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ABSTRACT

Some newer hot rollekigh strength low alloyISLA) stees with a singlephaseferrite
matrix have obtained substantial strengtherfimogn nanoscale precipitation. These HSave
reported to have a goadmbinationof strength, ductility and holexpansion abilityln the
currentwork, Gleeble&® 3500 torsion testing was employed to simulate the hot rolling process with
varying runout table cooling rates and coiling temperatures onrfieoalloyed steels with
additions of Ti, Nb, Mo, Cr and Mo investigate the efféxof microaloy additions angbrocessing
conditions on microstructures as well as mechanical properties. Subsized tensile specimens
obtained from a$wisted torsion samples were used to evaluate mechanical propEnges.
precipitation states of the five steels witffetent processing conditions were characterizgidg
extraction replica TEMComparisorof microstructures and mechanical properties evssussed.

Characterization of the microstructure via light optical microscopy showed the matrix
microstructure was mainly influenced by coiling temperature, which indicates that the
transformation from austenite to ferrite occurred during the coiling pe&ibayher Ti content was
shown to reduce the second constituent fractimngstigation of carbon extraction replica
specimens via TEM revealed the presence of nanoscale precipitation. Extensive nanoscale
precipitation was observedinost of thespecimensavinga polygonaferrite matrix, while in the
granular bainite/ferrite microstructua¢ lower temperaturegewermicroalloy carbidesvere
presentThe specimens with polygonal ferrite had similar or higher yield strength than the
specimens with granular bai& microstructure, which suggests the effectiveness of precipitation
strengthening from extensivenoscale precipitates the NBMo steel,moresignificant
strengthening due to grain refinement was evidémid strengthvalueswerelessthan reported
f or JINANGHETEN®O steelin specimens with similar microstructure (polygonal ferrite

matrix with extensive nanoscale precipitation).
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CHAPTER 1: INTRODUCTION

In the automotive industras manufacturers are challenged to improve safety and fuel
economysteel design for automotive applications has increasingly focused on the enhancement of
strength without compromise in ductility, as well as weighiuction that reduces fuel
consumptionHigh strength low alloy (HSLA) steels were among the first widely gl
strengthsteels intheautomotive industry]]]. Fine dispersed microalloy carbides/nitrides in the
ferrite matrix enabled precipitation stigthening while acting as important factorgherolling
process to obtaiafine matrix grain sizeWhile HSLA steel is usually designed to meet
mechanical specifications and is typically with good toughaedsweldability its strength and
workability have been exceeded witie advanced high strength steels (AHS$)wever,some
multiphaseAHSS steels show deteriorated streftdngeability or hole expansion performance,
due to stress concentration regdetween soft ferrite and hard martengite@se$?2]. In a recent
study byC. Chiriacof dominant factors responsible for hole expansion performamtgo
commercial DP 780 MPsteels 8], microhardness data reveakbat smaller differenan
hardness between ferrite and martensite correlaitthcdbetter hole expansion performance.

A schematic diagram of the influence of microstructure on the balance of elongation and
hole expansion ratio is shownhigurel.1[4]. A single phasderrite matrix exhibits the optimum
combination of elongation and hole expansion ratio. Howdvecontribution from conventional
strengthening mechanisrmsHSLA steelds limited such thathese steels are challengedrteet
manufacturesdcurrent requirements fatrength

Increased gecipitation strengtheningasobtainedoy JFESteel Corporationisinga
Ti-Mo microalloyed HSLA steel]. Thesesteelswith extensive fine precipitates distributed in a
polygonal ferrite matrixreportedlyexhibit excellent combinatiaof strength, ductility and
hole-expansion ability.

The pesent work was initiated to develop a method to simulate the hot rolling process
using torsion testing on Gleel@le8500 and to evaluate mechanical praperand microstructures
on astwisted torsion specimens. By simulatingigions inprocessing paraners on the

Gleeble® 3500 with various experimentsieels the effects of different microalloying additions



and processing paramet®n microstructure, particularly precipitation states and mechanical

properteswereevaluated.

F: Ferrite
B: Bainite

M: Martensite
BF: Bainitic ferrite

Hole expansion ratio

Elongation
Figurel.l Influence of microstructure of steel matrix on the balance of hole
expansion ratio and elongatiofi [



CHAPTER 2 : BACKGROUND

2.1 Review of Nanoscale Precipitation Strengthened Steels

Some newer hot rolled HSLA steels have obtained substantial strengthening from
nanoscale precipitation of about 300 M®jch is 2~3 time more than the precipitation
strengthenindgabout 100~150 MPagportedn conventional HSLA steelgl]. These nanoscale
precipitation strengthened steels with single phase ferrite are promoted Bie@REorporation
underthec o mme r c i MANOHIEEM®0 4fi[A medanical property comparison between
NANOHITEN® and conventional HSLA steel is shownTiable2.1. Details of microstructure
and properties will be further reviewedtire next section, but the table illustrates the favorable

combination of strength and hole expansion rajo (

Table2.1i Mechanical Properties 6§l ANOHITEN® and Conventional HSLA Steel]|

Mechanical Properties
YS(MPa) TS(MPa) El(pct) & ( p
NANOHITEN® 745 805 20 100

Conventional
HSLA steel 696 810 18 79

Steel

211 Mi crostructur e NANQHITENM®ROer i zati on of 1l

The eported bemical composition dNANOHITEN® in a 780 MPa grade is shown in
Table2.2 [6]. In theNANOHITEN® product, the low carbon steel is microalloyed with titanium
(Ti) and molyb@&num (Mo) andthrough carefully controlled thermmmechanical processinthe
steel iswith unique microstructure features, as followsg):
1. The steel has a silggphase microstructure of ferrite as the matrix with an average grain
size of about 3 pm, as shown kigure2.1(a).
2. The steel is strengthened by uniformly distributed precipitates refined to less than 10 nm in

size, as shown iRigure2.1(b).



3. No pearlite or large cementite is pressince as the steel has a low carbon level and

contains strong carbide forming elements (Ti, Mo).

Table2.27 Chemical composition dlANOHITEN® steel B].

Elements C Si Mn S N Ti Mo P
wtpct 0.043 0.19 1.62 0.001 0.0032 0.092 0.19 0.008

.‘.'

e . '

, e T
-.\l.o“ -
] o Rl

100 nm [0

- —

Figure2.1 SEM image of ferrite matrix (a) and TEM image of uniformly distribuf
precipitates (b) iINANOHITEN® [4].

The aligned morphology of precipitateshigure2.1(b) is clear evidence of interphase
precipitaton formed duringhe austenite to ferrite transformatiofl[. Fr om Funakawads
observation of the precipitates using TE8], the diameter of the precipitates was determined to
be approximately 3 nm. The EDS spectrum of fine precipitates indicated tkageasd carbon,
oxygen and copper as well as titanium and molybdenunayXliffraction showed that the crystal
structure of the nanoscale precipitates is NaCl type, with a lattice parameter of 0.433 nm. The fine
precipitates iNANOHITEN® were determinetb be TiMo composite carbide, with the
composition Tg.54M00.46C [9]. Timokhinaet al.investigated another Ao alloyed low carbon
steel (composition: F8.1G1.24Mn0.03S+0.11Cr0.11M0o-0.09T+0.09Al wt pct) strengthened

by nanometesized precipitategsingatom probetomographyand reported the nanoscale carbides
to beTio_ggl\/lOo_()zCo_G [10]

2.1.2 Properties o0NANOHITEN®

The properties dNANOHITEN® corresponding to the characteristic microstructures can



be genealized as followsZ, 4, 5, 6, 11]:

1.

The steel has an excellent combination of strength, ductility and hole expansion ability.
With a single ferrite matriXNANOHITEN® obtains its strength mainly from precipitation
strengthening and grain refinement strengthening, whilst the contribution from solid
solution strengthening is relatively small, as showRigure2.2. SInCceENANOHITEN® is

ferritic without substantial quantities of other constituents, its balance between elongation
and hole expansion ratio is reportedly superior to multiphase Eigels

The steeteportedlyexhibits stable mechanical properties compared with conventional
HSLA steels, as the nanoscale precipitates have excellent high tiseabibity against
coarsening during coiling.

Due to the large strength increment achieved by precipitation hardening, it is possible to
reduce the amount of Si as a solid solution strengthening element. While Si is an important
element used for solutionrehgthening in conventional HSLA steel, the use of Si would
deteriorate zingalvanizing surface qualitylR, 13]. Also, Si can cause internal oxidation,
which results in reduced fatigue performance and corrosion resistance.

With a low carbon level, the skis a good welding candidate. Also, the initial presence of
nanoscale precipitates might inhibit ferrite grain growth during weldidp [

The low rolling load to producdANOHITEN® in the finish rolling mill reportedly

enables the manufacture of thinaed wider sheet$[ 15].
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Figure2.2 Calculated amount of solid solution strengthening, precipitation

strengthening and grain refinement strengtheningANOHITEN® [6].



Excellent ductility, both global and local, allows the applicatioNANOHITEN® in the
manufacture of compleghape automotiveoenponents, such as body structure, suspension,
chassiswheelsandancillary parts. Moreover, since Si is not added as a strengthening element,
NANOHITEN® is applicable for hot dipped galvanized sheet, for use as automotive daels [

2.1.3 Alloying Effects inNANOHITEN®

Themicroalloyingadditions chosen fddANOHITEN® are Ti and Mowhich play a
significant role in forming nanoscale carbides and influencing the thermal stability of the
precipitatesFunakawaand ceworkersconducted experiants investigating the coarsening
behavior of nanometesized carbides in hablled high strength sheet stedth different
microalloying additions17]. Two alloying systems were used in the experimenl@diand
Ti-Mo, whichform (Ti, Nb)C and (Ti,Mo)C precipitatesrespectively Theresultssuggestedhat
Ti-Mo alloy systenexhibitsprecipitates with better thermal stability7]. Another study of the
influence of Mo on tempering precipitation in NNMo-V microalloyed steel shogdthat the
segregation of Mo at the outer layer of carbidaddinhibit the diffusion of the Nb and V from
the matrix into the carbides as well as reducaltfiesion rate of C and kly elemensin the
matrix[18], hence, the growtrateof the precipitates is greatly impedédnight bereasonable to
expectMo to playthe same role irefining precipitates in the Nb and V systems as in the Ti system.
Mo canalsoretard thdormationof both pearlite and cementi grain boundariegl].

There is an addition of about 1.5 wt pct Mn addeNANOHITEN®, which is to suppress
Fe;C precipitation by loweringthe austeniteferrite transformation temperatuflrs) [20]. The
nitrogen content should be reduced, because nitrogen exhausts titgrfamming laige TiN. The
alloy system ilNANOHITEN® provides a basic framework of the alloy design for the
experimental materials in this project, with further details discussed in CHARTER

2.2 Precipitation in Steels

Microalloy precipitation reactions in steels can be classified into three ¥pe20, 21] :
1. Precipitation in austenite following temperature reduction, prior to the transformation from

austenite to ferrite.



2. Precipitation during the austenite to ferrite transfornmaidocess where the solubility
decreases discontinuously at the austdeitéte boundary, known as interphase
precipitation.

3. Precipitation from supersaturated solid solution in ferrite.

2.2.1 Precipitation in Austenite

Precipitates formed in austenite are nipdue to a supersaturated austenite solid solution
as the solubility of microalloy carbide/nitride reduces as temperature decreases. Precipitation often
occurs through a strain induced precipitation mechanism. When hot deformation is applied in the
austeite region, the introduction of dislocations, dislocations cells and substructures during the
hot working process provide nucleation sites for the precipitation of carbides/nitrides [20]. A
common example is strain induced precipitation of Nb(C, N), wisiemployed in controlled
rolling to suppress recrystallization in orde
formed in austenite are relatively coarse and therefore have only a very limited contribution to
strengthening. Also, precipitati in austenite can consume a substantial portion of the microalloy
additions (Ti, V, Nb), which would reduce the amount available for precipitation at lower

temperature in the ferrite region.

2.2.2 PrecipitationDuring Decomposition of the Austenite

A nonrandam dispersion of precipitatedignedin rowscan formduring transformation,
known as interphase precipitatiavhich takes place in association with the austenite to ferrite
transformation interface during austeniteal®position Interphase precipitatiosstrengthening is
reported to be the main strengthening factdcdANOHITEN®, as mentioned above. In this
section, the literature of interphase precipitation will be reviewed regarding the morphology,
mechanism and strengthening contribution.

Interphase mcipitation was first reported in a Nb microalloyed low carbon steel (0.15
C-1.11Mn0.02Nb in vt pct) by W.B. Morrison, J.H. Woodhead and oth@3 P3, 24, 25]. A
significant strengthening was discoveregomeNb-microalloyed steelsrhen a higher
austenizing temperature was emplogadisothermally held at austenite to ferrite transformation
temperatureln these steelgyrecipitaton with a banded distribution was first detected under TEM
(Figure2.3) [24].



Figure23  TEM mirograph showing interphat—:epipitation in a solution treated
niobium steel [24].

Since then, interphase precipitation has been detected in many microalloyedsteaise
to its potentially significant strengthening contribution to HSLA stesgigiificantresearch has
been doe regarding the mechanism of interphase precipitation formation. R.W.K. Honeycombe
andco-workersconducted a fundamental investigation of interphase precipitation in various alloy
systems by applying isothermal transformatibable2.3 summarizeshe alloy systems they

examined 26, 27, 28, 29, 30, 31], and within all of them interphase precipitation occurred.

Table2.371 Alloys Examined in the Investigation of Interphase
Precipitation26, 27, 28, 29, 30, 31].

Alloy system Composition (wt pct)

Fe-C-Nb 0.07G0.031Nb
Fe-C-Nb-B 0.09G0.036NBk0.003B
FeC-Cr 0.2G5Cr/12Cr
Fe-Mo-C 0.2~1.0CG0.5~4Mo

Fe-C-Nb-Mn  0.07G0.33NB1.07Mn
Fe-C-V-Mn 0.82G11.9Mn0.48V

Various morphologies of interphase precipitatiegre observedwvhich can be
summarized into four typesnd listed below32, 33, 34], with TEM images shown ikigure2.4.

Different morphologies may form under different thernpailcessing conditions of the same alloy
[20].



(d)

Figure2.4 TEM imagesof thin foil specimenshowing (a) planar interphase
precipitation, (b) curved interphapeecipitation with uniform sheet
spacing, (c) curved interphase precipitation with random sheet spau
and (d) fibrous interphase precipitati@8[35].

The four types of precipitates are summarized as follows:

1. Planar interphase precipitation with uniform sheet spaéigure2.4 a). This is the most
well characterized interphase precipitation.

2. Curved interphase precipitation with unifo(figure2.4 b) or random(Figure2.4 c) sheet
spacing which is often observed at high transformation temperatures.

3. Fibrous interphase precipitati¢Rigure2.4 d), which is commonly observed in high
carbon steels.
The characteristic morphologies of interphase precipitation are closely related to the

thermomechanical processing conditions of thd steeldependent on the transformation



thermodynamics and kinetics

Different mechanisms have been proposed to explain interphase precipitation, and the
commonly adopted one wdseii | e d g e me cDaeenporsambHoneycgmlipde]. The
ledge mechanism schematically shown iRigure2.5. The figure illustrates the nucleation and
growth of precipitates at the austenite/ferrite interface during transformation. Thentelr
austenite/ferrite boundarieskigure2.5 are lower energy immobile interface segments formed by
the passage of high energy ledf&@g, which are indicated as short, vertisagments of the
boundaries in the figure. The high energy ledges are moving too fast to be nucleation sites, while
the immobile interfaces are available for precipitates to nucleate and grow, until the next ferrite
ledge sweeps over and repeat the pro@sHience, the precipitates on the low energy interfaces
should be in sheets with spacing which issame as the ledge height, as revealétgare2.5 (b)
with irregular ledge height resulting in various distances between precipitate rows. The uniformity
of the pairicle distribution on each step is believed to be related to the diffusion distance of the

microalloy elements and associated nucleation frequ@tty
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Figure2.5 Schematic representation of the mechanism of nucleation and grov
carbides on the austenite/ferrite interface. (a) regular ledge height,
irregular ledge heighBlack dots in the figure indicate tpeecipitate
positiors [37].

The orientation relationships between the carbides and ferrite matrix have confirmed that
the precipitates nucleate with low energy interfacZH.[It is reported in many papers that the
KurdjumowSachs (KS) relationship is adapted between interphaseitates and the ferrite
matrix [31, 36, 38, which is,
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(111)mc//(110)
[110]mc//[111] o
where MC means microalloy carbides.

The NishiyamaNasserman (NV) relationship has also been reported between interphase
carbides and the ferrite matrig], 33, 21, 39, 40]. K-S, NW and BakeiNutting (B-N) are three
orientation relationships commonly observed for fcc precipitates in a bcc n2dfrixnerphase
precipitates form in &-S (or N-W) relationshipwith the ferrite due to a thrgghase (austenite,
ferrite and microalloy carbideglationship at the ferrite growth interface

The ledge mechanism explains the typical structure of interphase precipitation, while some
detailed aspects of the morphology suckhasintersheet spacing variation with temperature are
not as clearly illustratedtfl]. The solutedepletion model, proposed by Roberts and developed by
R. Lagneborg and S. Zajac, are based on the ledge mechanisolweadliffusion control
models[41].

The solutedepletion model assumes that the growth of ferrite into austenite is controlled
by carbon diffusion in austenite while maintaining local equtitrat the interface4l, 42, 43].

During the ferrite growth, several correlated processes: nucleation of microalloy carbides/nitrides
particles in the autenierrite interface, extension of microalloy element depletion zones around
the precipitates and the migration of the interphase boundary away from the formed precipitates
altogether result in a repeated precipitation behaxir [The microalloy element depletion zone
expands more quickly immediately after nucleation, obeying the parabolic growth law,

radius? (time)*?

. The same parabolic growth law also appliethéogrowth of ferrite but on a
large scale, so the ferrite growth rate can be regarded as essentially constant for the short distance
corresponding to the interphase precipitation reaction. The eetabwth velocity between the
microalloy element depled zone and ferritehanges during precipitate growth so et
auwsteniteferrite interfaces first behind the alloy element depleted zone when nucleation gccurs
andthencatclesup and reentesthe region with normal microalloy contestynucleation of a
newsheet of precipitatebenrepeas itself. This model is capable of predicting the sheet spacing
by incorporating the diffusivity of microalloy elements and ferrite growth velocity, and was
validated for \¥microalloyed steel42].

The spatial dispersion of the interphase precipitation is such that TEM may only reveal the

distinct rows of particles when observed from specific orientations, and thedimearay s ar e 0l
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if the same region is tilted, with the precipitates showing an apparent random distriBQtjon [
which makes it challenging to detect interphpseipitation using TEM.

2.2.3 Precipitation from Supersaturated Ferrite

Precipitation from supersaturated feraiecursfollowing the austenite to ferrite
transformationand is commonly known as matrix precipitation. The process can occur after rapid
cooling to the low temperature phase region either during coiling or upon reheating during a
subcritical annealing or normalizing treatmeRtgure2.6 shows approximatemperature
regions for interphase precipitation and precipitation from supersaturated ##jite [

Unlike interphase precipitation, precipitates from supersa&tdifatrite usually result in a
random dispersion in the matrix. These random precipitates nucleate directly in ferrite and usually
obey the BakeNutting (B-N) relationship withtheferrite grains 21]. That is,

(001)c//(001)y
[110]mc//[010]y

Significant strengthening can also be obtained from matrix precipitation. As reported in a
recent publication44], matrix precipitates with average diametd 10 nmcontribute about
450MPa to the yield strength ofGa04CHSLA steel,having0.08Ti, 0.18Mo, 0.011Nkgnd

0.015V (in weight percent). These fine precipitates are homogeneously dispersed in the matrix, as
shown inFigure2.7 [44].
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Figure2.6 Generic CCT diagram for microalloyed steel indicating approximate
regions of interphase amdndomprecipitationin matrix[42].
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Figure2.7 A TEM bright'field imge hosthe randoml distributed precipitate
ferritic matrix of a Timicroalloyed ferritic HSLA steeld].

2.3 Precipitation Strengthening Mechanism

The precipitation strengthening due to nanoscale precipitation can be explained by the
Ashby-Orowan mechanisif20 ,45]. As fine carbides/nitrides are hard and undeformable, the
dislocations would bow around particles and thenpass o u g h , Ordwandoops[AS) Thi
increase irapplied stress from the interaction betwdeparticle and dislocation loop can be

explained using the Orowaguation

)

Y, — [Equation2.1]
wherey, istheincrease in yield strength due to precipitation strengthening, G is the shear
modulus of the matrix, b is the Burgévector and L the particle spacirg.the Orowan equation,

L is the factor relating to the state of precipdat which indicates thatnsaller spacing between
particles wouldcontributea higherstrengtheningmount. So to obtain the largeshount of
strengtheninga highvolume fraction of nanoscale precipitates should be achieved. As discussed
above, both interphase precipitation andrimgrecipitation can have a significant strengthening
effectif their size and volume fraction are suitably controlled through thermomechanical

processing.
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2.4  Thermomechanical Processing and Laboratory Simulation of HSLA Steels

In order to obtain the optimum precipitation state as describthe previoussection
careful control of thermomechanical processing is necedsgyre2.8 schenatically shows the
main processes in a hot strip mdK. In this section, several thermomechanical processing
factors which are critical in obtaining final microstructures are reviewed to assist in planning

experimental parametefsr simulating hot stp mill processes

Water coolant headers
Coilbox

mﬁ ....... -

Transfer table Shear

VLI:_ét;lo%lmoo%

Reheat furnaces

Coiler

Finishing mill

Roughing stand
Figure2.8 Layout of a semcontinuous hot strip mill4g].

2.4.1 Slab Reheating Temperature

The initial stage of any hot rolling process is the reheating séagkethe slab reheating
temperature has a stromjluence on the strength, toughness ancrastructure of microalloyed
steeld43]. A low slab reheating temperature results in finer austgnities, whichrefines the
final microstructure of the mateliand hence improves the low temperature toughness.
Refinemenis partly attributed to the precipitasremaining after low temperature reheating,
which helps suppress the grain growth of austelHievever, low slab reheatingmperaturemay
also decrease yield strength and tensile strength, as a reduction of dissolved micgoalloy
elements results in a decrease of precipitation hardening after ca@sishghay influence the
austenite conditioning behavior during rolling.

As the currenstudy focuses on obtaining a high fraction of fine precigstat slab
reheating temperature high enough to dissolve nearly all of the microalloyed carbides/nitrides
would be preferred, in order to achieve the maximum precipitation during later progesses
commonly adopted slab reheating temperatutbemot strip mill is somewhat abov250°C.
The solubility curves for Ti, Nb and V carbides/nitridgeseveral temperaturase shown in
Figure2.9, using data imable2.4. TiN has relatively smaller solubility compared with other
microalloy carbide/nitrideThese alculationswill be used fordeterminingthe austenizing

temperaturein the current study.
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Figure2.9 Calculated carbide/nitride solubility in austenite for (a),Ti®) VC, (c)
NbC, (d) TiN, (e) VN and (fNbN at 950, 1100 and 125C.
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Table2.47 Solubility Relationsfor Microalloy Carbides/Nitrides in Austenifd7].

Carbide/Nitride Solubility in Austenite (element concentrations in wt

TiC [ A0S X,,LYQJ o8 P
NbC 1 T{Co 6 %X nc& ®
Ve i@ 6 %n T[(Pfi( ¢
TiN 1170 P ?YX “la n
NbN 1 T0Co 0 P ?,TYp y 5[8( w
VN i idg o X,,—Y" "o

2.4.2 Rolling Schedule

In the hot strip mill, a mukpass rolling schedule including rough rolling and finish rolling
is usually employed. Based on various factors including rolling temperature, strain, strain rate,
interpass time, finish rolling temperature, etc., the rollicigedules can be separated into several
types. Conventional controlled rolling, recrystallization controlled rolling and dynamic
recrystallization rolling are three common ways to roll HSLA stéetgire2.10 schematically
shows deformations over different temperature ranges for three rolling &ghes [
In recrystallization controlled rolling, shown kigure2.10 (a), finish rolling is carried out above
the Ty, which allows the deformed austenite to achieve complete recrystallization if the interpass
time is long enough and no strain is accumulated. In conventional contalied (Figure
2.10D), the particle pinning resulting from stramduced precipitates, mainly Nb(C, N), retards or
even prevents austenite recrystallization andéeenc r e at es Apancakedo or
Conventional controlled rolling is commonly
would result in a fine microstructure. Straimduced precipitation consumes a considerable
amount of microalloy @ments, however, which would reduce precipitation strengthening
afterwards in the low temperature range. Dynamic recrystallizgigare2.10c) occurs between
passes during rolling when total strain exceeds the critical st@ib(].The strain at which

dynamic recrystallization is initiated is named the critical strain, which may be achieved helow T
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via strain accumulatiotB]. Dynamic recrystallization rolling usually creategner final
microstructure than recrystallization controlled rolling. Also, the short interpass time of dynamic
recrystallizaion controlled rolling barely allows precipitation, so most of the microalloying
elements are kejt solid solution in the matrixGrainsizeis influencedoy the specific rolling
scheduleVariations in deformation amount and interpass time influereeauktenite to ferrite
transformation temperature and transformation kinetics, which would further affect the
precipitation states (interphase precipitation and precipitatiterrite) in later cooling and

coiling period.

| e—e— Tm\@ §

Ses N\

Ar3 Ar3
Recrystallization Controlled Rolling Conventional Controlled Rolling
(aim: full softening between passes) (aim: austenite pancaking)

R > —_—
time time

. & X /N}DRX/@
5 oL

Ar3

Dynamic Recrystallization Controlled Rolling
(aim: grain refinement by DRX and MDRX)

._>
time
(c)
Figure2.10 Schematic temperatuteme diagram showing three rolling types: (a)
recrystallization controlled rolling, (b) conventional controlled rolling

and (c) dynamic recrystallization controlled rollirtf].

2.4.3 Cooling Rate and Coiling Temperature

The runout table cooling rate and coiling temperature will deterrthie¢ypes of
transformation prodets produced in the finahicrostructure Also, most of the precipitatéisat
account for precipitation strengthening form during the cooling and coiling pr&este cooling
and coiling conditions exert a major effect on the final microstructure arethlee mechanical
properties.tlis known that during interphase precipitation, the sheet spacing angantiete
spacing are greatly influenced theisothermakransformatiortemperatureYen et al
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investigated the sheet spacing and hpi@ntticlespacing for interphase precipitation under
different isothermal holding temperatures in three microalloyed st&@|snjith results shown in
Table2.5. It is evident that sheet spacing and ifgarticle spacing decrease with reduced

temperatures.

Table2.57 Sheet Spacing and IntBarticle Spacindpr Three Steels Isothermally
Treated at 650, 680 and 7@)[39.

Sheet Spacing (nm Inter-particleSpacing (nm
Steel (wt pct) p g (nm) p p g (nm)
650 C 680C 700C 650C 680C 700C

0.1GO0.2Ti 12.1 15.4 19.7 40.4 46.0 47.3

0.1G0.2T0.2Mo 11.3 14.2 18.0 39.1 41.6 44.8
0.1G0.2T0.04Nb 12.5 17.6 20.0 41.4 445 48.7

The ferrite microstructureunder different cooling rate and coilitgmperatureonditions
should also be taken into consideration, as certain ferrite microstructures might deteriorate some
properties of the steel. For example, low temperature (26DPWidmansdtten ferrite formabn
may not be desired in some steels because of toughness considg2dtidnghe current study,
polygonal ferrite with a fine grain size is the desired rratricrostructure considering the
requirements for elongation properties. Different ferrite microstrustumestypical CCT diagram
of aHSLA steelareshown inFigure2.11[51]. The desired type of ferrighoud be obtained under
proper cooling ratécoiling temperatureconditions Microalloying elements also affect ferrite
microstructure in several ways, such as altering transformation tempegdiure [

Because of the sensitivity of properties to processing conditions, an investigation into
various cooling rates and coiling temperatures is kégeotify processing parameters that

provide the desirenhicrostructures and optimized mechanical properties.

2.4.4 Laboratory Simulation of Thermomechanical Processing

Physical simulation is a reproduction of the mechanical and thermal parameters of a
realworld manufacturing process on a laboratory s&2g With careful selection and control of
parameters such as temperature, heating and cooling rates, strain and stress states, reliable data can
be generated about the material and process investigated.

The purposes of laboratory hot rolling simulation can be generalized into two categories.

The first one is to optimize the rolling schedule by investigation into thermomechanical
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parameters such as cooling rates, rolling load, interpass time and deforfbateh 55, 56, 57).
The other main purpose is to study material behaviors during the hot rolling process, such as
recrystallization (static, dynamic, metadynamic recrystallization oireorystallization
temperatures), phase transformation states, alloyingtet@d precipitation statesg 59, 60, 61,
62, 63]. However, there is less information from literature regarding mechanical property
evaluation methods after compression or torsion testing. Methods to generate reliable mechanical
property data are essentialorder to characterize a material and evaluate the effects of
thermomechanical parameters.

Uniaxial tension, torsion and compression of axisymmetric or planar samples have all been
utilized for simulating material behavior in the actual procédsgb|, with compression and
torsion tests being the two most common testing methods employed by researchers to simulate hot
rolling conditions. The advantages and disadvantages of these testing methods are summarized in
Table2.6. Torsion testing shows its advantages in simulating rpalsis rolling processompared
with tension and compression testingthtes specimen geoetry remaining unchanged during
torsion testing and allows for desired strain amount.

In this project, hot torsion testing is employed to simulate the hot strip rolling process and a
method to evaluate mechanical properties after hot torsion testus&hlwhich will be further

explained in the next chapter.
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Figure2.11 CCT diagram for an HSLA steel containing 0.06C, 1.45Mn, 1.25Cu
0.97Ni, 0.72Cr, and 0.42Mo, in wt pct. PF, polygonal ferrite; WF,
Widmansttten ferrite AF, acicular ferrite; GF, granular ferrigg1].
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Table2.6i Comparison of Various Testingethods Used in Laboratory Simulation ¢
Thermomechanical Processing of Ste6l; 65, 66].

&ee?ﬂgg Advantages Disadvantages
1 Easiest to perform Only low strains are
Tension 1 Governed by ASTM possible
testing standards to minimize Uniaxial stress distribution
laboratory variability Is lost when necking occul
Friction problem exists,
1 Large strains are which might cause
Compression possible barreling
testing 1 Compressive stress Non-uniform strain
state, as in rolling distribution in
stressapplieddirection
1 High total strain is Torsional stress and strair
achievable vary over the cross sectiol
1 Specimen geometry which causes variations in
Torsion does not change, microstructure
testing allowing a large numbe Application of torsion
of passes ductility data to workality
1 Easy to achieve consta prediction remains

rate of strain

unsatisfactory
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CHAPTER 3 : EXPERIMENTAL DESIGN

3.1 Objectives

The purpose of this project was to investigate the effects of thermomechanical processing
parameters on mechanical properties and precipitation states of formable high strength hot rolled
steels with different microalloy additions, which involves seveasisp

1. Simulation of hot strip mukpass rolling process bgision testing othe Gleeble® 3500

and establishment ofraethodto evaluatenechanicapropertieson astwisted torsion

specimens;

2. Investigation of the effects of various thermomechanical petensias well as
microalloying additions on mechanical properties and microstructures;
3. Initial characterization of precipitation states in materials with different microalloyed

elements and thermomechanical processing parameters.

3.2 Gleeble® 3500 Torsion Terg

The Gleebl® 3500 is an integrated digital closed loop control thermal and mechanical
testing system which is capable of various types of thenmeghanical materials testing and
physical simulationsg7]. Hot torsion testing on the Gleefsl&8500 was emloyed to simulate the
hot rolling process. The most importaavantage of using torsion testing in this project,
comparing with tension or compression testing, is the capability to simulate the entirpassilti
rolling schedule: slab reheating, roughing, finish rolling, rurrout table cooling and coiling, so
multiple thermomechanical parameters could be investigated with careful control based on the
experimental plan.

During torsion testing, the shear stress and strain vary over the cross seaaefido
selection of radial positions within the specimen for microstructure analysis and mechanical
property evaluation is necessary. Richardson outlined a method to calculate equivalent

stressstrain from torquewist data $8, 69]. Equivalent strainlT; is given by,

- Sm_ [Equation3.1]
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where®is the radius of the gauge sectidris the twisted angle arais the length of the gauge
section@ T& ¢ represergthefiequivalent radiug whichindicates thepositionon thecross
section of thesample where the strain equals the equivalent stvhanostructure analysis and
mechani cal property evaluation were conducted

work.

3.2.1 Hot Torsion Test 8mple Development

Hot torsion testing on the GleeBle8500 provides essential data for the hot rolling
simulation. However, in providing informatiargarding room temperature mechanical
properties, torsion teshave shown unsatisfactory results. Hall &idrobec first proposed a
method to prepare tensile samples from torsion samples after thermomechanical processing: the
center of the torsion sample was drilled out to remove thaundarm structure and the resulting
cylindrical tube was tested in uniakitension. In tension, the tube samples tended to fail in a
corkscrew manner with very limited elongatidgf®f . A si mi |l ar probl em was
tests with different tensile sample geometri€l,[as shown irFigure3.1. The hollow tube tensile
specimen®btained from aswisted torsion specimemsd unrepresentative elongation values and
sometimes failed before necking.

In order to obtain reasonable tensile mechanical properties in samples thermomechanically
processed usinigot torsionsimulation a subsized tensile specimen geometry was explored. To
prepare subsized tensile samples from torsion samples, the torsianespgeiometry needed to

be modified from the customary specimen geometry recommended by the manufacturer.

3.2.2 Madification of Torsion Specimen Geometry

The standard torsion specimen has a hollow grip section on both sides of the gauge section,
in order tomain&inamorehomogeneous thermal profile in the longitudinal direction. The hollow
grips male it impossible to prepare subsized tensile samples that can be tested using an 8 mm
extensometer, so a modifieatsion specimegeometry was considerethereweretwo main
concerns regarding the torsion specimen: 1) the strain exerted on the sample must be predictable
based on the twist angle, and 2) the heating rate along the sample and temperature gradient in the
gage length must be suitable. Information fromtdehnical personnel of Dynamic Systems Inc.

(DSI) confirmed that as long as the gage section is kept to the original length, the strain state will
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not be affectedThe modified torsion specimen was then designed by changing a portion of the
grip section osest to the gage length, as showFRigure3.2.

The modified torsion specimen increased the cross section area of the grip section closest
to the gage region. Siathe Gleeble® 3500 employs resistance heating with a current passing
through the specimen, the enlarged cross section area results in lower local resistance, which
theoretically should increase the thermal gradient along the longitudinal directioneneadtbf
the gage section. Tests to examine the temperature gradient were conducted to validate the
suitability of the specimen and the results are shovwthemext section.
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Figure3.1 Stressstrain curves for comparison of tensile sample geometagiew
carbon steel (0.056€C.16Mn-0.01Si in wt pctiand(b) TRIP steel (0.19
C-1.56 Mn1.61 Si0.051Al in wt pct ) 71].

(@)

(b)
Figure3.2 Modified torsion specimens. (a): Standard torsion specimen and
(b): Modified torsion specimen, changing part of the hollow grip to soli
allow fortensile specimen grip ends; The dashed lines indicate holes ¢
into the specimen.
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Details of the subsized tensile samples and microstructure analysis coupon taken from a
torsion specimen are shownkigure3.3. Two subsized tensile samples can be prepared from one
torsion specimen from the symmetric fiequi val el
analysis can also be prepared betwéentwo subsized tensile specimens, from the same

Aequi valent radiuso position.
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Figure3.3 Preparation of subsized samples and microstructure analysis piece
modified torsion specimenvith the top andbottom drawing showing th
plan view and elevation view, respectively.

3.2.3 Characterization of Thermal Gradients

The Gleeble® 3500 system uses electric resistance to heat the specimen based on the
thermal profile programmed by the user. A thermocouplerugsion welded to the surface of the
gage section at mikngth to monitor the temperature and control the current passing through so as
to adjust the temperature. A longitudinal thermal gradient is inherent in this type of heating
configuration [2]. For simulation of the thermomechanical process, it is necessary to make sure
that the gage section of the torsion specimen subject to deformation experiences uniform
temperatures within an acceptable range. Thermal gradient tests were conducted on both the
standard and modified specimens.

Three thermocouples TC1, TC2 and TC3 were percussion welded at positioms O

5mm, and 1Gnm away from the center of the torsion specimespectively, in order to obtain
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the thermal profile along the gage section, asrealieally shown irFigure3.4. TC1 is the control

thermocouple.

TC1TC2TC3

] L

Figure3.4 Schematic illustration of thermal gradient test setup. Thermocouple
TC1, TC2, TC3 were weldeat positions 0, 5, 10 mm away from the
center of gage length, respectively.

The thermal gradient tests concentrated on the slab reheatingefsalting temperature at
1250€ ) and hot rolling periods (cooling rate at 20's), as the thermal gradient particularly
affects the uniformity of the deformation state along the gage section at high temperature. No
actual deformation was applied during these thermal testeemperature@est results are shown
in Figure3.5.

In the standard specimen, tleheatingemperaturet positionTC2 was the highests
shown inFigure3.4 a, about 25 € higher than TCland TCSince TC1 is the control
thermocouple,welded to the center of the gage section, it should have experienced the highest
temperature as the grip ends expected to be coldedne explanation of why TO&as higher
than TC1 is that the specimen tends to expand under compression whengdasatedarly inthe
center of the gage section (where TC1 is weledd¢h undergoethe highest heating rate. Wigh
fixed grip on both sides, the whole specimen is stade ofcompressiorafter heatingwhich can
be noti ced freadingrecortded duiing the tesghictomeasures the load on grips
where the specimen is fixe@lhe center of gage sectibulges resultingin increased cross
sectionwhich leaddo a reduced local resistance. Reduced resistance would result in a
subsequentlfower heat input under a given current ingompared with TC2 where there is
hardly a noticeable change of cross secfidns explanation was confirmed by another thermal
gradient ttetuwheéreomt i®l mode was employed,
Afreeo for expansion during the heating perio
comparingwithaa mpl e from t he pr eviokuesd trmeosdteli,n owh ifd hx

used. The temperature profile is showirigure3.6, and it can be observed that TC2 remains at
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the same temperatuas TC1 for most of the isothermal holding period when bulging is absent.
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Figure3.5 Thermal gradient measurements faystandardFigure3.2 a) and(b) modified
torsion specimen@igure3.2 b).
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Figure3.6 Thermal gradient test resuftrthei @ hr ust 0 set up

specimen. TC1 and TC2 were welded at the same position as shov
Figure3.4.

The thermal gradient test for the modified specimen geometry also included the coiling
period. As shown ifrigure3.5, the temperature distribution during the slab reheating period of
modified specimen is similar to the standard specimen, with TC2 being abGuhifher than
TCl,andabout26 hi gher than TC3. For t Ineavevirrtheleisi ngo a
hardly any observable temperature difference.

Forthe modified specimerhe thermal gradient is quite limited in both the slab reheating
period and the Ahot r owhichissyniartp the standdrd spédciménh e s i

So the modified specimen was considered valid to be used in hot torsion simulation experiments.
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Detailed dimensions of the modified torsion specimen are shokigumne3.7. Preferred specimen

dimensions are shown in the appendix.

165.35
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Figure3.7 Dimensions of specimen in mm used for Gle@bB500 torsion
simulations

3.2.4 Temperature Monitoring and Control During Hot Torsion Testing

Beforethe optical pyrometer was installed theGleeble® 3500 systeim May, 2012at
Colorado School of MingspotweldedK-typethermocouplswere used to measure and control
the temperature during a test. However, during a hot torsion test, the thermocouples welded in the
center position of the gage section easily detached when the speasemsted, and fagldto
provide temperature contrduring the entire tesEmployment of the pyrometeFigure3.8) has

solved the problem of controlling the temperature during hot rolling.

Figure3.8  Two color optical pyrometer installed on thé Gle@B500
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The temperature th#tte pyrometer can measure is limited to a range between 600 and
1300 €; between 600 and 650 €, the pyrometer loses accurate control of the temperature. For
this project, accurate control of temperature below 650 € is necessary for the coiling simulation.
Soa thermocouple is used along with the pyrometebtainthe complete processing schedule.
As schematically shown frigure3.9, one thermocouple is welded on thel @fithe (norrotating)
grip section very close to the gage sectiond e si gnat ed as fDBuhngtoekslaber t he
reheating and hot rolling periods, pyrometer control of temperature is used, while for-the run

table cooling and coiling periogeemperaturés switched to beinder thermocouple control.

Pyrometer (TC4)

Thermocouple (TC1)
Fixed End Twisted End

Figure3.9 Thermocouple control along with pyrometer control of the temperat
during hot torsion testing.

3.3 Validation of Subsized Tensiample Geometry for Mechanical Property Evaluation

In order to validate the mechanical properties measuréoetsyibsized tensile specimens
designed to be removed from the Gleeble specitemsile tests were conducted on subsized
tensile samples and normal size tensile santplenfrom the saméulk material. The
dimensions othesamples are shown irable3.1. The normal siz&specimen was machined with
a 6.35 mm thickness to maintain a similar shape as the 1.5 mm thickness subsized specimen. The
subsized specimens were designed to be magdHiom Gleeble torsion samples as shown
previously inFigure3.3.

All specimens were machined from the same materfalMe di um Nb St eel 0,
Aarsecei vedo qmonwbik bf Nowill [ 73]. The tensile tests wemmnducted
consistent wi 2husifigfaoMi& scew driven kamé at a constant crosshead
speed of 2.54 mm/min (0.1linches/min). Theptisement of the sslzed tensile specimen was

measured using an 8 mm extensometer. The displacement of the normal sized tensile specimen
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was measured using a 50.8 mm extensometer. Engineeringssteéssurves were generated for
duplicate specimens fnothe loaddisplacement data and were compared to evaluate the validity
of subsized tensile specimen. The engineering stteg® curves are shown figure3.10. The
measured tensile properties are showhahle3.2.

Table3.17 Dimension of Normal and Subsized Specimens

L

'L'I i A i } B

e e e )

—_— _ o - —ir}~-

Symbols Normal Sizel Specimen(mm) Subsized Specimen(mn

G, gage length 50.8 12
W, width 12.7 3
T, thickness 6.35 1.5
R, radius of fillet 12.7 1.875
L, overall length 203.2 48
A, length of reduced sectio 57.15 15
B, length of grip section 50.8 15
C, width of grip section 19.05 4.5

Table3.271 Tensile Properties Measured from the Engineering S8&as Curves of
Subsized and Normal Size Specimens.

0.2% Yield Ultimate Uniform Total

Specimen strength tensile strengtr elongation elongation
(MPa) (MPa) (pct) (pct)
: 430 616 9.9 31.9
Subsized 434 616 10.9 34.3
Normal 429 621 10.9 21.6
Size 421 610 9.8 23.1

As seen irFigure3.10, the engineering stresgrain data for the two geometries essentially
match each other up to the point of necking. After necking, the subsized specimens show more
total elongationthantheonr mal si ze sampl es. The resu?ts are
the reason behind the larger total elongation value from subsized tensile specinte¢hesdugon

of localized necking ia greater fraction of thgage length for the 8 mm extensometer than for the
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50.8 mm extensometer.

The results showed that subsized tensile specimens could be used to predict some of the
tensile properties, mainly those prior to necking, which incluele strength (YS), ultimate
tensile strength (UTSuniform elongatiorand strain hardening behavior
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Figure3.10 Engineering stresstrain curves for subsized tensile specimens and
normal size specimens.
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CHAPTER 4 : EXPERIMENTAL METHODS

In this Chapter, details of the experimental procedures are presaoteding material
selection and design principles, thermomechanical profiles employed in torsion testing for hot
strip rolling simulatios, and characterization methods for microstructure and mechanical

properties after torsion testing.

4.1 Materials

Five micoalloyed steels with additions of Ti, Nb, Mo, Cr and V were designgd
ASPPRC sponsor inpand the compositions are showrTiable4.1. The atont ratio of
microdloying elementgTi+Nb+V) to carbon and nitrogen is also shown. SteeVidiis thebase
steel essentially i denNANGHITENE!:[@], whild Seelo/®Pompd si t i o
Steel NbMo use Mo and NbMo microalloy additions, respectively, to compare éfffectsof
alternative alloy systems with respect@rostructureevolutionand mechanical propertie&
higher amount of Ti is used in Steel Highto explore the influence of greater additsam
precipitation stateand to achieve higher strengteel TiCr isa Mo-free steel in which Cr is
used as a replacement fNAKOHMEN® [G//wasinausledtoe por t ed
retard thdormationof pearliteor coarsecementite agrain boundaries and to achieve increased
resistance to precipitatmarsening. As an addition that suppressesddaimation 74, it is
expected that Cr in Steel-Tr would exhibit similar effects as Mo. SteelWo and steel NdMo
were designed to maintain a constant atom fraction of microadiditiors, as in the FTMo base
steel composition.
Each material was retved as 5 sections removed from plates with thickness of about
20mm. The ageceived plates were rolled from ingots of about 63.5 mm in thickness without any

specific control of thermomechanical processing, or any subsequent heat treatment.

4.2 Gleeble® 3500rorsion Testing

Figure4.1 schematically shows the thermomechanical profile used for torsion testing on

the Gleebl® 3500, which was designed to simulate the hop sbiling process.
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Table4.1i ChemicalComposition ofExperimental Steel@n wt pct)

Steel C Mn  Si Cr Mo Ti Nb \Y, Al N S P M/C*

Ti-Mo 0.045 159 0.21 - 0.2 0.090 - - 0.029 0.004 0.005 0.01 0.46
V-Mo 0.043 159 0.21 - 0.2 - - 0.093 0.016 0.013 0.006 0.01 0.40
Nb-Mo 0.045 1.58 0.21 - 0.2 - 0.18 - 0.031 0.004 0.005 0.01 0.48
Ti-Cr  0.045 158 0.21 0.351 - 0.096 - - 0.032 0.004 0.004 0.01 0.50
High-Ti 0.048 1.59 0.21 - 0.2 0.150 - - 0.029 0.004 0.005 0.01 0.73

*M-microalloying elements Ti, Nb, V; &arbon and nitrogen.

/O
e 1250°C/ 10min

8-pass twisting

Cooling rate @ 20, 40°C/s

Isothermal holding @ 550, 600, 650°C for 1h

Gas quench toRT

ts
Figure4.1 Schematic illustrationf thermomechanical profilesed for torsion
testing

The specimeswereheated up to 1258 andisothermally held at 1250 for 10 min,
which simulates the slab reheating period. The isothermal holding temperature & 12&0
adopted tensure that all of the microalloy carbonitrides wadilssolvein the austenite (except
for TiN), based on thealculated results shown Figure2.9. An 8-pass twistingschedule ws
employed to simulate the mujtiass hot strip rolling process, modified fromoding schedule
proposed by N. Nakata and M. Militzétq], as shown iTable4.2. The torsion angle imable4.2
was calculated using Equation 3The torsional strain rate is I for all passesThelast twisting
temperaturavas set at 950C, representing the finish rolling temperaturecause¢he
transformation temperature of austenite to ferrite is relatively high due to low carbon content, and
to avoid extensive strain induced precipitation in the aust@ritparametergariedin the

experimerdl matrixare the cooling rate afteetbrmation andhe isothermal holding temperature
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which simulate rurout table cooling rate and coiling temperatures, respectivéig.
experimental matrix is shown ifiable4.3. All of the five steelsweretestedusing thesaix
conditions. After isothermal holdingachspecimerwas quenched to room temperature by

helium.

Table4.27 Torsion Experiment ScheduBimulating 8pass Hot Rolling Processq.

Pass No. 1 2 3 4 5 6 7 8
Equivalent Strain 1.00 0.36 0.51 0.41 0.33 0.30 0.25 0.10
Torsion Angle (radian) 9.57 3.45 4.88 3.92 3.16 2.87 2.39 0.96
Temperature € 1100 1050 1003 986 973 963 956 950
Interpass Timés) 10 80 48 32 23 17 13 -

Table4.31 Experimental Matrix.

Testing Cooling Rate Isothermal Holding
Condition (Tls) Temperaturet)
1 20 650
2 20 600
3 20 550
4 40 650
5 40 600
6 40 550

Torsion testing was conducted under high vacuum$4a6) to avoid oxidation of the
specimen. Temperature was controlled and monitored using botiy@eKhermocouple and
optical pyrometer, as mentioned in previous chapter. A constant power angle was used to heat the
specimen to 650C, at which temperature the optical pyrometer control was started, and the
specimen was heated at a constant rate 6€3%er second to the reheating temperature
Temperature control was switched to thermocouple control after the last twist’&, 3@0erin
the temperature durintgecooling and coiling periods was controlled by the thermocouple welded
on the shoulder dddjacento the gage sectiorfrigure3.9).

During hot rolling, ambient cooling waased which resukdin a higher rolling
temperature than scheduled at each pasg) the interpass timesTiable4.2. Gasquerchingto
achieve the scheduled temperatwes avoided here during the short interpass tonevoidan
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ever larger temperature deviation from the scheduled rolling temperature.

The cooling rate after deformation was achieved by helium quenching. Twaeant
guenching channels were employed, each with a ball valve to adjust the helium flow rate. Several
trials were made to find the best flow rate to accurately simulate the desired cooling rates of 20 and
40C/s. Once the specimen cooled tiwe planned isothermal holding temperature, the quenching
channehaving ahigher flow rate of helium was turned off, with the other one remaining open to
stabilize the temperature at the beginning stage of coiling. After isothermal holding for 60 min,

each spcimen was quenched to room temperature using helium

4.3 Microstructure Characterization

Light optical microscopyLOM) and transmission electron microscd@¥M) were used
to characterize the microstructureesichspecimenAs discussed in Section 3.3, diestrain
variations in the torsion specimen, specimens for microstructure characterization needed to be
prepared from the position where the applied strain equals the equivalent strain. As schematically
shown inFigure4.2, the coupon obtained from the-gsted torsion specimens was sliced into
three parts, and one thin piece was sliced of
radi us o p o sdatker glame iffiguted2)y The thiskness of the sliced thin piece varied
as the coupons were not machined to exactly the same dimensions. It should be notdxhat th
Aequi valent radiuso plane is Iimpossible to ob
coupon.

Specimens for LOM were prepared from all of the five steels with six different processing
conditions. The specimens were diamond polishedun and etched using 3% nital solution for
15 seconds. Carbon extraction replicas for investigation of precipitates in a transmission electron
microscope were also prepared from all the specimens, which were first polished to 1 pm and then
etched with 2 %ital solution. A carbon film was deposited and then scored on the specimens. The
film was floated off using one of two different solutions: 10 % nital solution and an aqueous
solution with 3.3 volume percent nitric acid, 3.3 volume percent acetic aciol Andlume
percent hydrofluoric acid in wat€r6]. The lifted carbon films were collected on 200 mesh Cu
grids for subsequent TEM investigation. A Philips CM 200 TEM was operated at 200 kV in bright
filed illumination to characterize the precipitates. Epyatispersive spectroscofgDS)was
employed to analyze the chemical composgioihselected regions of the replica containing
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precipitatesEDS analyss wereconducted using the 30m selected area aperture

Radial directio 4

Longitudinal direction

Q lent strain plaie

Figure4.2 Specimen preparation for microstructure analysis, using coupons
positioned as shown irigure3.3.

4.4 Mechanical Evaluation

Duplicate subsized tensile specimens were machined from eaefstesl torsion sample
and uniaxial tensile tests were conducted using a MTS screw driven frame. A corcgshéad
speed of 2.54 mm/min (0.1 inches/min) was adopted and the displacemem¢agsed using an
8 mm extensometer. As discussed in Section 3.3, the subsized tensile specimens were expected to
provide useful mechanical properties prior to necking.

Vickers microhardness testing was conducted on all specimens, which were those after
LOM analysis. A 1000 gf load was employed with 10 s hold time to make the indent. 7 indents of
0.05 inch apart were made and an average value was calc®asedts of microhardness testing
areincluded inAppendixB.
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CHAPTER 5 : RESULTS AND DISCUSSION

Chapter 4 presented the experimental methods to simulate hot strip rolling using®&leeble
3500 torsion testing and to characterize microstructures as well as mechanical propetiss.
chapter, the experimental results are presented and discagagatples of thermal profiles from
Gleeble® 3500torsion testing are addressed to verify the accuracy of the simulation, followed by
matrix microstructure and precipitatkaracterizationA generaldiscussion about the relationship
between microstructure amaechanicapropertiess also presented.

51 Gleeble® 3500 Torsion Testing Evaluation

Results of torsion testing as the method to simulate the hot rolling preeessiscussed

in this section.

5.1.1 Simulation of Hot Rolling

Two examples of thermal profiles ftorsion testing are shown Figure5.1, with
processing conditions involving a 40 €/s cooling rate, and 650 € and 550 € coiling
temperatures, respgvely. As mentioned ifsection3.2.4 both a thermocouple and pyrometer
were employed to control and monitor the temperature, with pyrometer control covering the
reheating and rolling periods, and shoulder thermocouple control covering the coolingliagd co
periods.

As shown inFigure5.1, small variations of temperature exidat the beginning stage of
the coiling periodFordifferent specimens, the temperatuagiation was slightly different.
Because the isothermal holding treatment required a balance between heating and helium
guenching, it is difficult for the Gleels#e3500system to obtain a stable temperature instantly
after cooling. For all the specimertise variations of temperature during isothermal holding were
less thar80 C.

Thepyrometer started gathering valid data during heating when the temperature exceeded
600 €. A small temperature gradient exastbetween the measurements of the thermoeoapd
pyrometer during the reheating peribdfonce cooling staed the temperature gradiewss
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hardly noticeable. During the coiling periodeaemperature of 550 €, the pyrometer reading
remained at 600 € as it cannot read below &)0and the trermocouple showed a very steady
value Previous thermal gradient testiigigure3.6) showed thatduringthe coiling periodthe
temperature gradiemtas very small ad can beneglectedbetween the gage section and grip
section very close to gage sectauring this stage of processing

From the data obtained from torsion testing, the hot rolling thermal profile was accurately
simulated on the gage section, though wime small temperature variattanda smallthermal
gradient between the center and efidfre3.5).
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Figure5.1 Thermal profile for torsion testing of -Gr steel, with (a) cooling rate ¢
40 €/s, coiling temperature of 658 and (b) cooling rate of 40 C/s,

coiling temperature of 550 €. Temperatures below 600 € are recor
as 600 € by the pyrometer
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5.1.2 Effects of Strain Variation

As discussed iBection 3.2, the shear strain varies over the cross section, which reaults in
northomogeneous microstructure over the cross sedtigare5.2 schematically shows the strain

states in a torsion test. Thagineeringshear straif at the psition with radius can be given as

[ — [Equation5.]]
where—is the twisted angle andis the test length of the specimen. Over the cross section, the
shear strain increaséem 0 at the center to a maximum at the surface, as shawgure5.2 (b).

The influences of strain variation are revealed from the matrix microstructure. The
example in Figure 5.3 shows two LOM images taken fronstintaceand center position dhe
cross section dfligh-Ti steelspecimenwhich is composed of polygonal ferritgth fractions of

second constituenth.is obvious that thenicrostructureat the centeis muchcoar®r than at the
surface.

Ymax

l"A

(b)

Figure5.2 Schematic showing of shear strain variation overctbes section of torsion
specimen. (a) Schematic drawing of twisted specimen and (b) strain states ¢
crosssectionf/] . a: radius of tdangien spe
radius at random positon;™M t or que; U: shear st |
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Figure5.3 LOM images showing the effects of strain variation upon the cross section o
section with (a) obtained from surface and (b) center of cross section-THigt
steel, with cooling @ of 40 €/s, coiling temperature of 63D )
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5.1.3 Mechanical Propeigsof Subsized Tensile Specimgen

Tensile properties obtained from uniaxial testifigubsized specimens are presented in
Table5.1.

Table5.17 Mechanical Properties from Subsized Tensile Specimens

Steel/Conditions | YS(MPa)| TS(MPa) UE Comment
65040 482 - - Discontinuous yielding
65020 537 684 11.%%
_ 60040 542 689 10.9% Data from single specimen
Ti-Mo 60020 620 749 - Discontinuous yielding
55040 539 734 9.5%
55020 588 726 -
65040 544 660 12 5% Discontinuoussyggl;ciirirr:g:]data from single
650-20 604 696 14.2% Discontinuous yielding
Nb-Mo | 60040 602 - - Discontinuous yielding
60020 603 687 9.4% Discontinuous yielding
55040 605 - -
550-20 572 710 9.2%
65040 440 - -
65020 396 - - YS data from single specimen
V-Mo 60040 494 - -
60020 502 - -
55040 450 668 7.0% Data from single specimen
550-20 485 - - YS data from single specimen
65040 495 - -
65020 500 629 -
High-Ti 60040 522 663 7.7% . .
600-20 625 - - YS data from single specimen
55040 605 - - YS data from single specimen
55020 630 784 - Data from single specimen
65040 523 627 - Data from single specimen
65020 500 665 10.20
TiCr 60040 645 728 10.9% Discontinuous yielding
60020 635 733 10.%%
55040 551 -
55020 561 724 8.70 Data from single specimen

*Processing conditions are designated according to the coiling tempe@jusad cooling rate following
hot rolling € /9).
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For most of the 0.2% yield strengths (Y@ average value of duplicate specimens
obtained from one torsion sample was used, except for the specimens whose yield strength was
found to be affected by preexisting material defetitese single sample test® identified in the
Acomment 0 col umn . anbenifoem elorgatisnt(WERrepgovided anly f&r)
samplesvherefailure occurredafter necking.

Examples of stresstrain curves obtained from duplicate subsized tensile specimens of one
torsion sample are shown igure5.4. The tensile behaviors obtained from the duplicate
specimens were very similar, which indicatkdtthereproducibility of the subged specimens
was good and the data are suitable for evaluating mechanical properties-tmitbted torsion
specimensindividual stressstrain curves of all specimens are provided in Appendix B.

A portion of the specimens failed with limited elongatiand those specimeds not
providevalid tensile strength and elongation ddteacture analysis was conducted on some
specimens that failed with limited elongatiéiigure5.5 to Figure5.7 show example defects
observed at the specimen surface or fracture surface. The ddfests inFigure5.5 andFigure
5.6 appear as small sharp cracks and were isdile prior to tensile testing. During deformation
the feature appeared and opened due to plastic flow. In some cases, as shown by the example in
Figure5.6, surfacecracks developed in the flat portion of the tensile sample away from the neck.
In other cases as illustrated by the sampkEgure5.5, the defect was located at a corner within
the reduced sample section, opened with deformation, and developed a notch which localized
plastic flow leading to a low ductility measurement due to failure prior to achieving a true ultimate
tensile strengthiigure5.7 (a) shows the fracture surface of one defect associated with a neck
where noAametallic material, interpreted as an aluminsiticon oxide based on the EDStala
shown inFigure5.7 (b), existed on a flat facet interpreted to be similar to the sharp surface defect
in Figure5.6. It is apparenthat some inclusions remaining from the laboratory
steelmaking/casting process may have influenced the results for certain specimens.

The location of the cracledfect the stresstrain behavigras shown irfrigure5.8, in which
the stresstrain curves of duplicate specimens were presented. Curveduire5.8 shows the
tensile behavior of the specimen with the smoetallicaluminosilicatedefectshown inFigure5.7,
which resulted in a fracture before reaching the true ultimate tensile strength. CuRrgl2é5.8

shows the tensile behavior of the specimen withack locatednside the neck
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Figure5.4 Stressstrain curves of duplicates subsized tensile specimens:-{@p Bpecimens
coiled at 650°C with cooling rate of 40C/s and (b) NbBMo specimens coiled at 63C
with cooling rate of 20C/s.

Figureb.5 TestedvV-Mo steelsubsized tensilspecimen coiled at 650 € with cooling rate of
20C/s. Fracture was initiated d@he location indicated
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Figureb.6 Tested subsized tensile specimen ofiibb steel coiled at 600 € with cooling rate
of 40€/s. A crackon the specimen surfateindicated

Counts
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MnKa

i 2
A bl 1 PO T Ty §

(a) (b)
Figure5.7 (&) SEM image showing fracture surface oMb subsized tensile specime
(coiled at 650 € with cooling rate of 20 €/s) an(b) EDS analysigor
chemical composition of thaixed oxide inclusionwhich is pointed out in

(@).
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Figureb.8 Stressstrain curves of duplicate subsized tensile specirfiensV-Mo specimen
coiled at 650 € with cooling rate d20 €/s . Curve 2correspondto the specimen
shown inFigure5.5. The specimen shown in curve 1 was detected with surface
defect which affected ductility measurement.
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Figureb5.9 Stressstrain curves of duplicate subsized tensile speciftensNb-Mo specimen
coiled at ®0 € with cooling rate of40 €/s . Curve 2correspondto the specimen
shown inFigure5.6.

Development of therack duringplastic deformation resulted inreduced loagtarrying
ability. Surface defects developed away from the neck during plastic deformation did not
necessarihaffect the stresstrain behavior, as shown kigure5.9. Curve 2 inFigure5.9 shows
the tensile behavior wheasharp crack existed the flat portion of the tensile sample away from
the gage length of the specimamd is very similato curve 1,for which noobviousflaw was
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detectedn the specimenAll of the subsized tensile specimens were examined ussteyeo

microscope and the detected defects are summarized in Appendix B.

5.2 Matrix Microstructure Characterization via LOM

Specimengor LOM were prepared from 5 steels using 6 different processing conditions
for each. The specimens were examined at a position on the plane where the shear strain equals the
equivalent strainRigure4.2). Microstructures for the 5 steels: -Mio, Nb-Mo, V-Mo, Ti-Cr and
High-Ti are shown irFigure5.10to Figure5.14, respectively, andrediscussed further in the next
section.

Kraussdiscussd the vaious ferrite morphologies employing classification from the
International Institute of Welding (IIM[61], which are briefly reviewed here aatcused to
descrile the matrix microstructure the current studyPolygonal ferritg PF)forms at high
austenite transformation temperatagth slow cooling rates and is featured with equiaxed ferrite
grains separated by continuous, linear boundagiaastpolygonal ferite (QF) usually forms
when passindirectly fromthesinglephase austenite regionttesingle-phase ferrite region with
limited partitioning of carbon between austenite and feratedfeaturesoughly equiaxed grains
but irregular grailoundariesAcicular ferrite(AF) forms at high cooling rates in the intermediate
temperature transformation range, &aturesaligned and elongated grair@tanular ferrite
(GF), or granular bainit¢GB) also forms at intermediate transformation temjpeearange, and
consists ofyranularMA islands in a featureless matrixeatures observed in experimental
specimens arimdicated in the microgragshown inFigure5.10to Figure5.14, and summarized
in Table5.2. The darketchedconstituent®bserved in certain specimens were not further
investigated at higher magnification, aa@ termed as secondary constituents (SC) in the
micrographs

The ferrite grain size was not quantitatively analyzed for all of the specimens in this study,
as some fthe boundaries were not clearly revealed using the current etching methods. EBSD
techniques or further etching development would be needsl/edlop samples from which

accurate grain siz@easurements could be obtainedome specimens.

5.2.1 Effects of Preessing Conditions on the Matrix Microstructure

Figure5.10aand 5.10, Figure5.11aand 5.1b, Figure5.12aand 5.1D, Figure5.13aand
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5.13 andFigure5.14aand 5.14 show the microstructures ftive 5 steels coiled at 650. Each
specimen is primarily composed of polygonal ferrite, with varying fractiofis®{dark etching)
C-rich constituentskigure5.15 shows micrographs aheTi-Mo and \AMo steels at lower
magnification. It was revealed that at coiling temperature ok5=0Jower cooling rate resulted in
more fraction of equilibrium phases, suchtasV-Mo specimens coiled at 63D, as shown in
Figure5.15, the one with a higher cooling rate of 20 €/s showed a banded pearlite feature (dark
etched), with a greater fraction ofri€h constituents than the specimen with a cooling rate of 40
Cls.

Figure5.10c and 5.10dFigure5.11c and 5.11dFigure5.12c and 5.12dFigure5.13c and
5.13d andrigure5.14c and 5.14d show the microstructures of the 5 steels coiled & .04
steel TtMo and NbMo, the matrix was polygonal ferrite with small fractions of second phases,
while low temperature transformationoplucts appeared in steelsMo, Ti-Cr and HighTi.

These low temperature transformation products are better viewed at higher magnification in
Figure5.16. For V-Mo, acicular ferrite is the dominant microstructure at 600 €, and for the
specimen cooled at 40/s, there is a greater fraction of martensite/austenite (MA) constituent.
For steel TCr, the matrix is composed of qugmlygonal ferrite, and for the specimeooled at
20 €/s, a small fraction of acicular ferrite was observed. For steel-Higthe matrix is mainly
composed of quagiolygonal ferritewithout substantial MA constitueriome etching evidence
of substructure was also observed, which is kntawlre a feature of quapblygonal ferrite $1].

Figure5.10e and 5.10fFigure5.11e and 5.11fFigure5.12e and 5.12ffFigure5.13e and
5.13f andrigureb.14e and 5.14f show the microstructures of the 5 steels coiled at 55@l€cted
microstructurest higha magnification are shown iRigure5.17. The matrix microstructures are
primarily composed of granular ferrite/bainitéith MA islands.

The results show that theitng temperature haamore significant influence on the base
microstructure than cooling rate in this study. A transition from polygonal ferrite to low
temperature transformation products occurred with decreasing coiling temperature for all of the
stees, indicating that the transformation from austenite to ferrite occurred during the coiling
periodfor thecooling rates of 20 €/s or 40 €/xonsidered in this workA decrease of coiling
temperature from 650 € to 600 € resulted in a finkasemicrostucture particularlyfor stee
Nb-Mo, V-Mo and TtCr, as shown ifrigure5.11, Figure5.12 andFigure5.13.
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Figure5.10 Light optical micrographs of TMo steel, etched with 3% nital for 15¢

46



,"‘.'3&“@",:‘/"@5

X .‘ ,:!' S0 m um| S"L» ‘ -
(e) Coollng Rate 4OC/S C0|Ied at 550€ (f) Coolmg Rate: ZOC/s C0|Ied at 550C

15

AS'-.‘
v 15“,' o

Figure5.11 Light optical micrographs of NMo steel,etchedwith 3% nital for 15s.

47



(e) Coollng Rate: 4OC/S C0|Ied at 550C (f) Coollng Rate: Ké'OC/s Coiled at 550€

Figure5.12 Light optical micrographs of Mo steel, etched with 3% nital fa5s.
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(e) CoolingRate: 40€C/s; Coiled at 550C  (f) Coollng Rate: ZOC/S Coiled at 550C

Figure5.14 Light optical micrographs of Higlii steel, etched with 3% nital for 15s.
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Table5.2i Summary of Matrix MicrostructureSharacterization

Steel/Conditions Matrix Microstructures
65040 | polygonal ferrite+ small fraction of secaamy C-rich constituentt&SC)
65020 | polygonal ferrite+ small fraction agfecondry C-rich constituent&SC)
Ti-Mo 600-40 polygonal ferrite
60020 | polygonal ferrite+ small fraction afecondry C-rich constituent&SC)
55040 granular bainite/ferrite
55020 granular bainite/ferrite
65040 | polygonal ferrite+ small fraction agfecondry C-rich constituent&SC)
65020 | polygonal ferrite+ small fraction afecondry C-rich constituent&SC)
Nb-Mo 60040 polygonal ferrite
600-20 | polygonal ferrite+ small fraction agfecondry C-rich constituent&SC)
55040 granular bainite/ferrite
550-20 granular bainite/ferrite
65040 | polygonal ferrite+ small fraction afecondry C-rich constituent&SC)
650-20 polygonal ferrite+seconary C-rich constituentsSC)
V-Mo 600-40 acicular ferr@te+MA
600-20 acicular ferritee MA
55040 acicular ferritetMA
550-20 acicular ferritetMA
65040 | polygonal ferrite+ small fraction afecondry C-rich constituent&SC)
65020 guastpolygonal ferrite
High-Ti 60040 guastpolygonal ferrite
600-20 guastpolygonal ferrite
55040 granular bainite/ferrite
55020 granular bainite/ferrite
65040 | polygonal ferrite+ small fraction afecondry C-rich constituent&SC)
65020 polygonal ferrite+seconary C-rich constituentsSC)
Ti-Cr 60040 acicularferrite+ quasipolygonal ferrite
600-20 acicular ferrite+ quagpolygonal ferrite
55040 granular bainite/ferrite
55020 granular bainite/ferrite

*Processing conditions are designated according to the coiling tempetjuaad cooling
ratefollowing hot rolling € /9)
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Figure5.16

Higher magnificationight optical micrograph®r selected steels at 6€0
coiling temperatur¢a) V-Mo steel with cooling rate of 40C/s, (b)Wlo
steel with cooling rate of 20€/s, (c) ICr steewith cooling rate of 20C/s
and (d) HigRTi steel with cooling rate of 20C/s.
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Figure5.17

o (d)

Light optical micrographat higher magnification for low coiling
temperature (55€ ) and high cooling rate?Q€/s) conditions of(a)
Ti-Mo steel, (b) NBMo steel, (¢) ¥Mo steel, (d) THCr steel and (e)

High-Ti steel.
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5.2.2 Effects of Microalloy Additions on Matrix Microstructure

The average grain sizes for the specimens of the 5 steels with polygonal ferrite
microstructure (specimens coiled at 650 € with cooling rate of 40 @&/sjemeasured usinthe
linear intercept mébd andareshown inTable5.3. Amongthe 5 steelsvhereapolygonal ferrite

microstructure is presernheNb-Mo steel has the finest microstructure compared walother 4

steelsThe NBMo microstructure was also finer at the other coiling temperatiiiesvell known

that the presence of microalloy additions such as Nb, Ti and V in steel can effectively retard
austenite recrystallization and these elements aemmo n | y

used

to obt ai

to obtain finer microstructures. Previous researéhljas shown that among the microalloying

elements employed for austenite conditioniNb,is reported to be the most effective (Eigure

5.18), which explainsvhy Nb-Mo steel had the finest microstructure in the current study, as the

same rolling schedule and cooling profile was applied to all 5 steels.

Table5.371 Grain Size of Specimens with Polygonal Ferrite Microstructure of 5 S(663 C
coiling and40 €/s cooling rate)

Steel

Ti-Mo

Nb-Mo

V-Mo

Ti-Cr

High-Ti

Grain size (um)

11.2

5.8

15.3

12.4

9.4

Figure5.18
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Figure5.19 shows theTi-Mo and HighTi microstructures at higher magnification. Both
specimens were coiled at 600 € following cooling at 20 €/s. Compared with the more
conventional polygonal ferrite igsrostructure in the TMo specimen, the Higfii specimen
exhibited a ferrite matrix designated here as gpaligonal ferrite $1], which exhibits irregular
grain boundariesMore importantly, both of these steels contain very low fractions of second
constituentlt is reported that quagiolygonal ferrite forms in lovC steels when passifigm the
singlephase austenite regionttee single phase ferrite regiowith rapid cooling, suppressing the
partiionngof car bon bet ween austenite andb5fAsrrite
Ti is known to be a strongffrite stabilizer Figure5.20), a higher Ti content in the steel would
enlarge the ferrite region and increase the transformation tempehatcoenbinationwith
reduced solute carbon associated with any TiC formation in austenite, the elevated transformation
temperature apparently helps to promote completion of ferrite formation at higher temperature and
reduced second constituent fractions.

A comparison betweeRigure5.10 andFigure5.13 showsthatthe Ti-Mo and TiCr steels
had similar microstructures at coiling temperature of 650 € and 556 the specimens coiled
at 600 €, as shown irFigure5.21 with higher magnificationthe T+Cr specimens showed more

low temperature products compared to the polygonal ferrite mattine@i-Mo specimens.

Figure5.19 Light optical micrographs of (a) ”o and (b) HighTi. Both specimens
are coiled at 600 € with cooling rate of 20 C/s.
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Figure5.21 Light optical micrograph of (a) o steel and (b) FCr steel. Both
specimens were coiled at 600 € with cooling rate of 20 €/s. TheCTi

specimen exhibited more low temperature transformation products th
Ti-Mo specinen.

It was mentioneth Section 2.2 that thelANOHITEN® steelis reported to beomposed
of polygonal ferrite with grain size of about 3 um, withdbe presence of pearliter coarse
cementite The matrix microstructures presented above for the Sdteelrrent study revealed
that the specimens with higher coiling temperature were mostly composed of polygonal ferrite
with varying amounts of secondr€h constituents. However, the graizes of most ofthe
specimens with polygonal ferrite ameuchcoarser than reported f?BlANOHITEN®, which is
possibly due to the rolling schedule and cooling profile adopteatié@leeble® 3500 torsion test.
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Finer microstructuremight be obtained with lower finish rolling temperature or larger applied
strains.Since rolling schedule was fixed in current study, experiments could be designed to

obtained finer microstructures.

53 Precipitate Characterization

While in-depth precipitate characterization would help to achieve the desired
understanding of precipitate morphology and precipitation behavior in these steels, advanced
characterization was outside the scope of thetidSistimeframe for this work. Inhis section,
selected characterization of precipitates on TEM extraction replica specimens is provided. The
current study on 5 microalloyed steels is implicitly focused on the presence of extensive nanoscale
precipitation anan understandintheir morphobgy.

ExampleTEM bright field images of the carbon extraction replica specimens of the 5 steels
areshown inFigure5.22 to Figure5.27. Particles with varying sizes were observed, and a
significant amount of fine particles were detected in most of the specimens, as indicated by the
arrow in the figuredDue to the low contrast ¢iiese small precipitates and resolution capability, in
some cases the nanoscale precipitates could not be detected with the presence of large particles or
features with higher contrasts shown irFigure5.27. It is revealed irFigure5.27 (a) that with the
presence of a large particle, the small precipit@tieswnin the figure) were hardly noticeable,
while when the large particle was moved out of sight, the small particles were more visible, as
shown inFigure5.27 (b). So in the current investigation of nanoscale precipitates using TEM,
there were several specimens in which no nanoscale particles were detected, and this does not
necessarily indicate that no nanoscale precipitate exists in these specimens.

Chemical compsition was analyzed using energy disperspectroscopy (EDS) am
region whereseveralprecipitates were detected, to characterize the type of precigitateEnt
With thelimited capability ofthe Philips CM 200 TEM|t was difficult to obtain the cmposition
of a single particle. Examples of nanoscale precipitates observed in the 5 steels and corresponding
EDS spectareshown inFigure5.28to Figure5.32. The EDS spectra indicated that the
microalloying additionsvere incorporated in the particlesich as irFigure5.28 (b), both Ti and
Mo peaks were detectelxcept for VMo steel Figure5.30b), in which only the V pak was
detectedTi-Mo, Nb-Mo, Ti-Cr and HighTi specimens all showed peaks of added microalloying
elementsalong with Mo or CrThe types of precipitates present could be generalizedxasl
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microalloyed carbides.

(e) Coollng Rate@40€/s CoHe@SSOC (f) Coollng Rate@ZOC/sCHed@SSOC

Figure5.22 TEM bright field images ofarbon extraction replicas showiptecipitates in
Ti-Mo steel.
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