitic Plates

(c) 350°C /10s/500/V-N steel (d) 350°C /10s/500X/V-N steel
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() 350°C /10/500X/ V-N steel.(1436)

A N N _20um
(h) 350 °C /45s/500X/ Ti-V-N steel

/ T1-V-N steel
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(n) 350°C /20s/500X/ V-N steel

o G \ 20um
(x) 350°C /20s/1000X/ V-N steel (1446) (y) 350°C /600s/500X/ V-N steel (1478).

Fig. 4.17 (a-y) Optical micrograph showing the onset nucleation of Bainitic Sheaves (BS).

Bainitic sheaves are present in temperature range 350-400°C. Bainitic sheaves are identified
as set of parallel plates originating from austenite boundary. Typical microstructures showing
onset of bainitic sheaves are presented in figures 4.17(a-y), 4.23(f) and 4.24(f). The times for

onset of bainitic sheaves are given in table 4.11.

Table 4.11 Bainitic sheaves start time formation for both steel investigated.

Temperatures Bainitic sheaves start time, s
°C V-N steel V-N-Ti steel

350 10 10

400 10 20
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4.4.6 INCOMPLETE REACTION PHENOMENON

The phenomenon of incomplete transformation is registered in both steels after isothermal
treatment at 550 and 600 °C, and even at 500 °C, for V-N steel. The microstructure consists of
polygonal intragranulary nucleated ferrite idiomorphs, combined with grain boundary ferrite

and pearlite, together with some retained austenite were produced and followed by an

incomplete transformation phenomenon, as can be seen in Figure.4.18.
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(£)500°C /420s/500X/ V-N steel

(k)600°C /600s/200X/ Ti-V-N steel (1339) (1) 600°C /1200s/500X/ Ti-V-N steel(1344)
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(m)550°C /1200s/500X/ Ti-V-N steel (n)550°C /1200s/500X/ Ti-V-N steel

Fig. 4.18(a-n) Optical micrographs showing Incomplete Reaction Phenomenon of the
microstructures obtained after 1200s of isothermal treatment at 600°C, 550°C, and 500°C for
V-N steel and at 600°C, 550°C for Ti-V-N steel.

4.47 POPULATION DENSITY OF FERRITE

At 600 °C, the volume of the untransformed austenite and the population density of ferrite
plates is lower than at 550 °C as can be observed in Fig. 4.19. This seems to indicate that at
600 °C, the carbon rejected from the few ferrite plates formed diffuses rapidly leading to a
fast homogenising of its concentration in austenite. The carbon enrichement of the remaining
austenite together with relatively small driving force for transformation at 600 °C is enough
to inhibit the formation of new ferrite plates .The transformation of the austenite by displacive
mechanism energetically impossible above 550 °C [234].At temperature > 550 °C, the
kinetics of the transformation is very slow for that reason the number density of acicular
ferrite phase formed is small and part of austenite has been transformed into a mixture of
allotriomorphic, idiomorphic ferrite grains and pearlite, however, the majority of the austenite
remains stable, and only after the final water quenching it transforms to martensite as shown

in figure 4.19.
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(a)OM/600°C /120s/200X/ V-N steel (b)OM/600°C /600s/200X

(€)OM/600 °C /1200s/500X/ V-N steel
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(g)OM/600°C /1208/500X/Ti- V N steel N (h)OM/550°C / 12OS/SOOX/ Ti- V N steel

AG ) 3 .
(k) SEM /600°C /1200s/ lOOOX/ T1 V-Nsteel (1) SEM /550°C /1200s/1000X/ Ti-V-N steel

(m)OM/600°C 500s/500X/ Ti-V-N steel  (n)SEM / 550°C /600s/500X/ Ti-V-N steel
Fig. 4.19 (a-n) SEM and OM (optical micrograph) showing the Population Density of Ferrite
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4.4.8 PRECIPITATION FREE PLATES

In a previous work [15,235,236], it is expected for carbon to precipitate inside the ferrite
(cementite particles) at transformation temperature lower than a bout 450 °C. The present
results clearly show in general no carbides were observed to form within the ferrite plates at
intermediate time and temperature ( 450-500 °C) as can be seen in Fig. 4.20. This is good a
greement with published data [234]. As well as the earlier work on carbide-free bainitic steels
demonstrated promising combinations of strength and toughness [33,34,38,203, 289]. At 450-
500 °C, the majority of plates are free of precipitates due to the carbon diffusion is higher,
favouring the decarburisation of the majority of ferrite plates, and the microstructure can be
better identified as upper acicular ferrite. By contrast at 400 °C, the carbon diffusivity in
austenite decreases and this element probably concentrates in the austenite close to the ferrite
plate faces favouring the nucleation of the same variants from the tips of the primary plates.
The lower redistribution of carbon in austenite, as a result of the decrease of its diffusivity,
together with the formation of sheaves of parallel plates at 400 °C, produces as a
consequence, high amounts of carbon remain trapped in thin layers of austenite between
parallel plates favouring its stabilization. For large times, this carbon probably precipitates as
cementite or carbides, it is appear at the ferrite plates interiors. This carbides are elongated and
form angles comprised between 50° and 60° with the a/y interfaces. The presented results
clearly show no cementite precipitation was observed at intermeddiate time and temperature (
450-500 °C ), the reason is probably due to the presence of enough Si in the steel, which,
delays cementite precipitation [36,124,134,187,203].

(a)SEM/500°C /30s/ V-N steel
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(2)SEM/500°C /80s/Ti-V-N steel (k)SEM/ 450°C /20s/ Ti-V-N steel

Figure 4.20(a-k) SEM and OM images shows the ferrite plates seems to be free of precipitate.
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4.4.9 BANDED MICROSTRUCTURE

By refering to Figure 4.21, the banded microstructure was clearly start observed at (t > 600s),
for Ti-V-N steel after isothermalty transformed at 550 °C. It is attributed due to chemical
solute segregation. The microstructure bands follow the segegation pattern becouse it is the
local chemical composition that determines the onset of transformation. The Mn segregation
of substitutional solutes which is the real cause of banding [15].The substitutional-solute
depleted regions cause a partitioning of carbon into the adjacent substitutionally-enriched
regions as can be seen in Fig. 4.21. Khan and Bhadeshia [237], suggest that the segregated
steel is able to transform in its solute-depleted region at temperature above Bg temperature (Bg
= 500 °C for Ti-V-N steel). This is in good a greement with present study. By contrast,most of
the partitioned carbon remains in the substitutional solute depleted regions of the segregated
sample and retards the development of transformation [15].Where as the presence of
horizontal parallel lines was clearly observed on the surface of the sample during polishing

processes.

- ./;-E. & ;v
/600s/200X/ Ti-V-N stee_l

550°C /600s/100X/

Ry v g

Ti-V-

®

20pm VIR g i 20um B _ 7 e 5 2
(c)550°C /600s/500X/ Ti-V-N steel d) 550°C /1200s/500X/ Ti-V-N steel

Fig.4.21(a-d) Optical micrographs illustrating the banded microstructure obtained in Ti-V-N
steel, isothermally transformed at 550 °C for 600s and 1200s.
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4.4.10 AUSTENITE TO PEARLITE TRANSFORMATION

Pearlite is present in temperature range 500-600°C. Pearlite is always nucleated on the surface
between proeutectoid ferrite and austenite. Typical microstructures showing onset of pearlite
are presented in figures 4.22a to 4.22L. The times for onset of austenite to pearlite
transformation are given in table 4.12.and as represented in Fig. 4.30 by closed triangles-
Pearlite (P) start curve. Incubation time for onset of pearlite decrease with decrease of
temperature.

Table 4.12 Pearlite start time for both steels

Temperature, °C Pearlite sheaves start time, s
V-N- steel V-N-Ti steel
500 80 120
550 45 80
600 30 60

_20um Pl 7Y
Fig.4.22(c) 550°C /45s/500X/Ti F Fig.4.22 (d) 550°C /80s/500X/Ti.S
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Fig.4.22(i) 550°C /600s/200X /(1090)/ Ti Fig.4.22(j) 550°C /1200s/500X / Ti F
F

Fig.4.22 Optical micrographs illustrating (a-f) the pearlite onset form at temperature > 500°C;
(g-j) the pearlite growth processes.
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4.4.11. FINAL MICROSTRUCTURES (AFTER 1200S)

The microstructures obtained after 1200s of isothermal treatments at 350, 400, 450, 500, 550
and 600 °C are presented in figure 4.23 and figure 4.24 respectively, for both steels
investigated. As can be seen in all cases three different morphologies have been observed
depending upon the isothermal treatment temperature. Firstly, at high temperatures (> 550 °C)
intragranulary nucleated ferrite combined with grain boundary ferrite (GBF) and pearlite (P)
are produced, Figures 4.23(a) and 4.24(a). The intragranular ferrite is characterized by
polygonal idiomorphic (IGF) Ferrite. The idiomorphic ferrite nucleates intra-granularly at the
inclusions distributed inside the austenite grains. The transformation after1200s of isothermal
treatment at 550 and 600 °C reveals a fraction of untransformed austenite, Fig. 4.23(a,b) and

4.24(a,b).

‘1—

Fig. 4.23(2)600°C /12005/500X (1061)/Ti S Fig 4.23.(b) 550°C /1200s/500X/Ti S(693)
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Fig. 4.23(c)500 °C(822/1200s/200X)/Ti S Fig.4.23(c)500°C(821/1200s/200X)/Ti S
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Fig.4.23 Microstructures of Ti-V-N steel obtained after 1200s of isothermal treatment: (a) 600
°C, (b) 550 °C. (¢) 500 °C, (d) 450 °C, (e) 400 °C, and (f) 350 °C.

’ 2 5

Fig 4.24 (a) 600°C /600s/200X (066)/Ti Fig 4.24(a) 600° X (073) /Ti F

Yt 4
Fig 4.24(a) 600°C /1200s/200X (080)/Ti F
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Fig. 4.24(c) 500°C /1200s/200X/ Ti F
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Fig.4.24(f) 35

0°C /1200s/200X./Ti F Fig.4.24(f)SEM /350 °C/600s/TiF
Fig.4.24 Microstructures of V-N steel obtained after 1200s of isothermal treatment: (a) 600

°C, (b) 550 °C. (c) 500 °C, (d) 450 °C, (e) 400 °C, and (f) 350 °C.
Second type of intragranular ferrite morphologies occurs at intermediate temperature (450 and

500 °C). An interlocked acicular ferrite (AF) microstructure is produced as can be seen in Fig.
4.10(k,l,m,n), Fig 2.23(d) and Fig 2.24(d).However the temperature at which the incubation
time for ferrite nucleation is at minimum is approximately at 450 °C (Figure 4.30). The
incubation time is the minimum time at which it is possible to find some ferrite nucleated at
the austenite grain boundary.The maximum acicular ferrite content in the present steel is
found for treatment carried out at 450 °C. This treatment is characterised by the fully acicular
ferrite formation. On the other hand, it is possible to find, in certain localized places, bainite
formed at the grain boundaries, as shown in Figure 4.25. The onset of pearlite at different a

treatment temperature (> 500 °C) is illustrated in Figure 4.22 and P-line in Figure 4.30.

Fig.4.25 (a) 450°C /20s (7S04x3k) ~TiS.  Fig.4.25 (b) 450°C /30s-SEM(1945303) ~TiF
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The third type of intragranular ferrite morphology exist at low temperatures (350, 400 °C).
Two different morphologies are present at the beginning of the transformation, Bainite
sheaves BS as can seen in Figure 4.17 and interlocked AF as can seen in 4.10(k,l,m,n),
2.23(d) and 2.24(d).The origin of Bainitic sheaves are exclusively the grain boundaries. The
nucleation of (BS) is indicated in Fig. 4.30 by open triangles.When the isothermal treatment
times is increased a new intragranular morphology known as the sheaf type acicular ferrite
(STAF) [235] is observed as can be seen in Fig. 4.12.The microstructures in Figures 4.23 and
4.24, for both steels are obtained after 1200s of isothermal treatments at 350, 400, 450, 500,
550 and 600 °C. Refer to the competition of transformation (finish line in Fig.4.30). At
temperature > 550 °C, the austenite has been transformed into a mixture of allotriomorphic
and idiomorphic ferrite and pearlite. However, some of the austenite remains stable, and only
after the final water quenching it transforms to martensite as shown in Figure 4.23(a,b) and
4.24(a,b). At 500 °C, some small colonies of pearlite have been formed between the acicular
ferrite plates as shown in Figure 4.26 and Figs.4.23(c) and 4.24(c).

4 B WA S LN G W
\ »

My

' 'OEm ) 5
(a) 500°C /240s/500X/TiF (893)

W25? Y W RS

' (d) 500°C /600s/1000X /TiS (814).
(¢) 500°C /600s/500X /TiF (0818)

Figure 4.26 (a-d) OM images showing the colonies of pearlite between acicular ferrite plates
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As the transformation temperature is reduced to 450 °C, the refinement of the ferrite plate is
achieved (agreat number of adjacent ferrite plates present) as shown by OM in Figures
4.23(d), 4.24(d) and 4.27 (a, b) for both steels and by SEM in Figure 4.10(k,I,m,n). In this
case, the austenite has transformed to acicular ferrite, giving rise to the characteristic
interlocked microstructure. As temperature is decreased to 400 and 350 °C, mainly two
morphologies are observed BS and sheaf type acicular ferrite, as demonstrated in Figs. 4.12
and 4.17. The acicular ferrite sheaf morphology are frequently observed when the isothermal
transformation time is increased at 400 °C as can seen in Fig. 4.23(¢), 4.24(e) and Fig.4.12.

However the bainitic sheaves are more observed when the isothermal transformation time is

increased and temperature diminishes to 350 °C as seen in Figure 4.23(f) , 4.24(f) and Fig.
4.17(k,Ly).

Fig.4.27(a) 450°C /1200s/500X -TiF(179).  Fig.4.27(b) 450°C /1200s/500X —TiS(169).

4.5. TIME-TEMPERATURE-TRANSFORMATION
DIAGRAMS

The isothermal transformation approach follow several isothermal reactions at a series of
temperatures, enabling plotting characteristic time—temperature—transformation or TTT
diagram for each steel tested. In present study, these transformation curves are illustrated in
Fig. 4.30 (a, b). As mentioned before the TTT curves are divided into the higher and the lower
temperatures segments, where the nose of the curve represents the temperature at which the
reaction proceeds most rapidly. The beginning and end of transformation over a wide

temperature range tested is plotted to produce two curves making up the diagram, the ferrite
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reaction will also take place and this is represented by another curve and which normally
precedes the pearlite reaction curve (At T > 500 °C for both steels), however at the lower
transformation temperatures other constituents can appear, e.g. bainite, as can be seen in Fig.
4.30 (a, b), also the martensite will exist if the transformation lowered below Mg temperature.
Metallographic analysis was used to determine the nucleation curves of isothermally
transformed allotriomorphic ferrite.The incubation time is defined as the minimum time at
which it is possible to detect some ferrite nucleated on the austenite grain boundaries.
Fig.4.28 shows the allotriomorphic ferrite nucleation curves for the two steels. In regard to
the effect of microalloying elements on the kinetics of isothermal transformation it has been
shown that presence of vanadium delays the nucleation of ferrite, whereas Ti speeds it up
[98].Therefore, the temperature at which the incubation time for ferrite nucleation is at
minimum ( 2 seconds) (nose of the nucleation curves) is approximately the same for both
steels (approx. 450 °C). A full description of this behaviour is given in Table 4.13 and
illustrated in Fig 4.28. In this sense Ti addition do not exerts any influence on this
temperature; neither the prior austenite grain size has any clear effect on the transformation as

a whole.

Table 4.13. Nucleation onset time by sec. For both steel investigated.

Nucleation onset time, s
Tempreture, °C.

Ti-V-N steel V-N steel
350 7 7
400 5 2
450 2 2
500 5 3
550 7 5
600 10 7
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Fig 4.28. Nucleation onset curves for both steels..
[ Ti-V-N steel
zlf [ —m— \\-N steel 2
g. 5
¢ g, i
& S .
-
I S
Time (s)

Time (s)

Fig 4.28. Nucleation onset curves for both steels investigated.

Apart from linear dependence, TTT diagrams are plotted in usual semi-log manner. Data

given in tables ( 4.6-4.13) for both steels are summerized in table 4.14

Table 4.14. Nucleation onset time for different phases by sec.For both steel investigated.
Time for onset of new phase, seconds
Temperature V-N steel Ti-V-N steel
c GBF IGF BS P R¢ GBF IGF BS P R¢

350 yA— [ J— 600 7 [ J— 600
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400 J— pJ | J— 600 5 e 10 - 600

450 7 1200 2 600

500 3 T — 80 >1200 5 10 - 120 1200
550 5 pJ J— 45 >1200 7 30 e 80 >1200
600 7 30 - 30 >1200 10 60 - 60  >1200

Grain Boundary Ferrite (GBF), Intra-Granular Ferrite (IGF), Bainite Sheaves (BS), Pearlite
(P) and Reaction Finish (Ry).

On increasing the isothermal time further, the nucleation of pearlite (P), Fig. 4.29, is initiated
what is represented by the P symbol in Fig.4.29 and Fig 4.30. In the low temperature region in
certain localized places Bainitic Sheaves (BS) and/or Widmanstatten Ferrite (WSF) are
formed on grain boundaries. The nucleation of these phases is indicated in Fig. 4.30 by open
triangles.

Three curves are found to be relevant for initiation stage of transformation: first curve is
related to grain boundary nucleated ferrite (GBF), second curve is related to intragranularly
nucleated ferrite (IGF) and the third the pearlite (P) curve. GBF and IGF curves are divided
into the high temperature and the low temperature segments as consequence of either
displacive or diffusion nature of transformation. Additionally, bainitic sheaves occurrence is
presented (close triangles) on both diagrams. Time corresponding to the finish of isothermat
transformation is designated to lower temperatures, since due to incomplete transformation, it
was not possible to determine is accurately for high temperatures. Also it is apparent, from the
shape of TTT-diagram in Figure 4.30, that the bainitic transformation start temperature (Bs)
occurs at 530 & 10 °C, for V-N microalloyed steel. However for V-Ti steel its occur at 510 +
10 °C.
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Fig. 4.29. Intragranular ferrite (IGF), at 500 °C /80s, V-N Steel, optical image of (GBF),
polygonal ferrite (IGF) and pearlite (P).
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Figure 4.30 (a, b).Time-Temperature-Transformation (TTT) diagram of present steel showing
the closed circles- Grain Boundary Ferrite (GBF) start curve, open squares-Intra-Granular
Ferrite (IGF) start curve, Bainite Sheaves (BS) are indicated by open triangles, closed
triangles-Pearlite (P) start curve, Martensite Start (Ms) temperature and Reaction Finish (Ry)
Curve (where incomplete reaction is indicated by dashed line). Thus for (a) Ti-V-N steel. (b)
V-N steel.

4.6 MECHANICAL PROPERTIES

The results of the compression testing and hardness testing are summarized as below

4.6.1 HARDNESS RESULTS

The average Vickers hardness value was taken as the representative hardness and its values
are listed in table 4.14(a-f).The hardness for both steels and conditions investigated here are
summarized in Fig.4.32 where results of isothermal treatments as function of holding time is
plotted in Fig.4.31 (a-f). There is a striking similarity between all these figures where the
hardness in plotted as a function of heat treatment holding time in a salt bath at (350 to 600
°C) after austenitisation, then followed by water quenching. There is in each case a fairly
unifrom gradient in hardness values as holding time increased. The rapidly quenched steels
have high hardness. As the holding time is increased the hardness values decreased as listed in

table 4.15(a-f).
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Table 4.15(a): Average Hardness measurements at 350 °C
Holding time, s Ti-V-N steel,( Hvsp) V-N steel,( Hvso)

10 652 610
20 626 462
30 543 439
60 420 404
120 451 415
600 351 366
1200 351 351

Table 4.15(b): Average Hardness measurements at 400 °C
Holding time, s  Ti-V-N steel, (Hvsy)  V-N steel,( Hvsp)

2 586 586
5 565 579
10 493 496
20 550 353
30 459 344
60 368 368
120 349 349
600 315 287
1200 302 315
1800 302 302

Table 4.15(c): Average Hardness measurements at 450 °C
Holding time, s  Ti-V-N steel, (Hvsy)  V-N steel,( Hvsp)

2 505 557
5 550 530
10 470 473
20 520 375
30 502 305
60 351 297
120 348 290
600 287 271
1200 287 287
1800 287 287
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Table 4.15(d) : Average Hardness measurements at 500 °C
Holding time, s Ti-V-N steel,( Hvsp) V-N steel,( Hvso)

5 661 602
10 543 543
20 635 427
30 530 432
45 517 406
60 586 370
80 470 400
120 418 362
600 318 294
1200 294 268

Table 4.15(e) : Average Hardness measurements at 550 °C
Holding time, s Ti-V-N steel,( Hvsp) V-N steel,( Hvsg)

5 720 622
10 540 605
20 626 606
30 626 583
45 505 454
60 614 429
80 579 436
120 626 389
600 454 271
1200 404 256

Table 4.15(f): Average Hardness measurements at 600 °C
Holding time, s Ti-V-N steel,( Hvsp) V-N steel,( Hvso)

5 606 618
10 606 614
20 583 511
30 652 505
60 517 502
80 583 481
100 657 441
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Fig. 4.31 Average hardness for both steels as function of holding time as demonstrated in
Table 3.3. Thus for (a) 350°C, (b) 400°C, (c) 450°C, (d) 500°C, (¢) 550°C and (f) 600°C.
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Fig. 4.32 Average Vicker Hardness meaurements (Hy 30) for both steels after 1200s holding
time at 350 to 600°C as isothermal temperat

4.6.1.1. Quantitative Estimation of the Cementite Volume Fraction

The hardness changes during isothermal transformation processes can be used to derive a
function which expresses the change in the volume fraction of cementite precipitation as a
function of time and temperature.This is in good a greement with Avrami equation. A full
descripition of isothermal phase transformation represented by Avrami equation is given in
chapter 2.2.3. In present results, the hardness of the as-quenced condition (Hy) was
experimentally investigated and the result reviewed that its equal 705 Hy and 635 Hy for for
Ti-V-N and V-N microalloyed steel respectively. This is in good a greement with result
deduced from the data reported by Speich [15], and find its equal 680 Hy for Ti-V-N steel and
612 Hy for V-N steel. However the hardness when all the carbon has precipitated but before
any significant recovery, recrystallisation or coarsening has occurred (Hr) was caculated by
use empiricall equation. A full descripition of this caculation is given in 2.5.2 Kinetics of
Cementite Precipitation, and results are 341 Hy for Ti-V-N and 326 Hy for V-N steel. In
respect to the volume fraction of cementite £{t}is related to hardness at any time H{t}, the

hardness of the as-quenced condition Hy and its hardness when all the carbon has precipitated
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Hg. The corresponding results of £{t}are given in Table 4.16(a) - 4.16(f) and illustrated in Fig.
4.33.

Table 4.16(a) The volume fraction of cementite as function of time and hardness for both steel

at 350 °C

Time,s  E{t}350 °C /V-N steel  £{t}/350°C/ Ti-V-N steel

10 0.080 0.14
20 0.56 0.22
30 0.63 0.44
60 0.75 0.78
120 0.71 0.70
600 0.87 0.97
1200 0.92 0.97

Table 4.16 (b) The volume fraction of cementite as function of time and hardness for both

steel at 400 °C

Time,s  &{t}/400 °C /V-N steel ~ &{t}/400 °C Ti-V-N steel

2 0.16 0.32
5 0.18 0.38
10 0.45 0.58
20 0.91 0.42
30 0.94 0.67
60 0.86 0.92
120 0.92 0.98

178



Table 4.16 (c) The volume fraction of cementite as function of time and hardness for both

steel at 450 °C

Time,s  &{t}/450 °C /V-N steel ~ &{t}/450 °C Ti-V-N steel

2 0.25 0.55
5 0.34 0.42
10 0.52 0.64
20 0.84 0.51
30 1.0 0.56
60 - 0.97
120 - 1.0

Table 4.16 (d) The volume fraction of cementite as function of time and hardness for both

steel at 500 °C

Time,s  &{t}/500 °C /V-N steel  &{t}/500 °C Ti-V-N steel

5 0.107 0.120
10 0.29 0.44
20 0.67 0.19
30 0.66 0.48
45 0.74 0.52
60 0.85 0.33
80 0.76 0.64
120 0.88 0.79
600 >1.00 1.0
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Table 4.16 (e) The volume fraction of cementite as function of time and hardness for both

steel at 550 °C
Time,s
5
10
20
30
45
60
80
120
600

1200

Table 4.16 (f) The volume fraction of cementite as function of time and hardness for both

steel at 600 °C
Time,s
5
10
20
30
60
80
100
120

600

E{t}/550 °C /V-N steel

0.042

0.098

0.094

0.17

0.56

0.67

0.64

0.79

E{t}/600 °C /V-N steel

0.055

0.067

0.40

0.42

0.43

0.49

0.63

0.88

>1.00

E{t}/550 °C Ti-V-N steel

0.00

0.45

0.22

0.22

0.55

0.25

0.35

0.22

0.69

0.83

E{t}/600 °C Ti-V-N steel

0.27

0.27

0.33

0.15

0.52

0.33

0.13

0.50

0.95
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Fig. 4.33 (a-f). The volume fraction of cementite as function of time and hardness for both
steels. Thus for (a)350 “C(b) 400 °C (c) 450 °C (d) 500 °C (e) 550 °C (f) 600 °C

4.6.3 YIELD STRESSES

The yield strength in this work is determined using offset method. Raw diagrams are given in

figures 4.34 and 4.35. However the yield stress results for final microstructures of V-N and V-

Ti-N microalloyed steels are summarized in Table 4.17 and Figure 4.36.
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Table 4.17 Average Yield stresses (oy.) by MPa for both steels investigated.

Temperature, °C  Ti-V-N Steel (oy)- MPa

V-N Steel (oy5)- MPa

350 1000 900
400 880 800
450 700 680
500 705 680
550 800 700
600 800 700
{or— e et
i :T:: ’m‘m ] sl ™ 350 Ti FREE 2 L
- A /
: 7 //
(a) ()
M t?z et '—' Mba @L@ ’__,—--""" u
- L ’ ]
. r(rrrr‘ I /’)
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In both steels, maximal value of YS is for specimens transformed at 350 °C. With increase of
temperature, YS decreases and reaches minimal value at approx 450-500 °C for both steels.
Further increase of isothermal test temperature leads to increase in YS. This phenomenon is
more pronounced in Ti-V-N steel. Also, over the whole temperature region, YS of Ti-V-N
steel exhibits higher values of YS. The actual decrements in yield stress lie in the range of 80-
100 MPa, for both low (400, 350 °C) and high temperatures (> 550 °C), 20-25 MPa for
intermediate temperatures (450, 500 °C).
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S DISCUSSION

5.1 REHEATING TEMPERATURE

The austenite grain size control is important factor in development of the final mechanical
properties of the product [129].Previous results showed that prior austenite grain size of
approx 60um provides optimal conditions for formation of acicular ferrite [142,143]. In that
respect, samples were reheated at 950, 1050, 1100, 1150, and 1250 °C. The prior austenite
grain size was estimated and values are listed in the table 4.1 and Fig. 4.1m. Two main
mechanisms for grain size control are presence of alloying elements in solid solution (solution
drag) and as precipitates on grain boundaries (pinning effect) [14,46,238,154,174,239]. For
that reason, both steels grain coarsening is expected to occur when the particles pinning the
austenite grain boundaries start to dissolve. This is produced at around 1100°C in both steels.
However the presence of precipitates suppressing grain growth.The driving force for
abnormal grain growth is usually the reduction in grain boundary energy as for normal grain
growth. Abnormal grain growth can only occur when grain growth is inhibited. The main
factors which lead to abnormal grain growth are second-phase particles, texture and surface
effects [174,240,241]. This indicates that for a given volume fraction, growth of the particles

to a size in excess of the critical particle radius, e, will result in grain-coarsening.

5.1.2 AUSTENITE GRAIN GROWTH BEHAVIOUR

The austenite grain coarsening behaviour as a function of temperature is shown in Fig. 4.1m.
For both steels investigated, clearly show two-stage grain growth. Below a critical
temperature range, defined as the grain coarsening temperatures (GCT), the change in grain
size is very small, From the bottom graph in Fig. 4.1m , it can be seen that compared with the
austenite grain size of both steels, the V-N steel has the smallest austenite grain size. The
austenite grain growth of both steels retains a steady slow growth up to 1100°C i.e. it has the
characteristics of normal grain growth. While above this critical temperature range the grain
size increases with temperature very rapidly. Another obvious feature is that both steels which
followed an abnormal grain growth behaviour at certain temperature. These temperature

corresponds to the grain coarsening temperature for both steels (see Fig. 4.1m).However before
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grain coarsening temperature ranges there is a duplex structure represented by the cross-hatching
in Fig. 4.1m. This kind is clearly shown in Figure 4.1.(a,b).When the temperatures were higher
than the grain coarsening temperatures, the dissolution of precipitates in the steels allows more
grains to grow, which is considered to be a abnormal process (see Figure 4.1.(k,1)). As expected
for the V-N steel, with high Al and N contents possesses the smallest grain size, if compare it by
Ti-V-N steel, with low Al and N. Therefore Ti-V-N Steel with lowest volume fraction of AIN
among these steels has the largest grain size at temperature less than 1100 °C. As clearly shown
from bottom graph in Fig. 4.1m, it can be seen that compared with the austenite grain size of the
V-N steel, the Ti-V-N steel has the largest austenite grain size. The reason becouse, the AIN
particles which are responsible for controlling austenite grain growth in the low austenising
temperature. The predicted result in rather good a greement with the experimental data derived
from similar steels [174].In the present work it was not possible to measure the particles that can
restrain the growth of austenite grains from metallographically prepared specimens. Calculations
based on the stoichiometry (Table 4.2) indicate that, the Ti-V-N steel has sufficient nitrogen to
form TiN, AIN and almost no nitrogen left for VN. The TEM observations with EDAX analyses
based on the results of similar steels given in Ref. [174] and is proved that there are many AIN
and TiN particles. Therefore, AIN and TiN particles are considered to play a role in inhibition of
austenite grain growth for this steel. By contrast, the only AIN particles for V-N steel. These
attribute to increase grain growth for V-N steel at T > 1100 °C.The latter temperature corresponds
to the grain coarsening temperature for both steel (see Fig. 4.1m). This may indicate that the
process of particle coalescence and dissolution is occurring simultaneously in these temperature
ranges. Therefore, with temperature increasing from 950 to 1100°C, the number of particles
decreased due to particle size increases slightly by particle coarsening.This indicates that for a
given volume fraction, growth of the particles to a size in excess of the critical particle radius,
Terit, Will result in grain-coarsening. However, at temperature higher than 1100°C, the particle
size decreases due to dissolution (see Table 4.2) and grain size start to increases suddenly with
increase temperature. Based on the result in Ref.[174]. The volume fraction of AIN, fyn , and
The volume fraction of TiN, frn , decreases with increasing austenitising temperature for the two
tested steels and obviously there is more AIN in V-N Steel with high Al and N contents than in

the other steel.
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5.2. AUSTENITE DECOMPOSITION

Since alloying elements have different tendencies to exist in the ferrite and carbide phases, it
might be expected that the rate at which the decomposition of austenite occurs would be
sensitive to the concentration of alloying elements in steel [19].There are pronounced
morphological changes as the transformation temperature is lowered. Bainite describes the
resultant microstructure in steels of the decomposition of austenite (y) into ferrite (o) and
cementite (Fe3C) in the temperature range above the martensitic transformation and below
that for pearlite [123]. Therefore the equilibrium is said to exist in a system with minimum
free energy or lowest free energy state. A bainite microstructure is far from equilibrium. The
free energy change accompanying the formation of bainite. Little is known about the
nucleation of bainite except that the activation energy for nucleation is directly proportional to
the driving force for transformation [19,52].However, unlike martensite, carbon must partition
into the austenite during bainite nucleation, although the nucleus then develops into a sub-unit
which grows without diffusion. The nucleation rate is dependent on the activation energy
[19,195,134].All the phase transformations in steels can be discussed in the context of these
two mechanisms as illustrated in Figure 2.9 [19]:

1) Displacive Tansformation (martensitic) is like shear process, because it is often associated
with a change in crystal structure.

2) Diffusional Transformations. This is some times called a reconstructive transformation.
One of the reasons why there is a great variety of microstructures in steels is because the same
allotropic transition can occur with a variety of ways in which the atoms can move to achieve
the change in crystal structure. The transformation can occur either by breaking all the bonds
and rearranging the atoms into an alternative pattern (reconstructive transformation), or by
homogeneously deforming the original pattern into a new crystal structure (displacive or shear
transformation).The pearlite is the good example of a reconstructive transformation. All
experimentall data show that the pearlite grows with the diffusion of substitutional solute
atoms [82,83].The substitutional solutes do not diffuse at all during displacive transformation.
However the reduction of carbon content from 0.309 to 0.256% has a significant influence in
raising the the transformation temperature as it would be expected from the phase digram.
There is no measurable effect of the titanium addition on the Ar3 temperature. As reported by
S. Zajac et al [222] there is some tendency for the Ar3 temperature to reduce at higher

nitrogen levels especially for faster cooling rates. This may reflect some effect of V(C,N)
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precipitation on the kinetics of ferrite growth. They reported, for example, that raising the
nitrogen level from 0.001 to 0.02% accelerated all stages of the transformation, reducing the
times by about 40%. In present study all features are present and from the metallographic
examination of the specimens isothermally transformed in a salt bath after austenitization,

then followed by water quenching as can be seen in Fig. 4.30.

5.2.1. THE MARTENSITE-START (MS) TEMPERATURE

The martensite—start (Mg) temperatures experimentally estimated in this work, together with
values calculated using different empirical equations for both steel are given in table 4.4. As
indicated in table 4.3. The (Ms) values show reasonable agreement, since different equatuions
for Ms temperature are developed for different chemical compositions of steels.

During fast cooling (cooling rate larger than critical) austenite transforms to martensite below
Mg temperature. The mechanism of martensite transformation is diffusionless, both during
nucleation and during growth [19]. It was known already that martensite first phase forms at a
large under-cooling, below the T, temperature, at which ferrite and austenite of identical
composition have equal free energy [242]. The microstructure, (dislocation, vacancies, grain,
twin, inter-phase boundaries, and precipitates), external stress and plastic deformation, may
sometimes play an important role, but the chemical composition of a steel is a main factor in
affecting its Mg [192,231].The basis for the calculation of the martensite—start (Ms)
temperature was reviewed recently by Kaufman and Cohen [243]. However its experimentally
estimated values of 320 °C for Ti-V-N microalloyed steel and 330 °C for V-N steel
emphasize the small difference. It has been shown recently [231,244] that both Ms and Mf
temperatures depend on carbon content and the austenite grain size. As reported by [245,246]
the number of plates per unit volume needed in order to obtain a detectable fraction of
martensite increases as the austenite grain volume (Vy) decreases. Since the prior austenite
grain size is very simillar, the main reason for difference between two steels can be attributed

to slightly higher content in carbon content in Ti-V-N steel.

5.2.2. GRAIN BOUNDARY ALLOTRIOMORPHS

The Grain Boundary Ferrite (GBF) the first phase to nucleate over the entire temperature
range tested, is shown in Figures4.4(a-h), 5.1(a-e) and Figures 4.5(a-1), 5.2(a-c) for both steels

investigated. Grain Boundary Ferrites are divided in two separate temperature regions,
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describing the effects of dominantly diffusional and displacive transformations.The
morphologies are initiated, what is represented by closed circles in Figure 4.30.The
allotriomorphs nucleate having a reproducible orientation relationship such as the
approximate Kurdjumov—Sachs orientation with one austenite grain (y;) [15,19].By contrast
they also grow into the adjacent austenite grain (y,) with which they should normally have a
random orientation relationship. The disordered boundary responsible for this growth should
migrate more readily at high temperatures. Therefore, ferrite which grows by diffusional
mechanisms, can be classified into two main forms: allotriomorphic ferrite and idiomorphic
ferrite [94,95].Allotriomorphic ferrite nucleates at the prior austenite grain boundaries and
tends to grow along the austenite boundaries at a rate faster than in the normal direction to the
boundary plane (Figure 4.4 and 4.5). An allotriomorph has a shape which does not reflect its
internal crystalline symmetry [19].This is because it tends to nucleate at the austenite grain
surfaces, forming layers which follow the grain boundary contours (Fig.4.4 and 4.5). The
allotriomorph is in contact with at least two of the austenite grains and will have a random
orientation with one of them, but an orientation which is more coherent with the other. It may,
therefore, be crystallographically facetted on one side but with a curved boundary on the other

side.

5.2.2.1 Effect of allotriomorphic ferrite on acicular ferrite

A number of parameters favour the formation of acicular ferrite over ordinary bainite: the
presence of non-metallic inclusions, large austenite grain size, and the decoration of austenite
grain boundaries with uniform layers of allotriomorphic ferrite. The mean size of the prior
austenite grain measured by line intercept method is 60 um for Ti-V-N steel and 55 um, for
V-N steel, which is in rather good agreement with the critical size for the transformation of
acicular ferrite reported in previous work [141-144].In general, allotriomorphic ferrite at the
prior austenite grain boundaries is helpful to the formation of acicular ferrite because it

renders the boundaries inert to the formation of bainite sheaves [15].

5.2.2.2 Widmanstaetten Ferrite

These plates grow along well-defined planes of the austenite and do not grow across the
austenite grain boundaries. Primary widmanstitten ferrite grows directly from the austenite
grain surfaces, whereas secondary widmanstétten ferrite develops from allotriomorphs of

ferrite already present in the microstructure Figures 5.1(e,g) and 5.2(d).During widmanstatten
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ferrite formation carbon must partition into the austenite (carbon must be allowed to partition
during nucleation) during bainite and Widmanstatten ferrite nucleation [15,52,105,134]

although the nucleus then develops into a sub-unit which grows without diffusion.

Zum [

25 um

Figure.5.1 Selected microphotographs showing onset of Grain Boundary Ferrite (GBF)/
Widmanstatten formation at different isothermal treatment.in V-N steel: (a) 10s at 600°C (b)
5s at 550°C. (c) 03s at 500°C (d) 02s at 450°C (e) 02s at 400°C. (f) 10s at 400°C. (g) 02s at
450°C.
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A 10 1m
Figure 5.2. Selected microphotographs showing onset of Grain Boundary Ferrite (GBF) /

Widmanstatten formation in Ti-V-N: (a)10s at350 °C; (b) 10s at 550 °C ; (¢) 5s at 450 °C; and
(d) 10s at 500 °C.

5.2.3. FORMATION OF INTRAGRANULAR FERRITE (IGF)

5.2.3.1 Interlocked Acicular Ferrite

At the initial stages, the nucleation of the primary ferrite plates takes place intragranularly at
second phase particles (nonmetallic inclusions and/or precipitates) present in the austenite, as
can be seen in Fig. 4.8 and Fig. 4.9, which is in good a greement with [15,46,49,94,96,234].
By its nature, the microstructure of acicular ferrite is less organized, i.e. more chaotic. Several
mechanisms have been proposed to explain why non-metallic inclusions favour the nucleation
of ferrite: (i) the existence of local variations of the chemistry of the matrix [247](ii)
generation of strain-stress field around the inclusions due to the different thermal expansion
coefficient of austenite and inclusion [248,249] and (iii) improvement in the global energetic
balance of the transformation by the reduction of the austenite-inclusion surface [250,251]
and finally the creation of low-energy surfaces between ferrite and inclusion with the
existence of a good lattice matching between them [15,36,252-258].For example, low degree
of misfit between the ferrite matrix and the substrate crystal lattice is assumed [254-260] to
increase the nucleation potential of inclusions. Therefore, TiN with a misfit ratio of 3.8 [256]
should be much more effective than MnS with misfit ratio of 8.8 [254]. Additionally, the
nucleation at particles can be more favorable energetically with the segregation of some
alloying elements to grain boundaries, the reason because, the interfacial energy per unit area

of the grain boundaries is lowered, as reported by Ricks et al [261].
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on inclusion after (a) 30s at 500°C.(b ) 20s at 450 °C.5(c) SEM image and EDX spectrum
showing the type of the inclusion exist. 5(d) SEM image showing the acicular ferrite
microstructure after 1200s at 450 °C.
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Figure 5.4(a) Acicular ferrite nucleation at inclusion after 30s at 500 °C - SEM image; (b)
EDX spectrum of present inclusion: Thus for Ti-V-N steel.
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In this work, MnS plays important role in acicular ferrite nucleation. The manganese sulfides
have been reported previously to be active on nucleating acicular ferrite
[36,39,94,96,208,235,262,291,292]. Moreover the inclusion size and shape is modified by Ca
treatment. Presence of Ca significantly increases the elastic modulus of MnS and lowers its
deformability. Another benefit is that together with Young’s modulus, the surface tension is
also increased, which in turn, provides globular shape of MnS inclusion and low
concentration factor and improved toughness. MnS particles represented the largest
contribution (60-70%) to the overall inclusion volume fraction [263],and they serve also as
preferential places for VN precipitation. This is well documented on figures 4.8 and 4.9,
where EDS have showed presence of Mn, S, Ca and V on the particle.

However the nucleation of AF plates is not restricted to inclusions, new ferrite plates can
grow from pre-existing ones, as can be observed in Figure 5.3(c, d) and 5.4(b.c) , which
supports the view, that nucleation occurs sympathetically. In Figure 5.3(c, d) and 5.4(b.c), the
sympathetic nucleation of secondary acicular ferrite plates has been observed to occur at the
austenite/primary acicular ferrite interface and continue to grow within the austenite matrix
until impingement occurs with other plates. An example of impingement processes is
illustrated in the SEM micrographs as clearly shown in Figure 5.3(d,f). The result of multiple
sympathetic nucleation is an interlocking ferrite network, and after sufficient time, it results
into a complex interlocking ferrite microstructure, characteristic of acicular ferrite, such as
that shown in Fig. 4.10(k,]), Fig. 4.23(d), Fig. 4.24(d) and Fig. 4.27(a,b) respectively. The
resulting microstructure with fully acicular ferrite structure in medium carbon microalloyed
steel, with the exception of a few small bainitic zones is in good agreement with published

data [36]

Effect of Vanadium on Acicular Ferrite Formation. The acicular ferrite microstructure was

obtained in V -microalloyed steels containing high, medium or very low nitrogen levels [40].
This attributed to suggests that vanadium on its own can promote the formation of the acicular
ferrite microstructure.For both types of steels investigated, it was shown that vanadium
contributes to the onset formation of two types of intragranulary nucleated ferrite; polygonal
(idiomorph) ferrite as illustrated in Fig. 4.7, and acicular (sideplate) ferrite as can be seen in
Fig. 4.10, 4.23(d) and 4.24(d).This is in good a greement with published data[40].
Intragranular polygonal ferrite nucleates on VN particles that grow in austenite during

isothermal holding or slow cooling throughout the austenite range.
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Effect of allotriomorphic_ferrite on_acicular ferrite formation. A number of parameters

favour the formation of acicular ferrite over ordinary bainite: the presence of non-metallic
inclusions, large austenite grain size, and the decoration of austenite grain boundaries with
uniform layers of allotriomorphic ferrite. The mean size of the prior austenite grain measured
by line intercept method is 60 um for Ti-V-N steel and 55 um, for V-N steel its standard
deviation is 5 pum, which is in rather good agreement with the critical size for the
transformation of acicular ferrite reported in previous work[36,54,98,136,141,144].In general,
allotriomorphic ferrite at the prior austenite grain boundaries is helpful to the formation of

acicular ferrite because it renders the boundaries inert to the formation of bainite sheaves [15].

5.2.3.2. Sheaf Type Acicular Ferrite (STAF) Morphology

Two differences of microstructues were produced after 20 seconds of isothermal treatment at
450 °C and 400 °C: an interlocked microstructure and a microstructure composed by sheaves
of parallel ferrite plates. This is in good agreement with published data [234,235], as can be
seen in the Figure 4.12. At 450 °C, the austenite has transformed to acicular ferrite, giving rise
to the characteristic interlocking microstructure. However, at 400 °C, the austenite has
transformed to sheaf type acicular ferrite (STAF) or generation of plates developed in a
parallel sheaf formation i.e there is more tendency to form sheaves composed by parallel
plates, but the origin is not the grain boundaries and the final microstructure is composed of
packets of plates following the same growth direction, as is shown in Figure 4.12 and it is
called sheaf morphology or sheaf type acicular ferrite (STAF). In regards to the nucleation of
the first acicular unites takes place intra-granularly at non-metallic inclusions present in the
austenite and by comparing the micrographs corresponding to 10 seconds of isothermal at 450
°C and 400 °C, it can be seen that at initial stages, the transformation proceeds identically in
both cases as demonstrated in Figure 4.6(f) and 4.8(h). The difference in the microstructure
obtained at the two temperature become pronounced as the transformation progressed beyond
10 seconds, i.e., after the initiation of the first generation of plates from inclusion as can be
seen in Figure 4.7(a-f). At 400 °C, the second generation of plates developed in a parallel
sheaf formation as can be see in 4.12. By contrast the transformation at 450 °C progressed
with non parallel plates. As illustrated in Figure 4.10(a-d), the plates nucleated on the face of
a substrate plate must have a different habit plane and orientation, leading to a chaotic
microstructure. By contrast, a plate nucleating at the tip of the substrate plate must be

identical variant with the same habit plane and orientation, giving rise to a sheaf
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microstructure. There is tendency to form sheaves composed of parallel plates but the
nucleation does not take place at the grain boundaries.

Transition between an Interlocked and Sheaf Morphology. The transition between an

interlocked morphology and sheaf type morphology was estimated to occur at 450/400 °C.
This morphological transition can be related to the transition from upper to lower acicular
ferrite and to differences in the carbon concentration profiles in the parent austenite in the
front of the interface of the primary acicular plates depending on the treatment temperature.
As it is suggested [234,235], that at the initial stages for the transformation at 400 °C, the
carbon concentration profile in austenite close to the tips of primary plates must be lower than
at the faces favouring the nucleation on the tips of same variants as the primary plates and that
is the reason why sheaf type AF will form on the expense of interlocked type. Whereas at 450
°C, the stronger diffusion of carbon from the austenite/ferrite interfaces makes possible the
plate nucleation on faces i.e the carbon is able to diffuse away from the austenite / ferrite
interfaces in shorter times than at 400 °C. This is expected to allow the nucleation of new
ferrite variants on the primary plate faces in agreement with interlocked plate microstructure
obtained at 450 °C, as seen in Figures 4.23(d),4.24(d),4.27(a,b) and Fig 4.10(k,1),for both
steels.The resulting microstructure with fully acicular ferrite structure in medium carbon
microallyed steel, with the exception of a few small bainitic zones is in good agreement with
published data [36]. Also as pointed out previously the presence of a uniform layer of
allotriomorphic ferrite along the austenite grain boundaries induces the transformation of
austenite in acicular ferrite instead of bainite. In spite of the absence of a ferrite layer at the
grain boundaries, due to the severe cooling rate from the austenitizing to the isothermal
treatment temperature. However the transition between an interlocked morphology and sheaf
morphology was analyzed at two temperatures: 400 and 450 °C. This morphological
transition can be related to the transition from lower to upper acicular ferrite and to
differences in the carbon concentration profiles in the parent austenite in the front of the

interface of the primary plates depending on the treatment temperature.

5.2.3.3. Intragranular Idiomorphs

Figure 4.7 show presence of the idiomorphic ferrite nucleated intra-granularly at the non-
metallic inclusions present inside the austenite grains and can be identified in the

microstructure by its equiaxed morphology (Figure 4.7),and the volume fraction of
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idiomorphic ferrite is related to the volume fraction of inclusions in steel [94].It starts

nucleation after grain boundary ferrites significantly decorates PAGS.

5.2.4. BAINITIS SHEAVES

Two different of intragranular ferrite morphologies are present at the beginning of the
transformation at low temperatures (350, 400 °C), bainite sheaves BS, and sheaf type acicular
ferrite (STAF) and at certain localized places widmanstatten ferrite (WSF), as can be
observed in Fig. (4.16), (4.11) and (4.16) respectively.The origin of sheaves are the grain
boundaries (grain boundary nucleation is always energetically more favorable than the

nucleation on inclusions [15,98,134].

5.2.5 PEARLITE

Nucleation of pearlite directly depends on the chemical composition of austenite after
interlocked acicular ferrite is formed. Due to faster growth of interlocked acicular ferrite, in
the case of V-N steel, supersaturation of remaining austenite is earlier achieved, enabling start
of pearlite transformation. It is worth noting that pearlite occurs in temperature region 500-
600°C in both steels. Pearlite is a diffusional transformation so its growth requires the
diffusion of all elements including iron. Pearlite has never been shown to grow by the para-
equilibrium transformation of austenite [98]. As illustrated in Figure 4.22.The dark-etched
pearlite is located at the ferrite grain boundaries. Because of the higher manganese content for
both steel investigated. This is good a greement with published data [41].The presence of a
hemispherical shape nodules of pearlite at austenite grain boundary is attributed to sideways
nucleation and then by increase the treatment time it gradually growing into austenite grains
by edge-ways growth. So by increase the treatment time it gradually growing into austenite
grains, as can be clearly seen in Fig. 4.22 (b). Because the nucleation of pearlite will depend
on the diffusion of carbon in austenite. By contrast as reported by Mehl and co-workers [19],
the growth rate of pearlite will depend on both, diffusion coefficient of carbon in austenite
and pearlite interlamellar spacing. Consequently, as the temperature is lowered the pearlite
interlamellar spacing is reduced, its compensate decrease in diffusivity with decreasing

temperature.
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5.2.6. INCOMPLETE TRANSFORMATION PHENOMENON

The transformation after1200s of isothermal treatment at 550 and 600 °C reveals that a
fraction of austenite remains untransformed, Fig. 4.18. This phenomenon has been described
by Bhadeshia [19,104,208,234] and is known as incomplete reaction phenomenon. It is
presented by dashed line on TTT diagram in Figure 4.30. At 600 °C, there was higher grain
boundary ferrite at the prior austenite grain boundary. In respect to the volume of the
untransformed austenite and the population density of ferrite plates inside the prior austenite
grains is lower than at 550 °C as can be observed in figures 4.24(a,b). This seems to indicate
that at 600 °C, the carbon rejected from the ferrite plates diffuses rapidly leading to
supersaturation in austenite. The carbon enrichement of the remaining austenite together with
relatively small driving force for transformation at 600 °C is enough to inhibit the formation
of new ferrite plates [15,104,208,234]. This additionally confirmed by the sharp increase of
yield strength in specimens transformed in range 500-600°C. The increase is attributed to

presence of martensite due to presence of stabilized austenite.

5.2.7. OTHER PRODUCTS OF AUSTENITE DECOMPOSITION

5.2.7.1.  Precipitation Free Plates

The present results clearly show no carbides were observed to form within the ferrite plates at
intermediate time and temperature ( 450-500 °C), the reason is probably due to the presence
of enough Si in the steel, which, delays cementite precipitation [36] as can be seen in
Fig.4.19. This is good a greement with published data [19,234,235,264] At 450-500 °C, the
majority of plates are free of precipitates due to the carbon diffusion, favouring the
decarburisation of the ferrite plates body and the microstructure can be better identified as
upper acicular ferrite. By contrast at 400 °C, the carbon diffusivity in austenite decreases and
this element probably concentrates in the austenite close to the ferrite plate faces favouring
the nucleation of the same variants from the tips of the primary plates. The lower
redistribution of carbon in austenite, as a result of the decrease of its diffusivity, together with
the formation of sheaves of parallel plates at 400 °C, produces as a consequence, high
amounts of carbon remain trapped in thin layers of austenite between parallel plates favouring
its stabilization. For longer times, this carbon probably precipitates as cementite or alloyed
carbide, it is appear at the ferrite plates interiors. These carbides are elongated and form

angles comprised between 50° and 60° with the o/y interfaces.
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5.2.7.2. Intragranular Plates:
These plates are similar to those growing from the grain bundaries, but they nucleate entirely

within the austenite grains (Fig. 4.15).

5.2.7.3. Banded Microstructure

The microstructure obtained after certain treatment time and temperature as mentioned in
section 4.3.9 contains banded microstructure.It is attributed due to chemical solute
segregation. The microstructure bands follow the segegation pattern becouse it is the local
chemical composition that determines the onset of transformation. The Mn segregation of
substitutional solutes which is the real cause of banding [15].The substitutional-solute
depleted regions cause a partitioning of carbon into the adjacent substitutionally-enriched
regions as can be seen in Fig. 4.20. Khan and Bhadeshia [237], suggest that the segregated
steel is able to transform in its solute-depleted region at temperature above Bg temperature (Bg
=500 °C for Ti-V-N steel). This is in good a greement with present study. By contrast,most of
the partitioned carbon remains in the substitutional solute depleted regions of the segregated
sample and retards the development of transformation [15].Where as the presence of
horizontal parallel lines was clearly observed on the surface of the sample during polishing

processes.

5.3. EFFECT OF ALLOYING ELEMENTS ON
MICROSTRUCTURE

5.3.1 THE EFFECT OF VANADIUM

For high reheating temperature (1250 °C) transformation behavior changes in both the V-N
and V-Ti steel. It could be expected that, in addition to a larger austenite grain size, the VN
particles are completely dissolved at these temperatures. The presence of grain boundary
ferrite in both steel (Fig. 4.4 and Fig.4.5) imply that the effect of vanadium segregation to
grain boundaries and consequently hardenability are somehow diminished. It can be assumed
that at high reheating temperatures, due to the thermal dispersion, vanadium is more evenly
distributed throughout the austenite grain interior[265],s0 it’s concentration at grain
boundaries is diluted and therefore an inhibiting effect on grain boundary ferrite nucleation is
precluded. The increase of austenite grain size at high austenitization temperatures, (Fig.

4.1m.), acts in favor of the acicular ferrite formation, since intragranular nucleation is
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promoted by a greater number density of inclusions than austenite grain surface nucleation
sites [15].By contrast the V-containing steel shows higher retarding effect on transformation
than the V-free steel. Due the role of VN particles in intragranular nucleation of acicular
ferrite [140,169,259,260,266], it is assumed that acicular ferrite nucleation in the V-free steel
is less probable. In this regard, TiN particles shouldn’t be omitted, but it seems that they are
less potent as nucleation sites, since crystal lattices misfit ratio with ferrite (3.8%) is higher
than in the case of VN (1.3%) [256].This consideration and present results support earlier
findings that VN particles are preferential sites for intragranular nucleation of acicular ferrite.
In fact, VN precipitates on the manganese sulfide particles which then act as sites for the
intragranular nucleation of acicular ferrite [140,259,260].0On the other hand, He and Edmonds
[162,173], offer an alternative mechanism for intragranular acicular ferrite nucleation. They
suggest that vanadium segregates to austenite grain interiors and form vanadium rich regions

or Fe—V clusters that could be energetically favorable sites for acicular ferrite nucleation.

5.3.2 EFFECT OF NITROGEN

In the present steels (High-N steels) great deal of vanadium is assumed to be in VN at 1100°C
(temperature for complete dissolution of VN is 1100 °C, Table 4.2), implying that less
vanadium is available to segregate to grain boundaries. Therefore, grain boundary ferrite
formation is not suppressed and intragranular nucleation of acicular ferrite is promoted. It
seems that higher nitrogen content suppresses the formation of bainite. Therefore the high
nitrogen creates the more favorable condition for VN precipitation on MnS inclusions which
then serve as the preferred site for acicular ferrite nucleation[259].In regard to the
austenitization at (1100 °C), the microstructures of both steels are practically the same. They
consist predominantly of acicular ferrite structure at (450 and 500°C) as isothermal treatment
(which is favored on transformation from a large austenite grain size [15], as illustrated in Fig.
4.23(c,d) and Fig.4.24(c,d). The fact that the microstructures of both steels are similar
indicates that 6 ppm of N in Ti free steel seems to be sufficient to promote the precipitation of
VN on MnS particles,which then serve as the nucleation sites for the formation of acicular
ferrite. Recent results of Garcia-Mateo et. al , show that VN particles formed in austenite are
particularly effective as acicular ferrite nucleation sites [39,40,140,169,266].In that respect, it

could be assumed that even at low nitrogen content VN particles precipitate in austenite when
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cooled from high austenitizing temperatures since there would be enough vanadium available

in the grains interior due to thermal dispersion.

5.3.3. EFFECT OF TITANIUM

Based on the results in Fig. 4.1m , it can be seen that compared with the austenite grain size
of the V-N steel, the Ti-V-N steel has the smallest austenite grain size above 1100°C. These
can attributed to, the addition of Ti can result in fine TiN precipitates, which can inhibit
austenite grain growth at high temperatures because of their strong high-temperature Stability,
the predicted results is rather good agreement with the data given in Refs. [267-
269].However, the level of added Ti must be well controlled because, an improper addition
can easily produce coarse TiN particles and coarse TiN inclusions are so harmful to the

toughness of steels.

5.3.4. EFFECT OF CARBON

The reduction of carbon content from 0.309 to 0.256% has a significant influence in raising
the the transformation temperature as it would be expected from the phase digram. There is no
measurable effect of the titanium addition on the Ar; temperature. As reported by S. Zajac et
al [222], there is some tendency for the Ar; temperature to reduce at higher nitrogen levels
especially for faster cooling rates. This may reflect some effect of V(C,N) precipitation on the
kinetics of ferrite growth. Raising the nitrogen level from 0.001 to 0.02% accelerated all
stages of the transformation, reducing the times by about 40%. In present study and from the
metallographic examination of the specimens isothermally transformed in a salt bath after
austenitisation, then folliwed by water quenching as can be seen in Fig 4.30. These results
showed the time for the on-set of pearlite transformation in the 0.309%C (Ti-V-N) steel was

about 2 times greater than for the 0.256%C (V-N) steel.

5.4 TTT DIAGRAMS

5.4.1 Nucleation Stages

Data related to nucleation phase of isothermal decomposition seems to be lacking; most of the
published results deal with later steps (10s or longer). Metallographic evaluation using optical
and scanning electron microscopy (SEM) enabled determination of the nucleation curves of

isothermally decomposed austenite. Three curves are found to be relevant to this initiation
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stage of transformation: as can be seen in Figure 4.30. First curve is related to grain boundary
nucleated ferrite (GBF) Figures 5.1 and 5.2, second curve is related to intragranularly
nucleated ferrite (IGF) — Figures 5.3 and 5.4 and the third the pearlite (P) curve -Figures 5.5
and 5.6. GBF and IGF curves are divided into the high temperature and the low temperature
segments as consequence of either displacive or diffusion nature of transformation. The
experimentally determined TTT diagram for both steels is presented in Figure 4.30. The main
difference in nucleation stages for two steels tested is that Ti-V-N steel exhibits longer
incubation period. This behaviour is attributed to higher content of carbon. Higher presence of
carbon atoms in lattice (supersaturation) generally delays diffusion governed processes due to
required higher difference in chemical composition between austenite and nuclei of
allotriomorphic ferrite. In the case of Widmanstatten ferrite, higher supersaturation is also
responsible for delay. In the case of intragranularly nucleated ferrite, it seems that due to
higher presence of V and N, acicular ferrite is easily nucleated in V-N steel. Nucleation of
pearlite directly depends on the chemical composition of austenite after interlocked acicular
ferrite is formed. Due to faster growth of interlocked acicular ferrite, in the case of V-N steel,
supersaturation of remaining austenite is earlier achieved, enabling start of pearlite
transformation. It is worth noting that pearlite occurs in temperature region 500-600°C in both

steels.

5.4.2 Microstructure Evaluation

The Grain Boundary Ferrite (GBF) the first phase to nucleate over the entire temperature
range tested, is shown in Figures 5.1(a-¢) and Figures 5.2(a-c) for both steels investigated and
is represented by a two C curves, describing the effects of diffusional (upper C curve) and
displacive (lower C curve) transformations. Within the lower C-curve a clear indication of
Widmanstatten nucleation is observed Figure 5.1(e-g) and Figure 5.2(d).At a later stage of
transformation different intra-granular ferrite (IGF)morphologies are initiated, what is
represented again by the two- C (IGF) nucleation curves in Figure 4.30. In the (IGF) region,
three different morphologies have been observed depending upon the isothermal treatment
temperature.

Firstly, at high temperatures (> 550 °C) intragranulary nucleated ferrite combined with grain
boundary ferrite (GBF) and pearlite (P) are produced, as can be seen in Figure 5.5(a,b). The

intragranular ferrite is characterized by polygonal idiomorphic (IGF) Ferrite. The idiomorphic
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ferrite nucleates intra-granularly at the inclusions distributed inside the austenite grains, and
the volume fraction of idiomorphic ferrite is related to the volume fraction of inclusions in
steel [94]. Also the transformation after1200s of isothermal treatment at 550 and 600 °C
reveals that a fraction of austenite remains untransformed, (UA) Fig.5.5. This phenomenon
has been described by Bhadeshia [15,208,209,234] and is known as incomplete reaction
phenomenon. It is presented by dashed line on TTT diagram in Figure 4.30.

25 um

Figure 5.5 (a-d).Microstructures of Ti-V-N steel obtained after 1200s at high temperatures: (a)
600 °C; (b) 550°C; (c) 600 °C; (d) 550 °C, (UA-Untransformed austenite).
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Figure 5.6 (a-f). Optical micrographs showing the microstructures obtained after 1200s at low
(350, 400 °C), intermediate (450, 500 °C) and high (550, 600 °C) of isothermal
transformation temperatures. : Thus forV-N steel.at (a) 600 °C (b) 550 °C (c¢) 500 °C (d) 450
°C (e) 400 °C (f) 350 °C.

At 600 °C, there was thicker grain boundary ferrite than at 550 °C, but in respect to the
population density of ferrite plates inside the prior austenite grains it is lower as can be seen in
Fig.5.9(a,b).This seems to indicate that at 600 °C, the carbon rejected from the ferrite plates
diffuses rapidly leading to supersaturation in austenite. The carbon enrichement of the
remaining austenite together with relatively small driving force for transformation at 600 °C
is enough to inhibit the formation of new ferrite plates [234] Second type of intragranular
ferrite morphologies occur at intermediate temperature (450 and 500°C). An interlocked
acicular ferrite(AF)microstructure is produced for both of steel investigated. At the initial
stages, the nucleation of the primary ferrite plates takes place intragranularly at second phase
particles (nonmetallic inclusions) present in the austenite, as can be seen in Figure 5.3 and

Figure 5.4, which is in good agreement with [15,46,49,94,96,234,284].The micrograph
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present and an energy dispersive X-ray (EDX) spectrum analysis illustrate a typical active
inclusion, with the corresponding chemical analysis at different points of the particle, it is
identified as Ca-treated manganese sulfides inclusion (MnS) core covered or at least partially
covered with VN or V(C, N) complex precipitate. This is in good agreement with results
reported by Ochi et al and Ishikawa et al [208,260].

The resulting microstructure with fully acicular ferrite structure in medium carbon
microallyed steel, with the exception of a few small bainitic zones is in good agreement with
[36].However the temperature at which the incubation time for ferrite nucleation is at
minimum is approximately at 450 °C (Figure 4.30). The incubation time is the minimum time
at which it is possible to find some ferrite nucleated at the austenite grain boundary.The
maximum acicular ferrite content in the present steel is found for treatment carried out at 450
°C as illustrated in Fig. 5.7(a,b) and Fig. 5.3(d). This treatment is characterised by the fully
acicular ferrite formation. On the other hand, it is possible to find, in certain localized places,

bainite formed at the grain boundaries, as shown in in Fig. 5.7e and 5.8d.
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Figure 5.7. Details of microstructure of Ti-V-N steel produced at 450 and 500 °C: (a,b) SEM
image showing the acicular ferrite microstructure after 600s at 450 °C. (c) Sympathetic
nucleation of acicular ferrite after 20s at 450 °C - SEM image (d) Impigment processes at 450
°C /30s; (e) Bainite area formed after 20s at 450 °C. (f) Optical and (g) SEM image showing
dominance of precipitate free plates after 30 and 80s at 500°C respectively.(h) Pearlite (P)
onset at 500 °C / 120s.

At 450-500 °C, the majority of plates are free of precipitates due to the carbon diffusion is

high, favouring the decarburisation of the majority of ferrite plates, as can be seen in Fig.
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5.8¢. The microstructure can be identified as upper acicular ferrite. The onset of pearlite at
different a treatment temperature (> 500 °C) is illustrated in Fig. 5.6a and Fig.5.6b and P-line
in Figure 4.30. Also it is apparent, from the shape of TTT-diagram in Figure 4.30, that the
bainitic transformation start temperature (Bs) occurs at 510 = 10 °C for Ti-V-N steel.

However the bainitic transformation start temperature (Bs) occurs at 530 £+ 10 °C for V-N steel.

This result is in good agreement with Bg temperature calculated by Formula

[15,19,224,232,270].

Figure 5.8 (a) Optical micrograph image of V-N steel after10s at 450°C. (b,c) SEM image
after 20s at 450 °C (d) SEM image showing an isolated bainite area formed in the steel
sample treated for 30s at 450 °C. 6 (e f) SEM image show the majority of plates are free of
precipitates after 30s at 500 °C.

The third type of intragranular ferrite morphology exist at low temperatures (350, 400 °C).

Two different morphologies are present at the beginning of the transformation, Bainite

sheaves BS as can seen in Figure 5.3(a), 5.4(a) and interlocked AF as can seen in Figure 5.3
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(b), 5.4(b). The origin of Bainitic sheaves are exclusively the grain boundaries. The nucleation
of (BS)is indicated in Fig. 4.30. by open triangles.When the isothermal treatment times is
increased a new intragranular morphology known as the sheaf type acicular ferrite (STAF)
[235] is observed as can be seen in Figure 5.3(c), 5.4(c). There is tendency to form sheaves
composed of parallel plates but the nucleation does not take place at the grain boundaries. The
transition between an interlocked morphology and sheaf type morphology was estimated to
occur at 450/400 °C. This morphological transition can be related to the transition from upper
to lower acicular ferrite and to differences in the carbon concentration profiles in the parent
austenite in the front of the interface of the primary acicular plates depending on the treatment
temperature. As it is suggested [234,235], that at the initial stages for the transformation at
400 °C, the carbon concentration profile in austenite close to the tips of primary plates must
be lower than at the faces favouring the nucleation on the tips of same variants as the primary
plates and that is the reason why sheaf type AF will form on the expense of interlocked type.
Whereas at 450 °C, the stronger diffusion of carbon from the austenite/ferrite interfaces
makes possible the plate nucleation on faces i.e the carbon is able to diffuse away from the
austenite / ferrite interfaces in shorter times than at 400 °C. This is expected to allow the
nucleation of new ferrite variants on the primary plate faces in agreement with interlocked
plate microstructure obtained at 450 °C.

However At 500 °C, some small colonies of pearlite have been formed between the acicular
ferrite plates. As the transformation temperature is reduced to 450 °C, the refinement of the
ferrite plate is achieved (agreat number of adjacent ferrite plates present). In this case, the
austenite has transformed to fine or lower acicular ferrite, giving rise to the characteristic

interlocked microstructure.

5.4.3 BAINITIC TRANSFORMATION START TEMPERATURE
(Bs)

It is apparent, from the shape of TTT-diagram in Figure 4.30, the start temperature of the
bainitic transformation (Bs) temperature seems to be occurs at 520 °C for Ti-V-N steel and at
550 °C for V-N steel. This result is in good agreement with Bg temperature calculated by use
of different empirical formula [15,19,232,270] and by Kirkaldy, Suehiro, Zhao and Steven &
Haynes in ref.[224] as shown in details in table ( 4.5). The calculation results have shown

that, Bs temperature exist at 529 + 5 °C for Ti —V-N steel and it is exist in good agreement for
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V-N steel. Hence, in present results the transformation at temperature close to bainitic start

temperature By led to the formation of upper bainite, followed by pearlite at some time later.

5.5. MECHANICAL PROPERTIES
5.5.1. HARDNESS

The Vickers hardness in each test in isothermal conditions show fairly uniform decreasing
gradient as holding time increases. The microstructure of specimen consists of product of
decomposition and martensite formed after quenching. This is the reason why all diagrams
show steady decrease with time. It is assumed that decrease is governed by the difference in
hardness of martensite and newly formed phases (acicular ferrite, pearlite, etc). Also, in all
cases, higher value of hardness in Ti-V-N steel is attributed to higher content of carbon,
because carbon has the strongest influence on hardenability [38,40,222,214].The hardness for
both steels and conditions investigated here is summarized in Fig.4.32. It show very similar
behaviour as YS for these two steels, and the equal explanation can be used, i.e. due to
incomplete reaction phenomenon after 1200 seconds, untransformed austenite transforms into

martensite increasing hardness (see section 5.5.2).

5.5.1.1 Effect of Holding Time

It is clear from Fig. 4.31.At holding time shorter than10s, there was no significant change in
hardness for all samples, the main change in hardness occurred for hold times between 10 and
600s. However, with increase holding time, the decrease in hardness was greater. This
suggests that more extensive precipitation occur. Beyond 600 s, the hardness changed only

slightly, which indicates that precipitation in the austenite has reached saturation.

5.5.2 YIELD STRENGTH

The yield strength is the most important value for structure design because it determines the
stress at which the materials beginsto deform plastically after dslocations start the glide [271].
A usual practice when considering the strength of structural steels is to express the yield stress
by a series of terms representing (i) the iron matrix, (ii) solid solution effects, (iii) grain size,

(iv) precipitation hardening and in some cases also (v) pearlite content [222]. The V is usually
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the preferred element when precipitation strengthening is required in forged products. A
addition of 0.10%V can bring about a strength increase beyond 250 MPa, and in special cases
even up to 300MPa [209]. Also nitrogen in small contents adds significantly to precipitation
strengthening due to the larger driving force in the high-N steels than in the low-N steels [42]
because it will cause a denser precipitation. The particle strengthening occurs by the Orowan
mechanism — bowing of dislocations between particles — and in that case the decisive
parameter is the interparticle spacing in the slip plane. In turn, that is determined by the
density of the precipitates. This density is controlled by the nucleation frequency and the
number of nuclei it creates until the supersaturation has diminished so that nucleation dies.
The essential parameter governing the variation in nucleation is the chemical driving force for
V(C,N) precipitation. Therefore, dissolution of all V containing particles plays very important
role in industrial practice. The yield strength properties of the experimental steels are reported
in Sec. 4.5.3. When the steels are separated into the two classes according to carbon and
titanium content. More surprising are the marked decreases in yield stress for V-N steel
occasioned by the reduction in carbon level from 0.309 to 0.256 % as well as by the the
presence of so little as 0.011 % titanium.The actual decrements in yield stress lie in the range
of 80-100 MPa, for both low (400, 350 °C) and high temperatures (> 550 °C), 20-25 MPa for
intermediate temperatures (450, 500 °C).As can be seen in Table 4.17 and Fig. 4.36. The
degree of precipitation strengthening of ferrite at a given vanadium content depends on the
available quantities of carbon and nitrogen. It is concluded that nitrogen is a very reliable
alloying element, increasing the yield strength of V-microalloyed steels by some 6 MPa for
every 0.001% N [40]. Concurrently as the carbon content is increased the chemical driving
force for precipitation is increased and particles becomes finer and more numerous (increase
the hardenability of the matrix), thereby increasing the yield stress. This is in good a greement
with published data [39,40,214], which have shown that the precipitation strengthening
increases significantly with total C-content of the steel. The present results have shown that
the precipitation strengthening of V-microalloyed steels increases significantly with the total
C-content. It have been reported previously that increment is ~5.5MPa/0.01% C in the HSLA
steel [222].Increasing C-content delays the pearlite formation and thereby maintains for a
longer time the higher content of solute C in ferrite corresponding to the austenite/ferrite
equilibrium as compared to that of ferrite/cementite, allowing more nucleation of V(C,N)

particles and accordingly a more dense precipitation. The same phenomenon has been
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recognized previously in lower carbon structural steels [272]. Although, recent studies and
literature data [131,273-275], strongly suggest that vanadium can also by effectively used for
ferrite grain refinement. By contrast presence of Ti forms nitrides (TiN) which reduce the N
available for VN precipitation and hence, reduce the strengthening associated with this
precipitation. Such an effect is to be expected as the amount of strengthening phase V(C, N) is
necessarily decreased, as amount carbon decreased. When the yield stress data for the
isothermally transformed steels are plotted against the transformation temperature as in Fig
4.36, there is seen to be the yield stress at the maximum in the vicinity of 350 °C for both
steels investigated. This may reflect to dislocation strengthening associated with the presence
of hard phases such as bainite for (400, 350 ) °C. As have been reported previously[19], the
dislocation density of the ferrite increases with decreasing transformation temperature. This
latter observation can be associated with a high strain-hardening rate imposed by bainite [276]
However the lower in yield stress for Ti-free steel (V-N) compared with titanium —containig
steels (Ti-V-N) is attributed to lower carbon content compared with titanium-containing steel.
This is in good agreement with recent investigations [222,277,278], have demonstrated very
clearly that the precipitation strengthening of V-steels increases significantly with the C-
content of the steels.However the yield stress for both steels start to increase above 500 °C its
seems to be attributed to pearlite onset form as shown on Figure 4.22 and presence amount of
martensite hard phase as can be seen in Fig. 4.18 , due to the transformation after1200s of
isothermal treatment at 550 and 600 °C reveals a fraction of austenite remains untransformed
and only after the final water quenching it transforms to martensite as can be seen in Fig.
4.23(a,b) and Fig. 4.24(a,b). The decrease in yield stress for both steels investigated with
increasing isothermal transformation temperature upto reach the minimum value at 450 and
500 °C, as obsorved in Fig. 4.36, can be related to the lower content of pearlite and the
presence of low strength ferrite i.e. increasing acicular ferrite (non-polygonal ferrite-NPF) in
expense of polygonal ferrite-pearlite (PF-P), as can be seen in Fig. 4.23(c,d), Fig. 4.24(c,d)
and Fig. 4.10(k,]). These microstrucrtural variations decreases the yield strength, due to
suppression of precipitation within the NPF phase [279].In the acicular ferrite microstructure,
refining the ferrite plate size, eliminating pearlite are critical for achievement of optimum
strength and toughness properties [46].There was little visible difference between the the
values in yield stress at intermediate isothermal temperatures of the titanium —containig steels

and those microalloyed with vanadium alone. By contrast, the higher yield strength obtained
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for specimens isothermally treated at (> 550 °C ), can be attributed to the presence of a
higher volume percent of pearlite and higher content of untransformed austenite. The pearlite
constituent mainly determines the yield strength. It is well known [9], that the YS of
polygonal Ferrite — Pearlite steels increases with increasing fraction of pearlite and there is
additional strengthening is optained by precipitation of V(C,N) particles in ferrite. The
transformation of retained austenite presents in microstructure to martensite during quenching
processes have also the major role in determining the yield strength. The higher resistsnce of
martensite and pearlite to deformation (weak resistance to necking) increases strain
hardening. The most commonly used alloying elements for enhancing hardenability,
manganese, chromium, and molybdenum, are all very effective in depressing the bainite
transformation temperature and do so at approximately the same rate. For reasons of cost, the
first two of those will be the most attractive choice [230]. For the present steels, yield stresses
of between 1000 Mpa and 700MPa were achieved. The yield stresses for both steels and
conditions investigated here are plotted in Fig. 4.36.The actual decrements in yield stress for
both steels lie in the range of 705 to 680 MPa at 450 °C as isothermal treatments. The yield
stress data for the isothermally transformed steels are summarized against the transformation
temperature as in Fig 4.36, there is seen to be a maximum in the vicinity of 350 and 600°C for
both types of steels investigated. The loss of strength below 600°C must be attributed to
incomplete precipitation as more of the vanadium is retained in solid solution due to its low
diffusivity at these temperatures. However in the vicinity of 350 °C, we find the higher yield
stress and this is logical and expected result because at 350 °C the bainite transformation is

complete as demonstrated in Fig. 4.23 (f) and Fig. 4.24 (f)

5.5.2.1. Effect of Reheating Temperature on Yield Stresses

Figure 4.36, shows yield properties of the steel investigated samples as a function of soaking
temperature. In general, there is decrease in yield strength with increasing reheating
temperature up to 500°C, due to coarsening of the austenite grains, then start to increase due

to pearlite start nucleate.

5.5.2.2. Effect of Carbon and Vanadium on Strengthening
Figure 4.36, shows the yield strength of both steel investigated. It is clear from figure 4.36
that the Ti-V-N steel has the largest yield strength at all soaking temperature. This behaviour is
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attributed to larger volume fraction of VC in Ti-V-N steel, due to high C and V compare it with
V-N steel, which contributes to the dispersion strengthening. These results in rather good
agreement with similar steels given in Ref. [174]. Also as reported by [], the carbon is more
effective to strengthen austenite

Carbon is very effective in suppressing the bainite start temperature with the aim of refining the
microstructural scale [30].The addition of carbon shifts the TTT diagram to longer times as
illustrated in table 4.14 and as shown in Fig. 4.30. However figure 4.36, shows the yield
strength of both steel investigated. It is clear from figure 4.36 that the Ti-V-N steel has the
largest yield strength at all soaking temperature. This behaviour is attributed to larger volume
fraction of VC in Ti-V-N steel, due to high C and V compare it with V-N steel, which
contributes to the dispersion strengthening. These results in rather good agreement with
similar steels given in Ref. [174]. Also as reported by [290-293], the carbon is more effective
to strengthen austenite due to the carbon is an austenite stabilizer, and facilitates the formation
of non-equilibrium microstructures such as bainite and martensite. Increased carbon level
lowers the Aes; temperature significantly and reduces the driving force for austenite

decomposition at any temperatures.

5.5.2.3 Effect of Transformation Temperature

The effect of isothermal transformation temperature was investigated by lowering the
temperature to 350°C without changing other treatment conditions. Fig.4.32 shows the
resulting hardness profiles for both steels and conditions investigated, where results of
isothermal treatments as function of holding time is plotted in Fig.4.33 (a-f). The hardness
values at the centre and at the end of all specimens are almost identical. In other words, the
degree of mechanical stabilisation is reduced at large under-coolings (AT), the degree of
under-cooling, AT = Ty — Ms .This is expected since the driving force for transformation
becomes larger. The volume fraction of cementite £{t} results Fig. 4.33 (a-f) and the optical

micrographs (Fig. 5.4.1) support these observations.
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6. CONCLUSIONS

In order to evaluate austenite decomposition at isothermal conditions,and construct TTT
diagram, series of isothermal tests were performed at 350, 400, 450, 500, 550 and 600°C.
Isothermal holding times ranged from 2 to 1800 seconds. two vanadium mediumcarbon
microalloyed steels, V-N (0.256%C, 0.0235%N, 0%Ti) and Ti-V-N (0.309%C, 0.221%N,
0.011%Ti ), were tested with aim to establish the influence of difference in carbon and
titanium on transformation behaviour. Isothermal decomposition of medium carbon vanadium
microalloyed austenite was evaluated by optical and SEM metallography.

Established TTT diagrams for both steels show similar shape, i.e. the same features are
present in both diagrams. The differences are in the incubation time and temperature regions,
what is attributed to difference in nucleation stage. Three curves are found to be relevant to
nucleation stage of transformation. First, GBF curves which extends over the entire
temperature range studied (350-6000C), second, IGF curve which is divided into the high
temperature polygonal and the low temperature acicular ferrite curve, and the third the
pearlite (P) curve.

e Grain boundary ferrite is the first phase to be generated at all temepratures. In the
lower temperature range the widmanstetten ferrite is formed, while on higher
temperatures grain boundary allotriomorphs are produced. This difference is attributed
to displacive nature of transformation at lower and diffusional transformation at higher

temperatures.

e Second phase is related to nucleation of Intragranular ferrite (IGF). In the lower
temperature range (350-400 °C ) acicular ferrite plates are grouped in sheaves; at
intermediate temperatures (450-500 °C), a more interlocked microstructure of acicular
ferrite was clearly obsorved, while microstructure generated at high temperatures

(550-600 °C) is characterized by polygonal idiomorphic ferrite.
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Third phase is related to onset of pearlite. It occurs at temperatures > 500 °C, followed

by an incomplete reaction phenomenon.

Acicular ferrite microstructure exhibiting different morphologies have been produced
in both type of steels investigated by isothermal treatments. At low transformation
temperatures acicular ferrite plates are grouped in sheaves, at intermediate
temperatures a more interlocked microstructure is generated and at high temperatures,

individual plates are formed following an incomplete reaction phenomenon.

The transition between an acicular sheaf morphology and a more interlocked
microstructure is related to the transition between lower and upper acicular ferrite and
to different carbon diffusion rates in ferrite and austenite depending on the
temperature. However the bainitic sheaves are frequently observed when the

isothermal transformation time is increased and temperature diminished to 350 °C.

Fully acicular ferrite microstructures have been obtained in medium-carbon micro-

alloyed steel through isothermal treatments at 450 °C.

Acicular ferrite forms in both steels in two stages: nucleation at nonmetallic inclusions

and sympathetically, from the already nucleated units.

Acicular ferrite has been observed to nucleate on MnS inclusions, due to highly

favorable conditions for the nucleation.

The finish of transformation was clearly observed at temperatures below 500°C, for
both steels. However at 550 and 600°C, incomplete reaction phenomenon occurs. This
behaviour is attributed to carbon enrichment in austenite and decrease of driving force

for austenite decomposition.

Grain growth can be affected by the solute drag effect of any elements in solid
solution and by the pinning forces associated to precipitates. So the grain coarsening
temperatures (GCT) is expected to occur when the particles pinning the austenite grain
boundaries start to dissolve. It is produced at around 1100°C. There fore the grain

coarsening temperatures (GCT), it seems to be = 1100 °C for both steels investigated.

Ti-V-N steel has smaller austenite grain size above 1100°C. This can attributed to the
fact that addition of Ti can result in fine TiN precipitates, which can inhibit austenite

grain growth at high temperatures (> GCT), because of their strong high-temperature
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stability. By contrast, the V-N steel with high Al and N contents possesses smaller
grain size, at temperature less than 1050 °C. Therefore Ti-V-N steel with lowest
volume fraction of AIN among these steels has the largest grain size at temperature
less than 1100 °C. These can attributed to, the AIN particles are responsible for

controlling austenite grain growth only in the low austenising temperature (< GCT).

The addition of Ti to V- microalloyed steel is balanced by increased content of C and

Mn , leading to limited effect on nucleation stage of austenite decomposition.

Sheaves of parallel ferrite plates, similar to bainitic sheaves, but intragranularly
nucleated and its called Sheave Type Acicular Ferrite (STAF)was clearly observed at
(= 400 °C), for both steel investigated.

The Ti-V-N steel has higher yield strength at all soaking temperature. This behaviour
is attributed to larger volume fraction of VC, due to high C and V compared with V-N

steel, which contributes to the dispersion strengthening.

At holding time shorter than10s, there was no significant difference in hardness for
both steels and treatment condition, the main change in hardness occurred for holding

times between 10 and 600s. Beyond 600 s, the hardness changed only slightly.

The lower yield stress for Ti-free steel (V-N) compared with titanium —containig steels
(Ti-V-N) is attributed to lower carbon content compared with titanium-containing

steel.

Yield stress decreases from the maximum values for temperatures 350°C — 400°C for
both steels investigated. It is assumed that it reflects dislocation strengthening
associated with the presence of hard phases such as bainite, since the dislocation

density of the ferrite increases with decreasing transformation temperature.
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