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ABSTRACT

The effects of microalloy precipitation and (tunnel furnace) dissolution during
direct slab production were explored relative to the position within a slab (i.e. thermal
profile of the slab) and alloy content. Niobium solute contents and precipitate fractions
were quantified using electrochemical extraction and inductively coupled plasma atomic
emission spectrometry (ICP-AES) techniques. The locations selected for testing three
experimental CMn(NDb) steels incorporated the influence of temperature differences
between different locations within the slab, differing solidification rates, and alloy
segregation.

Preliminary testing involved a high strength vanadium grade which was used to
determine if adequate quenching occurred during sample collection. A CMn(VNDb) slab
was cropped at the base of the caster and prior to hot rolling. All of the vanadium
remained in the steel matrix prior to hot rolling (at furnace exit), and did not prematurely
precipitate during sample collection at some point in the quenching process. The
quenching method was therefore considered satisfactory.

Trial heats with low, medium, and high niobium additions were then prepared.
The results showed that the greatest amount of alloy precipitation occurred at the slab
surface/edge/corner region of the continuously cast thin slab at the base of the caster.
The extent of precipitation appeared greatest in the high niobium steel, where dissolution
subsequently occurred during reheating and equalization in the tunnel furnace. There did
not appear to be substantial changes (i.e. precipitation or dissolution) in the tunnel
furnace for the low and medium niobium steels. The columnar region represented the
bulk of the slab volume and exhibited the lowest amount of precipitated niobium.
Precipitation behavior was generally consistent with expectations based on solubility
considerations related to applicable thermal and compositional variations. The high
percentage of niobium precipitation present in the slab edges can be understood in terms
of the lower slab surface temperature and corresponding lower solubility of niobium
carbonitrides. The lower temperatures of the slab surface at the base of the caster are

associated with an increasing driving force for alloy precipitation, and these conditions



are conducive to precipitation in the surface/edge/corner regions. Increasing the niobium
content also increases the supersaturation and allows niobium precipitation to occur at
higher temperatures.

The chemical analysis results were verified via microstructural analysis using
transmission electron microscopy (TEM) of extraction replicas. Precipitates were
observed to be of irregular-cuboidal and cuboidal morphologies. The average precipitate
diameter appeared to be smallest on the slab surface and largest in the centerline region
of the slab. The average particle diameter was greatest in the high niobium steel for each
process location and solidification region. The character of the precipitation volume
fraction results was generally similar to the trend shown by the electrochemical

dissolution results.



TABLE OF CONTENTS

ABSTRACT ...ttt ettt ettt s e et et e st et e st e st e beabe e e s e e be st e e ne e iii
LIST OF FIGURES ...ttt et vii
LIST OF TABLES ...ttt sttt e e e e st e e e enaes Xii
ACKNOWLEDGMENTS ..ottt e e nnee s Xiil
CHAPTER 1 : INTRODUCTION ......citiiiiisiie ettt st 1
CHAPTER 2 : BACKGROUND .....coiiiiiieiiteiet et 3
2.1 Compact Strip ProdUCLION..........ccoiiiiiiieiieiceie e s 3

2.2 Precipitation in Microalloyed STEeIS..........ccoveiiiiiiiiiiiieeee e 7

2.3 Niobium Precipitation DUring Casting .........cccccveveriveresiesieesesieseeseseeseeneens 12
CHAPTER 3 : EXPERIMENTAL PROCEDURE........cccccoveitiiiieiie et 17
3.1 Electrochemical Precipitate EXtraction..........ccoceveirieeiiniin e 17

3.1.1 Sample Preparation .........coceeeieienenesesiesesee e 18

3.1.2 Electrochemical DiSSOIULION ..........cooiiiiiiiiiiiiiiieee e 19

3.1.3 Filtration Method ..........cccovviiiiiieeese e 22

3.2 Induction Coupled Plasma — Atomic Emission Spectrometry............ccccceeveuen. 24

3.3 Preliminary QUeNnching Trial ........ccooiiiiiiiiii e 25

3.3.1 Material for Preliminary Quenching Trial ...........cccooeiiiiiiniiiinnnnn 26

3.3.2 Results for Preliminary Quenching Trial..........ccccocovveiviieiveiecee, 28

3.4 Material for Niobium STUdIES ........ccoviiiiiiiee e 29

3.5 Transmission EICtron MICIOSCOPY .....ccvereerierrieririieiiesiiesieesieses e e sieseesieeneens 32
CHAPTER 4 : EXPERIMENTAL RESULTS AND DISCUSSION.........cccoceevieeiieee 35
4.1 ReproduCibility TESING .....cccveieeeieie e 35

4.2 Influence of Niobium Content and Slab Location on Precipitation Behavior..38

4.2.1 Slab SUIfaCe/EAQE.......coeeiieieciesiee e 38

4.2.2 COIUMNAT......coiiieieee ettt te e nne s 41

4.2.3 CeNErliNe ....c.ooeiieice s 44

4.2.4 Discussion — Electrochemical Analysis..........ccccovevviveiieiesiieieennns 47

4.3 Precipitate CharaCterization ............ccooeeiiiieiiineee e 52



4.3.1 Precipitate Size and Morphology ........ccccceveiinienininiieeee e 54

4.3.2 Precipitate Size DisStribution ... 61

4.3.3 Precipitate VOIume FraCtion .........ccccoccevivevieiiieieeie e e e see s 64

4.4 General DISCUSSION .......ccviiiieieiiesiese sttt bbbt st ene e 67
CHAPTER 5 : CONCLUSIONS ...ttt 73
CHAPTER 6 : FUTURE WORK ..ottt 77
REFERENGCES ..ottt sttt sttt e e ne e 79
APPENDIX A .ottt ettt bttt a e n et e 87
APPENDIX B oottt 91

Vi



Chapter 2:

Figure 2.1:

Figure 2.2:

Figure 2.3:

Figure 2.4:

Figure 2.5:

Figure 2.6:

Figure 2.7:

Chapter 3:

Figure 3.1:

Figure 3.2:

Figure 3.3:

Figure 3.4:

LIST OF FIGURES

Schematic of CSP ProCess [26] .....ccovvieeierirniniiiie e 4

Amount of carbon, sulfur, and phosphorous relative to the through
thickness of a low carbon steel produced by CSP [32].......cccccevvviveierninnne. 6

Solubility products of selected microalloy precipitates in austenite.
Solubility products from [36].......ccccoiiiiiiiiiieiee e 8

Solubility products of selected microalloy precipitates in ferrite. Solubility
Products from [S1] ...ecveeeciece e 10

TEM images of complex precipitates in microalloyed steels showing (a)
Nb(C,N) caps that nucleated on a TiN core [48], (b) TiN core surrounded
by a shell of Nb(C,N) [49], (c) Cruciform precipitation demonstrating long
arms of Nb(C,N) that nucleated on a TiN core [50], (d) strain-induced
niobium-rich (Nb,Ti)(C,N) precipitates [55], and (e) cruciform complex
PreCIPItates [65] ....ovveieerieiie et 11

Dark field images of precipitates in the as-cast CSP slab (0.070 wt.
pct. Nb, 0.016 wt. pct. Ti). () TiN precipitates, (b) fine

precipitates, and (c) irregular precipitates [65] .......cccccevviveivereiiieieennn, 14
Particle size distribution for Nb-Ti CSP as-cast slab. Mass fraction vs

PAtICIE SIZE [B5].... e 15
Electrochemical cell used for dissolution [7] ......c.ccccoveveiiiiiiiciieiec, 20

Solution of hydrochloric acid and tartaric acid containing the dissolved
steel matrix and undissolved precipitates after electrochemical dissolution
L7 et 21

(a) Filtration method used to separate the dissolved steel matrix and
undissolved precipitates (b) Undissolved precipitate residue [7] .............. 23

Schematic of sample locations for the study of microalloy precipitation
Pror t0 hot rOllING .....c.veieee e 26

vii



Figure 3.5:

Figure 3.6

Figure 3.7:

Figure 3.8:

Chapter 4:
Figure 4.1:

Figure 4.2:

Figure 4.3:

Figure 4.4:

Figure 4.5:

Figure 4.6:

On the left (a), initial slab dimensions (in inches) after cropping at the base
of the caster and just prior to entry into the roll mill. Five inch middle
region illustrates the location within the slab of the delivered material for
easier handling. To the right (b), delivered material dimensions ............. 27

Sample locations for preliminary testing. The circled section was used to
obtain the three sampling locations. Locations A, B, and C were tested
from the base of the caster and prior to entry into the rolling mill............ 28

Calculated wt. pct. Nb precipitated as a function of temperature for low,
medium, and high niobium additions [16]........c.ccceceriniiniinninie e 30

Schematic of solidification regions and sample orientation within
continuous cast slab demonstrating the chill zone, columnar zone, and
equiaxed zone, representing (a) the casting direction, (b) associated
solidification regions and areas of interest, (c) location of sample
collection relative to slab width, and (d) specimen orientation relative to

(o2 Y Ao o [T (=T ox 1 o] o R 32

The circled section (a) was used to obtain the columnar (b) specimens
used during reproducibility testing. (c) Ten replicates were examined for
reproduCibDIIty tESTING ..ccveieeiieiiee e 36

The circled section (a) was used to obtain the slab surface (b) specimens
used for the examination of the precipitation behavior concerning the
influence of niobium content and slab location. (c) A total of ten
replicates were prepared for each condition along the slab edge............... 39

Slab surface/edge location; average niobium in precipitate form measured
by ICP-AES in wt. pct. from ten replicates plotted against the reported
alloy content measured by the steel producer...........ccccecvvveieiveiesienenn, 40

Slab surface/edge location; average niobium in precipitate form measured
by ICP-AES in pct. of niobium precipitated from ten replicates plotted
against the reported alloy content measured by the steel producer ........... 41

The circled section (a) was used to obtain the columnar region (b)
specimens used for the examination of the precipitation behavior
concerning the influence of niobium content and slab location. (c) A total
of five replicates were prepared for each condition within the columnar
=101 o] 4 [P RTT OO PP PRPRPRORON 42

Columnar location; average niobium in precipitate form measured by

ICP-AES in wt. pct. from five replicates plotted against the reported alloy
content measured by the steel producer............coovveieieienc i 43

viii



Figure 4.7:

Figure 4.8:

Figure 4.9:

Figure 4.10:

Figure 4.11

Figure 4.12

Figure 4.13:

Figure 4.14:

Figure 4.15:

Figure 4.16:

Columnar location; average niobium in precipitate form measured by
ICP-AES in pct. of niobium precipitated from five replicates plotted
against the reported alloy content measured by the steel producer ........... 44

The circled section (a) was used to obtain the columnar region (b)
specimens used for the examination of the precipitation behavior
concerning the influence of niobium content and slab location. (c) A total
of five replicates were prepared for each condition within the centerline

=T ][00 RS R U UR TR 45

Centerline location; average niobium in precipitate form measured by
ICP-AES in wt. pct. from five replicates plotted against the reported alloy
content measured by the steel producer ... 46

Centerline location; average niobium in precipitate form measured by
ICP-AES in pct. of niobium precipitated from five replicates plotted
against the reported alloy content measured by the steel producer ........... 47

Niobium in precipitate form measured by ICP-AES (in wt. pct.) plotted
against the sample location through the thickness of the slab.................... 49

Based on processing parameters, alloy content, and secondary cooling of
the Nucor Steel - Hickman casting facility; (a) temperature profile of
continuous cast slab predicted from the base of the mold through the
tunnel furnace, and (b) the temperature differences experienced at the base
of the caster and entry into the tunnel furnace............cccocoevevveie e, 50

Calculated wt. pct. Nb precipitated as a function of temperature for low,
medium, and high niobium additions [16], also showing approximate
ranges of slab temperature and quantitative comparison between combined
chemical results [16]. The locations of the edge/columnar/centerline
results do not reflect actual relationships...........c.ccoovveieieniinini, 51

Selected Nb alloys presented in bold represent the sample locations chosen
for TEM analysis and verification of the electrochemical extraction results

TEM bright field image of carbon extraction replica from the columnar
region at the base of the caster for the high niobium steel. Average
particle diameter found by measuring the length and width of the
precipitate and finding the associated cross-sectional area........................ 54

(@) TEM bright field image of Ti-rich particle seen during particle size
analysis in the high Nb alloy in the centerline region prior to hot rolling
and (b) associated EDS SPECLIUM ........ccocvveeiiiieiieie e 54



Figure 4.17:

Figure 4.18:

Figure 4.19 :

Figure 4.20:

Figure 4.21:

Figure 4.22:

Figure 4.23:

Figure 4.24:

Figure 4.25:

TEM analysis of precipitation behavior on the slab edge relative to process
location for the high Nb steel. (a) Precipitates at the base of the caster, (b)
corresponding EDS analysis, (c) Precipitation at furnace exit, and (d)

process and slab location related to micrographs ..........cccoccevvveieiieneennnne 56

TEM analysis of precipitation behavior and corresponding EDS analysis
(circled area) in the columnar region relative to process location for the
high Nb steel. (a) Precipitates at the base of the caster, (b) corresponding
EDS analysis, (c) precipitation at furnace exit, and (d) corresponding EDS
ANAIYSIS ..ttt ettt re e 57

TEM analysis of precipitation behavior and corresponding EDS analysis
(circled area) in the centerline region relative to process location for the
high Nb steel. (a) Precipitates at the base of the caster, (b) corresponding
EDS analysis, (c) precipitation at furnace exit, and (d) process and slab
location related to MICrOgraphs. .......ccoovvviieieiie e 58

TEM analysis of precipitation behavior and corresponding EDS analysis
(circled area) on the slab surface relative to process location for the low
Nb steel. (a) Precipitates at the base of the caster, (b) corresponding EDS
analysis, () precipitation at furnace exit, and (d) process and slab location
related t0 MICrOgraph ........cooveiiiiie e 59

TEM analysis of precipitation behavior and corresponding EDS analysis
(circled area) in the columnar region relative to process location for the
low Nb steel. (a) Precipitates at the furnace exit and (b) corresponding
EDS @NAIYSIS ... 60

TEM analysis of precipitate behavior and corresponding EDS analysis
(bold circled area) in the centerline region relative to process location for
the low Nb steel. (a) Precipitates at the furnace, where dashed-circled
precipitates resemble cruciform-type morphology, and (b) corresponding
EDS @NAIYSIS ...t 61

NDb(C,N) particle size distributions in the high Nb alloy on the slab surface
observed at (a) the base of the caster and (b) prior to hot rolling .............. 62

Nb(C,N) Particle size distributions in the high Nb alloy in the columnar
region observed at (a) the base of the caster and (b) prior to hot rolling...63

NDb(C,N) Particle size distributions in the high Nb alloy in the centerline
region observed at (a) the base of the caster and (b) prior to hot rolling...64



Figure 4.26:

Figure 4.27:

Figure 4.28:

Figure 4.29:

Figure 4.30:

Nb(C,N) particle size distributions in the low Nb alloy at (a) the base of
the caster on the slab surface and (b) each solidification region prior to hot
0] 1 T 0o SRR OR 64

Precipitate volume fractions determine by the K parameter versus the
through thickness of the slab............cccooeiiiii i 68

(@) Initial slab dimensions and (b) section of material studied. (c) Sample
locations and orientations inthe slab ... 69

(@) Niobium in precipitate form measured by ICP-AES (in wt. pct.) plotted
against the sample location through the thickness of the slab and (b)

precipitate volume fraction represented by the K parameter versus the slab
location for selected alloys and represented process locations.................. 70

Particle size distributions relative to thermal profile of the slab and process
location for the selected alloys, process locations, and solidification
regions. Combined particle distributions for (a) the base of the caster for
the high niobium alloy, (b) base of the caster for the low niobium alloy, (c)
high niobium alloy prior to hot rolling, and (d) low niobium alloy prior to
RO TOIIING .. 71

Xi






Chapter 2:

Table 2.1

Chapter 3:

Table 3.1:

Table 3.2:

Table 3.3:

Table 3.4:

Chapter 4:

Table 4.1:

Table 4.2:

Table 4.3:

Table 4.4:

Table 4.5:

Table 4.6:

Table 4.7:

Table 4.8:

LIST OF TABLES

Comparison of CSP and CCR Processes for the Production of C-Mn Steel
SHPS [28]. e veereeie sttt rs 5
Chemical Composition of CMn(VND) Steel (wt pct.) for Quenching Trial27

Vanadium Measured in Solution and Precipitate Form in
CMN(VND)-Quenching Trial ........ccccoeiveieiieiiee e 29

Niobium Measured in Solution and Precipitate Form in
CMN(VND)-Quenching Trial ........cccooiiieiiiii e 29

Chemical Compositions of CMn(Nb) Steels (wt. pct.) for Microalloy
Precipitation STUAIES .....ccvvcieiieie e 30
Reproducibility of Niobium Measured in Solution and Precipitate Form.37

Accuracy of ICP Analysis and Reported Alloy Content Using Medium
CMn(NDb) for Reproducibility TeStING ......ccccvvveerveriereeneeie e 38

Average Niobium Measured in Solution and Precipitate Form
Edge Location at the Base of the Caster .........ccccccvevviveiii v, 40

Average Niobium Measured in Solution and Precipitate Form
Edge Location Prior to HOt ROIING ........ccoviiiiiiiicee, 40

Average Niobium Measured in Solution and Precipitate Form
Columnar Location at the Base of the Caster .........ccccocvvveveiiencinieniiniinnns 43

Average Niobium Measured in Solution and Precipitate Form
Columnar Location Prior to HOt ROIliNG .........coovviiiiiii 43

Average Niobium Measured in Solution and Precipitate Form
Centerline Region at the Base of the Caster ..........ccccccevevvieveeve e, 46

Average Niobium Measured in Solution and Precipitate Form
Centerline Region Prior to Hot RolliNg ........ccooviiiiiiiie 46

Xii






ACKNOWLEDGEMENTS

First off, I would like to give the most sincere thank you to my undergraduate
research assistant, Pete Stacey. Without his help during experimental testing the extent
of this project would not have been possible. His dedication and hard work is one to
admire and | am truly grateful for all the knowledge and enthusiasm that he brought to
this study and to the research center.

I would like to thank my committee, Dr. Speer, Dr. Matlock, and Dr. Thompson,
for their support and enthusiasm. | would like to thank Dr. Speer for his guidance and
encouragement throughout this project, Dr. Matlock for his interest and support during
this study, and Dr. Thompson for his additional insight. | would also like to sincerely
thank Dr. Speer, Dr. Matlock, Dr. Brian Thomas, Kun Xu, Steve Jansto, and Adam Shutts
for their insight and invaluable support during the publication of this study.

I would also like to acknowledge the support of the sponsors of the Advanced
Steel Processing and Products Research Center. Without the passion and excitement for
steel from each sponsor, this opportunity would not have been possible. | would like to
extend a special thank you to Steve Jansto for being an outstanding mentor and for his
knowledge, excitement, and enthusiasm during the duration of this project.

To everyone at Vital Yoga, thank you for your enlightenment, compassion, and
positive outlook. To all of my friends that have helped me find a balance between work
and play, for your support, and for the incredible memories.

And finally, I want to thank all of my family for giving me the inspiration and
encouragement needed to succeed in anything | put my mind to. | am so grateful to have
such a loving family who will support me in all of my endeavors. Your love means the

world to me.

Thank you for everything,
Myra

Xiii






CHAPTER 1 : INTRODUCTION

HSLA steels are used in a range of applicationlsithicg the construction,
automotive, and pipeline industries. They arerafiby the presence of small amounts
of alloying additions such as niobium, titaniumgdamnadium, usually in conjunction
with low carbon contents. The alloying elementsasually added in amounts less than
0.1 wt. pct., levels referred to as “microalloying¥icroalloying can improve
mechanical properties of HSLA steel by the contidoufrom precipitated carbides,
nitrides, and carbonitrides. Precipitate sizetritigtion, volume fraction, and type are all
prominent factors in influencing the microstructared engineering performance. The
precipitates retard and/or prevent austenite réafigation and encourage precipitation
hardening in the final matrix. Microalloy additi®netard austenite recrystallization at
low finish temperatures during hot rolling resudtim a substantially fine-grained
transformation microstructure [1]. Increasing nuwb additions could also promote
premature precipitation prior to hot-rolling howemey increasing the driving force for
precipitate nucleation and growth to occur. Thauld be an inefficient use of alloy
additions, and thus it is necessary to better wtded how compositions and processing
parameters influence niobium precipitation prioht-rolling.

Niobium, used in amounts ranging from about 0.0Q.1® (wt. pct.) is usually an
important component in hot-rolled linepipe ste@ [Studies have been reported related
to the understanding of niobium precipitation dgrrot-rolling deformation relative to
austenite recrystallization and the dissolutiorekits of niobium during reheat processes
[1-13]. In addition, in-depth research has beeriezout to better understand the effects
of microalloy precipitation on the mechanical prajes of high strength microalloyed
steels relative to niobium content and thermomeiclahprocessing parameters,
including Compact Strip Production (CSP) procestedls [5]. However, the literature
related to niobium precipitation during solidificat and processing prior to hot-rolling is

more limited.



This research is directed towards understandinigiumo precipitation prior to
hot-rolling relative to alloy content and soliddition of the slab during CSP processing
of HSLA steels. The testing of steels with low,diuen, and high concentrations of
niobium in conjunction with variations in samplilagation (i.e. base of the caster and
after tunnel furnace soaking) was expected to assismderstanding and optimizing
niobium additions and processing for HSLA stedtgluction coupled plasma - atomic
emission spectrometry (ICP-AES) techniques werd tsevaluate the amount of
niobium in the steel matrix and precipitate formusg of electrochemical extraction
methods. The experimental procedure and in ddpnical analyses are presented later
in Chapters 3 and 4, respectively. Further, partibaracterization, size distribution, and
precipitation volume fraction were also of interestd are reported in Chapter 4. Testing
was specifically associated with thin slabs obtdibg way of the CSP thin slab casting
process. However, the results should be of intémebe broader context of hot charged
HSLA steels.



CHAPTER 2 : BACKGROUND

2.1  Compact Strip Production

Thin slab casting was developed, along with ths iontinuous CSP casting
facility, in Crawfordsville, Indiana in 1989 [19]Considerable differences exist between
the CSP casting processing of steel relative tov@ational ingot or thick-slab casting
procedures. CSP is a complex process that combiresd casting, hot rolling, and
coiling into a single production unit. The coupliof casting and rolling minimizes
energy consumption and operating costs. The C&Eegps has been continuously
developed since its introduction in 1989 to thelstedustry. The production of CSP
high strength steels has provided a suitable caatibbim of strength and toughness, and is
becoming an integral part of steel manufacturindl[g 21, 22]. A schematic illustration
of the process is shown in Figure 2.1 [26].

The CSP process at Nucor-Hickman involves a vértigaper-nickel plated,
water-cooled mold with a funnel-shaped submergéy elwzzle [27]. The vertical
length of the strand is approximately 15.8 m (624 complete with two segments of
containment rolls. Subsequent to casting, the lséains to cool before entering the
equalization furnace (tunnel furnace). The slalflese temperature entering the furnace
reportedly can range from about 900 °C (1652 °A)100°C (2012 °F) [19]. The tunnel
furnace provides an equalization temperature ofiabd50 °C (2102 °F) for about
15-20 minutes. Upon furnace exit, the outgointy slarface temperature is about
1050 °C (1922°F) ]. After passing through the digation furnace the slab is hot rolled
using five tandem finishing stands, based on theoltlickman CSP configuration.

CSP processing produces a slab thickness varyang 50 mm to 70 mm at
casting speeds ranging from 3.5 to 6.0 meters pauten This is in comparison to
conventional slab casting which produces a slatkti@ss typically ranging from 200 mm
to 250 mm at casting speeds varying between 0.d3. &% meters per minute [8].
Consequently, CSP processed slabs demonstrateificsigtly higher cooling rate and

solidify more quickly than conventional cast slal#s a result, the CSP processed slabs



typically display less chemical segregation an@@egally more homogenous overall cast
microstructure [5, 17, 20, 22]. Because of thégiasolidification rate, the initial as-cast
austenite grain size for the thin slab is an awetag 0.4 mm, compared to 2 — 3 mm for
conventional casting [24, 25]. Although the astcmain size is smaller for the thin slab,
the grains in the conventional slab transform fianmstenite to ferrite upon cooling and
ferrite to austenite upon heating, and undergo rdefermation prior to achieving a
given final product dimension. Refinement of tieewentional-slab grains occurs due to
these mechanisms and a smaller final grain siabssrved relative to thin slabs prior to
hot rolling. Further differences between convemigorocessing, also known as cold
charge rolling (CCR), and CSP processing are foarichble 2.1, which is modified

from the work of Muojekwtet al [28]. Muojekwu observed that the strength ofSPC
AISI 1008 steel matched a CCR AISI 1015 steel. ifkbesase in strength was attributed

to a finer grain size, higher Ni and Cr residuats] differences in MnS.

asting

Tunnel Furnace

Hot Rolling

Figure 2.1 Schematic diagram of CSP process [26].

Previous research concerning the correlation betwhee strength of CSP steel in
conjunction with lean chemistries has been conductehas been reported that the
strengthening that occurs in CSP material is atted to strain induced grain refinement.
The amount of reduction can approximate to 2.5githat of conventional hot-strip mill
rolling for a given rolling pass [28]. For low tam grades, precipitation hardening is an

effective strengthening mechanism in addition tmgrefinement [30].



Table 2.1

Comparison of CSP and CCR Processebdor t
Production of C-Mn Steel Strips [28].

Cold Charge Ralling (CCR)

Compact Strip Production (CSP)

Steel
Composition

Steel from blast furnace-BOF route follow
by ladle refining. The levels of trace
elements such as Al, N, Cu, Sn, Pb, Cr, N
and Mo are more easily controlled.

g%eel from EAF remelting of scrap/DRI
}‘ollowed by ladle refining. Higher levels of
Al, N, Cu, Sn, Pb, Cr, Ni and Mo utilized.

Continuous
Casting

Longer spray zone, slow solidification rate
centerline segregation and coarse as-cast
grain size. AIN precipitation depends on

thermal/unbending strain. AIN precipitatio
leads to grain boundary embrittlement and
transverse cracks during casting.

Short spray zone, fast solidification rate, |
Segregation and finer as-cast grain size.
Higher thermal strains enhance strain-
%nduced AIN precipitation. Grain boundary
mbrittlement and transverse cracks mor
ikely. Higher Cu, Sn and Pb can lead to h
shortness during casting.

eSS

+

ot

Slab Reheating

up to, and soaking at ~1250°C for 2-3 hou
Extensive grain growth and dissolution of
precipitates. Surface layer (including shal
surface defects) converted to scale and
subsequently removed by descaling.

Characterized by-y transformation, heatingAs-cast coarse austenite. Homogenized
12 - 20 min. at 1100 - 1150°C. Limited grain

growth and dissolution of precipitates fron
casting. Thin adhesive scale. Surface def
remain. Cu, Cr, and Ni affect scale structy
and growth.

for

n
ects
re

Rolling

Entry
Microstructure

Reheated austenite at ~1250°C with finish
mill entry grain size 250um

WEgcast austenite at ~1100-1150°C with
~0.6-1.4 mm grain size.

~0.25 - 0.6 m/s leading to relatively lower

are

Entry Speed | ~ 0.8 - 1.6 m/s into the finishing mill .
strain rates.
High total reduction (250 to 6 + 4 mm) in 10ower total reduction (50 to 6 + 4 mm) in
Reduction 12 passes. Roughing ensures large reducedipasses. Desired microstructure and s
per pass while finishing controls the final must be achieved as the high reductions
grain size and shape. applied during each rolling pass.
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Additional studies on grain refinement of low cantsteel were reported by Huo

et al It was observed that the grain size at the ceafitdhe slab decreased after each

rolling pass. The slab traveled through six sepai@ling passes with a respective grain

size at each pass of 41.6, 25.2, 21.4, 20.2, 4Bd.6.7 um [31].

For this study, two

steel grades with similar chemistries were castgusonventional and continuous casting
methods. The strength of the plain carbon CSPegnaat nearly double that of the plain



carbon grade (Q195) produced by conventional me@&main refinement was observed
as the primary strengthening mechanism. FastiBodition rate, large reductions, and
nano-sized particles (fine oxides and sulfides)}routed to grain refinement. During
CSP, the solidification and cooling rate were miadter, resulting in a finer secondary
dendrite arm spacing (SDAS) of the columnar zoel@®5 um in CSP material
compared to 200-500 um in conventional materiAl)stenite recrystallization occurred
subsequent to the first rolling pass of CSP mdtérexceptionally large reductions were
used during the first rolling stand. Further rethres below the recrystallization stop
temperature increased the strain accumulationgratistenite and increased the number
of ferrite nuclei.

A study on the quality of CSP slabs reported thetd was little to no chemical
segregation or porosity variation relative to thtgh thickness of the slab [32]. The
carbon, sulfur, and phosphorous amounts are denatetas a function of depth from
the surface to the center of a CSP slab, showigur&2.2. Precipitation of nano-sized
particles was thought to be encouraged by micregggion of impurities to grain
boundaries during CSP processing [33].
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Figure 2.2 Amount of carbon, sulfur, and phosphsn@lative to the through
thickness of a low carbon steel produced by G2P, [



2.2 Precipitation in Microalloyed Steels

Precipitation of carbonitrides is an important pix@enon which influences the
microstructure of high-strength, low-alloy (HSLAgsls and therefore, the mechanical
properties. Numerous studies have been done ter hetderstand the precipitation
behavior in microalloyed steels. The understandingicroalloy precipitation is crucial
to the design of the alloy and the thermomecharieatment necessary in order to
achieve desired mechanical strengths. Severaksthdve related to the prediction of
the chemistry and amount of precipitates formetth@se steels at different temperatures
[5, 26, 35, 44-46]. Optical microscopy and otlemhiniques have been used to
characterize these precipitates [47-50jtanium, niobium, and vanadium are the most
common microalloying elements and are added in@atnations less than 0.1 wt. pct..
Microalloying elements form interstitial compounagh carbon or nitrogen in austenite
(or ferrite) such as carbides, nitrides, or comghaxlti-element) carbonitrides.
Precipitate compounds can control austenite giagduring reheating and
thermomechanical processing by pinning austengandroundaries and sub-boundaries
and preventing recrystallization [34]. The useniéroalloy additions can also increase
hardenability and increase strength through preatipn in ferrite. Microalloy
precipitates have a cube-cube orientation whenddrm austenite, and a
Kurdjumov-Sachs relationship ([1Qd}«//[111]vc; {111} territe//{110} mc) when formed in
ferrite following they — a phase transformation prior to hot rolling [35].

Austenite conditioning response is thought to Wkei@mced by the solubility of
microalloy precipitates and the amount of microghg element in solution. The
relative solubility of various carbide and nitridecroalloy precipitates found by using
the solubility product for the given alloy is shownFigure 2.3 [36]. Low solubility is
indicated by a low solubility product. Lower sollityiis demonstrated by nitride
precipitates in comparison to carbide precipitatfethe same microalloying element,
with titanium nitride having the lowest solubility austenite. As the concentration of
microalloy element increases, the dissolution tawrtpee of the microalloy precipitates

increases.
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Figure 2.3 Solubility products of selected microglprecipitates in austenite.

Solubility products from [36].

Cuddyet al demonstrated that the grain coarsening temperatareased
approximately 200 K with an increase in niobiummir6.01 wt. pct. to 0.11 wt. pct.,
using a series of niobium microalloyed low-carbteels, [12]. A similar effect has been
used in industry to increase the temperature réorgeontrolled rolling to higher
temperatures (in niobium-bearing microalloyed kY increasing the amount of
niobium [37, 38]. Other alloying elements, suchrasganese, are reported to increase
the solubility of niobium-rich precipitates as wa#l the rate of precipitation at a given
temperature and prestrain, while decreasing theuabud precipitation in austenite [35,
39]. Several investigations propose that silican imcrease the rate of precipitation
because of increased microalloy element diffugsitind carbon and nitrogen activities.
It is also suggested that silicon decreases thb#ity of niobium and vanadium
carbonitrides [40-43].



Figure 2.4 is another representation of the caledlaolubility products for
different microalloy carbide precipitates in feer{61]. The carbides presented have a
relatively low solubility in ferrite with niobiumarbide having the lowest solubility.
Microalloy carbonitride precipitates that form igrfite or during interphase precipitation
have a Baker-Nutting relationship ([0Qk}e//[110]uc; {200} errite//{002} mc) [52].
Microalloy precipitates that form in ferrite areer coherent with the matrix and
contribute meaningfully to the strength of the ktderecipitate size ranging from
3-20 nm has been suggested to be ideal for pratgithardening because the
corresponding interparticle spacing is most effector hardening [53]. Observations of
the precipitation contribution to strengthen Nbanid V-Nb steels by Misret al. showed
a range of 145-260 MPa (18-46 percent of totahgfit® which is higher than the value
of 74 MPa (11-15 percent of total strength) repbtig Irvine and Baker for niobium
carbide [54-56]. However, Irvine and Baker's stexeintained lower niobium and carbon
levels. Additional studies on the effects of precipitatiar’/, Nb, and Nb-Ti
microalloyed steels on the relative strength calmseprecipitation strengthening have
reported similar values of 100-230 MPa (10-35 petroé total strength) [56, 57].

If steel is alloyed with two or more microalloyimiements, complex precipitates
containing multiple microalloying elements may foimaustenite or ferrite [48-50, 54,
55]. Multiple alloying elements may be apparenthi@ complex precipitates as caps on
faces of the pre-existing precipitates (e.g. Nb(Gydcleation on TiN) [48], by nucleation
on preexisting low solubility precipitates eitherashell surrounding the precipitate
(i.e. (Nb,V)(C,N) around TiN [49, 65]), or as a hogeneous mixed carbonitride
(i.e. (Nb,Ti)(C,N)) [55]. Figure 2.5 illustratesmme different morphologies of these
complex precipitates.

Mixed carbonitrides may form in the liquid pritor austenite formation, at
austenite/ferrite interfaces, or in ferrite. Theasged carbonitride precipitates can have
greater thermodynamic stability compared to préaips of a single microalloying
element and consequently higher dissolution tentpess in austenite [i.e. 59, 70].
Honget al.reported that cuboidal titanium-rich (Ti,Nb)(C,pbecipitates did not dissolve
after reheating at 1523 K for 400 seconds despiedicted niobium carbonitride
dissolution temperature of 1467 K [60]. Approxielsit8 percent of the total niobium



addition (0.0035 wt. pct. out of 0.043 wt. pct.)snaeasured in these undissolved
precipitates [60]. Juat al.reported similar fractions of precipitated niobium
solidification simulations [61]. However, it wasalear if the (Ti,Nb)N precipitates were
fully dissolved and re-precipitated or if they renel undissolved throughout the entire

melting/solidification cycle [61].
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Figure 2.4 Solubility products of selected microglprecipitates in ferrite. Solubility
products from [51].

Titanium-rich (Ti,Nb)N precipitates were also deéised in studies by Misrat al.
in a low-carbon steel following reheating and hallimg as well as in a separate study of
as-cast slabs [54, 55, 61]. The titanium-contgmrecipitates were typically in the
range of 120-400 nm with morphologies includingaudhll, oblong, “triangular”, or
ellipsoidal. The formation of titanium nitridesgrdarly occurs in the liquid steel or
during solidification, and may prevent grain growltlring thermomechanical processing
[55]. Because TiN precipitates form in the eatiyges of solidification, they present a
surface for nucleation of Nb(C,N).
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Figure 2.5

(e)
TEM images of complex precipitates icnoalloyed steels showing (a)
Nb(C,N) caps that nucleated on a TiN core [48],T(i®y core surrounded
by a shell of Nb(C,N) [49], (c) Cruciform precigitan demonstrating long
arms of Nb(C,N) that nucleated on a TiN core [$6],strain-induced
niobium-rich (Nb,Ti)(C,N) precipitates [55], and) @uciform complex
precipitates [65].
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2.3 Niobium Precipitation During Casting

Microalloying has an influential role in the prodion of HSLA steels. Chemical
composition (i.e. microalloy concentration) is amportant factor in terms of
thermomechanical processing, and influences twitsgmancerning microstructural
formation: retarding and/or preventing the recrigtation of the hot-worked austenite,
especially in the late stands of the CSP rollintj with the aim of setting a substantially
fine-grained transformation microstructure, ancciation hardening. Niobium serves
each goal. It has been suggested that niobiumesmdtdrds the recrystallization of
hot-worked austenite prior to alloy precipitatias, well as through precipitation on
austenite substructure [9,71]. Niobium remainimgalid solution in austenite can also
reduce the transformation temperature, furthensifging the grain refinement effects of
microalloying [10]. Solute niobium is suggested®more effective than solute titanium
or vanadium in retarding austenite recovery [6&though niobium is a ferrite stabilizer
and raises the Atemperature (i.e., the boundary between the éefrdustenite and
austenite phase fields), it can decrease the texrtyperof ferrite formation during
continuous cooling due to a solute drag effecttherferrite growth rate. On the other
hand, niobium can also accelerate ferrite nuclaaticonditioned austenite, due to the
increased boundary surface area. Segregationcdunig slrag of niobium have also been
reported to decrease the critical temperaturemfmsive transformation in
ultra-low-carbon (~0.002 wt. pct.) steels [66]. \8elniobium has also been reported to
retard the bainite transformation, although thedffs small [33]. When niobium is
present in large undissolved precipitates, it isavailable for austenite conditioning, or
precipitate formation in ferrite.

Favorable sites for nucleation of niobium carbotés in as-cast conditions
include titanium nitride or aluminum nitride pafés because of the lower free energy
barrier associated with creating the interface betwthe precipitate and matrix, and
lower strain energies associated with accommod#tiegtrain mismatch between the
new precipitate and the matrix [48-50]. Multi-pbgmecipitates formed on pre-existing
particles may take three different morphologiesfiadal TiN with small caps or arms of
Nb(C,N) on some faces (Figure 2.5a), a shell ofQ\H} surrounding a TiN patrticle

(Figure 2.5b), or as cruciform-shaped precipitatgh a core consisting of TiN with
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multiple long arms, up to 300 nm, of Nb(C,N) (Fig@.5c) [48-50]. Extensive
precipitation of niobium on second phase partictadd reduce the extent of austenite
conditioning, or precipitation strengthening. Wat@l examined the amount of
niobium precipitated subsequent to hot rollingmexperimental Nb, Ti complex
microalloyed low carbon-manganese steel (0.063eit.Nb, 0.044 wt. pct. Ti). The
niobium concentration in precipitates was determhifnem chemical composition results
from scanning transmission electron microscopy (8Y&nd mass fraction from
physical-chemical phase analysis. It was repdtiatiapproximately 70 percent of the
available niobium can be tied up in complex Ti-Nipbonitrides [50]. Niobium
precipitation on pre-existing TiN particles typigabccurs at higher temperature
compared to the temperature required for isolatelitnm precipitation that occurs in the
matrix on dislocations and sub-boundaries [60].

Formation of single phase precipitates containingfipie microalloying elements
has also been observed for strain-induced pretignitat boundaries and sub-boundaries
in austenite [54, 55]. These (Nb,Ti)(C,N) preapass are typically rich in niobium and
have a spherical or irregular morphology that iswewn for strain-induced niobium
carbonitride precipitates (Figure 2.5d).

A study completed by Hanseial. using carbon extraction replica techniques on
a series of niobium-bearing HSLA steels reported tio fine precipitates
(<10 nm in size) were observed prior to hot rollifgwas concluded that all of the
niobium dissolved at the solutionizing temperat@mained in solid solution preceding
hot rolling. However, undissolved coarse prectpgavere observed in steels containing
a higher niobium content, (0.01 wt. pct. Nb andlOa2. pct. Nb), and additionally in a
steel containing medium niobium levels (0.03 wt. ptb), after solutionizing at a lower
temperature of 1100 °C [64]. Waatal.[65] reported similar results to those explored
by Hansen. As-cast Nb-Ti (0.070 wt. pct. Nb, 0.0&6pct. Ti) steels were produced by
means of the CSP process and complex carbonitvinlateon was investigated. Three
types of precipitates were observed: typical cuolaN particles arranged in rows with
an average size of 24 nm, very fine precipitatagoaly distributed in the matrix with a
size range from 5-20 nm, and irregular precipitatgl a slightly larger size. Figure 2.6

shows the observed precipitate types [65].
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As part of transmission electron microscopy (TEMjfprmed on the as-cast
steels [65], precipitate size distribution datdh&f Nb-Ti material was reported. A
summary of the size distribution for the as-castemal is given in Figure 2.7. It was
observed that 70 percent of the particles werkerstze range of 1~36 nm, with the
majority of particles ranging from 18-36 nm [65].

100mm £, .~ 200nm

(a) (b)

50nm

(©)

Figure 2.6 Dark field images of precipitates in #secast CSP slab (0.070 wt. pct.
Nb, 0.016 wt. pct. Ti). (a) TiN precipitates, (bje
precipitates, and (c) irregular precipitates [65]
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Figure 2.7 Particle size distribution for Nb-Ti C&&cast slab. Mass fraction plotted
against particle size [65].
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CHAPTER 3 : EXPERIMENTAL PROCEDURE

Numerous studies have been carried out to bettigratand the influence of
microalloy precipitation on the mechanical propestof high strength microalloyed steels
relative to niobium content and thermomechanicatessing practices, where niobium is
a strong grain refiner and precipitation strengéneas discussed earlier. However,
studies of niobium precipitation during solidifizat and processing prior to hot-rolling
are more limited. This research was directed tosvardunderstanding of niobium
precipitation prior to hot-rolling relative to ajlcontent and solidification during thin
slab processing of HSLA steels. Testing was sjpadly associated with CSP thin slabs.
However, the results should be of interest in tleaber context of hot-charged HSLA
steels.

The material used for microalloy precipitation saswas provided by Nucor
Steel-Hickman. Electrochemical extraction techegwere used throughout this study
to quantify the amount of alloy in solution and @paétate form. Preliminary testing
involved a high strength vanadium-niobium gradechiwas used to determine if
adequate quenching occurred during sample collectiSubsequent to the quenching
experiment, trial heats with low, medium, and higbbium additions were prepared.
The niobium trial heats were designed to studyeffects of microalloy precipitation
relative to alloy content, thermal profile of tHals and process location prior to
hot-rolling. Prior to niobium precipitation studiaeproducibility testing of the medium
niobium trial grade was carried out to ensure thatelectrochemical extraction
procedure provided accurate and repeatable reslitis.experimental procedures are

explained in the following sections.

3.1 Electrochemical Precipitate Extraction
Quantification of microalloy concentrations in s and in precipitate form
was critical to this work. Due to the dilute allogncentrations in HSLA steels,

conventional techniques have difficulty measurimg @amount of microalloy in solution.
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Electrochemical extraction techniques were thusleyeg to quantify the portions of
microalloying addition dissolved in the steel matind in precipitate form in order to
better understand niobium precipitation behavi@revious research completed by
Dr. Ana Rivas and Neal T. Porter who developedablet electrochemical extraction
techniques [7, 13, 14, 15].

3.1.1 Sample Preparation

Materials examined during this study were providgdNucor Steel-Hickman.

An in depth description of the steel used for madliay precipitation studies will be
discussed later in this chapter (Section 3.4). @esfor electrochemical dissolution
were cut into approximately 13 x 13 x 2.5 mm (06.% x 0.1 in) coupons. Each cut was
done slowly to avoid heating during sample prepamatAll cuts were made with a Leco
MSX 250M2 linear sectioning saw, using a water eddleco 809-141 blade. The
cross-section of the sample influences currentiderms dissolution rate, during
electrochemical dissolution, due to changes in $anmgsistance.

A plastic covered 18 ga. copper wire, approxinya284 mm (10 in) in length
was stripped at both ends and ground using 24@GdEipaper to ensure good connection
to the steel specimen. The wire was soldered ¢édflanside of each 13 x 13 x 2.5 mm
(0.5 x 0.5 x 0.1 in) coupon using lead-tin sold®nce the solder was cooled to room
temperature, the wired samples were mounted inyepsixng 32 mm (1.25 in) molds. A
sufficient amount of epoxy was used to ensuretti@exposed part of the copper wire
was covered, with the copper wire exiting the baicthe mounted specimen. Buehler
Epothin Epoxy resin and Lecoset 7007 Cold CuringiReere used for cold mounting
each specimen. The epoxy was allowed to curetfi@aat 8 hours. The mounted
samples were then ground using 120, 240, 400, @ad6t (water cooled) SiC paper.
After grinding, samples were rinsed with water dnéd with a high-pressure air jet.
Samples which were prepared more than 24 hourstorigse in electrochemical tests
were reground with 600 grit paper on the day dirngs
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3.1.2 Electrochemical Dissolution

Electrochemical dissolution refers to dissolvihg tmatrix” portion of each
sample using an electrochemical cell. Before dvasg, the sample was cleaned
ultrasonically with methanol. After cleaning, th@mple was thoroughly dried with hot
air. Then it was weighed using a Scientech SAl&laAnce (rated to measure up to
310g to £0.00019). After recording the sample mesgas immersed in a 200 ml
agueous solution of 5 pct. hydrochloric acid anEt8 tartaric acid in a 90 mm (3.5 in)
diameter, 50 mm (2.0 in) tall Pyrex 3140 evaporatish. The evaporating dish and
sample were placed inside a larger glass electroiciaé cell with three circular openings
and one half sphere opening. The purpose of uemgvaporating dish in the larger cell
was to reduce the amount of solution produced,endtill providing enough room for the
sample and electrodes. A picture of this cellugets shown in Figure 3.1.

The wired sample (placed in the center positi@t@das the working electrode in
this cell. In addition to the sample, three otin@uts were required. First, a 150 mm
(5.91 in) platinum wire was attached to platinunsimewvhich represented the counter
electrode. The counter electrode completed thetradal circuit that allowed the cell to
work. Platinum wire and mesh were chosen becdugsedre inert and resistant to
chemical attack in weak acid solutions. Secorfeiaceton Applied Research KOO77
Saturated Calomel Reference Electrode was used.refarence electrode measured the
potential of the solution as compared to a standeatury/mercury-chloride connection.
To protect the reference electrode, a Luggin capilprobe was used. Use of a capillary
probe allowed the reference electrode to be placadlean solution, but still be in
contact (through a capillary) to the solution nib& sample. Separation between the
reference electrode and the solution was necebgsaguse contamination or drying of
the reference electrode tip could potentially leadnstable readings. The Luggin
capillary probe was attached to the half spheraiogewith a metal clip. Finally, an
argon bubbler with a porous ceramic tip was usedrder to both stir the solution and
displace oxygen [7].
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Figure 3.1 Electrochemical cell used for dissolufid.

The three electrodes were attached to an EG anithGeBon Applied Research
Potentiostat/Galvanostat Model 273. The argon flasg set at a rate which produced
small bubbles over most of the solution, and indugstirring motion. The potentiostat
was set to run at a constant applied voltage @6@volts. Once the potentiostat was
running, the time was recorded. If the test waming properly, a stable voltage and
relatively stable amperage (0.1-0.3 A) were obsgrda addition, formation of small
bubbles was observed on the counter electrodarnphatmesh). Each test was run for 10
hours. During the course of the 10 hours, the sgganetal surface of the sample was
observed to turn black, and black particles accatedlin the solution. The undissolved
particles remaining after electrochemical extractoe shown in Figure 3.2. When the
test was complete, the test solution was transféoe 400 ml beaker. The sample was
placed in the beaker containing the test solutimhthe beaker was positioned in an
ultrasonic cleaner for 5 minutes. The electrodgaporation plate, electrochemical cell,
and sample were rinsed with deionized water oveb#aker containing the test solution
to ensure that no particles were lost during cleginiThe sample was then removed from
the solution, and rinsed with deionized water ardh@anol. After rinsing, the sample
was dried thoroughly with hot air and weighed, tauatify the total mass lost during
dissolution. The solution was covered with twoelesyof Parafilm "M" laboratory film to

prevent evaporation until the solution was filtefép
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Figure 3.2 Solution of hydrochloric acid and tadacid containing the
dissolved steel matrix and undissolved preciegaifter electrochemical
dissolution [7].

Samples from a preliminary quenching trial (diseaskter in Section 3.3) used
the potenitostat as the sole power supply. Howealmrnate arrangements were made
for the later microalloy precipitation studies doghe large number of samples
(approximately 200) tested. The large number ofdas for electrochemical extraction
for the niobium trial steels in conjunction withettime available for electrochemical
testing required that two tests be run simultangouBecause only one EG and G
Princeton Applied Research Potentiostat/Galvandstatel 273 was available, the
niobium precipitation studies used two BK precisiot85A: 30V/3A DC power supplies.
The electrochemical cell was set up as discussadqusly, except the use of the
Princeton Applied Research KOO77 Saturated Caléta&rence Electrode was
unnecessary when using the DC power supplies.filrafd” film was placed over the
half sphere opening where the Luggin capillary pralould have been located to ensure
that no solution was lost during electrochemicataotion. Reproducibility testing
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(discussed in Section 4.1) was conducted usin@@@ower supplies to make certain

that the results were comparable to those completed) the potentiostat.

3.1.3 Filtration Method

The solution produced by electrochemical dissofutiontained the dissolved
steel matrix and undissolved precipitates. In otdaletermine the different amounts of
niobium in the dissolved steel matrix and in thelisgolved particles, it was necessary to
filter the particles out of the solution. Vacuuittrétion was used. A polycarbonate filter
system was used to hold 47 mm (1.9 in) diametdrpoik nitrocellulose filters. The
filter holders contained the filter between twogtia grates. Two rubber gaskets were
used to prevent leakage. The filter and holdergweounted to a 250 ml heavy walled
vacuum flask, using a #6 ceramic stopper and Farall" laboratory film. A Gast
Model DOA Oil-less Diaphragm Vacuum Pump was atacto the vacuum flask’s
detachable plastic side arm using nalgene reindoRd¢C tubing with a 7.9 mm (0.3 in)
inner diameter. The filtration setup is illustchia Figure 3.3(a).

The filtering method required three separate stiyesfirst two steps used a 0.45
um pore size, and the third used a QuB2pore size. The selection of filter pore sizes
was based on prior research [13], which demonstthi using smaller filter pore sizes
did not significantly change the amount of preeagtcollected during filtration. Each
filtering step resulted in a visible layer of pyatate residue on the filter. A photograph
of the precipitate residue is shown in Figure 3.3(b

The beaker used to hold the dissolved steel msdiixtion was rinsed twice with
deionized water after the solution had been corajyldiltered. The rinse water was
filtered last, and additional deionized water was though the filter. The vacuum flask
was rinsed with deionized water after the soluti@s transferred back to the 400 ml
beaker for each filtering step. When the filterimgs complete, the filters were placed in
a 200 ml Berzelius tall form beaker and dried Evasetting (35°C) on a hot plate. The
beaker was sealed with a layer of Parafilm "M" iabory film for storage until the filters

were dissolved [7].
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(b)

Figure 3.3 (a) Filtration method used to sepatatedissolved steel matrix and
undissolved precipitates (b) Undissolved preatpitresidue [7].

The filtered solution was transferred to a 500 £01.20 ml) volumetric flask. The
solution was diluted to 500 ml using deionized wafEhe diluted solution was then
transferred to nalgene bottles for storage untthfer analysis was preformed. The
nalgene bottles were rinsed with a small amouth®folution to prevent contamination
or further dilution.

The precipitate particles were firmly attachedhe dried nitrocellulose filters;
therefore the filters and precipitate particlesevaissolved together. All three filters
from each specimen were dissolved in the same 2@eraelius tall form beaker they
were stored in to ensure that any particles thatlaéd to the sides of the beaker during
drying would not be lost. The filter papers andqgpitate residue were dissolved using a
heated solution containing hydrogen peroxide, siglfacid, and nitric acid. After the
solution cooled, it was transferred to a 100 muwattric flask, and diluted to
100 ml (= 0.08 ml) with deionized water. As witketsolution containing the dissolved
steel matrix, the solution containing the dissolpeecipitates was stored in nalgene
bottles. The bottles were first rinsed with a draalount of the solution to prevent
contamination or dilution.
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3.2 Induction Couple Plasma — Atomic Emission Sjpeaétry

In order to quantitatively measure the amount obiim in solution and in
precipitate form, inductively coupled plasma — atoemission spectroscopy (ICP-AES)
was performed. In this method, the wavelengthiatehsity of light emitted by a
solution being transferred through a plasma toremzeasured. Both the dissolved steel
matrix (niobium in solution) and dissolved filtrat@obium in precipitate form) solutions
were analyzed. Analysis was performed with a PerEimer Atomic Emission
Inductively Coupled Plasma Spectrometer.

For this analysis, the diluted solutions weregfarred to 15 ml centrifuge tubes.
The use of the centrifuge tubes allowed a preprograd robotic sipper to sample each
specimen as part of an automated process. Thigsaprocess was based on a default
analysis procedure set up by the CSM Chemistry eyeat that was modified to
include niobium. A series of standards with knaskiemical compositions were used to
calibrate the equipment. A 10 ppm niobium standead used to accurately identify the
amount of niobium within each solution.

During analysis, the amount of instrument drift wascked, based on standard
scandium levels. Additionally, a set of standardlgsis samples were checked
intermittently during testing. If the deviation thie standards from expected values was
too large, the run was restarted. The resulte@finalysis were reported in
concentration units of mg/L. This concentratiotueavas used to calculate an amount
of niobium, based upon the mass of sample disspasadithe amount of dilution used.
To calculate the amount of niobium measured by KES, it is necessary to multiply the

concentration by the volume of the solution beinglgzed:

Nbin solut{%gj x 0.500L (3.1)

Nbin precipita{%gj x0.100L (3.2)

The sum of the two niobium amounts in EquationsaBd 3.2 gives the total niobium
measured, in milligrams, using ICP-AES analysise Total value is then divided by the

measured mass removed from the sample during @eddeimical extraction, giving the
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total amount of alloy found by ICP-AES in wt. pcThe chemical analysis completed by
ICP-AES can also be compared to the reported atboyent given by the steel producer.
This comparison can be represented as a percetitégrence:

[ICP Total Nb(wt%)— Nb reportedwt%)

x100
Nb reportedwt%) j (3:3)

With respect to Equation 3.3, a negative percenti#fgrence indicated that ICP-AES
measured less alloy than expected, potentially destnating alloy depletion. In turn, a
positive percentage difference indicates that @®-RES measurement is greater than

the expected amount of alloy indicating a potelytialloy rich region.

3.3 Preliminary Quenching Trial

The HSLA steels used for this study were providgedbcor Steel-Hickman.
Preliminary testing involved a high strength CMn®)Njrade which was used to
determine if adequate quenching occurred duringoaoollection. The quenching
method was considered satisfactory if all the vammademained in solution during
guenching, avoiding premature precipitation dusagple collection. A CMn(VNb)
slab was cropped at the base of the caster andtprmot rolling. Additional samples
were also taken from the inner diameter and outaneter of the coil product.
Figure 3.4 is a schematic illustration of the coatius casting process, where the stars
indicate both process locations examined. Thée stegained niobium and vanadium
levels of 0.04 and 0.047 (wt. pct.), respectivelyis steel was specifically chosen due to
its vanadium alloying addition. Since vanadiumexpected to remain in solution at all
temperatures experienced during casting, quendfitite slab crop was to be considered
satisfactory if all vanadium remained in solutidn.order to verify the sample collection
and quenching techniques before additional triathevere prepared, the amount of
vanadium in solution and in precipitate form wasumfified using electrochemical

extraction.
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Figure 3.4 Schematic of process locations for thdysof microalloy precipitation
prior to hot rolling.

3.3.1 Material for Preliminary Quenching Trial

The chemical composition of the CMn(VNDb) steelhswn in Table 3.1. The
surface temperature of the thin slab at the batieeotaster was approximately 900 °C
and prior to hot rolling was approximately 1050CGhe furnace exit. The slab traveled
through an equalization tunnel furnace for appr@tety 15-20 minutes prior to hot
rolling. The temperature of the tunnel furnace apgroximately 1150 °C. The steel
was cast at a speed of approximately 5 m/min (bh8@in) with a slab thickness of
51 mm (2 in). The initial width of the mold at thee of casting was recorded as 1.55 m
(61 in). Sample collection was possible with tke of a flying-shear at the Nucor
Steel-Hickman facility at both the base of the eaand prior to hot rolling. Following
shear cutting, the slabs were quenched in watbe Water was highly agitated using
high pressure hoses to reduce the likelihood ahptare precipitation during sample
collection. The processing parameters were madtts ensure that casting conditions

were consistent throughout sample collection. Jdmaple collection technique was
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employed at both the base of the caster and mribot rolling, subsequent to the tunnel
furnace exit.

Each slab was approximately 1500 x 700 x 50 mnmx(88 x 2 inches) when
cropped. Figure 3.5(a) illustrates the final disiens of the cropped section. The
127 mm (5 in) longitudinal section parallel to tt&00 mm (60 in) edge was cut
following sample collection to allow for easier loing and transit. The area of sample
collection within the cropped slab was chosen micheny effects that may have
occurred near the sheared edge. The 127 mm geatipn was then cut into five
separate pieces with dimensions 300 x 127 x 50 i (6 x 2 inches) as shown in
Figure 3.5(b). Three separate solidification ragiwithin the slab, discussed in
Section 3.4, were examined. The circled sectidfignire 3.6(a) was used to obtain the
three sampling locations. The sample locationgfeliminary tests are shown in Figure
3.6(b). Locations A, B, and C were tested fromhhmibcess locations, 305 mm

(12 inches) from the (narrow face) of the slab edge

Table 3.1 Chemical Composition of CMn(VNb) Steet fa)
for Quenching Trial

C Mn Si Ni Cr Mo Ti Nb \ Al N S P
Med N 0.040] 1.26 0.204 0.035 0.043 0.008 0.04 0jo40 0ojox@31{ 0.007] 0.001 o0.01p

(@) (b)

Figure 3.5 On the left (a), initial slab dimensidimsinches) after cropping at the base
of the caster and just prior to entry into thiémall. Five inch middle
region illustrates the location within the sldllee delivered material for
easier handling. To the right (b), delivered eniail dimensions.
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Figure 3.6 Sample locations for preliminary testifidne circled section in (a) was
used to obtain the three sampling locations.ationos A, B, and C in (b)
were tested from the base of the caster and farientry into the rolling
mill.

3.3.2 Results for Preliminary Quenching Trial

The specified locations of samples A, B, and C veli@sen to evaluate
microalloy precipitation trends relative to thertinal profile of the slab (i.e. different
solidification regions prior to hot rolling). SaiepA is on the surface of the thin cast
slab, B represents the centerline of the slab,eMbiencompasses the columnar region of
the cast slab approximately 13 mm (0.5 inches)vbéhe top surface. The preliminary
tests were specifically intended to determine wietht not the method for sample
collection during continuous casting was adequate.

The results for vanadium precipitation from prehiaiy testing are shown in
Table 3.2. The position of each sample relativeststing direction and specimen
location within the slab is shown in Figure 3.6ne3sample was tested at each location.
It was observed that all of the vanadium remaimesbiution at the base of the caster for
each sampling location. At the slab surface, I6e of vanadium precipitated through
the tunnel furnace, while nearly all vanadium ramediin solution in the columnar and
centerline sampling locations. Nearly all of tleadium remained in solution at the
inner diameter (ID) of the coil. However, close3t percent of the vanadium
precipitated in the outer diameter (OD) locatidnwas concluded that essentially all of

the vanadium remained in the steel matrix pridndgorolling, and did not prematurely
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precipitate upon sample collection during the qbérg process. Thus, the quenching
method used for sample collection was considerddisa.

Table 3.3 presents the electrochemical extracesalts for niobium precipitation
in the preliminary CMn(VNDb) steel. It is observidt approximately 30 percent of the
niobium precipitates in the columnar and cententgggons of the slab through the tunnel
furnace. However, the slab surface showed thatyn®@ percent of niobium
precipitated through the tunnel furnace. The spenilocated on the OD of the coil
showed the highest amount of niobium precipita8&gercent). The greater amount of

precipitation in product material along the OD abbk due to temperature and cooling
rate differences.

Table 3.2 Vanadium Measured in Solution and PreatigiForm in
CMn(VND) - Quenching Trial

Precipitate Solution  Total Percentage of V Percentage of Reported Alloy

Precentage
Sample (Wt% V) (Wt% V)  (Wt% V) precipitate: V in solutior Content (wt% V  Difference
Caster A 0.000 0.023 0.023 0 100 0.047 -51
Caster B 0.000 0.062 0.062 0 100 0.047 32
Caster C 0.000 0.039 0.040 0 100 0.047 -16
Furnace Exit A 0.004 0.019 0.023 16 84 0.047 -51
Furnace Exit B 0.002 0.042 0.043 4 96 0.047 -8
Furnace Exit C 0.000 0.025 0.025 1 99 0.047 -47
ID of Coll 0.000 0.027 0.027 1 99 0.047 -42
OD of Cail 0.011 0.029 0.039 27 73 0.047 -16
Table 3.3 Niobium Measured in Solution and Preatpiform in
CMn(VNDb) - Quenching Trial
Precipitate Solution Total Percentage of N Percentage of N Reported Alloy  Precentage

Sample (Wt% Nb) (wt% Nb) (Wt% Nb)  precipitated in solution Content (Wt% Nb) Difference
Caster A 0.001 0.016 0.017 8 92 0.040 -58
Caster B 0.002 0.042 0.044 5 95 0.040 10
Caster C 0.002 0.026 0.028 7 93 0.040 -30
Furnace Exit A 0.016 0.011 0.026 60 40 0.040 -34
Furnace Exit B 0.007 0.021 0.028 25 75 0.040 -31
Furnace Exit C 0.005 0.012 0.017 28 72 0.040 -58
ID of Coil 0.005 0.010 0.015 32 68 0.040 -62
OD of Cail 0.020 0.005 0.025 80 20 0.040 -37

3.4 Material for Niobium Studies

Research trial heats with low, medium, and higlbiio additions and similar
levels of carbon, manganese, silicon, aluminum,rattdgen were prepared. The steels

were designed to evaluate the extent of niobiuniptation prior to entry into the hot
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rolling mill relative to position within the slaln€. thermal profile of the slab) and alloy
content. The three steels were cast sequentialBnsure that processing parameters at
the time of casting were equivalent. For eachl spegle, samples were taken at the base
of the caster and prior to entry into the rollinglmThe sample collection method
developed during the quenching trials was usethi®isample collection of the research
trial steels. Slab dimensions were approximate§016 700 x 50 mm

(60 x 28 x 2 inches) when cropped. The surface&sature of the thin slab at the base
of the caster was approximately 900 °C, and apprataly 1050 °C prior to hot rolling.
The equalization temperature of the tunnel furnaas approximately 1150 °C, and the
soaking time was about 20 minutes. The chemiagalpositions of the three CMn(Nb)
steels are shown in Table 3.4. Equilibrium Nb(Cpkbcipitate fractions shown in Figure
3.7, as a function of temperature, were calculatgadg the method of K. Xet al.[16].

Table 3.4 Chemical Compositions of CMn(Nb) Steeis pct.)
for Microalloy Precipitation Studies
C [ Mn] Si [ Ni[ Cr [ Mo] Ti [ Nbo ] V Al N S P
Low Nb[ 0.035[ 0.937] 0.152[0.030[ 0.034 [ 0.009 | 0.002 [ 0.014 ] 0.002 [ 0.027 [ 0.007 | 0.002] 0.011
Med NH{ 0.036 [ 1.065 | 0.184 [0.030] 0.029]0.010[ 0.002 [ 0.030] 0.002] 0.029 [ 0.008 [ 0.002 | 0.009
High NH 0.031] 1.039] 0.194 [0.031] 0.032 [ 0.010 [ 0.003] 0.046 | 0.001 [ 0.031 [ 0.006 | 0.003] 0.012
005 1 1 1 1 1 I
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Figure 3.7 Calculated wt. pct. Nb precipitated &sretion of temperature for

low, medium, and high niobium additions [16].
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The influence of temperature differences betweeying locations within the
slab and solidification rates are of special irgerdeffects of alloy composition and
temperatures relative to casting and equalizatirstitute an important aspect of this
work. Different areas within a continuously cdsbswere studied and characterized with
respect to niobium precipitation. These areasigelthe chill zone, columnar zone, and
central equiaxed zone. Brimacombe described taeacteristics of different
solidification regions and locations of speciakmast relative to continuous casting of
thin slabs [17]. When casting thin slabs, the fidid forms along the mold wall or just
below the mold perimeter and acts as a shell. Rhermewly solidified shell,
solidification continues inward towards the cemkthe slab. Over time, the shell
thickness increases as the solidification rateedesas within the slab. This decrease in
solidification rate is caused by the outer shdiilngcas a barrier to heat flow from the
core. Previous research reported by Brimcombeootiruous casting of thin slabs,
subdivides the specific solidification regions ami@énded locations of special interest
relative to slab cooling for this research [17heTchill zone of the slab results from rapid
solidification and steep thermal gradients expeeemat the slab surface. The columnar
zone is an area of dendritic growth where crygjedsv from the outer shell inward
toward the equiaxed zone. The equiaxed zonedgiarm located in the middle of the
slab where equiaxed grain growth occurs. Equigxath growth is caused by
independent crystal growth that occurs in thellgatd remaining in the core of the slab.

The different solidification regions and specimeieitation in each sample
region are illustrated in Figure 3.8. The sepa@tations selected for testing the
experimental CMn(NDb) steels incorporate the infeenf temperature differences
between different locations within the slab, sdiadition rates, and alloy segregation.
The circled section in Figure 3.8(c) was the segrméslab from which samples were
obtained. Figure 3.8(d) presents the sampled megaod orientations examined in this
study. Sample location A was specifically from sit@b corner region and was chosen to
observe the extent of microalloy precipitation ba slab surface. Location B was within
the centerline region. This location helped deteenthe amount of alloy segregation
present in the centerline of the slab and the @egralloy precipitation. Sample location

C was within the columnar region. A comparisorhaf results between samples A, B,
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and C addresses the influence of cooling rate eamgé¢rature differences between

different locations within the slab.

. f Mold Wall

Chill Zone

Columnar Zone

Central Equiaxed

Zone
Direction

— Columnar Zone

— Chill Zone
— Mold Wall

@) (b)

Direction

Casting
Direction

(c) (d)

Figure 3.8 Schematic of solidification regions aadhple orientations within
continuous cast slab demonstrating the chill zoakimnar zone, and
equiaxed zone, representing (a) the castingtireqb) associated
solidification regions and areas of interest,|¢cation of sample
collection relative to slab width, and (d) speemorientation relative to
casting direction.

3.5 Transmission Electron Microscopy
Transmission electron microscopy was used to aaalgzbon extraction replicas

from selected conditions. The high niobium steatwsed initially to analyze precipitate
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size and distribution because it demonstrated & rariation between solidification
regions and process locations. Additionally, th& hiobium steel was examined to
compare the range of niobium precipitation behab&tween the low and high niobium
steels. These behaviors are presented in Secfion 4

Each sample was ground through 120, 240, 400, @ddy6t (water cooled) SiC
paper. After grinding, the samples were polish&dgia 6um diamond grit solution and
finally a 1um grit solution. Carbon extraction replicas wereduced by first etching the
polished specimen with 2 pct. nital. Carbon wasodéed subsequent to etching and the
film was scored. Films were floated using an agsesolution of 3.3 pct. nitric acid,
3.3 pct. acetic acid, and 0.1 pct. hydrofluoricdeannd placed on a copper grid [18]. A
FEI CM200 transmission electron microscope was tsethalyze the size, morphology,
and distribution of microalloy precipitates. X-ragectroscopy was conducted using a
Philips CM 12 operating at 120 kV equipped withEADAX energy dispersive
spectroscopy system (PGT-EDS). At least 10 priatgs were measured for chemical

analysis for each processing condition and sotidifon region.
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CHAPTER 4 : EXPERIMENTAL RESULTS AND DISCUSSION

4.1 Reproducibility Testing

The preliminary electrochemical extraction expeniseavith the vanadium
containing steel, although very helpful in valiggtithe suitability of the quenching
method used in sample collection (Section 3.3)eveenducted with single replicates.
Additional testing was therefore conducted to assegroducibility of the test procedures
for the niobium alloys that represent the bulkho$ program. The reproducibility tests
were carried out using the medium niobium CMn(Nbbgksampled prior to the rolling
mill. A total of ten replicates were measureddst reproducibility and effectiveness of
the electrochemical extraction and ICP-AES procesiunsing both of the DC power
supplies, as mentioned previously in Section 3.1.2.

The ten samples were taken from the columnar regample location C in
Figure 4.1, for its likelihood to exhibit smallesracentration gradients than the surface or
centerline regions, and because it represents ohdis¢ volume of the as-cast slab. Each
sample was prepared according to the method disdussletail in Section 3.1. After
electrochemical extraction and filtration, ICP-A&8s conducted on both solutions: the
dissolved steel matrix, and the dissolved predpitalution. Concentrations from
ICP-AES were converted to the amount of niobiumiinpct.) to determine the extent
of alloy in precipitate form, in solution, and tbédloy detected. Additionally, the data
were converted into relative percentage of allacpitated for each alloy, process
location, and solidification region. The concetitnas were converted from ICP-AES to
amount of alloy in weight percent, and percentlimiyadetected, using Equations 3.1, 3.2,
and 3.3 (discussed in Section 3.2). Conversiom ftoncentration to weight percent is
helpful in order to compare the ICP-AES resultthi®s composition reported by the steel
producer.

The ten replicates results are shown in Table #He mean niobium amount

(in wt. pct.) of the ten replicates was calculaisthg Equation 4.1 [7]:
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wherey is the mean niobium content,represents a specific observation, ansl the

total number of observations. After finding thengde mean, the standard deviation was
found by taking the square root of the sample waga The sample variancé, was
determined by Equation 4.2 [7]:

S = zizl(yi -Y)

o (4.2)

Therefore, the standard deviation, s, is repreddmyeEquation 4.3 [7]:
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S:JM (4.3)
n-1

The amount of niobium that precipitated was coesiswithin the set of ten samples at

an average of 0.004 wt. pct. Nb, with a standaxdatien of 0.001 wt. pct., which

indicates good reproducibility. A 95pct. confidennterval was calculated using the
mean niobium content, standard deviation, and tataiber of observations, as expressed
in Equation 4.4 [7]:

- S
y+ Zmzﬁ (4.4)

where Z;; equals 1.960. The 95pct. confidence intervatieramount of niobium
precipitated is 0.004 0.0005 wt. pct. Nb. Table 4.1 also reports thataterage amount
of niobium in solution is 88 percent, and the ageren precipitated form is 12 percent.
In addition, Table 4.2 highlights the similarity thie ICP-AES results compared to the
alloy content reported by the steel producer. Toinal percentage difference

Table 4.1 Reproducibility of Niobium Measured inl@mn and Precipitate Form

Precipitate ~ Solution Total  Percentage of N Percentage ¢

Sample (Wt% Nb)  (wt% Nb) (wt% Nb) precipitated Nb in solution
1 0.004 0.025 0.029 13 87
2 0.005 0.025 0.030 15 85
3 0.003 0.027 0.031 11 89
4 0.003 0.028 0.031 11 89
5 0.005 0.026 0.031 17 83
6 0.003 0.026 0.030 12 88
7 0.003 0.025 0.028 10 90
8 0.003 0.026 0.030 11 89
9 0.003 0.026 0.029 10 90
10 0.004 0.026 0.029 12 88
95% Confidenct 0.004 * 0.026 + 0.030 % 12 +1 88 +1
Interval 0.001 0.001 0.001

(Equation 3.3) indicated that the procedure isaépcible and results from the ICP-AES
analysis are comparable to the alloy content repdsy the steel producer. The results

also indicated that the columnar region for the in@dCMn(Nb) steel prior to hot rolling
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demonstrated minimal alloy segregation on a maogmscscale. Overall, it was

concluded that the reproducibility of the testingthod was sufficient.

Table 4.2 Accuracy of ICP Analysis and Reported@lContent Using Medium
CMn(NDb) for Reproducibility Testing

Reported Alloy Precentage

0,
Sample Total (wt% Nb) Content (Wt% Nb) Difference

1 0.029 0.030 -3
2 0.030 0.030 -2
3 0.031 0.030 3
4 0.031 0.030 3
5 0.031 0.030 3
6 0.030 0.030 -1
7 0.028 0.030 -6
8 0.030 0.030 -1
9 0.029 0.030 -2
10 0.029 0.030 -2

4.2 Influence of Niobium Content and Slab LocationPrecipitation Behavior
The results concerning microalloy precipitation &ébrs are discussed relative to
varying niobium additions and solidification reggofi.e. slab locations) prior to

hot-rolling.

4.2.1 Slab Surface Region

The slab location and specimen orientation foretthge/slab surface region are
illustrated in Figure 4.2(a), and Figure 4.2(bypectively, as sample location A. Sample
location A was chosen near the slab corner to ebgee extent of microalloy
precipitation on the edges of the slab, wheredinesét slab temperatures are
experienced. Specimens were taken at both prémessons (i.e. base of the caster and
prior to hot rolling) for the low, medium, and higiobium steels. Ten replicate
specimens were prepared for each of the alloyact process location. The average of
the ten measurements was taken to represent tmeathdy precipitation behavior at the

edges of the slab.
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Figure 4.2 The circled section (a) was used toiohtee slab surface (b)
specimens used for the examination of the pratipn behavior
concerning the influence of niobium content alad $ocation. (c) A total
of ten replicates were prepared for each conmd@iong the slab edge.

The results from the edge location at both prot®ssions are summarized in
Tables 4.3 and 4.4. The average of the ten maasuts (for each processing location)
is shown in Figure 4.3 as the absolute amountaifinm precipitated (in wt. pct.) plotted
against niobium content. Additionally, Figure 454 representation of the relative
amount of niobium precipitated (pct. Nb) plotteciagt the amount of alloy given by the
steel producer. Uncertainty analysis is represebyeone standard deviation
(Equation 4.3) [72]. The standard deviation wasseinato demonstrate the variation seen
between the ten replicate samples for each stadkegand process location. Uncertainty
analysis of niobium precipitated (in wt. pct.),ngithe 95pct. confidence interval
(Equation 4.4) about the mean for the edge locatsoshown in Figure A1. Table A2
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presents the uncertainty analysis results for tlgee éocation for each process location
related to standard deviation and 95pct. confidémegval. The standard deviation was
specifically chosen to demonstrate sample varidtiatier than the 95pct. confidence
interval) because a normal distribution was notiaees] [72].

Table 4.3 Average Niobium Measured in Solution Bnecipitate Form
Edge Location at thBase of the Caster

Precipitate Solution  Total Percentage of N Percentage of Producer's Reported Precentage

Sample (Wt% Nb) (wt% Nb) (Wt% Nb)  precipitated  Nb in solution Alloy Content (wt% Nb) Difference
Low Nb Caster 0.003 0.011 0.014 24 76 0.014 2

Med Nb Caster 0.008 0.022 0.030 28 72 0.030 -1
High Nb Caster 0.026 0.029 0.056 48 52 0.046 22

Table 4.4 Average Niobium Measured in Solution Bnecipitate Form
Edge LocatiorPrior to Hot Rolling

Precipitate Solution  Total Percentage of N Percentage of Producer's Reported Precentage

Sample (Wt% Nb) (wt% Nb) (Wt% Nb)  precipitated  Nb in solution Alloy Content (wt% Nb) Difference
Low Nb Furnace Exit 0.005 0.007 0.011 45 55 0.014 -17
Med Nb Furnace Exit 0.010 0.023 0.033 31 69 0.030 11
High Nb Furnace Exit 0.018 0.027 0.045 36 64 0.046 -3
0.05
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Figure 4.3 Slab surface/edge location; averageumoln precipitate form measured
by ICP-AES in wt. pct. from ten replicates plaotigainst the reported
alloy content measured by the steel producer.
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The low and medium niobium steels appeared to édoine precipitation
during equalization in the furnace prior to hotling. In Figure 4.3, the arrow in the
“up” direction indicates that alloy precipitatiora& observed (through the tunnel
furnace). In contrast, the high niobium steel bithd the largest amount of precipitation
(relative to niobium content) immediately aftertoag, followed by niobium dissolution
during equalization through the tunnel furnaceobiim dissolution (through the tunnel

furnace) is represented by the “down” arrow.
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Figure 4.4 Slab surface/edge location; averageiumoln precipitate form measured
by ICP-AES in pct. of niobium precipitated froentreplicates plotted
against the reported alloy content measured &gtibel producer.

4.2.2 Columnar Region

The slab surface location and sample orientatiothi® columnar region are
shown in Figure 4.5(a) and Figure 4.5(b), respebtivas sample location C. Specimens
were taken from both process locations for the lmwdium, and high niobium steels.
Five replicate specimens were prepared for eatheoélloys at each process location and
solidification region. The columnar region presigaepresented the behavior of most
of the slab volume. The number of samples wasacestiérom that of the slab surface
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Figure 4.5 The circled section (a) was used toioktee columnar region (b)
specimens used for the examination of the pratipn behavior
concerning the influence of niobium content alad $ocation. (c) A total
of five replicates were prepared for each coaditvithin the columnar
region.

(Section 4.2.1) on the basis of the good repdéiabf results from reproducibility
testing, reported in Section 4.1. The averagdtsefom the columnar region for both
process locations are summarized in Tables 4.3l&dFigure 4.6 presents the absolute
amount of niobium precipitated (in wt. pct. Nb)dafigure 4.7 provides a graphical
representation of the relative amount of niobiumcypitated (pct. Nb), plotted against
the amount of niobium given by the steel producére uncertainty analysis is shown by
one standard deviation (Equation 4.3) about thenni@aemonstrate the variation
observed between replicates. Additional graphigpitesentation demonstrating the

95pct. confidence interval (Equation 4.4) aboutrttean (for the columnar region) can
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be observed in Figure A2. An uncertainty analjaigoth process locations is presented
in Table A2.

Table 4.5 Average Niobium Measured in Solution Bnecipitate Form
Columnar Location at thBase of the Caster

Precipitate Solution Total  Percentage of N Percentage of Producer's Reported Precentage

Sample (Wt% Nb)  (wt% Nb) (wt% Nb) precipitated  Nb in solution Alloy Content (wt% Nb) Difference
Low Nb Caster 0.003 0.010 0.013 24 76 0.014 -7
Med Nb Caster 0.004 0.027 0.031 14 86 0.030 3
High Nb Caster 0.005 0.045 0.050 10 90 0.046 9

Table 4.6 Average Niobium Measured in Solution Bnecipitate Form
Columnar LocatiorPrior to Hot Rolling

Precipitate Solution Total Percentage of N Percentage of Producer's Reported Precentage

Sample (Wt% Nb)  (wt% Nb) (wt% Nb)  precipitated  Nb in solution Alloy Content (wt% Nb) Difference
Low Nb Furnace Exit 0.002 0.009 0.012 21 79 0.014 -16
Med Nb Furnace Exit 0.003 0.026 0.030 11 89 0.030 -1
High Nb Furnace Exit 0.007 0.047 0.054 14 86 0.046 18
0.05
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Figure 4.6 Columnar location; average niobium ieggitate form measured by
ICP-AES in wt. pct. from five replicates plottadainst the reported alloy
content measured by the steel producer.
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For the columnar region, it was observed that tiewklite amount of niobium in
precipitated form was greatest in the high niobateel, while the relative amount was
greatest in the low niobium steel. Substantiahges (i.e. precipitation or dissolution)
during equalization in the tunnel furnace for tbe land medium niobium steels were not
apparent; some precipitation was indicated forhtigl niobium steel. It was also
observed that the variability between the sampla® the columnar region was generally
less than the variability observed in the edge $asppased on a comparison of standard
deviations, and 95 pct. confidence intervals.
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Figure 4.7 Columnar location; average niobium iecgitate form measured by
ICP-AES in pct. of niobium precipitated from fiveplicates plotted
against the reported alloy content measured &gtibel producer.

4.2.3 Centerline Region

The slab location and specimen orientation inceivgerline region is depicted in
Figure 4.8(a) and Figure 4.8(b), respectively,aase location B. Specimens (13 x 13 X
13 mm coupons) were taken from both process latafior the low, medium, and high
niobium steels. Five replicate specimens weregrexpfor each of the alloys at each
process location. The average results from theedare sampling region for the base of
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the caster and prior to the rolling mill are sumized in Tables 4.7 and 4.8, and
graphically in Figures 4.9 and Figure 4.10, respelt. The uncertainty analysis is
shown as one standard deviation (Equation 4.3)taheumean. An uncertainty analysis
using the 95pct. confidence interval (Equation 4lddut the mean is shown in

Figure A3. An uncertainty analysis results for teaterline region at both process
locations are presented in Table A3, related todsted deviation and 95 pct. confidence

interval.
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Figure 4.8 The circled section (a) was used toioktee columnar region (b)
specimens used for the examination of the pratipn behavior
concerning the influence of niobium content alad $ocation. (c) A total
of five replicates were prepared for each coaditvithin the centerline
region.

45



Table 4.7

Average Niobium Measured in Solution Bnecipitate Form
Centerline Region at tHgase of the Caster

Precipitate Solution  Total Percentage of N Percentage of Producer's Reported Precentage

Sample (Wt% Nb) (wt% Nb) (wt% Nb)  precipitated  Nb in solution Alloy Content (wt% Nb) Difference
Low Nb Caster 0.004 0.007 0.011 40 60 0.014 -23
Med Nb Caster 0.005 0.025 0.031 17 83 0.030 2
High Nb Caster 0.009 0.044 0.053 17 83 0.046 15

Table 4.8 Average Niobium Measured in Solution Bnecipitate Form
Centerline RegioRrior to Hot Rolling
Precipitate Solution Total Percentage of N Percentage of Producer's Reported Precentage
Sample (wt% Nb) (wt% Nb) (wt% Nb)  precipitated  Nb in solution Alloy Content (wt% Nb) Difference
Low Nb Furnace Exit 0.005 0.006 0.011 50 50 0.014 -24
Med Nb Furnace Exit 0.006 0.028 0.033 17 83 0.030 11
High Nb Furnace Exit 0.015 0.040 0.055 27 73 0.046 19
0.05
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Centerline location; average niobiurprecipitate form measured by

ICP-AES in wt. pct. from five replicates plottadainst the reported alloy
content measured by the steel producer.

The results obtained from the centerline regioncated that the absolute amount
of niobium precipitated was greatest in the highbnim steel, while the relative amount

was greatest in the low niobium steel. Substanlhiahges (i.e. precipitation or

dissolution) during equalization in the tunnel face for the low and medium niobium
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steels were not apparent; some precipitation wasrgbd in the high niobium steel. It
was also observed that the variability in the ceimie region (demonstrated by the
standard deviation about the mean) was similanéacblumnar region, but less than the
variability observed at the edge location.

90

- ® Caster
Furnace Exit

o
o
|
@]

\l
o
|

B Low Nb

a o
S O
| |

%Nb Precipitated
oS
o
I 1

High Nb

()
=)
|

Medium Nb

_ ; .

0 (] I (] I (] I (] I (]

0 0.01 0.02 0.03 0.04 0.05
Steel Nb Content (wt% Nb)

N
o
|

[ERN
o
I

Figure 4.10  Centerline location; average niobiurpriecipitate form measured by
ICP-AES in pct. of niobium precipitated from fiveplicates plotted
against the reported alloy content measured &gtibel producer.

4.2.4 Discussion — Electrochemical Analysis

The average results from the analysis for bothgeedocations and sampling
locations within the slab are combined in FigurEl4for comparison. The amount of
niobium precipitated (in wt. pct.) is plotted agdtithe through thickness position (i.e.
slab surface/edge, columnar, and centerline). rébelts reveal that the greatest amount
of alloy precipitation occurred at the edges/casradrthe continuously cast slab. The
measured amount of precipitation was greatestarhitph niobium steel in the edge
location at the base of the caster. Dissolutidsssquently occurred during reheating and
equalization in the tunnel furnace in the slabatefedge of the high niobium alloy. The
columnar region represented the bulk of the sldbme, and exhibited the lowest
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amount of precipitated niobium in each conditidrhe high percentage of niobium
precipitation along the slab edges can be undeatstoterms of the slab surface
temperature and solubility of niobium carbonitriddhe lower temperature of the slab
surface at the base of the caster was associate@mwincreasing driving force for alloy
precipitation, and therefore conducive to prectmtain the surface/edge/corner regions.
Increasing the niobium content possibly increabedsupersaturation and allowed more
niobium precipitation to occur at higher temperasur

The electrochemical results suggest that someumobiissolution for the high
niobium alloy occurred during processing through tilmnel furnace on the corners of
the slab. The soaking time and temperature witertunnel furnace equalized the
temperature profile of the slab, increasing niobaotubility in the cooler regions of the
casting (i.e. at the surface). This effect wasefieial because the re-dissolved niobium
in the austenite was available to enhance the thmenhanical processing response and
final properties necessary for austenite conditigras discussed previously in
Section 2.3. An increased amount of niobium wae abserved to precipitate within the
centerline region (relative to the columnar regigmesumably caused by the alloy-rich
liquid present during the final stage of solidificm. The medium niobium alloy also
demonstrated higher precipitation along the slafasa with less precipitation within the
columnar and centerline regions. This alloy sholitdd difference in the amount of
alloy precipitated between the results from theshzshe caster and prior to hot rolling.
In the low niobium steel, it appears that slightmum precipitation occurred during
equalization in the tunnel furnace in the cornédrhe cast slab. Niobium precipitation in
the columnar and centerline regions did not dennateshotable changes
(i.e. precipitation or dissolution) through the mehfurnace. The low niobium steel
demonstrated the least amount of absolute pretgitan comparison to the medium and
high niobium alloys.

Consideration of (macro) alloy segregation was thasethe total amount of
niobium detected by ICP-AES for the varying solichtion regions. From an
examination of the results in Tables 4.3-4.8, iswancluded that no substantial or
systematic changes (i.e. alloy rich or alloy degdetegions) were observed between the

slab surface/edge, columnar, and centerline lagafior the slabs evaluated in this work.
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A theoretical temperature profile (provided by ablbrators) was calculated based
on processing parameters, alloy content, and secprdoling within the
Nucor Steel - Hickman casting facility [16]. Figu4.12 shows the thermal profile of the
slab and the corresponding “predicted” temperatimethe slab surface/edge, middle
(columnar), and centerline regions as the slaketsavom the base of the mold
(meniscus) and through the tunnel furnace. Thdigied thermal profile indicated that
the slab surface experienced some reheating thrimegtunnel furnace, while the
columnar and centerline regions experienced coolifgmperature equalization occurs

early in the tunnel furnace.
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Figure 4.11  Niobium in precipitate form measured®k-AES (in wt. pct.) plotted
against the sample location through the thickioés$ise slab.
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Figure 4.12 Based on processing parameters, atlotent, and secondary cooling of
the Nucor Steel - Hickman casting facility; (ejnperature profile of
continuous cast slab predicted from the baskeofitold through the
tunnel furnace, and (b) the temperature diffeesrexperienced at the base
of the caster and entry into the tunnel furnace.

A quantitative analysis of the results comparethéocalculated solubility

relations (Figure 3.12) is shown in Figure 4.1%heTeported slab surface temperature
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observed at each process location and resultbdéomgsociated solidification region are
superimposed over the solubility relationshipsgulré 4.13 shows that the amount of
niobium precipitation (in wt. pct.) at the basdlué caster was lower than that of the
predicted niobium precipitation calculated [16] &ach alloy and solidification region,
even for the edge location where the actual tenipemmay have approached the

indicated values. However, niobium precipitatioiopto hot rolling followed the
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Figure 4.13  Calculated wt. pct. Nb precipitateddsnction of temperature for low,
medium, and high niobium additions [16], alsowimy approximate
ranges of slab temperature and quantitative casgpabetween combined
chemical results. The locations of the edgefoolar/centerline results do
not reflect actual relationships.

expected trend for these alloys, although the lakiom steel prior to hot rolling did
demonstrate some niobium precipitation, while thlewation estimated that all niobium
should remain in solution. The role of segregationld be important in understanding

deviations between calculations and measured vailtbsugh the segregation effects
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have not been studied here in detail. The actagbéeatures experienced by the
columnar and centerline regions were unknown ane wedoubtedly higher than the

reported slab surface temperature.

4.3 Precipitate Characterization

TEM verification of the precipitation behavior ologed during electrochemical
analysis was completed. Selected alloys, procesdibns, and solidification regions
chosen for this study are shown in Figure 4.14e d&ta presented in bold in Figure 4.14
represent the samples selected for TEM analydie samples include: high niobium
steel at both process locations for the edge, aodupand centerline regions, the low
niobium steel prior to hot rolling for the edgejwanar, and centerline regions, and the
low niobium steel at the base of the caster foretthge location. For this study, five
carbon extraction replicas were made for each sp&tiand analyses of at least three
replicas were completed to ensure a general oligmmuwaas made for each alloy, process
location, and solidification region. The high niatm alloy was chosen because it
demonstrated the highest amount of niobium pretipit, and the most substantial
change (i.e. precipitation and dissolution) betwesatess locations and solidification
regions. The low niobium alloy was chosen becdugemonstrated the least amount of
niobium precipitation at each process location soidlification region. The medium
niobium alloy was omitted because the results ftioenelectrochemical analysis fell
within the range of the high and low niobium alldgs each process location and
solidification region. The columnar and centerliegions for the low niobium steel at
the base of the caster were also omitted becaobaim precipitation was similar to that
observed prior to hot rolling. Because niobiumcgpiation behavior prior to hot rolling
was the focus of this program, each solidificatiegion at the furnace exit was examined
in the low niobium alloy.

Precipitate size was found by measuring the leagthwidth of each particle
using an arbitrary line measurement function atélan conjunction with the imaging
process. Figure 4.15 presents a TEM bright fieldge showing microalloy precipitation
in the as-cast slab, and associated particle me@asmts. The cross-sectional area of the

precipitate was used to calculate the “equivalénnéter” of each particle.
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Figure 4.14  Selected Nb alloys presented in bgideseent the sample locations chosen
for TEM analysis and verification of the electnemical extraction
results.

Approximately 200 particles were counted from tietds of view over at least
three different replicas (per condition), to obtparticle size distributions for the selected
alloys. At least ten precipitates were analyzedgiEDS analysis for each processing
condition and solidification region. Some largeartium-rich particles were observed
during TEM analysis. However, the large titaniuaséd particles were not included in
the particle size distribution analysis, or thecgpgate volume fraction calculations
[67,68]. A TEM bright field image is shown in Figu4.16(a), and an associated EDS
spectrum in Figure 4.16(b), providing a generatespntation of a large titanium-rich
particle observed in the columnar region at thelmdighe caster. The larger particles
were seen primarily in the high niobium steel ithbprocess locations. Although larger
titanium-rich particles were observed primarilytie high Nb steel, titanium-containing
particles were also observed in each solidificategion in the low niobium alloy. It
should be noted that each EDS spectrum exhibitagpper peak due to detection of the
copper grid used for supporting the carbon exiaateplicas.
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Figure 4.15 TEM bright field image of carbon extrac replica from the columnar
region at the base of the caster for the higbinm steel. Equivalent
particle diameter found by measuring the lengith &idth of the
precipitate and finding the associated crossisaitarea.
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o
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(a) (b)

Figure 4.16 (a) TEM bright field image of Ti-riclagticle seen during particle size
analysis in the high Nb alloy in the centerliegion prior to hot rolling
and (b) associated EDS spectrum.

4.3.1 Precipitate Size and Morphology

The selection of specimens from the high and labiom steels represented the
greatest contrast of the precipitation behavioeoked during electrochemical analysis as
discussed in section 4.2. The high niobium steel@hstrated the greatest amount of
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precipitation, and showed the most substantial ghdne. precipitation and dissolution)
among the three solidification regions. The lowlmim steel demonstrated the least
absolute amount of niobium precipitation, and aonsequential change between
solidification regions and process locations.

Figure 4.17 presents TEM bright field images smgamicroalloy precipitation
which occurred in the slab surface region at botitgss locations for the high niobium
alloy. The average (equivalent) particle diametas @Wetermined based on approximately
200 patrticles. For each condition, particles werented from ten fields of view over at
least three different replicas.

An example of precipitation at the base of théeras shown in Figure 4.17(a).
The associated EDS analysis is shown in Figure(B)1EDS was obtained with a
focused electron beam that was approximately tamelier of the circled area indicated
on the micrograph. The niobium peak was determinetthe amount of niobium present
within the circled area. While the EDS spectruraveid that niobium was present, the
relative height of the niobium peak was observelbetemaller due to a small particle size
relative to the diameter of the focused electraamine As seen in Figure 4.17(a), the
circled region examined during EDS included sevenadller particles for analysis.
Thus, the niobium peak was smaller than a peakrebddor larger particles that
encompassed the full diameter of the focused eledieam.

Morphologies including irregular-cuboidal and cutadiwere present. Niobium
precipitation observed in the slab surface attna@e¢l furnace exit is shown in
Figure 4.17(c). The electrolytic extractions foese conditions are highlighted in
Figure 4.17(d). For both process locations, thb surface region demonstrated a high
number density of particles on a single carbonicaplHowever, there were a higher
number of particles present on the replicas prebfmethe base of the caster condition.
The high number density of Nb-rich particles seethe base of the caster supports the
electrochemical analysis which indicated that gaiion along the slab surface at the
base of the caster was greater than prior to hiaigdin the high niobium steel).
Precipitate volume fraction, related to particlenfuer density per area (on a given

replica) is discussed in detail later in this cleagBection 4.3.3).
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Figure 4.17 TEM analysis of precipitation behawarthe slab edge relative to process
location for the high Nb steel. (a) Precipitaaeshe base of the caster, (b)
corresponding EDS analysis, (c) Precipitatiofuatace exit, and (d)
process and slab location related to micrographs.

Figure 4.18 shows precipitation which occurred witine columnar region for
both process locations. Figure 4.18(a) corresptmg@secipitation at the base of the
caster. Precipitation subsequent the tunnel femashown in Figure 4.18(c). EDS was
obtained with a focused electron beam that wascaippately the diameter of the circled
area indicated on the micrograph. The EDS resulggest that the larger particles
observed at each process location also containgda portion of titanium,

(Figures 4.18(b) and Figure 4.18(d)). The reldgiVarge particle size and size variation
prior to hot rolling suggest that some particlebjoh were present at the base of the
caster, appeared to have sufficient time to graowubh the tunnel furnace. It is not clear
if smaller precipitates present at the base ot#ster dissolved through the tunnel
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furnace. Both process locations demonstratedasively low number density of
particles for the columnar region, in comparisothi slab surface. Presumably, this
could be because of the absence of a low temperakaursion which would promote
more extensive nucleation. The microscopy resutssupportive of the electrochemical
extraction results which suggest that there waatgralloy precipitation present in the
slab surface based on number density of precigifae replica.

(©) (d)

Figure 4.18 TEM analysis of precipitation behawaad corresponding EDS analysis
(circled area) in the columnar region relativeptocess location for the
high Nb steel. (a) Precipitates at the basaetaster, (b) corresponding
EDS analysis, (c) precipitation at furnace eaitql (d) corresponding EDS
analysis.

Figure 4.19 presents an example of precipitatiaimeé centerline region of the
as-cast slab. In Figure 4.19(a) and Figure 4.1t precipitates shown are

irregular-cuboidal/cuboidal, and the particle sSzeomewhat larger than observed in the
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slab surface/edge and columnar regions. Figui@e).shows large niobium particles in
the centerline region of the as-cast slab at theafte exit. The particle size distribution
demonstrates less variation in the condition pdnot rolling and a smaller average
particle size compared to those observed at the dfathe caster. It was observed that
the number density of particles in the centerlirges \greater in the condition prior to hot
rolling compared to the base of the caster. Theltefor the particle size distribution

and precipitate volume fraction are discussed iith&r detail in Sections 4.3.2 and 4.3.3.
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Figure 4.19 TEM analysis of precipitation behawdaod corresponding EDS analysis
(circled area) in the centerline region relatwg@rocess location for the
high Nb steel. (a) Precipitates at the basa@etaster, (b) corresponding

EDS analysis, (c) precipitation at furnace eaitql (d) process and slab
location related to micrographs.
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Figure 4.20 presents TEM bright field images shgwiricroalloy precipitation
which occurred in the slab surface at each prdoession for the low niobium alloy.
Figure 4.20(a) shows precipitation at the baséefcaster. The associated EDS analysis
is shown in Figure 4.20(b). Titanium-containingtjzdes were present at each process
location for the low niobium steel. Alloy precigiton observed in the slab surface at the
tunnel furnace exit is shown in Figure 4.20(c). rpwlogies including irregular-
cuboidal and cuboidal were present. Figure 4.20lrates the process location and
alloy of each micrograph presented. For both medecations, the slab surface region
demonstrated the highest number density of pastimtea given carbon replica.
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Figure 4.20 TEM analysis of precipitation behawdod corresponding EDS analysis
(circled area) on the slab surface relative twess location for the low
Nb steel. (a) Precipitates at the base of teeeca(b) corresponding EDS
analysis, (c) precipitation at furnace exit, &process and slab location
related to micrographs.
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However, the particle number density for the lowlmim steel per carbon replica was
observed to be less than that observed in therfigiium steel. The particle number
density observed for the low niobium steel at b surface location was observed to be
similar for both process locations. Precipitatkuate fractions related to particle number
density per area (on a given replica) are discussddtail in Section 4.3.3.

The electrochemical extraction results for thaioolar and centerline regions in
the low niobium alloy showed an insignificant char{ge. precipitation or dissolution)
through the tunnel furnace. Therefore, the coadiprior to hot rolling was selected to
demonstrate the general behavior of niobium preatipn for the low niobium alloy.
Figure 4.21(a) shows representative microalloyiprtion which occurred in the
columnar region at the furnace exit prior to hadlimg for the low niobium alloy.

Figure 4.21(b) is the associated EDS analysis. preeipitates observed in the low
niobium steel in the columnar region demonstratedla morphologies (i.e.
irregular-cuboidal and cuboidal) as the high niobialloy. Additionally, the columnar
region demonstrated that larger precipitates wezsgmt compared to those seen on the
slab surface. However, the precipitate size withencolumnar region for the low

niobium steel was smaller than in the high niobateel.

() (b)

Figure 4.21 TEM analysis of precipitation behawdaod corresponding EDS analysis
(circled area) in the columnar region relativgptocess location for the
low Nb steel. (a) Precipitates at the furnadeand (b) corresponding
EDS analysis.

60



Figure 4.22(a) represents microalloy precipitatiothe low niobium alloy upon
furnace exit for the centerline region and the egponding EDS analysis
(Figure 4.22(b)). Niobium and titanium were botkgent in the particles examined. The
morphology of the particles was observed to beeeitinegular or cruciform-type
precipitates. The cruciform-type precipitates@reled on the micrograph, which
demonstrated arm-like growth. The particles presefor this condition possibly
resemble those observed by Wat@l [65]. This observation may suggest that the
centerline region for the low niobium steel presatitferent particle morphology

compared to the accompanying specimens observetydhrs study.
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Figure 4.22 TEM analysis of precipitate behaviad anrresponding EDS analysis
(bold circled area) in the centerline region tig&ato process location for
the low Nb steel. (a) Precipitates at the fuenadhere dashed-circled
precipitates resemble cruciform-type morpholagy (b) corresponding
EDS analysis.

4.3.2 Precipitate Size Distribution

For precipitate size distribution analysis, paetidistributions were assumed to be
normal related to the mean “diameter” and standaxdation about the mean [72]. The
assumption was based on research reported e&Tgrcpncerning the precipitate
volume fraction calculation, discussed in detaibection 4.3.3. The equivalent diameter
of each patrticle was found by measuring the leagthwidth of the precipitate,
calculating the cross-sectional area, and using@s$keciated diameter (in nm) to

represent particle size.
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The particle size distributions for precipitationthe slab surface of the high
niobium alloy for both process locations are shanwhRigures 4.23(a) and 4.23(b),
respectively. The particle size distributionshe base of the caster ranges from 3-40 nm,
with an average equivalent diameter of approxinyatdlnm, while the particle size
distribution prior to hot rolling ranges from 3-18é, with an average particle diameter
of 28 nm. The results show that the average paitiche surface region increased

through the tunnel furnace.
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Figure 4.23 NDb(C,N) particle size distributionghe high Nb alloy on the slab
surface observed at (a) the base of the castieftamrior to hot rolling.

Figure 4.24(a) presents the particle size distitios at the base of the caster for
the columnar region of the high niobium steel. tieler diameters ranged from 15-90 nm,
with an average diameter of approximately 27 nrhe 3ize distribution for alloy
precipitation in the columnar region, prior to lholling, ranged from 10-200 nm with an
average particle diameter of 81 nm, as shown iareig.24(b). The relatively large
particle diameter range prior to hot rolling maggest that some particles, which
nucleated at the base of the caster, had suffitimetto grow through the tunnel furnace.
It is not clear if the smaller precipitates in ttester location dissolve upon equalization
in the tunnel furnace or if additional nucleatidscaoccurs.

Figure 4.25 summarizes the patrticle size distrdngiin the centerline region at
both process locations in the high niobium alldye particle diameter at the base of the
caster ranged from 10-500 nm as shown in Figur&(d)2 The associated average
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Figure 4.24  NDb(C,N) Particle size distributionghe high Nb alloy in the columnar
region observed at (a) the base of the caste(lgrutior to hot rolling.

particle diameter was approximately 163 nm. The distribution for precipitation in

the columnar region, prior to hot rolling, rangedn 10-200 nm as shown in

Figure 4.25(b). The associated average particlaéier prior to hot rolling was 102 nm.
The larger particles observed at the base of theecaere not likely the result of the
formation of Nb(C,N) particle nucleation on pre-siig larger TiN particles since
titanium-rich precipitates did not exhibit substahhiobium content during EDS
analysis. The particle size distribution exhibitesks variation in the condition prior to
hot rolling and a smaller average particle diametenpared to the base of the caster.
Overall for the high niobium steel, the centerliegion demonstrated the largest particle
diameter in conjunction with a large deviation atithe mean diameter.

Figure 4.26 shows the particle size distributiothie low niobium alloy. At the
base of the caster in the slab surface (Figurg@)R@he particle diameters ranged from
approximately 2-35 nm, with an average particlerditer of 12 nm. The particle size
distributions for the slab surface, columnar, aedterline regions prior to hot rolling, are
presented in Figure 4.26(b). The particle diameteged from approximately 5-50 nm
in the slab surface prior to hot rolling, with areeage particle diameter of 19 nm. The
columnar region at the furnace exit exhibited ayeaim particle diameters from
5-100 nm, with an average particle diameter of 88 The precipitates present in the
centerline region prior to hot rolling for the lavobium alloy ranged from
approximately 10-150 nm, with an average diameft&3am. Prior to hot rolling, the

average particle diameter increased through tloi&rbss of the slab, similar to the trends
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observed in the high niobium alloy. The averagegigda diameters present in the low

niobium alloy are clearly smaller than correspogdiarticles observed in the high

niobium grade.
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Figure 4.25 NDb(C,N) Particle size distributionghe high Nb alloy in the centerline
region observed at (a) the base of the caste(lgrutior to hot rolling.
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Figure 4.26  NDb(C,N) particle size distributionghe low Nb alloy at (a) the base of
the caster on the slab surface and (b) eachifsmdiibn region prior to hot

rolling.

4.3.3 Precipitate Volume Fraction

Precipitation behavior prior to hot rolling wasacacterized by transmission
electron microscopy of carbon extraction replicakis method was chosen to
supplement the chemical analysis and observe t@pitates independently, providing

precipitate size distributions and area particlnber densities.
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Extraction replicas have been used to demongtrat@pitate size and
morphology as discussed previously. However, festigdies have used the extraction
replica method to quantify particle size distribas and volume fractions. Concerning
the replica technique, there were two limitatiomsdnsider: particles less than 20A in
size could not usually be detected on the repl&tagustandard TEM imaging, which
means that the method was resolution-limited. 8ecthe volume fraction of
precipitates was not directly measureable fromicapheasurements [67]. For the
purposes of “volume” fraction measurements in thesis, it was assumed that
precipitation was only present if it was observge, if it is greater than 20A in size).
Regarding the determination of precipitate volumaetion, while measurements of the
area density of particles can be made, a direatioelship to precipitate volume fraction
was not straightforward because the number of@estiextracted successfully
(extraction efficiency) and the thickness of thgtfacted region” itself were not known,
and may vary between replicas. Particles with et@ns less than the initial etched layer
thickness may have been removed during etching, uhavailable for capture during
carbon deposition on the surface. Therefore,htu&ness of the extracted region
influences which particles may have been avail&driémaging. Ashby and Ebeling,
reporting on the determination of number, sizecsg and volume fraction of
precipitates using carbon replicas, assuming sgdigurecipitates, suggested that the
precipitate volume fraction, f, is approximatedBxyuation 4.5 [68].

f=% &( X.+a')

a

(4.5)

where NS = measured number of precipitates per unit ardgh®@extraction replica

= extraction efficiency; the replicated surfacettidp taken as double the

arithmetic mean of particle diameters, and theaetion efficiency

incorporates this variable.

X AT arithmetic mean of particle diameters.

O , = standard deviation from this mean.
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It was evident that the precipitate volume fractieas reliant on the extraction
efficiency. The particle size distribution could@be influenced by the extraction
process if extraction efficiency was size dependdifius, the results should be used with
caution when the replica technique is used fonegtng the volume fraction of
precipitates. Nonetheless, a method used by Hafmathe determination of relative
precipitate volume fractions using the extractieplica techniques, employs a parameter
K based on Equation 4.6 [67].

N 2} _6fa
K_NS(XA-'-O-A)_? (4.6)

The extraction efficiencyy, was assumed independent of particle size basétkon
reproducibility of particle size distribution resaufeported by Ashby and Ebeling [68].
Thus,a was also taken to be constant for the resultsrteghan this thesis [Equation 4.5].
Although the absolute values of the precipitataiga fraction cannot be reported, this
assumption makes the parameter K, proportiondidégtecipitate volume fraction [67].
Equation 4.6 also included the assumption thap#rgcle size distribution as normal and
the precipitate morphology was spherical.

Figure 4.27 shows the precipitate volume fractiera function of the K
parameter plotted against the through thicknesgiposor each sample location
examined during this studylable B1 presents the quantitative K parameteitsefar
each process condition, alloy concentration, atidifoation region. For the
guantitative measurement of precipitate volumetioas, the specimens evaluated using
the K parameter were the same samples examineg TEiM microscopy (Figure 4.14).
For this study, areas of relatively high particleanber densities had been randomly
chosen to photograph and characterize size distiimifor each specimen. The same
micrographs were later used for the determinatfameasured number of precipitates per
unit area on the extraction replica. Similar te #ize distribution analysis, the
cross-sectional area of a precipitate was founchégsuring the length and width of the
particle. From the cross-sectional area, the ed@int diameter was calculated to
represent precipitate size. For each specimeee tlaplicas were examined at ten fields

of view per replica.
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The precipitate volume fraction results indicatat ttne position dependency
mirrors the chemical extraction results describe8ection 4.2.4, where the slab surface
and the centerline regions in the high niobiumlgffiee both process locations) exhibited
a larger amount of precipitation. However, thecpitation volume fraction results
(based on the K parameter) suggest that the laagestint of precipitation occurred in
the high niobium steel in the centerline regionwas also evident that the high niobium
steel contained a much higher precipitate voluraetion than observed in the low
niobium steel. The columnar region, which représgthe bulk of the slab volume,
demonstrated the least amount of precipitatioelims of particle density per area on a
given replica. The high niobium steel apparentiyezienced precipitate dissolution in
the slab surface through the tunnel furnace. Hewetis alloy may have experienced
some precipitation in the centerline region ofgteb during equalization through the
tunnel furnace. The amount of niobium precipitatieas greatest in the centerline region
in the high niobium alloy prior to hot rolling. €ke behaviors may be related to the
temperature profile of the slab as it travels tigtothe equalization furnace. The slab
surface temperature is less than that of the tunnefce; thus some reheating of the slab
surface occurs, which may cause precipitate diisolwithin that region of the as-cast
slab. Although the temperature of the centerlegan is not accurately known, alloy
measurements by TEM and precipitate volume fradiwalysis through the tunnel
furnace are consistent with the centerline coolrather than heating) in the tunnel
furnace (see Figure 4.12). This behavior is apganethe high niobium alloy in the
centerline region of the cast slab as shown infeigw27. Slow cooling of the centerline

region may allow sufficient time for precipitatiomnicleation and growth.

4.4  General Discussion

A schematic illustration summarizing the sampliegions is shown in
Figure 4.28. The average results from electrocbaindiissolution for all steels and
sampling locations are plotted in Figure 4.29 imparison to the precipitate volume
fraction estimated using the K parameter on cadxtraction replicas. The
electrochemical extraction results showed thagtieatest amount of alloy precipitation

occurred in the slab surface along the edges afdh&nuously cast thin slab (i.e. the
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slab corner location) in the high niobium steeheprecipitate volume fraction results
demonstrated a similar character as chemical gidraesults. However, the precipitate
volume fractions indicated that the greatest amof@iptecipitation was present in the
centerline region of the high niobium steel, ratitan the slab surface. The extent of
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Figure 4.27  Precipitate volume fractions determibgdhe K parameter versus the
through thickness of the slab.

precipitation appeared greatest in the high niobsteel, where dissolution of precipitates
at the edge/slab surface subsequently occurredglteheating and equalization in the
tunnel furnace, while some precipitation was obseénn the centerline region. The
columnar region represented the bulk of the sldbme, and exhibited the lowest
amount of precipitated niobium. The high perceatafniobium precipitation in the slab
edges can be understood in terms of the slab sutéagperature and solubility of
niobium carbonitrides. The lower temperatureshefdlab surface at the base of the

caster are associated with an increased drivirgeftor alloy precipitation, and therefore
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conditions are conducive to precipitation in thefate/edge/corner regions. Increasing
the niobium content also increases the supersatnrand allows niobium precipitation

to occur at higher temperatures and in greater atsou
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Direction /95" 5
(b)
VTN, \aﬁm«w lJ
\“ " "!‘!!! c‘!’o‘o‘!‘!! l‘!!“’!!‘!!io‘ft‘df\!‘!‘ ‘o“'\ )‘!‘!L!‘Q!‘o!&o‘\!‘o!‘!ll

(©)

Figure 4.28 (a) Initial slab dimensions and (b}isecof material studied.
(c) Sample locations and orientations in the.slab

The precipitate fraction results suggest that soiolkeium dissolution in the high
niobium alloy occurs during processing throughttivnel furnace. The soaking time
and temperature within the tunnel furnace “equdlizbe temperature profile of the slab,
increasing niobium solubility in the previously d¢eoregions of the casting (i.e. at the
surface). This effect is beneficial because tissalved niobium in the austenite is
available to enhance the thermomechanical proagssgponse and final properties. An
increased amount of niobium was also seen to ptatgpvithin the centerline region
(relative to the columnar region), presumably cdusethe alloy rich liquid present
during the final stage of solidification. The meahi niobium alloy also demonstrated

more precipitation in the slab surface, with lesscppitation present in the columnar and
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centerline regions. In this alloy, there wasdittlifference (i.e. precipitation and
dissolution) between process locations. In thenabium steel, it appeared that some
niobium precipitation may occur during equalizatiorihe tunnel furnace, prior to hot
rolling. However, no substantial change (i.e. g¢ation and dissolution) occured in
this alloy between process locations and solidificaregions.

Figure 4.30 shows a summary of the particle sigeildutions for the as-cast slab
solidification and process locations for the lovd dmgh niobium alloys. It is observed
that the average particle diameter at the badeeotdster for the edge and columnar
regions was smaller than the mean particle dianpeter to hot rolling in the high

niobium alloy.
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Figure 4.29 (a) Niobium in precipitate form measuig ICP-AES (in wt. pct.) plotted
against the sample location through the thickoésise slab and (b)
precipitate volume fraction represented by thgalkameter versus the
slab location for selected alloys and procesatlons.

The precipitate morphologies can be describedregular-cuboidal and cuboidal.
The average particle diameter was smaller at tie shrface and increased through the
thickness of the slab. This increase in particdengter may suggest that the particles
grow during equalization prior to hot rolling. Thaher number density of particles on
the slab surface could be caused by increasedatimieassociated with greater cooling

of the slab surface during casting.
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During the production of the trial niobium alloyee material underwent a
process known as liquid core reduction (LCR). DBgi.CR, the material is “squeezed”
subsequent to the first segment and prior to thersksegment of containment rolls
during continuous casting. LCR is used to redtedikelihood of centerline segregation
and to pre-condition the material prior to hotirgll Initial reduction (LCR) during
casting is done primarily on niobium bearing HSlt8eds due to the difficulties
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Figure 4.30 Particle size distributions relativeitermal profile of the slab and process
location for the selected alloys, process locati@nd solidification
regions. Combined particle distributions fortfa@ base of the caster for
the high niobium alloy, (b) base of the castetiie@ low niobium alloy, (c)
high niobium alloy prior to hot rolling, and (Ejw niobium alloy prior to
hot rolling.

encountered during rolling these specific grad®3. [&CR typically involves an average
4 mm reduction on an initial slab thickness of 6@ ir-7pct. reduction). While it is not

clear that substantial strain is imported to tredder) solidified outer shell, it is possible
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that any strain imported to the slab surface dutliregL CR process may enhance
localized precipitation on the solidified shelltbEé as-cast slab.

For the edge location, there appeared to be a hmgihmber density of particles
present at the base of the caster compared tathade exit, consistent with alloy
dissolution through the tunnel furnace at the slaiface (Figure 4.29(b)). The particle
number densities for the high niobium alloy atltlase of the caster, for the columnar
and centerline regions, were smaller than uporefterexit, which suggests precipitation
through the tunnel furnace, again consistent viiéhttends in Figure 4.29(a).
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CHAPTER 5 : CONCLUSIONS

This research was directed towards understandoigum precipitation in
hot-charged slabs relative to alloy concentratipngcess location, and solidification
region within the slab. Steels containing low, med and high concentrations of
niobium were tested at multiple slab locationseliRrinary results from a
vanadium-containing steel confirmed that vanadiemained in solution prior to hot
rolling and thus the quenching method used for $amglection during CSP processing
was sufficient. Replicate testing also showed thatelectrochemical extraction method
was reproducible.

The sampled regions for electrochemical dissatutizluded the chill zone
(i.e. slab corner), the columnar region, and theeréine of the slab. The slab
surface/edge results exhibited greater varialdiléiween replicate samples and more
precipitation in the high and medium niobium alloys the high niobium alloy, some
niobium dissolution occurred during equalizatiorthe tunnel furnace. This behavior
was consistent with the lower solubility associateith higher niobium levels and lower
temperature. The absolute amount of niobium icipr&ated form was greatest in the
high niobium steel, while the relative amount wesagest in the low niobium steel.
Most notably, the high niobium alloy demonstratieel greatest amount of precipitation
in the slab surface at the base of the castetjvel® corresponding conditions. The
amount of precipitation in the centerline regiorsvgightly greater compared to the
columnar region. The columnar region that compribe bulk volume of the material
demonstrated less variability between samples immpewison to the edge location, and
importantly, the least amount of precipitation @aler

TEM analysis was completed on selected trial niwballoys, process locations,
and solidification regions. The high niobium alloythe slab surface/edge/corner region,
for both process locations, exhibited relativelyafinfil0-30nm) irregular-cuboidal and

cuboidal precipitates. The smaller precipitaterditer and greater amount of
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precipitation in the slab surface could be undedto terms of the thermal profile of the
slab, and the increased driving force for alloycpitation at lower temperatures. The
columnar and centerline regions for the high niobateel contained larger
irregular-cuboidal and cuboidal precipitates. $anty, the low niobium alloy contained
the same morphologies in the slab surface and c@unegions as observed in the high
niobium steel. However, the centerline regiorhia iow niobium alloy also contained
some precipitates (of cruciform-type morphologygtthossibly suggested nucleation and
growth on a preexisting precipitate (i.e. TiN).

The average particle diameter increased throughklgtethickness (i.e. slab
surface/edge, columnar, and centerline) for thedaa high niobium alloys. The
centerline region for the low and high niobium gicontained the greatest average
particle diameter. The average particle diametesgnt in the high niobium alloy (in
each solidification region and process location} weeater than observed in the low
niobium alloy.

The results of precipitation volume fraction measoents based on examination
of carbon extraction replicas suggested that thatgst amount of precipitation (i.e.
particle number density) was present in the canterkgion of the high niobium alloy
prior to hot rolling. In the high niobium alloyhére was a higher number density of
particles in the centerline region prior to hoting, relative to the base of the caster,
suggesting niobium precipitation occurs in the edimte during the tunnel furnace
equalization. The columnar region demonstratezlaively low number density of
particles per replica. The number density of plas per replica for the centerline
location (for the low and high niobium alloys) wgreater than that of the columnar
region, but less than the number density of padiskeen at the slab surface. The particle
number density in the slab edge for the high niwballoy at the base of the caster was
greater than prior to hot rolling. Thus, the staibface experienced niobium dissolution
through the tunnel furnace in the slab edge lonatibhe overall character of the
precipitation volume fraction results was similathe chemical extraction results, except
that the centerline region demonstrated the highmstunt of precipitation, in the high
niobium steel based on the K parameter resultthofigh the extraction efficiency,

was assumed to be independent of particle sizhi®study, it is reasonable to expect
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that extraction efficiency is influenced by pamidize. The significantly larger particle
size in the centerline region (as compared to ltie surface) may have influenced the
observed increase in niobium precipitation in teeterline in the K parameter results,

relative to the electrochemical analysis results.
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CHAPTER 6 : FUTURE WORK

Although this study focused on the behavior ofroadioy precipitation in hot
charged slabs of niobium-bearing HSLA steels, ffexts of other alloying additions on
the behavior of niobium precipitation are not adl weeown. It would be beneficial to
introduce small titanium additions in conjunctioittwvarying amounts of niobium, and
investigate the relative effects on the behavianafroalloy precipitation. In order to
test the effects of microalloy precipitation prtorhot rolling and the associated
mechanical properties, it would be useful to obtsimples at the base of the caster, prior
to hot rolling, and subsequent hot rolling (i.eil ppoduct). It would also be of interest to
determine the influence of microalloy precipitatioehavior on the mechanical properties
of the final coil product.

The vanadium-containing alloy was used primaulythe determination of the
sampling method and quenching process. The CMnj\&Nby was characterized using
single replicates for each process location (esehof the caster, prior to hot rolling, and
ID/OD of the coil) and solidification region (i.selab surface/edge, columnar, and
centerline). It would be beneficial to further ée the behavior of microalloy
precipitation in a similar vanadium-containing glland the related effects on niobium
precipitation.

Other areas of interest include using the expertadeesults from the CMn(NDb)
trial steels obtained by the electrochemical exivadechnique for each alloy content,
process location, and solidification region (Satto2), to better model alloy
precipitation during prior to hot rolling. CurréypntXu et al are considering the results to
accurately model the kinetics of alloy precipitatimecessary to predict niobium
precipitation during continuous casting and quemgpi6].
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APPENDIX A

APPENDIX A: Uncertainty analyses using 95% conficke interval about the mean of

electrochemical extraction results for eadtyalprocess location, and
solidification region.
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Figure Al Slab surface/edge location; niobium iegguitate form measured

by ICP-AES in wt% of niobium precipitated plottadainst the
reported alloy content given by the steel produténcertainty
analysis represented by the 95% confidence iaterv

Table A.1 Uncertainty Analysis for Niobium Predgiion (wt% Nb)
Edge Region &oth Process Locations

Precipitate  Standard Deviation 95% Confidence

Sample (Wt% Nb) (Wt% Nb) Interval (wt% Nb)
Low Nb Caster 0.003 0.0007 0.0005
Med Nb Caster 0.008 0.0063 0.0045
High Nb Caster 0.026 0.0133 0.0095
Low Nb Furnace Exit 0.005 0.0011 0.0008
Med Nb Furnace Exit 0.010 0.0017 0.0012
High Nb Furnace Exit 0.018 0.0092 0.0066
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Figure A2 Columnar region; niobium in precipitaterh measured by

ICP-AES in wt% of niobium precipitated plottedaaust the

reported alloy content. Uncertainty analysigespnted by the
95% confidence interval.

Table A2 Uncertainty Analysis for Niobium Precgtibn (wt% Nb)
Columnar Region &oth Process Locations

Precipitate  Standard Deviation 95% Confidence

Sample (Wt% Nb) (Wt% Nb) Interval (wt% Nb)
Low Nb Caster 0.003 0.0010 0.0013
Med Nb Caster 0.004 0.0013 0.0016
High Nb Caster 0.005 0.0018 0.0022
Low Nb Furnace Exit 0.002 0.0008 0.0010
Med Nb Furnace Exit 0.003 0.0004 0.0005
High Nb Furnace Exit 0.007 0.0010 0.0012
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ICP-AES in wt% of niobium precipitated plottedaaust the

reported alloy content. Uncertainty analysigespnted by the
95% confidence interval.

Table A3 Uncertainty Analysis for Niobium Precipita (wt% Nb)
Centerline Region &oth Process Locations

Precipitate ~ Standard Deviation 95% Confidence
Sample (Wt% Nb) (Wt% Nb) Interval (wt% Nb)
Low Nb Caster 0.004 0.0003 0.0004
Med Nb Caster 0.005 0.0016 0.0020
High Nb Caster 0.009 0.0007 0.0018
Low Nb Furnace Exit 0.005 0.0007 0.0012
Med Nb Furnace Exit 0.006 0.0022 0.0028
High Nb Furnace Exit 0.015 0.0018 0.0044
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APPENDIX B

APPENDIX B: Number of particles counted, averagguivalent” particle diameter,
standard deviation, and calculated K paranfeteselected niobium

alloys.
Table B1 Precipitate Volume Fraction Measuremeatet on the K Parameter
Selected Alloy N Average X (nm) c K (1075)
High Niobium Caster: Edge 574 25 16.0 5.0
Caster: Columnar 18 78 49.5 15
Caster: Centerline 36 95 65.8 4.8
Furnace Exit: Edge 415 24 18.6 3.8
Furnace Exit: Columnar 22 63 39.7 1.2
Furnace Exit: Centerline 33 142 80.4 8.6
Low Niobium Caster: Edge 208 10 17.9 0.9
Furnace Exit: Edge 182 17 9.7 0.7
Furnace Exit: Columnar 19 45 25.0 0.5
Furnace Exit: Centerline 34 33 21.0 0.5
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