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ABSTRACT

Heat transfer and lubrication of interfacial gap between the mold and the
solidifying steel shell control the final product quality of continuous casting of steel.
Previous solidification and heat transfer models for continuous casting of steel are
evaluated, focusing on the treatment of the interfacial gap. Experimental work on mold
slag properties and their effect on heat transfer and lubrication are reviewed.

A new lubrication and friction model of slag in the interfacial gap was combined
into an existing 1-D heat transfer model, CON1D. Analytical transient models of liquid
slag flow and solid slag stress have been coupled with a finite-difference model of heat
transfer in the mold, gap and steel shell to predict transient shear stress, friction, slip and
fracture of the slag layers. The consistency and accuracy of the model is validated by
comparing with analytical solutions and with results from commercial codes.

Experimental work is conducted to measure the properties of slag powder,
including the friction coefficient at different temperatures and viscosity at lower
temperature than previously measured. DSC, dip thermocouple and atomization tests are
conducted to construct CCT curves and to predict critical cooling rates of two slag
powders, which have different crystallization tendencies. XRD, Polarized Transmission
Light Microscopy and SEM are used to analyze the composition of the mold powder and
re-solidified slag samples and to determine the crystalline/glassy microstructure.

The CON1D model predicts shell thickness, temperature distributions in the mold
and shell, thickness of the re-solidified and liquid powder layers, heat flux profiles down

the wide and narrow faces, mold water temperature rise, ideal taper of the mold walls,



and other related phenomena. Plants measurements from operating casters were collected
to calibrate the model.

The model is then applied to study the effect of casting speed and mold powder
viscosity properties on slag layer behavior between the oscillating mold wall and the
solidifying steel shell. The study finds that liquid slag lubrication would produce
negligible stresses. Lower mold slag consumption rate leads to higher solid friction and
results in solid slag layer fracture and movement if it falls below a critical value.
Crystalline slag tends to fracture near the meniscus and glassy slag tends to fracture near
mold exit. Mold friction and fracture are governed by lubrication consumption rate,
which is total consumption rate subtracting the slag consumption in the oscillation marks.
Medium casting speed may be the safest to avoid slag fracture due to its having the
lowest critical lubrication consumption rate. The high measured friction force in
operating casters could be due to three sources: an intermittent moving solid slag layer,
excessive mold taper or mold misalignment.

The model is also applied to interpret the crystallization behavior of slag layers in
the interfacial gap between the mold and the steel shell. A mechanism for the formation
of this crystalline layer is proposed that combines the effects of a shift in the viscosity
curve, a decrease in the liquid slag conductivity due to partial crystallization, and an
increase in the solid slag layer roughness corresponding to a decrease in solid layer
surface temperature with distance down the mold. When the shear stress exceeds the slag
shear strength before the axial stress accumulates to the fracture strength, the slag could

shear longitudinally inside the layers.
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CHAPTER 1. INTRODUCTION
1.1 Background

Though the continuous casting method was attempted by early workers in
1840s[1], it was not until 1960s that the continuous casting of steel began to be widely
adopted. It is now the predominant method to solidify semi-finished shapes in the
steelmaking industry. By 2002, 88.4% of 902 million metric tons world crude steel
production was produced through continuous casting[2] because it is the most low-cost,
efficient and high quality method to mass produce metal products in a variety of sizes and
shapes. Experts predict that annual steel consumption could grow to 1.2 billion tonnes by

2020[3].
1.2 Process Overview

In the continuous casting process, as shown in Figure 1.1[4], molten steel flows
from a ladle, through a tundish into the mold. Mold powder is added to the free surface of
the liquid steel providing thermal and chemical insulation from the environment. Once in
the mold, the molten steel freezes against the water-cooled copper mold walls to form a
solid shell. This shell contains the liquid as the shell is withdrawn continuously from the
bottom of the mold. The shell thickness increases down the length of the mold, typically
reaching 10mm to 20mm by mold exit. The withdrawal rate, or “casting speed” depends
on the cross-section and quality of the steel being produced and varies from 0.3m/min to
10m/min[3]. Below mold exit, the strand is further cooled by water sprays and rolls

support the steel to minimize bulging due to ferrostatic pressure. Once the liquid steel



inside the shell completely solidifies, the strand can be severed into individual lengths to
yield slabs, blooms or billets, depending on the cross-section of the mold.

Mold heat transfer and lubrication predominantly control the occurrence of
catastrophic breakouts, where liquid steel bursts through the shell, and also affect strand
surface quality[5]. Excessive and/or uneven heat removal is associated with longitudinal
cracks and star cracks in the shell[6, 7]. Heat transfer in the continuous casting process is
governed by many complex phenomena. Figure 1.2[8] shows a schematic of some of
these. Liquid metal flows into the mold through a submerged entry nozzle, and is directed
by the angle and geometry of the nozzle ports[9]. The direction of the steel jet controls
turbulent fluid flow in the liquid cavity, which affects delivery of superheat to the
solid/liquid interface of the growing shell. Synthetic casting powder added on the top
surface of the molten steel sinters and melts into the top liquid slag layer. The heat flux
across the slag layers between copper mold and steel shell depends on the powder
consumption rate and slag layer thermal properties[10-12].

To avoid having the solidifying shell stick to the mold, which can lead to tearing,
or even breakouts, the mold is reciprocated vertically to create “negative strip time” when
the mold moves downward faster than the steel shell. Also, during each oscillation stroke,
liquid slag is pumped from the meniscus into the gap between the steel shell and the mold
wall[13], where it acts as a lubricant, so long as it remains liquid and thus also helps to
prevent sticking. But the mold oscillation also creates periodic depressions in the shell
surface, “oscillation marks”, which affect heat transfer and could be the initiation sites of
transverse cracks[14]. A substantial fraction of slag consumed in the mold is entrapped in

oscillation marks moving down at the casting speed. The remaining slag consumed is



mainly due to the flowing liquid layer when the solid layer stably attaches to the mold
wall.

The hydrostatic or “ferrostatic” pressure of the molten steel pushes the
unsupported steel shell against the mold walls, causing friction between the steel shell
and the oscillating mold wall, which limits the maximum casting speed[15]. At the
corners, the shell may shrink away to form a gap, so friction is negligible. However,
friction at the bottom of the narrow faces becomes significant if excessive taper squeezes
the wide face shell. Finally, misalignment of the mold and strand can cause friction,
especially if the stroke is large. The interfacial friction could cause solid slag layer
fracture and movement and then result in local heat flux variation. The accompanying
temperature and stress variations in the steel shell could lead to quality problems, such as
shear sticking, tearing and even breakouts[16-18].

Mold taper, distortion and steel shell shrinkage may generate contact resistance or
a vapor-filled gap, which acts as a further interfacial resistance to heat transfer in addition
to oscillation marks and slag layers. This can lead to local hot spots. Proper taper
encourages uniform heat transfer between the mold and steel surfaces, without exerting
excessive contact forces on the hot and weak shell. Insufficient taper causes reduced heat
flux across the mold/strand interface, leading to a thinner, weaker shell[19]. This may
cause breakouts or bulging below mold, which leads to longitudinal quality problems
such as off-corner “gutter” and subsurface longitudinal cracks[20]. Excessive taper also
causes many problems, including mold wear, friction leading to axial tensile stress
causing transverse cracks, and even buckling of the wide face shell, gutter and associated

problems[21] as mentioned above.



Finally, the flow of cooling water through vertical slots in the copper mold
withdraws the heat and controls the temperature of the copper mold walls. If the “cold
face” of the mold walls becomes too hot, boiling may occur, which causes variability in
heat extraction and accompanying defects. Impurities in the water sometimes form scale
deposits on the mold cold face, which can significantly increase mold temperature,
especially near the meniscus where the mold is already hot.

After exiting the mold, the steel shell moves between successive sets of
alternating support rolls and spray nozzles in the spray zones. The accompanying heat
extraction causes surface temperature variations while the shell continues to solidify,
which cause phase transformations and other microstructure changes that affect its
strength and ductility. It also experiences thermal strain and mechanical forces due to
ferrostatic pressure, withdrawal, friction against rolls, bending and unbending. These lead
to complex internal stress profiles which cause creep and deformation of the shell. This

may lead to further depressions on the strand surface, crack formation and propagation.

1.3 Mold Slag

Mold Fluxes are synthetic slags that are used in the continuous casting process.
These synthetic slags are complex mixtures of raw minerals including ceramic based
oxides, pre-reacted components, and carbon. Available in many particles sizes, shapes
and types, mold flux primarily contains silica (SiO,), lime (CaO), sodium oxide (Na;0),
fluorspar (CaF,), and carbon. Other components of this slag system include alumina
(Al,O3), magnesium oxide (MgO), other alkaline oxides (Li,O, K;0), and some metallic
oxides of iron, manganese, titanium to achieve specific properties.

Continuous casting mold slag performs five important functions[22-24]:



1) Thermally insulates the molten steel meniscus to prevent premature
solidification and meniscus “hook” defects;

2) Protects the molten steel from oxidation;

3) Absorbs non-metallic inclusions, such as Al,O; and TiO, floating to the
molten steel surface;

4) Provides a lubricating film of molten slag to prevent the steel from adhering to
the mold wall and to facilitate strand withdrawal;

5) Provides homogenous heat transfer from strand to mold.

As shown in Figure 1.2, the slag above the molten steel consists of an unreacted
powder layer and a melted liquid layer below. Depending on the melting characteristics
of the slag, there will also be a sintered layer in between[25].

The slag layer adjacent to the cold mold wall cools and greatly increases in
viscosity, thus acting as a re-solidified solid layer. Its thickness increases greatly just
above the meniscus, where it is called the “slag rim”. Depending on its compositions and
cooling history, the microstructure of this layer could be glassy, crystalline or mixtures of
both[26]. Insights into this microstructure can be determined by measuring its Time-
Temperature-Transformation (TTT) diagram[27, 28]. The solid layer often remains stuck
to the mold wall, although it is believed to be sometimes dragged intermittently
downward at an average speed far less than the casting speed[29]. However, the
mechanism of slag layer flow, fracture, and attachment is not understood well yet.

The chemistry, viscosity, solidification point and crystallinity are typically
considered the most important properties of slag, which decide the powder melting,

infiltration and lubrication behaviors, which in turn, affect the mold heat transfer. Good



design of mold slag could avoid surface defects such as longitudinal, transverse and star
cracks; enhance surface quality with the formation of uniform and shallow oscillation

marks; prevent breakouts; and enable increased casting speed.

1.4 Objectives

Due to the importance and complexity of the continuous casting process, it is
worthwhile to develop fundamentally based mathematical models combined with
laboratory experiments such as slag TTT curves, and measurements on operating casters
to improve understanding and product quality of this advanced process. The objectives of
this study are:

1) To develop an efficient computational model of heat transfer phenomena in
continuous casting with a detailed treatment of the interfacial gap, including the
insulating mold powder layers, liquid slag layer flow and solid layer crystallization,
friction and fracture behaviors.

2) To calibrate the mathematical model with plant measurements on operating
casters.

3) To apply the model to interpret caster signals such as thermocouple
measurements and friction signals and to develop a diagnostic tool for problems in
continuous casting, such as, breakout danger, excessive mold friction and crack
formation.

4) To apply the model to investigate the effects of various casting conditions on

heat transfer and interfacial lubrication and to give optimum processing parameters.



1.5 Methodology

First, previous literature is reviewed to understand the effects of mold powder on
interfacial heat transfer and lubrication behavior and to examine the various mathematical
models that describe steel solidification, mold heat transfer and the interfacial gap.
(Chapter Two)

Based on the previous heat transfer model[30-32], the lubrication and friction
model of slag in the interfacial gap was combined into a 1-D heat transfer model,
CONL1D. The heat transfer results were obtained by inputting basic casting conditions
such as steel grade, pouring temperature, casting speed etc. and assuming some
intermediate variables such as slag consumption and oscillation mark size. The liquid
slag layer velocity distribution was obtained by solving the Navier-Stokes equation
including the effect of temperature dependent viscosity of the slag. The shear stress on
the solid slag layer and the mold wall was derived according to the ferrostatic pressure
from the liquid steel and the velocity gradient in the liquid slag. A stress calculation
based on a force balance on the solid slag layer was performed to predict the possibility
of solid layer fracture and sliding. The consistency and accuracy of the model is then
validated by comparing with an analytical solution and with results from commercial
codes, such as MATLAB and ANSYS. (Chapter Three)

Experiments are conducted on two types of slag: high tendency to be crystalline
(slag S1) and high tendency to be glassy (slag S2). Slag composition, solidification
temperature and viscosity curves were measured separately at Technical Data Sheet
Laboratory, Stollberg Inc., Niagara Falls, NY and Metallurgica’s Lab in Germany at the

request of AK Steel Technology Center, Middletown, Ohio. DSC, Thermocouple DIP



tests and atomization tests are then conducted at CEE, UIUC and the Advanced Materials
Processing Laboratory(AMPL), University of Alberta, Canada to collect data for
CCT/TTT diagram of slag. Slag friction coefficient measurements were made at the
Tribology and Micro-Tribology Lab at MIE, UIUC. The model predicted friction results
were compared with reported friction measurements[33]. XRD, Polarized Transmission
Light Microscopy and SEM are used to analyze the composition of the mold powder and
re-solidified slag sample and determine the crystalline/glassy microstructure. (Chapter
Four)

Plants measurements from operating casters were collected to calibrate the model.
Molten steel temperature was measured at AK Steel, Mansfield, OH by constructing an
apparatus to lower a thermocouple probe down through the top surface powder and slag
layers into the flowing molten steel. The measured data was used to calculate the
superheat into the solidifying shell[34]. Embedded mold thermocouples measurements
and breakout shell were also obtained from AK steel caster under similar casting
conditions. Other plants also supplied measured data for model calibration, including
plain carbon casting at LTV steel, Cleveland Ohio[30]; stainless steel casting at
Columbus Stainless Steel, South Africa[35]; billet casting at POSCO, South Korea[36];
and spray zone cooling at China Steel, Taiwan[37]. (Chapter Five)

The calibrated model was used to investigate the effect of various process
conditions on heat transfer and mold friction, such as mold slag crystallization behavior,
powder consumption rate and casting speed. The model is able to predict ideal taper,

interpret caster signals and predict potential problems, e.g. cooling water boiling,



excessive mold friction, breakout danger and crack formation. Finally, the model will

give optimum processing parameters to avoid problems. (Chapter Six, Seven)

1.6 Figures
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CHAPTER 2. LITERATURE REVIEW

2.1 Mathematical Modeling

Many mathematical models have been applied to different aspects of continuous
casting[38-40]. Generally, they are in one of the following four categories: 1) Fluid flow
models; 2) Shell solidification and thermal-mechanical models; 3) Mold heat transfer and
thermal distortion models; and 4) Mold/Shell interface heat transfer and lubrication

models.

2.1.1 Steel Solidification Models[39]

The earliest solidification models used simple empirical equations and found
application in the successful prediction of metallurgical length, which was easily done by
solving the following simple empirical relationship for distance, z, with the shell

thickness, S, set to half the section thickness.

S =K.[z)V, (2.1)

where, K was found from evaluation of breakout shells and computations.

The first 1-D finite difference models to calculate the temperature field and
growth profile of the continuous cast steel shell were given by Hills[41], Mizakar[42] and
Lait[43]. By choosing a thin horizontal slice through the shell moving downward through
the mold at casting speed, the models solved the 1-D transient heat conduction:

p%zV(kVT) 2.2)

With the surface boundary conditions for the mold involving either a constant mold heat

transfer coefficient or an empirical heat-flow relationship, these models calculate the
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temperature evolution and growth of the solidifying steel shell. Many industrial models
followed[44-46]. Such models found further application in trouble shooting the location
down the caster of hot tear cracks initiating near the solidification front[47], and in the
optimization of cooling practice below the mold to avoid subsurface longitudinal cracks
due to surface reheating[48].

Since then, many advanced models have been developed to simulate further
phenomena such as thermal stress and crack related defects[49-52] or turbulent fluid
flow[53-57] coupled together with solidification. For example, a 2-D transient stepwise
coupled elasto-viscoplastic finite-element model tracks the behavior of a transverse slice
through a continuously cast rectangular strand as it moves down through the mold at
casting speed[50]. This model is suited for simulating longitudinal phenomena such as
taper design[58], longitudinal cracks[59] and surface depressions[20].

The complex turbulent flow in the liquid steel pool was usually considered by
enhancing the liquid steel thermal conductivity by a factor of 6-8[42, 60], which does not
take into account the effect of non-uniform super-heat dissipation to the narrow-faces
more than the wide-faces[61]. Other casters have been modeled using 3-D coupled fluid
flow-solidification models[55, 57] based on control-volume or finite difference

approaches at the expense of greater computation time and memory.

2.1.2 Mold Heat Transfer and Distortion Model

The copper mold plays a critical role in the continuous casting process, which acts
as a heat exchanger, a solidification and hydro-chemical reactor and a shaping die[62].
Calculation of temperature distribution and thermal distortion of the copper mold is very

important for understanding the heat flux profile from the solidifying steel shell across

11



the interface. It provides clues for improving mold taper and cooling water channel
design and increasing mold service life. Several models solve the steady-state heat
conduction equation within the mold using either finite difference or finite element
method[63-67]. The heat flux can be determined from measured mold wall temperature.
Traditionally, a trial and error technique was used[68, 69]. Alternatively, the inverse heat
conduction problem is solved[65, 67].

The temperature across the lower part of the mold is usually linear, showing a
steady-state, 1-D heat conduction. But near the meniscus region, the temperature
measurements show that the highest mold temperature is at about 20mm below the
meniscus[38] due to the vertical heat conduction into the cold mold region above the
meniscus. Therefore, 2-D heat flux calculation is required within the top part of the mold.
Even 3-D finite-element thermal-stress models have been applied to determine the axial
heat flux profile from the measured mold temperature data in order to account for the
complex mold water channel geometry[64-66].

Some researchers used empirical equation for heat transfer in the mold as a
function of dwell time, t, which was calculated by dividing distance below meniscus by
the casting speed[43, 48, 70, 71]. For example, Brimacombe reported the average mold
heat flux had the following relationship found from the heat balance on mold cooling

water temperature increase[48]:
Q[ kW /m? | = 2680222/t [sec] (2.3)

Wolf gave similar results for slab casting with mold powder[72]:

Q[ kw /m? | =7300/ /t[sec] (2.4)
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The calculated 2-D or 3-D heat flux and mold temperature distribution can also be
input into mold thermal distortion models[21, 64, 73], which was used to predict ideal
taper[21, 74] and crack formation in the mold[75]. Samarasekera[76] found an outward
bulge of 0.1~0.3mm at the meniscus which gave a negative taper of 1~2%/m above the

meniscus, and a positive taper of 0.4%/m below.

2.1.3 Interfacial Model

One of the greatest resistances to heat transfer from the liquid steel to the mold
cooling water is the interface between the mold and the shell. Heat transfer across this
interface is controlled by the thickness and thermal properties of the materials that fill the
gap. Despite its known importance, most previous mathematical models characterize the
interface as a boundary condition for a model of either the shell or the mold alone. Even
models of both usually use a simplified treatment of the gap[74, 77, 78].

Previous interfacial heat transfer model have focused on simulating the heat flux
through the different slag layers. The partition of slag into crystalline and glassy layers
was investigated through mathematical models to determine the effect of slag layer
formation on thermal resistance. Bagha[79] reported a greater thermal conductivity of
crystalline slag than glass slag, which might due to ignoring the radiation across the
transparent glassy phase[80]. Other models including the effect of both conduction and
[81]thickness[12, 82].

A few researchers have attempted to couple the heat transfer to slag
hydrodynamics. Riboud and Larrecq[83] first presented an analysis of the flow of the
molten mold powder in the shell/mold gap, which included the effect of temperature

dependent viscosity and ferrostatic pressure with the assumption of no mold oscillation.
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Kor[84] was one of the first to solve the Navier-Stokes equation for a laminar
incompressible fluid (the liquid mold powder), flowing between the moving steel shell
and oscillating mold wall. It is assumed that the space between the mold wall and the
steel shell was entirely filled with liquid slag with a constant viscosity and constant
thickness. This model might be reasonable for the region of meniscus, where no air gap
has yet formed and the solid slag layer is thin. Bland[85] and Hill[86] developed models
which incorporated heat transfer through two layers: solid and liquid mold powder. The
thickness of two layers was decided by the shrinkage of steel shell. It seems good only
for round casters or near the corner, where shell can shrink such as used by Thomas[81,
87].

Bommaraju[88] and Dilellio[17] both used a temperature dependent viscosity
curve to model viscous flow within the gap. The analysis assumed Couette flow between
stationary mold plate and the strand moving at the casting speed. The model calculated
the velocity profile of the slag and the shear stress at different locations. When the
temperature dropped below its solidification point, solid-solid friction was assumed and
the shear stress became significant. Dilellio also predicted large pressure fluctuations in
the slag layer near the meniscus region, where the shell is thin and deformable.

It is generally believed that the mold friction is composed of liquid friction and
solid (dry) friction[15, 18, 33, 89]. When the liquid slag film is present, the shear stress is
decided by the slag viscosity and the relative motion between the shell and the mold:

Vioid — V.
mo C 2.5

Diiquia — H
liquid

The solid friction is the contribution from the contact between the shell and mold or solid

slag film and mold, and is independent of relative velocity:
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Tootia = @ Psea 9 Z (2.6)

Some later models used similar methods to simulate slag infiltration near the
meniscus and to calculate slag layer velocity profile, shear stress, friction force and
pressure variation in the gap. Of these, most assumed a linear velocity distribution
through the liquid film thickness[12, 15, 89, 90]. Several previous models have
concerned mold slag hydrodynamics by solving a Navier-Stokes equation[17, 84-86, 91-
94]. In these models, the slag layer thickness either was an empirical constant[84, 92, 95],
an input linear function[13, 91, 93] or assumed to equal the shrinkage of the steel
shell[17, 85, 86, 88], which ignores important phenomena such as ferrostatic pressure.
Japan researchers[96-98] give an empirical relationship between liquid slag film

thickness and mold oscillation conditions:
yiquia [MM] =79.2V, [m/min]fo'6 Teo [°C]7°'9 s[mm]o'3 t, [s]fo'08 t, [s]o'12 (2.7)

Assuming a constant liquid slag layer thickness and constant slag viscosity in the layer,

the slag consumption rate was obtained by integrating slag velocity across the interfacial

gap[96]:

_ Pslag d gpslag (psteel _pslag) 3
Qslag - T liquid + 12,UVC liquid

(2.8)
Most previous models assumed constant slag viscosity in the gap[84, 91-93],
which is contrary to the tremendous temperature dependency reported in
measurements[99-101] and the high temperature gradient across the gap. Some
researchers fit slag viscosity to a simple inverse function of temperature[17] or an

Arrhenius equation[85, 88, 95]. However, the slag viscosity is usually only measured

above the slag liquidus should be much higher on the mold side.
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Some mechanical models were developed to predict the oscillation mark
depth[102, 103], which can be connected with the slag consumption and lubrication.
Thomas’s research group have developed a simple 1-D transient solidification model of
the shell, coupled together with a 2-D analytical solution of steady heat conduction in the
mold[30], CON1D, which features a detailed treatment of the interfacial gap, including
mass and momentum balance of the slag layers and the effect of oscillation marks.
However, no mathematical model connects the slag crystallization with gap heat transfer.
Moreover, no previous model predicts friction or describes solid layer fracture and the

sliding behavior of the slag layers.
2.2 Plants Measurements

Extensive instrumentation is commonly utilized to monitor and analyze the
continuous casting process, which can be used as an online problem-detection, quality
control system and offline product quality analyses and trouble shooting. Mold
instrumentation includes temperature measurement from embedded thermocouples, metal

level monitor and load cells and strain gage for mold displacement and friction.
2.2.1 Thermal Response

The total heat extracted into the mold can be measured by the temperature rise
from inlet to outlet of the cooling water flowing through the water channels[30, 104].

Thermocouples are often embedded in the copper mold to collect temperature
measurements and can be interpreted with computational heat flow models[29, 105, 106].
Brimacombe, Samarasekera and co-workers at UBC continuous casting group have

successfully instrumented molds especially billets with thermocouples to measure mold
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wall temperature for the last two decades[68, 107-109]. Figure 2.1 shows a typical mold
hot face temperature and heat flux profile with distance below meniscus, which were
calculated from mold wall temperature measurements made along the mid-plane of the
loose and narrow walls[110]. As expected, the temperature and heat fluxes on both walls
decrease with increasing distance below the meniscus due to the increasing heat
resistance from the solidifying steel shell and slag layer. The higher temperature and heat
flux through the narrow face may be partly due to the molten steel flow from the
bifurcated SEN being directed towards the narrow walls. From Figure 2.1, it can also be
observed that the medium carbon steel showed lower mold heat removal.

The temperature signal can also help to understand other complex events
occurring in the mold, such as mold level variation and related surface depressions[111]
and sticker breakout prevention[112]. As shown in Figure 2.2, Ozgu[110] and Geist[113]
both reported “saw-tooth” shaped temperature fluctuations low in the mold, which

suggests periodic solid slag layer fracture and sheeting from the mold wall[29].
2.2.2 Friction Signal

Friction signals are obtained by installing lubrication sensor[114], load cells[115]
or pressure sensors[116] on the mold to record the mold speed, load or pressure variation
during mold oscillation. Figure 2.3(a) was obtained from pin forces and mold
displacements measured during casting and cold oscillation tests[117]. Figure 2.3(b)
shows an example of a load cell signal during casting of a 0.3%C-Boron alloyed steel
with powder lubrication[118].

However, fundamental understanding of the meaning of these measurements and

how to interpret them to solve problems is lacking. Currently mold friction measurements
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are evaluated mainly as a means to detect problems with the oscillation system, such as
mold misalignment. If the friction signal can be better understood, friction monitoring
could be used to identify the status of mold lubrication to predict surface defects[114] and

to help prevent breakouts[112].

2.3 Mold Powder Properties

Compared with oil lubrication, powder(/slag) lubrication leads to more uniform
and usually lower heat transfer[5, 67]. The heat flux across the interfacial gap depends on
the slag layer thermal properties[10-12] and thickness[119, 120] and friction, which is
affected by slag properties such as melting, crystallization behavior and temperature

dependent viscosity[121, 122].
2.3.1 Mold Powder Composition

The composition of mold powder varies with the properties required for different
steel grades and casting conditions. The major constituents include CaO, SiO,, Al,Os,
CaF, and NayO. A ternary system that is relevant in understanding the behavior of mold
slag compositions is the CaO-SiO,-CaF, system, illustrated in Figure 2.4(a)[123]. In a
typical mold slag composition range, the ternary compound cuspidine
(3Ca0-2Si0,-CaF,) equilibrates with Ca0-SiO,, 3Ca0-2Si0O,, 2Ca0-SiO, and CaF; in
solid state. Samples containing these compounds melt incongruently. The lines
surrounding cuspidine represent isotherms on the liquidus surface, which vary in the
temperature range from 1114°C to 1407°C in this ternary. Figure 2.4(a) also shows the
composition of slag S1, which will be discussed in detail in Chapter 4. Figure 2.4(b)-

(d)[124] show some other relevant ternary phase diagrams in mold slag systems. The
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actual phases in mold slag film are even more complicated because all these components
may react together to form new phases and change the eutectic point in addition to being
affected by about ten other minor constitutes. Table 2.1 shows the typical composition
range of commercial mold powders[25]. The basicity or V-ratio, which is usually

calculated as CaO wt%/SiO, wt%, is an important index for mold powder properties,

and ranges from 0.67~1.2[125].

The viscosity, melting range, glass transition and crystallization temperature
depend on the powder composition. The building block of most mold slag is the SiO4
tetrahedron. Each silicon-oxygen tetrahedron is linked to at least three other tetrahedra at
the corners to form a three-dimensional network[126]. Each oxygen acts as a bridge
between neighboring tetrahedra and hence is called a bridging oxygen (BO)[127]. Oxides
with cations forming such coordination polyhedra, such as SiO,, B,O; etc, are termed a
“network former” or “glass former”[128]. When an alkali or alkaline earth oxide is added
into a slag system, it provides additional oxygen ions, which modify the network
structure, so it is called a “network modifier”. Its singly bonded oxygen does not
participate in the network and so it is called a nonbridging oxygen (NBO). The modifying
cations in the network modifier are located in the vicinity of the single-bonded oxygens
to mantain local charge balance. The creation of NBO in the network lessens the
connectivity, and causes the slag viscosity to decrease[127]. The network modifiers used
in continuous casting slags include CaO, Na,O, MgO, K0, Li,O, BaO and SrO etc. The
effect of Al,O3; depends on the average number of oxygens per network-forming ion. In
the case of slag systems based on silicate glasses containing more alkali and alkaline

earth oxide than Al,Os, the AP* is believed to occupy the centers of AlO, tetrahedra.
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Hence, the addition of Al O3 introduces only 1.5 oxygens per network-forming cation,
and the NBOs of the structure are used up and converted to BOs[128], which enhance
network and cause viscosity to increase. However, if Al,05/CaO ratio is greater than one,
it is hypothesized that octahedrally co-ordinated AlOg> ions enter the melt and serve to
disintergrate the complex aluminosilicate ion chain[129-131], which is not considered in
this mold slag systems. Compounds containing F, such as CaF,, are added to provide
fluorine(F") ion in order to decrease the viscosity of the slag by replacing the divalent
oxygen ion and causing the breakdown of the Si-O-Si bond[129, 132]. Table 2.2
summarizes the effect of these components on viscosity and crystallization of mold
slags[25]. Carbon is added to slow the melting rate and make it more uniform.

It should be noted that the slag composition changes during the casting process,
such as the carbon burning out as the powder melts and collecting in the sintered layer. In
addition, the slag absorbs re-oxidation products, especially when casting Al-killed steel,

the alumina in the slag can rise 3~15%][133].
2.3.2 Viscosity

Viscosity, which characterizes the slag fluidity, is highly temperature dependent.
Figure 2.5 shows how the viscosity of some commercial silicate glasses vary with
temperature[126]. The viscosity of liquid slag at high temperature is usually measured
with a rotating viscometer[99, 134], in which the toque of a rotating spindle, immersed in
the slag that is contained in a cylindrical crucible, is measured. Owing to the strength of
the spindle, seldom are viscosity measurements reported greater than 10Pa-s. Thus, the
viscosity-temperature curve near the solidifying temperature is yet unclear for mold slag

used in continuous casting process.
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Most slags are considered to be Newtonian fluids. The viscosity is often

expressed as an Arrhenius-type relationship:

u=A exp(%) (2.9)

where A is a constant, E is the activation energy for viscous flow. To account for the
effect of activation energy changing with temperature, several slag viscosity models have
been developed based on measurements of slag viscosity with different composition[83,
99, 130, 135].

Riboud at IRSID carried out viscosity measurements on a set of 23 synthetic
mixtures of the system CaO-Al,03-Si0O,-Na,O-CaF, and 22 industrial continuous casting

slags. From these measurements, an interpolation formula was derived[83, 99]:

u[Pas]=A-T[K]-exp(B/T[K])
InA=-19.81+1.73X _ . +7.02X . +5.82X s —35.76X 0,

B =31140-23896 X 0" —-39159X Na,0' 46356XCaF2 +68833X ALO, (2.10)
XCao* = Xcao + XMgO + Xeo + Xyno + XBZO3
XNaZO* - XNazo + XKZO

X = Molar fraction

Kayama developed a different empirical formula that includes the effect of SiO,

MgO and Li,0 individually[130]:

In [ poise] =In A+ B/T[K]

INA=-4.82-0.06X 010-0.12X 00 ~0.19X o +0.06X . —0.24X 5 o,

B =29012.5-92.6X g —165.6X ¢,o—413.6Xcy, —455.1X,, 0 +283.2X o
X =Mole%

(2.11)

I.R. Lee’s model is similar to Koyama’s, but adds the component B,O3 into the

system[135]:
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log u[Pa-s]=log A+B/T[K]
log A=-2.307-0.046X 5, —0.07X ,—0.095X o,
~0.041X 5 +0.035X . —0.185X 5 o,
B =6807.2+70.68X g +32.58X ¢,0+59.7X 0 —34.77X 4
~176.1X oy, +312.65X 5, o, —167.4X
X = Mole%

(2.12)

These models provide a method to design the slag composition to achieve a
desired viscosity curve. However, none of them can accurately predict the viscosity near
the solidification temperature. These models are only good for low viscosity, high
temperature range (<10°poise) and cannot accommodate the sharp viscosity increase that
occurs at lower temperature. Moreover, the form of Eq.(2.9) is not suitable for an

analytical derivation of slag rheology.
2.3.3 Solidification Temperature

During a cooling cycle, there is a point where the slag viscosity increases
suddenly and the slag becomes non-Newtonian. This is referred to as the crystallization
temperature, solidification temperature or break temperature. This is a relatively vague
concept because it could be a temperature range, depending on the fraction of crystalline
formation and varied with cooling rates.

I.LR. Lee also gave a relationship for break temperature based on
composition[135]:

T | °C]=12416-2.15X 1o —15.28X o, —4.49X .
~8.55X e, ~141X 5 —6.41X,, 5 (2.13)
X = Mole%

Sridhar reported a better fitted relation based on viscosity measurements carried

out at NPL for both steady and dynamic state[136]:
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Steady Condition:
T | "C|=1180-3.94X o, —7.87 X5 +11.37X 0 ~9.88X 6
+24.34X, o +0.23X 0 —308.7X, , +6.96X,, , —17.32X,
Dynamic Condition (CR =10°C /min): (2.14)
T | °C|=1120-8.43X o —3.3X 0, +8.65X 10 ~13.86X g0 ~18.4X
~3.21X 1p0—9.22X 10, +22.86X, o —3.2X , o —6.46X,
X =wt%

2.3.4 Crystallization Behavior

Laboratory experiments show that heat transfer across the gap is significantly
affected by the crystallization of the slag film while it is insensitive to chemical
composition[137]. Gas bubbles were sometimes observed in the crystalline slag
samples[138]. Radiation plays an important role in the glassy film[138-140]. Wang [141]
also reported that a glassy slag is preferred. The crystalline slag tends to increases slag
scale on surface of strands and also leads to the cracks or breakouts because of lower
local heat transfer.

Slag crystallization temperature is defined as the temperature at which crystals
begins to precipitate in the amorphous matrix, which depends on cooling rate. Several
studies were conducted using differential thermal analysis (DTA)[27, 121, 142], single or
double hot thermocouple technique (SHTT/DHTT)[28, 143], Confocal Microscopy[144]
and by devitrification, examining the fraction of crystalline phase after heating a previous
quenched sample to a specific temperature and holding[145]. The isothermal
transformation diagrams (TTT diagram) and continuous cooling transformation diagrams
(CCT diagram) of slag have been measured recently in controlled laboratory conditions

[27, 28, 143, 144, 146-150]. Figure 2.6 shows some of their results. However, most of
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those methods are limited to a very low cooling rate (1°C/min~900°C/min). While
average cooling rate of the mold slag in the longitudinal (meniscus to mod exit) and
transverse (mold hot face to steel shell surface) directions may be about 20~25°C/sec, the
local cooling rate maybe as high as 50~100°C/sec, especially near the meniscus where the
maximum heat flux crosses into the mold. Therefore, the method of achieving higher
cooling rate for studying mold slag crystallization is required.

Larson[151], Lanyi[100, 152], Lin [153] and Wang[141] show that alumina tends
to increase viscosity and decrease the crystallization temperature. This makes the slag
easier to be glassy[141, 151]. The TTT curves of typical crystalline and glassy slags are
shown in Figure 2.7[143, 144]. The increase of Al,O; delays and narrows the
crystallization region and increases the crystallization temperature at the same time.

The high basicity and highly glassy characteristics of mold slags are usually
inversely proportional[141]. A high basicity system has low viscosity and a high
tendency to crystallize[151]. So slag basicity has been suggested as an empirical indicator
to predict the tendency to crystallize. Basicity is defined by the concentration ratio of

oxides of network modifiers to oxides of network formers[129-131]:

5y _ 153ci0 +1.51X 50 +1.94X 00 +3 55X 0 +1.53X e

14X g0, +0.1X 5 o, (2.15)
Deploymerization index (DI) was also proposed as indicator[154]:
DI = XSiOZ + XNaZO + XCaO + XAI203 (2.16)

XSio2 + XAIZO3 +X B,O,

The higher the deviation of DI from unity, the faster the the crystallization is.
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2.3.5 Thermal Conductivity

The effective thermal conductivity of a mold slag contains contribution from
phonon (lattice) conduction and photon (radiation) conduction[137, 139]. The latter is
especially important for liquid and glassy slags. In general, the crystalline phases have
higher lattice conductivity than the glassy phases.

The thermal diffusivities of different slags were measured using the laser pulse
method[137, 155]. The results indicated that slag thermal diffusivities are insensitive to
chemical composition[137]. High solidification temperature crystalline slag usually
reduces mold heat transfer[122]. This is likely due to: 1) the decrease of effective
conductivity of the solid phase owing to the high porosity of crystalline slag[138]; 2) the
increased thermal contact resistance caused by the increase of surface roughness that
develops during crystallization[119, 140]; and 3) the thicker solid slag layer that

accompanies the higher solidification temperatures.

2.3.6 Slag Selection Criteria

The optimum mold powder application varies with casting conditions such as,
steel grade, casting speed, oscillation practice and mold design etc. The criteria for slag
selection have been established based on the functions the slag is expected to serve.

The two most important functions of mold powder are uniform heat transfer and
good lubrication. An empirical parameter, n-Vc, has been used to combine the effect of
slag viscosity and casting speed. Conditions are recommended to maintain a high slag
film stability and lubrication efficiency[156]. Figure 2.8(a) shows the effect of n-Vc on

mold heat transfer[157]. In the n-Vc¢ range of 1 to 3.5(poise-m/min), the variation in mold
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heat transfer is a minimum, indicating uniform powder infiltration between the mold and
the strand. Figure 2.8(b) shows the effect of n-VVc on measured mold friction force. The
minimum is proposed to indicate the best lubrication[16].

Figure 2.9 shows a useful diagram for selecting the viscosity and break
temperature of powders for various casting speeds[158]. Crack sensitive (medium-
carbon) steel grade should be cast using a mold powder with a high break temperature
(low heat transfer), whereas sticker and bulging sensitive grades should be cast with a
low break temperature powder (high heat transfer leading to a thick shell).For all other
grades, a powder between the two bounds was recommended[120, 136]. This empirical

criterion has not been fundamentally understood, however.

2.4 Tables and Figures

Table 2.1 Typical Chemistry Range for Mold Slag[25]

CaO: 25~45% MgO: 0~10% MnO: 0~10%
SiOy: 20~50% K,0: 0~5% TiOy: 0~5%
Al,O3: 0~10% FeO: 0~6% BaO: 0~10%
Na,O: 1~20% B,Os: 0~10% C: 1~25%
F: 4~10% Li,O: 0~4%

Table 2.2 Effect of Components on Viscosity (u) and
Crystallization Temperature (Tcr) of Mold Slags[25]

Component Effect on p Effect on Tcr Component Effect on p Effect on Tcr
CaOo Decrease Increase MnO Decrease Decrease
SiO, Increase Decrease MgO Decrease Decrease
Cao/ SiO, Decrease Increase B,0O, Decrease Decrease
Al,O; Increase Decrease BaO Decrease Decrease
Na,O Decrease Decrease Li,O Decrease Decrease
F Decrease Increase TiO, No change Increase
Fe,O3 Decrease Decrease K,0O Decrease Decrease

26



H
rd

oW CARBON STAIP

SPEED: 1.27 - 1.82 m/min
WIDTH: #80.8 - 14381 mm

MEDIUM CARBON PLATE

SPEED: 1.02 - 1.28 m/min
WIDTH: 19304 - 1985.8 mm

MOLD WALL HOT FACE TEMP, C
WIDE WALL HOT FACE TEMP, ©
a
-

TR .
':gt,u_' TE ”
z z
:_!.lﬂ- !.
f 3
ol i 5
g u
S ] - :

| &.Loomemoe .

C N Misrance roM MO TOR M N bisTANCE FROM MO TOP. e
(a) Low carbon steel (b) Medium carbon steel

Figure 2.1  Variation of mold hot face temperature and heat flux[110]

250 Upper Thermocouple
229 mm FROM MOLD TOP
POWDER A ~—a

TR

TEMPERATURE, C

—— WIDE WALL - QUARTER PLANE Lower Thermocouple

mme EAST MARROW WALL - MID PLANE

) L A L L L . " L
O B R g e N I S A T O T (o 20 . 5
TIME, MINS. Tlme, mins.

(a) [110] (b) [113]
Figure 2.2  Sawtooth-like temperature variation on mold wall

A1 A2
F] CAsTING
LN WORK

%:,z{(lq//%’@ soie =
%7/

\ \\\\g\\\ \ SRS ek
fﬂ” '"'W
= 10000 [

LP\/\_\ \
1995 235 (] 25 5000 |- bl =
DISPLACEMENT, mm N

/
. . . A

Fnl::ngu A A2 - A1 o
e [MOLD STROKE] * [SLAB AREA IN MOLD]

PIN FORCE, 180
kN

Forca (M)

170

Mould Displacament (mm)

a) Pin force during casting and cold )
@ oscillatic?n[ll?] ’ (b) Load cell signal[118]

Figure 2.3  Friction force vs. displacement

27



Ca0
4 (3Ca0-Si02)3CaF2 mass%CaF2 1695

(a) CaO-SiO,-CaF,[123]

Crystalline Phases

Natation Cride Formula
Cristobalit )
'll"ill:,imileI e} 5i0;
Pseudowoliostonite  CoQ-SiQ2
Rankinite 3Ca0 25i0s
Lime CaD
Corundum Al
Mullite 381042510,
Anorihite Co0-Al0y - 25i0,
Cusiunife 220+ Al03- Si0s

Tempermhues wo to oporoimately SO0
o o the Geophysical Loborchory
Scole; those cbove IS50°C ow on the
1948 Internstonal Scole

Ronkinife -,
1860", \
Lt \
3D 25i0p Al N\
e \
q::‘:_:‘ N
i T
! \\\\“ % 3410y 25i0,
\ 3 s
1, Cdrundum Lo
| \ 1840
24,0y | %
) . : . “I “.
b N e 503800 BN, T
3 At i\ \Ca4,05 }
. a N Al > +
\ \ Cafly0 = ] NN %\
Cag : I 1535 7 Taese 14007 ~ 1595 ~IT30Y o 1B507 Ay
. . [ a0 A Co0-2810y  CaD-GAl ~2020°
n 25700 3Co0 - AlyOy II,. IZC:}EB‘;elp, .\.:m-lzoa Nlm.@! 305

CoghilyOyy

(b) CaO-Si0,-Al,04[124]

28



e Crystalline  Phoses 5
Netation Onide Formula

Cristobalite }

o )

Queriz S0
Beta-Aluming Mag0 - 11A1;0y
Carundum Al

Mullite 3410, 2510,
Albite Moo © Dy BSi0p
My 3
Comegane| M 805250,

]
Scols; thewe shows IS50°C ere on Be
D40 Inferotonel Sogle.

(c) SiO,-Al,03-Na,0O[124]

Compounds o0 a0 SI0,[Temp. Point| Crystof Phases [ Ca0[No,0} SI0, {Temp!
T‘Sit}z T 100.0] 1710 |M T AINS-NCS, 30) 1060
T 00, 483 [SIT540|M 2 +BING,-NCS, |15 I14]
| GOS0, 483 [5I|TIeo[ 1 2 alCNCS2tS (330 1280
T \ 10]ats-S 370/ 630/
[ Ne0-25i0, 341{659| 874 M o |E|T-Quortz 243{157) 810
| No,0-Ca03510, | 156/344500] 1141 D| a[F [Quartz-NS, 264[T36/ 790
| Na,0-3Ca0-6510; 285 105( 610|1047| D Ca0Si0. *[K|NS,-NS-NCS, | 18[375/607] 821

Na0-20a0-35i0, | 316{ 175/509 1284 1M Xt °|h Ngcs%{—LNsczslgjss: gg ';*55 f;g izﬂ?]

TN oINNS,NCS,-NCS,| 52[24T 70
ﬁféliﬁ?oiﬂﬂﬁ Point #10|NCS-Q-NS, |52\ 213|735 725
= Inwversion Point, EE Q_-_ﬁcisﬁj T_ 10/ 18.71743] 870
o|QIT-4(S-NCS, |i29|137[734/1035
[o | R INCS;NC,S-6CS)| 145/ 19,0/ 665[ 1030
15| aCS-NC,S,-a-CS|195] 17.7|628| 1m0
* [ T|@CS-5-5C5 | 156/ 114|730/ 1110
aTTINSNS, 380|840

& Binary Eutectic

% Ternary Eutectic

» Decomposition Point
o Reaction Point.

@ Inversion Point

(=Ca0 N=Na,0
§=8i0, Q=Quortz
= ] T=Tridymite
ToNe;0 450 f:o 1 i 10 FE a'\g 90 100
No 0 Si0, Ne.025i0, Si0,

(d) CaO-SiO2-Na,0[124]
Figure 2.4  Ternary phase diagrams showing liquidus temperature contours

29



; \

N\ AN N ANNEAUING |
\ \

oL \ KG-33

\ BOROSILICATE -

\

LOG,, VISCOSITY (P)
=
=
>
=
~
T
-

R-6
SODA-LIME

WORKING

| | 1
400 600 800 1000 1200 1400
TEMPERATURE (°C)

Figure 2.5  Viscosity of some commercial silicate glasses[126]

30



Temperature (*C)

Temperature {"C)

Temperature (°C)

1400
1300 b
1200
1100
1000 +
gm [
800 L L "
1 10 100 1000 104
Time (s)
() 45%Ca0, 41%Si0,,
7%Al,03, 7%Na,0
1300
1200}
1100 |
1000 |-
900 |
800
700 s L
1 10 100 1000
Time (s)
(c) 39.6%Ca0, 40.9%SiO,,
6.9%A|203, 9.6%Na,O
Figure 2.6
1400 | Ca0:37.8% |
Si0,: 33.3%
Nazo: 8.2%
1200 - ALO:7.9%
F: 8.4% 1
Fe,0,1.7%
1000 |- K,0: 0.6%
MgO: 0.6%
800 - E
600 - E
L L L L
1 10 100 1000 10* 10°
Time (s)

(a) Typical crystalline slag[143]
Figure 2.7

31

Temperature ("C)

Temperature ("C)

Temperature (°C)

1400

1300

1200

1100

1000 10"
Time (s)

(b) 44.5%Ca0, 44.5%Si0,,
4%Al,03, 7%Na,0

1300
1200 | P
1100 b / rf Kashiwaya et al (5% Na,0}
1000 —
Kashiwaya et al (7% Na,'o-,
900
800 - E3 (9.57% Na,0)
700 i "
1 10 100 1000

Time (s)

(d) 43~449%Ca0, 43~44%SiO,,
7%A|203, 5~7%Na,O

TTT curves obtained by double thermocouple technique[145]

1400 e
1200 §
1000 ]
800 L Ca0: 33.4% B
SiOQ: 39.5%
AIZOG: 19.5%
600 |- MgO: 7.3% B
L L L L
1 10 100 1000 10° 10°
Time (s)

(b) Typical glassy slag[144]

TTT curves of typical crystalline and glassy slag



Variation in mold heat transfer
(Mcal/m2-h)

(a) Variation in heat transfer[157]

Break temperature (Tgo)'C

15
1 :1.2-27 poise
5r at 1300°C
V. :0.8-1.6 m/min
0 o s
@
o
= Q
. -—
c
R
5
5 . uw
N gl
0
0 ! L L 10 20 30
0 2 < 6

n-v, (x10"% kg m)
nv, ( poise [m min~] )

(b) Friction force[16]

Figure 2.8  Effect of parameter n-Vc

1200 -
1150
1100
1050 -
Billets blooms slabs
Ic o O %
1000 |- MC @ m X
950 c<= o 9
0 1 ] | 1 ] 1 | l HC - +
950 1.0 15 2.0 25 3.0 35 40
Viscosity at 1300°C dPa s
Figure 2.9  Relation between slag properties and casting speed[158]

32



CHAPTER 3. MODEL DESCRIPTION
AND VALIDATION

3.1 Steel Solidification Model

The model in this work computes 1-D transient heat flow through the solidifying
steel shell, coupled with 2-D steady-state heat conduction within the mold wall.
Superheat from the liquid steel was incorporated as a heat source at the steel solid/liquid
interface. The model features a detailed treatment of the interfacial gap, including mass
and momentum balances on the liquid and solid slag layers, friction between the slag and
mold, and slag layer fracture. The model simulates axial (z) behavior down a chosen
position on the mold perimeter. Wide-face, narrow-face and even corner simulations can

thus be conducted separately.
3.1.1 Superheat Delivery

Before it can solidify, the steel must first cool from its initial pour temperature to
the liquidus temperature. Due to turbulent convection in the liquid pool, this “superheat”
contained in the liquid is not distributed uniformly. A small database of results from a 3-
D fluid flow model[61] is used to determine the heat flux, gsn, delivered to the
solid/liquid interface due to the superheat dissipation, as a function of distance below the
meniscus. The initial condition of the liquid steel at the meniscus is then simply the
liquidus temperature.

Previous work[61] found that this “superheat flux” varies linearly with superheat

temperature difference and also is almost directly proportional to casting speed. The
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superheat flux function in the closest database case is adjusted to correspond with the
current superheat temperature difference, ATs,p, and casting speed, V., as follows:

ATV
g e Ve 3.1
qsh ATO Vo ( )

sup ‘¢

qsh

where qg,is the superheat flux profile from the database case with conditions of superheat
temperature difference AT and casting speed V.. Further adjustments are made to

translate the heat flux peak to account for differences in nozzle configuration between the
current conditions and the database. Examples of the superheat flux function are included
in Figure 3.1, which represents results for a typical bifurcated, downward-directed
nozzle[61]. The influence of this function is insignificant to shell growth over most of the

wide face, where the superheat flux is small and contact with the mold is good.

3.1.2 Heat Conduction in the Solidifying Steel Shell

Temperature in the thin solidifying steel shell is governed by the 1-D transient
heat conduction equation, which becomes the following on applying the chain rule to the

temperature-dependent conductivity:

. OT T ok (oTY
psteelcpsteel + e ( ] (32)

oo T ox

Temperature dependent properties for carbon steel are given in Appendix B[159].
Both sensible and latent heat of steel are included in the effective specific heat,Cp,,, ,
explained in Section 3.1.5-C.

This equation assumes that axial (z) heat conduction is negligible in the steel,
which is reasonable past the top 10mm, due to the large advection component as

indicated by the large Péclet number:
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V.Z, 4Pt CPseer 00167 x0.81x 7400x 670

Pe=-¢ k %0 =2236. The simulation domain for

steel
this portion of the model is a slice through the liquid steel and solid shell, which moves
downward at the casting speed, as pictured in Figure 3.1 and Figure Al together with
typical interface conditions. At the internal solid/liquid steel interface, the “superheat
flux”, qsn, delivered from the turbulent liquid pool, (section 3.1.1), is imposed as a source
term. From the external surface of the shell, interfacial heat flux, gint, is lost to the gap,
which depends on the mold and slag layer computations, described in the following two
sections. Appendix A provides the explicit finite-difference solution of Eq.(3.2),

including both of these boundary conditions.
3.1.3 Microsegregation Model

The previous model uses the equilibrium Fe-C phase diagram to calculate steel
liquidus, solidus, peritectic temperature and phase fractions which include the influences
of Mn, Si, Al, S, P etc. 14 elements[8, 160]. To model realistic microsegregation during
solidification of steel, an analytical model[161] based on the Clyne-Kurz equation has
been added into CON1D. The non-equilibrium model is extended to take into account the
effect of multiple components, a columnar dendrite microstructure, coursing, and the &/y
transformation, which was developed by Won[161]. This model is implemented in this
work and applied to predict phase fractions during solidification, microsegregation of
solute elements, the solidus temperature and the secondary dendrite arm spacing. The
phase fractions are then used for calculating temperature dependent steel thermal

properties[159, 162]
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Liquidus, solidus and peritectic temperatures depend on steel composition and

cooling rate, Cg, as following:

Tliq :Tpure _Zmi 'CO,i (33)
Tsol :Tpure _Zmi 'CL,i (CO,WCR ! ki’ Di’ fs =1) (34)
T§/7=T5/7—Zn.~k.5/L-C5V (3.5)

Extended data needed for this model are listed in Table 3.1 and include the
partition coefficients, kj, diffusion coefficients, D;, for each phase, the slopes of the
equilibrium liquidus, m;, and the slopes of Ar, lines, n;, for the pseudo-binary alloys of 14
elements with iron. The results are not very sensitive to cooling rate, as the

accompanying dendrite arm spacing change tends to compensate[161].
3.1.4 Ideal Taper

The narrow-face of the mold should be tapered to match the shrinkage of the steel
shell, which is cooling against the wide face. Previous work has determined that this
shrinkage depends mainly on the surface temperature of the shell and the steel grade[50].
The model predicts ideal average taper, by dividing the thermal strain, &, by distance
down the mold (instantaneous taper) or by the mold length (total taper per m). Thermal
shrinkage strain is estimated here in two different ways, firstly &ns, by:

&m = TLE(T,, ) —TLE(T,) (3.6)

Another method to calculate shrinkage was developed by Dippenaar[73, 74]. The
strain &mnp, 1S computed by summing the average thermal linear expansion of the solid

portion of the shell between each pair of consecutive time steps:
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Epp = i((%) w"dfdes (TLE(T!)-TLE(T"™ ))j (3.7)

t=0 i=1
Here, TLE is the thermal linear expansion function for the given steel grade, calculated
from weighted averages of the phases present. This model also includes the effect of

mold distortion, slag layer thickness and funnel mold extra length (if present). It has been

applied elsewhere to predict ideal taper[21]
3.1.5 Steel Properties

The program includes several different choices for steel properties, including
simple constants input by the user. By default, the liquidus temperature, solidus
temperature, phase fraction curve, thermal conductivity, specific heat and thermal linear
expansion are all calculated as functions of composition and temperature. Steel density,

Pseel;, latent heat, Ly, and steel surface emissivity, &, are constants. For carbon steel:

Dsteel =7400kg/M?, Ls =271kJ/Kg, &steet =0.8
A. Phase Fraction

By default, equilibrium lever-rule calculations are performed on an Fe-C phase
diagram, whose phase field lines are specified as simple linear functions of alloy content
(including the influences of Si, Cr, Mn, Ni, Mo, Cu, Ti, P, S, Al, V, N, Nb and W)
reported by Kagawa[160] in order to calculate steel liquidus, solidus, peritectic
temperature and phase fractions. Alternatively, the user can choose a non-equilibrium
micro-segregation model[161] to find these values, which was extended in this work to
include the effects of 14 elements, given in Table 3.1. For a 0.044%C, 0.022%Mn,
0.006%S, 0.01%P, 0.009%Si 0.049%Al plain carbon steel, the equilibrium phase

diagram model calculates Tiq=1528°C, Ts,=1509°C, while with 10°C/second cooling rate,
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the segregation model gives T;ii=1532°C, Ts,=1510°C. Figure 3.2 shows the solid
fraction temperature curve in the mushy zone obtained from both models. Both models
produce similar results. The surprising finding that the equilibrium model produces
slightly lower transformation temperatures shows that differences in the coefficients
which define the alloy-dependent equilibrium lines are more important than the non-
equilibrium effects due to segregation at the typical cooling rates, dendrite arm spacing,

and compositions considered.
B. Thermal Conductivity of Steel

The thermal conductivity of carbon steel is calculated as a function of
temperature, carbon content and phase fraction, which was fitted from measured data
compiled by K. Harste[159]. The specific functions are listed in Appendix B. Stainless
steel thermal conductivity is calculated according to the fitted equation based on
measured data compiled by Pehlke[162]. Figure 3.3 compares some typical plain-carbon
steel, austenitic-stainless steel and ferritic stainless steel conductivities. Thermal
conductivity of the liquid is not artificially increased, as common in other models,
because the effect of liquid convection is accounted for in the superheat flux function,

which is calculated by models[61] which fully incorporate the effects of turbulent flow.

C. Effective Specific Heat of Steel

Specific heat is calculated as a 