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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, APIXlOO, 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 rnicroalloyed 

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 engmeenng 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 
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there are strong interactions between precipitation and recrystallization requmng 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 a!. 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). 
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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. 
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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). 

Holding furnace 
Rolling Stands 

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 (ITSR). 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 
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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 ts 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). 
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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 5L requirements with regard to chemical 

composition, strength and toughness. In addition to the requirements of the API 5L 

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) 
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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, 550-600J.UTI 

compared with 1000J.Ull for a thick slab. However, after solidification the thin slab is placed 

in the tunnel furnace for 20 to 30 minutes at 1100 oc to 1150°C, and the initial austenite 

grains of ~500J.Ull grow to about 2000J..lm(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 50J..lm 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 2000J.Ull at the onset of rolling in TSCDR. The 

coarse grain as cast structure needs extensive refinement in the fmish 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 
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necessary to control the as cast microstructure a key factor to produce high grade rnicroalloyed 

steel used in the oil and gas industries. 

CONVENTIONAL PROCESS DIRECT ROLLING PROCESS 

p 
UJ 250 g: 

~ 
i.U Ac3 Cl. 
~ 
i.U Ar3 f-

Ar 

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 rnicroalloy 

elements in the TSCDR process. For optimum dispersion strengthening, except for the case of 

Ti, the goal is to have the entire rnicroalloying 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 rnicroalloys(Rodriguez-lbabe 2005). 
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Figure 1-5 Scheme showing the metallurgical mechanisms that operate at the different stages ofTSDR 
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-

0.016Ti, 0.035Nb-0.004Ti and 0.063Nb-0.039Ti. At the surface of the slab, the second 
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dendrite arm spacing (SDAS) is small, but it increases towards the center of the slab, with the 

maximum of the SDAS above 250!llTI(Wang et al. 2005). However on the surface the SDAS is 

only 50J..Lm. These non-uniform as cast microstructure will affect the downstream operation 

and eventually affect the mechanical properties ofthe microalloyed steel. 
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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 a!. 2005) 

Due to the large gram 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 

lOmm 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 
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corresponding to the final gauge thicknesses of 4 mm and 1 0 mm, respectively, at two rolling 

start temperatures of 1 040°C and 11 00°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. 
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Figure 1-7 Austenite grain size distributions prior to transformation for final gauge of (a) 4 mrn 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 
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grains is 654±314 flill, with some grains as large as 1400 flill. 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 po ition b) Au tenite 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 pet 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 500!lm to 2000flll(Pottore et al. 1991 ). These large austenite grains will 

continue to grow in the soaking furnace. 
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Figure 1-9 Microstructure evolution during subsequent cooling of a steel containing 0.08 pet 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 summanzes 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 1 040°C(Uranga et al. 2005). In this figure, 

Dmean is the mean grain size, Dmax is the maximum grain size and De is the critical grain size 

which is defined such that grains with a diameter, D, greater than De 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 Dmax I Dmean . From Figure 1.10 (a), ZD 

parameter decreased with the deformation pass, but for 10mm gauge thickness as shown in (b), 
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the ZD parameter is essentially unchanged meaning that material inherits the gram-stze 

inhomogenity of the as-cast structure. 
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Figure 1-10 Microstructural evolution after each interstand corresponding to a fmal gauge of (a) 4 and 
(b) 10 mm and a rolling start temperature of 1 040°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 fmal 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, APIXlOO 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) 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 

2) 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 
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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. 

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

processmg. 
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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-
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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 comer 

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). 

1n 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. 

1n 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: 

--- (2.1) 

where )q 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. A 1, m and n are constants. 

Regarding the second dendrite arm spacing, the most widely accepted expression for the 

relationship between A.2 and cooling rate (GV) was proposed by Cahn and Haasen(Cahn and 

Haasen 1983): 

--- (2.2) 

where B1 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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~ = B
1
(GV)--o.44 

--- (2.3) 

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 50!J111 in the surface of the low carbon 

thin slab because of high cooling rate. The SDAS at the centre is typically 400!J111 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 alternating 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 ofboth stirring methods is 

the special set-up is needed. 

Figure 2-2 Effect of the magnetic field intensity on the dendritic microstructure of Al-4.5 wt.% 
Cu alloy (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 TiB2 and TiC in aluminum alloys is well 

established(Dahle and Amberg 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). 

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 fmer 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. 

Figure 2-4 TSCDR process with liquid core reduction(Zhou et al. 2001) 

(a) ~ 
. .... ,... 

"!. • -. 

Figure 2-5 Comparison of microstructure of (a) without core reduction, (b) with core reduction(Sobral 
et al. 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 

50J..11I1 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 900J1II1 as shown in Figure 2.6. At the centre of the slab, the dendrite arm 

spacing was about 250J.1m. Grain growth increased this value to about 1050J1II1 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 (250Jl1llf50J1II1=5). After exiting the homogenization 

furnace, the ratio of austenite grain size in the center to that on the surface is about 1 

(1 050J.UI11900J1II1= 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 

inherited. 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 below 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 

Turnbull 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(Turnbull1951; Burke and Tumbull1952), 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: 

--- (2.5) 
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In this equation, w is the grain boundary thickness, DGB is the grain boundary self-diffusion 

coefficient, Vm is the molar volume, b is the magnitude of the Burgers vector, T is absolute 

temperature, and 9l 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: 

--- (2.6) 

where Mo 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 I 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): 

--- (2.7) 

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

expressed as: 

dR = M(argb J 
dt R 

--- (2.8) 

and therefore 

31 



--- (2.9) 

R is the average grain size at timet, Ro is the initial average grain size. Equation (2.9) may 

be written in the more general form: 

--- (2.10) 

n and c 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 lJ -=aMygb ----
dt Rcrit R 

--- (2.11) 

where a = ~ for a 2-D array and 1 for 3-D array. Rcrit is a critical grain size which varies 

with time according to the following equation: 

d(Rcrit) aM Ygb 
= --- (2.12) 

df 4Rcril 
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A grain with R < Rcrit will shrink and with R > Rcrit will grow. When the grain topology is 

taken into account, the average grain radius R is equal to Rcrit 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 1.8 R 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 Lucke and Detert(Lucke and Detert 1957) for 

dilute solid solutions. The theory was further developed by Cahn(Cahn 1962) and Lucke and 

Stiiwe(Lucke and Stiiwe 1963), later extended to include higher solute contents by Lucke and 

Stiiwe (Iiicke and Stiiwe 1971) and by Hillert and Sundman(Hillert and Sundman 197 6). The 

Cahn-Lucke-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: 

--- (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+aCJ --- (2.14) 

where 

--- (2.15) 

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: 

P=VA-+ a~o 
jJV 

where 

--- (2.16) 

--- (2.17) 

In the above equations, J.. is the inverse of the intrinsic mobility, Co is bulk solute 

concentration, Nv the number of atoms per unit volume, w is the boundary width, Eo 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 

35 



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 ternperature(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>c1(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 =A--

s T --- (2.19) 

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

reaction (2.18). Let Mr and Xr are total wt% ofM, X in the alloy, and MMX and XMX be 

the wt% ofM, X in the second phase MX at a given temperature. Then, if Mr•Xr > 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 anse 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 m 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 r gb 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 = 2nrgbrcos Bsin B 

drag 
force 
.. F 

grain 
boundary 

--- (2.20) 

Figure 2-10 The interaction between a grain boundary and a spherical particle(Smith 1948). 
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When 9 = 45°, the maximum restraining effect (Fm) is obtained: 

--- (2.21) 

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

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

the boundary is given by: 

--- (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 is 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 
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D = 4ar 
z 3F 

v 

--- (2.25) 

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

Hatherly 2004): 

D = 4r 
zener 3F 

v 

--- (2.26) 

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 =aMy (-1-_ _!_ ± ~J 
dt gb Rcrir R a 

--- (2.27) 

where a= Y2 for a 2-D array and 1 for 3-D array, z = 3Fv / 4r. 

For grains in the size range of ~ ± % , 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: 

iR. =aM (l- zRJ
2 

dt 2 rgb a 
--- (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 1~ . = % , Hillert(Hillert 1965) also I 11cm a 

derived a limiting grain size from equation 2.26: 

D = Sr 
Hiller! 3F 

v 

--- (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 refmement 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 pmmng pressure of equation 4.24 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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(a) (h) 
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• • • • - -• • 
• • • • • • --

(c) (d) 

Figure 2-11 Schematic diagram of the correlation between particles and boundaries as function of grain 
size(Humphreys and Hatherly 2004). 

In Figure 2.ll(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 (Pzc) is: 

--- (2.30) 

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 (De) 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 gram growth equal to the particle ptnnmg pressure 

equation (2.30), the limiting grain size in case of particle-boundary correlation effects is: 

( 
8 

]

112 
1.6a112r D -r a ~ 

zl - 3F;, Fvl/2 
--- (2.31) 

The limiting grain size, DZI, which represents the situation when all particles are on 

boundary comers but not all boundary comers are occupied by particles (Figure2.lla), 

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: 

--- (2.32) 

where ~ 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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coarsemng 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 
dt dt 

--- (2.33) 

where the constant k is 2a I 3F;, for low volume fractions and f3 I 2F;,113 
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: 

--- (2.34) 

where r is the average particle radius at time t, r0 is the initial particle radius (t=O), D is the 

bulk diffusion coefficient of the rate limiting solute, cr is the interfacial energy, Na is the solute 
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molar fraction and Vm 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: 

--- (2.35) 

where k(fv) 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(fv). 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: 

--- (2.36) 

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

Diffusion along Grain Boundaries: When particles are predominantly distributed on 

grain boundaries due to the large particle volume fraction, the coarsening of particles may 

be controlled by the diffusion flux along the grain boundaries, rather than by bulk 

diffusion. Under these circumstances the appropriate diffusion coefficient is that for grain 

boundary diffusion which results in a much faster coarsening rate. This type of particle 

coarsening process has been considered theoretically by Speight(Speight 1968) and 

Kirchner(Kirchner 1971 ). The equation for the coarsening of particles situated on grain 

boundaries where the grain boundary paths dominate the diffusion process is(Kirchner 

1971): 

--- (2.37) 

where No.(gb) is the solute molar fraction at a grain boundary in equilibrium with an 

infinitely large particle, w is the grain boundary thickness, A and B are define as: 

A=213+(ab /2a)+(l/3)(ab /2a)3 and B=(l/2)ln(l/ j,J, where crb is the grain 

boundary energy and fb is the fraction of the grain boundary covered by the precipitates. 
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Diffusion along Low Angle Boundaries (Dislocation): Kreye(Kreye 1970) has 

considered the coarsening of particles on low angle grain boundaries where the pipe diffusion 

down the dislocations is the rate controlling process. In this situation, the particles coarsening 

following the following equation: 

r 5
- r 5 = kt 

0 --- (2.38) 

where k is a constant that should include the dislocation spacmg and the boundary 

misorientation. 
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Figure 2-13 The kinetics of grain growth when controlled by particle coarsening for an Al-6wt%Ni 
alloy containing a volume fraction ofO.lO ofNiA13 particles(Humphreys and Hatherly 2004) 
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Figure 2.13 shows the kinetics of grain growth in an Al-6wt%Ni alloy which contains 

a volume fraction of 0.1 of NiAh particles of initial diameter 0.3 j.Jm. The grain growth 

kinetics is controlled by the particle coarsening of bulk diffusion over a wide temperature 

range. Figure 2.14 shows the relationship between the size of the grains and the second-phase 

particles in the same alloy system. The grain size is found to be proportional to the particle size 

as would be predicted by equation (2.33). From the slope of the line, the constant ~ in the 

equation is found to be 3.4(Humphreys and Hatherly 2004). 
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Figure 2-14 The relationship between grain size and particle diameter for anAl- 6wfloNi alloy 
containing a volume fraction ofO.lO ofNiAl3 particles(Humphreys and Hatherly 2004) 
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2.4 Delta-Ferrite to Austenite Phase Transformation 

As discussed in section 2.2, the steels of interest are low carbon steels (<0.08wt %) 

which solidify as delta-ferrite. This has the advantage of allowing substantial homogenization 

in the solid due to the fast diffusion of alloying elements in delta-ferrite to austenite. Upon 

cooling below about 1477°C, the delta-ferrite phase begins to transform to austenite. Very little 

information is available concerning the kinetics of this transformation and its effect on the 

grain size. Some information available is reviewed next. 

2.4.1 Experimental Observation of Delta-Ferrite to Austenite Transformation 

Yin et al(Yin et al. 1999) used a confocal scanning laser microscope combined with an 

infrared image furnace to study the 8-ferrite toy austenite phase transformation. At the very 

beginning of phase transformation, austenite nucleated at the delta-grain boundaries and triple 

points. Figure 2.15 shows austenite phase nucleation sites. In Figure 2.15(a) where a low 

carbon steel sample was cooled at 2 K/min, an austenite-cell forms at the delta grain 

boundaries at 1706 K. On further cooling, the cell grows along the delta grain boundaries, and 

the number of austenite cells in delta grain boundaries increases as shown in Figure 2.15(b ). 

These cells merge at the delta grain boundaries in Figure 2.15 (c) and finally form a layer of 

austenite phase along the original delta-grain boundaries. When the delta to austenite 

transformation occurs at a high degree of supercooling (>7 K), a clear finger pattern of the 

delta/austenite interphase boundary is observed to form on the free surface of the sample 
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which is shown in Figure 2.16. Yin et al(Yin et al. 1999) argued that this morphology could be 

described by Mullins-Sekerka type stability theory. 

LCJ sample on cooling at 2 IVmin 

\er the onginal <) - gram boundary 

merged y-cell \\ 11hout grain boundarie. formed 111 between 

Figure 2-15 Austenite phase merge during cooling(Yin et al. 1999) 

D. Phelan and R. Dippenaar (Phelan and Dippenaar 2004) stated that the newly formed 

austenite phase proceeds along sub-boundaries in the delta-ferrite phase and the morphology 

was not developed by an unstable growth mechanism of the Mullins-Sekerka type(Liu et al. 
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2006). Sub-boundaries in the 8 ferrite phase have a great influence on the kinetics of the delta 

to austenite phase transformation. Preferred growth along sub-boundaries in the delta-ferrite 

phase leads to finger-like morphology. 

Figure 2-16 Unstable growth morphology of the delta to austenite phase transformation(Yin et al. 
1999) 

From reviewing the mechanism of delta-ferrite to austenite phase transformation, the 

great chance to refine and homogenise the microstructure in the solid state is to increase the 

austenite nucleation sites inside the delta-ferrite grains. Thermomechanical treatment during 
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delta to austenite phase transformation, and oxide particles could provide heterogeneous 

nucleation sites for austenite inside the delta-ferrite. This possibility is reviewed next. 

2.4.2 Thermomechanical Treatment during Delta-Ferrite to Austenite Phase 
Transformation 

Thermomechanical treatment can be applied during solidification, in the delta region 

or during the delta-ferrite to austenite phase transformation. According to Zarandi and 

Yue(Zarandi and Yue 2005), and Elwazri et al(Elwazri et al. 2005) deformation was effective 

at refining the grain size only when the deformation was applied during the transformation. 

Figure 2.17 shows that the application of c=O.l compression during the delta-ferrite to 

austenite phase transformation, has resulted in a refined microstructure. Figure 2.17(a) is the 

microstructure without compression, while Figure 2.17(b) shows the microstructure of the 

sample that was compressed to a strain of 0.1. As can be seen, ferrite grains are decorated with 

relatively fme austenite grains. The resulting refinement is evident by comparing Figure 

2.17(a) and 2.17(b). 

The observed gram refinement could have occurred either by static/dynamic 

recrystallization of austenite after the initial nucleation of the gamma grams. Another 

possibility is that provided the additional nucleation sites for the gamma grains and resulted in 

more austenite grains per delta grain. Zarandi and Yue(Zarandi and Yue 2005) suggested that 
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deformation during 8 to y transformation can result in grain refmement through enhanced 

nucleation at grain boundaries and inside grains sub grain boundaries. 

Figure 2-17( a) microstructure of specimen quenched without deformation, (b) microstructure of a 
specimen subjected to a compression (Zarandi and Yue 2005) 

2.4.3 Oxide Particles as Heterogeneous Nucleation Sites for Austenite during 
Delta-Ferrite to Austenite Phase Transformation 

Oxide Inclusions can act as nucleation sites for austenite in the delta-ferrite during 

delta to austenite phase transformation. Suito et al(Suito et al. 2006) suggests that various 

oxide particles can act as heterogeneous nucleation sites for austenite. This is a very attractive 

possibility given that most steelmaking processes could be modified to allow the formation of 

fine dispersions of such oxides (Andersson et al. 2006; Grong et al. 2006; Karasev and Suito 

2006). 
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Figure 2-18 Number of &-grains to nurnberofy-grains per unit are plotted against NA (upper diagram) 
and lattice misfit parameter between y-Fe and oxide (lower diagram)(Suito et al. 2006) 

Figure 2.18 shows the relationship between the ratio of the number of austenite grains 

to that of delta-grains per unit area and the lattice misfit parameter between y-Fe and oxide 

particles. From the diagram it can be seen that this ratio increases with a decrease in the misfit 

parameter indicating that the inclusions become more potent nucleation sites. In other words, 

more than one nucleation event per o-grain occurs. In addition to acting as a heterogeneous 
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nucleation site for austenite, the oxide particles can pin the grain boundaries and reduce the 

grain growth. The grain-growth-inhibiting effect by oxide particles has been studied by a 

number of investigators on theoretical grounds and on the basis of experimental 

studies(Karasev and Suito 2006). This aspect has been reviewed in the section on grain growth 

in two-phase materials (Section 2.3.2). 

Based on the literature review, the non-uniformity of microstructure comes from the 

solidification process due to the variation of cooling rate from the slab surface to centre. The 

large grain-sizes come from the post solidification stage including the delta-ferrite and 

austenite grain growth. Even though a fine as cast microstructure can be obtained in the 

solidification stage, the microstructure will be coarsening quickly in the solid state. Particle 

pinning is an effective method for preventing grain growth. The application of particle pinning 

at very high temperatures (T> 1360°C) is, however, very challenging especially because this 

has to be done in such away as not to interfere with recrystallization during downstream 

thermomechanical processing. Moreover, it should be realized that pinning grain growth at 

high temperatures will not eliminate the problem of the non-uniformity of the microstructure 

since this non-uniformity is inherited from the as-cast microstructure. In order to fmd ways of 

achieving a uniform and fine grain size, extensive experiments have been carried out to 

investigate the initial solidification stage (Section 3.1) and microstructure evolution in the solid 

state which includes kinetic of delta grain growth (Section 3.2), austenite grain growth 

(Section 3.3) and the delta-ferrite to austenite phase transformation (Section 3.5). In addition, 

the literature review on the effects of particle coarsening on grain growth have led the present 
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author to data on duplex microstructure in which grain growth is extremely slow. As result, it 

was decided to investigate this phenomenon and try to use this idea to develop a novel steel 

chemistry in which grain growth is effectively pinned at high temperature (Section 3.4). 
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Chapter 3 Experimental Work 

In this chapter, the details of the experimental work will be introduced. A wide 

range of experiments was performed. Section 3.1 will cover experimental work in 

solidification, section 3.2 and 3.3 will discuss grain growth in the delta-ferrite and 

austenite, section 3.4 will introduce the experimental work on delta-ferrite/austenite 

duplex microstructure, and section 3.5 will deal with the delta to austenite phase 

transformation. In each case, the preparation of the experimental materials will be 

described first, followed by a description of experimental set-up and procedure used. 

3.1 Solidification Simulation 

The purpose of the solidification simulation experiments is to re-produce industrial 

solidification rates and microstructure at the surface and centre of the slab. These realistic as 

cast microstructures will be used to simulate grain evolution during subsequent solid state 

processing. A simple laboratory-scale casting simulator was used to simulate the initial 

solidification stage ofTSCDR process as described below. 
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3.1.1 Materials 

The material used to study microstructure evolution during the solidification process 

was a 90 mm thick industrial thin slab APIX60 provided by Nucor Steel. The chemical 

composition is shown in Table3-1. 

Table 3-1 Sample steel chemical compositions (wt %) 

Wt% c Mn Si Al Ti Nb N 

Thin slab APIX60 0.0531 1.0954 0.205 0.021 0.0085 0.032 0.0093 

Fe-2.5Al% model alloy 0.053 1.10 0.4 2.5 0 0 0 

Fe-1.5Al% model alloy 0.051 1.00 0.36 1.5 0 0 0 

Nb!Ti-free model alloy 0.0527 1.12 0.205 0 0 0 0 

3.1.2 Experimental Set-up 

A simple laboratory-scale set-up was developed to simulate the early stages of 

solidification during thin-slab casting. The experiments consisted of melting 300g of steel in 

an induction furnace under a controlled atmosphere (commercial purity Ar). A copper or a 

steel rod was then lowered into the molten metal to initiate solidification as shown in Figure 

3.1. The material and diameter of the dipping bar were varied in order to access a wide range 

of cooling rates. The most important feature of the present design is the possibility of 

interrupting solidification at a specific time by lifting the dipping bar out of the liquid. In this 

way, the microstructure that has developed up to a given time can be investigated in detail and 

63 



the evolution of shell thickness, segregation and dispersoids distribution can be monitored for 

the first time. 

The dipping bars were 3 inches long and with the end polished after cutting. The 

thermocouples were spot welded to the surface at the top, bottom, and in the centre of the rod 

in order to record temperatures during the simulation process. 

Dipping bar 

Thermocouples 

Crucible 

Graphite 

Figure 3-1 illustration of the setup to simulate the thin slab casting 

The experiment was carried in an ADL-MP Crystal Growth Furnace. Figure 3.2 shows 

a picture of the experimental setup and its key components. ADL-MP Crystal Growth 

Furnace is essentially a vacuum chamber that can be connected to a RF source. Primary and 

secondary vacuum systems make it possible to rapidly evacuate air from the furnace and to 
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back fill with Ar. Several parts were designed to allow the insertion and removal of the bars 

without opening the furnace. 

ADL Modei-MP Crystal Growing Furnace 

Diffusion 
Pump 

Pressure Gauge 

Furnace Chamber 

Sketch of ADL Modei-MP Furnace 

Figure 3-2 ADL-MP Crystal Growing Furnace 

3.1.3 Experimental Procedure 

The basic procedure for studying initial solidification shell is following: 

The furnace is evacuated and backfilled with Ar at least three times. 

A charge of approximately 300g of steel is melted under Ar. 
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Power is turned off and the dipping bar is inserted into the liquid for a given time. 

The bar is pulled out of the melt and then allowed to cool in air or quenched into water. 

When the sample is cut from different directions, the dendrite morphology is different. 

Figure 3.3 shows how the samples are cut in this study. Longitudinal and transverse sections 

are both parallel to the heat extraction direction. 

Longitudinal Transverse 

Solidified Shell 

Figure 3-3 Sample cut from different direction 

3.2 Delta-Ferrite Grain Growth Kinetics 

The purpose of grain growth experiments is to understand the kinetics of delta-ferrite 

grain growth, kinetics of austenite grain growth, and use the developed grain growth model to 
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predict the grain evolution in the TSCDR process prior thermomechanical processing. Based 

on these investigation, effective solutions to refine and homogenize the as cast microstructure 

in the TSCDR process will be proposed. The materials and procedure for delta grain growth 

are following: 

Figure 3-4 APIX60 heated up to delta regionl480°C for (a) 100 seconds and (b) 200 seconds, then icy 
water quenching 
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3.2.1 Materials 

Direct observation of the grain growth in delta-ferrite is extremely difficult because 

delta-ferrite transforms to austenite and subsequently martensite on quenching. Figure 3.4 

shows the microstructures of APIX60 heated up to the delta region (1480°C) holding for 100 

seconds and 200 seconds before being quenched into icy water. It is difficult to distinguish the 

former delta grain boundaries from the alpha ferrite, martensite and former austenite grain 

boundaries using standard metallographic techniques. This renders the investigation of grain 

growth in delta-ferrite extremely difficult. 

In order to study the kinetics of grain growth in delta-ferrite, a model alloy with 2.5 

wt% AI was used. The addition of AI is based on the fact that AI is the most efficient delta

ferrite stabilizer. An addition of as little as 2.5 wt% AI is sufficient to avoid austenite formation 

and retain delta-ferrite down to room temperature as shown in Figure 3.5. The composition of 

the alloy used to study grain-growth in delta-ferrite is shown in Table 3-1. This alloy will be 

referred to as the "Fe-2.5AI% model" alloy and it is simply used to allow direct measurement 

of delta-ferrite grain-growth kinetics in a system which is comparable to industrial alloys. 

The model alloy was prepared by arc melting small fmger-ingots of20-30g in an argon 

atmosphere. The as-cast delta grain size was as large as 2000f.Ull as shown in Figure 3.6(a) and 

as such unsuitable for studying the kinetics of grain-growth. In order to refine the grain size, 

the as-cast specimen was annealed at 650°C for 2hours then cold-deformed and recrystalized 

three times. The cold reduction steps were 30%, 55% and 55% and the recrystallization 
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temperature was 750°C. The annealing times were 4 hours after the first and second reductions 

and 8 hours after the third reduction. This heat treatment resulted in a uniform grain-size of 

27Jllll as shown in Figure 3.6(b ). In one batch of samples, the grain size achieved was higher, 

183f..lm. This higher initial grain size was taken into account during subsequent modeling. 
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Figure 3-5 Phase diagram ofFe-Al model alloy 
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(a) 

Figure 3-6 Fe-2.5%Al model alloy for delta grain growth (a) as cast microstructure, (b) 
recrystallization microstructure 
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3.2.2 Experimental Procedure 

The delta grain growth experiments were carried out using a high temperature furnace 

as shown in Figure 3.7(a) which can be operated using vacuum or different atmosphere. The 

sample was direct connected to the thermocouple as shown in Figure 3.7(b) during heating 

process. 

I Heating elements 

I Vacuum I 
1 Ar inlet 1 

~-+-------'-....L......L...l\ 

Alumina tubes 

(a) 

I Sample 

Alumina 
tube 

(b) 

Figure 3-7 Experimental equipment (a) and experimental set-up (b) for delta grain growth 
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The grain-refmed model alloy was heated to temperatures of 1 000°C, 11 00°C, 1200°C, 

1300°C and 14700C and held for different times before being quenched into ice water. The 

complete thermal history of each sample was recorded using a B-type thermocouple and an 

acquisition frequency of 7.5 Hz. The annealing treatments were carried out under an 

atmosphere of CO-C02 whose carbon activity corresponds to that ofthe alloy at the isothermal 

holding temperature. This was essential in order to avoid decarburization of the specimen 

during the annealing treatments. The delta-ferrite grain structure in the model alloy was 

revealed using an etching solution of supersaturated picric acid with sodium dodecylbenzene 

sulfonate wetting agent. 

3.3 Austenite Grain Growth Kinetics 

The materials and experimental procedure for austenite grain growth are introduced in 

the following section. 

3.3.1 Materials 

Observation of austenite-grain growth was carried out on two materials: the first one is 

APIX60 steel from Nucor and the second is an Nb- and Ti- free version of APIX60 steel. The 

Nb-Ti free alloy was used because abnormal grain growth took place in the standard APIX60 

alloy due to the dissolution of the precipitates on reheating. The use of a "precipitate-free" 
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alloy avoids this complication. The Nb-Ti free alloy was prepared by arc melting and its 

composition is shown in Table 3-1. The as-cast material was homogenized for 3 days at 

1100°C to break down the as cast microstructure. Two cycles ofaustenitization at 875°C for 15 

minutes followed by quenching in ice water were used to refine the grain-size. In order to 

estimate the initial austenite grain size for subsequent grain-growth experiments, one of the 

grain-refined specimens was heated to 900°C and quenched. The austenite grain size of this 

specimen was found to be 40J..Lm as shown in Figure 3.8. This was used as the initial grain size 

in the subsequent austenite grain growth studies. 

Figure 3-8 Nbffi-free alloy used for investigating grain-growth in austenite. The austenite grain size at 
the beginning of the grain growth experiments (i.e. at 900°C) was 40!1ffi 
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3.3.2 Experimental Procedure 

For each experiment the sample was cut in the form of 10mmx 10mmx 10mm and was 

placed inside an alumina crucible which connected to a thermocouple as shown in Figure 

3.7(b). The samples were heated to 1200°C, 1300°C and 1400°C (all in austenite range) using 

the same set up described earlier. The complete thermal history was recorded for each 

specimen and an appropriate CO-C02 atmosphere was used to prevent decarburization. The 

former austenite grain boundaries were revealed using an aqueous solution of picric acid with 

sodium dodecylbenzene sulfonate and different additions of hydrochloric acid for the different 

annealing temperatures (Speer and Hansen 1989; Pottore et al. 1991; Zhang et al. 2005). 

3.4 Coarsening Behaviour of Delta-Ferrite/ Austenite Duplex 
Microstructure 

This experiment was to investigate the austenite particles coarsening mechanism and 

delta grain growth behaviour in delta-ferrite/austenite duplex microstructure at high 

temperature. 

3.4.1 Materials 

In order to investigate the pinning of delta grain growth at high temperatures, a new 

model alloy was introduced in which a small volume fraction of austenite was used to pin delta 
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grain growth. This idea was inspired by the use of Fe-2.5%Al to study the delta grain growth. 

If the aluminum content is reduced to 1.5%, a two phase mixture of delta-ferrite and austenite 

will exist at temperatures between 131 0°C and the eutectoid. This duplex microstructure is 

expected to be very resistant to coarsening as discussed in the literature review. The 

composition of new Fe-Al alloy was presented in Table 3-1 and the critical temperature for 

this alloy are shown in Figure 3.5. The volume fraction of austenite phase particles can be 

obtained as a function of temperature by using the TCFE2 database of ThermoCalc. This 

model alloy will be referred as "Fe-1.5%Al model alloy''. 

Figure 3-9 The as-received microstructure ofFe-1.5%Al model alloy 
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The Fe-1.5Al% alloy was prepared by induction melting at CANMET Materials 

Technology Lab (Ottawa, Canada); a heat of 40kg was cast and hot rolled to a plate of lOmm 

thickness. The as-received microstructure is delta-ferrite with grain size of approximately 85 

J.Ull which is shown in Figure 3.9. In Figure 3.9, the darker microstructure is cementite carbide 

which will dissolve when reheating is above 750°C according to the TCFE2 database. 

3.4.2 Experimental Procedure 

The coarsening of austenite particles (minor phase) and the grain growth of the delta

ferrite (major phase) were studied using the high temperature tube furnace as described in 

section 3.2.2. Samples were cut to size of lOmmxiOmmxl5mmand sealed individually in 

vitreous silica under a back pressure of helium which varied so as to produce a pressure of 1 

atm at the holding temperature. 

In order to establish the coarsening kinetics at various temperatures and in the presence 

of various particles volume fractions, the samples were heated to different temperatures within 

the delta + austenite two phase region for different holding times. The complete list of 

temperature and times investigated is shown in Table 3-2. After each heat treatment, the 

samples were quenched into icy water and the capsules were broken in order to accelerate the 

cooling rate. The samples were then sectioned and prepared using standard metallographic 

techniques. The delta grain boundaries were revealed by using supersaturated picric acid with 

sodium dodecylbenzene sulfonate wetting agent and/or 2% Nita! in enthal as necessary. The 
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microstructure was studied using the optical microscope, SEM and Clem ex PE5 .0 software. In 

order to obtain reliable statistics, six micrographs were analyzed for each sample, thus 

ensuring that at least 2000 particles were automatically analyzed using different 

magnifications according the particle size. The average austenite phase particle size was 

measured based on the equivalent circular diameter. The austenite particle size distribution and 

the area fraction were also measured. 

Table 3-2 Heating temperature and holding time 

Holding 850 1060 1200 1260 1280 1295 1299 1305 
Temperature (C) 

Predicted y 8 30 30 15 8 1.2 0.2 0 
Fraction (vol. %) 

16hrs 1hr 5mins 5mins 5mins 5mins 

48hrs 4hrs 15mins 15mins 15mins 15mins 15mins 15mins 

Holding Time 144hrs 24hrs 60mins 30mins 30mins 30mins 

216hrs 48hrs 90mins 60mins 60mins 

288hrs 144hrs 180mins 90mins 

3.5 Delta-Ferrite to Austenite Phase Transformation 

This experiment was trying to understand the kinetics of the delta-ferrite to austenite 

phase transformation and its effects on the subsequently grain growth using different cooling 

rates which is similar to the industrial TSCDR process from the slab surface to centre. The 
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effects of holding temperature, method to increase austenite nucleation sites using deformation 

during the phase transformation are also investigated. 

3.5.1 Materials 

The delta-ferrite to austenite phase transformation was studied using a quenching 

dilatometer at CANMET Materials Technology Lab. Once again, the Fe-1.5%Al model alloy 

was used. In this alloy the reheating temperature required to obtain a completely ferritic 

microstructure is 131 0°C compared to 14 77°C for APIX60 thin slab provided by Nucor steel 

as shown in Figure 2.1. The low temperature made it possible to achieve more accurate 

heating and cooling rates using the dilatometer and avoid problem related to the interdiffusion 

between the samples and the thermocouples. Most importantly, the model alloy retained delta

ferrite on quenching which made it easy to distinguish delta-ferrite and austenite. The 

dilatometer samples were in the form of 6mm diameter rod with a length of 1 Omm. In order to 

avoid the decarburization of the samples during the experiments a 50nm layer of carbon was 

deposited on the surface using electron-beam deposition and reheating was carried out under 

high purity Ar atmosphere. The experiment setup is shown in Figure 3.1 0. 
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3.5.2 Experimental Procedure 

Three type experiments were carried out. The first examined the effects of cooling rate 

on the transformation. The samples were heated into the delta region at approximately 1310 oc 

and held for 60 seconds to ensure that the microstructure is 100% delta-ferrite. The samples 

were then cooled at different rates to 1125 oc which is the maximum volume fraction of 

austenite in delta-ferrite expected. The cooling rates used for this experiment were 50, 2 and 

0.5 °C/sec. These were chosen to present the cooling rate at the surface, quarter point and 

center of a 90mm industrial thin slab. 

Figure 3-10 The experiment setup for delta-ferrite to austenite phase transformation 
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The second type of experiments investigated the effect of temperature. The samples 

were heated into the delta region as before, then quenched into the two phase (delta + gamma) 

region at different temperature for different holding time and the kinetics of the phase 

transformation were followed by means of dilatometer and measurement of austenite volume 

fraction. The list of temperature and times investigated is shown in Table 3.3. 

Table 3-3 Effects of temperature 

Holding Temperature, oc Holding time, s 

1125 15 45 120 300 

850 60 200 600 1800 

The third studied the possibility to increase the austenite nucleation sites just on set this 

transformation to refine grain size. The samples are heated into the delta region, deformed ( e = 

20%) just on set the phase transformation, and then cooled at constant rates (50°C/s, 0.5°C/s) 

to different temperature (850°C/s, ll25°C/s). Once the transformation was complete, the 

samples were quenched to room temperature. All the microstructures were studied using 

standard metallography techniques as discussed section 3.1-3.4. The alloy element 

concentrations in different phases were determined by Energy dispersive X-ray analysis 

attached to SEM. 
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Chapter 4 Results 

In this chapter, experimental results on delta-ferrite grain growth and austenite grain 

growth will be summarized in section 4.2 - 4.3. Results on the novel approach of using 

austenite phase particles to pin delta grain growth at high temperature is presented in section 

4.4. The delta-ferrite to austenite phase transformation will be described in section 4.5. 

4.1 Solidification 

Based on the literature review the solidification step is responsible for the 

inhomogenity of the microstructure while the solid state evolution is responsible for the large 

grain size. This thesis will focus on controlling the grain size and homogeneity through the 

solid state processing. Some work on solidification was performed to reproduce the as-cast 

microstructure are summarized in Appendix I. These will be used as starting microstructure for 

validating our model for grain size evolution in the solid. 

4.2 Grain Growth Kinetics in Delta-Ferrite 
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The use of the Fe-2.5Al% model alloy permitted accurate determination of the delta 

gram size evolution in the temperature range 1470°C down to 1000°C. The results are 

summarized below is section 4.2.1 and section 4.2.2. 

4.2.1 Microstructure Evolution of Delta Grain Growth 
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Figure 4-1 Microstructure ofFe-2.5AI% model alloy after heating to 1000°C for (a) 360s, (b) 480s, (c) 
1180s. (d) illustration of the heating profile was recorded for each sample 
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Figure 4.1 shows the delta grain size evolution of specimens held at 1 000°C for times 

of 360s, 480s and 1180s. From the microstructure evolution, it can be seen that delta grains 

grow with holding time. The times given represent the total time, including heating time, 

which can be a significant fraction of the total time as shown by the thermal profile in Figure 

4.l(d). As such, the measured grain growth kinetics is not strictly isothermal and the complete 

thermal profile needs to be analyzed in order to quantitatively interpret the grain-growth data. 

A detailed analysis which takes into account the effect of the heating rate is presented in the 

discussion section. 

For comparison, Figure 4.2 shows the delta grain size evolution after reheating to 

11 00°C for times of 360s, 480s and 1180s. The delta grain size holding at 11 00°C is coarser 

than that ofholding at 1000°C for the same time . 
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Figure 4-2 Microstructure evolution ofFe-2.5A1% model alloy after heating to 1100°C for (a) 360s, (b) 
480s, (c) 1180s. 

The delta grain microstructure evolution at 1200 oc holding for different time is shown 

in Figure 4.3. Figure 4.3 (a) shows the delta grain at 1200°C for 30 seconds, (b) shows for 
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120seconds and (c) is for 180 seconds. When reheating temperature increased to 1470°C, it 

took only 120s for the grain size larger enough to across the sample thickness. 

(a) S0011m (c) 

Figure 4-3 Microstructure evolution ofFe-2.5Al% model alloy after heating to 1200°C (a)60s, (b)l20s 
and (c)l80s 
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Figure 4-4 Delta-ferrite grain kinetics of the Fe-Al model alloy. 

Note: Measurement errors consist of statistical constitutions and system contributions. The error bars 
for particles and grains represent standard deviation through this thesis due to the system errors can be 

neglected. 
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4.2.2 Kinetics of Delta Grain Growth 

The measured grain size as a function of reheating temperature and holding time are 

summarized in Figure 4.4. Once again, the times shown are the total time spent in the furnace, 

including heating time. The delta grain size was measured using the linear intercept method 

and the true three-dimensional grain diameter was calculated as 1.61 times the linear intercept 

diameter(Gladman 1997). 

4.3 Grain Growth Kinetics in Austenite 

The austenite grain growth kinetics was measured by etching the former austenite 

grain boundaries in both APIX60 and Nb-Ti free model alloy. The APIX60 steel contained 

Nb and Ti additions which lead to the formation of complex Nb, Ti carbonitrides. During the 

reheating experiment, the dissolution of some of the precipitates Nb(C,N) will result in some 

grains unpinning and these unpinned grains consume other grains by an abnormal grain 

growth process between 1100 to 1200°C. In the TSCDR process, the slab is not reheated and 

as such this process is not encountered. In order to bypass this complication, only kinetics of 

gain growth in Nb-Ti free model alloy will be discussed here. The kinetics of abnormal grain 

growth in APIX60 will be summarized and discussed in Appendix II. 
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4.3.1 Microstructure Evolution of Austenite Grain Growth 

Figure 4.5 shows the austenite microstructure evolution ofNb-Ti free model alloy for a 

reheating temperature of 1200°C for times of 5mins, 15mins and 30mins. The thermocouple 

recorded the temperature profile during heating process as shown in Figure 4.5( d). As seeing 

from the heating curve, the measured austenite grain growth kinetics is also non-isothermal 

and the complete thermal profile needs to be used to analyze the grain-growth data. 

5 0 IJ.IT1 (b) 
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Time (s) 
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Figure 4-5 Microstructure Ti-Nb free model alloy after heating to 1200°C for (a)5mis, (b) 15mins, (c) 
30mins. (d) illustration of the heating profile was recorded for each sample 
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Figure 4-6 Microstructure Ti-Nb free model alloy after heating to 1300°C for (a)Smis, (b) 15mins, (c) 
45mins. 
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Figure 4-7 Microstructure Ti-Nb free model alloy after heating to 1400°C for (a)5mis, (b) lOmins, (c) 
15mins 

The austenite grain microstructure evolution at 1300 oc is shown in Figure 4.6, while 

that at 1400°C is shown in Figure 4.7. In the experimental range from 1200°C to 1400°C, there 

is no precipitation dissolution for Ti-Nb free model alloy and the austenite grain shows 

"normal grain growth" behavior. 

4.3.2 Kinetics of Austenite Grain Growth 

The kinetics of austenite grain-growth is summarized in Figure 4.8. Once again, the 

time refers to the total time in the furnace, including the heating time. The austenite grain size 

was also measured using the linear intercept method and the true three-dimensional grain 

diameter was calculated as 1.61 times the linear intercept diameter as delta grain growth. 
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Figure 4-8 Austenite grain kinetics of the Ti-Nb free model alloy 

4.4 Coarsening Behaviour of Delta-Ferrite/Austenite Duplex 
Microstructure 

The austenite phase fraction as a function of temperature was calculated using the 

ThermoCalc TCFE2 database for an alloy of Fe-1.5%Al. The result is shown in Figure 4.11 

along with experimental conditions selected for this study. The volume fraction of the 

austenite phase varies from 0% at 131 0°C to a maximum of 34% at 1130°C. The volume 

fraction then decreases to 5% at 780°C. Below this temperature, eutectoid reaction takes place. 

Using the Fe-1 .5Al% model alloy permitted accurate investigation into the particle coarsening 
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behavior and their relationship with kinetics of delta grain growth under different volume 

fractions at different temperatures. The microstructure evolution of this model alloy is 

presented in section 4.4.1, and kinetics of austenite particles coarsening and delta-ferrite grain 

growth are summarized in section 4.4.2. 
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Figure 4-9 ThermoCalc prediction of austenite particle volume fraction with temperature in Fe-1.5%Al 
model alloy 

4.4.1 Delta-Ferrite/Austenite Duplex Microstructure Evolution 

When the samples were reheated to different temperatures, the average particle area 

fractions at different holding times, as calculated using Clemex PE5.0 software are 
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summarized in Table 4.1. As mentioned in Chapter 3, six microstructures were analyzed to 

obtain the average particle area fraction and particle size distribution for each holding time at 

specific temperatures. From Table 4-1, the austenite phase volume fractions keep constant at 

specific temperatures for different holing times. 

Table 4-1 Average particle area fraction at different reheating temperature 

Temperature(0 C) Austenite Area Fraction with Different Holding Time 

850 Time (hour) 16 48 144 216 288 

Fv(%) 8.3 8.6 8.3 8.7 8.3 

1060 Time (hour) 1 4 24 48 144 

Fv(%) 17 18.6 19.3 18.5 18.1 

1200 Time (min) 5 15 60 90 180 

Fv(%) 20.3 19.3 21.6 21.0 20.8 

1260 Time (min) 15 

Fv(%) 12.1 

1280 Time (min) 5 15 30 60 90 

Fv(%) 9.6 9.3 9.4 10.6 8.5 

1295 Time (min) 5 15 30 60 

Fv(%) 6.8 6.6 6.8 6.5 

1299 Time (min) 15 

Fv(%) 2.6 

1302 Time (min) 15 

Fv(%) 2.0 

1305 Time (min) 5 15 30 

Fv(%) 1.3 1.1 1.0 

1310 Time (min) 15 

Fv(%) 0 
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When the reheating temperature is 850°C, ThermoCalc predicted an austenite volume 

fraction of about 8% which is the same as the actually measured austenite phase volume 

fraction as shown in Table 4.1. The austenite phase particle and delta-ferrite grain 

microstructure evolution at 850°C are shown in Figure 4.1 0. The dark color particles are the 

austenite phase which transformed to martensite when quenched to room temperature and the 

matrix is delta-ferrite. The austenite phase particles are distributed along the delta-ferrite grain 

boundaries. At low temperatures, the austenite particles coarsen very slowly and the delta 

grain size is almost constant over the times investigated. 
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Figure 4-10 Fe-1.5%Al model alloy microstructure evolution after heating to 850°C for (a) 16 hrs, 
(b)48hrs, (c)l44hrs and (d)288hrs 
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Figure 4.11 shows the microstructure evolution at different holding times for a 

reheating temperature of 1 060°C. The measured austenite particle area fraction is constantly at 

about 19%. With such high volume fraction, the austenite particles are connected along the 

delta grain boundaries. At short holding times, there is no significant change in the delta grain 

size, however, when the holding time is longer than 30 minutes, the delta grains grow with 

increasing holding time. 
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Figure 4-11 Fe-1.5%Al model alloy microstructure evolution after heating to 1060°C (a)1hr, (b)4hrs, 
(c)48hrs and (d)144hrs 
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Figure 4.12 captures the microstructure evolution when the heating temperature is 

increased to 1200°C. The measured austenite particle area fraction is constantly 19%, which is 

the same value obtained at 1060°C. This made it possible to investigate the effect of 

temperature on the particle coarsening behavior while keeping the volume fraction of particles 

constant. At this reheating temperature, the austenite particle and the delta grain size are seen 

to increase with time due to particle coarsening and grain growth respectively. 

Figure 4-12 Fe-1.5%Al model alloy microstructure evolution after heating to 1200°C (a)Smins, 
(b )60mins, ( c )90mins and (d) 180mins 
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When the reheat temperature is increased to 1280°C, the austenite particle area fraction 

is 9%. The microstructure evolution for this treatment is shown in Figure 4.13. The austenite 

particle size and the delta grain size increased with holding time. It should be noted that 

particle area fraction at 1280°C has the same value as that of at 850°C. Once again this makes 

it possible to study the effect of temperature on coarsening and grain growth for a constant 

volume of particles . 
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Figure 4-13 Fe-1.5%Al model alloy microstructure evolution after heating to 1280°C, (a)Smins, 
(b)15mins, (c)30mins and (d)90mins 
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Figure 4.14 shows the microstructure evolution when the reheating temperature is 

increased to 1295°C. The measured austenite particle area fraction is constantly 6% for all 

holding times. It can be seen that particle size and delta grain size changed faster as function of 

time compared to previous heat treatment. With the volume fraction decreasing, the austenite 

particles on the delta grain boundaries are no longer in direct contact. 
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Figure 4-14 Fe-1.5%Al model alloy microstructure evolution after beating to 1295°C, (a)Smins, 
(b)15mins, (c)30mins and (d)60mins 
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Higher reheating temperatures 1299°C, 1302°C, 1305°C and 131 0°C were also 

investigated. An example of microstructure evolution at 1299°C and 1305°C for 15 minutes is 

shown in Figure 4.15 respectively. For holding temperature 1299°C, the measured particle 

volume fraction Fv is 2.6%; for temperature 1305°C, the austenite particle volume fraction Fv 

is only 1%. The austenite phase particle can inhibit delta grain growth up to 1305°C. 
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Figure 4-15 Fe-1 .5%Al model alloy microstructure evolution at holding (a) 1299°C and (b) l 305°C for 
15minutes 

4.4.2 Kinetics of Austenite Particles Coarsening and Delta Grain Growth 

The measured austenite particles as a function of reheating temperature and holding 

time are summarized in Figure 4.16. At low temperature (850°C), the austenite particles 

coarsen very slowly, however, the particles coarsening rate increases with increasing reheating 

temperature. The austenite particles coarsening rate depends on the coarsening mechanism, 
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particles volume fraction, temperature, and chemical composition. The detail discussion will 

be presented in section 5.4. 
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Figure 4-16 The measured austenite particles as a function of reheating temperature and holding time 

The measured delta grain size as a function of reheating temperature and holding time 

are summarized in Figure 4.17. There is no obvious delta grain size changing when the 
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reheating temperature is 850°C. Increasing reheating temperature to 1060°C and 1200°C, the 

grain growths as function of time has two regions: at shorter holding time, the grain size is 

almost constant, after longer time, grains grow with increasing holding time. When reheating 

temperature increased to 1280°C and 1295°C, the delta grains growth size increased with time 

over the times investigated. 
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Figure 4-17 The measured delta grain as a function of reheating temperature and holding time 
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4.5 Delta-Ferrite to Austenite Phase Transformation 

The use of Fe-1.5%Al model alloy (section 3.4) made it possible to directly observe 

the microstructure during the delta-ferrite to austenite phase transformation and to investigate 

the effects of cooling rates, temperature and deformation on the transformation and on 

subsequent grain growth. The results of the phase transformation study are summarized in the 

following sections. 

4.5.1 Effects of Temperature 

The microstructure evolution of the specimens that were heated in the delta region 

(1310°C) for 60 seconds, then isothermally transformed at 1125°C for 15s, 45s, 120s and 300s 

is shown in Figure 4.18. The light phase is the delta-ferrite and the dark one is the austenite 

that transformed to martensite during quenching. The austenite volume fraction as a function 

of holding time is shown in Figure 4.19. It appears that the delta-ferrite to austenite phase 

transformation was completely finished after 120s of holding; a constant austenite volume 

fraction of 21% was reached. Energy dispersive X-ray analysis was used to determine the 

aluminium, manganese and silicon concentrations in the delta-ferrite and austenite is shown in 

Figure 4.20. While the absolute values of the concentrations are not accurate, the results seem 

to indicate that AI (and possibly Mn) is partitioning between austenite and the delta-ferrite. 
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Figure 4- 18 Microstructure evolution of 1125°C for different holding time (a)15s, (b) 45s, (c) 120s, and 
(d)300s 
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Figure 4-19 Austenite volume fraction as function of time at 1125°C 

Figure 4-20 EDS determined Al, Mn, and Si concentration in the delta-ferrite and austenite of specimen 
reheated to delta region for 60 seconds, then cooling down with of 50°C/s to 1125°C for 300s 
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When the specunen was cooled down and isothermally held at 850°C, the 

transformation appeared to proceed at a much slower rate as shown in Figure 4.21. The 

evolution of austenite volume fraction with holding time at 850°C is shown in Figure 4.22. 

After a holding time of 1800s, the delta-ferrite to austenite phase transformation appears to 

stop and the volume fraction of austenite was 9% which is very close to the equilibrium value 

predicted by the TCFE2 database. Once again, EDX analysis indicates that the transformation 

requires the partition of the substitutional alloying elements as shown in Figure 4-23 . 
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Figure 4-21 Microstructure evolution of850°C for (a) 60s, (b) 200s, (c) 600s, and (d)l800s 
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Figure 4-22 Austenite volume fraction as function of time at 1125°C 

1.08%Mn 

Figure 4-23 EDS determined Al, Mn, and Si concentration in delta-ferrite and austenite of specimen 
reheated to delta region for 60 seconds, then cooling down with of 50°C/s to 850°C for 1800s 
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4.5.2 Effects of Cooling Rate 

In order to investigate the phase transformation kinetics under non-isothermal cooling 

conditions, several specimens were heated into the delta region 131 0°C for 60 seconds, then 

cooled down to 1125°C at different cooling rate of 50°C/, 2°C/s, and 0.5°C/s. After reaching 

1125°C, the specimens were quenched to room temperature using a He jet (estimated cooling 

rate 30K/sec). The resulting microstructures are shown in Figure 4.26(a) 50°C/, (b) 2°C/s, and 

(c) 0.5°C/s respectively. 

. . / ..... 
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Figure 4-24 Microstructure evolution of different cooling rate (a) 50°C/s, (b) 2°C/s, and (c) 0.5°C/s 
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Figure 4-25 The relationship between austenite volume fraction and cooling rate 

When the cooing rate is 50°C/s, the austenite volume fraction is about 1% which 

confirms that this cooling rate was a good choice for the isothermal experiments described in 

section 4.5.1 because minimal transformation is expected during the cooling step prior to 

isothermal holding. When the cooling rate was reduced to 2°C/s, the austenite volume fraction 

increased to 7%. Reducing the cooling rate to 0.5°C/s, resulted in an austenite volume fraction 

is 13%. The relation between austenite volume fraction and cooling rate is shown in Figure 

4.25. It is clear that even for the slowest cooling rate (0.5°C/s) the volume fraction of austenite 

formed is well below the "equilibrium" value obtained after extended holding at 1125°C. 

107 



4.5.3 Effects of Deformation 

Previous work in the literature indirectly showed that deformation can increase the 

austenite nucleation sites during the delta-ferrite to austenite phase transformation. This 

conclusion is confirmed by the microstructures shown in Figure 4-26. The specimens were 

reheated to 131 0°C for 60 seconds, and cooled down to 1125°C at cooling rates of 50 and 

0.5°C/sec. A compressive strain of 20% was applied at the onset of the transformation. In 

Figure 4.26 (a) and (d) the specimens were held at 1125°C for 15 seconds before quenching to 

room temperature (RT), while in Figures 4.26 (b) and (c) the specimen was quenched to room 

temperature as soon as it reached a temperature of 1125°C. The presence of fine ferrite grains 

within the original grains is clearly observed. Higher magnification SEM images (Figure 4.27) 

indicate that the boundaries of these grains are decorated by fine austenite precipitates. 
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Figure 4-26 microstructures evolution of20% deformation rate with different cooling rate and holding 
time at 11250°C: (a) 50°C/s to 1125°C holding for 15 seconds, then quenched to RT, (b) 50°C/s to 

1125°C, directly quenched toRT, (c) 0.5°C/s to 1125°C, then directly quenched toRT, and (d) OSC/s 
to 1125°C, holding for 15seconds then directly quenched toRT. 
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Figure 4-27 Austenite nucleates (a) along the original and (b) new recrystalized delta grain boundaries 
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Chapter 5 Discussion 

In this chapter, discussions on delta-ferrite grain growth and austenite grain growth 

will be presented in section 5.1-5.2. Austenite particle coarsening mechanism and delta grain 

growth in the delta-ferrite/austenite duplex microstructure will be discussed in section 5.3. 

Discussion on the delta-ferrite to austenite phase transformation will be described in section 

5.4. Application to the design of improved TSCDR process will be presented in section 5.5. 

5.1 Grain Growth in Delta-Ferrite 

As discussed in section 3.2, directly observation of delta grain growth in microalloyed 

steel is impossible. In order to facilitate the study of grain growth in delta-ferrite, a model alloy 

with 2.5 wfl/o Al was prepared in order to stabilize delta-ferrite down to room temperature. 

Thermodynamic calculations using the TCFe2 database of ThermoCalc indicate that at the 

temperature of interest Al is in solid solution and as such it would not contribute any additional 

precipitate pinning compared to the Al-free alloy(Smith 1948). At the same time it is unlikely 

that Al would exert strong solute drag at the migrating grain boundaries at the very high 

temperatures being investigated in this work(Cahn 1962). For these reasons, it is argued that 

the addition of Al should not significantly modify the grain growth kinetics of the model alloy 

compared to Al-free steel. It should also be pointed out that, unlike conventional APIX60 
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steels, the model alloy does not contain Nb or Ti additions. Once again it is argued that this 

difference is not significant, because the solute-drag effect of these elements was shown to be 

negligible(Zurob et al. 2002) at temperatures above 1200°C. Furthermore, the Zener pinning 

effect is small, since the volume fraction of microalloyed precipitates in the delta region in 

conventional steels is very small and any undissolved particles would rapidly coarsen to a size 

(and number density) that would render them ineffective at pinning the boundary. 

According to Turnbull (Turnbull 1951; Burke and Turnbull 1952) reaction rate theory, 

which neglected the interaction of solute with grain boundary and the particle pinning effects, 

the grain growth rate can be assumed to be proportional to the driving force due to the 

curvature of the grains: 

--- (5.1) 

However, in order to model the grain growth kinetics including the effect of heating 

time, a non-isothermal grain growth model should be used: 

- 2 
dR =M(T) Ygb 

dt R 
--- (5.2) 

In this equation, R is the average radius of the grain, M (T) is the grain boundary mobility and 

rgb is the grain boundary energy which is assumed to be constant, 0.375J/m2(Humphreys and 

Hatherly 2004). The grain boundary mobility is a function of time, t, in order to capture the 

change in temperature during heating. Integration ofEq. (5.2) leads to: 
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t 

R2 = R~ + 4ygb J M(T)dt --- (5.3) 
0 

where, Ro , is the initial grain radius. In the present experiment, the initial grain size was 

13.5!1ffi as shown in Figure 3.6 (b). As mentioned in section 3.2.1, one batch of samples had 

an initial grain size of Ro =91.5Jlm. This batch was used for grain growth experiments at 1000 

and 1100°C and as such Ro is 91.5 !1ffi in these two cases. 

The Turnbull mobility(Tumbull 1951) was used as an initial estimate of the grain-

boundary mobility: 

--- (5.4) 

In this equation, DGB is the grain boundary self-diffusion coefficient, vm is the molar volume, 

b is the magnitude of the Burgers vector, Tis the absolute temperature, w is the grain boundary 

thickness, and 9\ is the gas constant. In the delta-ferrite the burgers vector is ofb=1/2[111] and 

b= .J3 a/2, where a is the lattice parameter of delta-ferrite, 0.286nm. The molar volume, 

Vm=7.llcm3
. The activation energy for diffusion along the grain boundary was taken to be 

QGB = 0.68Q, where Q=256kJ/mole is the activation energy for bulk diffusion. Finally, 

w=lnm, DGBo =1.67xJ0-4m3/s (Gladman 1997; Wilkinson 2000). The grain boundary 

mobility in this way overestimates the experimental grain growth kinetics. The best fit of the 

experimental data was obtained using a mobility which is 1/3 of the Turnbull estimate. This is 
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not surprising giving the fact that the Turnbull mobility does not take into account attachment 

kinetics and is therefore an overestimate of the actual mobility. Therefore, the delta grain 

mobility used in this work is: 

M (T) = 0.7075 xex (-20995.43] 
5 T(t) p T(t) 

--- (5.5) 

In order to evaluate the integral in equation (5.3), an expression for the temperature as a 

function of time is needed. This was obtained experimentally from the data recorded by the 

thermocouple attached to each specimen. 

The results of this model are compared to the experimental data on delta grain growth 

at lOOOOC, 1100°C, 1200°C, 13000C and 1470°C shown in Figure 5.1 (a), (b), (c), (d) and (e) 

respectively. The dash line is the temperature profile during the heating process (secondary 

axis), the solid line is the model predicted grain diameter. The points represent experimental 

data. In general, excellent agreement is obtained between the experimental data and the model 

predictions. It is noted that the model overestimates the grain size at the longest times. This is 

believed to be due to the fact that at long times the grain size becomes comparable to the 

sample thickness (2.5rnrn) and the measured grain-growth kinetics no longer represents grain 

growth in the bulk. The fact that the data could be fitted with the present model, which does 

not include Zener pinning or solute drag, adds further support to the argument that the addition 

of the Al does not significantly change the rate of grain growth in delta-ferrite; the role of AI is 

simply to stabilize delta-ferrite down to room temperature. The results obtained here, are 

therefore believed to be applicable to delta grain growth in APIX60 steels. 
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Figure 5-l Modeling prediction of delta grain growth and experimental data at (a) 1000°C, (b) 1100°C, 
(c) l200°C, (d) 1300°C, and (e) 1470°C 

5.2 Grain Growth in Austenite 

In the investigated temperature range, the Ti-Nb free model alloy shows normal grain 

growth behavior as shown in Figure 4.5, 4.6 and 4.7. In the absence of precipitates pinning and 

neglecting the solute drag effects; austenite grain growth at 1300 and 1400°C could be 

modeled using the non-isothermal grain growth model described in section 5 .1.1, provided that 

the initial austenite grain size is known. The challenge here is that the alloy consists of a 
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mixture of ferrite and pearlite at room temperature. Austenite will be formed during the 

heating process. In order to bypass this complication, the integral in equation (5.3) was 

evaluated from 11 to 1, where 11 is the time at which the temperature has reached 900°C. 

Consequently, the initial radius, r0, should now be the radius when the temperature is 900°C, 

which was taken to be 40 JD11 as shown in Figure 3.8. Finally, it was necessary to estimate the 

mobility of the austenite grain boundaries. For austenite b=l/2<110>, and therefore, b=~ 

a/2, where a is 0.357nm. The molar volume, Vm is 6.85cm3
, the bulk diffusion activation 

energy in FCC Q=284kJ/mole, and that of grain boundary diffusion is: (4;8 = 0.61Q. w=lnm, 

and DGBo =0.49xJ(J4m3/s (Gladman 1997; Wilkinson 2000). Once again, the Turnbull 

mobility (Turnbull 1951) will lead to an overestimation of the grain growth kinetics. The best 

fit of the experimental data was obtained with a mobility which is 0.6 times the Turnbull 

estimate: 

M (T) = 0.1920 xex (-20837.14] 
r T(1) p T(1) 

--- (5.6) 

The modeling results at 1300°C and 1400°C are shown in Figure 5.2 (a) and (b), and 

appear to be in good agreement with the experimental data. This confirms, once again, that the 

grain growth model based on curvature can capture grain growth kinetics at high temperature 

when solute drag and Zener pinning are insignificant. 

119 



1200 1400 

I -----------
1000 1200 

I 
'E 1000 

800 0 ::::1. 
~ ... 800 Q) Q) ... - :::l Q) 

600 -E I'll ... 
I'll 600 Q) 

c Cl. 

1: E 
I'll 400 Q) ... 400 1-

(.!) 
- Predicted Grain Diameter 

200 • Experimental Data 
200 

(a) 
- - Temperature 

0 0 
0 200 400 600 800 1000 1200 1400 

Time (s) 

1400 1600 

1200 ,.----------- 1400 

I 1200 

'E 1000 I 0 ::::1. 1000 ~ -... 
800 ~ Q) - :::l Q) -E 800 I'll ... 

I'll Q) 

i5 600 Cl. 

1: 600 E 
Q) 

I'll 1-... 
(.!) 400 

400 
- Predicted Grain Diameter 

200 • Experimental Data 
200 

(b) - - Temperature 

0 0 
0 100 200 300 400 500 600 700 800 900 

Time (s) 

Figure 5-2 Modeling prediction of austenite grain growth and experimental data at (a) 1300 °C and (b) 
at I400°C 
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5.3 Coarsening Behavior of Delta-ferrite/ Austenite Duplex 

Microstructure 

In the Fe-1.5%Al model alloy, austenite phase particles can be used to pin the grain 

growth of delta-ferrite over a wide temperature range. Experimental results suggest that delta 

grain growth is suppressed up to 1305°C. This delta-ferrite/austenite duplex microstructure 

could provide a novel method to pin grain growth at higher temperature in the TSCDR 

process. This section consists of two parts, the first deals with the austenite particle coarsening 

kinetics, while the second deals with delta grain growth behavior. 

5.3.1 Austenite particle Coarsening Mechanism 

The microstructure evolution in section 4.4 shows marked changes in the austenite 

phase particle size during high temperature holding. The increase of the average austenite 

phase particles size by dissolution of the smaller particles and growth of the larger ones is 

often referred as Ostwald ripening. The theory of Ostwald ripening has been developed by 

Greenwood(Greenwood 1956), Lifshitz and Slyozov(Lifshitz and Slyozov 1961), and 

Wagner(Wagner 1961), and is often referred to as LSW theory. These approaches relied on a 

diffusion analysis in which the rate of change of the diameter of each particle is independent of 

the position of other particles. The LSW theory corresponds to a zero volume fraction 

approximation which obviously is not valid for large volume fractions of second phase 

particles. Asimov(Asimow 1963) and Ardell (Ardell 1972) were the first to incorporate the 
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second phase volume fraction into the frame work of the LSW theory leading to the so-called 

MLSW theory. The Ardell( Ardell 1972) assumed that the diffusion of the solute to a growing 

particle will depend on a distance characteristic of the spatial distribution of particles in the 

matrix; Asimov(Asimow 1963) model modified the coarsening theory by modifying the 

diffusion geometry, but he failed to perform the statistical averaging of the diffusion 

interactions between particles that is necessary for a satisfactory solution to this problem. 

Brailsford-Wynblatt Model(Brailsford and Wynblatt 1979) overcame this problem by using 

chemical rate theory to perform the statistical averaging. Voorhees and Glicksman 

model(V oorhees and Glicksman 1984a; Voorhees and Glicksman 1984b) approached the 

problem of multi-particle diffusion by using computer simulation techniques. Marquese and 

Ross model(Marqusee and Ross 1984) used a statistical method to model coarsening. These 

models all underestimate the effect of the particle volume fraction. Davies, Nash et al 

model(Davies et al. 1980) investigated the effect of coalescence or encounters between 

particles and also shows less effects of volume fraction. The principal predictions of LSW 

models were the linear increase of the cube of average particle size with time, and the self

similarity of the particle size distribution. 

The variation of average austenite phase particle radius with time was plotted in Figure 

5.3(a) 850°C, (b) 1060°C, (c) 1200°C, (d) 1280°C and (e) 1295°C. In these plots the x-axis is 

(rn -ron) , where r0 is the initial average austenite particle radius at time to, r is the average 

particle size at time t. At 850°C, the relationship between ( rn -ron) and ( t- to) is close to 

linearity for n=4. Similar analysis revealed that a fit based on n=4 are best fit for 1 060°C. On 
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the other hand, both n=3 and n=4 give equally good fits at 1200°C. However, when the 

reheating temperature is above 1200°C, the best fit is obtained with n=3. These results can be 

interpreted in terms of volume diffusion control (n=3) at high temperature and grin boundary 

control (n=4) at lower temperature. 
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Figure 5-3 Plots of (r"-r0n) vs.( t-to) for different heat treatment (a) 850°C, (b) 1060°C, (c) 1200°C, (d) 
1280°C, and (e) at 12950°C 

5.3.1.1 Bulk Diffusion- Rate Controlling Step: 

As shown in Figure 4.12, 4.13, 4.14 and 4.15, the austenite particles are mostly 

distributed at the delta-ferrite grain boundaries. In order to understand the mechanism 

controlling the coarsening process a sketch of the key steps in the austenite particle coarsening 

process is shown in Figure 5.4. Thermodynamic calculations using the TCFe2 database of 

ThermoCalc indicate that Mn and C partition to the austenite phase, AI partitions to the delta-

ferrite matrix, and Si has essentially the same concentration in both austenite and delta-ferrite. 
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If the growth of larger austenite phase particles at the expanse of the smaller austenite particles 

does not create a vacancy concentration higher than the equilibrium vacancy concentration, 

then the austenite particles growth process will involve the following steps: atoms of Mn and 

C in the shrinking particles jump across the austenite-delta boundary and diffuse to the delta

ferrite matrix near the growing austenite particle. Atoms of Al in the delta matrix near the 

growing austenite particles diffuse toward the shrinking particle and jump across the delta

austenite boundary of shrinking particle. The delta-ferrite matrix adjacent to the growing 

austenite particle is converted to austenite phase and the part of the shrinking austenite particle 

near delta-austenite interface is converted to delta phase, resulting in the movement of 

interfaces as shown in Figure 5.4 

Figure 5-4 Schematic of austenite phase particle growth process 
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When heat treatment temperature is above 1200°C, the exponent n=3, which suggested 

that austenite phase particle coarsening was controlled by bulk diffusion through the delta-

ferrite matrix. According to LSW theory(Greenwood 1956; Lifshitz and Slyozov 1961; 

Wagner 1961): 

--- (5.7) 

where ry is the austenite particle radius at time t, ryo is the initial austenite particle radius (t=O), 

D is the rate limiting solute bulk diffusivity in the delta-ferrite matrix, a Sr is the 

austenite/delta-ferrite interfacial energy, N 8 is the solute molar fraction in the delta-ferrite and 

Vm is the molar volume. 

Taking the effect of second phase volume fraction into the frame work of the LSW 

theory, and considering the effect of non-limiting solid solution the particle coarsening rate in 

a two-phase concentrated alloy is given by Martinet al(Martin et al. 1997): 

--- (5.8a) 

where 

--- (5.8b) 
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In this equation, f(Fv) is a function of the particle volume fraction, Ny is the solute molar 

fraction in austenite, E = 1 + ( 8ln r I aln Na) is referred to as Darken correction factor for 

non-ideality. The delta-ferrite/austenite interface is incoherent, and a reasonable value for CY 8r 

is 0.56 Jm-2(Martin et al. 1997). The molar volume, Vm, is 7.11cm3
. The values of the 

equilibrium compositions of the austenite and delta phases were determined by Thermo-Calc 

using TCFE2 database and double checked by using the Energy Dispersive X-ray analysis. 

The measured concentrations were in agreement with the equilibrium values suggesting that 

full partitioning of the substitutional elements is taking place. The equilibrium composition of 

austenite and delta phase at different temperature calculated by Thermo-Calc is shown in 

Table 5-1. 

Table 5-l Equilibrium composition of austenite and delta-ferrite at different temperature 

Temperature C Delta 
AI 

c Delta 
Mn 

c Austenite 
AI 

C Austenite 
Mn 

1305°C 0.02955 0.00967 0.02212 0.01248 

1295°C 0.02995 0.00980 0.02235 0.01238 

1280°C 0.030519 0.00961 0.02264 0.01225 

1200°C 0.032732 0.00890 0.02340 0.01195 

The diffusion coefficients of aluminum and manganese in the delta-ferrite matrix as 

obtained by MOB2 database of DICTRA are shown in Table 5.2. The Darken factor was also 
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calculated ( oG8 1 olnN5 = RT(l +(olnr I olnN5 ) )(Cahn and Haasen 1983; Martin et al. 

1997) using ThermoCalc TCFE2 database; the value of E at different temperature is shown in 

Table 5.3. 

Table 5-2 DICTRA calculated Al and Mn diffusion coefficient 

Temperature (0C) 1305 1295 1280 1200 

DAI (m2/s) 4.60465 X 10-12 4.13138x10-12 3.49821x10-12 1.34269x 10-12 

DMn (m2/s) 3.49216x1o-IL 3.15942XlQ-IL 2.71072XlQ-IL 1.12628X 10-IL 

Table 5-3 ThermoCalc calculated Darken Factor E 

Temperature COC) 1305 1295 1280 1200 

&AI 
1.250 1.380 1.369 1.424 

8 Mn 
0.764 0.976 1.119 1.092 

In multicomponent systems with infinitely particle volume fractions, Morral and Purdy(Morral 

and Purdy 1994) derived the following expression for particle coarsening, taking into account 

the effect of cross-diffusion: 

--- (5.9) 
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In this equation square brackets refer to a square (n-1) x (n-1) matrix, e.g. [A], while the round 

bracket followed by a square one, e.g. (A], represents a 1 x (n-1) row matrix. Using the same 

notation, an (n-1) x 1 column matrix is represented by a square bracket followed by a round 

one, e.g. [A). Thus [Mt n:~presents the inverse of the diffusion mobility matrix, ( Nr- N 8 J 

is a tx (n-1) row concentration matrix, and [ Nr- N 8 ) is a (n-1) x 1 column concentration 

matrix. It can be shown that when the cross-diffusion effects are negligible, the coarsening 

kinetics predicted by Equation (5.9) simplifies to: 

1 1 1 1 1 
--=-+--+-+-
KTotal KAI KMn Ks; Kc 

--- (5.10) 

where K AI, K Mn , Ks;, and Kc capture the effect of individual solute elements: 

8 D N£elta (1- NDelta) 
K _ CYSr c c c 

c - 9in T(N Austenite - N Delta )2 [t + a ln1a J 
C C alnNDelta 

c 

--- (5.11) 

8 D .NDelta (1- NDelta) 
Ks; = (YSy Sz S• Sz 

9iRT(NAustenite - NDelta )2 [t +a ln r I J 
Sz Sz I alnNZelta 

--- (5.12) 

8CY D NDelta(l- NDelta) 
K - 8y AI AI AI 

AI - 9iRT(NAustenite _ NDelta)Z [1 + a1n7a J 
AI AI a ln NDelta 

AI 

--- (5.13) 
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8 D NDelta (1- NDelta) 
K = O'"§,i Mn Mn Mn 

Mn g9{T(NAustenite _ NDelta)2 [1 + 81n1o J 
Mn Mn a ln N Delta 

Mn 

--- (5.14) 

The same expression has applied by (Lee 1990; Lee et al. 1991a; Martinet al. 1997), In order 

to assess the applicability of this simplification to the present alloy system, the coarsening 

constant K, was evaluated from equation (5.9) using the full diffusion matrix and using 

equation (5.10), which only includes the diagonal diffusion coefficient. The results were 

found to be within 1.2% of each other. As a result, the simplified equation is used below as 

they offer a more transparent picture of what is controlling the coarsening kinetics. 

Further simplifications are possible since carbon diffuses by interstitial mechanism 

Kc » KAI'KMn , as a result, its contribution to K could be ignored. In addition, the 

concentration of Si in austenite and delta-ferrite are almost same, as a result, Ks; » KA1,KMn. 

Therefore equation (5.14) can be simplified as: 

1 1 1 
--=-+--
KTotal K AI K Mn 

--- (5.15) 

Then, Equation (5.8b) can be written as 

K = f(F,)Krotal --- (5.16) 

To start, the volume correction fraction f(F,) is assumed to be 1 which is strictly true 

only for infinitely small particle volume fractions. The predicted austenite particle coarsening 
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rate constant based on Equation (5.16) and that measured experimentally are compared in 

Table 5.4. The ratio of the measured to the model predicted coarsening rate shows a strong 

dependence on the austenite particles fraction. This ratio varies from 2.03 at low volume 

fraction of 1.16% to a value of 4.72 at a volume fraction of 34.36%. These measured ratios 

could be used to back-calculate the volume correction factor f(FJ. The results of this 

calculation are compared \\<ith the prediction of the models summarized by Jayanth and 

Nash(Jayanth and Nash 1989), and Martinet al(Martin et al. 1997) as shown in Figure 5.5. 

The measured ratio is betwet:::n Ardell model and the Asimow and Brailsford-Wynblatt Model. 

From above calculation and discussion, it can be concluded that the discrepancy between the 

calculations (Equations 5.16) and the experiments are solely due to the volume fraction 

correction factor. 

Table 5-4 Comparison of model predicted austenite particle coarsening rate constant and measured data 

Temperature Austenite Model Predicted Experimental Data f(Fv)=K(Fv)IK(Fv=O) 
('C) Vol.% K(Fv=O) (J.im3 /min) K(Fv)(J.im3/min) 
1305 1.16 24.442 49.804 2.03 

1295 6.31 20.836 48.783 2.34 

1280 13.17 14.838 39.379 2.65 

1200 34.36 4.423 20.865 4.72 
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Figure 5-5 Comparison of model prediction of f(F v) and the present results 

A particularly interesting trend in Figure 5.5 is that the general tendency for the various 

volume fraction effect models to either greatly underestimates or overestimate observed 

behavior and this provide a ~.impler method of testing different volume fraction effects models. 

The Ardell(Ardell 1972) assumed that the diffusion of the solute to a growing particle will 

depend on a distance characteristic of the spatial distribution of particles in the matrix; this 

localized interaction of the diffusion fields around particles will exaggerate the effect of 

volume fraction on coarsening rate. However, Brailsford-Wynblatt Model (terms as BWEM 

model)(Brailsford and Wynblatt 1979) and Voorhees and Glicksman model(V oorhees and 

133 



Glicksman 1984a; Voorhees and Glicksman 1984b) approached the problem by accounting 

for the short and long range influence on diffusion field of the source and sink behavior of a 

collection of particles. From Figure 5.5, it can be seen that the different models all agree that 

the particle coarsening rate increases with volume fraction but at a slower rate than suggested 

by Ardell. 
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Quantitative optical metallography clearly showed that austenite particle volume 

fraction was constant during holding at a given reheating (Table 4.1). For example, when the 

materials is reheated to 1280c'C, for a holding time of 5minutes, austenite particles area fraction 

is 9.6o/o±1.5%, after 15minutes, 9.3o/o±1.5%, after 30 minutes, 9.4o/o±1.5%, after 60 minutes, 

10.6o/o± 1.5%, and 8.5o/o± 1. 5%, after 90 minutes. In addition, the normalized austenite 

particles size distribution was invariant with time (self-similar) as expected under coarsening 

conditions. An example of austenite particles size distribution at 1280°C for different time is 

shown in Figure 5.6. The plots revealed that the maximum value of r I r • was about 2 and the 

peak in the distribution was approximately 1.4. 

The measured and predicted particle size distribution is compared in Figure 5.7. When 

the particle volume faction is less than 6.5%, the measured size distributions are in good 

agreement with the LSW model (Figure 5.7 (b)): a maximum frequency of 1.93 is observed at 

r I r· =1.1 when the particle: volume fraction is 1.3%, a maximum frequency of 1.8 is seen at 

r I r • = 1.1 when the volun1e fraction is 2.6%, and when the volume fraction is 6.5%, a 

maximum frequency of 1.6 at r I r • = 1.1. Once the volume fraction is above 6.5%, the 

experimental data appears to be in better agreement with the Brailsford Wynblatt (BWEM) 

distribution (Figure 5.7 (c)). A maximum frequency 1.5 is observed at r I r· =1.1 with volume 

fraction of 9%. With increasing volume fraction, the determination of the particle-size 

distribution became more difficult due to the increasing aspect ratio of the particles. However, 

the general trend is that the distribution is broader and more symmetrical as the volume 

fraction increases. 
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Figure 5-7 The comparison of measured and model predicted particle size distribution 

(a) Experimental measurement, (b) LSW model predicted size distribution(Voorhees and Glicksman 
1984b ), and (c) Brailsford Wynblatt (BWEM) model distribution(Brailsford and Wynblatt 1979) 

5.3.1.2 Grain Boundary Diffusion- Rate Controlling Step: 

It is well know that grain boundary diffusion becomes dominant when the reheating 

temperature is below 0.75 to 0.8Tm (Porter and Easterling 1992). The apparent diffusion 

coefficient, D is related to the grain boundary and bulk diffusivities by the following equation: 

D = 1 + g X DBulk ( D6 x8J 
DBulk X r 

--- (5.17) 
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where DBulk is the bulk diffusion coefficient, Dgb is the grain boundary diffusion coefficient, 

and r is the mean grain size. WhenDg6 x t5 > Dsutk x r, grain boundary diffusion becomes 

dominant diffusion mechanism. A typical microstructure of a sample that was held at 1 060°C 

for 4 hours is shown in Figure 5.8. The austenite particles are situated along the delta-ferrite 

grain boundaries. It is therefore possible for the austenite particle coarsening to occur by 

diffusion along delta grain boundaries. In addition, when the reheating temperature is lower 

than 1200°C, the particle coarsening exponent n=4, that is ( r4 
- ~4 = k(t- 1

0
) ). An exponent 

of 4 is typically associated with grain boundary controlled coarsening mechanism 

(Fischmeister and Grimvall1973). 

The equation for the coarsening particles situated on grain boundaries where the grain 

boundary paths dominate the diffusion process was derived by Kirchner (Kirchner 1971 ): 

--- (2.37) 

where Na(gb) is the solute molar fraction at a grain boundary in equilibrium with an infinitely 

large particle, w is the grain boundary thickness, and A and B are define as: 

A=213+(ab/2a)+(ll3)(a6 12ai and B=(l/2)ln(l/_h), where crb is the grain 

boundary energy and fb is the fraction of the grain boundary covered by the precipitates. It is 

very difficult to determine the values of the grain boundary diffusivities and Jb, therefore, 

equation (2.3 7) was not directly used to model grain boundary control of the coarsening 

kinetics. 
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Figure 5-8 Grain boundary structure ofFe-1.5%Al model alloy after reheating to 1060°C for 4 hours 

5.3.2 Delta Grain Growth in Delta-Ferrite/Austenite Duplex Microstructure 

In single phase materials, the grain growth rate is proportional to the driving force as 

shown in equation (5.1). According to Turnbull's rate theory(Turnbul11951): 

dR - Margb 
- --
dt R 

--- (5.1) 

where the driving pressure is: 
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---(5.18) 

In this equation, a is a small geometric constant, R is the mean radius of an individual and 

r gb denotes the grain boundary interfacial energy. In this delta-ferrite/austenite duplex 

microstructure, the delta grain growth will be inhabited by the austenite phase particles. This 

pinning pressure can also be termed as Zener drag(Smith 1948) Pz. The magnitude of Zener 

drag pressure mainly depends on the austenite phase particle volume fraction Fv and the mean 

particle radius r. Other factors which influence P z include the particle morphology, degree of 

coherence between particle and the matrix, the nature of particle distribution such as random 

or nonrandom. If the spherical particles randomly distribute in the matrix and the grain size is 

much larger than the interparticle spacing, the Zener pressure is: 

p = 3Fjgb 
2 2r 

--- (5.19) 

In case of large volume fraction of second phase particles, the interparticle spacing 

may have the same value or smaller value than the grain size and equation ( 5.19) is no longer 

available. 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) 

regarding the effects of boundary-particle correlation and arrived at the conclusion that the 

maximum pinning pressure .Pzc is obtained when all of the particles are located at the grain 

comer. This pressure is given by: 
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1.2F 213 y 
P - v gb 
zc- --- (5.20) 

r 

A generalized equation for Zener drag could be used to describe all boundary-particle 

correlations: 

P 
_ PF\rgb 

ZG - --- (5.21) 
r 

where p is constant, r is the austenite particles radius. The delta grain growth rate is related to 

the effective driving pressure M> = P- Pz (Gladman 1966; Hillert 1988; Humphreys and 

Hatherly 2004): 

--(5.22) 

When the driving force P shown in equation (5.18) is equal to the particle drag pressure PzG 

shown in equation ( 5.21 ), delta grain growth will stagnate due to the complete pinning of grain 

growth by the austenite particle. However, the austenite particles will be coarsening at high 

temperature and this may permit some ferrite growth to occur at a rate which is controlled by 

the rate of change of particle size (Hillert 1965; Gladman 1966; Martin et al. 1997; Humphreys 

and Hatherly 2004). 

dR5 = k drr 
dt dt 

--- (2.33) 
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The rate of particles coarsening will depend on the rate controlling mechanism (bulk vs. 

boundary diffusion) as discussed in section 5.3.1. The relationship between delta grain size and 

austenite particle radius at different temperature are shown in Figure 5.9. Not surprisingly, the 

slope k of these plots increased as the temperature increased from 1 060°C to 1295°C, as the 

results ofthe increase in drfct
1 

with temperature. 
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According to equation (5.22) and Figure 5.9, the delta grain growth can be divided into three 

categories in austenite/delta duplex microstructure: 

(1) P2 >> P , that is the austenite particles pinning pressure is much larger than the driving 

force for grain growth, the grain growth is completely arrested. 

(2) Pz ~ P , meaning the austenite particles pinning pressure has the same value as the 

driving force, and the grain growth proceeds at a rate controlled by the coarsening 

kinetics of the particles. 

(3) P2 < P , the pinning pressure is smaller than the driving force and grain growth occurs 

with a net driving force of P- ~ . 

These three cases are discussed in detail in the following section. 

5.3.2.1 Delta Grain Growth is Over Pinned in Case of Pz >> P 

When the particles pinning pressure is much larger than the driving force, the delta 

grain boundaries will be totally pinned and no obvious grain growth can be observed. An 

example of this is observed when the model alloy is reheated to 850°C. As shown Figure 4.10, 

no grain growth can be observed over the experimental time range. The austenite particle 

volume fraction was constant about 8.4%. The driving pressure due to grain boundary 

curvature and the particle pinning pressure were calculated for different holding time at 850°C 
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as shown in Table 5.5. Zener refers to the classical Zener estimate (equation 5.19) and 

Humphreys refers to equation 5.20. 

Table 5-5 Effective driving pressure for delta grain growth at 850°C 

Holding Vol.% Grain Particle Driving Zener Humphreys Effective Effective 
Time Radium radium Pressure P(N/m2

) P1(N/m2
) 

t (h) Fv R(um) r(um) P(N/m2
) P,(N/m2

) Pzc(N/m2
) M>=P-P, M>l=P-Pzc 

16 8.3 44.7 4.6 21276.6 13681.3 24884.1 7595.3 -3607.5 

48 8.6 44.8 4.8 21202.4 13299.0 23906.9 7906.4 -2701.6 

144 8.3 46.7 5.4 20342.6 11422.0 20774.8 8920.6 -432.2 

216 8.7 48.9 5.8 19427.4 11153.9 19974.4 8273.6 -545.0 

288 8.5 49.8 6.0 19076.3 10375.0 19173.9 8701.3 -97.6 

In this calculation, the surface energy was 0.5J/m2
, and a= 1.9 in equation (5.18) for 

driving pressure. Zener drag pressure assuming a random distribution of particles, Pz is much 

smaller than Humphrey's Pzc which assumes that all of the particles are located at the comer of 

the delta grains and Equation (5.20) is a reasonable estimation of the particle pinning pressure. 

The effective driving pressure for delta grain growth is negative until the holding time is 

longer than 288 hours. This means that the system is "over pinned" and as a result even though 

the austenite particles are coarsening with time, the particle pinning pressure (equation (5.20)) 

is still larger than the driving pressure for delta grain growth, therefore there is no delta grain 

growth under this condition. The results are convenient summarized in Figure 5.10 which 
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shows the delta grain radius and austenite particle radius evolution with time. The delta grain 

radius is constant while the austenite particle radius coarsening with time as t114 
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Figure 5-10 Delta grain radius (a) and particle radius (b) with time at 850°C 
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5.3.2.2 Delta Grain Growth Unpinned in Case ofPz ~ P 

When the austenite particle pinning pressure has the same value as the driving force, 

delta grain growth is pinned at the initially stage, but it can start to occur due to the coarsening 

of the austenite particles. When the reheating temperature was 1 060°C, the delta grain size 

remained constant at about 90j..U11 for holding time of less than 4 hours. A holding for time 

longer than 4 hours, delta grain growth started to take place as shown in Figure 4.11 and 5.9. 

The calculation of the effective driving pressure for delta grain growth is shown in Table 5.6. 

The effective driving pressure for delta grain growth becomes positive when the holding time 

is longer than 4 hours, and this appears to be in good agreement with the experimental 

observations. According to Figure 5.9 and as discussed section 5.4.1, the austenite particle will 

coarsen with time by grain boundary diffusion which according to the equation: r = kt114 + b . 

The coarsening process will decrease the particle pinning pressure according to equation 

(5.20). When the particle pinning pressure is smaller than the driving pressure for delta grain 

growth, the delta grain will be unpinned and grain growth would occur again. Two cases are 

distinguished in this case. The growth could occur at "zero" net driving force, meaning that at 

anytime the structure is globally pinned and growth is only possible at some local grain 

comers that get unpinned due to the dissolution of particles during coarsening. If this is the 

case, growth rate will be directly proportional to the particle coarsening rate. The other 

possibility is that the drop in the pinning force is very rapid and grain growth occurs under a 

positive net driving force. It is not clear which of these two cases is applicable here. On the 
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other hand, Table 5.6 supports the second possibility (positive driving force for t > 4 hrs), 

while Figure 5.9 which shows a linear dependence of R on r, would support the first 

possibility. 

Table 5-6 Effective driving pressure for delta grain growth at 1060°C 

Holding Vol.% Grain Particle Driving Zener Humphreys Effective Effective 
Time Radium radium Pressure P(N/m2

) P1(N/m2
) 

t (h) Fv R(um) r(um) P(N/m2
) P,{N/m2

) Pzc(N/m2
) M>=P-Pz M>1=P-Pzc 

1 17.0 43.4 6.0 2428.6 21889.4 30763.5 460.8 -8874.1 

4 18.6 44.1 9.1 15329.7 21542.0 21364.1 6212.3 177.9 

24 19.3 51.3 13.6 10643.4 18518.5 14653.3 7875.1 3865.2 

48 18.5 66.8 15.7 8837.6 14221.6 12338.3 5384.0 1883.2 

144 18.1 77.5 20.5 6622.0 12258.1 9312.0 5636.1 2946.1 

Table 5-7 Effective driving pressure for delta grain growth at 1200°C 

Holding Vol.% Grain Particle Driving Zener Humphreys Effective Effective 
Time Radium radium Pressure P(N/m2

) P1(N/m2
) 

t (min) Fv R(um) r(um) P(N/m2
) Pz(N/m2

) Pzc(N/m2
) M>=P-Pz M>1=P-P"" 

5 19.6 44.9 7.5 21181.72 20000 26847.36 1181.717 -5665.64 

15 18.7 48.15 8.82 19730.01 17005.84 22096.56 2724.172 -2366.55 

60 19.4 53.3 12.1 17823.64 12396.69 16526.96 5426.946 1296.677 

100 21.0 60.7 13.9 15663.64 10791.37 15163.57 4872.277 500.0691 

182 20.9 69.0 16 13778.1 9375 13129.58 4403.1 648.5241 
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Similar results are seen at 1200°C. Figure 4.12 and Figure 5.9 show that when the heat 

treatment temperature increased to 1200°C, delta grain growth was pinned for the first 

15minutes. The particle coarsening kinetics was in Figure 4.16. Using these results, the 

effective driving pressure for delta grain growth at 1200°C is calculated and shown in Table 

5. 7. Once again, a good agreement is observed for the onset of grain growth which is predicted 

to happen between 15 and 60 minutes in agreement with the experiments. In this case, the net 

driving force is relatively small and the calculations are not inconsistent with the grain growth 

rate being linearly proportional to the particle coarsening rate. 

From Figure 5.9, it is interesting to know that the slope ofR vs. r is the same at 1060°C 

and 1200°C. This would not be the case if there was a positive driving force for grain growth 

because then the mobility would make a contribution to the rate of change of R ( 

dlJ'd
1 
= M(T)dfd

1
). However if the grain growth occurring under "zero" driving force, then 

R would be a function of r only and the two temperatures should give the same grain R vs. r. It 

is therefore concluded that grain growth at 1060 and 1200°C is most likely occurring under 

"zero" global driving force. 

The delta grain radius and particle radius evolution with time at 1200°C in Figure 5.11 

is a good presentation of this case: delta grain growth is first pinned, then starts unpinned and 

the grain grows at low rate which is controlled by the austenite particle coarsening process. 

The particle coarsening is controlled by r = kt114 + b or r = kt 113 + b 
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5.3.2.3 Delta Grain Growth at Slowdown Rate in Case of P2 < P 

In the case when the austenite particles pinning pressure is smaller than the driving 

pressure; delta grain growth would not stop. In fact, grain growth would occur under a net 

driving force of P- ~ . The calculations of the effective particle pinning pressure at 1280°C 

and 1295°C are shown in Table 5.8 and 5.9. In this case, the effective driving force is positive 

at all times. In contrast to the previous two cases, the net driving force decreases with time. 

This is due to the increase in grain size which lowers the curvature of the grains. For 

comparison to case one and case two, the typical grain growth and particle coarsening with 

time in this case is shown in Figure 5.12. 

Table 5-8 Effective driving pressure for delta grain growth at 1280°C 

Holding Vol.% Grain Particle Driving Zener Humphrey Effective Effective 
Time radius radius Pressure s P(N/m2

) P1(N/m2
) 

t (min) Fv R(um) r(um) P(N/m2
) Pz(N/m2

) Pzc(Niml) &=P-Pz L'lP1=P-Pzc 

5 9.6 58.5 11.7 16239.32 6076.923 10668.1 10162.39 5571.215 

20 9.3 71.6 13.7 13268.16 5189.781 8918.961 8078.375 4349.196 

33 9.4 80.7 14.5 11772 4903.448 8487.483 6868.547 3284.512 

60 10.6 88.8 15.82 10698.2 4311.704 8088.827 6386.494 2609.372 

90 8.5 102.0 17.22 9313.725 4133.721 6688.573 5180.005 2625.152 
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Table 5-9 Effective driving pressure for delta grain growth at 1295°C 

Holding Vol.% Grain Particle Driving Zener Humphreys Effective Effective 
Time Radium radium Pressure P(N/m2

) P1(N/m2
) 

t (min) Fv R(um) r(um) P(N/mL) Pz(NimL) Pzc(NimL) M>=P-Pz M>1=P-Pzc 

4 6.8 78.4 12.5 12117.35 4080 7925.419 8037.347 4191.928 

20 6.6 98.9 14.5 9608.091 3413.793 6696.96 6194.298 2911.131 

35 6.8 110.3 15.5 8616.78 3290.323 6391.467 5326.457 2225.313 

60 6.5 137.6 16.8 6904.07 2893.175 5704.312 4010.895 1199.757 
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Figure 5-12 Delta grain radius (a) and particle radius (b) with time at 1280°C 

As shown in Figure 5.9, the slope of R vs. r curve at 1295°C is bigger than that at 

1280°C. The slope of the grain size vs. particle size line depends on the magnitude of the 

pinning force as well as the mobility of the grain boundaries. Both effects would favor a larger 

slope at the higher temperature, the pinning force decreases as the volume fraction of austenite 

drops from 9.5% at 1280°C to 6.5% at 1295° and the mobility increases exponentially with 

temperature. 

5.3.2.4 Limiting Delta Grain Size 
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In a two phase mixture a limiting grain size can be found using Equation (5.22) such 

that dR~t = 0 . This occurs when the austenite particles pinning pressure becomes equal to 

the driving pressure for delta grain growth: 

--- (5.23) 

The limiting grain size is: 

--- (5.24) 

The limiting grain size, DL depends on both the particle radius, r, and particle volume 

fraction, Fv . If the particles coarsen, the limiting grain size will change with time as discussed 

earlier. According to Zener's model, the limiting grain size is: DZener = ~Fv . Even though 

numerous efforts have been put into refming of Zener's treatment (Gladman 1966; Ashby and 

Centamore 1968; Hellman and Hillert 1975; Louat 1982; Nes et al. 1985; Hillert 1988; 

Hunderi and Ryum 1992) all approaches generally predict a linear dependence of DL on 

;/Fv , in agreement with the classical Zener treatment. As mentioned earlier, the preceding 

models for particle pinning are based on the assumption of a macroscopically planar boundary 

and a random distribution of fmely spaced particles. However, when the interparticle spacing 

is of the same or smaller that of the grain size and the volume fraction of the particles is high, 
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this assumption breaks down, and non-random correlation of particles and boundaries must be 

taken into account(Humphreys and Hatherly 2004). In this situation, the limiting grain size: 

--- (5.25) 

where ~ is a small geometric constant. Hellman and Hillert(Hellman and Hillert 1975) have 

shown that DL = 3.6r I F;13
• According to these authors, the non-correlated limiting delta 

grain size Dzc obtainable at high volume fractions can be estimated from the following 

equation: 

--- (5.26) 

Figure 5.13 is a comparison of the limiting grain size values Dzc predicted by the 

models of Zener(Smith 1948), Hellman and Hillert(Hellman and Hillert 1975), and the present 

model equation (5.26). Experimental data obtained from the current work are also 

superimposed in this figure. It can be seen that the experimental data is in good agreement 

with the predictions of equation (5.26) when the particle volume fraction is greater than 5%. 

The Hellman and Hillert(Hellman and Hillert 1975) model underestimates the limiting grain 

size at all volume fractions, but displays the correct functional dependence on Fv at all 

particle volume fractions. On the contrary, Zener's model underestimates the values of D I r 

when particle volume fraction Fv larger than 5%. It is in good agreement when the particle 

volume fraction is smaller than 5%. Humphreys and Hatherly{Humphreys and Hatherly 2004) 
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summarized the previous works of Hillert(Hillert 1988), Hunderi and Ryum, and Manohar et 

al (Hunderi and Ryum 1992; Manohar et al. 1998) and concluded that a transition from a 

particle-boundary correlated limiting grain size to a non-correlated limiting grain size occurs at 

a volume fraction of about 5% in agreement with the current results. 
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5.4 Delta-Ferrite to Austenite Phase Transformation 

The kinetics of the delta-ferrite to austenite phase transformation was investigated 

using the Fe-1.5% model alloy. The effects of holding temperature and cooling rate as well as 

the effect of deformation are discussed below. A model for austenite growth with alloying 

elements partitioning was implemented in order to rationalize the experimental data. Details 

are described next. 

5.4.1 Effects of Holding Temperature and Cooling Rate 

It can be seen from the isopleths that the Fe-1.5%Al model alloy is completely 

transformed to delta-ferrite when it is reheated tol310°C. When the sample is cooled from 

1310 to 1125°C at a cooling rate of 50°C/s, the transformed austenite morphology suggested a 

mixture of cellular precipitation mode (Figure 5 .14( a)) and Widmanstatten precipitation. The 

cellar structure becomes coarser with decreasing cooing rate (Figure 4. 7). However, when the 

sample was cooled down to 850°C with the same cooling rate (50°C/s), the austenite 

morphology clearly resembled that of Widmanstatten pattern (Figure 5.14(b )(Porter and 

Easterling 1992). EDX analysis indicates that for both morphologies aluminum and 

manganese partitioned during the delta-ferrite to austenite phase transformation. This is not 

surprising given the high transformation temperatures employed here. In fact, the alternative, 

that is non-partitioning local equilibrium (NP-LE) (Gilmour et al. 1972; Agren et al. 2006), 

does not provide a solution for the diffusion problem for the present alloy at the above 
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temperatures. This means that the growth of the alloy phase is controlled by the diffusion of 

the substitutional elements, which in tum explains the sluggish transformation kinetics. 

Figure 5-14 Different transformed austenite morphology: (a) cell pattern, 1120°C, 300s (b) 
Widmanstatten pattern, 850°C, 1800s 
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5.4.2 Austenite Growth with Alloying Elements Partitioning 

In order to model a diffusional phase transformation in a multi-component system it is 

necessary to develop: (a) a global mass balance for each of alloying elements as well as (b) a 

local mass balance, at the interface, for each of the alloying elements. The interfacial mass 

balance is a function of the interface velocity and it is necessary to select a tie-line for which 

all of the interfacial mass balances lead to the same velocity. Purdy, Weichert et al (Purdy et al. 

1964) examined this problem in ternary Fe-C-X systems in which X is a substitutional element 

and determined two sets of solutions. In one case, the growth occurs without the partitioning of 

the substitutional element (Non-partitioning local equilibrium) and in the other growth requires 

the partitioning of the substitutional element (Partitioning Local Equilibrium). The alloy 

composition and temperatures used here fall within the regime of partitioning local 

equilibrium, meaning that the diffusion of the substitutional elements is necessary for growth 

to occur. The initial tie-line is that which would simultaneously satisfy all of the local 

(interfacial) mass balances. This tie-line would continue to operate until the overlap of the 

diffusion profiles of one (or more) of the alloying elements. When this happens, the operating 

tie-line will begin to shift in such a way as to satisfy the global and local mass balances. 

Assuming the transformation is controlled by volume diffusion, interface compositions 

are determined by equilibrium tie line on the phase diagram. 

--- (5.27) 

158 



--- (5.28) 

--- (5.29) 

where k1, k2, k3 are distribution coefficient for carbon, manganese and aluminum respectively. 

ct, Cftn, Cj1 , C[, CJ.tn, Cl1 are carbon, manganese and aluminum concentration in the 

delta-ferrite and austenite accordingly. In order to arrive at the same interface velocity, it is 

necessary (Wycliffe et al. 1981): 

--- (5.30) 

where the flux J is given by the Fick's frrst law: 

J. =-DdCi 
I dx --- (5.31) 

Combining equations (5.30) and (5.31 ), and using a linear diffusion profile in the delta-ferrite, 

the following equation obtained: 

--- (5.32) 

--- (5.33) 
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where C~, Cf:tn, C~1 are the bulk carbon, manganese and aluminum concentration in Fe-

1.5%Al model alloy. The distribution coefficient and diffusion constants in Equations (5.32) 

and (5.33) were obtained, respectively, from TCFE2 and MOB2data base of ThermoCalc. 

These values are summarizes in Table 5.10. The initial tie-line for precipitation in then 

calculated at 850°C and ll25°C (Table 5.11). 

Table 5-l 0 Calculated distribution coefficient and diffusion coefficient 

Temperature Distribution Coefficient Diffusion Coefficient in BCC 

k, k2 k3 De DMn DAI 

850°C 0.0719 0.491 1.994 3.71389E-10 3.73438E-15 2.34111E-15 

1125°C 0.281 0.704 1.473 1.9559E-09 4.59459E-13 4.9376IE-13 

Table 5-11 Calculated alloy elements concentration in the delta-ferrite and austenite 

Temperature C!tn(%) c~n(%) c~~(%) c~~(%) cg(%) C~(%) 

850°C 0.736 1.498 1.919 0.963 0.493 0.686 

I l25°C 1.233 0.868 1.689 1.147 0.493 1.754 

EDS was used to determine manganese, and aluminum concentration profiles at 850°C 

and 11250°C are shown in Figure 5.15 (a) and (b) respectively. The solid points are measured 

data and the dash lines show the approximate position of the phase boundary. The manganese 
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concentration increases in austenite and decreases in the delta-ferrite, while the aluminum 

concentration increases in the delta-ferrite and decreases in austenite. It should be note that 

interaction volume of electron beam (15.0Kv) is approximately 0.8~m in this alloy. As a 

result, EDX analysis in the vicinity of the interface will include contribution from both phases. 

These results confirm that the growth of austenite occurs with partitioning of the substitutional 

elements. 
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Figure 5-15 Comparison of calculated manganese, aluminum concentration profile with experimental 
data at holding (a) 850°C, 1800s and (b)ll25°C, 300s 

Note: Concentration error bars represent errors from the EDS system 

Figure 5.16 is a sequence of images illustrating the growth of austenite at 850°C. 

Initially, a thin layer of austenite nucleates along the delta grain boundary (Figure 5.15(a), 

60s); then, the plane front breaks down (Figure 5.15(a), 200s). It appears, however, that the 

austenite plates grow as a front which is similar to cellular precipitation. Kikuchi et al (Kikuchi 

et al. 1990) and Kikuchi et al (Kikuchi et al. 1991 )suggested that the front advances at a rate 

which is controlled by carbon diffusion (Figure 5.15(a), 600s and 1800s), while the spacing of 

the phase is controlled by the diffusion of the substitutional elements (Figure 5.15(b)). 
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Figure 5-16 Austenite phase growth (a) the plate front grow into the fresh delta grain by carbon 
diffusion controlling and (b) inter-plate coarsening by aluminum and manganese diffusion controlling 
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Figure 5.17 shows the proposed carbon diffusion profile. The velocity of the austenite 

front can be estimated as: 

--- (5.34) 

It is reasonable to take the flux in austenite to zero, J~ = 0. Assuming the carbon diffusion 

profile in the delta-ferrite is linear, equation (5.34) leads to the following expression for the 

width of the austenite layer (x): 

--- (5.35) 
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Figure 5-17 Carbon concentration profile during the austenite front grows into the fresh delta-ferrite 
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The measured austenite front thickness compared to JD;;t at 850°C and 1125°C are 

shown in Figure 5 .18( a) and (b) respectively. The austenite front was measured visually as 

shown is Figure 5 .16( a). Diffusion data came from Table 5-10, the bulk carbon concentration 

is 0.05%, carbon concentration in the delta-ferrite and austenite were obtained by ThermoCalc 

using TCFE2 data base at corresponding temperature. In general, excellent agreement is 

obtained between the experimental data and the model prediction. This is confirmed that the 

advance of the austenite front is controlled by the long-range diffusion of the interstitial 

element as observed by in Fe-Cr-N alloys(Kik:uchi et al. 1990; Kikuchi et al. 1991). It should 

be noted that the austenite front thickness increases, the difference between the model 

prediction and the experimental date becomes larger. This difference is most likely due to the 

sectioning effects when cutting these samples. 
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Figure 5-18 The calculated austenite front distance with .jD;;t compared to the experimental data at 

(a) 850°C and (b) 1125°C 

In addition, the inter-plate spacing was compared to ~DA,t at 850°C and ll25°C as 

shown in Figure 5.19 (a) and (b) respectively. Overall, the plate spacing is proportional to t05
. 

If manganese diffusion coefficient is used, the same trend is obtained. This trend seems to 

support the argument that the inter-plate spacing is controlled by Aland Mn diffusion during 

the delta-ferrite to austenite phase transformation. From Figure 5.16(b), it also can be seen that 

some plates disappeared which is analogous to the dendritic arm spacing coarsening process 

with the delta-ferrite replacing the liquid. Further discussion is beyond this thesis; the details 

model can refer to Flemings Chapter 5(Flemings 1974). 
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5.4.3 Effects of Deformation 

Figure 4.26 suggests that the deformed delta-ferrite recrystallized before the onset of 

the delta-ferrite to austenite phase transformation. During the phase transformation, the new 

and original delta grain boundaries provide nucleation sites for austenite precipitation. Figure 

4.29 (b) clearly shows the nucleation of austenite on the newly recrystallized delta-ferrite 

grains. Comparison of Figures 4.20(a) and 4.26 (a), clearly shows that deformation prior to 

the onset of the delta-ferrite to austenite transformation can significantly refme the delta-grain 

size. The effectiveness of this method is due to the fact that the newly recrystallized grains and 

are quickly pinned by the precipitation of the austenite phase as shown in Figure 4.29 (b). It is 

critical that the deformation be carried out immediately before the onset of phase 

transformation in order to avoid rapid grain growth of the newly recrystallized grains. 

5.5 Application to the Design of Improved TSCDR Processes 

In this section, the grain growth model developed in section 5.1 and 5.2 will be used to 

predict the delta grain growth and austenite grain evolution in the TSCDR process prior to 

thermomechanical processing. The possibility of designing new alloys or new processes to 

produce improved more uniform fme microstructures will be discussed. This includes the use 

of duplex microstructures, increasing the cooling rate and increasing austenite nucleation sites 

during delta to austenite phase transformation 
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5.5.1 Apply Grain Growth Model to TSCDR Process 

During typical TSCDR practice, large TiN particles are formed in the liquid during the 

late stages of solidification. These particles coarsen during subsequent solid state process at 

high temperature(Kothe et al. 1998; Nagata et al. 2002). These large precipitates exert a small 

Zener pinning effect(Smith 1948). Strong Zener pinning conditions are not encountered until 

fine Nb(C,N) precipitates are formed during thermomechanical processing(Kwon and DeArdo 

1991; Palmiere et al. 1994; Poths et al. 2005). For this reason, our results on the precipitate

free model alloys can be used to model the grain-size evolution during TSCDR up to the point 

where the slabs exit the homogenization furnace and thermomechanical processing begins. 

Table 5-12 Phase transfonnation temperature of APIX 60 

Temperature eq >1524.5 1524.5~ 1496.8 149~ 1477.5 1477.5.~ 1448 1448~852 

Phase Liquid Liquid + Delta Delta Delta +Gamma Gamma 

A key point that needs to be considered is that cooling rate varies from the slab surface 

to the slab center leading to variations in the microstructure evolution and grain-size. The 

grain growth model developed for delta grain growth and austenite grain growth can be used 

to calculate delta and austenite grain size evolution at different positions in the slab. Table 5.12 

lists the relevant transformation temperatures for APIX60, as calculated from the TCFE2 

database ofThermoCalc. 
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Figure 5-20 Secondary dendrite arms spacing as a function of position within the APIX60 slab. The 
solid line is based on the interpolation of two measurements made in this investigation 

We have not attempted to model the delta to gamma transformation. Instead we simply 

assumed that the delta grain growth occurs down to 14 70°C and austenite grain growth occurs 

at lower temperatures. The initial delta-ferrite grain size is taken to be the secondary dendrite 

ann spacing (SDAS). This was experimentally measured near the surface and at the centre of 

the thin slab provided by Nucor. Linear variation of the dendrite arms spacing with slab 
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thickness was assumed as shown in Figure 5.20. The initial austenite grain size was assumed 

to be smaller than the final delta grain size by a factor of 3(Yin et al. 1999; Kim et al. 2006) 

which allowed us to capture the effect of grain refinement due to the delta to gamma 

transformation. Finally, CON1D V7.0 Slab Casting Heat Transfer Model (Meng and Thomas 

2003) from Nucor was used predict the cooling rate at each point of the slab. For example the 

cooling rates at the surface, 5mm, 1 Omm, 20mm, and 30mm below the surface and at the 

centre ofthe slab are shown in Figure 5.21. 
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Figure 5-21 CONlD V7.0 Slab Casting Heat Transfer model predicted cooling curves at the surface, 
5m, lOmm, 20mm, 30mm below the surface and the centre of the slab 
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An example of delta grain size evolution with time 5mm below the slab surface is 

shown in Figure 5.22. The austenite grain size evolution at the same position (5mm below the 

surface) with time just before leaving the holding furnace is shown in Figure 5.23. The solid 

line represents the model predicted grain diameter and the dish line represents the temperature 

profile in the TSCDR process at the corresponding slab position. 
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Figure 5-22 The predicted delta grain size evolution with time 5mm below the slab surface 
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Figure 5-23 The predicted austenite grain size evolution Smm below slab surface before leaving the HF 

Similar calculations were performed as a function of the slab thickness. Figure 5.24 

shows the predicted delta grain size as a function of position, just before the onset of the delta 

to gamma transformation. The solid diamonds are the calculated delta grain sizes at the slab 

surface; the solid line is used to highlight the trends of grain size change with distance from the 

surface of the slab. In addition, one can calculate the austenite grain size that would be 

expected when the slab is about to enter the homogenization furnace as shown in Figure 5.25. 

The grain size upon leaving the homogenization furnace is shown Figure 5.26. The solid 
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symbols and solid lines have the same meaning as before. The predicted gamma grain size as a 

function of slab thickness as the slab leaves the homogenization furnace can be compared to 

industrial samples obtained from the slab after leaving the homogenization furnace; an 

example of such data is also shown in Figure 5.25 for comparison. Very good agreement is 

obtained between the predicted and measured austenite grain size as a function of position. 

This lends further support to the simple grain-growth treatment used here. 
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Figure 5-24 The predicted delta grain size as a function of slab position just before the onset of the delta 
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Figure 5-25 Predicted austenite grain size when the slab is about to enter the homogenization furnace 

The results of Figure 5.24, 5.25 and 5.26 show that the austenite grain size before 

entering the homogenization furnace are non-uniform with finer grains being present near the 

surface. After homogenization at 12000C, which is above the precipitate pinning temperature 

for the present steel (APIX60), the grains at the surface grow significantly and become 

comparable in size to those at the centre of the slab. If a lower homogenization temperature or 

higher microalloying content is used, it is possible to pin grain growth in the homogenization 
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furnace. This, however, would lead to a non-uniform grain size distribution, with large grains, 

in excess of 800 J.llll, being present at the centre. This seems to be the case in higher grade 

API steels (e.g. X80) where it is often reported that the grain size at the centre is significantly 

larger than that at the surface of the slab. 
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Figure 5-26 Predicted gamma grain size as the slab leaves the homogenization furnace 

Another important consequence of the results shown in Figure 5.24, 5.25 and 5.26 is 

that grain-size control in both the delta and austenite is necessary in order to avoid the presence 
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of excessively large grains at the centre of the slab in the TSCDR process. Some variation in 

grain-size between the surface and the centre of the slab will still be present, as this is inherited 

from the as-cast structure (Figure 5.20) 

It seems that future research efforts should focus on developing effective pinning 

methods for preventing grain growth in delta-ferrite and austenite prior to thermomechanical 

processing. This is a challenging task because rapid precipitate coarsening would be expected 

at high temperatures. However, austenite/delta duplex microstructure could provide a novel 

method to overcome this problem. The possibility is explored further in section 5.5.2. 

5.5.2 Reducing Grain Growth Rate by Using Delta-Ferrite/Austenite Duplex 
Microstructure 

As discussed in section 5.3, the delta grain growth rate is very slow when grain growth 

IS controlled by the rate of second phase particles. For instance, when reheating to a 

temperature above 1200°C, the austenite particles coarsen is under bulk diffusion control. 

Differentiation of equation (5.8), leads to the following particle coarsening rate: 

--- (5.36) 

Assuming particle-limited grain growth, delta grain growth rate is then: 
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--- (5.37) 

where ~ is a constant. This equation cannot accurately be evaluated because of the uncertainty 

in the value off ( f'.:). Instead, the experimental grain growth kinetics in the duplex-alloy is 

compared with the model predictions in the absence of second phase particles. The 

comparison is shown Figure 5.27 (a) 1200°C, (b) 1280°C and (c) 1295°C. The solid line is the 

prediction of grain growth in pure materials without particle pinning. The initial grain diameter 

is 90J..lm; the delta grain boundary mobility is from equation (5.5) and the heating rate is that 

obtained experimentally from the data recorded by the thermocouple attached to the duplex-

microstructure specimen. The solid points are the delta grain diameter in austenite/delta-ferrite 

duplex microstructure; the dashed line is used to guide the eyes. 

When these two materials are heated to 1280°C for holding for 5 minutes, the materials 

without particle pinning is predicted to have a grain size of 1 030J.U11, while, the grain in 

austenite/ delta duplex microstructure grows only to 117J.U11. In this Fe-1.5%Al model alloy, 

the delta-austenite two phase regions cover the temperature range 1305°C down to 780°C. 

Effective pinning is observed even at 1302°C. From these comparisons, it can be concluded 

that duplex microstructure is effective method for pinning grain growth at high temperature, at 

least from scientific point of view. 
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Figure 5-27 Comparison of delta grain growth without particle pinning and in delta-austenite duplex 
microstructure (a) 1200, (b)1280, and (c) at 1295°C 

5.5.3 Increasing Cooling Rate to Refine As Cast Microstructure 

Reducing the slab thickness can increase the cooling rate at the slab center and this 

can reduce the non-uniformity of the as cast microstructure by refining the grain at the 

center of the slab. In what follows, the consequences of reducing the slab thickness from 

90mm to 50 mm and 30 mm are examined assuming that the only change is the enhanced 

cooling rate of the slab (Holzhauser et al. 1999; Gonzalez et al. 2003; Di6szegi and 

Svensson 2005; Louhenkilpi et al. 2005). In order to determine the cooling rate and the 

initial secondary dendrite arm spacing, the CONlD V7.0 Slab Casting Heat Transfer 
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Model (Meng and Thomas 2003) from Nucor was used for slabs of 90mm, 50mm and 

30mm slab thickness as shown in Figure 5.28. 
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Figure 5-28 CONlD V7.0 Slab Casting Heat Transfer model predicted (a) Cooling curves and (b) 
SDAS at different position of30, 50 and 90mm slab 
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The initial delta-ferrite grain size was, once again, taken to be the secondary dendrite 

arm spacing (SDAS). The model predictions of delta grain size as a function of position for the 

30mm, 50mm thin slab just before the onset of the delta to gamma transformation are shown 

in Figure 5.29, which also includes, for comparison, the results shown earlier for the 90 mm 

slab. The calculated austenite grain size before entering the homogenization furnace is shown 

in Figure 5.30. The symbols in these Figures have the same meaning as before. 
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Figure 5-29 The predicted delta grain size of30, 50, and 90mm slab as a function of slab position just 
before the onset of the delta to gamma transformation 
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Figure 5-30 Predicted austenite grain size of 40mm slab when the slab is about to enter the 
homogenization furnace 

It is clear from these calculations that the homogeneity of the microstructure has 

improved by the enhanced cooling rate at the centres of the thinner slabs. When the slabs 

are about to enter the homogenization furnace, the ratio of largest grain size to smallest 

grain size is 3.3 in 90mm slab, 2.4 in the 50mm slab and 1.5 in 30mm slab. One can 

conclude that reducing the slab thickness can refine and homogenize the as cast 

microstructure due to the enhanced cooling rate at the centre of the slab. The main 
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difficulty in applying this method is that it requires changing the layout of TSCDR 

process. In addition, the smaller slab thickness will further reduce the amount of 

thermomechanical processing that can be performed downstream and this may end up 

leading to larger average grain size and possibly more non-uniformity despite the 

improved initial microstructure. It would appear that an optimum thickness could be 

determined by considering both the solidification and grain growth (as described above) 

as well as the subsequent thermomechanical processing. 

5.5.4 Increasing the Number of Austenite Nucleation Sites during Delta-ferrite to 
Austenite Phase Transformation 

Another solution for achieving a better microstructure using TSCDR process is to 

increase the austenite nucleation sites available during delta-ferrite to austenite phase 

transformation. As reviewed in the literature, there are three methods that can be applied 

for this purpose: (a) Deformation during delta-ferrite to austenite phase 

transformation(Zarandi and Yue 2005; Rezaeian et al. 2008); (b) Using oxide particles to 

increase the nucleation sites for austenite during delta to austenite phase 

transformation(Karasev and Suito 2006; Suito et al. 2006); and (c) Thermal cycling near 

the transformation temperature (delta to austenite) to achieve repeated refinement due to 

the phase transformation. 
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Figure 5-31 Predicted austenite grain size when the slab is about to enter the homogenization furnace 
with different austenite nucleation sites 

As shown in Figure 4.28, deformation at just onset of the delta to austenite phase 

transformation will increase the austenite nucleation sites. The austenite phase particles 

on the recrystalized delta grain will future inhabit the delta grain growth in the 

downstream operation. Figure 5.31 summarized the predicted austenite grain size when 

the slab is about to enter the homogenization furnace for a different density of austenite 
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nucleation sites. The various lines represent the grain size achieved when 12, 6, and 3 

austenite grains nucleate within each delta grain. The calculation reveals that these extra 

nucleation sites have little effect on the final grain size at the surface of the slab, the 

austenite grain do decrease with increasing the austenite nucleation sites. 

5.5.5 Experimental Validation of the Benefits of the Model Alloy 

All of the experiments performed in this contribution involved reheating samples with 

a very homogenous microstructure that was obtained by rolled and homogenization. Under 

industrial TSCDR conditions, delta-ferrite and austenite grain growth both occur in the 

heterogeneous (segregated) microstructure produced by solidification. ln order to verify the 

effectiveness of the model alloy in inhibiting high temperature grain-growth under realistic 

starting conditions, some work on solidification was performed to reproduce the as-cast 

microstructures (Appendix 1). These microstructures are then used as starting microstructures 

for studying grain growth during cooling. 

As described in Appendix I, different dipping materials were dipped into the melt for 

different times. Once the bars were removed from the dipping bath, the solidified shells were 

cooled down to room temperature at different rates using air, forced air and water quenching. 

The reproduced cooling rates are shown in Figure 5.32, which also includes the calculated 

(CON1D) predicted cooling rates on the surface, 5 and 10mm below the 90mm slab surface. 
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The simulation cooling rate using water, forced-air and air quenching are similar to the cooling 

rates on the slab surface, 5mm and 1 Omm below the slab surface during the TSCDR process. 
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Figure 5-32 Temperature profile when the solidified shell cooling down in air, with fan and quenched 
into icy water. 

The microstructures of Fe-1 .5%Al model alloy using different cooling rates are shown 

in Figure 5.33 for (a) air, (b) forced air, and (c) water quenching. The microstructure of 

APIX60 after air quenching is shown in (d). It can be conclude that the delta grain sizes in the 

model alloy are much finer than the austenite grain size in the APIX60 microalloyed steel. For 

the model alloy, the delta grain will enter delta-ferrite/austenite two phase region and then be 

187 



stabilized to room temperature during cooling; however, the APIX60 microstructure evolution 

will follow the process as shown in Figure 2.1 , and the austenite grains grow rapidly due to 

absence of pinning at high temperature. 

Figure 5-33 Microstructures ofFe-1.5% model alloy closed to the outside the steel dipping pipe cooling 
down in (a)air, (b)fan, (c) icy water. (d) microstructure of APIX60 cooling down in air 

When the steel dipping pipe was emerged into the melt, solidification started 

inside the steel pipe and along the outside pipe as shown in Figure Al-4. Under 
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equilibrium cooling conditions, material solidifies as delta-ferrite and austenite 

precipitation occurs in the solid states. However, industrial cooling conditions, will lead 

to non-equilibrium solidification and some austenite will form during solidification. 

Figure 5.34(a) shows austenite precipitates along the delta grain boundaries: the dark 

phase is austenite which transformed to pearlite and the tiny grains along the big grain 

boundaries is also austenite phase which transformed to alpha ferrite during the cooling. 

The grain size hi-model distribution clearly shows transformed alpha ferrite distribution 

and original delta grain size distribution (Figure 5.34(b)). As discussed in Section 5.3 , 

these austenite precipitates will pin the delta grain growth in the subsequent cooling. 
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Figure 5-34 (a) Microstructures of Fe-1.5% model alloy closed to outside the steel dipping pipe 
cooling down in air, (b) Grain size distribution of the same sample 

Using the assumption of no diffusion of the substitutional elements in the solid, 

the SCHElL module of ThermoCalc can be used to evaluate the phase formed during 

non-equilibrium cooling of the model alloy. In this calculation, carbon back-diffusion in 

the solid is allowed to take place. As shown in Figure 5.35 (a), the liquid will start to 

solidify as the delta-ferrite at 1528°C; the substitutional solute concentration will increase 

due to the extremely slow diffusion in the solid. Once the temperature drops to 1455°C, 

the austenite phase will come out, and the liquid phase and austenite phase will exist until 

1290°C. The predicted austenite mole fraction with temperature is shown is Figure 

5.35(b). When the temperature reaches 1445°C, there is about 0.5% of austenite along the 
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delta grain boundaries, these austenite particles can pin the delta grain growth m the 

subsequently cooling as shown in Figure 5.34(a). 
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The delta gram stze evolution of the Fe-1.5%Al model alloy during the 

solidification process under different cooling rates can be predicted using the grain 

growth model described in Section 5.1. It will be assumed that the initial grain size is 

7.51Jm according to Figure 5.33 (c), and the delta grain boundary mobility is following 

equation (5.5). The results of the predicted delta grain size are compared to the 

experimental data with different cooling rates as shown in Figure 5.36 for (a) air, (b) 

forced-air, and (c) water quenching. The red dashed line is the temperature profile during 

the solidification process (secondary axis), the solid line is the predicted delta grain 

diameter without pinning, and the light orange line is the predicted austenite phase 

fraction formed during the solidification process using the SCHElL model. The solid 

points present experimentally determined the delta-ferrite grain size. This was obtained 

from the mean of the second peak of the bimodal distribution shown in Figure 5.30(b) as 

this is believed to present the original delta-ferrite grains present at high temperature. 

Assuming the delta grains are completely pinned by the austenite particles as soon as the 

austenite phase appears, then the dashed black line in these graphs would represent the 

predicted the delta grain size in the model alloy taking in account the effects of pinning 

due to the non-equilibrium precipitation of austenite during solidification. The very good 

agreement between the model prediction and the experimental points confirmed the 

effectiveness of model alloy in inhibiting high temperature grain-growth under TSDCR 

process conditions. 
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Figure 5-36 The model predicted delta grain size compared to the experimental data with different 
cooling rate (a) using air, (b) using forced air, and (c) using quenching water 

As shown in Figure 5.32, the cooling rates obtained under water quenching, forced 

air and air cooling of the dipping bar are similar to the cooling rates encountered in a 

90mm slab at the surface and to 5 and 1 Ornm below the surface. One can thus estimate the 

grain size that would be obtained at various positions of the 90mm slab of the proposed 

model alloy. These grain sizes are compared to those obtained in traditional APIX60 steel 

just before entering the holding furnace (Figure 5.37). In order to compare under identical 

conditions, the experimental cooling rates recorded for the dipping experiments were used 
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to calculate the grain size of the APIX60 steel using the model described in section 5 .1. It 

should be noted that the APIX60 steel transforms to austenite during cooling while the 

model alloy does not. As result the comparison shown in Figure 5.37 is between the 

austenite grain size and the delta grain size in the model alloy. The results clearly show 

the advantage of the proposed alloy. 
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Figure 5-37 The comparison of grain size evolution with slab distance using TSCDR process to 
produce APIX60 and Fe-Al% model alloy 
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Chapter 6 Summary and Conclusions 

Extensive experiments were performed to investigate the microstructure evolution of 

the TSCDR microalloyed steels prior to thermomechanical processing. The emphasis of this 

work was placed on solid state microstructure evolution including kinetics of the delta grain 

growth, the delta-ferrite to austenite phase transformation and the austenite grain growth. 

Some novel methods are applied for refining and homogenizing the as-cast microstructure of 

microalloyed steels so as to meet higher API standards. The main fmdings of this work are: 

1. For the first time, the kinetics of delta-ferrite grain growth was studied using a model 

alloy in which delta-ferrite is stable down to room temperature. The results were 

modeled using a non-isothermal grain growth model. These results are applicable to 

the development of microalloyed steels in which particle pinning and solute drag 

effects are negligible at high temperatures. 

2. Austenite grain growth was investigated at temperatures between 1100 and 1400°C 

using Nb!fi-free alloy to bypass the complications of particle pinning and abnormal 

grain growth. Grain growth kinetics at 1300 and 1400°C was successfully described 

using a model similar to that used to model grain-growth in delta-ferrite. 
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3. In order to pin the delta grain growth at high temperature, a novel delta-ferrite/austenite 

duplex microstructure was developed, in which, a small volume fraction of austenite is 

used to pin delta grain growth. When the reheating temperature is higher than 1200°C, 

the coarsening of the austenite particles was bulk diffusion controlled. The austenite 

particle coarsening rate constant was predicted from modified LSW theory by coupling 

the equilibrium composition, diffusivity, and particle volume fraction. When the 

temperature is lower than 1200°C, the coarsening of austenite particles is controlled by 

grain boundary diffusion. When the austenite particle pinning pressure is much larger 

than the driving force for delta grain growth, the delta grain growth is completely 

arrested. When the pinning pressure is equal to the driving force for grain growth, 

grain growth proceeds at a rate controlled by the coarsening kinetics of the austenite 

particles. Finally, when the pinning pressure is smaller than the driving force, grain 

growth occurs with a net driving force of P-~ . The model-predicted limiting grain

size is in good agreement with experimental results and a transition from a particle

boundary correlated limiting grain size to a non-correlated limiting grain size occurs at 

a volume fraction of about 5% in agreement with literature. 

4. The kinetics of the delta-ferrite to austenite phase transformation was investigated 

using quenching dilatometer; the results showed that the austenite phase formed along 

the original delta grain boundaries, and the delta-ferrite grain growth was totally 

pinned by the precipitation of austenite phase. The austenite morphology changed 

from cellar precipitation to Widmansatten pattern when the holding temperature 

decreased from 1125°C to 850°C; and the austenite size coarsened with decreased 

197 



cooling rate. The growth of delta-ferrite required the partitioning of the substitutional 

alloying elements. 

5. The developed grain growth model successfully reproduced grain growth as a function 

of position within the APIX60 slab in the TSCDR process. The results suggest that it is 

essential to control grain growth in both delta-ferrite and austenite in order to maintain 

a grain size of less than 400j.Jm prior to the onset of thermomechanical processing. 

6. The possibility of designing new alloys or new processes to produce improved; more 

uniform and fme as-cast microstructures for TSCDR process are summarized in the 

following: 

6.1 The use of a delta-ferrite/austenite duplex microstructure is an effective method for 

pinning grain growth at high temperature. In the delta-ferrite/austenite duplex 

microstructure, the delta grain growth rate is very slow and controlled by the rate 

of coarsening of second phase particles. The developed grain growth model 

predicts that the delta grain size is 10 times smaller in duplex microstructure than 

that in materials without pinning. Laboratory validation shows that the delta grains 

are pinned throughout the TSCDR process, starting from the final stages of 

solidification. The new the delta-ferrite/austenite duplex microstructure has great 

potential for producing more uniform as-cast microstructure for the TSCDR 

process as well as possible heat-resistant alloys for various engineering 

applications. 
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6.2 Reducing the slab thickness can increase the cooling rate at the slab center during 

the TSCDR process. Predictions of the grain growth model suggest that this would 

lead to less non-uniformity in the as-cast microstructure by refining the grains at 

the center of the slab. Once the slab thickness is reduced to 30mm, the ratio of the 

largest austenite grain to the smallest austenite is only 1.5. 

6.3 Increasing the number of austenite nucleation sites during the delta-ferrite to 

austenite phase transformation is an effective method of refming and 

homogenizing the as-cast microstructure ofTSCDR microalloyed steels. When the 

Fe-1.5%Al alloy was deformed prior to the onset of the delta to gamma 

transformation austenite nucleated prolifically along the original delta grain 

boundaries and the newly recrystallized delta grain boundaries. The application of 

20% deformation generated more than 30 recrystallized grains in each original 

delta grain. In addition, the growth of these new grains was inhabited by the 

immediate precipitation of austenite along their grain boundaries. 
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Appendix 1: Laboratory Solidification Simulation 

When the carbon content is lower than 0.08%, it is very difficult to reveal the as-cast 

microstructure of microalloyed steels. In order to study the relationship between microstructure 

parameters and process parameters, the first task is to develop an etching method for revealing 

the as-cast microstructure. This is described in detail in section 1. The effect of experimental 

parameters such as dipping time, bar material and bar diameter are described in sections 2-4. 

Validation of the initial solidification simulation is present in section 5. 

1. Method to Observe As Cast Dendrite Structure of Microalloyed Steel 

Solidification starts when the dipping bar is dipped into the melt. In the present 

simulation, the melt was prepared from an APIX60 provided by Nucor steel. The carbon 

content of the steel is 0.053% and such that it solidifies as delta-ferrite. Upon subsequent 

cooling the delta-ferrite transforms to austenite and austenite transforms to alpha ferrite. It is, 

therefore, very difficult to observe the delta-ferrite dendrite morphology at room temperature 

with such low carbon content. 

Several methods have been proposed in the literature in order to reveal the as-cast 

dendritic microstructures. Wang et al(Wang et al. 2005) used the etching solution of200ml of 

a saturated aqueous solution of picric acid, 2-4g of sodium dodecylbenzene sulfonate and 2-

211 



4ml HCl to reveal the solidification structure and austenite grain boundaries. Hoo et al (Hoo et 

al. 2006) stated that the microstructure can be observed by using a special type of Oberhoffer 

etching solution (CuCh: l.Og, SnCh: 0.5g, FeCh: 30g, HCl: 300cc, H20: 500cc, Alcohol: 

500cc ). Pottore et a(Pottore et al. 1991) suggested that the best etching solution to observe the 

as cast microstructure is 200ml of a saturated aqueous solution of picric acid, 2 to 3 g of cupric 

chloride, 1 to 2 g of sodium tri-decyl benzene sulfonate, and on occasions, 2 to 4 ml of 

hydrochloric acid. According to the New Dofasco Tool Kit, ink highlighting copper etching 

and sulphur printing can be used to print the primary structures in all grades of steel. 

All of the above etching methods have been used in an effort to reveal the dendritic 

microstructure in both the as received materials and the solidified shells on the dipping bars. 

Unfortunately the results were not very satisfactory and did not permit for the quantification of 

the microstructure parameters. As result, a modified method was developed as part of this 

work. This method consisted preheating the sample to 970°C for 45 minutes and furnace 

cooling down to room temperature as first step. The sample was then etched using an aqueous 

solution of supersaturated picric acid with sodium dodecylbenzene sulfonate and HCl. Figure 

Al-l clearly shows the dendritic microstructure of APIX60 thin slab after this treatment. Figure 

AI-l (a) is closed to the slab surface and (b) is close to the slab centre. All the solidification 

simulation samples will use this method to reveal the dendritic microstructure. 
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Figure Al-l . APIX60 dendritic microstructure (a) close to slab surface, (b) close to the slab centre 

2. Effect of Dipping Time 
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Figure Al-2. Microstructure of 0 19mm copper dipping bar, dipping time: 4s, 7s, 1 Os and 15s 

The solidified shell rrucrostructures obtained when a 19mm diameter copper bar was 

dipped into the melt for different time are shown in Figure Al-2. All of the samples were cut in 

transverse direction as shown in Figure 3-3. Figure Al-2 (a) is the solidified shell on the 

dipping bar that was dipped into the liquid for 4 seconds. In this figure, the primary arms are 

close packed and secondary arms are not observed. The direction of the primary arms is 

parallel to that of heat extraction. Figure AI -2(b) shows the microstructure of the solidified 
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shell after 7 seconds in the liquid. The development of secondary arms is clearly seen in this 

case. Dipping into the melt for 10 seconds leads to the coarsening of the primary and 

secondary dendrite arms as seen in Figure AI-2(c). If the dipping bar is maintained in the liquid 

for 15 seconds as shown in Figure AI-2 (d), the dendritic microstructure is not observed 

suggesting that 15 seconds is long enough for the microstructure to homogenize. 

3. Effect of Dipping Diameter 
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Figure Al-3 . Microstructure of 0 13mm copper dipping bar, dipping time: 4s, 7s, lOsand 15s 
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Changing the diameters of the dipping bar will change the cooling rates in the 

experiment. The microstructure of the solidified shells around a bar of 13mm diameter at 

different times is shown in Figure AI-3. These should be compared with the microstructure 

obtain in Figure AI-2 for 19mm diameter bar. The cooling rate of 13mm dipping bar should 

be smaller than that of 19mm. Figure AI-3 (a) is the microstructure for dipping time of 4 

seconds. The primary arm spacing is coarser than that observed in Figure AI-2 (a). The same 

trend is observed when Figure AI-3 (b) is compared to Figure AI- 2 (b), Figure AI-2(c) is 

compared to Figure AI-3(c). 

4. Effect of Dipping Geometry and Materials 

Changing the material and geometry of the dipping bar provides another method of 

controlling the cooling rate during the present solidification simulations. Figure AI-4 shows the 

sketch of solidified shell on a steel pipe into the liquid for 7 seconds and Figure 4.5 shows the 

as cast microstructure at different positions of the dipping pipe. The inner and outer diameters 

of the pipe were 25mm and 13mm. Figure AI-5(a) is microstructure closed to the outside of the 

steel pipe; and Figure AI-5(b) is at the middle of the outside shell. Primary arms and secondary 

arms are clearly seen in these two figures. Figure AI-5 (c) is the microstructure of the material 

solidified inside the pipe. This microstructure consists of coarsened equiaxed dendrites because 

of the slow cooling rate inside the dipping pipe. At the outside comer of the pipe, the cooling 

rate is much higher than outside and inside; the primary arms are closed packed as shown in 
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Figure Al-5 (d). Microstructure inside the pipe is similar to the core of the industrial thin slab 

and the outside is similar to the slab surface. 

Figure AI-4. The sketch of solidified shell on a steel pipe 

Figure AI-5 . Microstructure of steel dipping pipe ( a)outside, (b )centre of outside, (c) inside and 
( d)outside comer 
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5. Validation of the Solidification 

As expected, the dendrite growth direction is parallel to the heat extraction (Figure 3.3). 

A comparison of the dendritic microstructure obtained in this simulation and that obtained in 

industrial thin slab is shown in Figure AI-6. Figure Al-6(a) is the microstructure obtained with 

an 020mm copper dipping bar after 7 seconds of immersion, (b) is as-cast microstructure 

closed to the surface of the thin slab provided by Nucor Steel (lmm from the slab surface). 

From the comparison it can be seen that the dendrite morphology of the simulation is similar to 

the industrial thin slab. 

The primary arms spacing of the simulation has the same scale as industrial sample: 

m all the simulation samples (Figure AI-2 - AI-5), the primary arm spacing is about 

1 00----1501Jm. The second arm spacing is between 30-501Jm. According to Klinkenberg and 

Hensger (Klinkenberg and Hensger 2005; Uranga et al. 2005; Wang et al. 2005)), Uranga et 

al(Uranga et al. 2005) and Wang et al(Wang et al. 2005), the primary arm spacing ofTSCDR 

slab is between lOO!Jm and 1801Jm and second arm spacing is about 30-701Jm. 

The solidification rate is approximately 1mm/second in the simulation process; 

Camporredondo et al(Camporredondo-S. et al. 2004) and Castillejos et al(Castillejos-E. et al. 

2005) state that the solidification rate in thin slab casting is about 1 mm/s. 

From above compassion, one can conclude that the set-up in the laboratory can 

simulate initial solidification stage ofTSCDR Process. 
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Figure AI- 6. Comparison of experimental simulation and industrial thin slab dendritic microstructure 
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Appendix II: Abnormal Austenite Grain Growth during Reheating 
of TSCDR Microalloyed Steels 

As discussed in section 4.3, the APIX60 steel used in this investigation contained Nb 

and Ti additions which lead to the formation of complex Nb, Ti carbonitrides. During the 

reheating experiment, the dissolution of some of the precipitates Nb(C,N) results in the 

unpinning of some grains which then consume other grains by an abnormal grain growth 

process. The kinetics of abnormal grain growth in the present APIX60 steel are summarized 

and discussed below. 

1. Results 

The austenite grain boundaries of the as-received APIX60 steel were initially pinned 

by Nb and Ti carbonitrides. At 11 00°C, sufficient pinning is available to prevent austenite 

grain growth even after extended holding. The microstructure at 11 00°C after 15 and 60 

minutes of holding is shown in Figure AII-1. It is clear from this figure that abnormal grain 

growth does not take place. When the samples are reheated to 1200°C, abnormal grain growth 

takes place as shown by the sequence of images in Figure AII-2. Similarly abnormal grain 

growth is observed when the samples are reheated to 1300°C (Figure AII-3) and 1400°C 

(Figure All-4). 
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FigureAII-5 summarizes the austenite grain growth kinetics in APIX60. Once again, in 

these graphs, the times given represent the total time, including heating time, As such, the 

measured grain growth kinetics is not strictly isothermal and the complete thermal profile 

needs to be analyzed in order to quantitatively interpret the grain-growth data. 

Figure All-1 Microstructure APIX60 after heating to 1100°C for (a)l5mis and (b) 60mins 
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Figure All-2 Microstructure APIX60 after heating to 1200°C for (a)l5mis, (b) 45mins, and (c) 60mins 

Figure AII-3 Microstructure APIX60 after heating to 1300°C for (a)2mis, (b) 3mins, and (c) 15mins 
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Figure All-4 Microstructure APIX60 after heating to 1400°C for (a)lmis, (b) 5mins, and (c) 6mins 
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FigureAJI-5 Austenite grain growth kinetics of APIX 60 steel 

2. Discussion 

During reheating, grain growth may be divided into two types: normal grain growth 

and abnormal grain growth(Hillert 1965). During normal grain growth, the microstructure 

changes in a rather uniform way and it is easy to predict and control. The grain size 

distribution is relatively narrow and independent of time. However, during abnormal grain 

growth a small number of large grains grow at the expense of a relatively fme matrix which is 

often pinned by particles and a bimodal grain size distribution develops. Eventually these large 
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grams impinge and normal gram growth (post abnormal grain growth) may then 

resume(Humphreys and Hatherly 2004). Abnormal grain growth has received a considerable 

theoretical attention over the half-century (Gladman 1966; Rios 1987; Flores and Martinez 

1997; Rios 1997; Rios 1998), but very little information on grain-growth is available in the 

post abnormal grain growth stage because of the difficulties associated with determining the 

progress of abnormal grain growth at high temperature. In what follows, post abnormal grain 

growth in austenite is modeled and particular attention is given to the grain boundary mobility 

during post abnormal grain growth. 

2.1 Abnormal Grain Growth in Austenite of APIX60: 

From Figures AII-2 to AII-5, it can be seen that austenite undergoes abnormal grain 

growth. In an ideal grain assembly, the large grain will always grow more slowly than the 

average grain and eventually rejoin the normal grain size distribution. The main factor leading 

to abnormal grain growth in the present experiments is the dissolution of second phase 

particles. API standard microalloy steels contained Nb and Ti additions leading to the 

formation of complex Nb, Ti carbonitrides. Figure AII-6 shows the predicted mole fraction of 

the Ti(C,N) and Nb(C,N) precipitates of APIX60 as per the TCFE2 database ofThermoCalc. 

At 11000C, the fine Nb(C,N) precipitates formed at low temperature would dissolve and the 

predominant precipitates present would be large Ti(C,N) precipitates that formed at high 

temperature(Kwon and DeArdo 1991; Pottore et al. 1991). These large precipitates are unable 

to pin the austenite grain growth when the temperature is higher than 1200°C. Between 1100 
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to 1200°C, the dissolution of the precipitates Nb(C,N) formed at low temperatures will result 

in the unpinning of some grains which then consume other grains by a process of an abnormal 

grain growth (Palmiere et al. 1994). 
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Figure All-6 ThermoCalc predicted Nb(NC) and Ti(NC) mole fraction with temperature 

When temperature is lower than 11 00°C, only normal grain growth can take place 

because the fme Nb(C,N) particles provide effective pinning of the grain structure. According 

to Hillert ' s work(Hillert 1965), the maximum grain growth rate can be described as 
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dRmax =ay M(t)(-1 __ _!__ ZJ:::;o 
dt gb Rcr R a 

--- (1) 

where M(t) is the grain boundary mobility, y gb is the grain boundary energy per unit of area, a 

is the geometric factor, Z is the pinning force which is related to the size and volume fraction 

of the Nb(C,N) particles, Rcr is the critical grain radius of grain size distribution. Grain growth 

requires the driving force due to curvature to be larger than the precipitate pinning force 

leading to a positive value of dRmaxldt. For reheating temperatures below 11 00°C, it can be 

seen from Figure AII-6, that the Nb(N,C) particles are stable (Palmiere et al. 1994), and 

therefore grain growth is strongly pinned and there is no obvious change in grain size. This is 

clearly seen in Figure AII-5 when the temperature is 1100°C. 

In the temperature range from 1100°C to 1200°C, the Nb(C,N) precipitates formed at 

low temperature dissolve(Palmiere et al. 1994; Humphreys and Hatherly 2004) leading to the 

pinning force to decrease. If a certain grain grows into a region in which the pinning force, Z -

!1Z, is lower than the average pinning force Z, then this grain will become unstable and 

abnormal grain growth may happen if the following conditions is satisfied(Rios 1997): 

--- (2) 

In this equation, n is the ratio of maximum grain radius to the critical grain radius of the 

distribution. From Figure AII-2, when the reheating temperature is 1200°C, it can be seen that 

abnormal grain growth stared at about 30 minutes and finished at 70 minutes. 
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When the reheating temperature is above 1300°C, the particle pinning force will drop 

suddenly, dZ/dt<<O. Rios(Rios 1998) solved Eq. (1) by using Burke's law and gave the 

conditions for abnormal grain growth. A higher mobility combined with a pinning force can 

lead to abnormal grain growth development from an initially uniform grain size distribution. 

However, once the fine Nb(V,N) totally dissolved, the favourable local environment for 

abnormal grain growth may be changed and its grain boundary mobility advantage may be 

lost. The maximum size of the abnormal grain is limited and the abnormal grain starts to 

decrease its relative size to a value equal to that ofthe matrix, then "normal grain growth" may 

be resumed. From Figure AII-3(c), and AII-4(c), one can see that the grain size distribution is 

more uniform. 

2.2 Determination of Post Abnormal Grain Growth 

The progress of abnormal grain growth in APIX60 is shown in Figure All -7. 

Isothermal abnormal grain growth is like isothermal primary recrystallization with respect to a 

plot ofthe fraction of sample transformed versus time (Dunn and Walter 1966). As discussed 

above, the abnormal grain growth depends on the dissolution of second phase particles 

Nb(N,C). At a reheating temperature of 1200°C, abnormal grain growth occurred after a 

holding time of 30 minutes. After 60 minutes, the abnormal grains impinged and a process of 

post abnormal grain growth began. When reheating to 1300°C, the post abnormal grain growth 

occurred after about 7 minutes and at 1400°C post abnormal grain growth occurred after 3 

minutes. 
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Figure AII-7 Progress of abnormal grain growth of APIX60 

2.3 Comparison of Post Abnormal Grain Growth and Normal Grain Growth 

Once the time for the onset of post abnormal grain growth was determined, the initial 

austenite grain size could be identified and the post abnormal grain growth could be modeled 

by equation (5.7). From the discussion in section 2.1 and 2.2, the newly formed austenite 

grains will be pinned at least up to 11 00°C and abnormal grain growth will occur around 

1200°C. In order to capture this equation (5 .7), is integrated from t1, should is the time at 

which the temperature reached 1200°C. The initial radius, r0 , should now be the radius when 

the post abnormal grain growth started. When the grain boundary mobility of equation (5.10) 
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is used, the predication of post abnormal grain growth is much slower than the experimental 

data. The best fit of the post abnormal grain growth experimental data for APIX60 was 

obtained by using a value which is 3 times that of equation (5 .10). The results are shown in 

Figure AII-8. The dashed line is the temperature profile during the heating process (secondary 

axis), the dotted line is the model prediction of the grain diameter using equation (5.10) and 

the solid line is model prediction of the austenite grain diameter using three times of normal 

grain growth boundary mobility. As before, the solid points represent the experimental data. 
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Figure AII-8Modeling prediction and experimental date of APIX60 austenite grain growth at 
(a) 1300°C and (b) 1400°C 

These results suggest that the mobility of the grains present after abnormal grain 

growth is higher that the mobility of those present before abnormal grain growth. This is a 

novel observation which is still in need of an explanation 

3. Conclusions 
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Austenite grain growth was investigated at temperatures between 11 00°C and 

1400°C using APIX60 and Nb-Ti free model alloy. Abnormal grain growth was observed 

when APIX60 specimens were heated up to 1200°C; this was attributed to the dissolution of 

microalloyed carbonitrides and the subsequent unpinning of some grains in the microstructure. 

Without Nb and Ti precipitates, the Nb-Ti free model alloy showed normal grain growth 

behavior within the experimental temperature range. In the post abnormal grain growth stage, 

the APIX60 steel showed normal grain growth behavior when the reheating temperature is 

above 1200°C. The post abnormal grain growth was determined at different reheating 

temperature. Increasing the reheating temperature, it took shorter time to enter the post 

abnormal grain stage. Austenite normal grain growth and post abnormal grain growth were 

modeled using a simple non-isothermal grain growth model. However, the grain boundary 

mobility of post abnormal grain growth was three times bigger than that of normal grain 

growth. 
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