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Abstract

Microalloyed steed derive their superior properties from the introduction of microalloying
elements (titanium (Ti), niobium (Nb), and vanadium (V)). These elements form various
carbonitride particles at different stages of production. Titanium nitride (TiN) has the lowest
solubility limit in the liquid and solid, resulting in the formation of coarse-fith particles
(micron size) in the liquid during solidification and fine TFilh particles (some tens of
nanometes in size) in austenite. The coarse Tildh particles decrease the ghuness of
microalloyed steels by acting as initiation sifier cleavage cracks. Conversely, the fine -Fith
particles increase the toughness of microalloyedssbgdtindering austenite grain growth during

homogenization and welding.

This study consids the effect of Ti and N concentrations on the sizes, compositions, and volume
fractions of the coarse and fine TFii¢h particlesin several asolled steelsAlso, the type of
precipitates in an asast steel @wsstudied.Scanning electron microscopy (SEM) equipped with
energy dispersive Xay (EDX) analysis was used to measure the sizes and compositions of the
coarse TiNrich particles. Scanning transmission electron microscopy (STEM) equipped with
EDX was employed to meare the sizes and compositions of the fine-fidk particles. Matrix
dissolution was performed to extract the coarse and fineri€iNparticles and measure the
concentration of Ti in the matrix through inductively coupled plasma (ICP) analysis of the
supernatant solutions. QuantitativerXy diffraction (QXRD) analysis was conducted on the XRD
patterns of theparticlesextractedvia matrix dissolutiorto measure the volume fractions of the
particles. The Schefbulliver solidification model was employed gain insight into the coarse

TiN-rich particle characteristics.



The results showed that an increase in the product of the nominal Ti and N concentrations led to
an increase in the size and volume fraction of the coarseidhNoarticles. The compoghnal
analysis indicated that the coarse Fibh particles were not pure TiNut contained Nb. The
amounts of Ti and N bound in the coarse -Fith particles were subtracted from the nominal
concentrations to obtain the adjusted Ti and N concentrationfgokease in the product of the
adjusted Ti and N concentrations led to a decrease in the size and an increase in the volume fraction
of the fine TiNrich particles. The compositional analysis indicated that the finei€iNparticles
contained a largeconcentration of Nb in comparison with the coarse-fidi particles. The
characteristics of the coarse or fine Trildh particles at the quarterline and centerline locations
were compared, and no significant differences were observedtddyof the preipitates in the

ascast steel showed that the fine Tildh particles were absent in the@ast steel, indicating that

they form during the reheating (homogenization) stage. The measured volume fractions of the
coarse TiNrich particles were in good agmaent with the predicted values obtained using the
ScheitGulliver solidification model, except for the steel with the lowest nominal Ti and N

concentration product.
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1 Introduction

1-1 Statement of the problem

Micro-additions of transition metals, such as titanium (fippbium (Nb) and vanadium (V)are

made tolow carbon steel$o contribute toa combination of high strength, good toughness, and
weldability. Low to limited solubility of the (microalloying) elements in the presence of nitrogen
(N) and carbon (C) lead® tthe formation of their carbonitride particles at different stages of
microalloyed steel production. Generally, the production process of microalloyed steels comprises
two essential stages: continuous casting and thermomechanical controlled proGed<ii).

During continuous casting, partitioning of alloying elements into the liquid and their limited
diffusion rates in the solid result in microsegregation and macrosegregation of the alloying
element. Segregation caggbe concentrations of the alloyirgements in the liquid to exceed
their solubility limits, leading to the formation of coarse secondary phases, such -ashTiN
particles. Thecoarse TiNrich particlescanbe as large as several microns in size. The remainder
of microalloying elements thare not consumed by the stable coarse-fiGN particles will
precipitate as finer particles, such as fine -fidh particles with sizes in the range of tens of
nanometes, during postsolidification cooling or subsequent thermomechanical controlled

proaessing.

The coarse and fine TiNch particles affect the processing parameters and properties of
microalloyed steels. The coarse Tildh particles are ineffective at retarding austenite grain
growth and promoting fine microstructure. Also, the presefitkeocoarse TiNich particles in

the matrix @anadversely affect the mechanical propertietheproducts. Since these particles are
large and brittle in nature, they cleave and cause micraenatktion at the onset of significant
deformation1]. The particles have been found to act as cleavage nucleation sites during Charpy
V notch(CVN) tests, hence reducing the toughness of the gtgels

Conversely, fine TiNich particles improve heatffected zone (HAZ) toughness in weld samples
by retarding austenite grain growth during welding and promoting finer-weding

microstructures. This mechanism provideseffective method for toughness improvement over a



wide range of heat inpsif2]i [5]. Additionally, their hightemperature stability ensures that
austenite grain boundaries are pinned during reheating (homogenization) performed prior to hot
rough rolling, thereby limting austenite grain growth. Fine austenite grains provide a larger
number of nucleation sites for ferritic phases, which in turn improves the strength and toughness
of the produci{6], [7]. However, fine TiNrich particles can also influence the formation kinetics

of NbCrich particles by becoming their preferred nucleation sites during hot rolling. Comparable
lattice parameter values atite samerystal structuréor TiN-rich and NbGrich phases promote
epitaxial nucleation of Nb@ich particles orthe fine TiN-rich particles by reducinghe energy
barrierfor nucleation(8]. In addition, the presence of Nbtime fineTiN-rich particles affects the
available Nb for precipitation during hot rolling of-Gontaining Nb steels, which iarn further

complicates the kinetics of Nbh precipitation.

To exploit the beneficial effects of fine TiNch particles and minimize the detrimental effect of
coarse TiNrich particles, it is necessary to be able to quantify the effect of Ti and N concentration
on their sizes, compositionsnd volume fractions.fle small amount of Ti added to microalloyed
steels leads to the formation of particles of varying sizes and small volume fractions. Normally,
the sizesand compositionsare measured using scanning electron microscopy (SEM) and
transmission electron micragay (TEM)equipped with energy dispersiver®y (EDX) analysis
Several techniques have been used to quantify the volume fractions of the particles, including
using equilibrium calculations based on the solubility lif@{$[12], evaluating the particles area

per measured sample arda], estimating the volume fractiahrough the number densitf
particleson replicag14]. However, these techniques offer limited reliability due to the limited
volume of the material analyzed. Additionally, some studies have used matrix dissolution methods
to analyze larger volumes afaterials. These studies rely on inductively coupled plasma (ICP)
analysis of the dissolved matfik5] or the extracted particl¢$6]i [19] to measure the amount of
alloying elements in the precipitates. However, this technique cannot distinguish between different
types of particles (fine or coarse), rendering it less practical. Recently, a number of siudies h
applied quantitative Xay diffraction (QXRD) analysis to measure the volume fraction of the
particles extracted with the matrix dissolution method. The technique enables researchers to
distinguish different types of particles aadanalyze a relativg large volume othemicroalloyed

steel.



1-2 Objectives
The study is conducted to realize the following objectives

1- To study the effect ofarying Ti and N concentrations dhe size, composition, and volume

fraction of fine and coarse Tihch particles.

2- To measure the volume fraction of fine and coarse-fiGdN particles usinghe matrix

dissolutionand QXRD analyse

3- To compare the characteristics of fine and coarseritiN particles at the quarterline and

centerline locationsf the thicknessfosteel strip
4- To compare the findings with the available commercial modeling software (ThermoCalc).
1-3 Ouitline of the thesis

Chapter 2 provides literaturereview d microalloyed steels, fine and coarse Tibh patrticles,

and the characterization methods commonly used to analyze such particles. Chapter 3 presents the
experimental methods used to characterize the partiokesthe commercial steels studies in this

work. Chapter 4 presentd discussethe resultobtained The conclusions and recommended

future work are provided i€hapter 5.



2 Literature review

This chapter starts with an introductionruocroalloyed steels and their production process. It
follows with a review ofthe studies investigating the effect of coarse and fine TiN particies
microalloyed steelsThis is followed witha review of the characterization methods used to study
the cabonitrides of microalloying element8he chapteconcludes with a summary.

2-1 Microalloyed steels

Microalloyed steels account for over 10% of global steel produf@@n[21]. Microalloyed steels

are extensively used in pipelingal], shipbuilding[22], automotive part$23], and structural
applicationd24]. They are attractive for their high strength, with yield stresgtithe range of
350800 MPa compared to mild steels wigkeld strengts of 150200 MPa in the asolled
condition[20]. Due to their higher strength to weight ratio, gitbng microalloyed steels for

mild steels results in more efficient designs. A reduction in component weight leads to savings
such as manufacturing savings in materials, transport, handling, and weldingsostd as

operational savingdue toincreased pumping capacitidésr pipelines[25], [26].

The advantages of microalloyed steels originate from their chemical compasiitrough it is

feasible to increase the strength of mild steels by adding carbon, maintaining the toughness and
weldability of the alloy imposes certain restrictions. In microalloyed steels, the limitation in carbon
content to amounts less than 0.1%vis compensated by introducing alloying elements and by
employing a variety of strengthening mechanisirable 2.1 lists the commonly used alloying
elements and their rol¢25]. Microalloying the steel with elements such as Nb, Ti, and V, either
singly or in combination, in amounts less than 0.%wis the characteristic chemical composition

of microalloyed steels.



Table2.1i Major alloying elements in microalloyed steels and their influg@éé

Element | Amount in HSLA (wt.%) | Influence
C <0.25 Strengthener
N <0.012 Forms TiN, VN and AIN
Delays austenite decomposition during accelerated
Mn 0.52 _ ' ' ,
cooling / mild solid solution strengthener
Si 0.1-:0.5 Deoxidizer in molten steel / solid solution strengthe
Very strong ferrite strengthener / grain sizetcol /
Nb 0.020.06 .
delays 292 to U transforn
Ti 0-0.06 Grain size control (TiN formation)
Vv 0-0.1 Strong ferrite strengthener
Ni 0-0.5 Increases fracture toughness
Cr 0-1.25 Improves atmospheric corrosion resistance

Existing studies ommicroalloyed steels demonstrate that the significance of the microalloying
elements is, to a large degree, related to their potential to precipitate at desired temp2@gtures

[25], [27], [28] The precipitation occurs due to their limited solubility in the steel matrix in the
presence of C or NFigure 2.1 compares solubility limits of the carbides and nitrides of
microalloying elements. These carbides and nitrides can be categorized into thriOlypgpe

| precipitates are the highly stable ones; they exhibit limited solubility even in liquid. Coarse TiN
particles (in the range of micrgnbelong to thigype Theyform in the liquid steeland persist
throughout the steel production process. As the temperature drops and the steel becomes austenitic,
the opportunity arises for Type Il carbonitrides to form (fine particles). They are typically finer, a
few tens of nanometer in size. Their ability to retard grain growth or recrystallization of deformed
grains plays a significant role in achieving hsfrengthandhigh-toughness. Type Il carbides of

V and Nb precipitate duringhe austenite to ferrite phaseanhsformation, nucleating on the
advancing 92/U interface, or after the transfoc
ferrite. Precipiate strengthening in microalloyed steels is mainly due to teesal precipitates

with diameters of abodit-5 nm[25], [30], [31]

The following section providea brief description of the production process of microalloyed steels.
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Figure2.1i Solubility products for the carbides and nitrides of microalloying elements in the

liquid, austenite, and ferri{@2].
2-2 Steel processing
This section presents a reviewtbé& main productiontages of microalloyed steels.
2-2-1 Continuous casting

The majority of the steel produced in todagteel industry is cast via continuous casting
technology[33]. Figure2.2 shows a schematic of a continuous caster. During casting, molten steel
with desirable composition and temperature is poured into a ladle from which it flows down into
a tundish adtheninto a watercooled copper mold. In the mold, enough heat is extracted to form

a thin solid shell of steel next to the mold walls. While the solid shell enveloping the molten metal
moves downward, more heat is extracted, and the shell grows imtaickness. As solidification
progresses, due to the lower solubility of alloying elements in the solid than that in the liquid,
partitioning of the elements occurs, and the liquid increasingly becomes enriched in the elements.
Typically, a significant prtion of solidification advances in the form of columnar dendrites. The
elements segregated to the front of the primary dendrites result in centerline segregation or
macrosegregation, and the elements segregated to the side of the primary dendrit@s result
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microsegregation. When segregation is severe enough, the concentration of the dissolved elements
in the liquid may exceed their solubility limits, and other phases, such as TiN particles, may form
during solidification[34], [35]. A common practice is that the slabs are left to coanient
temperature, and then additional processing steps are carried out. Continuously cast slabs are
usually semifinished products and subsequently undergo further processing, including reheating

and hot rolling to the desired thickness and shape.

Ladle Molten
Steel

Submerged Entry Nozzle

Meniscus

Torch Cutoff
Support roll Point
Solidifying
Shell
Spray Metallurgical
Cooling
Strand

Figure2.2i Schematic of continuous casting of st&é].
2-2-2  Thermomechanical control processing (TMCP)

Modern pipeline steel manufacturers employ a combination of contrbikedrolling and
accelerated cooling to tailbrh e  Propertids o sustomer specificatioRggure2.3 shows the

main production stages and mistuctural evolution occurring in a production process known as
TMCP[37]. The utilization of microalloying, along with TMCP, is a cestective way to produce
skelpthat satiskesmechanical requirements while keeping carbon content at low levels to preserve

its weldability.
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Figure2.3i Schematic of TMCH25].

TMCP begins with reheating the slabs. To make the forming process more accessible, the slabs

are placed into a furnace and heated to the
t o 1300 gasdaking, Bame tramsition metal carbides and nitrides are dissolved, and the
opportunity for homogenization of segregated alloying elements is provided. The high temperature
accelerates the dissolution of carbides and nitriddssaslutionis a diffusio-controlled process.
However, TiN particles are stable in austenite within these temperature ranges and limit the
deleterious austenite grain growth.

Following homogenizatignthe slab undergoes several rolling passes, during which repeated
recrystallizaion modifies the microstructure and results in substantial refinement of austenite
grains.Depending on the degreetbk deformation static or dynamic recrystallization could take
place Subsequently, finish rolling takes place at temperatures bislewonrecrystallization
temperature. During finish rolling, the stramduced precipitation of carbides, nitrides, or
carbonitrides delays recrystallization of deformed austenite grainsgtimgsn accumulation of
retained strain and formation of pancaked grains and deformation bands. The conditioned
austenitic microstructure provides additional nucleation sites for austenite decomposition to ferrite
in the following steps. Further nucleati sites and finer microstructerean be achieved by

suppreldstngnoformation start temperatures v
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rolling. The cooling rate affects the final microstructure. Slower cooling rates favor the occurrence
of reconstructive phase changes (ferrite and pearlitb)le faster cooling rates favor more
displacive transformations (bainite and martensite). Depending on the process design, the cooling
process stops at a specific temperature and the warm strip is Gbiéeklatively high temperature

and slow cooling rate of the coils promate formation of naneprecipitates (<10 nnfyom the
microalloying elements, which did not precipitate in the austenite rég@d25], [37]. Since the
nanoeprecipitates nucleate on dislocations, the plastic strain (irentedislocaton density)
resulted fronthe coiling process could promote their formation. However, it is possible that the

recovery of dislocations may take place betbeprecipitation beging38].

The final prodat contains several types of carbides, nitrides, or carbonitrides of transition metals,
including coarse TiN and fine TiN particles. The importance of coarse and fine TiN particles on

the processing and properties of the steel prodsictyiewed next.
2-3 Coarse TiN particles

This section presents a review of the role of coarseriGilNparticles in microalloyed steels and

the effect of Ti and N concentrations on the coarse TiN particles.
2-3-1 The role of coarse TiN particles

TiN particles forming duringsolidification are large. Due to their brittle nature, they adversely
affect the product toughness and fatigue performance by acting as initiation sites for cleavage
fracture in toughness teqt®39]i [44]. A study on the effect of Ti and N concentrations on the
fracturetoughness of microalloyed steels has been conducted by Yarj4dt]alhey examined

two steels with similar compositions (except for Ti and N concentrations) and similar production
processes. The Charpy-notch (CVN) tests showed that the steel with higher Ti and N
concentratios exhibied lower toughness even at room temperature. For all tests carried out on
the steel with higher Ti and N, the initiation sites for cleavage fracture were traced back to a coarse
TiN particle. The initiation site for cleavage fracture in thiher steel at196 °C was determined

to be the notch itself. In their earlier wgek], they studied three steels with different Ti and N
concentrations and conducted CVN tests on the reheated and thermomechanically processed
plates. The highest absorbed enesgt room temperature ané0 °C were obtained for the steel

with the lowest Ti and N levels. The observation was attributed to the absence of coarse TiN



particles in the steel with the best performance. Their equilibrigltulations of maximum
solubility of Ti and N in austenite showed that the TiN phase started to form at temperatures below
solidus in the steel which showed the highest toughness values. On the other hand, the coarse TiN
particles acted as nucleation sifes cleavage crackand significantly reduced the absorbed
energy for the steelsherethe product of Ti and MoncentrationgTi-N value) was larger than

the TiN solubility limit in austenite.

The detrimental effect of coarse TiN particles on the toaghmf heaaffected zones (HAZ) of

welds is also well establish¢tl], [45], [46]. Fairchild et al.'s investigatidi] of the toughness of

two steels containing 0.011 and 0.048 wt.% Ti showed that the steel with higher Ti concentration
exhibited lower cleavage resistance over a wide range of microstructure resulting from simulated
HAZ experiments. Their SEM studies of the fracture surfaces revealed that coarse TiN particles
(larger than 0.5 em) acted as cleavage initisze
cleavage crack initiation sites in the steel with lower Ti coma&nh. Additionally, Fairchild et

al.[1] found crack initiating TiN particles were broken in h#digure2.4), and the complemeaty

TiN particle halves were detected on the mating faces of the fractured surfaces. It was suggested
that instead of debondinigeparticlematrix interface, applied stress cleave coarse TiN particles,

which in turn transfers the crack into the matrix. A similar mechanism of cleavage crack nucleation

and propagation has been reported43y.

.V Sputﬂlgn; Det WD p———— 2um Y SpotMagn Det WD

BAOV 4D t3000x SE 108 POOKY 40 12000x SE 114

Figure2.4a) Fractured coarse TiN particles at cleavage origin. bs&bend half of the particle
in (a)[1].
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2-3-2 The effect of composition on coarse TiN particles

The characteristgof coarse TiN particleareaffected by the composition tife steel, namely Ti

and N concentrains. The size of coarse TiN patrticles decreases as the Ti and N concentrations of
the steel decreas¢44], [47]i[49]. A decrease in N concentration that is absorbed from the
atmosphere or introduced by ferrotitanium alloys has been shown to decrease the amount and size
of coarse TIiN particles in microalloyed ste@9]. Linaza et al.'s investigatiof#4] of Ti-
containing forging steels showed that an increase in Ti concentration (and Ti-N value) resulted in
the formation of larger coarse TiN particles. A similar analysis was conducted by Zharig5t al.

on steels microalloyed with Ti. Their optical microsegmalysis of coarse TiN particles showed
thatan increase in the Ti concentration led to an increase in the average size asmwgltesase

in the maximum observegize of coarse TiN particles. When the Ti concentration was low enough
(0.006 wt.%Ti and 0.0061 wt.% IN no coarse TiN partickaveredetected, and the steel showed

the best fracture toughness.

In addition to size, the concentration of Ti and &h affect the volume fraction of coarse TiN
particles[13], [44]. Shen et al[13] measured the volume fraction of coarse -Tidh particles in
several mediuatarbon MnB steelswith compositions of 0.17 -@.2 Mn-0.002 B(0.0090.039)
Ti-(0.00580.0107) N (all in wt.%usingoptical microscopyTheir findings shown inFigure2.5,
demonstrated an increase in the volume fraction of coarse TiN particles as the Ti-N values

increased.
2-4  Fine TiN-rich particles

This section provides a review of the role of fine Fibh partcles (few tens of nanomesan
size) in microalloyed steels and the effect of Ti and N concentrations on the characteristics of the

fine TiN-rich particles.
2-4-1  The role of fine TiN-rich particles

Fine TIN particles restrict austenite grain growth duringréieating of slabgzigure2.6 shows

the effect of several alloying elements on the grain coarsening temperature (the temperature at
which grain coarsening becomes significant) in low carbon steels (<0.4 ®n-0.25 Siall in

wt.%). Alloying with Ti and subsequent formation of TiNsheeen shown to be more effective
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than alloying with Al, V, or Nb in retarding grain growth during soaking at temperatures between
900 and[ba.300 eC
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Figure2.51 Volume fractiors of coarse TiN particleas a function of Ti-N valuesdetermined

using optical microscoppi3].
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Figure2.6i Effect of the concentration of microalloying elements on the grain coarsening

temperature of austenifg0].
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Studies on the effect of fine TiN particles on austenite grain size in simulated coarse grain heat
affected zones (CGHAZ) have shown smaller austenite grain sizesconfBiining steels. The

addition of 0.012 w6 Ti to low carbon steel has been showdetay austenite grain growth by

means of TiN pining effects[51]. Similar improvement in the control of austenite grain size in
simulated CGHAZ has been reported by Hamada f2jl.The simulated HAZ experiments were
conducted on a series of steels with a composition of 0:06 G/n-0.045 \*0.5 Nb0.011 T

(0.0012 t00.0(84) N(all inwt.%). Figure2.7 shows the measured austenite grain size as a function

of N concentrations after undergoing ther mal ¢
e CThe figureshows that austenite grain size decreases as N concentrationaacfeasTEM

analysis of carbon replicas showed that the increase in the N concentration from 12 ppm to 84 ppm

resulted in a decrease in the sizéhaffine TiN particles from about 0.1 pum to about 0.01 pm.

Water quenched simulated HAZ
\ Open mark:1400C X5 sec.
200+ © \, Solid mark1350C X5 sec. -

I

100

Austenite grain size ( xm)

Total N (ppm)

Figure2.7i Influence of N concentration on austenite grain size after simulated HAZ

experiments and water quenchib@].
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2-4-2  The effect of composition on fine TiN particles

The Ti and N concentrations in steels affect the size of fine TiN particles. Kasamatg5&t al.
measured the size of fine Tith particles in severateels with a base composition of 0.13 C
0.35 Si1.45 Mn(all in wt.%)and a variety of Ti and N concentrations. Their findings showed that
an increase in the concentration of Ti or a decrease in the concentration of N increases the average
size of the findiN-rich particles. An increase in Ti concentration from 0.009 to 0.028 {006
wt.% N) resulted in an increase in the average size of the fineriGhNparticles from
approximately 30 nm to 45 nm. It has been suggested that the coarsening ratipitdjeecould
be lowered by introducing excess nitrogen beyond the stoichiometri¢54iti/nder equilibrium
conditions, the concentration of Ti left in the solution can be determined by the solubility product
of TiN at the tenperature of intereskigure 2.8 shows the solubilityproductcurve for TiN in
austeniteat 1300 °CThe figure also showhat anincreag in the N concentrationaugsa lower
amount of Ti to remain in the solid solutionsibg the Wanger equatigB5], the coarsening rate
can be related to solute concentrations:

i D % ogp

oY

where tis the precipitate radius attimedjrs t he preci pitate size at
energy athematrix/precipitate interface, D is the diffusion coefficient of solute M, V is the molar
volume of the precipitate, G is gas constant, T is the temperature in Kelvin, and [M] is the
concentration of the solute (ifithis casgin the matrix. Thus, increasing N concentrations beyond

the stoichiometric valueanlead to lower coarsening rates and smaller fine TiN particles.
2-5 Characterization of carbonitride particles

Several characte@tion methods could be used to quantify, directly or indirectly, features of the
carbonitride particles found in microalloyed steels. The following subsections summarize the

commonly used methods.
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Figure2.8i Effect of an increase in N concentration on the amount of precipitated Ti as TiN
[54].

2-5-1 Transmission Electron Microscopy (TEM)

In modern research facilities, several types of microscopes are available for analyzing the samples
at different magnifications. Optical microscopes are the easiest to use and can be used to observe
features as small as 2000 A. However, for practical mpepathey are not suitable for analyzing
particl es s Retérlesmlution canda acHieyeah ussranning electron microscopy
(SEM). SEM can be used to analyze particles as small as 50 nm. When employing field emission
type SEMs, finer particls (<10 nm) can be detectfgb]. When studying the size, composition,
morphology, and @stal structure of nansized particles, TEM is the technique of choice.
However, there is some limitation to this method. The high resolution of TEM inevitably means
that only a small region of the sample is studied at any one time, making the colt#ction
statistically significant data a demanding task. Subsequently, the volume fraction information
obtained with this method becomes less reliable as well, even when complex techniques are used
to measure the volume of thin foil samples. Another limitatibrmaging in transmission mode

is that the particles of interest may overlap. Also, the region of interest in the TEM sample should

be inevitably electron transparent. This requirement results in having to use specific sample
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preparation techniques. Geally, there are two methods of sample preparation for metallic

systems, thin fo and carbon replica extracti¢b?7].

For ductile materials such as metals, the preparation process of thin foils involves several stages.
First, a thin slice (<200 em) of the bul k mat
awafering sawa chemcal wire saw, or spark erosion. Then, using a mechanical punamna 3

disk is cut from the slicélhisis followed by mechanically or chemically gtt@ning or dimpling

the center of the disk down to abomdessis@one m t hi

through electropolishing or ion milling to achieve electron transpar@ity

The other specimen preparation technique is carbon replica extraction. A schematic of the steps is
shown inFigure2.9. First, the surface of the sample is polished and etched to expose the patrticles.
Then, a thin carbon film is evaporated onto the surface. The carbon film floats off when the

underlying matrixs etchedand is collected on a support gf&¥].

Bulk sample Etch surface
/ Extraction replica

IR,

Coat surface
Remove bulk

Figure2.9i Steps of sample preparation in carbon replica extraction mgifipd
2-5-2  Atom probe tomography (APT)

In this technique, atoms are removed from the tip of a sharp reealbed sample under intense
electric fields. The evaporated atoms (technically, now ions) subsequently strike a detector
recording the timing and position of the impact. The type of atoiaeintifiedby calculating the
massto-charge ratio of the ions using the applied voltage, the distance between the detector and
the tip, and the ion's time of flight. As the process continues, each atom and-laymmniare
evaporated and detect@aiB]. This makes it possible to reselthe atoms in the sample and
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therefore, the accurate compositiontlee matrix and particleAPT also provides the number
density and size distribution of precipitates. However, the vohirttee needl@nalyzed is small
e.g., 80 nm x 80 nm x 200 ni30)].

APT has been employed in several studies on microalloyed steels. Web§@}taded AR to
measure the concentration of remaining Nb in the matrix along withri¢hGparticles during
deformationinduced precipitation. Zhang et §60] employed APT to measure size, number
density, and volume fraction of interphase precipitates and studied the effect of microalloying
element concentration on the characteristitk@precipitates. The technique has also been carried
out to investigate the precipitation sequence inMamicroalloyed steel§61] and the evolution

of interphase precipitates in Nb high strength low alloySLA) steelg62].

2-5-3  Small angle neutron scattering (SANS)

The spatial and temporal resolution of SANS makes it a powerful characterization tool in the study
of the precipitation andissolution kinetis of particles in metallic systems. Bulk samples several

mm in thickness can be analyzed, and statistically reliable particle size distributions can be
obtained in a single measurement from a typical analyzed volume of ~20®inoe tle majority

of materials demonstrate low levels of absorption, it is possible to enclose the sample in an
appropriate heating sep and conduct ksitu analysisfor instance, in the study of the dissolution

of precipitates. Additionally, sample preparatics usualy quite simple. The samples can be
prepared through mechanical polishing and a final wash to remove @8&hseloweer, the
technique has some disadvantages. The size of the particles that can be analyzed is limited to 1 to
100 nm. The monodispersity of particle sizes cannot be confirmed solely based on SANS data, and

additional analysis of the sizes is required, faragle, by using TEN64].

Several researchers have employ@NS to take advantage of its characterizatiorteptial.

SANS has been used to measure the size and volume fraction of precipitates in maraging steels,
model IF steels, FEu steels, ultrahigh strength AF1410 steels, and microalloyed sfgé]s

[65]1 [68]. Wiskel et al.[56] employed SANS to study the average size, size distribution, and
numbe of carbonitride precipitates in several types of microalloyed steels, including X70 and
X80. Van Dijk et al.[69] have carried out hsitu SANS aalysis of high strength low alloy steels

at 910 °C to 1200 °C and studied the evolution of niobium carbonftadeles
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2-5-4  Matrix dissolution

The small quantity of microalloying elements in microalloyed steels leads to the formation of a
small volume fraiton of carbonitride particles scattergdroughoutthe matrix. Localized
characterization techniques provide higlality information on the morphology, sizructural
relationship of the precipitates with respect to the matndcompositionof individual particles
However obtaining such data for a statistically adequate number of particles requires employing
or adding a different techniqu&tatistically reliable data can be achieved by extracting the
particles by selectively gsolving the matrix. The dissolution of the matrix can be realized

chemically or electrochemically

For chemical matrix dissolution, several acids or haldggsed solutions have been utilized.
Typical acidic solutions used for matrix dissolution are @ HSQu. Brunckova et al[70]
reported extraain of Ti/Nb carbides precipitated in IF steels throutisolution ofthe matrix in
H>SQu. Hegetschweiler et a[71] used HCl and EBQy to extract Ti/Nb carbonitrides from
microalloyed steels. SuccessHCI acid extraction of Ti/Nb carbonitrides from microalloyed
steels has also been demonstrated byf72) and Chatelief73]. Moreover, solutions of2lin
methanol or ethanol have been shown to be capable of disstieirgn matrix while leaving
Ti/Nb carbonitrids behind[72].

Alternatively, one can take advantage of the difference in the anutgictials at whiclthe matrix

and particles of interest are dissolved in an electrolytic cell. The primary electrolyte used in this
type of matrix dissolution experiment is 10% AA solution (10% acetylacetori®o
tetramethylammonium chloride in methan@gveral researchers have employed the technique to
extract Nb(C,N)[74], TiC and TiN[75], and Ti/Nb carbonitridef72] from different grades of
steels. Howeveithe methoccan be timeconsuming compared to the HCI acid solution method
[72].

2-5-5 Quantitative X-ray diffraction (QXRD)

In recent studies, QXRD analysis has been employed to quantify the size, composition, and volume
fraction d the particles extractdaly matrix dissolutior[72], [73]. The method involvesbtaining

an X-ray diffraction (XRD) pattern of the particles and carrying out Ridtaealysig76] on the
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collected XRD data. The averaparticlesize is calculated based on the Scherrer equitign

given below

0

L V- R
where lyoi is volumewe i ght ed domain si ze, K' is a consta
X-ray,andb i s the integral b r @&i {BO].Nrheadlatiohshipdtwpem a kK | 0 ¢
Lvol and the average size (R) of a size distribution of crystallites can be expressed by the following
equation
. oYp Q.
0 — wE Q va oOx®
where G is the standard devi at i ovienthd particke si z e
show a lognormal size distributiomhe relative abundance of the phases present in the XRD data
is calculated using the following equation
o YO ow Ora
B YO oo -
where w s the relative weight fraction ofhase i in a mixture of j phases, 8Rhe scale factor
obtained from the Rietveld refinement, M is the masghefformula unit, Z is the number of

formula units per unit cell, and V is the volume of the unit [&4l].

A number ofrecentstudies have used this techniquestiodythe size, composition, and uaine
fraction of precipitates extracted with the matrix dissolution methodkt al.[31] extractedthe
carbonitrides of microalloying elementssing electrolytic and chemical matrix dissolution
methodsand evaluated the characteristics of the collected particles via QXRD analysis.
technique haalsobeen employed by Chateligt3] to study the precipitates forming in X70 and
heattreated L80 and T95 steels.

2-5-6 ThermoCalc

ThermoCalc softwarg82] uses CALPHAD methodology to provide a computational tool to
predict the characteristics of phases of specific materials systammsequilibrium stateln the
development stages of the softwates available information in the form of binary and ternary

19



systemshas been useid generate thermodynamic data that makes it possible to extrapolate the
characteristics of phases in higher order syst@wer ten alloying elementspas a function of

composition, pressure, and tempera{8a].

This model has been employed by several researthetady solidification and the effect of Ti
and N concentrations on the formation of T#¥], [48], [49], [84] Huang et al[84] used the
ScheilGulliver solidification model in ThermoCalc to study the solidification path and the solid
fractions at which coarse TiN particles forBchneider et al[48] compared the results of the
ScheilGulliver and DICTRA (DlIffusion Controlled RAnsformation) modules of the software
with their experimental findings and concluded that the Sdchailiver model is a better
representative afoarseTiN formation.Zhang et al[45] used the software to verify the absence

of coarse TiN patrticles in the steels with superior toughness properties.
2-6 Volume fraction measurements

Understanding the effect of TiN particles on steel properties reghieeharacterization of the
fine and coarse TiN particles. The size and composition of the pactarebeevaluated using
TEM/EDX and SEMEDX. However, studies have employed different methods to determine the
volume fraction of the particle& commonly usednethod isestimatingthe volume fraction of
thecoarse TiN particles based on the evaluatibtihearea fraction of the particles. fumber of
studies evaluated the volume fractions of coarse TiN partisiegthe point counting method on
the micrograps obtainedy optical microscopefl3], [85], [86] Li et al.[87] evaluatedhearea
fraction of coarse TiN particles and reporteé tesults as the volume fraction of the particles.
Fairchild et a[l] obtainedthe number per volume of coarse TiN particles via measutieg
number per area of the particles using an optical microsébtee, the amounts of Ti in the coarse
particles were estimated using the measured average size of the patsilmdar method ha
been used to convert the number densitytherdverage size of the fine TiN particles on carbon
replicas to therolume fraction of the particldd4]. Apart fromthe limited materialanalyzedn
these studiesthese methods rely on several assumptiorduding the spherical shape of the

particles with the same siamduniformity of particle dispersian

Additionally, thesolubility product limit of TiNhas been uset determine the volume fraction
of the coarse and fine particlg¢$1], [12], [88]i [90]. Gao et al[12] used the solubility product
limits of TiN to determine the volume fraction of coarse and fine TiN pastilsimilar approach
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has ber taken by Vega et dl88]. Medina et al[11] used equilibrium calculation to relate the
volume fraction othefine TiN particles to the observed austenite grain sizes during a 10 min heat
treatment at 1100 and 1300 “These studeeither neglect to consider the presence of coarse TiN
particles in calculathg the volume fraction ofhefine TiN particles or use thekibility product

to determine the volume fraction tife coarse particles as welkince solidification is notra
equilibrium process, the predicted valdesthe volume fraction of the coarse TiN particket

not be reliable.

Several studies havesedthe matrix dissolutionmethodto analyzea statistically significant
volume of materialdo determinethe volume fraction of th@iN particles.Hamada et al[52]
evaluated the quantity of fine TiN precipitates by chemical analysis of extracted residues and
reported the amount of Ti presemt the residuesA similar method has been employed by
Okaguchi et al[91] to study the influence of homogenization temperature on the tensile strength
of Ti-containing HSLA steeldoi et al.[17] alsodetermined the quantity of Ti in the fine TiN
particles by dissolving the extracted residues obtaumgdg electrolytic matrix dissolution
Combining the matrix dissolution method and the subsequent dissolution of the extractezbparticl
is a useful technique to determine the volume fractioiefine TiN particles wherhe nominal

Ti concentrationis low enoughso thatonly the fineTiN particles are present. When the coarse
TiN particles are preserthe evaluation becomes complicatétdang et al[15] used ICP analysis

of the supernatant solutionsbtained from the matrix dissolutieexperimentto determine the
volume fractions of coarse Ti(C,N) and fine (Ti,V)(C,N) particles in & HSLA steel. Their
calculation used the fact that V was virtually only present in the fine (Ti,V)(C,N) particles and the
Ti/(Ti+V) ratio of the fing(Ti,V)(C,N) particles were knowsSuch an analysmsanhave very limited
applicability in NBTi microalloyed steels since Nb is presentthie coarseand fine TiN-rich
particled92] and also forraNbC-rich particlesat higher temperatures thanlk thepresenstudy,

the measurement of the volume fractiontlod coarseand fineTiN-rich particles using QXRD

analysisis evaluated as an alternative technique.
2-7 Summary and objectives

The addition of Ti as a microalloying element results in the formation of co@ixsearticles
duringsolidificationand fine TiN particles in subsequent steps. Coarse TiN particles cleave under

stress applied during toughness tests and act as an initiation site for cleavage crack. Therefore, they
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should be avoided. On the other hande fTiN particles impede austenite grain growth during
reheating and welding and improve the toughness of the product. Several characterization methods
can be employed to study the particles. Each method has its unique advantages and corresponding
drawback.SEM/EDX and TEM/EDX have often been used to determine the size and composition
of the coarse and fine TiN patrticles, respectivelgwever, the methods employed for volume
fraction measurements of the camand fine TiN particlesely on the measuremenconducted

on a small area of the material or are based on the equilibrium calculations. Other methods that
make use of the relatively large volume of the matétialt isanalyzed with matrix dissolution
methodscombined with ICP analysisf the extracted particlescannot be used for Nbi
containing microalloyed steelsn the present study, thenplementation of QXRD analysis
considered as an alternative method for méagtine volume fractions of the caarand fine TiN

particles.

This workstudies the effect of the Ti and N concentrations on the characteristics of theatwohrse
fine TiN-rich particlesusing SEM STEM (scanning transmission electron microscopy) equipped
with EDX, matrix dissolution, ICPand QXRD analysisAdditionally, the thesiscompares the
characteristics of thearticles at the quarterline and centerlioeations andcompares the

experimental results with ThermoCalc software predictions
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3 Experimental procedures

Eight thick wall X70 microalloyed steels were selected for the study. The chemical composition
and conditions of the steels are discussed in SectioMBe preparation sequence and equipment
used for microstructural analysis of the samples are detailed io58@&. Section &3 describes

the carbon replica extraction method to prepare samples for SEM/EDX and STEM/EDX analysis.
Details of SEM/EDX and STEM/EDX analysis are provided in Sectiehs8d 35, respectively.
Sections & presents the steps takenthie matrix dissolution experiments used to extract-TiN

rich particles. Specifications of the equipment usedinductively coupled plasmmass
spectrometry ICP-MS) and XRD analysis conducted on the matrix dissolution products are
provided in Sections-Z and 38, respectively. Section3 details the quantitative XRD analysis

of the collected XRD data. SectionlB presents the configuration of ThermoCalc software

applied to simulate solidification and pesidlidification treatments.
3-1 Materials analyzed

The steels analyzed in this study were provided by EVRAZ Inc. NA. The chemical composition
of the steels is presentedTable3.1. The steels show thggical composition of a microalloyed

steel including the composition range for Ti and N. The Ti concentration varies from 0.014 to
0.023 wt.%, and the N concentration varies from 42 to 93 ppm, so the steels cover a wide variety
of Ti/N ratio and T@\ values. Except for 3/565, the steels were all cast and TMCP processed at
an industrial processing facility. The reheat, rolling, and laminar cooling-663Fwas conducted

using a pilotscale rolling mill.
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Table3.1i Chemical composition of studied steels.@a)

Cr+ N Ti® [Thicknes
Steel C | Mn| Si|N | Nb | Mo | Ti Tine| !
ppm (10%**| (mm)
+ Cu
T36-1 | 0.039| 1.59 | 0.27|0.85| 0.075| 0.16 | 0.023| 70 | 33| 1.6 | 19
T362 | 0.046| 1.62 | 0.25|0.85| 0.078| 0.12| 0.015| 42 | 36| 06 | 19
T36:3 | 0.04 | 1.56 | 0.24|0.82| 0.076| 0.12| 0.015| 63 | 24| 09 | 19
D-1 | 0.054| 1.73| 0.29|0.86| 0.036 | 0.01 | 0.014| 47 | 3.0| 0.7 | 19
B60 | 0.049| 1.71|0.32|0.58| 0.089| 0.32| 0.018| 74 | 24| 1.3 | 19
3565 | 0.039| 1.59| 0.24|0.73| 0.075| 0.11 | 0.014| 72 | 19| 10| 15
3;2? 0.039| 1.59| 0.24|0.73| 0.075| 0.11 | 0.014| 72 | 1.9| 1.0 ;
TWX70 | 0.043| 1.67| 0.26|0.45| 0.067| 0.19| 0.016| 93 | 1.7| 15 | 17
*wt.% / wt.%
Wt 0/ 2

3-2 SEM study of microstructures

Samples from each steel were obtained from quarterline (QL)cantkrline (CL) locations

parallel to the surfacandat the middle location along the widttirectionof skelps as shown in

Figure3.1. The samples were mechanically ground with 80, 320, 600, and 800 grit SiC papers and
with 9,

surfaces andeveal the microstructures.

t hen

polished

3,

and

1

em di amond

SuUs

The X70 microstructure was analyzed using optical microscopy and field emission scanning

electron microscopy (FESEM). The main advantage of FESEM is its better resolution compared

with an optical microscope. Thus, a FESEM (Zetsgma) operating at 5 kV was used to observe

and record the microstructure of the samples. Images captured with a secondary electron (SE)

detector were used to estimate the average grain size.

A typical example of the observed microstructures is showagure3.2a. A common feature of

the microstructures is ferrite grains with irregular shapes. When grains are irregular in shape, the

preferred methd to measure grain size is the mean linear intercept method. In this study, the
approach taken by Lu et §81] was employed to measure ferrite grain sizes. The grain sizes were
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estimated by counting the number of intersections a line (oraeaeallel lines) makes with grain
boundaries, and then dividing the length of the line by the number of interseEiigums 3.2b
shows theconfiguration of the lines used to evaluate grain sizes; three parallel lines in four
orientations with a 45° orientation difference were used in the measurefrmrgach steel, three
SEM micrographs were analyzed with a minimum of 144 measurenmeatie on each

micrograph.

Quter diameter surface

F 3
t/4l
t/2 t/6 { ——————————————

t ——1t6 1 ————————— F——1—- CL

F—- QL

Inner diameter surface

Figure3.1i Schematic of the positions for quarterline (QL) and centerline (CL) sarfnpieghe

/

cross section of a typical strip

Mag= 200KX EHT = 5.00 kv Date 10 Sep 2020 n
WD = B3Imm File Marne = T36_1_0024F Signal A = InLens ’

@ (b)

Figure3.2a) SEM SE micrograph of T36 QL. b) Configuration of parallel lines used in the
mean linear intercept method for grain size determing8dh
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3-3 Carbon replica preparation

Carbon replica samples were obtained from all steels, botlar@LCL locations. Following
polishing and etching, described in SectieB, & Leica ACE600 Carbon/Metal coater was used

to deposit an 8 nm carbon film onto the samples. The carbon filnmaasallyscribed with a

sharp blade into ~3x3 nfpieces. Subsequty, the samples were immersed in 2% Nital solution

to strip the carbon film off the surface of the samples. When carbon pieces separated, they were
transferred into another dish containing ethanol and deionized water (1:1 mixture by volume). The
solutionallows for removal of contamination from the previous step and helps with unfolding of
the carbon pieces. Finally, the pieces were collected usingnegb copper grid and dried. For

the ascast sample, 4% Nital was used to release the carbon film frereaimple surface, as a
higher concentration of Nital can expedite the process. The carbon replicas were used to examine
coarse (in the range of ¢-nch padiaed using SER/EOXiamd t h e
STEM/EDX, respectively.

3-4 SEM/EDX analysisof carbon replicas

A Zeiss Sigma FESEM, operating at 10 kV and equipped with an Oxford EDX detector, was
employed to measure the size and composition of coarseidhiNparticles. Internal standards of

the EDX software were used in the elemental composinalysis of particles. A minimum of 28
particles was evaluated to collect data for the size distribution and composition of coarss TiN
particles in every steel samplegure3.3 shows an example of a coarse Tribh particle extracted

via the carbon replica method and its EDX spectrum. Size measurements were performed using
ImageJ softwaréversion 1.52p)For conductingsize measurement, a limes drawn around the
particle of interest, and the area enclosed by the drawn line was measured by ImageJ, which
converted the number of pixels in the area to conventional units of area. Subsequently, the square
root of the measured area was recordedhasize of thearticle.Additional SEM micrographs

and EDX spectra of the coarse Tilh particles are provided in Appendix
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Figure3.3a) SEM SE micrograph of a carbon replica extracted ff861 QL and b) EDX
spectrum of the particle in (a).

3-5 STEM/EDX analysis of carbon replicas

A JEOL JEMARM200CF STEM operating at 200 kV was employed to conduct size and
composition analysis on fine TiNch particles observed in the carbon repliéagure3.4a shows
several fine TiNrich particles along with Nb@ch particles epitaxially nucleated on Filith
particles. An example of the EDX mapdspectra obtained from the particles are showkignre

3.4b, Figure3.4c, andFigure3.4d. A minimum of 140 particles from two different replicas was
evaluated to obtain the size distribution of fine Fibh particles for every steel sample. A similar
procedure was used to measure fiagticle sizes. For the composition of fine particles, attleas
fifteen particles were analyzedldditional STEM micrographs and EDX spectra of the fine-TiN
rich particles are provided in Appendsx
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Figure3.4i Fine TiN-rich and NbCrich particles extracted withaarbon replica from T3@
QL. a) STEM annular dark field (ADF) image; b) EDX map (red: Ti, green: Nb); c) EDX
spectrum of top TiNich particle in (b) d) EDX spectrum of totNbC-rich patrticle in (b)

28



3-6 Matrix dissolution

An alternative method that can bsed to separate particles from therieéa matrix is to dissolve

the matrix in a solution that does not attack the particles of interest. In this study, hydrochloric acid
was used to dissolve the matrix and collect -Tidth particles. A higkspeed centnifge (to be
described in detail belowyas employed to separate residues from the solution. The collected
residues were analyzed using anay diffractomete(Section 38), and the collected solution was
analyzed using ICIRIS (Section 37).

Figure3.5 shows a schematic of the dissolutiongetused in this study. A 1 L-i3eck Pyrex flask

was used as the reactor for dissolution. A condenser was usedntaim#e volume of the
solutionconstantduring the experiment. In order to provide an inert atmosphere in the flask, N
gas was bubbled through the solution throughout the experiment. The inert gas was also used to
purge dissolved oxygen from the sodutiprior to the start of dissolution. The deoxygenation

process was performed for 1 h.

For each dissolution experiment, approximately 10 g sample of steel was cut from the region of
interest (quarterline or centerline). Any surface contamination occumrthg preparation process
was removed by grinding the sample faces with SiC paper. Subsequently, samples were sonicated

for 15 min, dried, and weighed on a high precision scale with an accuracy of 0.1 mg.

Based on the work of Chateligt3], a 500 ml mixture of 1M HCI acid and deionized water (1:4

by volume) was used as the solvent. The solution temperature was raised to 90 °C to accelerate
dissolution. When dissolution was complete, the solution was transferred into 50 rrdpbigh
polypropylene copolymer (PPCO) centrifuge tubes. The tubes were centrifuged using a Sorvall
RC-6 superspeed centrifuge at 40,000 RCF (relative centrifugal force) for 30 min. Subsequently,
the supernatant solution was carefully removed using 2 mL pipettes @ed $or ICRMS

analysis. Then, the tubes were refilled with deionized water and centrifuged for at least four more
cycles to clean the residues. After the cleaning process, the residues were collected by filling the
tubes with ethanol, sonicating the tule several minutes, transferring the resulting suspension

into a dish with known mass, and drying the residues over a hotplate at about 40 °C. The
transferring process of residues from the tubes into the dish was repeated several times to ensure
all resdues were collected. Finally, the residues were weighed, and a sample for XRD analysis

was prepared.
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Figure3.51 A schematic of the matrix dissolution sgi[73].
3-7 ICP-MS analysis

One product of matrix dissolution is the supernatant solutitve Jolution mainly contains
chlorides of iron as well as other alloying elements that have been dissolved. The collected
supernatant solutions were analyzed us@®MS (Perkin EImer Elan 6000 quadrupole ICPMS)

to obtain information regarding the concetitvn of alloying elements in the supernatant solutions.
The ICRMS instrument can provide concentration data in the resolution range of parts per billion
(ppb). Table 3.2 shows the concentration of Ti in the supernatant solutions obtained from the
centerling(CL) samples. ICP analysis was conducted three times for the centerline siisteiles

in Table 3.2 For the rest of the samples, the analysis was conducted once since only slight
variations were observed in the results for the centerline santpethequaterline samples, the

results are presentedTiable4.2.
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Table3.2i ICP-MS results of Ti for CL samples

Volume | Mass of| Concentratior] Concentrationn  Nominal Tiin

of steel | in supernatan| in supernatan| concentration collected

Steel | solution| sample solution solution* of Tiin steel | residue
(L) (mg) (mg/L) (10 wt.%) (wt.%) (%)
0.158 7.8 96.6
T | o5 |10077.6) 0.168 8.3 0.023 96.4
0.155 7.7 96.7
0.105 5.6 96.2
Tg?_—Z 0.5 9441.9 0.111 5.9 0.015 96.1
0.0854 4.5 97.0
0.0761 3.8 97.5
TS | 05 | 99427 00833 4.2 0.015 97.2
0.0661 3.3 97.8
0.0590 2.9 97.9
D-1CL 0.5 10107.0 0.124 6.1 0.014 95.6
0.111 5.5 96.1

* Measured by dividing the mass of Ti in the supernatant solution by the mass of the dissolved
steel sample

3-8 XRD analysis

The extracted residues from matrix dissolution experiments were analyzed with a Rigaku Ultima
IV diffractometer to measure the{RD data. The scan specifications are includedable 3.3.

The collected data can be used to identify the phases present in the samples. Phase identification
was carried out using Jade softwéversion 9.0) Figure 3.6 shows an example of the observed

XRD pattern for T36lL QL and the identifie¢phasesThe datausedin the identification of the

oxide phase are presented in AppendixThe possibility of fornmg the oxide phase when the

residues are exposed to the air is evaluated using ThermoCalc in Appendix
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In addition to phase identification, XRD data can be used to obtain further information, such as
average domain size. However, for such an analystument contributioto XRD dataneeds

to be determinedd LaBs standard sample was analyzed with every residue sample collected from
matrix dissolution experiments. For a more detailed study, the collected information from the
residues and the standard samples were subsequently analyzed with Rietveld refin@ment
(Section 39).

Table3.3i XRD parameters

Radiation source| Cobalt tube at 38 kV and 38 mA
KU1 1.78900 A
KU?2 1.79283 A
K-beta filter D/Tex Ultra with Fe Filter
Geometry Bragg Brentano
Range (2 5 to 100°
Step si z 0.0200°
Scan speed 2.00 deg/min
Sample holder Zero background plate
12000
10000 ® NbCerich
C ® TiN-rich
8000 —+ A 3Mo00O2.NbOs
6000
4000 + ¢ _ .o
2000 . _
0 . | . .
0 20 40 60 80 100

Figure3.6i Observed XRD pattern for T35 QL.

1 3M002.NbOs has been suggested by Dr. Douglas Ivey based on SAED and STEM/EDX
analysis conducted by him on residue extracted formITQ&.
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3-9 Quantitative XRD analysis

The information that XRD patterns carry is not limited to the type of constituent phases; it can be
used to quantify additional chaateristics of the phases, such as average domain size, composition,
and relative abundance. Such information can be acquired by characterizing the measured XRD
data with Rietveld refinement. The method uses a-Egsires approach to find a calculated
diffraction pattern that best fits the observed ¢@8. In this study, TOPAS Academic software

V5 [94] was used to analyze the XRD data of kaflandard samples to obtain necessary
information about the diffractometer and, subsequently, to analyze the XRD data clidnese

extracted via matrix dissolution experiments.
3-9-1 LaBs standard sample analysis

The XRD data measured from the lsaftandard sample were used to incorporate the instrument
aberrations in the analysis of XRD data of the residues. This was achieved by performing Rietveld
refinement on the data and refining the parameters of the Caglioti fuf@bipraxial divergence
model, and zero erroA screenshot of the script used to obtain the parameters from the LaB

standards providedin AppendixE.
3-9-2 QXRD analysis of residue extracted with matrix dissolution

After obtaining the parameters describing the instrument contribution, additional intorroan

be extracted from the residue XRD data using TOPAS Academic softva@eenshot of the
script used in analyzing the XRD data of éxtractedesidues shown in Appendi¥. Figure3.7
shows he observe®RD pattern(blue line)and calculated XRD pattefred line)for the residue
extracted fronT36-1 QL. The Rietveld refinement and XRD patterns for all samples are provided
in AppendixE. Althoughthe software is capable of handling refinement of several parameters
simultaneously93], a stepby-step approach was adopted to facilitate the refinement process. The
following steps were takein the analysis of the XRD pattern of the residues extracted from the

matrix dissolution experiments:

1- The XRD pattern of interest was input.
2- Theinstrument paramete(€aglioti) were included.
3- The background was fit with f4order Chebyshev pghomials of the first kind.
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4- The first phase was added by importing its crystal information file {CliS)lattice parameters
and scale factor, along with sample displacement, were refined.

5- Size and strain parameters were refined.

6- To correct the composition of the phase, atomic positions and occupation were refined.
7- Steps4 to 6 were repeated for every phase.

8- Due to the nosspherical shape of particles, spherical harmonics wetedaid account for the

anisotropically sized domairf83].
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Figure3.7a) Observed and calculated XRD patterns for residues extracted freth QB&ia

matrix dissolution; b) enclosed part in (a) showing peaks of individual phases.

Following the approach taken by L[#2], the compositions of Nb@ch (Table C.1) coarse TiN

rich (Table4.1), andfine TiN-rich particles Table4.4) measured with SEMBTEM/EDX analysis

were useds the compositions of the phases detected in the XRD data. Although EDX analysis of
TiN-rich particles provides Ti/(Ti+Nb) ratios, it cannot measure a reliable N/(N+C) ratio for the

!t Available at www.materialsproject.org
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particles. In order to make a reasonable estimation of the concentfbbim the particles, the
Ti/(Ti+Nb) ratiosandthe lattice parameters were compared with,l:x)C and (Ti,Nbix)N
(00x01). The c o mpFagure3.8andFigires.9, shovirg thait(Te+db) iatios

from the EDX analysis along with the lattice parameters obtained from the QXRD anlalysis
most cases, the patrticles are not fully nitrides. The N/(N+C) rafineoTiN-rich particles in B1

QL (Figure3.8) was estimated as 0.5. For the rest, four QXRD analyses were carried out for each
sample while assumirtgat the N/(N+C) ratio of fine and coarse Tildh particles could be either

1 or 0.75.Table3.4 shows the maximum and minimum volume fraction values obtained from the

analysis. The variation in the results is very low, probably because C and N are light elements with
similar atomic numbers.

4.4 —

< Tt N m T36-10L

C 4.35 - S-S ® T36-2QL

g O T36-3QL

. - y e D-1QL

§ T~ O 3F-565 QL

g 4% - A B60QL

) R & TWX70 QL
\\‘s\ - - = Carbide

4.25 4— — . . T = = Nitride
0.45 0.55 0.65 0.75 0.85

Ti/(Ti+Nb) (atomic fraction)

Figure3.8i Ti/(Ti+Nb) ratio of fine TiN-rich particles measured with STEM/EDX versus their
lattice parameters obtained from QXRD analysis.
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Figure3.97 Ti/(Ti+Nb) ratio of coarse TiNich particles measured wiBEM/EDX versus their

lattice parameters obtained from QXRD analysis.

Table3.4i Minimum and maximum volume fraction (Mof fine and coarse TiXich particles
extracted from the QL when N/(N+C) varies froni®to 1 in QXRD analysis

Fine TiN-rich Coarse TiNrich
Steel
Min Vi (%) | Max Vi (%) | Min V¢ (%) | Max Vi (%)

T36-1 QL 0.029 0.030 0.023 0.024
T36-2 QL 0.031 0.032 0.005 0.005
T36-3 QL 0.029 0.029 0.011 0.011
3F565 QL 0.018 0.018 0.014 0.014
B60 QL 0.048 0.048 0.007 0.007
TWX70 QL 0.024 0.025 0.015 0.015
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In the analysishown inFigure 3.8 and Figure 3.9, a linear relationship was assumed between
(Tix,Nb1x)C or (Tk,Nbix)N and the lattice parameters. Such a relationship between the
composition of (Ti,Nbi.x)C and itslattice parameter has been repor&dgewhere[96]. The
relationship is known ag e g a r d 6Fsgurd.3dshows the lattice parameter (@fix,Nb1x)C

as a function of composition.

The TOPASsoftware provides several agreement factors to evaluate the quality of the refinement.

A commonly used agreement factor is the weighted profitad®r (Rwp). Low values of Rwp
indicate better refinement qualities since Rwp evaluates the differenceshdtveeobserved and

the calculated profile. Although the statistical agreement factors provide useful tools to assess the
progress of the refinement, it has been suggested that a more reliable approach is evaluating the
quality of the fit by visually compang the calculated pattern with the measured pattern and

validating whether the constituents are chemically senfgidle
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Figure 3.10i Relationship between ({Nbu.x)C lattice parameter and compositi®].
3-9-3  Calculation of volume fractions of TiN-rich phases

The volume fractions of the phases detected in the XRD patterns were calculated using the notion

of mass conservation of Ti. A similar concept hasnbemployed by LY72] to calculate the
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amount of Nb,Mo)C nanoprecipitates extracted with HCI acid matrix dissolution from X70 and

X80 microalloyed steels.

When the nominal composition of Ti in the steel samples and the concentration of Ti in the
supernatant solutions are known, the amount of Ti ipéngcles extracted via matrix dissolution

can be calculated from the following
YQ 'YQ YQ o O1igpd

where Thpt, Tiwota, @nd Téuperare the masses of i the collected particles, in the dissolved steel
sample, and in the supernatant solution, respectively. Assuming three phases with the compositions
of (I) NbxMoyTi1xyC, (Il) TizNb1zN, and (lll) TuNb.uN as identified in QXRD analysis, their

molar mases can be written as:

0 @ (A P ® WO 0 O g
0 a0 p Go 0 O i®
0 60 p 060 0 O 8

where M and A are the molar masses of phase | and elementpecasely. Taking m my and
my as the actual masses of the phases in the residue extracted with matrix dissolution method, the

amount of Ti in each phase can be written as:

a . 3
YQ o p & ®F O 1)
o e, d LAY e, A
AP « S -
YQ D—oo O 18

where Ti, Tiy, Tin are the masses of Ti in the respective phases. Since
YQ YQ 'YQ 'YQ Ogod
substituting Equation 3.1 and Equations 3.5 to 3.7Hugoation 3.8 gives:
a a a

YQ YR =—p & @b @ 08 Ofpw
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From QXRD analysis, the relative weight percentages of the phases are known. Therefore, the
following ratios can be expresse
0 & a .. Léb a

R Y O T

where wt.% wt.%,, and wt.% are relative weight percentages of the phases obtained from
QXRD. Substituting Equation 3.10 into Equation 3.9 results in:

. v . o . o~
Y'Q Y'Q a Uﬁ P W WO D—go 0—00 OoO® p
The only unknown parameter Equation 3.11 is mThe values of mand my can be obtained
using Equation 3.10. Then, the following equation can be used to calculate the volume fraction of
the phases.
T0 ® S
®z0

where \ is the volumdraction of phase I,ias the lattice parameter of phase \iNs Avogadr o0

number, and % is the volume of the dissolved steel sample.
3-10 ThermoCalc modeling

ThermoCald/10.1with the TCFE10 database was used to model the formation of coarse and fine
TiN-rich particles during solidification and subsequent processing Sthpssame version and
database were used to obtain thermodynamic information on the stéleésmodels, ten elements
(Table 3.1) were included in the chemistry since they were nheedements provided by the
supplier for the steels. In the study of coarse-fidk particles, the Schetulliver module was
employed. The Schetulliver module is commonly used to predict the type, composition, and
fraction of phases solidifying from liquid alloy. It is based on the assumptions that no diffusion
occurs in solid phases, complete homogeneity is achieved in the liquid, and thermodynamic
equilibrium is held at the solidification front. However, some light elements with high diffusion
rates could diffuse considerable distances in solidified phases during solidification. To consider
the high diffusion rate of the light elements, a modified SeBalliver model was used in which

carbon and nitrogen were indicated as fast diffusing spdaiesidition to the SchefGulliver
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module, the software provides the emas-equilibrium module that can be used to obtain the
equilibrium composition of phases over a wide range of temperatures. The composition of fine

TiN-rich particles was calculateq lapplying the module.
3-11 Summary

Seven asolled and one asast X70 microalloyed steels with a wide variety of and N
concentrations have been selected. The microstructure of the steels was analyzed using SEM. For
thesize and composition analysis of the coarse and fineri€iNparticles, carbon replica samples
were prepared. The size add@/(Ti+Nb) ratios of the coarse particles were analyzed using
SEM/EDX. The size andi/(Ti+Nb) ratiosof the fine particles were analyzed using STEM/EDX.

The matrix dissolution analysis was performed to extract the particles from the steel samples. The
concentration of Ti in the atrix was determined using I&@RS analysis of the supernatant
solutions. The volume fraction of the coarse and fine particles was determined with QXRD
analysis of the residues obtained using the matrix dissolution méthecthemical analysis of

the coare andfine TiN-rich particles was determined usiEM/EDX, STEM/EDX, and the

lattice parameters obtained from QXRD analy3ise next chapter presents and discusses the

results obtained.
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4 Results anddiscussion

The resultof the characteraion conducted on the microstructure, coarsefI¢N particles, and

fine TiN-rich particles in the eight studied steels are presented in this chapter. First, the type of
microstructure for the aeceived steels and the measured grain sizes are presantisdquently,

data on the size, composition, and volume fraction of the coarsechiarticles are provided

and discussed. Then, the results of the finefl¢N particle characterization are presented. Finally,

the coarse and fine particles in thecast sample are studied and discussed.
4-1 Microstructural analysis

In this section, SEM micrographs from each steel and the measured grain sizes are presented and
discussed.

4-1-1 SEM microstructures

SEM micrographs of the polished and etched surfaces of the ateeshown ifrigure4.1. The
microstructures are primarily composed of somewhat irregular polygonal ferrite grains. A few
irregular grains are shown in the micrograph of -B3QL. In some cases, the steels exhibiakbm
pearlite islands. In general, thmicrographs exhibit similar featuresAdditional SEM
microstructures of the steels are provided in AppeRdix

4-1-2 Mean linear intercept measurements (MLI)

The measured grain sizes for each steel using the MLI are shdviguire4.2. The values vary

from 2.1 to 4 em. The error bars indicate the
lines inFigure3.2b. The smallest grain size is observed for B60 QL and the largest is observed for
3F565 QL. In microalloyed steels produced through TMCP, the final grain size depends on the
chemistry of the steel and the TMCP paramefig?$, [72], [98] As shown inTable 3.1, B60

contains the highesibominal concentration of Mo. Introducing 0.16 wt.% Mo is known to increase

the hardenability of microalloyed steels by delaying the formation of ferrite and bainite.
Additionally, TMCP parameters could play a significant role in achieving a fine micraseuc

however, these parameters were not provided.
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Figure4.1i SEM SE micrographs of the studied steels (part 1 of 2).
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4-2 Coarse TiN-rich particles

In this section, the measured size, composition, and volume fraction of the coargehTiN

particles are presited. The similarities and differences in these measured values are discussed.
4-2-1  Size of coarse TiNrich particles

SEM was deemed suitable for analyzing the size and composition of coargehTpdrticles due

to their relatively large sizes:igure 4.3 shows the average size of coarse -Tigth particles
(extracted with the carbon replio@ethod)plotted versus the product of the nominal composition
of Ti and N in each steeD-1 QL has themallest average size of coarse Tibh particles. This

steel also has the lowest nominal Ti and N concentration product (Ti-N value). Conversely, T36
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1 QL has the highest Ti-N value and exhibits the largest average size. Generally, an increase in the
avelge size is seen as the Ti-N value increases. In addition, as the Ti-N value increases, the
standard deviation increases. The larger standard deviations are a result of larger size distributions.
The broader size distributiaybserved in T3d QL in compaison to D1 QL is shown irFigure

4.4. The size distribution for T3& QL seems to be bimoda\ possible reason for observing
bimodal distribution coul be partial coarsening of the particles that had formed earlier during
solidification, while those forming near the end of solidification might not find the time and

opportunity to coarsen.

To report the size of the coarse Tilgh particles, the averagegze was selected. The surveyed
literature did not indicate any particular importance to the value of the mode or median (50%
distribution) of the size distribution of coarse Fildh particles and reported their average sizes

[1], [13], [19], [45], [47]. Since the purpose of the analysis was to investigate the effect of
composition on the size of the particles, using the average size and standard deviation seemed the
appropriate parametefor describing their sizeS.he conclusions of thignalysis are unlikely to

be different if other particle size methods are used to report the differences between the size

distributions.
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Figure4.3i Average size of coarse TiNch particles as a functiorf the product of the nominal
composition of Ti and N in each steel

44



30 1

0
Q
8
&
o
g —D-1QL
g - - =-T36-1 QL
>
Z .
N\
\
\
\ -
6 8 10
Size (um)

Figure4.4i Size distribution of coarse T#Nch particles in B1 QL and T361 QL.

To demonstrate the change in the size of coarseitiNparticles more clearly, size measurements

are also presented in a cumulative diagrarRigure4.5. The legend is ordered so that the steel

with the highest Ti-N value is at the top and the one with the lowest Ti-N value is located at the
bottom. The figure shows that steels with lower Tvdlues (D1 QL, T362 QL, and T363 QL)
mainly contain particles with sizes in the ra
Ti-N values (e.g., T34 QL) contain much larger particles in additionto~0.5n par ti cl e s,
results in a highrestandard deviation for these steels. In any case, larger coarsel articles

are more frequently observed in steels with greater Ti-N values.
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Figure4.5i Cumulative distribution of coarse TiNch particles in the studied steels.

The size of coarse TiN patrticles is affected by the composition of steels, namely the Ti and N
concentrations. The literature indicates that the size of coarse TiN particles decreases as Ti and N
contents decrea$#4], [47]i [49]. Coarse TiN particles are known to form in the liquid pl@8E

During solidification, segregation of alloying elements to the interdendritic regions occurs and
results in a local increase the concentration of Ti and N in the liquid. When the concentration of

Ti and N solutes exceeds the solubility limit, precipitation of -fidth particles becomes
thermodynamically feasible. The product of Ti and N is commonly used to describe thktgolub

limit of Ti and N in a phase.

The effect of steel composition on the onset of coarseritiN particle formation during
solidification was assessed using a modified SeBalliver model, where C and N were assumed

to be fast diffusing specieBigure4.6 shows the solid fraction at which the Fitéh phase starts

to form during solidification. The lowest solid fraction is 0.76, meaning that there is no sign of the
TiN-rich phase at the start solidification, indicating that at the nominal concentrations used in
this study, Ti and N are initially entirely soluble in the melt. However, as the solidification
progresses, segregation of alloying elements to interdendritic zones increases thieatarcef

Ti and N in the liquid beyond the solubility limit, leading to the formation of the iGN phase
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before the solidification is complete. The figure shows the solid fraction for initiation of TiN
formation is inversely proportional to the TisMlue; i.e., when larger nominal concentrations of

Ti and N exist in the steel (higher Ti-N values), the liquid in the interdendritic region becomes
saturated more rapidly. As such, this leads to earlier nucleation of coarse rticles in the

liquid and provides more time for particle growth, resulting in larger particle.
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Figure4.6i Effect of Ti-N values on mass fraction of solid at which “Fith particles start to

form in modifiedScheitGulliver solidification model.
4-2-2  Composition of coarse TiNrich particles

The composition of the coarse TFilith particles was measured using SEM/EDX analysis of
particles extracted with carbeaplicas(Figure3.3). Table4.1 shows the Ti/(Ti+Nb) ratio of the
particles, which indicates that the particles are not pure TiN. The presence of Nb in coarse TiN
rich particles has also been reported[®8], [100], [101] The formation of compows with
complex chemical compositions is a result of the same crystal structures and similar lattice
parameters for Nb and Ti carbonitridd$. The table also shows the nominal Ti/(Ti+Nb) ratios.
The ratios are less than 0.5, indicating a higher Nb nominal concentration. However, the

Ti/(Ti+NDb) ratios for the coarse THlch particles are close to 1 due to the higlmrcentration
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of Ti in the particles resulting frorie significantly lower solubility of TiN than that of NbN or
NbC in the liquid.The composition of the particles shedvnodependencenthe thickness aihe
skelp (Table 3.1).

Table4.1i Measured Ti/(Ti+Nb) ratio for coarse Tif\ch particles using SEM/EDX and
nominal composition of the studied steels

Measured Nominal composition Nominal
Til(Ti+Nb) : Wto/)p Til(Ti+Nb)
Sample | (atomic fraction) ik (atomic
Average| SD Nb Ti N fraction)
T36-1 QL 0.91 0.03 0.075 | 0.023 | 0.007 0.37

T36-2 QL 0.85 0.06 0.078 | 0.015 | 0.0042 0.27

T36-3 QL 0.83 0.04 0.076 | 0.015 | 0.0063 0.28

D-1 QL 0.92 0.04 0.036 | 0.014 | 0.0047 0.43

3F565 QL 0.9 0.05 0.075 | 0.014 | 0.0072 0.27

B60 QL 0.81 0.09 0.089 | 0.018 | 0.0074 0.28

TWX70 QL 0.9 0.05 0.067 | 0.016 | 0.0093 0.32
* SD: Standard deviation

As Table4.1 shows, the Ti/(Ti+NDb) ratio varies from 0.81 to 0.92. The highest and lowest ratios
occur for B60 QL and E1 QL, respectively. These steels also contain the highest and lowest
nominal concengations of Nb. However, the composition of coarse-fith in D-1 QL is not
significantly different from those in the other steels even though its nominal Nb concentration is
less than half the value in the other steels. One possible reason cthédthe composition of

the liquid changes as solidification progressestaecamount of Nb in coarse Tihch particles

may be influenced by the liquidompositionwhile TiN-rich particles are forming during
solidification. The Ti/(Ti+NDb) ratio in the liquid gends on the nominal Nb concentration as well

as thesolid fraction at whiciTiN-rich particles start to form during solidification. Since Nb has a
higher segregation ratio (the ratio of the concentration in the liquid to the nominal concentration)
thanTi [102], as solidification progresses the liquid becomes richer in Nb (in comparison to Ti)

[103]. By the time the TiNich particles are beginning to form, the Ti/(Ti+Nb) ratiche liquid
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has decreased noticeably. When -Fith particles form near the end of solidification, the
concentration ofNb in the liquid will be higher and, as a result, the concentration of Nb in TiN

rich particlesis higher.

The effect can be seen whamparing T3€1, T362, and D1 steels, which have similar nominal
Ti/N ratios, but their nominal Ti and/or Nb concentrations are diffeifégure 4.7 shows the
composition of the coarse TiNch particles obtained using SEM/EDX as a function of the
Ti/(Ti+NDb) ratio in the liquid just before the THNch phase starts to form in the modified Scheil
Gulliver model for T361, T362, and D1. D-1 and T362 have similar nominal concentrations of
Tiand N Table3.1), while D-1 contains less nominal Nb than T36The lower Ti/(Ti+NDb) ratio

in the particles from T3@ QL coincides with the lower Ti/(Ti+Nb) ratio in its liquid. T-36has
larger nominal amants of Ti and Nb than L2, but their Ti/(Ti+Nb) ratios in particles obtained
using SEM/EDX are very close. As the figure shows, their Ti/(Ti+Nb) ratios in the liquid are also
similar. Although D1 contains less nominal Nb, the lower Ti-N value il Deslts in the
formation of coarse TiNich particles later in the solidification processgure4.6), leading to a
similar Ti/(Ti+Nb) ratio in the liquidvhen the coarse THxXich particles are forming.
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Figured.7i Ti/(Ti+Nb) ratio of coarse TiNich particles measured via SEM/EDX at @&rsus
Ti/(Ti+Nb) ratio in the liquid just before TiNich particles begin to form, based on the modified

ScheitGulliver model.
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Figure4.8 compares Ti/(Ti+Nb) ratios obtained using SEM/EDX with those obtained through the
modified SchelGulliver model.The modified ScheiGulliver model for theentiresolidification

course was =l since it was assumed the dendritic structure of the solidified perttoaps the

liquid between the secondary dendrites mnpledes its mixing with the bulk of the liquidn the
analysis, all elements presented in Table 3.1 were incIlBENM/EDX resllts show a higher
concentration oNb in the particles than that predicted by the mddekelationshipcan be drawn
between the measured and calculated Ti/(Ti+Nb) raibe termodynamic potentials from
ThermoCalc used to model the interaction between Nb, Ti, C, and N in thechildhase may

not be representative of reality. The software predictions are based on the chemical potential of
elements and the thermodynamic fuaot stored in the software database, which have been
obtained by adjusting a series of model coefficients to reproduce the existing experimental data in
the literature (such as phase diagrams). It appears that the coefficients are not optimized well to
predict the amount of Nb in TiMich particles properlyAlso, the model assumes a planar
interface, while the dendritic interface cowlffectthe chemical potential of the elements in the

solid (GibbsThomson effegt altering the composition of the solidéthe liquid.
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Figure4.8i Ti/(Ti+NDb) ratio of coarse TiNich particles measured via SEM/EDX at QL versus
Ti/(Ti+Nb) ratio TiN-rich phases modelled using the modified Sefilliver model.
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4-2-3  Volume fraction of coarse TiNrich particles

Thevolume fractions of the coarse Ffith particles were measured usi@¥RD analysisTable
4.2 shows the mass balance of Ti in the studied steelsuiernatant solutions (ICP analysis),
and the particles collected using the matrix dissolution me{@RD analysis) A good
agreemengxistswhen comparing the nominal concentrations of Ti with the measateds using
ICP and QXRD.

Table4.2i Mass balance of Ti in steels, supernatant solutions (ICP results), and particles (QXRD

analyss)
Sample |T36-1 QL|T36-2 QL|T36-3 QL| D-1 QL 3';5"_65 B60 QL Tvglim
Nominal
(0. %) 0.023 | 0015 | 0015 | 0.014 | 0014 | 0.018 | 0.016
4
ICP (10 8.4 5.3 3.2 3.7 2.6 2.1 26
wt.%)

QXRD (wt.%)| 0.022 0.014 0.015 0.014 0.04 0.018 0.016

Figure4.9 shows the volume fraction of coarse Fiildh particles obtained using QXRD analysis
as a function oftheTi-N values The figure does notatude D1 QL. Attempts to include a phase
representing the coarse Fili¢h particles in the QXRD analysis of DQL were not successful.
This is an indication that the volume fraction of coarse-iidN particles in the EL QL sample is
small. Generally, @ increase in the volume fraction of the particles occurs as the Ti-N value
increases. A similar observation has been reported by Sherjlg]aln their study, the volume
fraction of coarse TiNich particles in several medidoarbon MnB steels was measurdyy
optical microscopy of polished specimekgure4.9 also showshe data fronj13], which were
obtainedusing an optical microscope. The results are comparable. Howleser,is a deviation

at the lowefTi-N values. Optical microscopes have relatively low resolutions, and the size of the
coarse TiNrich particledoecomesmaller athe lowerTi-N values, resulting in an underestimation

of the volume fraction of the particles.
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Figure4.9i Volume fraction of coarse THxich particles, measured using QXRD, as a function

of Ti-N value.

An increase in the Ti-N value enhances the potential for the formation of coarselT articles

during casting. A steel with a higher Ti-N value experiences greater supersaturation at a given
temperature and, consequently, the driving force for ptatipn of the TiNrich phase will be
greater. The solubility limit of Ti and N in the liquid depends on temperature. When the solubility
product of Ti and N in the liquid exceeds this limit at any temperature, it is expected, based on
thermodynamic considations, that the TN rich phase will begirto form. The approximate
equilibrium amount of TiNich phase precipitating during solidificatiaman be shown using
Figure4.10. The figureshows he nominal Ti and N concentration®r the studied steelIhe
dashed lines represehe solubility limits of TiN in the liquid and austenéetheaveragdiquidus

and solidus temperatures, respectivélyeliquidus and solidutemperatures were obtained using

the one axis equilibrium module of Ther@alc. The approximate equilibrium amount of FiN

rich phase precipitating during solidification can be demonstrated by drawing a line parallel to the
stoichiomettic line that connects the nominal composition to the line representing the solubility
limit in austenite asolidus temperatur& his practice shows that as the content of Ti and N in the

steels increases, the position from the austenite solubility liimeitalso increases. Therefore, a
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larger Ti-N value could result in the formation of a greater amount (and volume) aichiN

particles during solidification.
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Figure4.10i Solubility limits for titanium and nitrogen in austen(i®4] and the liquid105],

respectivelyat the average liquidwmndsolidustemperatureand the chemistry of the steels.

The amountof TiN-rich particles precipitated during solidification will be different from the
equilibrium quantities. During solidification, the first solidified phase usually contains a lower
concentration of alloying elements than the nominal concentration thi@gertition coefficient

values are usually less than one. The negligible diffusion rates in the solid intensify the segregation
of alloying elements at the solidification front. This results in an-ex@easing concentration of

Ti and N in liquid anddwer concentrations of Ti and N in solid than that expected for equilibrium
solidification. Consequently, the final microstructure of theas steel could contain more coarse
TiN-rich particles than equilibrium calculations would predict. Indeed, tlcalations performed

for 3F565 using ThermoCalc showed the volume fraction of theridN phase forming during

equilibrium solidification is half that forming in the modified Sch@uilliver model.

A comparison between the volume fractions of coarserioN particles measured using QXRD
for the quarterline samples and those obtained with the modified &ahéier model is shown

in Figure4.11. The esults seem to be comparable, except for B60 and2T36e calculated
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volume fractioms for B60 and T362 arelarger than the measured vaduln addition to nominal

Ti and N concentrations, casting superheat and cooling intensity can influence theolomwhati

coarse TiNrich particles during castinffl06]. However, such parameters were not provided

ThermoCalc does not consider the supersaturation required for the formation of thehTiN

phase. The necessary level of supersaturation of Ti and N in the liquid becomes important when

the TiN values are low enough that the saturation of the interdenkityuid occurs near the end

of solidification Additionally, ThermoCalccarries out modeling usifgALPHAD methodology

Although the software allows includingeveral alloying elements in the analysisis

thermodynamiaatabase$or Ti consist of eme of those alloying elements, and only a few of

them are based on ¥e&h phase. The full composition of the steelsasnot provided and it

appears there is a lack of studies on the effect of those elewengN formation More

investigation is requiretb establish an understanding of the observed deviations.
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Figure4.11i Volume fraction of coarse TH¥ich particles measured using QXRD analysiQbf

samples versus those obtained using the modifiedISGhé#iver solidification model.

The amount of Ti and N tied up in the coarse -Tidh particles can be calculated using their

volume fractions and compositiariSonsideringcoarse TiNrich particleswith a composition of
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(TixNb1x)N and volume fraction of M%), the amount of Ti in coarse TiNch particles can be

calculated using the following Equation:
o~ W p P, .
Y @ —d)—roo[,)—o OF¢ &)

where} re is the density of irong, is the lattice parameter of tiparticles (obtained from QXRD
analysis), MisAv o g adr o 0andAf is thd reotar mass dfi. A similar equation can be

used to determine the amount of N in the particles.

Figure4.12 and Figure4.13 show acomparison between ttemount of Tiand N tied up in the
coarse IN-rich particles measured using QXRD for the quarterline samples and those obtained
with the modified ScheiGulliver model The resultaresimilarto those observed irigure4.11

since the coarse THNch particles are mainly composed of Ti and N.
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Figure4.12i The amountf Ti in coarse TiNrich particles measured ugi@QXRD analysis of
guarterline samples versus those obtained using the modified-&etierker solidification

model.
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Figure4.13i The amounbf N in coarse TiNrich particles measured using QXRD analysis of
guarterline samples versus those obtained using the modified-Sctidrer solidification

model.

Table4.3 shows the percentage thie nominal Ti tied up in the coarse Thth particles for the
studied steels. Over 40% of Ti added to M3BF565, and TWX70 were ended &g coarse
particles, suggsting a revision of alloy design towaadower concentration of Ti or N can be
beneficial. Thetabledoes not include E1 QL. Attempts to include a phase representing the coarse
TiN-rich particles in the QXRD analysis of DQL were not successful

Table4.3i Percentage of nominal Ti in coarse Tildh particles

Sample | T361QL | T362 QL | T36-3 QL | 3565 QL| B60 QL |TWX70 QL

Ti in coarse
TiN-rich 49 14 30 47 17 46
particles (%)
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4-2-4  Comparison betweenguarterline and centerline samples

The average size, composition, and volume fraction of the coarseichiNparticles at the
guarterline and centerline locations of four of the studied steels are presertgdrev.14 to
Figure4.16, respectively. Since the incorporation of a coarsefidéN phaséo the QXRD analysis

of D-1 QL was not possible, the volume fraction information fek QL and CL are not presented.
Generally, the particle sizes are similar, and they show similar volume fractions and concentrations
of Ti and Nb. The average size of gaticles in D1 is slightly larger at the centerline. Regarding

the composition, the particles from F36CL were slightly more enriched in Nb than the ones
from T36-3 QL.
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Figure4.14i Average size of@arse TiNrich particles at QL and CL, measured using SEM.
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The size, composition, and volume fraction of particles at centerline locations might be expected
to be different from those located awaynfrdhe centerline. As solidification progresses during

slab casting, the combination of microsegregation at the tip of primary dendrites and transport
phenomena in the melt leads to the occurrence of macrosegregation near the centerline location
[48]. Macrosegregation tthe centerline of the slab enriches the region with alloying elements.
Lower cooling rates and higher alloying concentrations are expected to result in the formation of
larger secondary particlg44], [47]i[49], [107], [108] Depending on the partition coefficient
values of the alloying elements, the relative concentration of the alloying elements at the centerline
could differfrom those at the quarterline, resulting in possible changes in the composition of the
particles as well. Schneider et @8] studied the segregation of Ti in steel with the composition

of 0.04 G0.036Nb-0.01 T+0.0028 N(all in wt.%). Their observations did not sh@any significant
segregation of Ti in EMPA analysis. However, using afiighs ol uti on EMPA (0. 5
they qualitatively reported a larger number of coarse TiN particles in macrosegregation zones than

in other regions. However, such behavior wasabserved in this study.

The lack of a significant difference in the characteristics of the coarsachilparticles extracted

from the quarterline and centerline locations may have resulted from the soft reduction during
casting. In a soft reductiongmess, the slab undergoes limited compressive deformation exerted
by a series of rolls on the solidification end of the strand, reducing segregatiori169¢1$110]

ICP analysis conducted on the supernatant solutions provided the concentrations of additional
alloying elenents (such as Si, Cr, Mn) in the quarterline and centerline samples. The results for
T36-1 QL and T361 CL are shown irFigure4.17. Three ICP analysesere conducted on the
solution obtained from T3@& CL and one ICP analysis was conducted on the solution obtained
from T361 QL. The concentration of Mn in one of the three analyses was significantly lower than
expected and caused its standard deviatianaease, possibly due to an inaccurate calibration
for this element at the timEigure4.18 shows the same results when the inaccurate data point for
Mn is not included. The concentration of alloying elements in the centerline and quarterline are
similar, suggesting that theoncentration of Ti could be similar in both the quarterline and
centeline samples as well. The ICP data for other samples are presented in Apfendix
Additionally, it is possible that the metallurgiceénterline was not located exactly at the

geometrical centerline of the sl 1] from which the centerline samples were prepared.
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CL with a removed data point for Mn from the CL sample.
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4-2-5 Summary

Based on the size and composition of coarseriaN particles, it appears they are formed in the
liquid. Therefore, the segregation of alloying elements during solidification can significantly affect
their characteristics. Since Ti in the presence of §linaited solubility in the liquid, the product

of the nominal concentrations of Ti and N plays an essential role in the formation of the particles.
The size and volume fraction of the particles increase as the product of the Ti and N nominal
concentration increases. Also, SEM/EDX analysis of the particles showed that they are not pure
TiN, but contain some Nf.he size, composition, and volume fraction of coarsefiGN particles

do not show significant differences at the quarterline and centerlineolat he soft reduction
process performed on the samples may have reduced the expected compositional differences
between quarterline and centerline samples. Also, the metallurgical centerline may not have been

located at the geometrical centerline fromichhcenterline samples were prepared.
4-3 Fine TiN-rich particles

This section presents the measured size, composition, and volume fraction of the fieh TiN

particles. The similarities and differences in the measured values are discussed.
4-3-1  Size of fine TiNrich particles

Figure4.19 shows the average size fafe TiN-rich particles as a function of the product of the
adjusted Tand N concentrations indfstudied steels. The adjusted concentrations were obtained
by subtracting the amount of Ti and N in coarse-figh particleEquation 4.1jrom the nominal
concentrations. Apart from-D QL, as the adjusted Ti-N values increaseasymptoticdecrease

in the average size is observed.

The concentration of Ti and N in the steels could affect the size of fingidhNpbarticles. Larger
adjusted T-N values result in a larger driving force for nucleation of fine-fidgkh particlesThe
nucleatiorrate can be defined by Equation f122]:

Y
N\

Qo ,,z.QHYO .Q”b o

0o U@ RON gy P D00 g we
whereNi s t he number of available nucleation si
the condensathennua@lteat ign isarri er energy, k
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the incubation time. Assuming TiN as the nuclei compositt®}, based on a similar equation
used for NbC[113], the relationship between the energ
product of Tiand N concentrations at a given temperature (T) can be expressed as:

o ()

YO P - F - oBd

RN AR )
QW | 5

where X is the atomic concentration of element §i&the solubility limit of TiN at temperature

T, Vrin is the atomicv ol ume of Ti N, and o9 is the interfa
Assuming that the ot berZ,p abrsfam siahiadfos he(steelscdan as ¢
increase in adjusted Ti-N values could lead to a higher nucleation rate and fireci particles.

Equation 4.473] shows tle relationship between the critical radius of the nuclei and adjusted Ti-N

values at 1250 °C. An increase in the adjusted Ti-N value results in a similar decrease in the critical
radius of the nucleiigure4.20).
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Figure4.19i Average size of fine TiMich particles as a function afljusted Ti-N values.
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As seen inFigure4.19, D-1 QL had the smallest average si4efioe TiN-rich particles. One
possible reason is its lower nominal Nb concentration. The presence of nitride forming elements
in microalloyed steels haseen identified as a factor influencing the coarsening rate of TiN
particleg[114]. Loberg et al. investigated the effect of nitride forming elements, such as Al and V,
on the stability of TiN and reported that the presence of nitride forming elements decreases the
stability of TiN and increases its coarsening rdtevds suggested the presence of strong nitride
formers in the matrix reduces the available N for Ti by pairing up with N atoms, which in turn
reduces the stability of TiN particles. Additionally, there is a possibility that the reheating
condition for D1 was different from that for the other steels. It has been reported that increasing
the reheating temperature from 1150 to 1200 °C increases the average size of fireh TiN
particles from 20 to 40 nm in a steel containing 0.06632 Mn0.014 Nb0.017 T+0.0063 N(all

in wt.%) [29].

It seems Figure 4.19 suggests that the size of finerTiNc h parti cl es cannot
nm. However, several studieavereported that fine TiNich particles as small as 10 nm have

been detected in microalloyecksts [10], [89], [99]. The size of the patrticles is a function of the
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nucleation and growth kinetics which in turn is affected by dbmposition of the steel and
processing parameters. A lower concentration of Nb and lower reheating temperature could

decease the size of the particles [1A[15].

The average sizef fine TiN-rich particles was also measured using QXRD analysis. The results

are shown irFigure4.21. There is a reasonable agreement between theD(2d STEM analysis

results.
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Figure4.21i Size of fine TiNrich particles measured using STEM analysis and QXRD analysis.
4-3-2 Composition of fine TiN-rich particles

The composition of fine TiMich particles was measured using STEM/EDX analysis conducted
on the particles extracted with carbon replicéable 4.4 shows the Ti/(Ti+Nb) ratio of the
paticles. The lowest ratio occurred for B60 QL, which has the highest Nb concentration, while
the Ti/(Ti+Nb) ratio in D1 QL (with the lowest Nb concentration) is not significantly different
from that in the other steels. No particular relationship betweeoomposition of steels and the
composition of their fine TiNich particles could be found. Additional parameters, such as
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reheating conditionfiemperature and timgjnay be involved, or the particles have not reached
the equilibrium conditions.Subsegent processing stages following reheating may have
additionally affected the composition of the fine Tildh particles since they were extracted from
the fully processed samples.

Table4.4i Measured Ti/(TiNDb) ratio of fine TiNrich particlesatquarterlineusing STEM/EDX
and the adjusted composition of studied steels

Ti/(Ti+Nb) Adjusted composition

Sample (atomic fraction) (wt.%) Tfl\?#flt\? S)
Average| SD* Nb Ti N (atomic fraction)

T36-1 QL 0.71 0.05 0.073 | 0.012 | 0.0034 0.24
T36-2 QL 0.73 0.04 0.077 | 0.013 | 0.0035 0.25
T36-3 QL 0.66 0.07 0.074 | 0.010 | 0.0047 0.21
D-1QL 0.66 0.05 | 0.036 | 0.014 | 0.0047 0.43
3F565QL | 0.75 0.06 0.074 | 0.007 | 0.0050 0.16
B60 QL 0.59 0.05 | 0.088 | 0.015 | 0.0063 0.25
TWX70QL| 0.66 0.07 | 0.065 | 0.009 | 0.0069 0.21

* SD: Standard deviation

The presence of Nb in fine TiNch particles and the effect of the heating cycle on TiN patrticle
composition have been reported[t§6]. Their TEM/EDX analysis resulted in a Ti/(Ti+NDb) ratio

of 0.75 in a &eel with a composition of 0.07-G.014 Nb0.017 T+0.0063 N(all in wt.%) reheated

at 1200 °C for 2 h prior to hablling. However, the ratio increased to more than 0.8 after
undergoing simulated HAZ experiments with a maximum peak temperature of 1350 °C. A similar
dependence of fine THich compositions to higkemperature #atments is also demonstrated by
Hong et al[117]. They reheated asast samples with a compiien of 0.06G0.039NB0.018Tt

0.004 wt.% N, and showed an increase in reheating temperature results in the formation of fine
TiN-rich particles that are more enriched in Ti. Their findings are presentéddure4.22. The
Ti/(Ti+Nb) ratio decreased from approximately 0.9 to 0.6 when the reheating temperature was
decreased from 1400 °C to 1050 °C.
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Figure4.22i Composition of fine particles in slab reheated at different temperdfiiréls

Figure4.23 shows the variation in Ti/(Ti+Nb) ratio for the Til\th phase in equilibrium with
austenite in the studied steels, airaction of temperature, calculated using ThermoChihe
calculations were conducted usitige one axis equilibrium module which determines the
equilibrium compositios of phases as a function of temperature. atjgistedconcentration of

Ti, Nb, and N along with the concentrationgtod elements shown in Table 3.1 were used as the
composition of the systemi\s the temperature decreases, the Ti/(Ti+Nb) ratio of theritiN

phase decreases until it reaches a minimum. The minimum corresponds with the startichNbC
phase formation, which limits the available Nb. The typical temperature range for reheating in
industry is 1200 °C to 1300 °C. The calculated Ti/(Ti+NHuga are greater than the measured
ones shown iTable4.4. The discrepancy between the measured and calculated Ti/(Ti+Nb) ratios
for fine TiN-rich paticles persists even when the lowest calculated Ti/(Ti+Nb) values at lower
temperatures are considered. The lowest calculated Ti/(Ti+Nb) ratio belongs to TWX70, while the
lowest measured ratio wasbserved for B60. The discrepanbgtween the measured and
calculated Ti/(Ti+Nb) ratios for fine TiNich particlessuggests that interaction values for the
involved species used in the ThermoCidlermodynamic databaseay not be explained using
thermodynamic principled he software is programmed to predict astgm with the lowest free
energy, i.e., equilibrium conditions, while the reheating conditions that the steels underwent may

not have achieved the equilibrium composition for fine-Tidth particles.
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Figure4.23i Calculated Ti/(Ti+Nb) ratio of TiNich phase versus temperature using
ThermoCalc with the adjusted composition.

4-3-3  Volume fraction of fine TiN-rich particles

Figure4.24 shows the volume fraction of fine TiNch particles as a function of adjusted Ti-N
values. The volume fraction increases with an increase in the adjusted Ti-N values. It is necessary
to mention that attapts to include a phase representing the coarseigif\particles in the QXRD
analysis of D1 QL were not successful. However, coarse-fidgk particles were observed in the
SEM/EDX analysis of the carbon replicas extracted froth QL. This is an indicadn that the

volume fraction of coarse THXch particles in the EL QL sample is small. The actual volume
fraction of fine TiNrich particles in D1 QL (Figure 4.24) is, therefore, slightly less than the

presented value.

The ICP resultsTable4.5) showed that the concentration of Ti in solid solution is quite low. Thus,
virtually all the Ti that is not tied up in coarse Tilgh particles exists in fine Tilkich particles.
Therefore, athe Ti and N amounts available for the formation of fine-AidN particles increases,

the volume fraction will increase.
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Figure4.24i Volume fraction of fine TiNrich particles measured using QXRD dsiraction of
adjusted Ti-N values.

Table4.51 ICP-MS results of Ti for QL samples

Sample |T361 QL|T36-2 QL|T36-3 QL| D-1 QL Sz‘rl’_% B60 QL Tvgim

Tiincollected g5 | 955 | 979 | 974 | 981 | 988 | 984
residue (%)

4-3-4  Comparison between quarterline and centerline samples

The average size, composition, and volume fraction of the fingi€i\particles at the quarterline
and centerline of four of the studied steels are presenkagure4.25to Figure4.27, respectively.
Similar to the coarse particlethe fine TiNrich particles did not show a significant difference at
the quarterline and centerline locations. The apparent higher volume fraction of fimeciN
particlesfor D-1 QL in comparison with thsefor D-1 CL is because QXRD for-0 QL did nd

include the coarse THdch phase. However, coarse Fiidh particles were observed in both
samples.
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Figure4.25 Average size of fine TiMNich particles at the QL and CL measured using STEM.
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Figure4.27i Volume fraction of fine TiNrich particlesat the QL and CL measured using
QXRD.

In addition to possible compositional differences between quarterline and centerline locations
discussedn Section 42-4, the difference in their cooling rates during psslidification cooling

may affect the chargeristics of particles forming at these locatiofisl8]. Lower post
solidification cooling rates at centerline locations have been associated with larger fine TiN
paricles[119]. However, the observations carried out in the current study do not show significant
differences betweeithe fine TiNrich particles at quarterline and centerline locations. The
formation of the fine TiNich particles in the studied steels may not have been affected by post
solidification cooling rates. As will be discussed in Sectief) the steels likelyid not contain

fine TiN-rich particles in the asast condition. Therefore, the particles were formed during the
reheating process usually carried out from 1200 °C to 1300 °C. As discussed in S&tiba 4
reheating process influences the size andpasition of fine TiNrich particles. A similar
reheating cycle at the quarterline and centerline locations could be the reason for the observed lack

of a considerable difference in the characteristics of the fineri€iNparticles at these locations.
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4-3-5 Summary

A decrease in the size of fine Filch particles was observed as the adjusted Ti-N value increased.
A larger adjusted Ti-N value provides a larger driving force for nucleation and leads to finer
particles. The composition of the fine Filth particles inthe studied steels did not show
significant differences, which could be due to the complicating effect of the heat treatment history
(reheating process) in addition to the composition of the steels. The volume fraction of the fine
particles is affected byhe nominal composition and solidification process, which eventually
determine the amount of Ti and N available for the formation of fineriGiN particles.The
differences in characteristics of fine Fil¢h particles at the quarterline and centerlimeations

were not significant. In addition to the lack of a significant compositional dissimilarity between
these locations, the formation of fine TFildh particles during reheating (and not post

solidification cooling) may have contributed to the obsetvehavior
4-4 Precipitates in the ascast steel

Microalloying elements that are present in the melt at the beginning of the casting form various
types of precipitates with different sizes, morphology and compositions as the steel is cast into a
slab. The chracteristics of the precipitates affect the production process schedule and the final

product properties. This section focuses on the coarse and fine particles observadcastF
4-4-1 Coarse particles

The carbon replica extraction method was used tcaexparticles from the quarterline and
centerline of 3Fascast.The purpose of analyzing 3scast was to obtain information on the
condition of fine TiNrich particles in the steels before reheatiS§gEM/EDX analysis of the
replicas showed coarse deridriNb-rich precipitates in addition to coarse Filh particles.
Figure4.28 andFigure4.29 showexamples of the coarse Miech particles at the quarterline and
centerline locationsAdditional SEM micrographs and EDX spectra and maps of the coarse TiN
rich and Nbrich particlesn ascastslabsare provided in Appendil. Such particles were absent

in the fully processed steels. A siarilprecipitate type has been observed in continuously cast
microalloyed steels. Chen et f12] used the replica method to extract particles from the edge and
centerline of a 0.02 0.098 NBb0.013 T+0.003 N(all in wt.%) steel and observed micrsized

dendritic precipitates with Ti/(Ti+Nb) ratio of 0.20 (atomic fraction). Based on the morphology
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and size of the particles, it was suggested that the particles were formed in interdendritic regions
before solidificationwvas complete, and microsegregation in the interdendritic regions provided a

high concentration of microalloying elements eliminating the need for long distance diffusion.
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Figure4.28a) SEM SE micrograpbf carbon replica extracted from the quarterline sample of 3F
ascast; b) EDX spectrum of the top particle &) (Ti/(Ti+Nb) = 0.32 atomic fraction). The Al
and Mg peaks are from the Al alloy SEM stub used to hold the gridsCrpeak is from the Cu
grid.
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Figure4.29a) SEM SE micrograph of carbon replica extracted from the centerline sample of 3F
ascast; b) EDX spectrum of the particletiremiddle of (a) which is indicated by an arrow
(Ti/(Ti+Nb) = 0.28 atomidraction).The Al and Mg peaks are from the Al alloy SEM stub used
to hold the grids. The Copeak is from the Cu grid.

Figure 4.30 shows the composition of the precipitate phase forming during the solidification of
3Fascast using the modified Schéiulliver model. As the solid fraction approaches 0.84, the
secondary phase (precipitate) starts to form with a composition enriciiedua N. When the
solid fraction is just over 0.99, the composition of the phase changes fromchikd Nbrich

(Figure4.30b), although the calcated concentration of Ti is less than measured vakigsre

4.28 andFigure4.29).
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Figure4.30a) Concentration of Ti, Nb, C, and N in a precipitate forming during solidification of

3F-ascast using the modified Schéulliver model; b) thenclosed zone in (a) magnified.
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During solidification, alloying elements segregate into the liquid. The partition coefficients (the
ratio of the concentration of the element in solid to that in liquid at the solidification front) for Nb
and Ti are not eq. The modified Scheiulliver model shows that the Nb and Ti partition
coefficients are 0.18 and 0.29, respectively. Additionally, the higher nominal concentration of Nb
and consumption of Ti when coarse Tildh particles form may lead to larger Nb ssgation

ratios (the concentration of the element in liquid to its nominal concentration) compared with that
of Ti (~57 to 1 just before Nbch particlesstart to form). This is likely the reason coarseri¢h
particles were observed in the@ast sam@s[102].

4-4-2  Fine particles

Fine particles were also observed at both quarterline and centerline locations. {casiesasnple,

the fine particles were mostliacetedNb-rich particles.Occasionally, statlike, rodlike, and
dendritic NBrich particles wer@etected with decreasing frequen€ieir morphology indicates
theearly stage of dendritic growth. Since they form at the last stage of solidificatiore ofthe
particles may nohave access to the necessary Nb enriched liquid to develop dendritic structures
fully. Additional STEMADF micrographs and EDX maps of the fiNb-rich particlesin ascast
slabsare provided in Appendik

Again, the purpose of analyzyB8Fascast wasd obtain information on the condition of fine FiN

rich particles in the steels before reheating. However, no finai€iNparticles were detected in
3Fascast. STEM/EDX was employed to measure the composition of more than 40 fine particles
at the quartdine location of 3Fascast, which were suspected to be fine -fidh particlesbased

on theirfacetedshapes. However, all the particles were-ridhh with an average Ti/(Ti+Nb)
fraction of 0.13 (standard deviation: 0.01). These types of particle are shéigure4.31. The
morphology of the particles may suggest that they formed in the last stages of solidification.

Another type of detected particles was dendaitistarlike in shapeFigure4.32 shows examples

of particles at the quarterline and centerline locations. The average size and composition of the
particles are given imable4.6. They had similar sizes and compositions and weredtbas well.

Other studies conducted one@ast slabs have reported similar particles Heas Nbcontaining
microalloyed steel$117], [120] Jun et a[120] reported that stdike particles in asast slabs
containing 0.06&-0.056 NbB0.017 T+0.006 N(all in wt.%) were Nbrich (Ti/(Ti+Nb) ~ 0.3) with

sizes ranging from 50 to 200 nm. The presence oflik@Nb-rich precipitates with an average
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size of 153 nm has been reported by Wang dfLl@l] in a steel with a composition of 0.06 C
0.063 NB0.044 T+0.008 N(all in wt.%) produced via compact strip pr@seng (CSP). Their
TEM/EDX analysis showed that the particles wereridh with a Ti/(Ti+NDb) ratio of about 0.3.

The particles observed by Wang et al. were not limited tolik&arshapes. Smaller Nifich
particles with spherical shapes and sizes in thgaaf 10 to 70 nm were also detected. Their
compositions were in the same range as that of thdilstgrarticles. Wang et al. also detected 40

to 80 nm cuboidal Frich particles. The difference between the type of particles observed by Wang
et al. andhose observed in this studgrbe attributed to different processing routes. In CSP, the
cast strip is directly fed to a furnace at around 1100 °C for a short time (~ 20 min). However, in
cold charge rolling (CCR) (the production route for the studiedlstin this work), the room

temperature slabs are reheated at 12800 °C for 23 h. The limited heating process in CSP

could lead to the presence of a combination of particles in the final product.

Figure4.31i Facetedparticles observed in carbon replicas extracted from the a) quarterline and

b) centerline of 3fascast.
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Figure4.32i Starlike particles observed in carbon replicas extracted trmra) quarterline and

b) centerline of 3rascast.

Table4.6i Average size and compositionfatetedand staflike particles in 3Fascast

Composition
Size (nm) Ti/(Ti+Nb)
Type Location (atomicfraction)
Average SD* Average SD
Quatrterline 35 7 0.13 0.01
Faceted
Centerline 34 11 0.16 0.02
Quarterline 138 34 0.15 0.02
Starlike
Centerline 117 24 0.17 0.03

* SD: standard deviation

Several studies have reported the presence of fineriégiNparticles in possolidification
conditions. Kunze et a[99] observed 10 nm TiN particles, in addition to coarse TiN particles,
after solidification of a steel containing 0.05%:0[v7 Mn0.08 G0.016 N(all in wt.%) with a
postsolidification cooling rate of 25 K/s. The presence of fine TiN particles-ctaassaples
containing 0.089 €..24 Mn0.015 T+0.006 N0.018 V(all in wt.%) has been reported by Nagata
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et al.[119]. The average sizes of TiN particles at locations near the surface and centerline of a
continuously cast slab were reported to be approximately 30 nm and 45 nm, respectively. The
chemistry of the steels in the abaewentioned studies did not include Nb. Aidy on several
microalloyed steels with a composition of 0.0®©27 Nb(0.0050.038) T+(0.0050.011) N(all

in wt.%) showed only fine Frich particles in agast samples in which the concentration of Ti was
0.038 wt.% or when N content was increasedf50 to 110 pprfil02]. It seems that when Nb is

present in the chemistry of the steel, fine -Fith particles only form under certain conditions.

The absence of fine THch particles inthe ascast sample could be related to the formation of
coarse Nkrich particles near the end of solidification. ThermoCalc software was used to determine
the phases that are present irg@€ast under equilibrium conditions. The result is showsigare

4.33. The amount of the Tikich phase continues to increase as the temperature is decreased after
solidification is complete, indicating that fine Tifich particles form during postolidification
cooling. Also, the Nb&ich phase only exists below 1160 “@owever, in the asast sample,

only coarse TiNich and coarse Nbch patrticles, which formed in the liquid, and finer-Nbh
particles were observed without any trace of fine -figkh particles. The deviation from
equilibrium predictions could be besauthe solidification path is not an equilibrium one. During
solidification, the segregation of Nb into interdendritic regions leads to the formation of coarse
Nb-rich particles with a significant concentration of Ti. This, in turn, leaves thetbigperture
austenite undersaturated with respect to Ti or leads to Ti supersaturation levels that are not
adequate to provide a sufficient driving force for fine Fibh particle nucleation, thereby
impeding the formation of fine TiNich particles during subgeaent possolidification cooling.
Eventually, when the asast steel is reheated, thecbintaining Nbrich particles will dissolve and

pave the way for the precipitation of fine Fri¢h particleg117].
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Figure4.33i Equilibrium phases present in-35cast between 1000 °C and 1600 °C, calculated
using ThermoCalc. The size of the systemis 1 g.

4-4-3  Summary

The SEMSTEM/EDX analysis conducted on the carbon replicas eAS¢ast revealed coarse
and fine Nbrich particles in addition to coarse Tiidth particles. Fine TiNich particles were not
detecte in the samples. The coarse-N¢h particles exhibited dendritic morphology and these
precipitated during the last stage of solidification. Since thei®tbparticles consume the Ti left
in the liquid, the nucleation of fine THNch particles duringoostsolidification cooling was
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impeded. Fine TiNich particles werdormed during the reheating process (carried out prior to
hot rolling) while the Ticontaining coarse and fine Nilzh particles were dissolvebh this study,

steels in agxast conditia and fully processed condition were studied, and various Ti and Nb
carbonitride particles were detected. Solidification of steel involves segregating alloying elements
into the liquid (for the elements with the partition coefficients of less than 1dinglTi, Nb, N,

and C). As solidification progresses, Ti and N segregate into the liquid. When the liquid becomes
saturated with Ti and N, the continued segregation of Ti and N results in the formation of the
coarse TiNrich particles. Similarly, segregati of Nb results in the formation of dendritic and
faceted Nbrich carbonitride particles at the last stage of solidification since Nb carbonitrides have
greater solubility in the liquid than TiN does [32]. The study of thesas$ steel showed that coarse
cuboidal TiNrich particles, coarse dendritic-€ontaining Nbrich particles, and fine faceted-Ti
containing Nbrich particles were the primary detected particles after casting. However, in the fully
processed steels, in addition to the coarse cuboiblati¢h particles, fine TiNvich particles and
NbC-rich particles epitaxially grown on the fine Fifith particles were observed. Thus, the coarse
dendritic Ticontaining Nbrich particles and fine faceted -Tontaining Nbrich particles
disappeared durinthe TMCP process. It has been suggested that thecNIparticles dissolve

and reprecipitate as fine TiNch particles during reheating stage [117]. Alternatively, the
dissolution of Nbrich particles could have involved the partial dissolution of Nibtine austenitic
matrix followed by the growth of the remaining Fif¢h core. However, the obtained results in
this study cannot clarify which one is the main mechanism for the formation of fineiChiN
particles from the Nivich particles. Further inatigation is required to understand the kinetics of
fine TiN-rich particle formation. After reheating, when the temperature of the steel is lowered to
perform rough and finish rolling, Nb€ch particles become more stable, and they can
preferentially formon the existing fine TiNich particlesWhile Nb-rich particles forming during
solidification are usually dendritic or facetetetepitaxially grown Nb&ich particlestake the

form of acap.Further decrease in temperature during coiling can lead to the formasipinesical

NbC-rich naneprecipitates (<10 nm) in the ferrite phdga].
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5 Conclusions andfuture work

SEM/EDX, STEM/EDX matrix dissolution]CP,and QXRDanalysis were employed to measure
sizes, compositios, and volume fractiomof the coarse and fine TiNch particles inseveralas
rolled thick walled X70 microalloyed steels containirtg0140.023 wt.%Ti and 42-93 ppmN.
Additionally, the types of the particles present in aitas steel were studied using SEM/EDX

and STEM/EDX.The following presents the conclusions and recommended future work.
5-1 Conclusions

1 The size of the coarse TiNch particles increasedith increasig nominal Ti and N
concentration producthe coarse TiNich particles forradduring solidification, andhe
nominal Ti and N concentratigegroductaffectedthe solubility of TiN in the liquid during
solidification. As solidification progresse the alloying elements, including Ti and N,
partitioned to the solidification front and, due to the lacksignificant diffusionin the
solid, segregatkinto the interdendritic regions. The segregation was more significant in
the steels with the highgrroducts and larger coarsd@iN-rich particles were more
frequently observed in those steels. The volume fraxtbthe coarse TiNich particles
also increasedvith increasingnominal Ti and N concentration produdthe limited
solubility of Ti and N inthe solid led tahe precipitationof larger volumes ofhe coarse
TiN-rich particles in the steels with larger Ti and N concentrationslérger nominal Ti
and N concentration prodwrtduring solidification. The compositional analysis of the
coarse TiNrich particles showed that they were not pure TIN and containedl Nb.
similar crystal structure anthttice parameters of Nb and Ti carbonitdggomoted the
formation of particles with compleshemical compsitions. For steels with similar Ti/N
ratios, bwer Ti/(Ti+Nb) ratiosin the coarse TiNrich particles were related to the lower
Ti/(Ti+Nb) ratios of the liquid as the particles formed.

1 The size othefine TiN-rich particles decreased as the product of the adjusted Ti and N
concentrationsincreased. The adjuste@li and N concentrations were obtained by
subtracting the Ti and Nbound in the coarse TiNch particlesfrom the nominal

concentrations The effect of alarger adjusted produgtas related to theedudion in the
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energy barrier for the nucleation of the particlebichled to higher nucleation rates and
smaller fine TiNrich particles.Since nearly all the adjusted Ti concentrations were
precigtated as fine TiNich particles, the volume fraction of the fine Tildh particles
increasedavith increasingoroduct of the adjusted Ti and N concentrations. The Ti/(Ti+Nb)
ratios of the fine TiNrich particles were lower than that thie coarse TiNrich patrticles,
indicaing agreater concentration of Nb in the fine particles.

No significant differences were observed in sizes, compositions, and volume fractions of
the coarsd&iN-rich particles at the quarterline and centerline locationg'36-1, T362,
T36-3, and D1. The concentrations of several alloying elements (such as Cr, Sgridn,
Ni) at both locations were similar, suggestihgt the soft reduction process performed
during casting had reduced segregation levels at the é¢eatediso, the metallurgical
centerline may not have been located inrdggonfrom which the centerline samples were
prepared. A similar observation was madeth@fine TiN-rich particlesThe observation
was related to he formation of thefine TiN-rich particles during thereheating
(homogenizatiop stageand the possibilitythat the centerline and quarterline locations
experience similar heating cycldsring the stage.

In addition to coarse TiMich particles, coarse and fine-dontainhg Nb-rich particles
were detected in the -asist $eel The formation othe Nb-rich phase in the last stages of
solidification was verified by the Schetulliver solidification model. Fine TiNich
particles were absent in theeast $eel It is suggested the formation ofdontaning Nb-
rich particles during solidification hindered the formation of the fine-AdN particles
during postsolidification cooling.

The ScheHlGulliver solidification model showed that the Fii¢h phase started form at
lower solid fractions for the steels with the larger productshefnominal Ti and N
concentrations. The earlier nucleationtieé TiN-rich phase during solidificatioled to
larger coarse TiNich particles. The volume fractions of the Tiildh phaseobtained from
the model were in good agreement with the measured vidudgbe coarse TiNich
particles except athe lowestproducs of thenominal Ti and N concentrations. The issue
was attributed to the supersaturation required for the numteatithe particles. Also, the
composition of the TiNich phaseshowed dwerNb levelsthan the measured valuies

the coarse TiNich particles A similar difference in the predicted and measured

82



compositiors of the fine TiN-rich particles was also observedhen modeling usingne

axisequilibrium moduleof ThermoCalc
5-2 Proposed fiture work

1 The majority of the studied steels had Ti concentrations varying frai4 @t.% to 0016
wt.%. For a given Ticoncentration€.g.,0.015 wt.%), excess N leads to the formation of
large coarse TiMich particles and fine TiMich particles, as observed for TWX70. On the
other hand, when N concentrations aearthe stoichiometric ratio, smaller coarse TiN
rich paticles with relatively larger fine TiNich particlesare expected, as observed for
T36-2. Since large coarse TiNch particles andine TiN-rich particles in the range
between 30 and 60 nm are not desirableompromise could be N concentrations in
between these two condins, similar to T3E3. Another strategy could be reducing the
nominal Ti concentrationfpr examplea Ti concentration of 0.012 wt.&ong witha N
concentration of 50 ppm. Suetsteel will have Ti-Nx16=0.6, which isless tharthat of
T36-2 (Figure 43). Alternatively, reducing the nominal concentration of Nb and reducing
thereheatingemperature (the likely condition for-D) should be explored.

1 The results of STEM/EDX analys@ioneon the ascaststeelindicated that fine TiNich
particles do not form during pesblidification cooling. The absence of the particles was
attributed to the formation of ontaining Nbrich particles in the last stageof
solidification. It is proposedhatthe ascast mecrostructure of a series of microalloyed
steelswithout Nb andwith a range of Nb concentrations should be aredyo determine
the role of Nb in suppressinthe formation of fine TiN-rich particles during post
solidification cooling. The samples need tbe quenched at different temperatures
following the casting process to determine the concentration of Ti in the matrix pher to
formation of the fine TiNrich particles.

1 Fine TiNrich particles are important foexerting pinning forces on austenite grain
boundaries during theeheatingstage. However, the particles appear to form during the
reheatingstage in the steels studied. A study should be conducted to investigate the kinetics
of fine TiN-rich particle formation and the effect on stenite grain growth during the

reheatingstage.
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1 A more accurate compositional analysis of the fine-fidk particlesshould be performed
usingatom probgéomography

1 A comparison can be made with the area fraction of the coarsgchilgarticles obtairgk
using SEM/EDX equipped with an automatic inclusion analysis system. It is claimed that
the technique can analyze large areas of steel samples over relatively short periods.

1 To reduce the size of coarse Tilh particles, it is suggested to maintain pmeduct of
nominal Ti and N below 0.6x10wt.%? (Figure 4.3). Since reducing the concentration of
nitrogen via vacuum degasseithe below 50 PPM level could be practically challenging,
reducing the concentration of Ti is suggested to limit the product of Ti and N
concentrationsTo decreasehe size of fine TiNich particles, it is suggested that the
reheating temperature be lowerdReducing the reheating temperature will affect the
dissolutionkinetics of Nbrich particles which mustoe compensated by reducing the Nb

concentration in the steel.
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Appendix A SEM/EDX analysis of coarse TiNrich particles

The following presentthhe SEM SEmicrograpls and EDXspectra of the coarse Til\ch particles
extractedwith the carbon replicenethod
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FigureA.1li SEM SE micrograph and EDX spectrum of the coarseridhl particle extracted
using carbon replicaom T36-1 QL.
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FigureA.2i SEM SE micrograpbof the coarse TiNich particles extractedsing carbon replica
from T36-1 QL.
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FigureA.3I SEM SE micrographof the coarse TiNich particles extractedsing carbon replica
from T36-1 QL.
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FigureA.4i SEM SE micrograph and EDX spectrum of thersed iN-rich particle extracted
using carbon repliciom T36:2 QL.

101



2

®1anoFA

ERTA

Mag= 2000KX EHT=10.00kV Date :21 Apr 2020
WD = 84mm File Name = G3C5__11 tif

Signal A = InLens

Fabrication | | Expertise

Mag= 10.00KX EHT=10.00 kv Date :24 Apr 2020
WD= 7.0mm File Name = G3B5_07 tif

®1anoFAB

Signal A = InLens

Fabrication | | Expertiss

FigureA.51 SEM SE micrographof the coarse TiNich particles extractedsing carbon replica
from T36-2 QL.
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FigureA.61 SEM SE micrographof the coarse TiNich particles extractedsing carbon replica
from T36-2 QL.
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FigureA.7i SEM SE micrograph and EDX spectrum of the coarseridGh particle extracted
using carbon replicaom T36-3 QL.
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