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ABSTRACT

The advantages of Thin-Slab Cast Direct-Rolling (TSCDR) process include reduced
capital, energy, labour and inventory costs, as well as the ability to roll thinner strip compared
to the conventional process of thick slab casting, reheating and hot rolling. There is great
interest in utilizing this technology to produce microalloyed steels which can meet American
Petroleum Institute (API) standards. However, whereas the conventional approach can
produce APIX80, APIX100, and even APIX120 steels; the TSCDR process can only produce
APIX70 and APIX80. The main obstacles in the way of achieving high API grades are the
non-uniform initial as-cast microstructure and the large grains that result from grain growth at
high temperature. The production of APIX80 and higher grade steels can only be achieved
through a comprehensive research initiative that combines careful control of solidification,

homogenization, thermomechanical-processing, cooling and coiling.

This contribution examines the solid state microstructure evolution of microalloyed
steels under simulated TSCDR conditions. The grain growth kinetics in delta-ferrite and
austenite were studied separately using two model alloys. At high temperatures and in the
absence of precipitation, the growth kinetics in both delta-ferrite and austenite appeared to
follow a simple parabolic growth law. The measured grain growth kinetics was then applied
to the problem of grain-size control during the process of TSCDR. Several strategies of

controlling and refining the grain size were examined. The kinetics of delta-ferrite to austenite
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phase transformation was investigated using a quenching dilatometer; the results showed that
the austenite phase formed along the original delta grain boundaries, and that the precipitation
of austenite at the delta-ferrite grain boundaries effectively pins delta grain growth. The
kinetics of the phase transformation was modeled using a local equilibrium model that

captures the partitioning of the substitutional elements during the transformation.

A novel delta-ferrite/austenite duplex microstructure is proposed to achieve fine and
uniform high-temperature microstructure. The grain growth of the matrix phase (delta-ferrite)
is controlled by the coarsening mechanism of pinning phase (austenite). The effectiveness of
this delta/austenite duplex microstructure was validated experimentally and analyzed in

details using a physically-based model.
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Preface

The Thin Slab Casting Direct Rolling (TSCDR) process has been labelled as the third
revolution in the economics of steel production(Korchynsky 2005) thus being compared in
significance to two previous revolutionary changes; the replacement of open hearth melting by
the Basic Oxygen Furnace (BOF) converter and the change from ingot casting to continuous
casting. The advantages of direct linking between casting and hot-rolling include reduced
capital, energy, labour and inventory costs, as well as the ability to roll thinner strip compared
with thick slab casting, reheating and hot rolling. Today variations on the direct linked theme
have emerged from Danielli, Voest Alpine Industries and Arvedi. There are over 50 such
installations operating worldwide producing about 55 million tons of hot-strip annually, or 14

percent of world output(Muller et al. 2005).

Along with the considerable engineering developments, advances in product
metallurgy have expanded the range of steel grades produced via thin slab cast mills so that the
range includes stainless steels, interstitial free steels, transformation induced plasticity steel
(TRIP), high-strength low-alloy and dual-phase grades. In processing all steels by this route,
the direct link between the caster and the rolling mill means that the cast microstructure is as
never before the starting point for developing the as-rolled structure and properties. The direct

link is particularly influential in the case of microalloyed high-strength low-alloy steels where



there are strong interactions between precipitation and recrystallization requiring careful
control of the cast microstructure to achieve the intended result. An important market for
microalloyed steels is that of line pipe steels for oil and gas transportation. The steels used for
this application need to meet very stringent standard of the American Petroleum Institute (API)
standards on strength, toughness and low ductile-to-brittle transition temperature (DBTT).
Excellent control of the as-cast structure and subsequent grain coarsening in the solids state is

essential for meeting the required specifications of the final product.

Experimental studies (Reip et al. 2005; Uranga et al. 2005; Wang et al. 2005; Zhang et
al. 2005) clearly show that the austenite grain size in the as cast structure is large and non-
uniform, and the large grains are believed to result from the casting, and subsequent grain
growth in the solid state before entering the rolling mills. In order to meet the requirements of
high strength and toughness, the final product must have small and very uniform grain size. To
date, most efforts have been concentrated on using thermomechanical processing to transform
the initial coarse and heterogeneous structure into a fine uniform structure; this approach has
made it possible to produce APIX70 steels using the TSCDR process. Most companies,
however, are still working on producing of the APIX80 grade (Korchynsky 2005). Reip et al
(Reip et al. 2005) showed that while the required yield strength can be achieved using Nb-V
and Nb-Mo steel grades, the required toughness and DBTT cannot be achieved. It is widely
accepted that even a small volume fractions of large isolated grains is enough to impair the

toughness and DBTT of the steel(Banks 2005; Reip et al. 2005).



Chapter 1 Introduction

1.1 Overview of TSCDR Microalloyed Steels

Because of its low capital and operating costs, thin slab casting and direct rolling
(TSCDR) has become a major process for hot strip production in the world. Due to a
high market demand for high strength grade steels, a significant effort has been made to
develop microalloyed steels that can meet the American Petroleum Institute standards

using TSCDR technology.

1.1.1 Thin Slab Cast Direct Rolling Technology

The first thin slab casting operation started in the late 1980°s. This technology was
revolutionized in 1989 when Nucor linked a thin slab caster direct linked to a hot rolling mill
to produce the first TSCDR line. As pioneered by SMS-Demag in Germany this technology is
based on a novel funnel mould caster design that produces a “thin” 50 to 70 mm thick slab
instead of the conventional slab thickness of 200 to 250 mm. Figure 1.1 shows the typical
layout of the most common SMS-Demag-type “Compact Strip Production” mill(Klinkenberg
and Hensger 2005). A “Soaking Furnace” is placed between the caster and the hot strip mill

entry to keep the thin slab from cooling while it grows to the appropriate length for rolling.



The furnace usually also permits sideways transfer of the slab so that two casters can feed a
single rolling mill, maximizing use of the rolling capacity. When the slab length is long
enough, it is cut and enters into the rolling mills which consist of only five or six stands. The
concept of direct linking makes the TSCDR production line of 300m long which is much
shorter than conventional continuous casting and cold rolled (CCR) slab line which is 900m

long(Cobo and Sellars 2001).

Rolling Stands

Holding furnace

Caster \§

Figure 1-1 Layout of the most common SMS-Demag Compact Strip Production Mill (Klinkenberg and
Hensger 2005)

Since then many new designs for TSCDR have been development. The most widely
used production units include: In-line Strip Production (ISP), CONROLL Process, Quality
Strip Production (QSP) and Flexible Thin Slab Rolling Process (fTSR). The cast-slab
thickness in these new designs in which cast thickness ranges from 40 to 150 mm.
Configurations also vary to include single and double strand casting, use of a coilbox instead

of a soaking furnace, roughing mills before finishing, and direct feed to a plate or steckel mill



instead of a continuous strip mill (Imagumbai and Takechi 2003; Matlock et al. 2005;

Watzinger et al. 2005).

1.1.2 Advantages of Thin Slab Cast Direct Rolling Technology

Compared to the CCR route, the striking advantage of the TSCDR technology is its
speed and flexibility. Coiled products can be moved from the rolling mills within 20 minutes
of the slab leaving the caster. The flexibility is based on the customers demand for smaller
batches of different grades of steel at competitive price within a short time which is difficult
for conventional integrated steelworks to achieve. The detail advantages of this technology are

the following:

Low Capital Costs: The production line is compact, therefore less space are needed for
casting and rolling equipment. No investment needed for a re-heating furnace and roughing

mills as they are not required (Priestner 1998; Korchynsky 2005; Wang et al. 2005).

Energy Savings: No re-heating stage and production time is much shorter. Energy

consumption is small(Priestner 1998; Muller et al. 2005).

Flexibility: TSCDR process can produce at low capacities, and products can easily be

changed to meet customer’s demands(Wang et al. 2005).



Environmental Advantages: TSCDR is usually supplied by electric arc furnace using scraps
as raw materials which is friendly to the environment. In the CCR process, coal is often used
in the re-heating stage and this leads to high emissions. The elimination of the re-heating stage

in TSCDR process will also reduce energy consumption(Priestner 1998).

1.1.3 TSCDR Microalloyed Steels and API Standards

Based on these advantages of TSCDR technology, great efforts have been focused on
using this technology to produce microalloyed steels that meet the American Petroleum
Institute (API) standards (Priestner 1998; Cobo and Sellars 2001; Klinkenberg and Hensger
2005; Reip et al. 2005; Zhang et al. 2005). The API provides standards for pipe microalloyed
steels that are suitable for conveying gas, water, and oil in both the oil and natural gas
industries. Figure 1.2 shows the API specification SL requirements with regard to chemical
composition, strength and toughness. In addition to the requirements of the API SL
specification, the further requirements are often stipulated in the specifications and supply

agreements made with the customer.

The main drawback of the TSCDR process is that so far it has only produced APIX70
grades (Figure 1.3) while the CCR Process can produce APIX80, APIX100 and even
APIX120 grade. The new phenomena which stand in the way of producing higher strength

grades using the TSCDR process are discussed next.
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Figure 1-2 Demands on pipe steel according to API specification 5L, key success factors for processing
via CSP technology(Klinkenberg and Hensger 2005)
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Figure 1-3 Examples of plants Developing Nb-(Ti)-API tube grades(Klinkenberg and Hensger
2005)



1.2 Peculiarities of Microstructure Evolution in TSCDR Microalloyed
Steels

TSCDR microalloyed steel process introduces some new challenges compared to

conventional casting and cold rolling process. Due to the reduced cross-sectional thickness

and increased slab surface area per unit volume (4.5 times); the thin slabs solidify much more
quickly than conventional thick slabs. This results in a reduction of the interdendritic spacing,
which is beneficial in terms of less microsegregation and increasing composition
homogeneity. A finer as cast austenite grain size is achieved in the structure, 550-600pm
compared with 1000um for a thick slab. However, after solidification the thin slab is placed
in the tunnel furnace for 20 to 30 minutes at 1100 °C to 1150°C, and the initial austenite
grains of ~500pm grow to about 2000um(Pottore et al. 1991). The subsequent
thermomechanical processing (5 to 6 passes only resulting in a thickness reduction ~80%) are
insufficient to refine the austenite grain size. This point is highlighted in Figure 1.4 which
compares TSCDR to the conventional rolling practice. In the conventional rolling process the
austenite grain size is less than 50um when the material enters the finishing mill. In contrast,
the absence of the cooling and reheating cycle, as well as the elimination of roughing, result in
some of the austenite grain being as large as 2000um at the onset of rolling in TSCDR. The
coarse grain as cast structure needs extensive refinement in the finish rolling process. As the
slab thickness is much smaller than the conventional one; the total reduction for effective
structural refinement is limited. The maximum available strain in TSCDR is only 2.0, whereas

for conventional process is about 4.5(Cobo and Sellars 2001). These differences make it
8



necessary to control the as cast microstructure a key factor to produce high grade microalloyed

steel used in the oil and gas industries.

CONVENTIONAL PROCESS DIRECT ROLLING PROCESS

-

1250

Ac3

TEMPERATURE °C

Art

TIME

Figure 1-4 Temperature evolution during TSCDR in comparison with conventional cold rolling (Cobo
and Sellars 2001)

Another new microstructural phenomenon is the modification of adding microalloy
elements in the TSCDR process. For optimum dispersion strengthening, except for the case of
Ti, the goal is to have the entire microalloying element content in solid solution before rolling.
This is one of the most significant differences compared to the CCR process, where the use of
long reheating times can produce a significant dissolution of microalloying elements. Figure
1.5 shows the main TSCDR stage and the corresponding microstructural changes that are

involved in conjunction with microalloys(Rodriguez-lbabe 2005).
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Figure 1-5 Scheme showing the metallurgical mechanisms that operate at the different stages of TSDR
process as well as the potential problems related to microalloying(Rodriguez-lbabe 2005)

Due to the small number of deformation passes available during the processing of the
TSCDR products, the non-uniformity of the as-cast microstructure will persist during the
downstream processing. In what follows, the origin of the non-uniformity of the as-cast
microstructure is reviewed in detail. In addition, the factors leading to the development of

excessively large austenite grain size are also reviewed.

®,

<+ Non-uniform as-cast microstructure

Figures 1.6 (a) and (b) show the dendrite morphology at the quarter point and second
dendrite arm spacing (SDAS) in the as-cast slab of three typical microalloyed steels: 0.07Nb-

0.016T1, 0.035Nb-0.004T1 and 0.063Nb-0.039Ti. At the surface of the slab, the second

10



dendrite arm spacing (SDAS) is small, but it increases towards the center of the slab, with the
maximum of the SDAS above 250um(Wang et al. 2005). However on the surface the SDAS is
only 50um. These non-uniform as cast microstructure will affect the downstream operation

and eventually affect the mechanical properties of the microalloyed steel.

3
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a) Dendrite morphology at quarter point b) The SDAS vs. the slab thickness position

Figure 1-6 Dendrite morphology and SDAS in the as cast slab(Wang et al. 2005)

Due to the large grain size and non-uniformity, some people try to use
thermomechanical process to reduce grain size, but this method was not successful for the
thick gauge (Bakkaloglu 2002; Elwazri et al. 2005; Elwazri et al. 2005; Sellars and Palmiere
2005; Sim et al. 2005; Uranga et al. 2005; Zhu and Subramanian 2006). The slab thickness
varies from 50 to 70mm; the final gauge thickness for some API grade microalloyed steel is
10mm or more. The deformation ratio is only 5 to 7; and the reduction must usually be

achieved in 5 to 6 deformation passes. Figure 1.7 shows the results obtained for the schedules

11



corresponding to the final gauge thicknesses of 4 mm and 10 mm, respectively, at two rolling
start temperatures of 1040°C and 1100°C. If the initial as-cast structure is not completely
refined during the first interstand, some coarse unrecrystallized grains remain in the steel until

the transformation. From Figure 1.7 (b), variations of austenite grain size exist for all start

rolling temperatures.
05 0.5
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g c
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Figure 1-7 Austenite grain size distributions prior to transformation for final gauge of (a) 4 mm and(b)
10 mm and two rolling start temperatures of 1040°C and 1100°C(Uranga et al. 2005)

< Large austenite grain size

The large dendrite arm spacing at the centre along with subsequent grain growth in the
solid state results in a large austenite grain in the centre. Figure 1.8(a) shows the austenite
grains exhibited in the as-cast slab. The austenite grain is large and elongated. Figure 1.8(b)

shows the grain size distribution of austenite. The average equivalent diameter of austenite
12



grains is 654+314 um, with some grains as large as 1400 um. The presence of a small number
of large grains is important because even a small fraction of large austenite grains which is less

than 3 percent will affect the recrystallization of the thermomechanical process(Wang et al.

2005).
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a) Austenite grains at the quarter position b) Austenite grain size distribution

Figure 1-8 Austenite grains in the as cast slab(Wang et al. 2005)

Figure 1.9 shows the evolution of the as-cast microstructure on subsequent cooling of a
steel containing 0.08 pct carbon. At the beginning, austenite is nucleated at the delta-ferrite
grain boundaries. The delta-ferrite to austenite phase transformation is completed at about
1460°C. During cooling from 1450 to 1380 °C, the austenite grains rapidly grow and the grain
size increases from 500um to 2000um(Pottore et al. 1991). These large austenite grains will

continue to grow in the soaking furnace.

13



Figure 1-9 Microstructure evolution during subsequent cooling of a steel containing 0.08 pct carbon.
The temperatures at the time of the quench were (a) 1460 °C, (b) 1430 °C and (c) 1380 °C

(Pottore et al. 1991)

¢ Persistence of Large Austenite Grains

Figure 1.10 summarizes the evolution of the microstructural at the end of each
interstand time for two rolling sequences, corresponding to final thicknesses of (a) 4 mm and

(b) 10 mm and a rolling temperature starting at 1040°C(Uranga et al. 2005). In this figure,

D, is the mean grain size, D__ is the maximum grain size and D, is the critical grain size

which is defined such that grains with a diameter, D, greater than D. would take up 10% of
the volume fraction of the sample. The heterogeneity of the grain size distribution is
characterized by the parameter ZD which is defined as D /D, . . From Figure 1.10 (a), ZD

mean *

parameter decreased with the deformation pass, but for 10mm gauge thickness as shown in (b),

14



the ZD parameter is essentially unchanged meaning that material inherits the grain-size

inhomogenity of the as-cast structure.
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Figure 1-10 Microstructural evolution after each interstand corresponding to a final gauge of (a) 4 and
(b) 10 mm and a rolling start temperature of 1040°C(Uranga et al. 2005)

From above, Thermomechanical process can reduce average grain size, but can not
eliminate the non-uniformity; large grains still exist, and refinement is limited by the number
of deformation passes. Therefore excellent control of the as-cast structure is an essential
requirement for meeting the required specifications of the final product. In order to understand
the non-uniformity of the as-cast microstructure, we need to understand the microstructural
evolution during solidification, delta grain growth, delta-ferrite to austenite phase

transformation and austenite grain growth prior and in the holding furnace.

15



1.3 Objective of This Study

The ultimate objective of this study is to develop the fundamental understanding

needed to guide the development of high grades API standard microalloyed steels such as

APIX80, APIX100 and APIX120 using the TSCDR technology. In order to achieve this goal,

finer and more uniform as-cast microstructure must be obtained before entering the rolling

mills in the TSCDR process. With this mind, this thesis has focused on solid state

microstructure evolution prior to the beginning of the thermomechanical processing. Three

specific microstructural changes were studied in detail:

1)

2)

Kinetics of delta grain growth: No information on delta grain growth of microalloyed
steels at high temperature is available due to delta-ferrite transforms to austenite and
subsequent transformation of austenite to alpha ferrite or martensite on quenching. A
model alloy was used to study the kinetics of delta grain growth and a non-isothermal
grain growth model was used to predict the delta grain growth at different positions within
the slab (from the surface to centre). Microalloyed precipitates cannot pin delta grain
growth at high temperature due to rapid Ostwald Ripening. A novel effective method of
controlling the grain size using a duplex delta + austenite microstructure is introduced and

its effectiveness is demonstrated.

Kinetics of delta to austenite phase transformation: The steels of interest are low carbon
steels (<0.08wt %) which solidify as delta-ferrite. Upon cooling below approximately
1478°C, the delta phase starts to transform to austenite. Very little information is available

16



3)

concerning the kinetics of this transformation and its effect on the grain size. The effects of
temperature and different cooling rate on the transformation kinetics and final grain size
were investigated with special emphasis on cooling rates that are similar to those at the
surface and centre of the thin slab. In addition, the possibility of grain refinement through
the nucleation of more than one austenite grain per delta-ferrite grain such as deformation

was also studied.

Kinetics of austenite grain growth: Austenite grain growth is the main microstructural
change following the delta-ferrite to austenite phase transformation and prior to the
beginning of thermomechanical processing. A Ti-Nb free model alloy was used to study
the kinetics of austenite grain growth at high temperature. The austenite grain growth
model will be used to predict the austenite grain size with different slab positions both
before entering the holding fumace and after leaving the holding furnace. Controlling
austenite grain-growth through the use of a precipitate distribution and holding furnace

temperature will be discussed.

The grain growth and phase transformation work described above is carried out on

reheated specimens and as such it does not capture the effect of the as-cast/solidified
microstructure on subsequently microstructure evolution. In order to validate the models that
will be developed here under more realistic conditions, a simple laboratory-scale casting
simulator was constructed to simulate the initial solidification stage of TSCDR process. The
cooling rate was varied to re-produce industrial solidification rates and dendrite arm spacing. A

novel etching technique was developed to reveal the dendrite morphology. The goal is to use

17



these realistic as-cast microstructures to simulate grain evolution during subsequent solid state

processing.

18



Chapter 2 Literature Review

During continuous casting, the molten steel is fed via the ladle and tundish into a
funnel-shaped mould which is cooled with an external water jacket. Solidification starts on the
mould wall and the external solidified shell increases in thickness as the steel strand transits the
mould. Leaving the mould, the thin slab runs through to the secondary cooling zone and
continues its solidification. It is cut to length by a pendulum shear and following sent to the
soaking furnace. After descaling, the slab is rolled in the CSP hot strip mill; the produced hot
strip goes through the laminar cooling system and is fully coiled(Liu et al. 2003; Campbell et

al. 2004; Muller et al. 2005).

According to API specification the carbon content is maintained below 0.08 wt%. As a
result, the steel solidifies as delta-ferrite. In addition to solidification, the steel undergoes two
additional phase transformation, namely, the delta-ferrite to austenite phase transformation and
austenite to alpha-ferrite transformation. Solidification typically starts around 1525°C and is
completed at about 1497°C. When temperature is decreased to 1477°C, austenite nucleates as
secondary phase within delta-ferrite. The delta-ferrite to austenite phase transformation is
completed at about 1448°C. The main microstructural event after the formation of austenite
and prior to thermomechanical processing is austenite grain growth. After the completion of

the thermomechanical process (above the Ar3) the steel is cooled and the austenite to alpha-

19



ferrite transformation takes place(Emi and Fredriksson 2005; Stefanscu 2006). Figure 2.1 is a
sketch of microstructure evolution during the TSCDR process. The insert at the top left corner
illustrates the relevant part of the phase diagram. This research project will focus on
microstructural developments prior to the onset of thermomechanical processing.
Solidification will be discussed in section 2.1. This will be followed by a discussion of grain
growth in both delta and austenite (section 2.2 and 2.3); the delta to gamma transformation

will be discussed in section 2.4.
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Figure 2-1 Sketch of microstructure evolution during TSCDR process
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2.1 Solidification

Solidification science is a well established research area which mainly involves heat
flow, mass flow, solute redistribution, solid-liquid interface kinetics and the relationship
between processing parameters (temperature gradient, solidification rate and cooling rate) and
microstructural parameters (primary dendrite arm spacing, second dendrite arm spacing and
dendrite length)(Chalmers 1964; Winegard 1964; Flemings 1974; Kurz and Fisher 1998;
Stefanscu 2006). There are a number of phenomena that must be reconsidered when we apply
this science to TSCDR technology (Holzhauser et al. 1999; Holzhauser et al. 1999; Strezov et
al. 2000; Yuan et al. 2004; Meng and Thomas 2006; Cramb 2007; Evans and Strezov 2000).
In this brief survey of the literature the focus will be placed on thin-slab casting of low carbon

steels and possible methods of controlling/refining the as-cast microstructure.

In order to refine and homogenize the as-cast microstructures, several methods can be
used: (1) Increasing the cooling rate, (2) Stirring of the melt by mechanical means or by
electromagnetic stirring (EMS) fields, (3) Addition of inoculants, and (4) core reduction to
break the dendrite arms and homogenize the as cast microstructure. These methods are

reviewed in section 2.1.1-2.1 4.
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2.1.1 Cooling Rate

Most fundamental solidification studies report that the microstructure evolution is a
function of the temperature gradient (G) and growth rate (V) ahead of the microscopic
solidification front. Experimental (McCarmey and Hunt. 1981; Mason et al. 1982;
Somboonsuk and Trivedi 1984) and theoretical model (Kurz and Fisher 1981; Hunt and Lu
1996; Bouchard and Kirkaldy 1997) treatments of the effect of the temperature gradient and

velocity on the primary dendrite arm spacing lead to an expression of the form:

A =AGV —(21)

where A, is the primary arm spacing, G is the average temperature gradient in front of tip of
dendrite in liquid side, V is average solidification velocity. 4;,, m and n are constants.
Regarding the second dendrite arm spacing, the most widely accepted expression for the
relationship between A, and cooling rate (GV) was proposed by Cahn and Haasen(Cahn and

Haasen 1983):

A, =B/(GV)™ —(2.2)

where B; and n are constants. Little is known about what controls the constant B,, but is
appears that it becomes smaller as the temperature interval between liquidus and solidus
increases. In low carbon steels, M. A. Taha(Taha 1986) suggested the relationship is in the

form:
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—-(23)
A, = B(GV)*

From equations (2.1) to (2.3), it can be seen that increasing the cooling rate (GV) will
decrease both the primary and second dendrite arm spacing. According to Wang et al ((Wang
et al. 2005), the secondary dendrite arm spacing is about 50um in the surface of the low carbon
thin slab because of high cooling rate. The SDAS at the centre is typically 400pm for a 90mm
slab. One approach of reducing the SDAS at the centre is increasing the cooling rate by
reducing the slab thickness. The feasibility of this approach will be examined from scientific
point of view in section 5.5.3. It should be kept in mind; however, the use of this approach is
industrially more difficult as it would involve modification of the design of the casting line. If
the results are promising, however, the proposed calculation could guide the design and

development of future casting line.

2.1.2 Effects of Magnetic Field and Mechanical Stirring

The basic principle of EMS is to create an inhomogeneous Lorentz force, F, in the
metal by an altermating magnetic field, B. In the works of Vives(Vives 1989), Campanella et
al(Campanella et al. 2004), and Li et al(Li et al. 2007; Li et al. 2007a), the magnetic field
caused the primary dendrite arm to deviate from the solidification direction, and this resulted
in an increase in the growth of secondary and tertiary arms. Figure 2.2 shows the development

of high order dendrite arms in the microstructure of Al-4.5 wt% Cu alloy under EMS stirring
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during solidification process with different magnetic field. The microstructure of Figure 2.2

(a) without EMS is coarser than (b), (c) and (d) with different density B.

Mechanical stirring was studied by Li et al (Li et al. 2007) who observed the rotation
of primary microstructure in a shear flow induces a stabilizing effect on the morphological
instability at the solid-liquid interface and promotes the globular growth of solidification
microstructure after it is nucleated in the melt. The main drawback of both stirring methods 1s

the special set-up is needed.

Figure 2-2 Effect of the magnetic field intensity on the dendritic microstructure of Al-4.5 wt.%
Cualloy (a) 0 T; (b) 0.2 T;(c) 0.5 T; (d) 2 T; (e) 6 T; and (f) 10 T(Li, Fautrelle et al. 2007a)
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2.1.3 Effects of Dispersoids

The addition of inoculants such as TiB, and TiC in aluminum alloys is well
established(Dahle and Arnberg 1997; Hu and Li 1998). In steel production, the effect of
dispersoids as inoculants for initiation of both solidification and promoting nucleation during
subsequent solid state transformation has gained increased attention in recent years (Andersson
et al. 2006; Grong et al. 2006; Suito et al. 2006). In stainless steel, titanium oxide and titanium

nitride are excellent nucleants for solidification(Cramb 2007).
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Figure 2-3 Structural changes of a STS 409L steel due to inclusion chemistry change during casting
(Hu and Li 1998)
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An example of the effect of chemically induced solidification is shown in Figure 2.3,
where 100% equiaxed solidification structures are possible if the correct inclusion chemistry,
size distribution and quantity are produced in the liquid steel before solidification. In Figure
2.3 (a), the normal microstructure is observed, where there is a combination of the equiaxed
and columnar microstructures. If, however, there are inoculants present, a complete equiaxed
structure is possible. Oxides and nitrides in steels can be used as inoculants for steel
solidification, but at high temperature, these oxide particles tend to accumulate and become

harmful to the matrix(Cramb 2007).

2.1.4 Effects of Liquid Core Reduction

Some variations of the TSCDR process allow for dynamic strand guiding during
casting. As shown in Figure 2.4, stand thickness is reduced just below the mold by means of
the tapered roll guide configuration of the segment “0.” Further strand reduction with liquid
core to approximately 40 mm is to be achieved within the multiple roller segments by means
of many hydraulically adjustable roller pairs(Zhou et al. 2001). Megahed et al(Megahed et al.
2005) stated that in the production of APIX60 and X70, liquid core reduction (LCR) was used
to reduce the slab thickness from 90 to 70 mm and to minimize the center line segregation and
porosity. The mechanical properties are all above the specification standards. The
microstructures with and without core reduction are shown in Figure 2.5. The samples are

taken from the same position in the slab, Figure 2.5 (a) without core reduction and (b) is with
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core reduction. The microstructure with core reduction is much finer and segregation analysis
shows that the sample which underwent core reduction is better homogenized(Sobral et al.

2003). However, core reduction requires special set-up and many TSCDR production lines

have no such facilities.
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Figure 2-5 Comparison of microstructure of (a) without core reduction, (b) with core reduction(Sobral
etal. 2003)
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Figure 2-6 Dependence of austenite grain size on distance from the surface for 70 mm thin slab (Zhang,
Pang et al. 2005)

Based on the literature review, there is no simple universal method that can lead to a
homogenous and uniform microstructure under thin slab casting conditions. Even when the
facilities are available for refining the microstructure (stirring or soft core reduction) one still
needs to examine the influence of grain growth in the solid state. For example, Zhang et al
(Zhang et al. 2005) showed that even though the initial dendrite arm spacing at the surface was
50um as shown in Figure 1.6 (b), grain growth in the delta-ferrite and austenite resulted in a
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final grain size of 900um as shown in Figure 2.6. At the centre of the slab, the dendrite arm
spacing was about 250pm. Grain growth increased this value to about 1050pm at the exit of
the homogenization furnace. Immediately after solidification, the ratio of dendrite arm spacing
in the center to that at the surface is 5 (250um/50um=>5). After exiting the homogenization
furnace, the ratio of austenite grain size in the center to that on the surface is about 1
(1050pum/900pum=1.2). From the comparison, we can conclude that controlling grain growth in
the solid state is essential for maintaining a fine grain size, interestingly however, if the grain is
pinned in the solid, the variation of gain size between the slab surface and centre will be
mherited. As such, it is essential to control both solidification step and the grain growth in the
solid state microstructure evolution in order to achieve a uniform and fine grain size. Grain

growth is reviewed next.

2.2 Grain Growth in Delta-ferrite

For API standard microalloyed steels with <0.08% C, delta dendritic microstructure
will form when temperature drops b¢10w 1525°C. Once solidification is complete, delta grain
will be formed as shown in Figure 2.1. Since delta-ferrite transforms to austenite and austenite
transforms to alpha ferrite during cooling, no information about the kinetics of delta grain
growth is available. As a result, the review below will focus on grain growth in general and the
general theories should be applicable to grain growth in delta-ferrite as well as in austenite (to
be discussed in section 2.3).
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2.2.1 Grain Growth in Single Phase

Grain growth in single-phase alloys has been studied extensively through theoretical
and experimental approaches and grain growth models are well established (Burke and
Turmbull 1952; Hillert 1965; Gladman 1966, Yoshinaga et al. 1995; Bacroix 2004; Kang
2007). The main obstacle for using these models in the present case is the lack of kinetic data

on delta grain growth at the temperatures of interest.

According to reaction rate theory(Turnbull 1951; Burke and Turnbull 1952), and in the
absence of solute interaction with grain boundary, the grain growth rate V is directly

proportional to the net pressure P on the boundary:
V = MP - (2.4)

The constant of the proportionality, M, is the mobility of the boundary and is assumed to be
independent of the driving force and the details of the mechanism of the boundary migration.
In pure material, Tumbull(Turnbull 1951) derived the following expression for the mobility of

grain boundaries in pure materials which is also known as intrinsic mobility:

— WDGB Vm

pure — bZSRT --(2.5)
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In this equation, w is the grain boundary thickness, D, is the grain boundary self-diffusion
coefficient, ¥ is the molar volume, b is the magnitude of the Burgers vector, T is absolute

temperature, and R is the gas constant. Based on experimental results, the temperature
dependence of the pre-exponential is weak and the data is often expressed as an Arrhenius type

relationship:
_Qj
M =M exp| — --(2.6
E: .

where M, is a constant, Q is the activation energy. The global driving force for grain growth,

P, can be expressed in term of the curvature, 1/ R , where R is the average grain radius. This

leads to an expression in the following form(Burke and Turnbull 1952; Humphreys and

Hatherly 2004):
Y e
pP=—=¢ - (2.7
2 2.7)

where a is a geometric constant, and 7,, is the grain boundary energy, Equation (2.4) can be

expressed as:

%’ti _ M[ “; gb] —(2.8)

and therefore
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R* - R} =2aMr,t —(2.9)

R is the average grain size at time t, Ea is the initial average grain size. Equation (2.9) may

be written in the more general form:
R"-R"=ct —(2.10)

n and ¢ are constants, n is often termed ad the grain growth exponent. Only in the case of ultra

high purity metals annealed at temperatures very close to the melting point does n approach 2.

In 1965, Hillert developed a statistical grain growth model based on the assumption
that the grain boundary velocity is inversely proportional to its radius curvature in single phase
materials. He used analysis of the Ostwald ripening of a distribution of second phase particles
to obtain the grain growth rate(Hillert 1965):

dR 1 1
E:aM}/gb(R———j —(2.11)

R

crit

where o = 12 for a 2-D array and 1 for 3-D array. R_, is a critical grain size which varies

with time according to the following equation:

d(Rcril) — aM}/gb . (2 12)
dt 4R '

crit
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will shrink and with R > R

crit

A grain with R< R

crit

will grow. When the grain topology is

taken into account, the average grain radius R is equal to R

. and equation (2.12) predicts
parabolic grain growth kinetics of the form of equation (2.9). Hillert also obtained the grain

size distribution f(R,t) form equation (2.11) and he argued that if the initial grain size
distribution contained no grain larger than 1.8 R then normal grain growth would result and the

grain size distribution will be self-similar. On the contrary, if grain larger than 1.8R were

present, abnormal grain growth would result.

2.2.2 Effect of Solutes on Grain Growth

Microalloyed steels which contain niobium, vanadium, and titanium microalloying
addition. These are present (at least partly) in solid solution at high temperature. As a result it
is necessary to review the effects of solutes on grain growth in order to assess the importance
of this effect in microalloyed steels at high temperature. Most theories of solute effects on
boundary motions are based on that proposed by Liicke and Detert(Liicke and Detert 1957) for
dilute solid solutions. The theory was further developed by Cahn(Cahn 1962) and Liicke and
Stiiwe(Liicke and Stiiwe 1963), later extended to include higher solute contents by Liicke and
Stiiwe (Liicke and Stiiwe 1971) and by Hillert and Sundman(Hillert and Sundman 1976). The
Cahn-Liicke-Stiiwe's (CLS) model is widely accepted as giving a good semi-quantitative

account of the effects of solute on boundary migration.
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According to CLS model, solute atoms within the grain boundary have a different
energy (E) compared to those in the grain interior because of the different local atomic
environment. As a result there is an interaction force between the boundary and solute atoms.
For a stationary grain boundary, the solute distribution around the boundary is symmetric and

has a maximum value of:
E
c=c exp(——— - (2.13
5 €Xp( kT) (2.13)

When the boundary moves, the solute profile becomes asymmetric, such that the
center of gravity of the distribution lags behind the boundary and consequently there is a net
force due to the solute, dragging the boundary in the direction opposite to the direction of
boundary motion. In the case of low boundary velocity, the relationship between the driving

pressure P and boundary velocity V was approximately as(Cahn 1962):

P=V(A+aC) —(2.19)

where

a= N—”(lﬂ(sin[ﬂ}—ﬂ] - (2.15)
SE D kT | kT

The relationship between boundary velocity and driving force at intermediate

velocities is very difficult to calculate. However, when the grain boundary velocity is large, the
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solute atoms can no longer keep up with the boundary and the grain boundary breaks away

from its atmosphere, the pressure-velocity relationship is given by:

C
P=Vl+a21; —(2.16)
where
akTw
F=wrp ~@1n

In the above equations, A is the inverse of the intrinsic mobility, C, is bulk solute
concentration, N, the number of atoms per unit volume, w is the boundary width, E, is the
binding energy of solute to the boundary, and D is the solute diffusion coefficient across the
interface. The key prediction of the CLS model is that the solute drag effect varies with
boundary velocity, reaching a maximum value as shown in Figure 2.7. This figure also shows
that the solute drag becomes less effective at high temperatures, because under these
conditions the solute segregation to the grain boundary decreases according to equation (2.14),
so that the solute atmosphere effectively evaporates. The relationship between velocity and
solute concentration is shown is Figure 2.8. For low concentration, the curve is continuous,
and there is only a small deviation from the straight line corresponding to an ideally pure
metal. This implies that the foreign atoms cannot follow the migrating interface after it has

broken away from its impurity atmosphere. For high solute concentrations the curve has two
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branches and velocity will change discontinuously from one branch of the curve to the other at

the some critical driving force as indicated by the dashed line in Figure 2.8.
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Figure 2-7 The variation of solute drag force with boundary velocity and temperature(Liicke and Stiiwe
1963)
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Figure 2-8 Predicted grain boundary velocity as a function of the driving force for different solute
concentrations c3>c2>cl (Liicke and Stiiwe 1963)
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Zurob et al (Zurob et al. 2002) and Hutchinson et al(Hutchinson et al. 2007)
successfully used this model to predict the solute drag effect on the austenite grain boundary

mobility, but no information was available on the delta grain boundary mobility.

2.3 Grain Growth in Austenite

Pottore et al(Pottore et al. 1991) argued that grain growth in austenite is the greatest
contributor to large grain size in the as-cast microstructure. In order to maintain a fine austenite
grain size, dispersoids that can be present in the liquid or precipitates that formed in the
austenite are needed to inhibit the austenite grain boundary motion. For a given microalloyed
steel composition, the amount of undissolved carbonitrides is often discussed in terms of the
solubility products of the various carbides and nitrides. The literature on carbides, nitrides, and

carbonitrides solubility in microalloyed steels is reviewed next.

2.3.1 Solubility of Microalloyed Carbides, Nitrides and Carbonitrides

The reaction between a microalloying element, M, and an interstitial, X, to form a

compound of type MX at temperature T can be represented symbolically as:

[M] + [X] > (MX) —(2.18)
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where [M], and [X] are the concentration of M and X dissolved in austenite, (MX) is the

constituent phase. The temperature dependence of the solubility product is expressed by an

Arrhenius relationship:
B
logk =4 7 - (2.19)

where A and B are constants for a given microalloyed steel, ks is the equilibrium constant of

reaction (2.18). Let M, and X, are total wt% of M, X in the alloy, and M,, and X, be
the wt% of M, X in the second phase MX at a given temperature. Then, if M, +X, >k, , there

will be undissovled second phase particles, i.e. MX which are then available for grain growth
inhibition. The remaining (dissolved) [M] and [X] will be available for the formation of fine

interphase precipitation during cooling.

The solubility products of the microalloy carbides and nitrides are summarized in
Figure 2.9(Gladman 1997). For each of the microalloying elements the nitrides are more stable
than the carbides in austenite. TiN is by far the most stable of the microalloy carbides and
nitrides. In fact, the solubility of TiN in the liquid at temperature up to 1600°C is very similar
to those of most other microalloy carbides and nitrides in austenite at temperature of around
1200°C. Therefore TiN can be used to inhibit grain growth at higher temperature(Nagata et al.
2002). On the contrary, vanadium carbide is by far the most soluble compounds. Vanadium
carbide is used to strengthen higher carbon steels while vanadium nitride has a powerful effect

in increasing strength in steels with enhanced nitrogen contents. More complex mutually
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soluble carbonitrides arise from the simultaneous additions of two or more of the
microalloying elements. The solubility data can be obtained from the solubility data for the
individual microalloy carbides and nitrides using different models which was summarized by
Gladman(Gladman 1997). The solubility of the microalloyed carbides, nitrides and
carbonitrides offer clear direction for the selection of specific microalloying additions to

inhibit grain growth in austenite at different temperature range.
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Figure 2-9 The solubility products of the microalloy carbides and nitrides(Gladman 1997)
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The kinetics of carbides, nitrides and carbonitrides precipitation in austenite is
extremely slow in absence of deformation which provides the heterogeneous nucleation sites
needed for precipitation(Woodhead and Morrison 1963). As a result it is difficult to obtain a
fine distribution of these precipitates prior to thermomechanical processing. Even if
precipitation took place within reasonable times at high temperatures, the strong pinning by the
microalloying carbonitrides may interfere with recrystallization during subsequent
thermomechanical processing(Chakrabartia et al. 2005). This is a serious complication due to
the fact that thermomechanical process relies on repeated recrystallization in order to achieve

fine grain size.

2.3.2 The Effects of Second Phase Particles on Austenite Grain Growth

During austenite grain growth, the motion of grain boundaries will be inhibited by
second phase particles such as Ti(C, N), oxide particles(Grong et al. 2006; Suito et al.
2006) and other precipitates (carbides, nitrides and carbonitrides). The retardation force
will mainly depend on the particle size and particle volume fraction. Other factors such as
particle morphology, degree of coherency between the particles and the matrix, grain
boundary-particle correlation and the particle distribution will change the magnitude of the
drag force. If the second phase particles coarsen because of Oswald ripening, then the grain
growth rate will be controlled by the particles coarsening process. Details of particles pinning

on grain growth are reviewed next.
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2.3.2.1 Particle Pinning Pressure

The particle pinning was first modeled by Smith on the suggestion of Zener(Smith
1948). The effect is commonly referred to as Zener drag. The original treatment was applied

to the case of a boundary of specific energy y,, which is contacted with an incoherent

spherical particle of radius r. If the boundary meets the particle at an angle 8 as shown in

Figure 2.10 then the restraining force on the boundary is:

F =2ny,,rcosfsind - (2.20)

grain
boundary

—=p=y SiNG
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Figure 2-10 The interaction between a grain boundary and a spherical particle(Smith 1948).
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When 0 = 45°, the maximum restraining effect (Fy,) is obtained:
F,=nry, —(221)

where F is pinning force per particle. For a volume fraction F, of randomly distributed

spherical particles of radius 7, the pinning pressure exerted by the particles on unit area of

the boundary is given by:

_ 3E)}/gb

P
? 2r

—(2.22)

If the particle shape is not spherical, the shape factor will modify the drag force
but will not change the general form of the equation. Nes et al(Nes et al. 1985) and Li and
Easterling(Li and Easterling 1990) considered the interaction of a boundary with an
ellipsoidal particle and stated that the pinning force is only significantly larger than that of
a spherical particle for the case of thin plates meeting the boundary flat on and long
needles meeting the boundary edges on. Ringer et al(Ringer et al. 1989) have analysed the
interaction of a boundary with cubic particles. Dragging force depends upon the
orientation of the cube relative to the boundary and in the extreme case, when the cube
side 1s parallel to the boundary; the drag force is almost twice that of a sphere of the same
volume. Nes et al and Randle et al(Nes et al. 1985; Randle and Ralph 1986; Li and
Easterling 1990) studied the effects of coherent particles on the grain boundary and

concluded that the drag force of coherent particles is twice bigger that of incoherent

42



4
p =24 - (2.25)

° 3F

v

setting o = 1, the well know Zener limiting grain size is obtained(Smith 1948; Humphreys and

Hatherly 2004):
4r

Dzener =T - (2.26
o (226)

In order to investigate the effects of particle pinning on the kinetics of grain growth
and on the grain size distribution, Hillert(Hillert 1965) modified his growth rate model for

single-phase materials (equation 2.11) as following:

dR 1 1 z
arR_ o |1,z — (227
» a 7gb[R + ] ( )

where o= Y for a 2-D array and 1 for 3-D array, z =3F, [4r.

For grains in the size range of %2 s %{ , no growth or shrinkage will occur. Grains larger or

smaller than this size will shrink or grow at a reduced rate. The mean grain growth rate is:

—_ —\2
dR «a ZR
—==My, |1-— - (2.28
d 2 }/gb( a J (2.28)
Hillert(Hillert 1965) points out that the grain size distribution will be also be affected

by particle pinning, the width of the grain size distribution during normal grain growth should
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be reduced by particle pinning. When R is large, let %z =2/, Hillert(Hillert 1965) also

crit

derived a limiting grain size from equation 2.26:

8r

Dy = ﬁ.— --(2.29)

for the 3-D array analysis, Hillert's limiting grain size is twice as big as that of Zener.

In the case of randomly distributed second-phase particles, numerous modification to
the Zener relationship have been comprehensively reviewed by Manohar and Ferry et
al(Manohar et al. 1998), and these refinement generally predict a limiting grain size which is

of a similar form to equation 2.26.

2.3.2.3 Effects of Particle-Boundary Correlations on Grain Growth

The Zener pinning pressure of equation 424 is based the assumption of
macroscopically planar boundary. However, if the grain size is similar to the interparticle
spacing, the non-random correlation of particles and boundaries must be taken into account.
This will be particularly important in materials with large volume fractions of particles.
Humphreys and Hatherly(Humphreys and Hatherly 2004) summarized the works of Hellman
and Hillert(Hellman and Hillert 1975), Hutchinson and Duggan(Hutchinson and Duggan
1978), Hillert(Hillert 1988), and Hunder and Ryum(Hunderi and Ryum 1992) and identified

four important cases as shown in Figure 2.11.
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Figure 2-11 Schematic diagram of the correlation between particles and boundaries as function of grain
size(Humphreys and Hatherly 2004).

In Figure 2.11(a) the grains are much smaller than the particle spacing, in Figure
2.11(b) the particle spacing and grain size are similar, in Figure 2.11(c) the grain size is much

larger than the particle spacing and in Figure 2.11 (d), and the particles are inhomogeneously
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distributed so as to lie only on the boundaries. In all these cases there is a strong correlation

between the particles and the boundaries.

For case (a) and (b), it is reasonable to assume that all the particles lie not only on
boundaries, but at vertices in the grain structure. If the grain edge length is D, for incoherent
spherical particles the pinning pressure on the boundary (P,) is:

P _3DE)}/gb

i 4r*

—(2.30)

Pinning pressure

hecacnama

Grain size

Figure 2-12 The effect of grain size on the Zener pinning force for a given particle
dispersion(Humphreys and Hatherly 2004)

This relationship will be valid for grain size (D) is equal to particle spacing as shown
in Figure 2.11(b) at which point the pinning force reaches a maximum. As the grain size
increases beyond the particles spacing, the number of particles per unit area of boundary

will decrease and the Zener pinning pressure is reached as given by equation (2.22). The
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effect of grain size on the Zener pinning force for a given particle dispersion is shown in

Figure 2.12.

Using equation (2.7) for grain growth equal to the particle pinning pressure
equation (2.30), the limiting grain size in case of particle-boundary correlation effects is:

8a ) 1.6a"r
:,{_J L ~@3D)

172
E

The limiting grain size, Dz;, which represents the situation when all particles are on
boundary corners but not all boundary corners are occupied by particles (Figure2.11a),
represents a lower bound for the limiting grain size and grain growth will actually
continue to occur until all grain comers are pinned, i.e. the grain size is equal to the
particle spacing:

b —p B
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—(2.32)

where B is a geometric constant, Hillert(Hillert 1988) suggested that = 3.6.

2.3.2.4 Effects of Particle Coarsening on Grain Growth

Grain growth can completely be pinned by second phase particles. However,

second phase particles will coarsen at elevated temperature, a process known as particle
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coarsening or Ostwald ripening process(Greenwood 1956; Gladman 1997). As the
average particle size increases, the Zener pinning force will decrease with time according
to equation 2.22. In the case in which the grain size is equal to the limiting grain size and
the grain growth rate is controlled by the particle coarsening rate:

dR_kdr

a_ e - (233
dt dt ( )

where the constant k is 2/ 3F, for low volume fractions and 3/ 2Fvl/3 for large volume

fractions of particles. The rate of particle coarsening will depend on the rate controlling

mechanism which will be discussed in the following:

Bulk Diffusion control: The particle coarsening in the matrix under bulk diffusion of solute
was first treated by Greenwood based on the Gibbs-Thomson equation for the concentration of
solute in equilibrium with a particle of given radius, r, and Fick’s law for the
diffusion(Greenwood 1956). The coarsening theory was further developed by Lifshitz and
Slyozov(Lifshitz and Slyozov 1961) and independently by Wagner(Wagner 1961) and usually
is referred to as the LSW theory. It predicts that the average particles size will vary with time
as:

. . 8DoN,V,t

P — (234
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where r is the average particle radius at time ¢, 7, is the initial particle radius (#=0), D is the

bulk diffusion coefficient of the rate limiting solute, ¢ is the interfacial energy, N, is the solute
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molar fraction and V,, is the molar volume. The LSW theory corresponds to a zero volume
fraction approximation which breaks down for large volume fractions of second phase. In
order to take the second phase volume fraction into the frame work of the LSW theory, Ardell
(Ardell 1972) assumed that the diffusion of the solute to a growing particle will depend on a
distance characteristics of the spatial distribution of particles in the matrix. This leads to an

expression of the form:

8k(f,)DoN,V,t
r-r= (£.)DoN, 7, - (235)
9RT

where k(f;) is a function of the particle volume fraction. Other models have been proposed by

Brailsford and Wynblatt(Brailsford and Wynblatt 1979), Davies et al(Davies et al. 1980),
Voorhees and Glicksman(Voorhees and Glicksman 1984a; Voorhees and Glicksman 1984b),
Marqusee and Ross(Marqusee and Ross 1984), and Tokuyama and Kawaski (Tokuyama and
Kawaski 1984; Tokuyama and Kawaski 1984). All of the above models lead to an equation
similar to equation (2.35) with different expressions for k(f,). Overall, Ardell’s model appears

to predict the highest coarsening rate and is therefore viewed as an upper limit.

Interface Reaction Control: In the particle coarsening process, the slowest step may be the
transfer of atoms across the precipitate matrix/interface. The local rate of precipitate growth
will then be determined by the rate at which solute atoms can join or leave the precipitate

across the interface, a process driven by the local departure from equilibrium. Wagner(Wagner
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1961) derived the following expression for the particles coarsening rate controlled by the

interface:
s g2 o OAKoNV,t - (2.36)
° S8IRT

where K is the proportional constant that should include the unknown interfacial mobility.

Diffusion along Grain Boundaries: When particles are predominantly distributed on
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