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A bstract 

The main objectives of this study were to examine mould themai response and billet 

surface quality during continuous casting of steel billets with powder lubrication, and to 

compare with oil lubrication. Measurements were camed out on an operating billet caster to 

determine mould-wall temperature profiles for different mould-flux types, mould cooling- 

water velocity, oscillation frequency and steel grade. The trial involved data acquisition on 

mould displacement, casting speed, metal level and mould powder temperature field. In 

addition, mould powder consumption and liquid flux pool depth were also measured. 

An inverse heat conduction model was developed to determine mould heat flux from 

measured mould wall temperatures. Existing mathematical models were utilized to investigate 

mould/billet binding and mould taper. Results fiom plant measurement, mathematical models 

and billet sample evaluation were used to compare mould-powder and oil casting in terms of 

mould thermal response, transverse depression, rhomboidity. oscillation mark and mould level 

variation. Finally. a mathematical model was developed to analyze the influence of mould-flux 

properties and feeding strategies on rnelting behaviour. 

This work has led to a very comprehensive understanding of mould thermal response and 

mould-related quality problem in billet casting with powder lubrication. Transverse 

depressions were found to be formed in steel grades with high coherency temperature due to 

metal level fluctuation. For Boron(Ti)-alloyed medium-carbon steel cast with powder 

transverse depressions were eliminated due to a substantial decrease in meniscus heat flux, 

thus producing a thinner, hotter, more flexible shell, and also due to lower metal level 

fluctuations on account of pouring with SEN. 



An understanding of the role of titanium and nitrogen on transverse depressions resulted in 

the establishment of maximum values for these elements. In order to minirnize transverse 

depression in billet casting with oil lubrication the nitrogen content of the steel must be kept 

below 60 ppm and the titanium content below 0.0 19%. 

Mathematical rnodelling of billet shrinkage, corroborated by billet inspection, showed that 

excessive mould taper caused the mould to squeeze the solidi@ng shell which led to the 

formation of longitudinal depressions. To eliminate this problem a double mould taper with 

1.8% m" up to 450 mm from the mould top and 0.9% m-' for the rest of the mould is 

recommended. Mathematical modelling of mould powder melting has led to fùrther 

understanding of the response of the molten-flux pool to changes in powder properties. 

feeding strategies and casting speed. 
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1. INTRODUCTION 

Over the past three decades continuous casting of steel has been widely adopted. alrnost 

eliminating ingot casting as a mass production process. In the 1960s, virtually al1 steel 

produced in the world was cast into ingots while in 1995, 75% of the world's steel production 

was continuously cast. In countries such as Japan and Canada continuous casting represents 

more than 95% of the steel production! Compared to conventional ingot casting the 

continuous casting process presents lower cost, higher yield, and the ability to achieve more 

uniform and higher quality cast products. 

Worldwide the bulk of molten steel is produced via two main routes, pig iroflasic 

Oxygen Fumace (BOF) or scrap/electric fùrnace. Afier molten steel is produced using one of 

the above two routes, the liquid metal is transferred to a ladle where it cm be further refined. 

Subsequently, the ladle is moved to a continuous casting station where the liquid steel is 

continuously poured fiom the ladle into an intermediate vessel, or buffer, called the tundish. 

From the tundish, the molten steel is poured at a controlled rate into a water-cooled, 

oscillating copper mould as shown in Figure 1.1. The mould extracts heat and a solid steel 

shell is fomed. The partially sotidified strand is continuously withdrawn and solidification of 

steel is completed below the mould where water sprays and radiant cooling take place. 

The withdrawal of the steel strand is aided by the oscillation of the mould and a constant 

supply of lubncant that flows between the mould wall and the strand surface. Traditionally, oil 

has been used as Iiibricant for casting billets while for the continuous casting of steel slabs and 

1 iron and Steel Institute. Statistiçal Infornation. Iron and Steelrnaker, vol. 23. n. 13, 1996 



blooms mould powder is the primary lubricant. When mould powder is used, the pouring of 

liquid steel from the tundish into the mould is accomplished through a reffactory tube called 

Submerged Entry Nozzle (SEN), while with oil lubrication the common practice is to use 

open stream pouring. 

The reasons behind the use of oil in billet casting are two fold: lower cost when cornpared 

to powder, and no billet-size restriction. Powder pnces are higher than oil, moreover the use 

of mould powder requires the liquid metal to be delivered from the tundish into the mould 

through a submerged entry noule, which represents an additional cost. This is necessary. 

because without the SEN some of the mould powder would be carrïed by the steel stream into 

the metal pool thus contaminating the steel. For small billets (< 150 mm sq), the use of SEN is 

not feasible since there would be a risk of steel fieezing between the nozzie and the mould 

walls. or the SEN would have to be very srnall. The solution for the above limitation seems to 

be the use of smaller SENS. However. this is still an unsolved technical challenge since a small 

SEN is prone to intemal clogging and cannot last long due to extemal Wear. 

Although oil casting is less costly, the practice of open stream pouring is particularly 

problematic. A fluctuating meniscus, caused by rough strearns, interacts with the lubricating 

oil and creates variations in heat transfer and mould lubrication which negatively affects billet 

quality. Also, the cornmon practice of operating without tundish flow control results in an 

inherently transient process. Changes in the steel flow rate fiom the tundish alter the metal 

level causing the speed control system to modify the casting speed to retum to the preset 

metal level. Meta1 level variation. heat transfer and lubrication al1 have a significant effect on 

the generation of surface defects such as transverse depressions, laps and bleeds. 



The use of a SEN when casting with mould powder can potentially improve metal level 

stability, since steel splash and surface turbulence are eliminated. However, stability of the 

metal level is also dependent on the nature of the metal flow control, casting speed control 

system and the metal level sensor. Mould powders are better lubricants than oii. they usually 

provide liquid lubrication which results in lower mould fiction while with oil there is more 

intimate contact between the billet and the mould. Generally mould powders tend to result in 

lower and more uniform mould heat flux. Powders also provide chernical and thermal 

insulation to the liquid steel pool which allows casting with lower superheats. Al1 the above 

factors positively affect billet quality, rendering powder casting a supenor process when 

compared to oil casting. Therefore, as global cornpetition has driven North-Amencan mini- 

mills to improve billet quality, the adoption of powder lubrication for larger billets seems to be 

the answer to achieve a higher quality level. 

In the past two decades, extensive research has been conducted on heat transfer. 

solidification and defect formation dunng billet casting with oii lubrication. Also there have 

been numerous investigations linking mould flux to slab quality, which has resulted in 

excellent progress with respect to mould flux development for slab casting. Unfortunately, 

studies of a similar nature have not been conducted for billet casting with powder lubrication 

and is therefore the objective of this research. 

This study was undertaken to examine mould thermal response during billet casting with 

powder lubrication, and also to compare powder lubncation with oil lubrication in the context 

of the mould thermal response and billet surface quality. Measurements were made on an 

operating billet cast machine to determine mould wall temperature profiles for different 

rnould-flux type, mould cooling-water velocity, oscillation fiequency and steel grade. An 



inverse heat conduction mode1 was developed ta determine mould heat flux from measured 

mould wall temperatures. Existing mathematical models were utilized to investigate mould- 

billet binding and mould taper. Results from plant measurements, mathematical models and 

billet sample evaiuation were used to compare mould powder and oil casting in ternis of 

mould thermal response, transverse depression, rhomboidity, oscillation mark and mould level 

vanation. Finally. a mathematical model was developed to anaiyze the influence of mould 

powder properties and feeding strategies on the melting behaviour of mould powders. 

This work has led to a very cornprehensive understanding of rnould thermal response and 

rnould-related quality problems in billet casting with powder lubrkation. The mould inverse 

heat conduction model proved to be a very fast and reliable tool for determining mould heat 

flux frorn rneasured temperatures. Mathematical modelling of billet shrinkage and powder 

melting has led to recommendations for improvement in mould taper and powder type. 



Figure 1. I Schrmatic diagram of tundish and motd i  of cor~timioirs casting 
of steel with powdrr Iubricatio~ f1-171 



2. LITERATURE REVIEW 

This chapter reviews the state-of-the art on mould flux for continuous casting of steel. The 

extensive literature on mould powders deals almost exclusively with their behaviour and 

performance during slab casting. Very few papers consider or even make reference to any 

aspect of mould flux in billet casting. Apparently, rnost billet casters who do use mould flux 

rely on knowledge fiom their slab counterparts. 

2.1 Mould Flux 

Mould fluxes are synthetic slags used dunng the continuous casting of steel. The fluxes, 

which are continually fed ont0 the liquid pool surface dunng casting, melt and the liquid slag 

flows down between the mould walls and the strand shell. Figure 2.1 shows the general 

disposition of a flux in the continuous casting mould. The flux above the surface of the molten 

steel generally consists of three different layers viz., (i) An unmelted, dark. unreacted powder 

layer on top, (ii) A heterogeneous, sintered layer in the middle, (iii) A molten flux layer 

directly over the steel. [ 1 -21 

Also, a rim is formed by flux in contact with the water-cooled copper rnould walls at the 

meniscus level. This rim features all the different phases fiom solid to liquid (glassy, crystalline 

and liquid). This muiti-phase, wedge-like cmst which oscillates with the mould, depending on 

its size, can exert considerable influence on the heat transfer process at the meniscus. The 

thickness of the rim ranges fiom 1 to 3mm at the meniscus level[3] and depends partly on the 

flux thermal conductivity, meniscus level fluctuation and mould wall temperature. 

The flux layer on the strand surface below the meniscus consists of a solid film directly in 

contact with the mould walls and a liquid film in contact with the strand surface. It is not 



certain whether this layer takes the form of a thin film covering the entire surface or whether it 

is more intermittent in nature, only partially covering the surface[1.3]. 

Mould fluxes are used to: ( 1 )  provide thermal insulation, (2) protect the liquid steel 

against reoxidation, (3) absorb inclusions which rise to the metal surface, (4) lubricate the 

strand. reduce strand fiction, and (5) control the heat transfer between the strand and the 

mould. 

Mould fluxes have a decisive effect on both the efficiency of the continuous casting 

process and the surface quality of the steel product. There are several key phenomena for the 

successful performance of a casting flux viz., (1) the melting of the powder, (2) the formation 

of a molten flux pool, (3) the infiltration of the molten flux into the mould/strand gap, and (4) 

the formation of solid and liquid flux films to provide liquid lubrication throughout the rnould 

and a uniforrn and correct level of heat transfer between the strand and the mould. mainly at 

the rneniscus[l]. The most critical is the infiltration of the flux into the mould/strand gap but 

al1 of the phenomena are important since failure of the powder to perfonn satisfactorily in the 

other areas can lead to inferior quality of the product or even to sticker breakouts. 

2.2 Chernical Composition of the Fluxes 

Mould fluxes are designed for specific steel grades and casting conditions; their chemical 

composition varies greatly depending on the properties required. Typically mould fluxes 

contain the following major constituents - CaO-SiO2-Ai203-Na20-Cafi - and lie in the 

pseudo-wollastonite area within the ternary diagram Cao-Si02-Ai203. The building biock of 

most mould fluxes is the SiOd2- tetrahedron, which foms a silicate chain whose properties 

such as viscosity, melting range, glass transition temperature and crystallization temperature 



can be modified by proper choice of g las  formers, modifiers and fluidizers. Glass formers. 

Al203 and B203, increase the chain length; modifiers, Cao, MgO, BaO, SrO, NazO. Li20, 

K20, break the silicate network; and fluidizers like fluorine(Fm) ion can easily replace the 

divalent oxygen ion resulting in break-down of the Si-O network, consequently decreasing the 

viscosity of the slag. Carbon is also added to the powder to control its melting rate but it is 

not a constituent of the liquid flux. Table 2.1 shows the typicai ranges of chemicai 

composition for commercial mould powders. 

Besides the chemical composition3 the mineralogical constitution of the powder is of 

particular importance since it influences the melting rate of the powder. Riboud et al.[Z 11 

showed that although two powders may have identical overall chemical composition. their 

melting behavior depends upon the mineralogical constitution of their cornponents[I]. 

The chemical composition of the molten flux can undergo changes during the casting 

process. The main concem is the absorption of alurnina while casting Al-killed steels, which 

can profoundly alter the viscosity of the flux. Depending on steelmaking and casting practices. 

the alurnina in the mould flux can rise from 3% to 15%[5]. 

2.3 Mould Flux Properties 

2.3.1 Viscosity and Glass Transition Temperature 

As Newtonian fluids, the viscosity of mould fluxes is the proportionality factor ( q )  

between the shear stress (T) and the velocity gradient,(&&) when these tluids are subjected 

to an external force, as defined in Equation 2.1. 



2.3.1. 1 Viscosity measurements 

The viscosity of liquids at high temperatures is usually measured with a rotating 

viscometer[6- 101 in which the torque, developed when a spindle is rotated at a fixed speed in 

a crucible filled with the liquid, is measured. There are also other types of viscorneters: sphere 

pulling-up and oscillating-plate[l 11. These techniques are not free of problems, and viscosity 

values recorded in different laboratories are prone to large dEerences[ l ,  121. This is shown in 

Figure 2.2, which is the result of an inter-laboratory cornparison carried out on a reference 

matenal, using the rotating cylinder method. It cm be seen that the values obtained for q at 

1 300°C varied between 1 O and 25 poise. 

The errors associated with viscosity measurements anse mainly due to a lack of 

standardization of the calibration procedure with a reference matenal of known viscosity. 

Although the available measuring techniques can provide values reproducible to within 

10%[8,11], Mills[8] believes that the overall experimental uncertainties with viscosity 

measurements are much larger(+25%). 

2.3.1.2 Factors determining flux viscosity 

The viscosity of a molten flux is primarily determined by its temperature and chemical 

composition. The temperature dependence of viscosity over a given temperature range follows 

the Arrhenius equation: 

where A is the Arrhenius constant, E is the 

(2.2) 

activation energy for viscous flow, R is the gas 

constant and T is the absolute temperature (K). The usual way to present viscosity as a 

function of temperature is by plotting lnq versus 1/T[7,13,14]. Figure 2.3 shows typical flux 



viscosity-versus-temperature curves. The curves consist of (1) a Iinear portion with slope E R  

in the higher temperature range, (2) a narrow non-linear transition region and (3) a vertical 

portion in the lower temperature range. 

Because the transition region of the viscosity-temperature curve is usually quite narrow. 

for practical purposes it is often considered that a "breakpoint"[9] exists, which is determined 

by the intersection of the Iinear and vertical portions of the curve. This breakpoint has been 

called the "freezing poinrW[l5], solidification temperature[13,14] and crystallization 

temperature[i]. This temperature is associated with a change in the rheological behavior of 

the flux, below which the flux behaves as a non-Newtonian fiuid or sirnilar to a solid; and 

hence the terms fieezing point or solidification temperature are clearly not a correct 

description of this pher:omenon. Neither is the terni crystallization temperature to descnbe the 

transition temperature correct. Crystallization temperature is the temperature at which the 

solid transformation -glassy to crystalline- occurs; and measurement of it must be conducted 

by differential thermal analysis@TA). Hereafter the transition temperature will be referred as 

the breakpoint or simply transition temperature. 

In terms of chemical composition. it has been found that silica is the major factor 

determining mould flux viscosity[7,10,16,17]. This was demonstrated by work conducted at 

[RSID, where 16 slags without alumina were compared[lO]. As shown in Figure 2.4. an 

increasing SiOz content leads to higher viscosities due to a heavier interlacing within the 

silicate chain. 

Mould flux viscosity also increases with increasing A1203, content since alumina in 

concentrations up to 20% for a V-ratio(wt%CaO/wtO/~SiO~) ranging from 0.67 to 1.20, which 

is a typical range for mould fluxes, has the same molar effect on viscosity as silica[7]. Figure 



2.5 shows the effect of aiurnina on viscosity. It can be seen that although the addition of 

alumina always increases the viscosity, the level of influence depends on the flux, Le.. it 

depends on the other constituents of the flux[18]. The result of numerous studies on the effect 

of alumina on viscosity indicates that it is possible to formulate powders that render fluxes 

whose physical propenies are only slightly altered by alumina content variations[13.18.19]. In 

order to achieve this result the flux established under production conditions must have less 

than 10% Ai203. 

In addition to silica and alumina, other constituents of mouid fluxes, so called network 

modifiers, such as fluorides (NaF.CaF2), alkafi (Nat0.K20.Na20) and basic oxides (CaO.Mg0. 

BaO.Sr0) lower the viscosity and the glass transition temperature. Boric oxide (B203). 

although a network former, also reduces the viscosity as a result of lowenng the melting 

temperature range remarkably [13,18,19]. Figure 2.6 shows the effect of some of these 

constituents on the viscosity of mould tluxes. 

2.3.1.3 Models for calculating viscosity 

Several investigators have developed empirical models for calculating the viscosities of 

casting fluxes from their chemical composition. Table 2.2 shows the mould flux composition 

range studied in each of these investigations and Table 2.3 shows the equations established by 

these studies. 

The first model is due to McCauley and Apelian[ZO]. They found that the viscosity at a 

given temperature can be expressed as a fûnction of the ratio of network fonning ions to 

anions or as a fiinction of the mole fraction of silicon. 

Riboud et a1.[1 O] at CRSID carried out viscosity measurements on a set of 23 synthetic and 

22 industrial fluxes. IRSID's model utilizes the Frenkel equation (q=A.T.exp(B/T), where A 



and B are constants, and T is the temperature in K), to correlate the viscosity with 

temperature and composition. The model divides the components into 5 constituents: Cao*. 

Na20*. Sioz. Ai203 and CaF2. where the molar fraction of Ca0 is defined as: 

X C ~ O * = X C ~ O + X M ~ O + ~ ~ O + ~ ~ O + ~ ~ O ~  and that for NaZO is XNa20*=XNa20+XK20. 

Riboud and Larrecq[Z 1 ] cornpared IRSIDfs equation with that of McCauley and Apelian[îO]. 

They concluded that: (1) RSID's model gave an accurate estimation for viscosity. (2) the 

McCauley and Apelian equation, expressed as a function of the ratio of network forming ions 

to anions, renders an acceptable estimation, even though it is l e s  accurate than IRSUI'S. since 

CaFz and NaF contents are not over 15. 

Koyama et a1.[16] at Nippon Steel camed out extensive viscosity measurements on mould 

fluxes. They found that the I R S D  equation also gives good agreement for fluxes with LizO 

and without Mg0 but predicts viscosity values that disagree with measurements for fluxes that 

contains MgO. They concluded that considering M g 0  as Ca0 is a source of error. Their 

equation yielded a correlation coefficient of 0.96 which was supenor to the LRSID equation 

for a powder system containing MgO. 

Lee et al.[13] at RIST(Korea) measured the viscosity of 35 experirnental mould powders. 

Although Lee et al. did not compare the RIST equation with the previous equations. they 

reported that it can be applied to powder systems containing MgO, LizO and &O3. They also 

determined an equation for the transition temperature which they narned solidification 

temperature (7''). 

~,=i24l.6-71j(x~~0)-l~41(x~1~O~-4.49(x~a0~-8.55(xCa~~)-6.41/XLi~O)-l5.28(x~~O~) (2.3) 

where 7'' is given in O C  and Xin mole %. 



The equations presented in Table 2.3, respecting their limitations and range of validity, are 

a powerfùl tool in helping to design a powder composition that provides a desired viscosity 

and glass transition temperature. 

2.3.2 Crystallization Temperature 

When a slag is cooled below its liquidus temperature, it may or may not crystallize 

depending upon its chemical composition and the thermal cycle. Silica-rich slags can easily be 

cooled to form glasses in the temperature range where they should crystallize under 

equilibrium conditions. On the other hand. basic slags rich in Cao. are extrernely difficult to 

quench as glasses: crystals appear in the liquid at temperatures slightly below the liquidus[22]. 

Most continuous casting mould fluxes lie between these two extremes. The existence of 

glassy and crystalline layers has been confirmed by the examination of flux samples taken from 

the mould[ 13,23,24] and also from simulation experiments[ 11. 

Kyoden at a1.[23] observed: ( 1 )  a slag film 800pm thick, consistins of a crystalline layer of 

approximately 1 SOpm on the mould side and a 6SOpm glassy layer on the strand side; (2) that 

there was no difference in the chemical composition between both layers: and (3) small pores 

in the crystalline layer. They believed that these pores were the major reason why mould 

fluxes with high crystallization temperature present a greater resistance to heat transfer, as 

shown in Figure 2.7. Another reason for this behavior is that the contribution to heat transfer 

by radiation is reduced in the presence of highly crystalline flux films[] 21. 

The observations of Yoshida et a1.[24] were simiiar to those of Kyoden et a1.[23]. They 

found a glassy layer on the strand side which was considered to be molten dunng casting and 

a crystalline layer on the mould side. believed to be solid during casting. They observed the 



presence of many crystallized nuclei in the glassy layer and that the crystallized layer consisted 

of several layers with different structures. 

Kawasaki Steel[15,25] introduced an index to evaluate the degree of crystallization based 

on the relative area of white color ( which was proved to be crystalline by X-ray diffraction) at 

a cross section of solidified flux samples &er being poured into a stainless steel receptacle. 

The index assumes a value of O for a completely glassy flux and 3 for a wholly crystallized 

flux. Chang et a1.[26], following a similar procedure, defined a crystallization ratio as the 

thickness of crystallized flux to the total thickness of the solidified flux. 

A lower heat-transfer rate is believed to be responsible for reduction in the occurrence of 

longitudinal cracks but also for a higher fiequency of breakouts by sticking, as shown in 

Figures 2.8 and 2.9, respectively[ 14.1 5,261. 

2.3.2.1 Crystalliza tion temperature measuremen ts  

The crystallization temperature is measured by differential thermal analysis (DTA). which 

records the temperature lag (or advance) when a specimen undergoes an endothermic (or 

exothermic) transformation on being heated (or cooled) at a fixed rate. A typical DTA 

(cooling) trace for a mould powder is shown in Figure 2.10. It can be seen that Flux A does 

not exhibit a distinct exothermic peak, indicating a lack of crystallinity. Conversely, Fluxes D, 

E and F do exhibit charactenstic crystallization during cooling as manifested by the 

exothermic peaks[l4]. An alternative method to estimate the crystallization temperature of 

mould powder was developed by Kawasaki Stee1[15,25]. The technique is based on loss of 

transparency when a molten flux is cooled at 20°C/min. in a high temperature microscope. 

Sorirnachi et a1.[27], using X-ray difiaction, showed that a powder which exhibited glass 

forrning properties in the laboratory, underwent crystallization during continuous casting, 



despite the rapid cooling. They believed that the transition fi-om glassy to crystalline was 

induced by the large kinetic energy associated wit h mould oscillation. Their results 

demonstrated that laboratory results are not necessarily applicable to the actual casting 

operation. 

2.3.2.2 Factors affecting crystallization temperature. 

Like viscosity, the crystallization temperature is also strongly dependent on chemical 

composition of the mould flux. Figure 2.11 from Kyoden et a1.[23] shows the influence of V- 

ratio on the crystallization temperature. Thus a mould powder with higher Ca01Si02 ratio has 

a higher crystallization temperature. The same results were obtained by Nakato et a1.[15]. 

Table 2.4 confirms the major influence of V-ratio on crystallization temperature and 

crystallization index (as defined by Kawasaki Steel[[ SI and previously expiained). They also 

found that the addition of Ba0 can prevent a mould flux fiom crystallizing. 

Alumina also influences the crystallization temperature. Sardemann and Schrewe[5] 

showed that. beginning with an initially crystalline structure, the mould flux can change into a 

fully vitreous structure upon addition of a certain amount of alumina (+5% to + 10%). 

The influence of the V-ratio and aiurnina on crystallization behavior of mould fluxes was 

confinned by the results of Chang et a1.[26]. They also showed that fluonde increased the 

crystallization ratio while the addition of boric oxide and M g 0  decreased it. Their results are 

shown in Figure 2.12. It also was observed that an increase in the NazO content results in a 

greater tendency for the flux to crystallize[ 1 -21. 



2.3.3 Melting Range 

The following methods have been adopted to determine the melting range of mould 

powders: 

High temperuture microscope In this technique the specimen is heated and monitored for 

signs of melting. The test consists of heating an agglomerated sample pressed into the form of 

a cube or cylinder at a controlled rate. and then monitoring the changes in sample 

dimensions[ 16.19-28-3 1 1. The Leitz high-temperature microscope test is the most widely used 

of these methods[ 16.1 9,3 11. 

Qucnch  tes^ Riboud[2 11 determined the melting (liquidus) temperature by sealing 

decarburized samples (100- 150rng) of mouid powders in platinum tubes and heating them to 

the test temperatures (lO°C apart). The samples were kept at the test temperature until 

equilibrium was attained and then were rapidly quenched. The quenched samples were 

examined metallographically for signs of melting. 

Diffential Thermal Analysis (DTA). In DTA the powder and alumina (reference) are 

placed into identical crucibles in a fumace. The temperature difference between the sample 

and reference is monitored continuously as the fumace is heated at a fixed rate. Any thermal 

event, such as a transformation, is revealed as a departure frorn the base line. 

Mills et a1.[8] determined liq~idus(T,,~) and solidus temperatures(TWI) of mould powders 

using the DTA method. Initially, they camed out the measurements on as-received and 

decarburized samples and O btained identical results in each case; al1 subsequent tests were 

camed out on decarbunzed powders because the DTA output was better defined. The results 

for Tl, were found to be in excellent agreement with those determined by Riboud and 

Larrecq. [î 1 ] using the quench method. although the values sometimes differed from those 



quoted by the manufacturers. The latter values were obtained using high temperature 

microscopy, as shown in Table 2.5 

Mills et a1.[8] observed that the values for T,, shown in Table 2.5 should be treated with 

some caution because they were determined dunng the cooling cycle; the onset of melting was 

frequently masked by heat release related to the oxidation of carbon and to the sintering of the 

specirnen. The phases that form during cooling can differ appreciably from those present in the 

as-received powder, which may be a source of error. 

2.3.3.1 Effect of chemical composition on melting range 

There is very little data available on the effect of chemical composition on the melting 

range of mould fluxes. The most comprehensive study was conducted by Scheel and 

Korte[l9] who investigated the influence of the fluxing agents NaZO and C2F2, basicity 

(wt%CaO/wt%Si02), and alumina on the melting temperatures. In their study they altered the 

basic flux composition by gradua1 addition and reduction of one flux constituent at a time. 

Figures 2.13 and 2.14 show that the rnelting temperatures Vary almost proportionally with the 

NazO content while with increasing fluorspar content the hernisphere and flow temperatures. 

as specified in the high temperature microscope method. are not perceptibly altered. although 

the initial sintenng temperature is reduced. These results were confirmed by Mills[32] who 

found that mould fluxes which contained an excess of NazO had a lower TI, than fluxes of 

similar composition but with an excess of CaFz. 

With respect to the effect of basicity, the initial mould fluxes (V-ratio=0.97) gave the 

lowest melting temperatures. as shown in Figure 2.15. Scheel and Korte[l9] explained this 

behavior by the fact that the content of the fluxing agents was correspondingly diluted. 

Sardemann and Schrewe[S] obtained a different resuit as shown in Figure 2.16. For a basicity 



between 0.92 to 1.27, the melting temperature increased steadily as the basicity increased. 

probably because in their case, the content of the other constituents of the flux was kept 

constant. 

In order to check the effect of alumina on the melting parameters, Scheel and Korte[ 191 

gradually added 5 to 20% Alz03 to the initial flux powder. Their results revealed an increase 

of the melting temperature at higher N203 additions, especially for concentrations over 5% 

Alî03 - .  Similar was observed by Sardemann and Schrewe, too[S]. 

It is also reported in the published literature that Li20 and B 2 0 3  produce a dramatic 

reduction in the melting range[4,13,16.23,32], lowering both the sofiening [ 1 5,231 and the 

melting[l3,16] temperatures detemined by the hot stage microscope, and also the liquidus 

temperature[3 21 detennined by DTA. 

2.3.4 Inclusion Absorption 

Continuous casting fiuxes must be able to absorb and dissolve nonrnetallic inclusions. 

especially alumina. which rise up to the liquid steeVmolten flux interface. At the same tirne. the 

physical properties of the flux should not be altered substantially by the pick-up of alumina. in 

order to ensure stable iubrication between the Strand and the mould. 

In order to optimize solid inclusion removal at a slag-metal interface a high contact angle 

between the inclusion and the liquid steel is needed as well as a flux covering which is 

designed to dissolve or wet the inclusion. Work carried out by Riboud et a1.[10,22] and Jimbo 

et a1.[33] showed that the emersion of solid particles amving at the liquid steel-molten slag 

interface was always favored, whatever the liquid flux composition, since the contact angles 

were greater than 90" (- 130" for aiumina) which means that mould fluxes always wet alurnina 

particles. 



Differences between fluxes in terms of their capacity to absorb aiumina appear in the 

process of dissolution of solid inclusions into the liquid flux. Failure to dissolve these solid 

particles, as soon they amve. leads to a heterogeneous flux saturated with solids which are 

camed over the periphery of the meniscus. These solids can become entrapped in the 

solidified steel shell, and impair lubrication because their presence increases flux viscosity; 

they also may cause non-uniform heat transfer and, in the worst situation. can lead to 

breakouts[4]. 

Several investigations[ 1 1,18,19,34,35] were camed out on the kinetics of alumina 

dissolution by continuous casting mould fluxes. It was concluded that the Alz03 dissolution 

was assisted by (1) a hornogeneous Iiquid slag of low viscosity, (2) an increase in fluoride 

content (with NaF>LiFXaF2), (3) the replacement of NazO by Li20. (4) an increase in 

basicity (%Ca0/%SiO1) and (5) a decrease in the initial content of A1203. However. the 

inevitable concomitant is a fast erosion of the submerged entry noule (SEN)[2,4]. 

Nakano et a1.[16,18], investigated the effect of powder composition on the A20; 

absorption capacity and established an empirical relationship between the alurnina absorption 

rate and a basicity index BI. given by: 

They found that the larger the basicity index BI, the higher the N203 absorption rate, as 

shown in Figure 2.17. 

Scheel and Korte[l9] investigated the amount and rate of alurnina pick-up by casting 

fluxes and the extent to which the properties of the flux were modified by A1203 enrichment. 

As shown in Figure 2.18. the enrichment rate is approximately similar for al1 fluxes studied. 



Extended tests of 2 hours resulted in a final content of about 40% A1203. This high value is 

confirmed by results obtained by Do and Lange[35] who found values over 20%. and Emi et 

a1.[6] whose calculated mass-transfer coefficients could lead to alurnina e ~ c h m e n t  up to 

about 30%. These numbers show that most commercial casting powders are well suited in 

terms of their alumina absorption capacity. 

Since the alumina ennchment raises the melting temperature and the viscosity of the mould 

flux, as shown in Figure 2-19. the thickness of the liquid film tends to decrease. impairkg 

lubncation. To avoid this problem it is necessary to minimize alumina input and dilute its 

content in the molten flux by increasing the powder consumption[6]. 

The viscosity of the mould flux needs to be designed (via the flux formulation) taking into 

consideration the extent of alumina that would be absorbed during casting. Depending on the 

ladle metallurgy and the effectiveness of the system applied to minimize reoxidation, the 

alumina content in the mould flux can nse from 3 to l5%[2.5,6,14,18.23]. 

Bommaraju[ 141 reported that ladle-to-tundish shrouding reduced alumina pick-up in the 

mould flux from 12 to 5%. Furthcr improvements at Inland Steel No. 1 slab caster led to a 

typical alumina pick-up for low carbon Al-killed steels (LCAK) of 2 to 3%. In Table 2.6 are 

listed the changes in alumina pick-up and the modifications to the initial viscosity of the mould 

flux in order to maintain the operating viscosity of the in-mould flux, Le. the viscosity of the 

flux afier absorbing alumina f?om the liquid steel, between 2.0 and 2.5 poise, which 

Bommaraju(l4] reported to be a good value for casting LCAK slabs of high quality and low 

sliver rejections. 

Scheel and Korte[l9] reported an average pick-up of about 3% for casting with shrouds 

from ladle-to-tundish-to-mouid, which is common practice. Their values, although low, were 



highiy variable. Higher pick-up of alumina was reported to take place in the vicinity of the 

submerged noule and decreased slightly towards the narrow sides. According to Scheel and 

Korte[l9], casting fluxes generally feature an adequate alumina pick-up capacity and pick-up 

rate. The danger of undissolved particles being drawn into the casting gap (heterogeneous slag 

film) exists only in the case of larger alumina agglomerates. Because long retention times of 

the flux on the melt surface enhance the dissolution of alumina, they state the necessity of 

operating with a sufficiently thick liquid flux pool which is in agreement with Emi et a1.[6]. 

2.3.5 Insulation 

The flux must provide thermal insulation to prevent bridging andor formation of isolated 

portions of solidified steel ("steel floaters"), and also to maintain the temperature in the region 

of the meniscus. Improved thermal insulation reduces the seventy of oscillation marks. 

maintains the channel for flux infiltration at al1 times and reduces sub-surface defects such as 

pinholes. The reduction of pinholes with better insulation occurs because the solidification of 

the meniscus is suppressed due to a higher working temperature of the liquid steel. These 

conditions prevent the entrapment of bubbles and other possible inclusions. 

The rate of heat loss fiom the steel surface through the mould tlux layers is controlled by 

convection in the top unreacted layer which behaves as a packed bed with hot gases passing 

through it. i-e.. CO and CO2 from the oxidation of free carbon and carbonate decomposition. 

and argon. sometimes injected into the liquid steel. In a gas-solid packed bed system the 

overali heat transfer is comprised of conductive and convective components[36,37]. The 

conductive component is characterized by a heat-transfer coefficient, h,, which is related to 

the effective conductivity. k,, by: 



Balakrishnan and Pei[37] analyzed the conduction heat transfer in packed beds subjected 

to flowing gases. They concluded that (i) the convective heat-transfer coefficient. hb. see 

Equation (2.6). had a significant effect on the conduction mode - k, or (h,) was found to 

increase with the Biot modulus: Bi =(hf,A~)ik,; (ii) the effective thermal conductivity depended 

on the contact area between particles, which is related to the density of the bed matenal and 

the bed height - the smaller the contact area, i.e., lower density and lower height. the lower is 

the effective conductance; (iii) the effective conductivity depended on the 

of the particles. 

The convective heat transfer between the bed particles and the 

represented by the convective heat-transfer coefficient, hh, for which 

Pei[38] established an empincal correlation as follows: 

packing geometry 

flowing gases is 

Balakrishnan and 

where kf is the thermal conductivity of the fluid; Ar,,, is a modified Archimedes number 

(AT,,, = 8nJgp, [ p p  - p,]  / p j )  ; p is density; ,u is viscosity; a is the radius of particles; g is the 

acceleration due to gravity; and Re, is the Reynolds number. The subscripts f and p represent 

fluid and particles, respectively. 

Equation (2.6) shows that the convective heat-transfer coefficient increases with both the 

size and density of the particles. Since both the conduction and convection heat-transfer 

modes increase with increasing density, reducing the bulk density of mould fluxes is an 

effective way of enhancing their insulation capacity. Furthemore, because the total heat- 



transfer rate also depends on the particle size and packing geometry, it can be concluded that 

insulation is also dependent on particle size range and particle geometry since these two 

detemine the packing arrangement. 

Bomrnaraju[l4] reponed that physically blended powders for LCAK steels present an 

average particle size around 20pm and that it is important to keep the particle size distribution 

to within a window of 10 to 80pm to restnct stratification of the fines and coarse particles. 

Depending on the specitic raw material, these physical blends can have a loose-packed density 

rançing From 0.9 to 1 .2g/cm3, and provide excellent thermal insulation during iow-throughput 

situations such as a tundish switch or shroud change. 

Taylor and Mills[39] measured the thermal difisivity of three different powders in 

vacuum and in a nitrogen atmosphere. The results, presented in Figures 2.20 and 2.2 1. show 

that the values recorded with a nitrogen atmosphere were twice those obtained in vacuum. 

which confirms the major role of convection in heat transfer through the unreacted powder 

layer. 

Taylor and Mills[39] also found that the thermal conductivity increased with decreasing 

density. which they considered a surprising result since it contradicted the well known 

influence of bulk density on insulation characteristics of mould powders[2-4.14,15.22.40-421. 

Their resuits also contradict the available knowledge on heat transfer in gas-solid packed bed 

systems[36-38,431. The main problem with their conclusion is not the measured values 

themselves but rather their inability to provide any general correlation. Since the effective 

thermal conductivity is not only a function of density and average particle size. but also 

depends on the particle size range. particle geometry, conductivity of the particles and 



convection parameters, the data is meaningless in the absence of a complete characterization 

of the powders. 

Nakato et al.[lS.41] reponed that since the heat loss through the mould powder was 

controlled by convection, it could be minimized by adjustrnent of the thickness of the 

unreacted powder layer and its permeability; the latter could be controlled in the proper r aye  

by adjusting the shape of the flux particles and the sintenng characteristics of the powder. 

They also detemined the sintering characteristics of mould powders by measunng the 

pressure drop of argon flowing through a steel pipe filled with powder. The pressure drop 

increased as sintering occurred and, therefore, could be used as an index for permeabiiity as 

well as for sintenng. Since convection controls the rate of heat loss, the pemeability of the 

rnould flux bed can be used as a measure of insulating charactenstics. 

Nakato et a1.[15,4 11 found that the pressure drop through the unmelted layer of mould 

powder at room temperature varied inversely with the square of average diameter of the 

particles (Figure 2.22). Figure 2.23 shows the change in pressure drop with heating. The 

abrupt decrease at about 800-900°C marks the initiation of rapid sintering of particles. The 

pressure drop for mechanically rnixed powders was the highest, followed by spherical and 

cylindrical granules, respectively. This is explained by the fact that naturally packed cylindrical 

granules, when compared to spherical granules. had larger and continuous air gaps between 

particles. which favors gas flow, t hus resulting in greater convective heat transfer. They 

concluded that in order to enhance heat insulation, the air gaps between mould powder 

particles should be discontinuous and small, while keeping a low value of bulk density. 

The general opinion in the literature is that satisfactory insulation is usually obtained by (i) 

low bulk density12-4,14,15.22.40,4 11, and (ii) maintaining a dark cover throughout the cast by 



adding a sufficient quantity of fi-esh powder to areas which begin to glow and produce flames. 

before any melted flux is exposed[3,5,14].The carbon content of the flux, its type and grain 

size distribution, also influence the insulation capability of the flux by retarding its sintering 

and melting[2,4,10,22,44]. 

A total powder thickness of 25 to 30mm is recommended to provide a dark-cover 

practice. Bornmaraju[l4] suggested that around the SEN a thicker layer of unreacted powder. 

should be maintained because heat transfer fi-om the SEN accelerates the melting of the 

surrounding powder causing excessive liquid generation. Lack of insulation could lead to 

bridging between the SEN and the mould wall. 

Mould fluxes for ultra-low carbon steel must have a low-carbon content to prevent carbon 

pick-up. In order to compensate the loss in insulation capacity due to the low carbon level, the 

powder density should be reduced. One effective way of achieving this is to use hollow 

granules. The bulk density of such mould fluxes can be as low as O. ~ ~ / c r n ~ [  14.4 1 1. The usage 

of spherical semi-hollow mould powder was also reported[42] as an effective means of 

improving insulation at the rneniscus. 

The utilization of exothermic mould fluxes seems to be an increasing trend[26,40.45]. 

These powders were found to be effective in reducing pinholes for low carbon. aluminum- 

killed steels cast at high speeds[26,40]. For high-carbon steels, the temperature at the 

meniscus increased by 3 to 4OC when exothermic powders were used. The higher temperature 

at the meniscus helped to stabilize the melting and consumption rate of these fluxes and also 

resulted in a more homogeneous subsurface structure with smaller hooks at the bottorn of 

oscillation marks. 



2.3.6 Molten Structure and Melting Rate 

The melting of a mould powder, particularly its melting rate, has a significant effect on 

powder performance since it determines the ability of the flux to maintain a stable liquid pool 

depth; which is required to maintain an adequate and continuous supply of molten flux to the 

rnould/strand gap. 

When the melting rate is too high, it is not possible to maintain a stable layer of dark. 

unreacted powder on the surface of the mould. This instability can result in intermittent 

exposure of the rnolten pool ("red-practice"), which increases the heat losses, eventually 

leading to formation of "floaters", growth of a large flux rim and freezing of the steel 

meniscus. On the other hand. if the melting rate is too low, the lack of molten flux will lead to 

an uneven infiltration of the flux into the strand/mouId gap, resulting in strand defects such as 

longitudinal cracks and possibly breakouts[14,40,46-481. 

Ogibayashi et a1.[46] investigated the melting behavior of 15 prefused-type. granuiated 

powders with viscosity varying from 0.5 to 3.8 poise and vitrification ratio between 25 and 

90%. The vitrification ratio was defined as the percentage of molten flux formed when 25g of 

powder were unidirectionally heated at 1400°C for 7 min. in an alumina crucible. When the 

vitrification rate exceeded 80%. the flux tended to form a thick flux nrn and caused partial 

soliditication of the liquid steel surface in the mould. When it was too low the index of 

longitudinal cracks increased. In order to prevent such defects, they established an optimum 

flux pool depth of approximately lOmm, which corresponded to an optimum vitrification rate 

of about 60%. 



2.3.6.1 Molten structure 

A number of studies involving laboratory melting tests[l.6,47.48] and plant 

sampling[l9,29,47,49] have shown that the flux covering the liquid steel surface in the mould 

consists of different layers, as mentioned earlier. In the study by Emi et a1.[6] the melting 

mode of different powdered and granulated mould fluxes were examined in laboratory. The 

granulated fluxes were found to melt in a layer-by-layer fashion, foming a 

granule/sintered/haif-moltenhelted structure. Powdered or partially pulverized granules did 

not undergo a layer-by-layer melting process, but exhibited many islands of molten flux inside 

the sintered layer. 

Sakuraya et a1.[29] studied the influence of the carbon-particle size on the melting 

behavior of premelted fluxes by examining samples taken from the rnould. They found that 

fine carbon panicles delayed the coalescence of individual droplets of molten flux and favored 

the formation of a thin layer of semi-molten material, whereas coarse particles led to the 

formation of large agglornerates of liquid flux. The first kind of powder. containing mainly 

tiner carbon particles, was termed a-type and the second P-type. Compared to P-type. a-type 

powder exhibits a thinner semi-molten layer and a steeper temperature gradient; consequently 

it provides better thermal insulation and more stable melting behavior. 

Xie et a1.[48] studied the dependence of the rnolten structure of mould fluxes on the type 

and amount of carbon used. Depending on these variables, they reported three different kinds 

of molten structure, as shown in Figure 2.24. When the content of carbon black , the finest 

type of carbon, was more than 2%. they obtained a double layer structure consisting of raw 

matenal and liquid flux. For carbon black less than 1.5%, or for coarse graphite, the fluxes 

exhibited a three-layer structure: raw materiavsintered layerlrnolten flux. When carbon black 



and graphite were simultaneously used, but carbon black did not exceed 2%. a multi-layer 

structure formed consisting of the raw material or unreacted layer, the sintered layer. a semi- 

molten layer and the molten flux. 

2.3.6.2 Melting rate 

Various tests have been developed to determine the melting rate of mould powders: Serge 

cone or button. crucible test and molten slag drip tests. 

Seger cone or butîon[6,7.29]: The time required to melt either a cone or flux button 

(cylinder) placed inside a fumace is utilized as an index of the melting rate. These tests. 

however, are inadequate to represent the melting conditions in the mould. i.e.. the 

unidirectional heat flow. 

Crucible test[ 1.6,16,47]: An alumina cmcible filled with mould powder is unidirectionally 

heated at 1400°C for a set time. The cmcible is cooled then cut through the center and the 

height or % of liquid flux is taken as an index of the melting rate - the % of liquid flux formed 

was termed the vitrification rate by Nippon Stee1[16,47]. Mills[l] reported that this test was 

bund to perform reliably. 

'Molten slag clnp ' tests[l J.2 l,30,44,48,50]: Each of these tests uses an apparatus similar 

to the one shown in Figure 2.25 which was onginally developed by Lidefelt and 

Hasselstrom[44]. The samples are heated to 1400°C- 1500°C and the conical base of the 

crucible allows the liquid flux to drip out of the fumace into a vesse1 which is continuously 

weighed. These tests provide a more realistic measurement of the actual melting rate than the 

previously mentioned methods. but the results can be affected by the fluidity of the flux 

fonned[1.50]. 



Mills[l] observed that although these tests cannot completely simulate the conditions in 

the mould. they are used to identiS, the influence of key parameters, such as: (i) the chemical 

and mineralogical components of the flux and (ii) particularly the size. type and amount of 

carbon in the powder. on the melting rate of mould fluxes. 

Free carbon controls the fiux melting by providing an inert barrier between the solid 

particles and /or liquid flux pools. Because carbon is not soluble in the liquid flux. its particles 

forrn a skeleton which prevents. or hinders, the agglomeration of liquid flux droplets[1.3.6.7. 

14,29,47. 481. Not only is the level of the carbon content imponant, but so is its type, as 

shown in Figure 2.26. As far as type of carbon is concemed two parameters are important: the 

grain-size distribution and the ignition temperature. Lampblack or carbon black, due to its fine 

size is the most effective in delaying the melting of mould[3]. This is because it is able to coat 

each particle in a mould flux. Graphite also is effective in delaying mould powder melting. It is 

available in smaller particle sizes than coke dust and has a higher ignition temperature than 

both, carbon black and coke dust[l4]. Higher ignition temperature leads to longer bum-off 

times that favor the skeleton effect (Le., delays in the melting of the fiux). But, the use of 

graphite has been limited because its higher cost. 

Riboud and Larrecq[21] deterrnined the melting rate of several casting powders in an 

apparatus similar to the one shown in Figure 2.25. The results confirmed that the free carbon 

content of the powder had a profound influence on the rate of fusion and that powders with 

sirnilar overall chemical composition could have different rates of fusion. The latter led to the 

conclusion that the mineralogical nature of the powder constituents influences the rnelting 

rate. Also a relationship between either viscosity or Tliq and the rate of melting could not be 

established. However, in plant trials they observed that the flux pool depth was very sensitive 



to Tl i ,  which is a strong indication that the melting rate of a flux depends on its liquidus 

temperature. 

Kawamoto et a1[5 11 investigated the effect of carbon content, bulk density and the 

carbonate content of mould powders on its melting rate. The results confinned the influence 

of carbon content and particle size and also showed the effect of bulk density and carbonate 

content, as can be seen in Figures 2.27 and 2.28. They concluded that the increase of melting 

rate with carbonate content was due to the elevation of the specific thermal conductivity 

caused by the gas generated during the decomposition of the carbonates. 

Based on their experimental resuits, Kawamoto et al. [51] established an ernpirical 

equation for the melting rate of mould powders, given by: 

R. = 16.8 LK* (%carbonate)-0.00336C',+0.0477 (2.7) 

where R is the melting rate (mds), K* is the decomposition reaction rate of carbonate at 

1623 K and (', is the carbon content per unit volume, i.e., C,=(weight percent C x mould flux 

bulk density). 

2.4 Behaviour of the Flux in the Mould 

Once the flux has been added to the mould, two major phenornena occur: (i)  the powder is 

heated in contact with the liquid metal, melts and feeds the surface with a liquid phase, and (ii) 

the liquid phase spreads over the steel surface and infiltrates into the strand/mould gap during 

the oscillation cycle. The infiltrated flux solidifies in contact with the water-cooled copper 

mould wall and forms a solid layer; against the strand shell, a molten flux layer remains, which 

ensures the lubrication of the strand-mould interface. 



2.4.1 Melting 

According to Nakano et a1.[47] the melting process experienced by a flux in a continuous 

casting mould can be divided into the following stages: 

(2) After being added into the mould the powder is heated but still retains its original 

structure and rnorphoiogy. (2) As the heating proceeds, the carbon in the powder begins to 

bum. Some parts of the base matenal contact each other, which starts a sintering process. 

This sintering process advances with the further heating of the powder and combustion of the 

carbon. (3) The base material begins to melt, forming droplets of molten flux surrounded by 

carbon particles. As the carbon particles are consumed. the melted base material coalesces. 

(4) A molten flux pool is fonned. 

2.4.2 Molten Flux Pool Thickness 

The molten flux pool fonned above the meniscus of the steel acts as a reservoir which 

ideally provides a continuous supply of liquid flux to the mould/strand gap. It is important that 

this flux pool has sufficient depth to feed the gap adequately at al1 times. It has been reported 

that the depth of the flux pool increases with increasing casting speed and melting rate. and 

decreasing "melting" temperature of the powder[49]. It is also affected by the powder 

consumption rate and the mould dimensions. 

While mould powder is melting to form the flux pool, the liquid lubricant flows into the 

strand/mould gap; therefore, the flux pool depth is a balance between consumption rate and 

melting rate. Since the consumption rate decreases with increasing casting speed while the 

melting rate tends to increase due to a higher thermal input in the mould. it is expected that 

the flux pool is deeper at higher casting rates. However the opposite has also been reported 



for some specific flux compositions and steel stirring intensities[29,49]. Figure 2.29 shows the 

relationship among consumption rate, casting speed and flux pool depth. 

Riboud and Larrecq[21] observed in plant trials that the flux pool deepened with 

increasing cast speed. They concluded that it was caused by the greater supply of heat to the 

mould when the casting speed increased, Le., the vertical heat flux through the flux layers 

increases which accelerated the melting rate of the flux. 

Figure 2.30 shows the response of the liquid pool depth during a steep increase in casting 

speed. It can be seen that initially the increased demand for rnolten flux. not immediately 

compensated by a higher melting rate, resulted in a decrease in the flux pool depth. However. 

a higher melting rate ensued due to increased heat transfer associated with the higher casting 

speed. The result was a gradua1 increase in the pool thickness, until a new steady-state 

condition was establishedr 1 J.2 1,291. Dunng such transient casting conditions the flux 

infiltration is greatly reduced, which can lead to breakouts. Sakuraya et a1.[29] found that the 

uniformity of melting could be ensured over a larger range of casting speed by using fine 

grained carbon (a-type powder). 

The depth of the molten pool has been measured by "slag dip" tests in which a probe 

constnicted fiom Fe and Cu wires is inserted into the mould for two to three seconds. Since 

the melting points of Fe and Cu correspond approxirnately to the temperatures of the liquid 

steel and the molten flux, the difference in the lengths of the two wires yields an estimate of 

the depth of the flux pool[ 1.14.47.491. Figure 2.3 1 shows one of these devices, in which an 

aluminum wire was employed as well to determine the thickness of the sintered layer. An eddy 

current sensor for rneasuring the thickness of molten flux was reportedly developed and 

applied at Nippon Steel [52], but sustained performance of the device was not yet proved. 



Riboud and CO-workers[21,49], using the "slag dip" test, observed very significant depth 

variations as a fùnction of time and position in the mould. As show in Figure 2.32, the flux 

pool is thinner in the vicinity of the mould narrow faces and is thicker close to the SEN. They 

also observed that the flux pool deepened as the flux melting temperature decreased and the 

melting rate increased[21]. The latter was thought to be caused by a decrease in the amount of 

micron-size carbon particles. This was confirmed by Nakano et a1.[47] who showed that the 

flux pool thickness was dependent on the amount of carbon black. They also showed that 

agitation on the liquid steel surface accelerated the melting of mould fluxes and increased the 

thickness of the flux pool. 

A flux pool thickness in the 10 to 15mm range has been recommended as an optimum 

value[5,15,3 O.46,53]. For higher casting speeds Mills[ 1 ] recommended a minimum of 20mm: 

however, this value was not supported by other workers. Bomrnaraju[l4] recornmended a 

minimum thickness of 6 to 12mm. which is in the same range reported by Tsai and 

MastervichC541. 

It is generally accepted that the flux pool depth should be larger than the oscillation stroke 

length. Tsai and Mastervich[54] suggested a value between 1.3 to 1.5 times the stroke length 

in order to avoid the entrapment of unmelted mould powder into the cast strand; however, 

Sardemann and Schrewe[S] argued that the current tendency to work with small stroke 

lengths (about 6mm), in order to reduce the depth of oscillation marks leads to very low 

values of flux pool depths. Depending on the steel flow rate h m  the SEN, waves with a 

height between 5 and lOmm can be formed on the liquid steel surface; thus the values 

recommended by Tsai and M a s t e ~ c h  would not be adequate to prevent entrapment. 



Nakano et d.[47] suggested a minimum flux pool depth(Yp) given by: 

(7) 500"" +a Y, = Ssin - - 

where S is the stroke of mould oscillation (mm), f is the fiequency of oscillation (cycles/min.), 

L'k is the casting speed (rnlrnin.), 6 is the molten steel surface oscillation (mm) and N is the 

negative-strip ratio. which is given by: 

2.4.3 Modeling of Melting Behavior 

Niggel and Felder[SO] denved a system of equations for calcuiating the depth of the liquid 

flux layer which Mills[8] presented as follows: 

Where n is the thermal difisivity of the liquid flux; Cp and AHfi' are the heat capacity and 

enthalpy of fusion of the flux. respectively; f is the fraction of volatiles in the powder; VJis the 

rate of flux descent and Tm, Tfiq and Tomb are the temperatures of the metal, flux melting 

point and the surroundings respectively. The subscnpts s and Prepresent the solid and liquid 

phases of the flux, respectively. Although Equation (2.10) seems very attractive in its 

simplicity it was incorrectiy represented by Mills since its logarithrnic part dways renders a 

negative number. 

Delhalle et a1.1491 developed a steady-state mathematical mode1 to describe the behavior 

of the casting powder on the free steel surface. They solved the general heat-conduction 

equation using an implicit finite-difference method for a systern consisting of steel, liquid flux 



and solid powder. They found that the liquid flux depth increased with decreasing powder 

melting temperature and increasing effective thermal conductivity of the flux. For a given 

melting temperature, the flux depth decreased with increasing consumption and as long as the 

surface temperature remained below 800°C ("dark-practice"), the flux pool depth did not 

change significantly with the powder layer thickness. 

Nakano et a1.[47] investigated the melting and flux pool formation behavior with the aid of 

a mathematical model. Figure 2.33 shows the basic configuration of the model. They 

integrated the transient one-dimensional heat-transfer equation using a finite-difference 

scheme. Figure 2.34 shows a comparison between measured and calculated values of the flux 

pool depth. They found that the effective thermal conductivity of the molten flux pool was 4 

to 6 times the thermal conductivity reported in the literature. This direrence was attributed to 

convection in the pool. 

Goldschmit et a1.[55] investigated the sensitivity of the liquid pool depth to variations in 

the mould powder properties and operational parameters by means of a finite-element model. 

From their sensitivity analysis. they concluded that the most influential controliing factors 

were ( 1)  the melting temperature of the powder and (2) the consumption rate. 

2.4-4 Formation of Flux Films 

At the beginning of the casting sequence some of the molten flux infiltrating into the 

mould/strand gap freezes against the mouid wall. The resultant flux film consists of solid and 

liquid layers which typically have thickness of 1-2 and O. 1 -0.2mm. respectively[ 1.31. Frictional 

forces ensure that the solid layer is held against and travels with the mould, whereas the liquid 

layer travels with the strand. In the lower half of the mould the thermal contraction of the shell 

results in the formation of an air gap located between the mould and the solid flux layer. 



The flux film solidified against the rnould, which usually consists of a glassy layer 

produced by the quenching of the molten flux against the mould, remains unaltered; closer to 

the liquid flux layer. the solid flux tends to be crystalline during the casting sequence. The 

exarnination of flux films fonned in trials where (i) a starter powder was used and (ii) a tracer 

was added to the mould 20 minutes after the beginning of casting, revealed that the flux layer 

which adhered to the rnould had no tracer for distances of up to 0.6rnm from the mould 

wa11[46]. 

The crystalline zone, between the glassy region and liquid film can forrn gradually Rom the 

glassy layer. when the local temperature is above the temperature of crystallization of the 

flu'r[1.22], or possibly, directly against the mould when the flux basicity or Na20 content is 

high[l]. As outlined earlier. the presence and relative thickness of the crystalline layer depends 

on basicity, NazO and AlzOj contents, and carbon particles[l5,26]. High basicity and high 

Na70 - content enhance crystallization while high N203 content favors a vitreous structure. 

Carbon particles promote crystallization by providing nucleation sites for the 

transfonnation[l]. The relative proportion of these two phases is important since they have 

different thermal pro perties. 

The solid flux film thickens with increasing flux viscosity and decreasing heat flux from 

strand to the mouid. The heat flux is dependent upon the thermal resistance of the mould/solid 

flux interface which is largely due to the structure of the solid film -glassy or crystalline- and 

to the air gap formed by the thermal contraction of the flux which may be dependent upon its 

mineralogical constitution. 



2.4.5 Infiltration of Molten Flux 

The infiltration of liquid flux into the mould/strand gap is the key process in continuous 

casting since it is necessary to ensure both good lubrication and uniform heat transfer between 

the strand and the mould. Failure to provide these conditions can result in the formation of 

surface defects and sticker breakouts. 

The molten flux is pumped into the strandrmould gap by the action of the descending 

mould wall and the solid flux rim attached to it during the downward movement of the 

rnould[6.56.57]. In principle, the rnould flux can be drawn back upward dunng the upstroke 

of the mould but this is resisted by the movement of the meniscus toward the mould dunng 

positive strip which, at least partially, seals the gap. Anzai et a1.[58] confirmed this behavior 

by a mathematical model. They found that a positive pressure exists du@ the downward 

movement of the mould and a slight negative pressure occurs during most of the upward 

movement. 

Obviously it is difficult to observe the infiltration of the flux into the mould strand gap. 

However some insight into the infiltration process can be derived from examination of flux 

films collected at either the bottom of the mould or from the frozen shell formed in the mould 

when casting is interrupted. Miils[l] reported that Lainez et ai. found that coherent flux films 

are probably formed by most low-viscosity fluxes, while flux with a high viscosity of 13 poise 

at 1300°C produced an intermittent film. 

2.4.6 Mould Flux Consumption 

Information on powder consurnption gives basic data conceming the infiltration and 

lubricating characteristics of mould flux. Assuming homogeneous flux intiltration, it is possible 

to define an average thickness of consumed lubricant. This value gives a reasonable 



approximation for the thickness of the liquid lubricating film, since there is evidence to 

suggest that about 90% of the consumption arises fiom the provision of the liquid flux film[l]. 

However, as pointed out by Riboud and Larrecq[22] the thickness calculated from 

consumption values should not be confùsed with the actual overall thickness of the flux film 

present between the strand shell and mould wall. The latter is several times greater than the 

former, due to the presence of the solid layer attached to the mould wall and to velocity 

gradients in the infiltrated layer. Furthenore. a substantial amount of flux can be entrapped in 

oscillation marks. The overall thickness has been found to be 1-2mm and the liquid layer 

calculated fiom consumption values is generally below O. lmm[3,22]. 

The average quantity of infiltrated flux is evaluated by weighing the mould powder added 

during a penod of tirne at constant casting conditions. The loss on ignition of volatiles and 

carbon must be subtracted and the start-up of the casting sequence rnust be excluded. 

Bommaraju[14] suggested that the first 10 minutes should be excluded because of the demand 

for fresh powder to provide a cover for the surface of the steel. 

Mould powder consumption has been expressed in different foms, such as kg/ton of steel. 

kg/rnz. and kp/min. However. because the consumption depends upon the size of the cast slab 

and is proportional to the surface of the strand. the amount of powder consumed per unit of 

strand surface area (kg/m2) is most suitable for evaluating the lubrication capability of mould 

fluxes. 

Measured average consumption lies in the range 0.30 to 0.60 kg/m2[5, 13,23,30,59-621, or 

0.3 to 0.7 kdton of stee1[2.6,15,22.45.54]. Values over 1 .O up to 1.2 kg/ton of steel have 

been reported for low viscosity powders (- 1.0 poise @ 1400°C) and low casting speed (0.5 



to 0.7 rn/min.)[63]. High consumption can be an indication of surface defects such as flux 

entrapment and deep oscillation marks; on the other hand, consumption below 0.25 kg/m2 

may lead to breakouts due to insufficient lubrication. 

Nuri et a1.[63] investigated the consumption pattern in the direction of the mould width. 

The researchers found that consumption was highest close to the narrow faces. lower by the 

region around the SEN and lowest in between these two regions and also that consumption 

increased with lowering flux viscosity. They showed that the consumption pattern varied 

greatly for high viscosity fluxes and was relatively uniform for low viscosity fluxes. as s h o w  

in Figure 2.35. 

The consumption has been found to increase with decreasing flux viscosity, casting speed 

and mould oscillation fiequency[ 1 ,S. 13,23,30,60-661, and decrease when both liquid steel 

temperature and powder melting rate decrease[60.62,63]. Figure 2.36 shows the relationship 

between powder consurnption and casting speed for two different mould oscillation 

fiequencies. 

Several modeling efforts have been undertaken but reasonably accurate prediction of 

consumption has not been achieved[2 1,50,63.67]. Takeuchi et a1.[67] found that the flux 

consumption, was highest when the downward mould velocity was maximum and confirmed 

that mould powder consumption decreased with increasing casting speed. Although their 

model is the most cornprehensive lubrication model in the literature surveyed its resuits do not 

agree well with measured values of powder consumption. 

Another approach to predict flux consumption is to establish empirical equations by 

regression anal ysis of plant trial data. Wolq601 fitted the effect of primary casting parameters 

to obtain the following equation: 



where: Q is the consuinption (kg/m2), f is the frequency (cpm), q is the viscosity@ 1300°C 

(poise), and V, is the casting speed (rn/min.). Wolf suggested that Equation (2.1 1 ) was 

subjected to bias since it was obtained under common operating practice in which casting 

speed and oscillation frequency were not varied independently. By using a set of data obtained 

for two independent oscillation frequencies he established the following equation: 

Where: C; is the relative strand/mouid velocity (rn/min.) [V,d$,, during positive strip 

tirne], and 1, is the cycle time (seconds). Figure 2.37 shows a cornparison of rneasured flux 

consumption with predicted values using Equation (2.12). 

Kwon et a1.[62,13] established the following regression equations. for flux consumption 

corresponding to two groups of carbon content and the range of casting variables shown in 

Table 2.7, 

( 1 )  %C<0.08: 

Where: Q is given in kgtrn2. I ]  is viscosity in poise@ 1 300°C, f is frequency (cpm), and A is the 

half stroke (mm). 



The empirical equations previously presented can be quite usehl for estimating the effect 

of changes in one or several of the casting parameters on mould powder consumption. One 

inherent drawback with these equations is that they can only be used with confidence for the 

same range of casting variables under which the original data were obtained. 

2.5 Lubrication 

In the upper part of the mould, due to high temperature and fairly uniform pressure. the 

liquid frictional forces are operative whereas in the lower mould region, solid-solid fiction 

rnay arise From contact between the solidified flux. or the strand, and the mould[22.61,68]. 

The total friction force is given by the sum of the liquid and solid fnctional forces. 

Assuming that the velocity gradient between the mould wall and the strand surface is 

linear, which is an approximation since the static pressure gradient and the transverse 

temperature gradient affect the velocity gradient, the liquid fnctional force Fp is given by the 

following [46.59,6 1-62,68491. 

Where P.',, and ?', are the mould velocity and casting speed; r] is the viscosity: d/ is the 

thickness of the liquid flux layer; and A the area of the mould/strand contact. 

Thus liquid fnction is expected to decrease when: (1)  the viscosity of the flux decreases: 

(2) the liquid flux film thickness. Jf i  increases (which occurs when the viscosity of the flux and 

the casting speed decreases. and the frequency of mould oscillation increases); (3) the castins 

speed decreases; and (4) the surtace area of the rnould decreases. 

Assuming that the coefficient of sliding friction is independent of the velocity, the solid 

friction is given byJ46.59-62.68-691 



& . = , x H  (2.16) 

where rl, is the coefficient of sliding fnction and H is the force resulting fiom the ferrostatic 

pressure (= pgh) . 

The analysis conducted above implies that in the case of liquid friction controlling the 

mould wall forces. the force curve sensed by load cells is cyciical with a sinusoidal shape since 

F, follows the pattern of V,; On the other hand, the force curve would be a square wave. i.e.. 

Fs has a constant modulus and changes sign depending on mould velocity direction. if 

controlled by solid fhction[69]. This behavior is shown in Figure 2.38. 

The effect of mould flux properties on mould friction was investigated in a veiy 

comprehensive study on high speed slab casting by Gilles et a1.[69]. Based on data fiom an 

instnimented mould, five mould powders were characterized through analysis of fiction force 

profiles. as shown in Figure 2.39. Powders with Iow transition temperature, B and E. resulted 

in low fnction and the shape of the fnction curves was rounded, indicating a strong liquid 

friction component. Powder A with a high transition temperature, 1 100°C. and low viscosity. 

resulted in high friction with an apparent strong component of solid friction. The shapes of the 

curves of powders C and F, with high transition temperature and high viscosity, also appeared 

to have a strong solid fnction cornponent. Gilles et a1.[69] concluded that the shape of the 

fnction cuve was more a function of the transition temperature than of the viscosity for the 

range of variables in their study. A lower transition temperature means that liquid flux in the 

form of a lubricating film is present over a greater fraction of the mould length and thus 

provides a greater potential for hydrodynamic lubrication. 

Data from 

casting speed, 

different plant trials[22,69-701 revealed that fictional forces, as a function of 

pass through a minimum value, as s h o w  in Figure 2.40. Wolq601 attributed 



this behavior to a transition from liquid to rnixed fiction. High fiction at low casting speed 

was thought to be caused by a lower average temperature in the flux film due to a lower slab 

surface temperature[22,6O169]. Wolq601 believes that this could also be comected with an 

excessive mould flux consumption in the regime of low casting speed, which would lead to a 

liquid flux pool depth below the minimum required for stable flux infiltration. The increase in 

the fiction force at high casting speed is caused by a decrease in the liquid flux film thickness 

and an increase in the relative speed between the mould and strand (Ch-1;) [62.70]. The 

influence of casting speed on fiction force must be examined carefully, since the fiction force 

also depends on oscillation frequency[îl]. The common practice of varying fi-equency with 

casting speed hinders assessment of the influence of each variable separately. 

Mills[l] reported that plant trials camed out to measure fnctional forces have shown that 

a decrease in steel temperature increased the frictional force and in some cases caused 

fluctuations in fiction, presumably due to the concomitant increase of flux viscosity (Le.. /-,) 

and amount of solid fnction, Fs. There are also contradictory findings concerning the 

influence of negative-strip time on the value of the frictional force. 

2.5.1 Lubrication Modeling 

The flow of flux in the mould has been of interest to several investigators, particularly the 

flow at the meniscus and through the shelVmould gap. Emi et al&] proposed that the pressure 

generated in the flux channel at the meniscus deforms the partially solidified shell and 

produces the oscillation marks. Also, Nakato et a1.[15], Takeuchi and Brimacombe[S6] and 

Anzai et a1.[58] showed that the positive flux pressure during the negative-strip period, 

"indents" the shell to produce the oscillation marks. These models have concentrated mainly 

on the interaction between mould waII movement and strand shell deformation at the 



meniscus. The lubrication aspect of the mould flux and the temperature dependence of flux 

properties were not coosidered. With regard to the flow of flux down the length of the mould. 

several models were developed[22,59,72,73]. These models obtained a solution of the Navier- 

Stokes equation making various simplifjmg assumptions. Some of the major drawbacks with 

these models are: (i) some do not provide information on the thickness of the flux film and a 

constant value must be provided[59.72], (ii) some do not take into account the oscillation of 

the mould[22,73], (iii) none of them take into account the variation of the temperature along 

the mould wall and the difference between the broad and narrow faces. 

It can be concluded that a more comprehensive lubrication analysis is needed in order to 

charactenze the influence of flux properties and casting parameters on the behavior of the 

infiltrated flux, and to predict their impact on the efficiency of lubrication and on the intensity 

of heat transfer through the rnould. Further deveiopments, like accounting for the flux rnelting 

and the presence of a flux nm, should also be undertaken. 

2.6 Heat Transfer 

Heat transfer in the mould ir one of the most important phenornena taking place during the 

continuous casting of steel. Proper heat extraction by the mould results in slabs with good 

surface quality and prevents breakouts. If the rate of heat removal is excessive and/or uneven. 

thermally induced stresses, which may cause longitudinal cracks, are generated in the shell. On 

the other hand, insufficient heat removal can lead to a thin strand shell which is more prone to 

bulging and breakoutsL74-761. 

Heat from the liquid/solid steel interface is transferred to the mould by a sequence of 

steps, which consist of ( 1 )  convection in the Iiquid steel pool, (2) conduction through the 



strand shell, (3) heat transfer across the flux layer infiltrating the strand/mould gap. (4) heat 

transfer across any air gap separating the strand and the mould, (5) conduction through the 

mould walls. and (6) convection at the mould/cooling-water interface. 

The largest resistance to heat extraction resides between the solid shell and the mould 

wall; therefore, the mould heat transfer is regulated by those factors determinhg the thickness 

of the gap separating the strand shell from the copper wall and the properties of the flux 

infiltrating the gap[74,77,78]. 

Several studies have been performed to analyze the influence of casting parameters on the 

heat transfer between the strand and the mould wall. Traditionally casting speed. steel 

composition and casting po wder propefties have been recognized as the major controlling 

parametersr74-791. Mould geometry, oscillation Frequency, SEN design, submergence depth 

and. recently hydrogen content in the liquid stee1[75], also have been related to the heat flux in 

the mould. The effect of variables other than the properties of mould flux has been explained 

pnmarily in terms of gap dimensions; however. Mahapatra et a1.[77] suggested that the effect 

of casting speed was more likeiy due to the higher heat transfer from steel to mould flux, 

which resulted in a hotter less viscous flux and reduced slag rirn thickness. 

Aithough this review acknowledges the influence of the above-mentioned parameters on 

mould heat transfer, the objective of this section is to highlight the influence of mould flux 

properties. Figure 2.41 shows a typical profile of mould heat flux determined from mould 

temperature data obtained in plant trials. The shape of the profile shown, with a maximum 

heat flux at the meniscus or just below it, decreasing values toward the bottom of the mould 

and a slight increase before the mould exit, has been reported as typical by the majority of 

investigators[4,22,23,59,74.77-801. The decline of the heat flux with distance below the 



meniscus is due to: (i) an increase in the gap separating the steel from the mould wall; (ii) an 

increase in the Fraction of solid flux between the strand and the mould; (iii) an increase in the 

thickness of the solid shell; and (iv) reduced convection in the liquid core, thus decreasing heat 

transfer from the liquid steel to the solid shell. The increase in heat flux in the lower part of 

the mould is due to a reduction in the steeVmould gap as a result of locally excessive mould 

taper or binding[77,80]. 

The heat flux measured in plant trials has overall values between 0.8 and 1.9 MW/m2. with 

peak values of 2.0 to 3 .O at the meniscus[ 1.74,77,79,80]. As shown in Figure 2.4 1. the mould 

heat flux is higher on the narrow face than on the broad face because the liquid steel streams 

from the bifurcated SEN are directed towards the narrow walls of the mould[77.80]. 

It has been found that the mould heat flux increases with decreasing viscosity, transition 

temperature, melting range and crystallization temperature[23,40,54,74,76,77,79l. Low 

viscosity favors infiltration of the molten flux in the upper part of the mould. A more fluid flux 

gives a higher flux consumption. and a thicker lubricating film; lower in the mould this film 

reduces the air gap between the mould and the shell. The influence of the flux viscosity on the 

mouid heat transfer can be seen in Figure 2.42. 

Emi et a1.[40] found that the overall heat-transfer coefficient had a stronger correlation 

with the transition temperature than did viscosity. They concluded that a higher transition 

temperature allows a thicker solid flux layer to form between the mould and the steel and this 

acts as a heat flow bamer. Also there is less molten flux to effectively fil1 al1 the resultant air 

gaps toward the bottom of the mould due to contraction of the shell. However, a higher 

transition temperature gives rise to increased fiction and a higher propensity for sticker 

breakouts because the extent of hydrodynamic lubncation is reduced. On the other hand. 



when the transition temperature is low, the heat transfer in the mould increases which can 

exacerbate the formation of longitudinal cracks[40]. 

In addition to controlling the solidified mould flux thickness between the mould and strand 

shell by controlling the transition temperature of the flux, it is also essential to monitor the 

crystallization tendency of the rnould flux. Fluxes with low crystallization temperature 

produce thicker glassy layers which enhances the heat flux. while high ctystallization 

temperature fluxes produce a thicker crystalline layer which contain pores. The presence of 

pores in the solid flux layer reduce the heat flow across the faces of the mould and evens out 

transverse temperature gradients by decreasing the thermal conductivity of the 

flux[I, 14,23.26,8 11. Figure 2.43 shows the influence of the presence of pores in the crystalline 

layer on the heat flux in the mould. 

2.7 Mould Flux-Rela ted Defects 

2.7. I Surface Defects 

2.7.1.1 Longitudinat face cracks 

Steel grades with a carbon content in the range of 0.08 to 0.14% are particularly 

vulnerable to longitudinal cracking. The carbon effect has been attnbuted to the relatively 

large thermal contraction as 6-femte transforms to austenite near the meniscus giving nse to 

wnnkles in the solidiMng shell. Due to the resulting non-uniformity of the mould/sheli gap. 

local hot spots are created which concentrate tensile strains leading to longitudinal cracks.[82- 

841 

It is known that mould powder has a decisive influence on longitudinal cracking through: 

the overall heat flux between the strand and mould; high fiction forces; and variations of heat 



flux along the mould width direction[85-891. Nakato et a1.[87] showed that casting speed and 

mould flux characteristics are the most important factors influencing the mean heat flux in the 

mould; therefore, correct selection of mould flux is criticai to controlling longitudinal 

cracking; reducing cast speeds is an undesirable option for productivity reasons. 

Ogibayashi et a1.[46] pointed out that to prevent longitudinal cracks, the thickness of the 

molten flux pool must exceed IOmm. Because the flux pool depth is controlled by the melting 

rate of the powder, the latter is an important factor in optimizing surface quality. They also 

proposed that the most stable conditions for infiltration of liquid flux into the rnoulcUstrand 

gap are established when the parameter qV, lies between 1 and 3.5. Within this range the 

variations of both the heat flux and liquid film thickness are at a minimum. Woiq64] chose a 

different parameter. qC',-, to define optimum casting conditions and proposed that the overall 

heat flux and frictional forces are at a minimum when qvc- is about 5. In both cases q is 

given in poise and C', in m/rnin. and both parameters are in agreement with previous work 

carrïed out by Gray and Marston[85] who observed that in order to minimize cracking. the 

flux viscosity must increase as casting speed decreases. MiIls[l] reported that calculated 

values of q y  and q ~ , % - o m  five different sources. for the condition corresponding to 

minimum longitudinal cracking, showed that optimum casting conditions occurred around 

qV, = 3-5 and q ~ , -  = 3-7 with the latter parameter showing the least variation. 

Ogibayashi et al. [46] reported that longitudinal cracks can be reduced using powders with 

a high basicity (CaO/Si02) ratio. Fluxes fomed by more basic powders are expected to 

contain a higher propoftion of crystalline phases which should result in a decrease of mould 

heat flux, as indicated earlier. Therefore, fluxes having a high crystallization temperature are 



well suited for crack-sensitive steel grades. Sardemam and Schrewe[S] showed that the 

occurrence of longitudinal cracks was clearly reduced when applying fluxes with basicity ratio 

above 1.1. 

Work camed out at British Stee1[86,89] confirmed that the frequency of longitudinal 

cracks can be correlated with the variability of the heat flux in the upper half of the mould. 

particulariy in the meniscus region, and the lubrication index (LI). which represents the 

fraction of the mould enjoying liquid lubrication. Using mouids fitted with thennocouples to 

obtain thermal profiles, the LI was determined as follow: 

distance fiom meniscus to position where T = Ttmmitim 
LI = (2.1 7) 

distance fiom meniscus to mold bottom 

The lubrication index varies with the casting powder used and the casting speed. It was 

found that optimum surface quality was obtained using a powder with a lubrication index 

close to unity; powders with higher index values were found to produce a thin and unstable 

flux film which caused cracking. 

Thomton et ai.[89] found that the use of an exothermic starter powder, which was a fast 

meltinç flux, in conjunction with the normal casting powder. reduced substantially the severity 

of longitudinal cracks. They observed a significant reduction in the temperature variability in 

the mould plates when the starter powder was used. This improved performance was 

attributed to the formation of a stable film when the starter flux first infiltrated the 

mould/strand gap, in contrast to the unstable film formed by the normal powder. Since the 

solid flux film against the mould wall remains essentially unchanged during casting, the 

subsequent switch to the normal powder only affected the flux film on the strand side. While 

the latter tilm strongly influences lubrication, the former affects the mould heat flux because 



the mould/strand gap is in fact formed between the mould and the solid flux layer against the 

mould. 

It has been suggested that the best way to minimize longitudinal cracking is to produce a 

thin, uniform solid shell at the meniscus by reducing both the magnitude and the variation of 

heat flux.[86,90]. This has been achieved by reducing the heat removal at the meniscus level 

through decreasing the mould water flow rate or by machining grooves in the mould which 

provided air gaps between the mould and the solid flux filrn[90]. Subsequently. the shell 

thickness and mould temperature were found to be more uniform which resulted in improved 

surface quality for crack-sensitive steel grades[9 LI. 

Although the heat transfer can be controlled by selecting the optimum propenies and 

composition of the powder, casting under uniform conditions is just as indispensable. 

Therefore, other sources of heat flux variation such as mould level variations, variation in 

casting speed and variation in shroud immersion must be kept under certain lirnits. Birat et 

a1.1921 reported that 70% of longitudinal cracks were caused when the mould level variation 

was r 10 mm. or casting speed variation was O.Zm/min.. or the variation in shroud 

immersion was 2 40mm, or by a combination of al1 three. 

2.7.1.2 Star cracks 

Star cracks have been associated with the presence of copper in the surface of the strand 

and are usually generated in the lower half of the mould where the copper is scraped From the 

mould plates by the descending solid she11[82,86]. The cause lies in the phenornenon called 

hot shonness in which the low-rnelting copper from the mould plates is abraded and 

penetrates the strand shell through the grain boundaries. Because of the high strand shell 



temperature, the copper remains liquid and prevents the formation of a solid inter-granular 

bond, resulting in cracks that mn along the grain boundaries. 

Although star cracking is usually overcome by plating Ni, Cr,or a multi-layer coating on 

the copper plates, the mould powder does exen an influence as well. Billany et al.[86] found 

that: (1)  the seventy of cracking correlated well with the magnitude of the heat flux variations. 

(2) the cracking decreused as the relative length of mould undergoing liquid lubrication 

approached 1 .O and (3) the use of a low-viscosity starter powder helped to reduce cracking by 

establishing a stable flux film in the mould/strand gap. They concluded that star cracks, like 

longitudinal cracks, are associated with variations of the heat flux and that this is possibly 

caused by spalling and cracking of the flux film in the lower half of the mould which would 

lead to mould-strand contact, thus solid-solid fiction Consequently, in order to rninimize star 

cracking, it is necessary to use a powder that provides liquid lubrication throughout the 

mould. 

2.7.1.3 Oscillation marks and transverse corner cracks 

The formation of oscillation marks is largely the result of the interaction between the 

casting flux and the mould movement. Howe and Stewart[93] observed that with oil 

lubrication, the depth of oscillation marks was vinually independent of mouid oscillation 

Frequency whereas with mould flux. the depth was inversely proportional to fi-equency. 

Vanous rnechanisms have been proposed to explain the formation of oscillation marks; the 

majority of them are based on the assumption that the first solid forrned is bent inward dunng 

the mould downstroke, although there are different theories to explain the dnving force for 

this movement[ 1,3.6.22,56,92-961. 



The distance between oscillation marks, also called the pitch, can be evaluated by the 

following 

where ! is the pitch. Vc is the casting speed and f is the frequency of mould oscillation. 

Equation (2.18) shows that the pitch decreases by raising the Frequency. The depth of these 

marks is said to be dependent on the negative-strip time; the depth decreases by lowering 

negative-stnp time which is obtained by raising the frequency or decreasing the 

stroke[l,3,6,60.65,97]. The depth and pitch of the oscillation marks are primarily determined 

by the rnould oscillation characteristics. however the casting powder can also have an effect; 

both, the depth and pitch, were found to decrease as mould flux viscosity increased and 

powder consumption decreased[60,64,98]. 

Transverse cracks are found along the bottom of oscillation marks and may be initiated as 

hot tears in the mould region. They propagate along the grain boundanes dunng plastic 

deformation at bending or unbending. [88.97]. The factors influencing the occurrence of these 

cracks are considered to be the hot ductility of the steel and the depth of oscillation marks. 

This kind of defect is particularly prevalent in steels containing > 1% Mn and Nb or V. the last 

two as low as 0.05%, which exhibit very low ductility between 700 and 900°C. Deep 

oscillation marks create a large local thermal resistance between the mould wall and the shell 

surface and also cause non-uniformity of the shell profile and of the subsurface structure. and 

consequently are preferential sites for cracking. It has also been suggested that the bottom of 

oscillation marks can act as a notch to enhance the propagation of cracks. Because cracking 



increases with greater oscillation mark depth. higher viscosity fluxes have been used to 

prevent the problem since these kind of fluxes can lead to shallower oscillation marks[59,98]. 

2.7.1.4 Surface inclusions 

Inclusions trapped in the surface of the strand originate from casting powders and fiom 

reoxidation products, mainly Alz03.The ability of the molten flux pool to absorb and dissolve 

inclusions plays a significant role in the reduction of the number of inclusions. As mentioned 

earlier, Riboud et a1.[10,22] showed that the absorption of alurnina through the metaVflux 

interface was always favored, so the ability to dissolve alurnina is the controlling step. The 

ability to dissolve alumina is assisted by: (i) an increase in fluonde content; (ii) the 

replacement of Na20 by Li20;  (iii) an increase in basicity; and (iv) a decrease in the initial 

N7O3 - content. 

2.7.1.5 Carburization of the strand surface 

Carburization is a particular problem when casting ultra low-carbon steels. It mainly 

occurs in strand sections cast with turbulent, heavily fluctuating mould levels and can be 

especiaily high at the beginning of casting when the volume of liquid steel in the mould is low; 

turbulence tends to be high and the molten flux pool is not fdly developed[l,3,41,44.99,100].. 

Although. carburization of the strand surface can originate fiom the mould flux or 

refractories used in the tundish and SEN, it has been found that the recarburization is 

principally due to the powder[l14 1.44.100.10 11. 

Takeuchi et al.[lO 1] found that surface carburization does not occur under stable casting 

operations but only takes place when a carbon-rich flux layer, formed between the sintered 

layer and the molten flux pool, contacts the steel solid shell. The importance of the presence 



of the carbon-rich layer was confirmed by Terada et a1.[100] who found that carbon pick-up 

takes place when liquid steel contacts unmelted mould flux, due to turbulence or mould level 

fluctuations. However, even if stable casting conditions are maintained. some carbon pick-up 

still occurs due to the enriched carbon layer, which was found to be 0.3 to 3 mm thick and has 

a carbon concentration 1.5 to 5 times higher than that of the original powder. Consequently. 

in order to prevent carbon pick-up. it is very important to decrease the enriched carbon layer. 

which was successfully achieved by adding Mn02 to the rnould powder. Additions of MnOz. 

which is a strong oxidizing agent, increase the molten flux pool depth and decrease carbon 

content in the enriched layer; therefore. being very effective in minimizing carbon pick-up. 

In general carbon pickup can be rninimized by maintaining sufficient liquid flux pool depth 

combined with stable casting conditions. i.e. minimum turbulence in the mould. and reducing 

the fixed carbon content of the mould flux[2,lOO]. Bommaraju[ 141 suggested a carbonate 

content of the raw material base lower than 2% to reduce turbulence in the mould powder 

layers and to use hollow granules with least amount of carbon added. Nakato et a1.[41] 

reported that hiçh speed casting of ultra low-carbon steel siabs below 28 ppm in carbon have 

been successfully achieved by the use of mould fluxes with less than 1% free carbon: the 

amount of carbon pick-up was reduced to below 10 ppm at the beginning of casting and to 

below 2 ppm during steady-state casting. In order to reduce the carbon content of the rnould 

flux without degrading melting and insulation characteristics they suggested spherical granules 

manufactured by a spray method. 

2.7.2 Sticker Breakouts 

Breakouts, in which liquid steel flows out below the mould, are the most troublesome 

aspects of continuous casting, resulting in significant costs and disturbance of production. 



Emling and Dawson[76] estimated that a "typical" breakout for a slab caster can resuit in a 

cost approaching US$200,000. As the continuous casting process matured, the incidence of 

breakouts has changed fiom heat-transfer related to the present day predominance of mould 

sticking[76.104]. Tsuneoka et a1.[104] reported that at Nippon Steel 79% of the breakouts 

were due to shell sticking while cracks represented 17% and scum entrapment 4%. 

Sticking-type breakouts are induced by shell-sticking which starts at the meniscus with 

resulting shell rupture moving successively down the mould. Various mechanisms have been 

proposed to explain the occurrence of sticker breakouts. Emling and Dawsonl761, Mills et 

ai.[ 1021 and Lu et al. [ 1031 recently published very comprehensive studies on sticker breakouts 

in which these mechanisms were reviewed. 

Studies of initial sticking based on analysis of fiction force between the shell and the 

mould indicated that a large fnction force brings about a shell rupture near the meniscus and 

the mptured shell is stuck to the mould. Therefore it has been concluded that for prevention of 

sticking the friction force should be reduced by using low-viscosity mould flux or by 

increasiny the flux film thickness, Le., increasing flux consumption. It has been also reported 

that fluxes containing Li and Mg, fluxes with low melting point, and non-sinusoidal mould 

oscillation improve the flux consumption and reduce the fnction force[l05]. Some of these 

results were confirmed by Mimura[lOS] with the aid of mathematical models, who showed 

that high- viscosity flux, high casting speed, and high cycle mould oscillation, are likely to 

cause sticking while low-melting point fluxes and large flux pool depth reduces its occurrence. 

Mould lubrication and the ability to maintain an open channel for molten flux infiltration is 

critical to reduce the occurrence of sticking type breakouts[23,40,59]. By decreasing the flux 

viscosity and its transition temperature, the mould flux consumption rate increases, which 



enhances the liquid lubrication; therefore, reducing the friction between the mould walls and 

the strand shell and consequently reducing the occurrence of breakouts. However, low 

viscosity and low transition temperature favor a high mould heat transfer rate which can be a 

problem for steels with carbon content between 0.10%-0.14%. due to longitudinal cracking. 

The ability to maintain a constant infiow of moiten flux between the mould walls and strand 

shell is related to the flux pool depth and slag rim thickness. An excessive slag rim growth can 

lead to conditions that obstmct the flux fiow. Also, an inadequate rnould powder meiting rate 

can lead to a lack oîmolten flux for infiltration[40]. 



Table 2.1: Typicul composiliori rariges for rnozrldjlz1xes[2/. 

1 Na20: 1-20% 1 BaO: O-10% 



Table 2.3: Epations for evd~rating viscosity of mozrldj71ixes. 

1 STEEL 

EQUATION 

Table 2.4: Itiflremr of V-ratio 011 crystaIIiza~ion trrnperatzim and crysta/lizatiori ind*lj/. 

Powder 

L 

M 

N 

P 

CaO/S i02 

0.97 

0.94 

0.89 

0.82 

Crystaliization Temperature ( O C )  

1100 

1100 

850 

room temp. 

Crystakation Indes. 

3 

7 

O 

O 



Table 2.6: Altrmiria pick-up atid viscosiîy of LCA K rno~ild fluxes at Idand Ster l No. i slah 
cosfer, afkr Bonrrnuraji[ i~.  

1 Openting v i scos i~  o f  in-mould flus (poise @ 1 300°C) 1 2.0-2-5 1 2.0-2.5 1 2.0-2.5 I 

Alumina pick-up in mould slag (%) 

Initial viscosity of mould flux (poise @ 1300°C) 

1975-80 

1042% 

0.4 

1980-85 

5-696 

O. 8 

1985-9 1 

2-3% 

1 . 1  



Table 2.7: Range of cast~ng variables empioyed hy Kwon et ai. [6.? j to obtain Eq~atiot~s 
(2.13) ami (2.14). 

VARIABLE LOW CARBON 

1 Casting speed (drnin. )  

1 Strake (mm) 

1 Oscillation fiequency (cyclesimin.) 

1 Steel casting temperature (OC) 





Figzwe 2.4 The viscosity offlux melrs in the system 
SiOrCaO-CaFINa20 as a function of the 
temperature and silica contentr4, IO]. 

Figure 2.5 C h g e  in the viscosity of the 
molten powder as a function of A f 2 0 3  
content fi8 J. 

Figure 2.6 Ef/ecr of F. A1203, Br03, 
4 0 ,  Nu@, and MMgO contenl on 
the viscosity ut 1300 V 3 J .  



Figure 2.7 The relutfonship between 
crystaiiization temperattue and mean 
heat transfer rate at 1.2 nJmin.[23 1. 

Figure 2.8 E4j'jlect c~staiiization ratio 
of marldjluxon on the occurrence of 
longitudinaL crack in sIabs[26]. 

Figure 2.9 Effect of ctystulIization on 
the fiequency of siicker breakouts[I4]. 

Figure 2. IO nemai  analysis mrves 
for diJferent moIdfltixes[~ 41. 

Figtire 2. I I  Influence of CaO/Si02 
on crystaf fization temperature f23J 



Figure 2-12 7he eflect of (a) busicity md 0-e) the constihrents of mold flk on the 
c~stalfizaiion ratio of moldfl21~fiZm[26] 



Figure 2.13 (a) Melting temperature 
and (3) vvicusity ar a function of fhe 
Na@ content (F=5%)[19] 

Figwe 2. IS  Melting tempera fures as 
a funciion of fhe barici4 CaO/Si02 

r191 

Figure 2.14 (a) Melting temperature 
and (b) viscosity as a firnction of the 
Fluorine content (NaJO =6%) [19] 

Figure 2.16 Influence of basicity on 
rnelting and crystalliisaiio~l 
temperaturelS j. 



Figure 2.17 Relationrhip between 
basiczty (Bi) and the AZ203 absorption 
rate of the rnoltenjlux[i8]. 

Fig. 2.18 Altmina pick-up by liquid 
mouldf!ux[19 ] 

Fig. 2.19 (a) Melring temperature 
ami (a) viscosity of mould fIux as a 
funcrion of ahmina addition[] 9 J 



Figure 2.20 nemd dz-vities of 
casting powders in vaam,- closed symbois 
heating cycle, open symbofs cooling 
cycieI39 J.  

Figure 2-21 111ermaI d~fiszvzties of 
cming powders in nitrogen atmos$ere: 
closed synbols heating cycle. open 
s p b o f s  cooling cycIe[39]. 

Figure 2.23 Change of pressure &op of 
gas frow with heutingf 411. 
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Figure 2.23 Ejject of cmbon on the muifen structure of mold 
fluxes[48]. 

Figure 2.25 Schemutic diagram of 
the apparatus used to memre the 
melting rate of mo Idflwees[7]. 

Cmrbor Coritoat (wt 96) 

c 
Figure 2.26 Ejfect of carbon type 
und amount on the melling rate of 
mo Idfrux[7]. 



Fipire 2.29 Variation of flirx 
commptiori alid moiten f7wc pool 
t lepth dzirir~g casting[3 O j. 

Figure 2.28 Eflect of carbonate 
content on mmld flux melting 
raie f5 11. 

Figure 2-30 The depth of rnoltea 
flux pool U T  an bicrease ii, casti~rg 
speed[i J. 



Aluminum Coppcr Stcd 
wirc wi re wire 

Figure 2.31 Three-wire method ro charucteriir meliing laye~s of mold 
f7ux[i JI. 

, Mold size = I.440 x 250 mm 
01Ywawideke 
i Along the mold atis parde1 IO ihe wide fiu 

Figure 2.32 Molten pool drpth as a f i ~ c f i o r ~  of the positiw iri rhe 
mold rneamred with the two wire method[49/. 



Figure 2.33 Mode l for meltzng procesr of mold powder in contzmrms 
casting f 4 71. 
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Figure 2.35 Influence of posi~zur~ in 
the rnmld and flux viscosiry on 
puwder connrmpfion[63]. 
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Fipw 2.36 Powdw cormrnp fion vs. 
cmtitrg speed for two oscillation 
freqzier~cies in sfab cast@[6OJ. 

Figure 2.37 Cornparison of mrustwed 
powder consumption with predicted 
values, uccurding to Eq~atio~t (2.12) 
rw 



Figure 2.38 Disphcement, velocity. 
accelerarion and force a m e s  in a 
corztir~zrous casting mold[69 1. 

Figure 2.39 instantmeous diqlacement 
and force curves in a coniimrotrs cas t i~~g 

Figure 2.40 Friction sheor strees versus. 
caslirig speedfor two mouid powders in slab 
casting (Lm is active mould f q t h ;  mouid 
stroke = 7.8 mm and NST = f.3)[6O J. 



Figure 2. J I  Axial heut-flux profile at the 
n a m  und brocid faces (0.17%C; casting 
speed= l .  Om/min; with Stg-îype moid 

~ C O  389 Sig 179 
SiO, 29.0 27.5 

Fipire 2.42 Ihjluence of mouid-flux ppe 
OH axial heat-flux proflies al the rrarrow 
face. (O. O 7%C, casting speed: 0.63-0.68 
m i  ~undish temperature: 15.50- 
1558 OC) [77j. 

Figure 2.43 Relation between the 
percentage of area of pores and the 
mean heat trans/ir rate at 1.2 m/rni)~ 

~ 3 1 .  



3. SCOPE AND OBJECTIVES 

Although oil lubrication is cheaper than mould-flux, quality problems and cleanliness 

issues have led some billet producers to switch fi-orn oil to powder lubrication for casting 

bigger-section (> 200 x 200 mm2) billets. However, as stated before, there is very little 

information available to answer the following crucial questions: what are the optimum 

properties of the mould powder for billet casting for a range of conditions, what should the 

mould taper be for mould flux lubrication? This lack of information regarding the use of 

mould powder in billet casting was the driving force behind this research investigation. The 

ultimate goal was to gather information and generate knowledge in order to help billet 

producers make the best choices in terms of mould powder, casting variables and mould taper. 

The objective of this research was to investigate billet casting with powder lubrication and 

compare it to oil lubrication in the context of mould thermal response and billet surface 

quality. The following tasks were performed to meet these objectives: 

An instrumented-mould t d  was conducted to measure mould temperature. mould 

displacement, metal level, casting speed, mould powder consumption. mould powder 

temperature profile and to acquire billet samples. 

Development of an inverse heat conduction mode1 of the billet mould to determine 

mould heat transfer from measured mould wall temperatures. 

Investigation of mould thenai response during billets casting with powder lubrication 

in terms of mould wall time-averaged temperature, mould heat flux, rnould cold- and 

hot-face temperatures. 



4. Calculation of strand shell thickness and billet shrinkage to speciQ optimum rnould 

taper. 

5. Evaluation of billet surface quality and relate the surface defects found (transverse 

depression, rhomboidity and longitudinal depression) to measured mould thermal 

response. 

6. Evaluation of the overall performance of the two powders used in the plant trial and 

investigate the influence of mould water velocity on mould powder performance. 

7. Cornparison of powder lubrication with oil lubrication in tenns of mould heat flux. 

transverse depression, rhornboidity. oscillation marks and mould level variation. 

8. Development of a mathematical mode1 of mould powder melting. 



4. MATHEMATICAL MODELLING 

This chapter presents the application of the inverse heat conduction method for 

determining mould heat transfer in billet casting from thennocouple measurements. It also 

presents the mathematical modelling of powder melting using the ent halp y method. Results of 

the melting model in conjunction with molten flux pool measurements and powder properties 

were used to interpret mould powder behaviour d u h g  billet casting. Also, in this chapter a 

previously developed mathematical model of billet shrinkage, that is used to investigate 

mould/strand binding and mould taper in Chapter 7, is briefly introduced. 

4.1 Inverse Heat Conduction Model 

Mould heat flux can be determined From measured mould wall temperatures. Traditionally 

a trial-and-emor technique has been used to estimate the mould heat flux. In this approach an 

assumed heat flux profile is used as a first estimate of the boundary condition along the hot- 

face of the mould wall in the mathematical model that simulates the thermal field in the mould. 

The initial input is judiciously altered so as to match the predicted mould temperatures with 

those recorded by thennocoupies[ 1 06- 1 1 O]. 

A mathematically more rigorous approach consists of solving the Inverse Eeat 

Conduction Problem (IHCP) by analytical or numerical methods[l 1 1-1 141. The IHCP is the 

estimation of the tirne- or spatial-profile of a surface heat flux aven one or more measured 

temperatures inside a body. As Beck et d.[114] pointed out the word estimation is significant 

because errors are always present in measured temperatures and they affect the accuracy of 

the heat flux calculation. 



Among the variety of proposed methods for solving the MCP, the regularization method 

is a procedure that minimizes a modified least squares function of the differences between the 

temperatures measured by thennocouples and temperatures predicted by a direct model of the 

problem. The regularization procedure modifies the least squares function by adding factors to 

reduce fluctuations in the unknown function to be estimated[ll l-1 141. These fluctuations or 

instabilities are not of physicai origin but are inherent in the solution of ill-posed problems 

unless they are specially treated[l 151 

This chapter presents details of the mathematical model developed to estimate the axial 

profile of mould heat flux from measured mould wall temperatures. The model consists of the 

regularization procedure coupled with a solution of the two-dimensional, steady-state heat 

transfer equation of the mould walls, also called the forward or direct problem. 

4.1.1 Direct problem 

A two-dimensional model of the mould wall, that predicts the thermal field in a 

longitudinal section through the mid-face of the copper tube, was developed to provide a 

forward problem solution for the inverse program. This model is based on a previous model 

developed by Samarasekera and Brimacornbe[l06]. A schematic diagram of the mid-face 

longitudinal section of the mould wall is shown in Figure 4.1. 

The following assumptions have been made in the heat flow model: 

(i) Steady-state - the mould is at steady state, which is valid if no nucleate boiling occurs 

in the water cooling gap[l08]. 

(ii) Two-dimensional - transverse heat flow perpendicular to the plane of interest is 

negligible. 



(iii) Thermal conductivity of copper is constant. Mahapatrar 1081 calculated rnould 

temperature, utilizing both a constant (1 27OC) and a temperature dependent themai 

conductivity, and found the differences in mould temperature between the two cases to 

be negligible, less than I0C at the mould hot face. Between 2S°C and 300°C the 

thermal conductivity of copper only varies -3%[108] 

(iv)The top and bottom surfaces of the mould wails are considered to be adiabatic. 

(v) The cooling water chamel extends from the bottom to the top of the mould walls. The 

cooling water is in plug flow and the heat transfer coefficient at the mould/water 

interface is constant throughout the length of the mould. Heat transfer between the 

cooling water and water jacket is negligible. 

The differentiai equation goveming heat conduction in a billet mould wall in two- 

dimensions, rectangular CO-ordinates, under steady-state conditions, is given by, 

Where T is temperature, x is the direction along the thickness of the mould wall, z is the 

direction along the height of the mould and kcu is the thermal conductivity of copper. 

The govening equation describing the heat transfer in the cooling water channel is given 

by. 

Where p is density, V is veiocity, d, is the width of the water chamel gap, C, is specific heat. 

Tis temperature, z is the direction along the mould height and h is heat transfer coefficient. 

The subscripts w and O refer to water and mouid wall cold face, respectively. 



The appropriate boundary conditions to solve Equation 4.1 and 4.2 are as follow: 

(i) cold face of the mould walI (x = 0, O < z 5 Z,) 

(ii) top and bottom of mold wall (O 5 x 5 X,, z = O and z = 2,) 

(iii) hot face of the mould wall (x = X,. 0 5 5 2,) 

where q(.) is a given heat flux profile. 

(iv) inlet temperature of mould cooling water (z = Z,) 

Equations 4.1 was discretized using a fuliy implicit finite-difference scheme[ll2]. The 

resulting system of linear equations was solved using the Gauss-Seidel iterative method with 

Successive Over-Relaxation (SOR)[l 161. The grid consisted of 5 nodes in the  transverse) 

direction and 14 1 in the  longitudinal) direction. The initial-value problem posed by Equation 

4.2 was discretized using a control volume approach[ll2] and solved simultaneously with 

Equation 4.1. The convergence cnterion was 10" O C  for both the mould and water 

temperatures. The model was coded in FORTRAN and the code was verified against an 

analytical solution for a 1-D heat conduction problem and a numencal solution for a 2-D 

conduction problem presented by Chapra and Canale[ll7]. 



The heat transfer coefficient (hW) between the cold face of the mould wall and the cooling- 

water (Le., boundary condition i) was determined From the following dimensionless 

correlation[ 1 18, 144- 1451, 

where the IeA side term is the Nusselt (Nu) number, the first term on the right side is the 

Reynolds (Re) number and the second is the Prandtl (Pr) number. h is the heat transfer 

coefficient, LIH is the hydraulic diameter, p is density, Vis velocity, q is viscosity, C, is specific 

heat and k is the thermal conductivity. The subscript w refers to the cooling fluid. water. 

The above correlation is applicable to fully developed turbulent flow in circular pipes in 

the absence of nucleate boiling. Its validity is constrained by the following conditions: 

(i) 0.6 < Pr < 160, 

(ii) Re > 10000 (turbulent flow), 

L w  (iii) - ) I O  , where Lw is the length of the cooling-water channel, 
D H  

(iv)and with the properties of the fluid evaluated at its bulk temperature, typically 30°C. 

Calculation of the water saturation temperature under the pressures observed in the 

plant trial showed that as long as the mould cold-face is less than 166°C no boiling occurs. 

This criterion was easily met since in all cases studied the mould cold-face temperature did not 

exceed 130°C. Also, calculations performed to examine the sensitivity of the model prediction 

of heat fluxes to the heat transfer coefficient. Equation 4.7, showed that the mould heat flux 

varies less than 3.0% when the temperature of the water increases from 30 to 40°C. 



4.1.2 The Inverse problem 

A variety of techniques have been proposed for the solution of IHCP[I 12- 1 141. For this 

investigation in which the spacewise distribution of surface heat flux, q ( . ,  (with no pnor 

knowledge of the functional form of this quantity) is sought, requires the use of a function 

estimation technique. Function estimation requires the determination of a large number of 

surface heat flux components, thus it is referred to as an infinite dimensional minimization 

problem. If pnor knowledge of the functional form of q(2) is available. it can be parameterized 

and another approach called parameter estimation can be used to solve the inverse problem. 

Such problems are referred as finite dimensional minimization problem because only a lirnited 

number of parameters are to be estimated. 

4.1.2.1 Formulation 

The mathematical formulation of the inverse problem of estimating the heat flux at the 

hot-face of a billet mould is given by Equation (4.1) and the boundary conditions expressed by 

Equations (4.3) to (4.5). However, q ( '  in Equation (4.5) now is an unknown quantity, thus 

equation (4.5) is rewritten as: 

Since the surface heat flux 9(:) is unknown, temperature measurements taken with multiple 

thennocouples placed inside the mould wall are given. The inverse problem can be stated as 

follows: Given M measured temperatures T, (j = 1.2 ...., M) estimate the heat flux profile given 

by its components qi, (i = 1.2,. ..,M). Figure 4.2 shows a schematic of the stated problem. 

The inverse problem as stated above is ill-posed; that is, the existence, uniqueness, and/or 

stability of its solution is not ensured under small changes to the input data. The existence of 



the solution is guaranteed by transforming the inverse problem into a minirnization problern. 

The inverse solution minimizes the least squares nom rather than make it necessarily zero. 

To solve the above problem the estimated temperature T:, i = 1.2, ... M. computed from 

the solution of the direct problem by using the estimated values of the heat flux components 

q,. i = 1,2 ,.... M. should match the measured temperature T:: i = 1.2 ,.... M as closely as 

possible. This matching can be done by minimizing the standard least squares nom with 

respect to each of the unknown heat flux components. 

The problem of uniqueness and stability can be solved by the introduction of a regulanzer 

to the standard least squares technique. A regularizer is a mathematical tool that restricts the 

functional form which the surface heat flux is allowed to follow. A zeroth-order regularization 

term was used. A zeroth order regularization tenn describes the qualitative desire to choose 

the solution of minimum length - it reduces the maximum magnitudes of estimated values of 

c l 1  - 

The least square n o m  modified by the addition of a zeroth-order regularizer can be  

defined as: 

Where S is the sum of squares. M is the number of heat flux cornponents and also. in this 

study. the nurnber of thennocouple data; Tm is the measured temperature; 'I;' is the 

temperature calculated using the direct mode]; a* is the regularization parameter, is t h e  

estimated surface heat flux at the boundary, qo is a given heat flux and j = 1.2, ..., M. 



As the regularization parameter a*-+ 0, the solution exhibits oscillatory behaviour and can 

become unstable. For large values of a* , the solution is over-damped and deviates from the 

exact results. By proper selection of or*, fluctuations can be alleviated[I 121. 

The least-squares equation (4.9) is minimized by differentiating it with respect to each of 

the unknown heat flux component and then setting the resulting expression equal to zero. 

Equation (4.10) can be reduced to 

In Equation (4.11) the first derivative of the dependent variable cc with respect to the 

unknown parameter a is called the Sensitivity Coefficient Xy, Le., 

and 

O for i t  j 
=à,; = 

1 for i=  j 

Therefore, substituting Equations (4.12) and (4.13) into Equation (4.1 1). Equation (4.1 1 ) can 

be simplified to 

The sensitivity coefficient 4, represents the changes in T,' with respect to the changes in 

q,. Small value of 4, indicates insensitivity of cc to changes in q,; for such cases the inverse 

analysis become very sensitive to measurement errors and the estimation process become 



difficult. Also it is desirable to have them large and uncorrelated. If they are linearly 

dependent, the minimization procedure defined by Equation (4.10) will not have unique 

solution with a* = 0[112,113]. 

To solve the system of least-squares equations represented by Equation (4.14) several 

pieces of information are needed: (i) an expression for 7;' as a function of q, and (ii) the 

sensitivity coefficients. The technique employed in this work uses the direct model to compute 

both of these. Given a heat flux distribution q: the direct model is used to calculate the 

corresponding temperatures 7;". 

Expanding the temperature field T,' in a Taylor series in terms of the given heat flux q,". 

and substituting it into Equation (4.14) we obtain, 

which can be rearranged to 

The rnatrix form of Equation (4.17) can be expressed as 

The solution of Equation (4.17) can be written in matrix form as 

Where the vectors T, TO, q and qO are defined as 



the regulanzation matnx a*I is expressed by 

and the sensitivity matnx X as 

Equation (4.18). which gives the estimated values of the heat flux components q,. is the 

Formal solution of the inverse heat conduction problem considered here. Once the sensitivity 

coefficients X, the regularization parameter a*. the measured temperatures T are known and 

T' is computed corn the given heat flux qo using the direct model. the surface heat flux q is 

computed fiom Equation (4.18). The sensitivity coefficients however must still be determined. 

which can be accomplished from a numerical solution of the direct problem or analytically. if 

the associated direct problem is linear, by the application of Duhamel's theorern[112]. 

In this work a perturbation technique was used to amve to an explicit expression for the 

X,,'s. Firstly, the given heat flux cornponents qo,'s were used a boundary condition in the direct 



problern to predicted temperatures at the thermocouples locations f , ' s .  Then each one of the 

q",s was sequentially perturbed by some small arnount (e.g., 10%) to q', in order to obtain a 

series of new predicted temperatures ?,. Each perturbation is done one at a tirne since the 

change in temperature at each measurernent location need to be known for each change in a. 

Following the above procedure the sensitivity coefficients were computed 

Thus, the sensitivity matrix can be explicitly expressed as 

A conceptual flow-chan of the FORTRAN program developed to compute Equation 

(4.18) is shown in Figure 4.3. 

4.1.2.2 Model validation 

To validate the inverse heat conduction program arbitrary heat flux distributions were 

used as boundary conditions for the direct model. Discrete values of temperatures calculated 

using the arbitrary heat fluxes were input into the inverse model to back calculate the heat 

fluxes. The values of heat fluxes obtained by the inverse was compared to the exact values 

used to calculated the temperatures. 

Figure 4.4 shows that for both types of heat flux profile tested, constant heat flux and 

triangular profile, the  match between the exact profile and the profile estirnated by the inverse 



anatysis was perfect. These results confirm that in the absence of noise the inverse code 

developed works perfectly. 

The definitive test for the inverse mode1 was performed by comparing mould heat flux 

profiles estimated by the inverse code developed with heat fluxes adjusted by trial-and-error 

using a direct program calfed SMOULD[lO9]. Figure 4.5 shows the results of these 

cornpansons for two different cast heats. In both cases, heat 262 (Figure 4.5A) and heat 265 

(Figure 4.5B). the agreement between both procedures is excellent. These results confirmed 

the reliability of the inverse heat transfer code developed. thus al1 heat flux calculations in this 

work were performed using the inverse code. For a gnd of 700 nodes it takes -10 seconds to 

run the program. while the trial-and-error approach can consume hours to get the same level 

of fitting. 

To test the sensitivity of the inverse mode1 to the size of the discrete segments of heat flux. 

qi.qz,. . ., qu, chosen to estimate the mould heat flux, the number of segments at the meniscus 

region was doubled. In Figure 4.6A profiles obtained by the inverse code (standard and finer 

segments) with the profile obtained by trial-and-error are compared. As in Figure 4.5. the 

agreement obtained is excellent. The presence of a local minimum heat flux just below the 

meniscus. is confinned as a real feature of the mould heat flux profile, and not a bias of the 

inverse code, since in al1 cases tested, standard-MC, finer-MC and trial-and-error. this local 

minimum appears. Similar local minimum was also found by Kumar[ 1101 and Gurton[l24] for 

the continuous casting of pentectic-carbon steels (0.10-0.12%C) billets cast with oil and 

powder lubrication. A detailed explanation for the entire shape of a typical mould heat flux 

profile will be presented in chapter 7. Figure 4.6B compare the temperature diference 

(calculated minus measured) for both, the inverse calculation and the trial-and-error 



procedure. In both cases, the agreement is very good, which confims that the inverse code 

develo ped renders results equivalent to trial-and-error. 

From numerical simulations it was found that for values of a*>lo-', the estimated heat 

fluxes were over-damped towards the values of the initial guess (qy). On the other hand. if 

a*<IO-12 there was no damping and the estimated heat fluxes presented oscillatory 

behaviour. Values of a* between IO-'' and 10" were found to give the best resuits. 

Besides being reliable, as confirmed by the tests carried out, the inverse procedure is much 

easier and faster to perform when compared to the trial-and-error procedure. 

4.2 Mathematical Modelling of  Mould Powder Melting 

To analyze the influence of mould powder properties and feeding strategies on the melting 

behaviour of mould powders in a continuous casting mould a mathematical model was 

developed. The model describes the thermal field across the mould flux, from the time fiesh 

powder is initially added to the top of the mould until it reaches a stationary state, including 

the effect of consumption and addition of new powder. The mode1 is capable of computing the 

instantaneous thickness of powder, the thickness of the liquid layer, and variations of 

temperature and position of the fi-ee surface of powder as a function of powder propedes, 

powder consumption and frequency of addition of fresh rnatenal. This chapter describes the 

formulation of the model and its validation. 

4.2.1 Mode1 Assumptions 

A schernatic diagram of a longitudinal mid-plane through the mould powder-steel systern 

is shown in Figure 4.7. The simplifjmg assumptions of the unsteady-state, one-dimensional. 

mathematical model are as follows: 



(i) Heat flow is considered one-dimensional, Le., along the casting direction (2-axis). and 

taking place by conduction only. Convection due to movement of liquid flux and flow 

of gases through the powder layers are accounted by increasing the thermal 

conductivity of the layer. 

(ii) The thermal contact between the liquid flux and the steel is perfect (Le.. the contact 

temperatures are the same in both phases). 

(iii)Consumption of the liquid flux follows plug flow. thus al1 layers rernain horizontal and 

unmixed (the low viscosity of the flux in contact with the liquid steel ensures that the 

lateral flow of molten flux being consumed at the penphery is much faster than the 

downward speed of al! the other layers). 

(iv)Heat is lost at the top layer by radiation and natural convection. 

(v) The thermal conductivity of the powder layer is calculated using Bruggman model[8]. 

An enhancing factor is use to account for convection. 

(vi)Above its sintering temperature the density of the loosely packed powder increases 

exponentially with temperature until it reaches the density of the liquid flux. 

(vii)The enthalpy method, as shown in Appendix D, is used to formulate the melting of the 

mould powder. 

4.2.2 Mathematical Formulation 

Equation (B.6) frorn Appendix D. simplified to one-dimension, can be expressed as: 

where z is the axial direction along the layers of mould flux. 



In order to solve Equation (4.20) w o  boundaries conditions and an initial condition need 

to be specified. The first boundary is defined by the steeVflux interface, taken as z = O (bottom 

surface). The second is the powder fiee surface. top surface, taken as z = Z. According to 

assumption (ii), the molten flux temperature at the steeVflux interface is equal to the liquid 

steel temperature (Tnai). which rnathematically is expressed as: 

t > O, z = 0, T ( r 0 )  = T,tccl (4.2 1 ) 

According to assumption (iv), the boundary condition at the top surface is expressed in 

terms of heat losses by radiation and natural convection. 

where Z is the total length of mouid flux, o is the Stephen-Boltunan constant. E is the 

ernissivity of the powder, Tt,, is the temperature of the upper most layer of powder. T, is the 

temperature of the surroundings above the powder and q, is the heat flux due to natural 

convection. 

The convective term of Equation (4.22), q,, is expressed by: 

4 c = k ( 7 ; ,  - T , )  

where 4. the heat transfer coefficients due to natural convection. is given by[14 11: 

Equation (4.24) is a simplified equation valid for horizontal square plates with a surface 

warmer than the fluid and facing upward. L is the length of the side of the square in meters 

and h, is given in w/m2 OC. 



In order to express Equation (4.22) in terms of heat transfer coefficient, the radiation part 

of it can be written as: 

O &  [ (Top +273)" -(Ta +273)41=h,(7&,-T,) 

Thus hr is expressed as: 

hr = as (T,, + T,  + 546)[(T, + 273)' +(Ta +273)' J (4.26) 

Substituting (4.23) and (4.25) into (4.22) the boundary condition at the top surface is 

simplified to 

with h, and h, given by Equations (4.24) and (4.26). respectively. 

The initial condition for Equation (4.20) assumes that at the stan of the process the 

temperature of the powder is unifonn and equal to the ambient temperature (T,). except for 

the boundary at the steeVflux interface where it is equal to the steel temperature. 

mathematically this condition is expressed as follow 

4.2.3 Powder Consumption and Shnnkage 

According to assumption (iii) when liquid flux is consumed only a thin layer of low- 

viscosity fluid moves sideways from the liquid pool into the rnouldstrand-gap while al1 other 

layers just move downwards. Therefore. for a constant consumption (Q) the downward 

velocity of molten flux is defined by the thickness Az ((m removed dunng a time At (s). 

The mass of powder consumed, Mp (Kg). can be expressed as 



and 

where A and B are the interna1 dimensions of the mould in m pgu and fi,, are respectively 

the densities of the liquid flux and steel in ~ g / r n ~ ,  Vis the casting speed in mhin and Q is the 

powder consumption in Kg of powdedton of steel. 

Eliminating Mp between Equations (4.29) and (4.30) we 

for the downward displacement of mould powder 

The density of the of mould-flux changes fiom that of a 

obtain the following expression 

(4.3 1) 

loosely-packed powder (- 1000 

Q,/rn3) at the top, to that of a molten flux (- 3000 Qjm3) at the bottom. Therefore, the 

whole column of powder is shrinking due to this density variation. This shrinkage (LU) can be 

expressed as 

where L* is the initial thickness of powder, is its initial density and is the density at any 

specific temperature. Since there is no available experimental data on the variation of the 

density of mould fluxes during heating a mode1 has to be specified. Permeability rneasurements 

made by Nakato et a1.[4 11 during heating of loosely packed fluxes showed that for powdered 

fluxes sintering begins slowly and then at about 800 to 900°C an abrupt decrease in pressure 

loss marked the initiation of rapid sintering; also according Jander7s.[41] equation for sintering 



the rate of reaction is an exponential funaion of (temperature)-' and a cubic hnction of tirne. 

Based on this behaviour the variation of density with temperature was specified as 

P pow~cr for T s T' 

P j ~ u  - ( P , I ~  - pp,,, ) x exp[-0.02 ( T  - T,)] for T, < T < TL (4.33) 

p /I= for T 2 TL 

where ppmder is the density of the loosely-packed powder, Ts is the temperature of rapid 

sintering or softening, and TL is the liquidus temperature. 

4.2.4 Numerical Method 

Equation (4.20) subject to the conditions expressed by Equations (4.2 1), (4.27) and (4.28) 

was solved using an explicit finite-difference method. 

Since during melting the density through the flux iayer changes significantly, the nurnencal 

method must account for this variation, which requires the use of a non-uniform grid[l 121. 

For a non-unifonn grid spacing the finite-difference approximation for the second derivative is 

given by: 

Substituting Equation (4.3 1 )  in (4.20) the general equation for an the interior node is 

obtained as follow 

where (6 2 ) i - i  is the nodal distance between nodes (i) and ( i+ l )  and (6 z);.~ is the distance 

between (i) and (i- 1). 



To handle the density variation the number of nodes was kept constant and the distance 

between nodes was shrunk proportionally to the density variation. Considering that the mass 

of materiai contained in each unit cell of length L is constant and the nodes are located in the 

center of the cells, the nodal distance between any two adjacent nodes (i) and ( i + I )  can be 

expressed as 

where (6 z):y is the nodal distance after shrinkage, p,,d, is the initial density of the loosely 

packed powder, pi is the density of the node (i) at the temperature Ti and L': is the initial 

length of the ce11 pertaining to node (i). 

For discretizing the convective boundary condition at the free surface of powder (z=Z) 

with a second-order accuracy, Le. ~[(AX)'] ,  the fictitious node concept was applied to 

Equation (4.27). To implement this approach in the computational procedure the temperature 

of the fictitious node was calculated and substituted into the interior node equation. as if the 

fictitious node was part of the physical system. The fictitious node temperature is given by 

where Tm-, is the temperature at the fictitious node, Tm = Tm, and 6z is the distance between 

nodes (m) and (m- 1). 



4.2.5 Mode1 Parameters 

4.2.5.1 Thermal Conductivity 

The lack of data on the thennophysical properties of mould fluxes make the task of 

modelling their behaviour very difficult. However, the few data avaiiable on the thermal 

conductivity of mould fluxes unequivocally show that their thermal conductivity increases 

with increasing the temperature. Measured values Vary From 0.4 to 0.9 W ~ - ' R '  for powder 

(measurement done in nitrogen atmosphere)[8], fiorn 1 .O to 2.0 w ~ - ' K - '  for sintered flux[8] 

and fkom 1 .O to 4.0 w ~ " K "  for liquid tl ux[ 1 191. 

The Bniggeman mode1 was used to calculate the effective thermal conductivity of two- 

phase mixtures between 25°C and the sintering temperature (- 900°C). Bmggeman equation 

for sphencal particles States that 

where Vd is the volume fraction of discontinuous phase (air. CO, COz), k , ~  is the effective 

thermal conductivity of the mixture, is the thermal conductivity of the discontinuous phase 

and k, is the thermal conductivity of the continuous phase (flux). 

Between sintering and liquidus temperature the thermal conductivity was specified in the 

same way as the density. Above the liquidus temperature the effective thermal conductivity 

was specified as a function of the superheat in order to account for the convective effects 

reported by Nakano et al. [47] and Microvas et al.[ 1 1 91. 



4.2.5.2 Thermophysical Data 

The thermophysical properties of the mould powders used in the mathematical simulations 

are presented in Table 4.1. Bulk density was measured by weighing known volumes of both 

powders used in the trial. The liquidus and solidus temperature were assumed to be equal to 

their transition temperature and temperature of start of sofiening, respectively; both supplied 

in their product data sheet. The other properties were estimated from values available in the 

literature for powders with the closest chemical composition to the ones used in the trial. 

4.2.6 Model Validation 

To validate the mathematical model, temperatures within the powder layer were measured 

using an arrangement of three Type S (Pt-lO%Rh) thennocouples enclosed in high purity 

alumina protection tube. The wires inside the protection tube were insulated by double-bore 

high purity hard-fired alumina tubes. The thennocouples were mounted in a steel bar through 

screw nuts that allowed adjustment of their length. A laptop computer with data acquisition 

board and Labtech Notebook software was used as the data acquisition system. Figure 4.8 

shows a schematic diagram of the set-up for measunng the mould powder temperatures. 

Due to experimentai problems it was not possible to get good data for powder A. Two 

incomplete (one thennocouple failed in set # I  and two in set #2) sets of data was collected 

using powder B. The data collected was used to adjust some of the unknown properties of 

powder B to fit the model predictions. 

Primarily the adjustment of the model consisted in using the two temperatures 

(therinocouples placed at 25 and 50 mm from the metal level) from the first set of expenments 

to establish effective thermal conductivities for the solid and liquid phases, thus accounting for 

convection. Aiso, the fraction of volatiles and the total heat of decomposition of carbonates 



were adjusted within ranges presented in the literature[8,49,51]. Using the adjusted 

parameters the calculations were confirmed using the only good temperature collected from 

the third set of experiments (themocouple placed at 4.8 mm). Figure 4.9 shows good 

agreement between the measured and calculated temperatures for both cases discussed above. 

(In Figure 4.9 the X-mis: Tîme from sturt of 'Sreudystate". means that the original time 

scale, as shown in Figure 6.17, was cropped of -20-30s. Thus, Time = O corresponds to an 

arbitrarily time selected d e r  the thennocouple signal had stabilized). 

4.2.7 Sensitivity anafysis 

To investigate the influence of mode1 parameters on liquid flux pool height, a sensitivity 

analysis was pe~ormed. Table 4.2 lists al1 the variables tested. with their respective basic 

values, range of variation and units. 

In Table 4.2. total powder height refers to the total amount of powder covering the liquid 

steel, which includes al1 existent layers (powder, sintered and liquid). Steel temperature is the 

temperature of the liquid steel in the mould in contact with the liquid flux. The thermal 

conductivity is a value chosen from the literature and it refers to measurements done on 

samples of solidified flux. Powder density is the bulk density of the loosely packed fiesh 

powder. Lastly, both convection factors refer to multiplication factors used to enhance the 

thermal conductivity in order to account for convection in the powder layer due to flow of 

gases. and in the liquid layer due to a velocity field in the liquid pool. 

Figures 4.10 to 4.12 show the results of the sensitivity analysis. Figure 4.10A shows that 

the rnolten flux depth increases with increasing total amount of powder until it reaches a 

plateau (40mm for the case studied). Further simulations, not shown here. showed that the 

plateau value depends on the density of the powder, and can Vary between 35 to 45 mm. The 



important point here is to recognize that above a certain Iimit it is ineffectual to add more 

powder. This finding agrees with simulation results fiom Goldschmit et al.[55] and also 

McDavid and Thornas[l48], and supports the industrial practice, observed in slab casting, of 

not keeping a powder layer thicker than 35 mm. 

Figure 4.108 shows that the depth of the liquid pool varies very little with the steel 

temperature. It  varies no more than 1mm between 1500°C and 1560°C. which is the 

temperature range normally found in practice for casting of low- and medium-carbon steels. 

On the other hand, the depth of the flux pool strongly depends on the flux liquidus 

temperature, as shown in Figure 4. [OC. Powders used in steel plants present a wide range of 

liquidus temperature, which can Vary from 900 to 1200°C. Within this temperature range 

Figure 4.1 OC shows that the depth of the liquid pool can Vary from 12 to 6mm. This is a very 

significant variation considering that the liquid pool depth should be at least equal to the 

amplitude of the mould oscillation stroke and that in modem steel casting the stroke tend to 

be set at between 5 and 8mm. 

Figure 4.11A shows that the enthalpy of fusion (latent heat) of the powder does not 

significantly affect the depth of the flux pool. Data published by Mills et a1.[8] show latent 

heat values of around 400 to 500 H/kg for powders with mainly crystalline constituents. and 

-250 kJkg for a glassy slag. Since the sensitivity analysis showed that the liquid pool depth is 

quite insensitive to latent heat any value between 250 and 500 k.Vkg would be acceptable. The 

flux thermal conductivity and bulk density are much more important variables. Published data 

give values for mould powder conductivity between 0.5 and 2.5 kW/mK, which is a very 

significant variation considering, according to Figure 4.1 lB, that the molten flux depth more 

than double when the thermal conductivity increases h m  0.5 to 2.5 kW/mK For these low 



values, a variation of only 1.0 W/mK can represent an increase of 100% or more. 

Unfortunately, the lack of reliable data makes it difficult to establish what would be a realistic 

range for testing the sensitivity of the flux pool to variations on mould powder thermal 

conductivity. 

Another important rnould powder property is the bulk density. Commercial powders can 

present a wide range of bulk densities, varying from 450 to 1000 kg/m3[8,5 11 depending on 

their chernical composition and particle size. On the other hand, the density of the liquid phase 

only dependents on the liquid composition &er al1 volatiles and carbon are removed. and 

varies between 2500 and 2700 kg/m3[8. 1341. It is important to note that the same liquid flux 

can result fiom different powders, depending on the raw materials and the fabrication process 

used. However, the melting behaviour and thus performance of each powder can be 

completely different, even though they result in identical liquid fluxes. 

Figure 4.11C shows that the liquid pool decreases with decreasing powder bulk density. 

This happens because the thermal conductivity, as defined by Bruggeman's mode1[8.141]. 

decreases as the fraction of continuous phase (powder particles) decreases. As a limiting 

situation. Figure 4.1 1C shows that if the bulk density of the powder was the same as the liquid 

flux, i.e. 2700 kg/m3, the flux pool would be at its deepest (-14mm). However, under these 

circumstances the powder layer would cease to behave as a porous bed, thus convection due 

to hot gases flowing through the powder would be replaced by pure conduction as the main 

heat transfer mechanism. Consequently, the melting process would be retarded, since one of 

the model's assumption is that convection enhances six fold the original conductivity of the 

flux. Since powder bulk density not only influences the heat transfer in the powder layer, but 

also the kinetics of fusion, which the mode1 does not address, the result presented in Figure 



4.1 IC should be understood as the model's response to thermal conductivity changes only due 

to density variation, without considering further implications. 

Experimental results reponed by Kawamoto et a1.[5 11 showed that mould powder melting 

rate decreases with increasing bulk density and aiso that two powders with same bulk density 

but a small difference in their free carbon content can have completely different melting rates. 

With the exception of pre-fhed fluxes the majority of commercial powders are heterogeneous 

material. They melt without a definite melting front, instead forming srnaIl islands of liquid 

material that are enveloped by carbon particles. Until the carbon is burnt the liquid droplets 

cannot aggiomerate and join the liquid pool. Therefore, the amount, size and nature of the 

carbon particles and the size of the powder particles are crucial in controlling the powder 

melting rate. Since the model does not address the kinetics of melting, the overail influence of 

bulk density on melting is overlooked and Kawarnoto's results cm not be verified. 

Figure 4.12 shows the influence that convection, powder consumption and casting speed 

have on mould flux pool depth. The model accounts for convection in the liquid pool and in 

the powder layers in terms of an effective thermal conductivity. The effective conductivity is 

calculated by multiplying the thermal conductivity of the phase by an enhancing factor. This 

approach has been extensively used to account for convection in the liquid metal pool dunng 

solidification of continuously cast steel. Nakano et a1.[47] used the same technique to account 

for convection in the rnolten flux pool, but convection was not considered in their treatrnent of 

the powder and sintered layers. Figure 4.12A shows that convection strongiy influences the 

depth of the liquid pool. For the liquid phase, an enhancing factor of 6 increases the liquid 

pool depth about 60°/0, while a factor of 15 increases it -80%. These results match those of 

McDavid and Thomas[l48] who appiied a three-dimensional coupled heat-transfer and fluid- 



flow finite element rnodel to analyze the behaviour of the top-surface flux layers in the 

continuous casting of steel slabs. The former researchers clearly showed the irnponance of 

convection in the liquid flux pool and also that steel flow in the mould controls the liquid flux 

layer thickness profile. 

For the solid phase, the same thermal conductivity enhancing factors used for the liquid 

layer, lead to an increase of the flux pool of about 4 and 10 times respectively. Figure 4.12A 

also shows that if no convection occurs in the solid phase, i.e. convection factor equal to 1. 

the liquid pool would be practically nonexistent for the consumption rate used in the 

simulations (Q=l. l kg/ton). This is the first time that the importance of convective heat 

transfer in the solid powder. i.e. the effect of hot gases flowing upwards through the powder. 

has been demonstrated by rneans of a mathematical model. Expenmentally. this has been 

demonstrated by Kawamoto et a1.[5 11. as shown in Figure 2.43, which shows that the melting 

rate increases with increasing carbonate content in the powder. Since carbonate 

decomposition is endothemic, and robs heat from the system, it should instead retard the 

melting process. Therefore. Kawamoto et a1.[5 I ]  concluded that the increase in mould powder 

melting rate with carbonate content was due to the elevation of the thermal conductivity 

caused by the gas generated during the decomposition reactions. 

Figures 4.129 and 4.12C show that the liquid flux pool decreases with the increase of 

powder consumption and casting speed. In both cases the decrease in the depth of the liquid 

pool is caused by an increase in the rate at which powder is removed tiom the system. 

However, as previously shown in Chapter 2,the consumption of a given powder strongly 

depends on casting speed; therefore, unless different powders are used, it is not possible 

independently to increase casting speed without decreasing consumption. When these two 



variables are changed together, the net result. as will be show in Chapter 7, is that an 

increase in casting speed is usually more than compensated by a decrease in powder 

consumption, leading to a deeper flux pool. 

4.3 Mathematical Mode1 of Billet Shrinkage 

A mathematical model developed by C handra[ 1091 was ernployed to analyze mould-billet 

binding. The model describes heat flow in a continuously cast strand and computes the 

shrinkage of the billet as a function of its axial position in the mould. Details of this model 

were presented elsewhere[l09]. The billet shrinkage mode1 requires the dimensions of the hot 

mould (distorted mould) as input data. For this study no rnould distortion calculations were 

performed. instead values previously calculated for the same mould and sirnilar casting 

conditions of the plant trial were used[ 12 11. 



Property 1 Powder A 

Temperature [OC] 
Liquidus (TL) 
Solidus (Tm,) 

H a t  capacity (C,) [kl/kgK] 1 1.1 

Latent heat [kJ/kg]: 
Crystalline (L,,) 
Glassy Cg,,) 
Thermal conductivity [kW/mK] 
Powder (kpaWdn) 

Sintered (ks) 
Liquid (hW) 

Powder B 

Bruggeman 
o. 002 
6xks 

Reference 1 

Measured 
Estimated[ 1 201 

Product data sheet 
I 

Estimated 

Estimated [8] 1 

Ref. [8] 
Ref. [8] 

Ref. [8] 

Ref. [47,119] 

Table 4.2: List of mudel parmeters tesrrd in the semitivity attaiysïs 

1 Mode1 Parameter 1 Unit 1 Basic Value 1 Range of Variation 1 

1 Steel temperature 1 ["cl 1 1540 1 1500-1560 1 
Total powder height 

1 Flux liquidus temperature 1 ["Cl 1 1135 1 950- 1200 1 

[mm] 

Latent heat 

50 

Thermal conductivity 

1 5-90 

[kJ/kgl 

Powder density 

1 Convection factor(Liquid) 1 [-] 1 13 I 1-15 I 

[w/mKl 

Convection factor(Powder) 

1 Powder consumption 1 [kdton] ] 1. i I 0.5-1.3 I 

500 

[kdm3] 

O- 1 O00 

2.0 

[-1 

O. 5-2.5 

1 O00 

Casting speed 

700-2700 

6 1-15 

[dmin] 1 .O 0.9-1.5 
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5. PLANT TRIAL 

In this study an instrumented-mould trial was conducted at a Canadian billet casting mini- 

mill. The trial involved data acquisition on mould thermal response, mould displacement, 

casting speed, metal level and mould flux temperature field. In addition, mould powder 

consumption and liquid flux pool depth were also measured. Samples of the billets cast at the 

trial were collected and analyzed at the University of British Columbia (UBC). This chapter 

discusses the instrumentation of the mould and casting conditions of the plant trial. 

5.1 Instrumentation 

5.1.1 Mould temperature measurement 

The UBC continuous casting group has for the last two decades successfully instrumented 

billet moulds with thermocouples to measure mould wall temperatures. The technique 

implemented has been developed by Brimacombe, Samarasekera and CO-workers[ 1 09- 

110,122]. 

Type T, single-wire. intrinsic copper-constantan thermocouples, recomrnended for a 

maximum temperature range of -200°C to 3 50°C[l 231, were employed to measure the rnould 

wall temperature. The thermocouples were prepared by forming a bead on the constantan wire 

(diameter = 0.8 mm) with a TIG welder. The bead was filed flat to produce an end of 

approxirnately 0.3-0.4 mm thick, then heat-shrink tubing (1.6 mm in diameter) was applied to 

the wire to insulate it. Figure 5.1 shows the design of the thermocouples. 

To install the thermocouples into the mould, threaded holes were prepared through the 

water baffle and half-way into the copper mould wall. The bead-side of the wires were 

inserted through the water baffle into the holes drilled in the mould wail and held in place by 



copper plugs screwed into the tlueaded holes. Silicone sealant was employed to prevent any 

water leak through the baffle. The constantan wires were then attached to insulated copper 

wires in the cooling water plenum. Groups of wires were bunched together and comected to a 

data acquisition system through a pipe fitting in the side of the mould jacket. Rubber plugs 

and silicone sealant were placed in the fitting for a water-tight seal, which was retained by a 

pipe thread collar. The thermocouple configuration was then tested for electrical continuity 

and the assernbly was pressure tested with water. M e r  the trial, the therrnocouples were 

again tested to identiQ those that failed during the tnal. 

To measure inlet and outlet water temperatures Type T two-wire thermocouples were 

installed in the water channel. Temperature of the cold junction which was located at the data 

acquisition system, was measured with a mercury thennometer. The thermocouple layout 

adopted in the plant trial is presented in Figure 5.2. Appendix A details the depth and axial 

position of the arrangement. Thermocouples were installed at both the mid-face and off- 

corner locations on the four faces of the mould. A higher concentration of thermocouples was 

installed in the meniscus region so the mould peak heat flux and metal level fluctuations could 

be monitored more accurately, since both are associated with su~ace  and shape defects. 

5.1.2 Process control signals 

Casting speed 

The casting speed signal was acquired directly from the plant control system as a voltage 

which originated fiom a withdrawal roller tachometer. Casting speed calibration was supplied 

by the plant maintenance tearn. 



Meta1 level 

The metal levei signa! was also acquired directly from the plant control system. It was 

calibrated by insening a billet into the mould at various levels from the top of the rnould and 

measuring the output voltage at each level. 

5.1.3 Other measurements 

Mould displacement 

The mould displacement was measured using a Linear Variable Differential Transformer 

(LVDT). The LVDT was attached to a magnetic clamp and anchored to the mouid housing 

near the centre of the oscillator table. The LVDT was calibrated on-site with a block of 

known dimension. 

Interna! dimensions of the mould 

The intemal dimensions of the mould were measured using a LVDT-based profilorneter. 

This measurement was performed before the trial to evaluate the mould taper, and also f i e r  

the trial to check for any permanent distortion of the mould tube 

Mould-strand fkction forces 

Although not part of this research mould-strand fiction forces were measured using both 

load cells and a strain gage. These measurements were part of a separate study conducted by 

Gurton[l24]. The expenmentai details as well as the analysis of mechanical sensor signais was 

examined elsewhere[l24] and will not be discussed here. 

5.2 Data Acquisition Systern 

The data acquisition system consisted of a persona1 cornputer, an analog-to-digital 

converter, a muitiplexer and data acquisition software. 



Personal Computer 

An IBM PC clone featuring an Intel 80486DX2-66 microprocessor, 16 Mbytes of RAM, 

two hard drives with total capacity of 1.7 Gbytes and a 1.2 Bytes Colorado tape drive, was 

used for data acquisition. 

A nalog-to-Digitd Con verter 

A metrabyte DAS-8 data acquisition card was installed into the PC-ISA bus dot. Al1 

connections were made through a standard 37 pin D male connecter that projects through the 

back of the cornputer. Metrabyte's DAS-8 is an 8 channel, 12 bit high speed. Analog-to- 

Digital (A/D) converter and timdcounter board designed for the IBM-PC. It features a 12-bit 

successive approximation analog-to-digital converter with sample/hold. The full scale of each 

channel is k5.0 V with a resolution of 2.44 mV and the inputs are single ended with a 

common ground. Conversion time is typically 25 microseconds, 35 microseconds maximum. 

input frequencies of up to 2.5 MHz can be handled by the programmable timedcounter. 

Mu Itiplcrer 

The multiplexer consisted of 8 cascaded EXP-16 boards called an EXP-ENC device. A 

power supply powered the multiplexer through a splitter in the nbbon cable between the 

DAS-8 and EXP-ENC. The multiplexer is capable of handling 128 input channels of standard 

voltage and 1 12 (16 x 7 = 1 12) of thennocouple measurement. 

Metrabyte's Universal Expansion Interface. mode1 EXP-16 is an expansion 

multiplexer/amplifier system t hat can be used with any data acquisition system. Each EXP- 1 6 

concentrates 16 differential analog input channels into 1 analog output channel. The input 

channels are selected by a solid state 4 bit Tm-CMOS compatible address. The EXP-16 

boards also provide signal amplification, filtering and conditioning. The amplifier provides 

120 



gains of 0.5, 1 .O, 2.0, 10.0, 50.0 and 100.0 as well as programmable gain capability. Provision 

is made on the board for filtering, attenuation and measuring current instead of voltage. When 

used with DAS-8, chamel selection is via the OP14 digital outputs of SAS-8. 

So fhvare 

Keithley Labtech Notebook for windows was used as the data acquisition software This 

software allows the custornization of the input channels to be read. the data sampling rate. the 

output data format and real tirne graphical display of selected inputs. The data was stored in 

binary files instead of ASCII because the former format is memoiy-wise much more efficient. 

CONtERT[125], a cornputer program coded in FORTRAN 77 developed by the Billet 

Casting Group at üBC,  was used to convert the binary data to ASCII data. This program has 

a number of usefiil features that allow easy manipulation of data, such as data thinning; user- 

defined calibration polynomials for different data channels; and user-defined output files. 

5.3 Plant Trial 

Castîng Machine 

The plant trial was carried out on a two-strand billet casting machine, whose major design 

details are given in Table 5 .1 .  An important feature of the variable tapered mould is its very 

steep initial taper (4.9% m*'). The real taper at the meniscus can Vary between 3 and 5% rn-'. 

depending on the meniscus level. 

Casting Conditions 

A total of 17 heats consisting of two sequences of peritectic steels and one of Boron(Ti)- 

alloyed medium-carbon steel were monitored. Appendix B details the chernical composition of 

the heats monitored in the plant trial. For some of the heats, approximately half way through 



the heat. the rnould water or the rnould powder was changed. In al1 three sequences the 

oscillation stroke was kept constant, 6 mm, but the fiequency was varied. Details of the trial 

casting conditions for each of the sequences are shown in Tables 5.2. 5.3 and 5.4. The 

pentectic-carbon heats were cast using mould water flow rates of 650 and 500 US gallons per 

minute, i.e., mould water velocities of 9.9 m/s and 7.6 mis respectively. The Boron(Ti)- 

alloyed steels heats were cast with flow rates of 650 and 400 US gallons per minute, the latter 

corresponding to a water velocity of 6.0 m/s. 

Mouid Powders 

Two different mould powders, hereby identified as powder A and B. were tested in the 

trial. Table 5.5 shows the main characteristics of these powders. 

5.4 Billet Samples 

Two billet samples. 400 mm long and corresponding to each half of a heat. were acquired 

for each heat monitored in the plant trial. The first sample was cut at 30 min. from the start of 

the heat. which corresponded to the steel in the mould at approximately 14-18 min. from the 

stan of the heat. The second sample was cut at 60 min. The billet samples were marked with 

heat number, casting direction and face orientation. then shipped to LlBC for quality 

evaluation. 

At UBC each billet sample had its torch-cut ends cut off and were shot blast to clean their 

surface. A 10-15 mm thick transverse section was cut from each sample for sulfùr-printing 

and macro-etching analysis. The samples had their east and West faces photographed. were 

inspected and their surface profile was measured. More detailed description of the procedures 



adopted for preparation and inspection of billets samples have been documented 

elsewherer 1 09,122 1. 

For this study the samples were inspected for: 

1 .  Surface quality: 

Oscillation marks 

a Depressions: transverse and longitudinal 

Bleeds, laps and sticking marks 

Mould flux entrapment 

2. Dimensional quality : 

O Rhomboidity or off-squareness (difference between two diagonais) 

3. intemal quality: 

a Cast structure 

Oscillation mark were of particular interest to this study because the depth of these marks 

has been linked to mould-flux viscosity and mould Negative-Strip Time (NST). The depth of 

oscillation marks were rneasured using a profilorneter table featuring three LVDT's. The 

LVDT signais were logged using a Toshiba 286 laptop featuring a Metrabyte DAS-8 data 

acquisition board and Keithley Labtech Notebook for DOS data acquisition software. and a 

Metrabyte EXP- 16 analog multiplexer and amplifier. 

5.5 Analysis of Mould Temperature Data 

5.5.1 Converting measured voltage into temperature 

Thennocouple voltage was converted to temperature using the capability of 

CONVERT[l25] to calibrate data with polynomial equations. For Type T thennocouples, a 

seventh order polynomial of the form 



yields an accuracy of MS°C over the range -160 to 40O0C[123]. In Equation (5.1) T is 

temperature (OC) and x is the measured voltage (Volts). The polynomial coefficients are listed 

in Table 5.6. 

Figure 5.3 shows the thermocouple connections employed in the plant trial. It should be 

noted that the voltage measured for each mould thermocouple wire was the sum of the 

voltage of two copper-constantan junctions; one in the mould (VI), the other in the water 

channel (V2). Since the potential at these junctions opposes each other, the measured voltage 

is actualiy VI minus V2. Thus, the voltage recorded by the two-wire thennocouples in the 

cooiing water were used to cornpensate for the copper-constantan junction in water channel. 

As s h o w  in Figure 5.3 a flange separates the inlet and outlet water flows. The upper charnber 

contains the outlet water and therefore, the value of V2 was set equal to the voltage recorded 

for the outlet water for al1 junctions located in the upper chamber, and equal to the voltage 

recorded for the iniet water temperature for ail junctions located in the lower chamber. Thus 

to calculate mould temperature, the mould thermocouple voltages were added to the water 

channel thermocouple voltage plus reference temperature voltage (voltage corresponding to 

the arnbient temperature measured by a mercury thermometer at the data acquisition computer 

room), then converted to temperature using the calibration equation. 



Table 5.1: Casting rnachim major des@ details 
- - -  - -  - 

Machine type 

Mould matenal 

Mould Section (rnmxmrn) 

Mouid Length (mm) 

Mould wall thickness (mm) 

Corner radius (mm) 

Mould Taper 

Initial taper (100 mm below top of  mould, pct.m-') 

Mould constraint 

Water channel gap (mm) 

Metallurgical length (mm) 

curved 

DKP copper 

209x209 

812.8 

15.6 

3.175 

parabolic 

4.9 

4-sided 

4.99 

19787 

Table 5.2: Oprrntirig cnsf i~g coriditiotis for 1" s r ~ ~ e n c e  of the plant trial - 

Steel Grade: Peritectic steel (O. 1 O<%C<O. 15) 
Mould Oscillation Frequency: 150 cpm 
Average casting speed: -2 1 mm/s 
Negative-stnp time: -0.14 s 

Heat No. 

260 

1 263 1 O.l1%C ( A+B I 650 US gpm 

26 1 

262 

- - - - - - - 

C Content 

0.1 I%C 

O. 12% C 

0.1 I%C 

- --- 

Mould Powder 

A 

Water Flow rate 

650 US gpm 

A 

A 

650+500 US gpm 

5 0 0 4 5 0  US gpm 



Table 5.3: Opera~itzg casting condttiom for Yd Seqrwicr OJ the plant niai 

S tee1 Grade: Peritectic steel (0.1 O<%C<O. 1 5) 
Mould oscillation fiequency: 170 cpm 
Average casting speed: -22 mm/s 
Negative-strip time: -0.12 s 

Heat No. 

277 

278 

279 

I 282 1 0.13% C 1 %+A I 650 US gpm I 

280 

28 1 

Steel grade: B(Ti)-alloyed medium carbon steel (0.3 0 <%CSO. 3 5) 
Mould oscillation frequency: 137 cprn 
Average casting speed: 21 m d s  
Negative-strip time: -0.14 s 

C Content 

O. 14% C 

O. 13% C 

0.14% C 

Heat No. 

O. 13% C 

O. 13% C 

l 

Mould Powder 

Mould Powder 

A 

A 

A 4 3  

Water Flowrate 

Water Flow rate 

650-+500 US gpm 

500+650 US gpm 

650 US gpnl 

B 

B 

630+500 US gpm 

500+650 US gpm 

A / 6 5 0 4 0 0  US gprn 

311 

313 1 0.33%C 1 A+B 1 400 US gpm 

3 14 1 0.31% C 1 B 1 400+650 US gpm 

0.33% C 

315 1 0.32% C 1 B 1 6 5 0 4 0 0  US gpm 

A 400+650 US gpm 



Table 5.5: Movld powcirrs i r s d  in the triais 

POWDER 

Chemical Composition 
sio* 
Ca0 
N203 

Na20 
M g 0  

F 
Free carbon 
CaO/Si02 

Sofiening temperature 

Transition temperature2 

Viscosity@ 1 400°C (poise) 
@ 1 300°C 
@ 1250°C 

Grain Size (mesh) 

Bulk density (kg/m3) 

Typical Use 

Fine powder Semiprefused fine powder 

Start at 1000°C 
End at 1020°C 

Al1 purpose (0.1 Or%CsO- 15) 

temperature at which viscosity (0 )  increases abruptiy 

127 



Coefficient Value 
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6 .  MOULD THERMAL RESPONSE, BILLET QUALITY, METAL 
LEVEL CONTROL, POWDER CONSUMPTION AND FLUX POOL 

Overall results of the plant trial are presented in this chapter. These include mould 

temperature measurements, billet sample quality evaluation and molten flux pool depth. 

Mould wall temperatures can give a good qualitative estimation of the heat transfer fiom the 

strand to the mould. however it must be kept in mind that mould temperatures are not onfy a 

function of the heat coming from the steel but as weil as a fùnction of the heat transfer 

coefficient at the water-mould interface. which is dependent on the mould water velocity. Ln 

this Chapter mould temperature measurements are presented and the influence of process 

variables on mould heat transfer is examined. In addition. results of visual inspection of billet 

samples and surface profile measurements are presented and links between these results. the 

lubricant and process variables are established. Finally, measurernents of metal level, powder 

consumption, molten flux pool depth and mould flux temperature profile are also presented. 

6.1 Mould Temperature Measurement 

A total of 76 thermocouples were installed to measure the temperature of the mould at 

several positions on its four faces, as previously shown in Figure 5.2. However, thennocouple 

16. located on East face at 290 mm fiorn the top of the mould, was not connected to the data 

acquisition system due to irreparable failure. Figure 6.1 shows typical temperature response of 

selected thermocouples located at 95. 145. 16 1, 205, and 729 mm fiom the top of the mould. 

As expected mould temperatures do not remain constant during casting. Fluctuations in 

temperatures along the mould length can occur due to numerous reasons such as uneven flow 

of mould flux and surface defects traveling down the mould, however casting speed ancilor 

metal level variation are the more important. 



The thermocouples placed above the meniscus at 95 and 145 mm displayed temperature 

variations of amplitude 54% and 39%. respectively. The temperature of the thermocouple 

located at 95 mm fluctuates between 27°C and 48T (avg=39OC and sd=3.7"C), while at 145 

mm the temperatures varied between 5 1°C and 77°C (avg=66OC and sd=4.6"C). Since for the 

uppennost thermocouple (95 mm), metai level variation should not have much influence on 

the temperature recorded, it seems that some noise was occumng. It can be clearly noticed 

that between O and 20 seconds al1 thermocouples except the themocouple located at 729 mm 

present a similar signal pattern, this is most noticeable in the thermocouple located at 95 mm 

because it is the least affected by meniscus levei fluctuations. Further analysis showed that the 

oscillatory component of the thermocouple signals were in phase, resulted in temperature 

fluctuations up to 20°C (tlO°C), and only appeared in the signals of thermocouples 1 to 15 

(Figure 5.2). which were al1 bundled together. This behaviour suggests the presence of an 

electrical noise caused by poor ground connection in the data acquisition system. 

The temperature of the thermocouple located at 161 mm fluctuates between 9 1" and 

125°C (avg=107OC and sd=7.0°C). This variation, which represent 3 1% of the average 

temperature. certainly is caused not only by the electrical noise and casting speed variation, 

but mainly by metal level variation. The temperature at this location vanes the most because 

this is the themocouple closest to the meniscus. It should be noticed that the meniscus was 

fluctuating between 16 1 and 17 1 mm from the top of mould; and at the same tirne the casting 

speed vaned between 1-24 and 1.42 mh in  (avg=1.33 m/min and sd=0.04); a variation of 14% 

of its average value. The ternperature variation of the thermocouple placed at 729 mm, the 

lowest position down the rnould, had a maximum value of 18% which was probably 



responding to variations in casting speed, strand surface topology and thickness of the 

lubricating film. 

5.1.1 Axial mould-temperature profiles 

To eliminate electrical noise related to fluctuations in the mould temperature as well as 

effects of metal level fluctuations and casting speed changes, blocks of data pertaining to 

"approximately" constant metal level and casting speed were selected. For each thennocouple 

the recorded temperatures were time-averaged which minimizes the electncal noise since this 

noise was found to be cyclical and to have a constant magnitude. The term "approximately" 

constant metal level implies problems with metal level data which will be discussed in section 

6.3.1 while for constant casting speed the term is used because at the time of the plant trial the 

mini-mil1 still did not have a metal leveVflow control system. The metal level was controlled 

via casting speed variation which resulted in constant changes in casting speed. For each 

selected block the temperature data recorded by the thennocouples installed at the centreline 

of the East face of the mould wall were time-averaged to represent the "quasi' steady-state 

found in continuous casting moulds operating under stable conditions. Finaily time-averaged 

temperature profiles were generated and utilized to analyze the influence of mould powder. 

oscillation frequency. mould water velocity, meniscus level, steel grade. 

Before any steady-state analysis could be done the effect of data sampling rate on axial 

temperature profile had to be analyzed. As previously mentioned in Chapter 5.  the data was 

originally collected at a rate of 60Hz because of a parallel study on mould mechanical 

response, however for this study the amount of data collected at 60Hz was excessive. 

Previously investigations conducted by UBC casting group suggested a sampling rate between 

5 to 10 Hz for mould transient analysis[ 1 1 O], therefore sampling rates of 0.02, 1, and 10 Hz 



were tested. As shown in Figure 6.2 the difference between these sampling rates is 

insignificant, and for practical purposes I and 10 Hz can be considered identical; therefore to 

Save t h e ,  a sampling rate of 1 Hz was chosen for the steady-state analysis. For the sake of 

completeness Figure 6.2 also shows the standard deviation of the temperature for 10 Hz 

sampling rate. The maximum values, -lO°C, were found for the thennocouples located 

between 100 and 205 mm below the top of the mould. The thennocouples located above the 

meniscus are largely affected by the electncal noise mentioned earlier, while the high 

temperature thermocouples, located in the rneniscus region. are mainly afTected by meniscus 

fluctuations. 

The axial temperature profiles were compared to assess whether there were any difference 

in temperature between the four faces of the mould. Figure 6.3 shows a typical result 

obtained. The East face was the only face instmmented down the length of the mould wall. 

Figure 6.3 shows from the meniscus (-177 mm) down to a location of 220 mm. the North 

face. which is the internai curved wall (ICW), displayed the highest temperatures. The East 

face had the second highest temperatures while the South and West faces were the lowest. 

Between 235 mm and 730 mm from the top of the mould no thennocouple was installed on 

South, West and North faces. The lowest thermocouples (730 mm) again showed North face 

to be the hottest but the other three were very close in temperature and did not show any 

significant difference. The above investigation is very important because only the East-face 

thermocouples were used for analyzing mould thermal response since the East was completely 

instmmented; however, since key themocouples placed at the meniscus region failed (190 

mm and 235 mm) temperature fiom the other faces at these locations had to be used as 

substitute data. 



In slab casting differences in temperature arnong the four faces can be reiated to uneven 

liquid steel flow due to the geometry of SEN ports, differences in mould water velocities since 

each face has an independent water control system and uneven molten flux infiltration because 

the large dimensions of the slab can hinder an even distribution of the powder. For this study 

of square billets cast with tubular mould and straight-port SEN the first cause of temperature 

difference in slab casting can be dismissed because straight-port SEN is much less prone to 

bias flow and also any bias flow should not be always towards the Nonh face. Aiso. tubular 

moulds, which have only one water channel, favor equalization of the mould water velocity 

for al1 faces, and the mould inspection performed after the trial showed no traces of solid 

deposits on its back faces, which suggests the elimination of uneven mould water flow or 

reduced local heat transfer as cause of the temperature difference. Notwithstanding. slight 

misaligninent of the mould in the housing still can lead to water maldistribution, and thus to 

temperature differences among the mould faces. However, uneven distribution of powder 

seems to be the rnost probable cause of high North face ternperatures. Dunng the trial the 

powder was fed into the mould by an automatic feeder placed in Front of the mould North 

face. The feeder featured a long tube with a single port which tended to accumulate powder 

on the Northeast corner of the billet. The accumulation of powder on the North face improved 

the thermal insulation at the top of the mould, thus locally reducing heat losses through the 

mould top and increasing the depth of the liquid pool; both of which can lead to a local 

increase in the heat flowing across the mould copper wall. The above explanation also 

elucidates why the East face tended to be have the second highest temperatures. 



6.1.1.1 Typical axial temperature profile 

A typical axial temperature profile on the centreline of East face of the mould wall is 

shown in Figure 6.4. The temperature increases abruptly corn the top of the mould until it 

reaches its maximum value - 40 mm below the meniscus which is located 177 mm below the 

top of the mould. Below the location of peak temperature, there is a decrease in mould 

temperature, followed by a slight increase in temperature towards the bottom of the rnould. 

The peak temperature is associated with the high heat transfer fiom the solidifymg shell to the 

mould in the vicinity of the meniscus. Samarasekera and Bnmacornbe[106-1071 showed that 

the mould wall peak temperature occurs below the meniscus because in the upper part of the 

rnould a significant fraction of heat is flowing up the mould wall and not only directly across 

to the cooling water. Below the peak temperature the subsequent reduction in mould 

temperature is a consequence of a decrease in heat transfer. As solidification progresses the 

strand shnnks, which causes a gap to form between the strand and the mould, the dimension 

of which could increase depending on mould distortion and taper. The nse in temperature 

towards the end of the mould indicates an increase in heat transfer, thus better contact, which 

is probably a result of binding. The inadequacy of rnould taper used for casting the trial heats 

will be addressed later. 

Figure 6.4 also shows profiles of the maximum and minimum temperatures in the selected 

block used to calculated the tirne-averaged temperature displayed in Figure 6.4A. It is evident 

that largest fluctuations in temperature occur within a region of 60 mm from the meniscus 

down the mould. A distribution of standard deviation dong the Iength of the mould for the 

axial temperatures is shown in Figure 6.48 and it can be seen that a peak in the absolute value 

of standard deviation occurs approximately at the meniscus. Sirniiar results were reported by 



Mahapatra[ 1081 who studied slab casting and Chandra[ 1091 who investigated billet casting 

with oil lubncation. For raw data, without any filtration technique to eliminate the influence of 

casting speed and metal level variation, Mahapatra[lOS] reported a maximum standard 

deviation of 21°C and Chandra[l09] of 17°C. Figure 6.4B shows a maximum standard 

deviation of only 13 SOC. Although, the data used to calculate the standard deviation s h o w  in 

Figure 6.4B corresponded to only 40 seconds of casting (time interval to produce one of the 

samples collected during the trial), some selected blocks of 600 seconds showed similar 

results. Mahapatra et a1.[142] reported that the standard deviation of the thermocouples was 

reduced to 4°C to 5°C after filtering their mold temperature data, while Chandra[l09] did not 

report the standard deviation of the thermocouples afier filtenng them. For thermocouples 

located at 90 and 100 mm from the top of the mould. sheltered fiom most metal level and 

casting speed variation influence, Mahapatrar 1081 reported temperature fluctuations of only 

k1 S O C ,  which he attributed to the mould oscillation. For thermocouples above 100 mm 

Chandra[l09] reported a standard deviation of only 1°C. In this study even for the upper 

thermocouple, 95 mm, the standard deviation varied between 4 and 10°C (Figures 6.2 and 

6.48), as previously mentioned this was attributed to electrical noise. Fortunately, since the 

noise had a constant amplitude, time-average temperatures is an appropriated technique to 

estimate mould heat transfer rates. which will be extensively discussed in the next chapter. 

6.1.2 Influence of process variables on mould temperature 

As previously explained in Chapter 5, two different mould powders, referred to as powder 

A and powder B. two inould cooling-water velocities (7.6 and 9.9 m/s) and two mould 

oscillation fiequencies (150 and 170 cpm) were used to cast pentectic (0.11-0.14 pct. C) 



steels. For medium-carbon (0.30-0.33 pct. C) steels containing boron and titanium the same 

two powders were used, also two different mould-cooling water velocities were employed 

(6.0 and 9.9 d s ) ;  however mould oscillation frequency was kept constant (137 cpm). In the 

following sections the influence of these variables on the time-averaged mould temperature 

profile is discussed. 

6.1.2.1 Mould powder 

Three types of mould flux were used in the plant on a regular basis at the time of the trial. 

however only two types were tested since the third one was used for high carbon steels 

(C>0.6%), which were not cast dunng the trial due to production constraints. Pnor to 

examining the effect of mould powder on mould temperature it is important to establish the 

differences between powder A and B. whose relevant properties are listed in Table 5.3. 

Powder A is an al1 purpose powder used to cast al1 grades of steel except pentectic-carbon 

(0.10-0.15 pct. C) and high carbon (C i 0.60 pct.). Powder B is specifically used for 

peritectic grades (0.10-0.15 pct. C). The influence of the two types of powder on the tirne- 

averaged mouid temperature profile is shown in Figures 6.5 and 6.6. 

Figures 6.5 and 6.6 show the influence of type of mould flux on the mould temperature 

profile for peritectic steel (heat 262: O. 1 l%C; heat 265: 0.12%C) and Boron(Ti)-alloyed 

medium-carbon steel (heat 3 1 1: 0.33%C; heat 3 14: 0.3 l%C) respectively. It should be noted 

that in each case al1 other casting variables were constant. Clearly, powder A, the one with 

lower basicity and higher viscosity, resulted in higher mould temperatures for both steel 

grades, which indicates an enhancement in mould heat flux with powder A. 



6.1.2.2 Mould oscillation frequency 

Mould oscillation frequency for casting the peritectic steels (0.1 1-0.14%C) was changed 

from its normal value of 150 cpm to 170 cpm. Due to production constraints the same was 

not possible for Boron(Ti)-alloyed medium-carbon steels. The influence of this change on the 

mould temperature is shown in Figure 6.7. It can be clearly seen that the mould wall 

temperature increases with an increase in oscillation frequency. Although. for positions around 

the peak temperature the difference in temperature is within lo @=standard deviation). 

outside this region the differences can be considered significant. As expected an increase in 

oscillation frequency decreases mould flux consumption (Equations 2.1 1. 2.1 3-2-14 fiom the 

literature review - Chapter 2). therefore reducing the lubricating film between the strand and 

mould and also lowers the negative-stnp time (tN), given by t ~ ( l / x  f') arc cos(V, /x f S). 

which reduces oscillation mark depth[l,3,6,60,65,97]. Both effects lead to a decrease in the 

local rnould/strand gap with consequent increase in mould heat transfer and mould wall 

temperature. 

Although the above result was expected, it is contrary to what was found by 

Chandra[l09] dunng billet casting with oil lubncation in a mould similar to the one used in the 

present investigation (parabolic taper with 4.9Wm at top and 0.8%/m near end). 

Chandra[109] attnbuted his unexpected result to the efEect of oscillation mark pitch (Equation 

2.18). which increases with increasing oscillation. since he found no noticeable difference in 

oscillation mark depth when the oscillation frequency was increased; this latter result agrees 

with findings fiom Howe and Stuart[93], who found that for oil casting, oscillation marks 

were vinually independent of mould oscillation frequency. Chandra[ 1091. as well as Brendzy 

et a1.[130] found that for a mould with parabolic taper and steep positive taper at the meniscus 



(4.9%/rn), there was little difference in the depth of oscillation marks when the negative strip 

tirne vaned from 0.13 s to 0.17 S. On the other hand. for a double tapered mnuld (upper part 

2.75%/m followed by 0.5%/m from 333 mm down) the oscillation mark depths on billets cast 

with the higher negative stnp tirne (0.17 s) were significantly deeper than on billets cast with 

negative strip time of 0.13 s; this latter result agrees with earlier findings reported by 

Samarasekera et a1[143]. Brendzy et a1.[130] attributed this difference in behaviour to a 

stronger mould-strand interaction at the meniscus whenever the mould acquires a negative 

taper in the upper region; which occurred with the double tapered mould but not with the 

parabolic. They also reported that oil type and Bowrate did not significantly affect the depth of 

oscillation marks which suggests that lubrication does not play a major role in oscillation mark 

formation in billet casting with oil. The above discussion clearly indicates a major difference 

between billet casting with oil lubrication and mould powder lubrication in terms of oscillation 

mark formation since, as will be discussed in the next Chapter and briefly reviewed in Chapter 

2. in billet casting with mould powder the lubricating film (liquid flux) filling the strand/mould 

gap plays an important role. 

6.1.2.3 Mould water veIocity 

To examine the influence of rnould water velocity on rnould heat transfer, the velocity was 

altered from 9.9 mis (650 US gallonslmin) to 7.6 m/s (500 US gallonslmin) for pentectic 

steels and fiom 9.9 d s  to 6.0 m/s (400 US gallonslmin) for Boron(Ti)-alloyed steel. Figure 

6.8 is a plot of the axial mould temperature profile measured dunng casting of pentectic steel 

in which the first half of the heat was cast with a mould water velocity of 9.9 d s  and the 

second half with 7.6 d s .  As clearly seen the measured temperatures were consistently higher, 

approxirnately 1 O to 15OC, for the lower rnould water velocity. Similar result was also found 



for Boron(Ti)-alloyed medium-carbon grade. Assurning that the heat flux coming fiom the 

solidifjmg shell is not afEected by changes in the mould water velocity, the above result was 

expected. A drop in the cooling-water velocity results in lower heat transfer coefficient at the 

cold face of the mould, thus increasing the mould temperature. It should be noticed however 

that if the heat flux entenng the mould is affiected by variations in the water velocity. 

depending on the direction (increase or decrease) and magnitude of this effect, the response of 

rnould temperature to mould-water velocity variation could be dif'ferent from the one 

obtained. The influence of mould water velocity on mould heat flux will be presented later. 

6.1.2.4 Meniscus level 

Figure 6.9 shows the influence of rneniscus position on mould temperature profile. It can 

be seen that mould peak temperature follows the direction of displacernent of the meniscus. 

Additionally, Figure 6.9 also confirms which had been previously discussed in section 6.1.2.1. 

i.e.. the mould d u h g  the heat cast with powder B (heat 28 1) nins colder since powder B 

consistently resulted in lower heat transfer. 

6.1.2.5 Steel grade 

Two types of steels were cast during the plant trial. plain carbon steel with carbon content 

between O. 1 1 and 0.14% and Boron(Ti)-alloyed medium-carbon steel with carbon content 

between 0.30 and 0.33%. Titanium is added to the boron steel to fix nitrogen as TiN and 

guarantee that the solid steel will have enough free boron to improve its hardenability. 

otherwise boron would combine with nitrogen to form BN. Figure 6.10 is a plot of the time- 

averaged mould temperature profile of three steels containing O. I 1, 0.14 and 0.33% C. the last 

also containing boron and titanium. Plain carbon steel with O. 11 %C cast with oscillation 



frequency of 150 cpm gives rise to lower temperatures compared to plain carbon steel with 

0.14% C and cast with 170 cpm; although the difference in oscillation frequency does not 

make this an ideal cornparison. It is well known that mould heat flux as a function of carbon 

content has a minimum value around 0.10-0.1 1% C[ 1261. A surprising result was to find that 

the magnitude of mould temperatures for Boron(Ti)-alloyed medium-carbon steel heats were 

comparable to the ones obtained for the peritectic steels. Generaliy medium-carbon steels 

usually transfer higher heat flux to the mould[108- 1 10,1261, and this steel grade when cast 

with oil results in very high heat flux[llO], as will be discussed in the following section. 

6.1.2.6 Type of Lubricant: powder vs. oil 

The influence of lubncant type on mould temperature profile is shown in Figure 6.1 1. As 

mentioned in the previous section, the low mould temperatures measured dunng casting of 

Boron(Ti)-alloyed medium-carbon steel with powder lubrication is a surprising result. Figure 

6.11 clearly shows a striking difference in rnould temperature profile between Boron(Ti)- 

alloyed steel cast with the different lubricants. The heat cast with powder showed significantly 

lower mould temperatures than the heat cast with oil, indicating that the heat transfer in the 

mould was reduced by the use of powder. This is consistent with the experimental research of 

Singh and Blazek[126] who found that for medium-carbon steel (0.40% C) powder 

lubrication significantly lowered mould heat transfer over the entire mould length. They 

explained that 0.4 percent carbon steel does not forrn a nppled shell and has a more uniform 

contact with the mould wall. When cast with oi1, the result is a lower mould/strand gap 

thermal resistance, and a higher mould heat transfer. Therefore, when mould flux is introduced 

it acts as an insulator and decreases the mouId heat transfer. 



Figure 6.11 also shows that for peritectic steels, compared to oil Iubrication the use of 

powder resulted in higher mould wall temperatures in the vicinity of the meniscus but lower 

down the rnould, which is also consistent with results reported by Singh and Blazek[126]. 

They believed this behaviour to be caused by the joint effect of mould flux and air gaps. Since 

pentectic steels shnnk the most at the rneniscus their shell is very rippled, with deep oscillation 

marks. Dunng oil cast these large gaps are partly filled with air and the mould heat transfer is 

locally decrease. When mould flux is introduced it fills the air gaps. thus increasing the mould 

heat transfer rate near the meniscus region. In contrast, in the lower part of the mould, where 

the shell has a better contact with the mould due to ferrostatic pressure. the flux acts as an 

insulator. which result in a decrease in the mould heat transfer. In further investigation Blazek 

et a1.[146] found that when casting 0.1% C steel with high viscosity and high crystallization 

temperature fluxes the mould heat transfer was lower throughout the mould. They explained 

that low viscosity, low melting temperature fluxes, as the ones used in the previous study[126] 

can easily rnelt and flow to fil1 completely al1 gaps fomed. On the other hand. high viscosity 

and high crystallization temperature fluxes would form a uniform slag layer at the meniscus. 

This solid layer would act as an insulator. even worse than the air gaps fonned with oil 

lubrication, and thus decrease mould heat transfer rate. 

6.2 Billet Samples Quality Evaluation 

Figures 6.12 to 6.14 illustrates some of the surface features found in the samples collected 

during the plant trial. A typical billet sample surface is shown in Figure 6.12; the picture 

corresponds to the West face (straight side) of billet sarnple 265-30, a peritectic-carbon steel 

cast with powder B. oscillation Frequency of 150 cprn and mould water velocity of 7.6 m / s .  



The surface shows no defects and, for the majority of the samples collected during the trial, 

shows very well defined oscillation marks. Figure 6.13 show an example of transverse 

depression found in pentectic billet sarnple cast with powder A. Transverse depressions were 

only found in heat 277. These depressions ran along the oscillation marks which suggest they 

are formed near the meniscus while the shell is still weak. Another feature found in most of 

the samples was the presence of a longitudinal depression in at least one of the faces. The 

seventy of the longitudinal depression varied, mostly below 3 mm in depth but sorne as deep 

as 5 mm; Figure 6.14 shows a photograph of a billet surface displaying a typical midface 

longitudinal depression. Besides midface the north corner of West face was found to be a 

preferential position for longitudinal depressions. 

As a general observation the performance of powder A was slightly inferior to powder B. 

The latter liad a better performance in tenns of longitudinal depression and regulanty of 

oscillation marks. Its better performance must be associated with its higher crystallization 

temperature with consequent lower heat fluxes. Scratches and indentations found on faces 

north and south of the boron-grade sarnples is likely to be caused by dirt accumulated in the 

pinch rolls that are in contact with these faces. Table 6.1 summarizes the results of sutface 

inspection perfomed in al1 samples collected in the plant trial. 

6.2.1 Sudace roughness (oscillation marks) 

A profilorneter with three LVDT's was used to measure the surface profile of the sarnples 

collected during the plant trial. The measurements were carried out at the centre and at 10 mm 

off both corners of each sarnple. Figure 6.15 depicts some of the surface profiles measured at 

the centreline. 



For each profile the distance between a peak and its adjacent valley was measured and 

taken as the depth of an oscillation mark. The distance between two consecutive peaks was 

taken as the oscillation mark pitch. 

The results in Figure 6.16 show that for petitectic steel (O. I l-/oC<O. 12) an oscillation 

frequency of 170 cpm resulted in shallower oscillation marks when cornpared to a frequency 

of 150 cpm which is likely to be related to the lower negative-strip time associated with the 

higher frequency. This confimis Howe and Stewart's[93] observation that with oil lubrication. 

the depth of oscillation marks was virtually independent of mold oscillation frequency whereas 

with mold flux. the depth was inversely proportional to frequency. Howe and Stewart's[93] 

results reinforce the belief that for powder lubrication the formation of oscillation marks is 

largely the result of the interaction between the mould, casting flux and the shell. 

Figure 6.16 also shows that higher-viscosity mould powders (qpwafl B > )Ipwam A) tend to 

produce shallower oscillation marks, which has also been found by other 

researchers[60.64,98]. Higher viscosity results in lower powder consumption. so less flux is 

driven down the mould during the downstroke, and thus the pressure build up in the 

lubricating film is lower. Since oscillation mark depth in powder casting is enhanced by the 

positive pressure generated in the flux channel during negative-stnp time, the lower pressure 

results in shallower oscillation marks. It should be noticed that the above rationale, Le. the 

decrease of positive pressure with increasing mould flux viscosity, is contrary to results fiom 

mathematical modelling[56,58,67], which show an increase in pressure with increasing flux 

viscosity. A major limitation of these models is their assumption that lubricating film thickness 

and flux consumption are constant and independent of viscosity, which is not realistic. 



Finally, Figure 6.16, shows the influence of carbon content on oscillation mark depth. 

Boron (Ti)-alloyed steels, containing 0.3 0-0.3 3%C, although cast at the lowest oscillation 

frequency (137 cpm) consistently had shallower oscillation marks than the pentectic steels. the 

Iatter with carbon content between O. 1 1 to 0.14 Wt. %. 

Detailed results of oscillation mark depth measurements are presented in Appendix E 

Table E 1. additionally Table E2 shows measured values for oscillation mark pitch. Table E 1 

shows that Boron (Ti)-alloyed medium-carbon (0.32%C) samples had average oscillation 

marks depth of 0.34 mm while for pentectic (0.1 1-0.14%C) grade this value was 0.67 mm 

when the mould oscillation fiequency was 150 cpm and 0.53 mm for 170 cpm. 

Table 6.2 sumrnanzes the results obtained. It also includes calculated values for the 

oscillation mark pitch. which agree very well with the measured values. 

6.3 Other Results 

6.3.1 Metal level 

During the plant trial the metal level signal was not recorded due to failure of the data 

acquisition channel designated to record it. Therefore. metal level displayed in the casting 

machine control panel was manually collected as backup-data to substitute the missed data. 

However. as shown in Table 6.3, local measurement of metal level using a dip-stick indicates a 

very significant discrepancy between real values (measured with dip-stick) and values 

displayed by the metal level controller. The difference between the values measured with dip- 

stick and the correspondent values recorded by the metal level controller varied between 42 

and 57 mm. No discrepancy was noticed during oil casting in the same trial[l21]; therefore. 

the problem should be due to incornpatibilities between the metal level controller system, 



which used a radioactive sensor device, and powder casting. This issue will be addressed in 

detail in Chapter 7 and Appendix F. 

The lack of a metal level signal made it dificult to use a more sophisticated data filtration 

technique, such as the ones suggested by Mahapatra[lOl] and Chandra[l09]; so a simple 

selection of data blocks with apparent constant metal level and casting speed was adopted. 

These blocks were selected by visual inspection of the temperature vs. time plots, based on the 

steadiness of the signals fiom the thennocouple located close to the meniscus region. Another 

problem was that, except for the occasional measurements performed using dip-sticks, it was 

impossible to clearly associate every temperature and respectively caiculated mould heat flux 

profile to a specific metal level. 

6.3.2 Powder consumption 

During the plant trial the consurnption of the powders tested was calculated. The results 

are shown in Table 6.4. 

Powder A. having a higher viscosity (0.7 poise@1400°C) than powder B (0.4 

poise@1400°C), resulted in a lower consumption of 1.14 kg/t(- 0.45 kg/m2) compared to 

1.34 kg/t for powder B (- 0.53 kg/m2). The values expressed in kg/t are higher than values 

normally reported for slab casting (0.3-0.7 kg/t). however this is expected since a billet has a 

much higher perimeterjarea ratio than slabs and flux infiltration is dependent on the strand 

lateral area. Even in terms of kg/m2 the measured consumption of the two powder tested was 

also higher than values reported in the literature for slab casting. Kwon et a1.[62] measured 

values between 0.26 and 0.3 8 kg/m2 for the same kind of steel (0.089!C<O. 16) cast at similar 

casting speeds ( l .O- 1.5 mimin). The main concem regarding high consumption is to balance it 

with the powder rnelting rate in order to maintain a liquid pool height at least larger than the 



oscillation stroke. As will be discussed later, measurements of the molten flux pool height 

showed very low values. It is interesting to note that for peritectic (0.09<%C<0.16) steels 

Kwon et a1.[62] used mould fluxes with higher viscosity than the ones used in the plant where 

the trial was carried out. 

The low viscosity of powder A and B suggests that they would be more suitable for 

casting low-carbon steels (%C<0.08) at higher casting speeds (>1.2 m/min.) than for casting 

peritectic steel or medium-carbon boron grade. As previously presented in the literature 

review (Chapter 2.7) several researchers[1.46.64] have proposed optimum values for rnould- 

flux viscosity( q) x casting speed(b:) relationships, expressed as q V, or rl vc2 , in order to 

minimize variations in mould temperature, mould heat transfer and lubricant film thickness. to 

minimize number of pinholes and oscillation mark depth[46]; also to minimize overall heat 

flux. fictional forces[64] and longitudinal cracking[l]. Ogibayashi et a1.[46] found that a 

value of qV, above 2 minimizes pinholes and oscillation mark depth and between I and 3.5 

minimizes mould heat transfer variations; thus they suggested qVc to be between 2 and 3.5 

for the achievement of optimum casting conditions. Wolq641 and Mills[l] suggested qkP,' as 

a more reliable relationship and found that optimum casting conditions occur when 

q b',- = 5 + 2 .From the above analysis and the values of qVc and r] v,- shown in Table 6.4. al1 

of them smaller than 2, it is clear that for the casting speeds used during the plant the 

viscosities of both powders were too low. Additionally, as also pointed out in Chapter 2.4.6. 

both low viscosity and low casting speed promotes high powder consumption which, as will 

be shown in the next section. can lead to an unacceptable thin molten-flux pool. 



The rneasured mould powder consumption panly agrees with other studies that showed 

that consumption increases with decreasing flux viscosity and transition temperature[40]. 

Consurnption increases with decreasing transition temperature because of an increase in the 

liquid slag film thickness, while the incrase with decreasing viscosity is because of an increase 

in the flux flow speed. In Our study the consumption increased with decreasing viscosity 

(powder B), and decreased with decreasing transition temperature (powder A). This simply 

shows that a decrease of -42% in the viscosity of powder B, more than compensated for the 

increase of - 13% in the transition temperature 

6.3.3 Molten-flux pool depth 

Table 6.5 show results of the measurements of the flux sintered and molten layer. The 

measurernents were conducted using ii three-wire (aluminum. copper and steel) dip-stick. 

The values shown in Table 6.5 are extremely low, the main reason, as pointed before, is 

likely to be an imbalance between the high consumption, above 1 .1  kg/t (Table 6.4). and the 

melting rate of the powden tested, aggravated by not keeping a dark layer of unreacted 

powder on the top surface of the rnould, which was the case of the heats measured. Lack of a 

sufficient liquid flux pool can cause engulfment of solid flux at the meniscus leading to surface 

and subsurface defects, in severe cases even to loss of lubrication and breakouts. These results 

show the importance of carefblly considering the melting rate of the mould powder before 

choosing it for billet casting. Powders used for slab casting will not necessarily perform as 

well for billets. Due to its much higher penmetedarea ratio billet casting requires higher 

specific consumption (kg per tone of steel) than slab casting. 



6.3.4 Mould-flux temperature profile 

Temperatures within the powder layer were measured using an arrangement of three Type 

S (Pt-1O%Rh) thermocouples enclosed in high purity alumina protection tube. The wires 

inside the protection tube were insulated by double-bore high punty hard-fired aiumina tubes. 

The thermocouples were rnounted in a steel bar through screw nuts that allowed their length 

to be adjusted. A laptop computer with a data acquisition board and Labtech Notebook 

software was used as the data acquisition system. 

Three sets of temperatures were measured. The first set was a test to check the 

thermocouple and adjust their position. A catastrophic failure of the submerged entry nozzle 

during the third measurernent washed away al1 thermocouples not allowing us to continue the 

experiment. Figures 6.17 shows the results of the second and third measurement. 

Unfortunately, in both cases one of the three thermocouples used failed (note themocouple 

located at 163 mm below top of mould in Figure 6.17B). 

Figure 6.17A shows that soon afier the thermocouple is introduced in the mould it heats 

up for about 40 seconds until it reaches a peak value. M e r  this peak temperature was reached 

the temperature decreased towards a stable value or rebound back to the peak value. as in the 

case of the thermocouple placed at 165 mm. This rather odd decrease in the thennocouples 

temperature is thought to be caused by accommodation of the loose powder surrounding the 

themocouple tips after they are initially introduced and begin to oscillate with the mould. The 

same behaviour (over-shooting) was not venfied in Figure 6.179. probably because in this 

case the thermocouples were placed deeper in the mould flux. The thermocouple placed at 

153 mm shows a rather conventional heating curve, while the thermocouple placed inside the 

liquid layer ( 173 mm) did not show any. The absence of a heating period for the thermocouple 



placed at 173 mm is explained by a faster heating rate resulting fiorn a much smaller thermal 

resistance (liquid-flux/thermocouple) compared to the other thennocouples thermal resistance 

(solid-powder/thermocouple). Additionally, a delay in tnggering the data acquisition system 

reduced the heating penod recorded (note that the thermocouple placed at 153 mm only takes 

20 seconds to stabilize). 



Table 6.1: Summary of rrstïl~s of visuai itzspec fzon of the sumpies suflacc?: 

Steel 
Grade 

Pentectic 
o. 11-0.12 
Wt.% C 

Peritectic 
o. 11-0.12 
Wt* % C 

Peritectic 
0.13-0.14 
Wt. % C 

Peritectic 
O. 13 -0.14 
Wt. % C 

Powder Oscillation 
Frequency 

150 cpm 

150 cpm 

1 

B 170 cpm 

137 cpm I 

(No. of Samples) 

Results of Visual Inspection: 

(6 from 4 heats) 
Rough surface. 
Off-corner longitudinal depression in three samples. 
Large centre longitudinal depression in one heat ( 2 samples). 

- - - - - - 

(5 fiom 3 heats) 
Good surface in terms of depression and regulanty of OSM. 
Signs of sticking in one of the samples. 

(4 tiom 3 heats) 
2 samples had good surface 
Sample 277 had one shallow transverse depressions 
Sarnple 282-60' had very rough surface: deep and irregular 
oscillation marks. lots of pinholes, longitudinal depression 
and small transverse depressions 

(5 fiom 3 heats) 
2 samples had no surface defects 
Sarnples 280 had a longitudinal depression 
Sarnple 282-30' had very bad surface. deep and irregular 
oscillation marks + pinholes. 

(5 fiom 3 heats) 
Al1 samples presented longitudinal depression on West face 
North and South faces had several indentations (scratches) 

(4 fiom 3 heats) 
Al1 samples with longitudinal depression on the West face. 
Sutface of North and South faces full of indentations 



Table 6.2: Pitch ami Drpth of oscilfation marks and negative-str@ timr IlN) . 

Grade(Carbon) 

Frequency 

Pentectic(O.1 I%C) 

150 cpm 

Calc. Pitch Av. C. Speed 

(mhin.) 

- l.24M. 1 

Peritectic(O.l3%C) 

170 cpm 

Boron(Ti) (0.32%C) 

137 cpm 

(mm) 

- 1.32M. 1 

- 1.27M. I 

Meas. Pitch 

(mm) 

8.71H.20 

- 

OSM-Depth tz: (s) 
(mm) 

1 Heat ( Meta1 level (dip-stick) [mm] ( Metal level (level controller) [mm] 



l POWDER 

Consumption 

Average casting speed 

Oscillation frequency 

Oscillation stro ke 

1 -20 m h i n  

150 cpm 

6 mm 

1 .17 m/min. 

150 cpm 

6 mm 

0.7 poise 

1.3 poise 
1.9 poise 

0.4 poise 

-0.6 (est.) 
0.9 poise 

Sintered layer (mm) 

1 

2 

1 
L 

Heat No. 

260 

262 

264 

Powder 

A 

A 

B 

Liquid layer (mm) 

3 

1 

1 



Time [s] 

Figure 6.1 Typical (A) Casting qwrd  variarion and (B) Temperature resporm of seiectrd 
therrnocotrples ot2 the moldd Easigace at 95, I45, 161, 205 and 729 from the top of the 
rnozrld; mrlal Ievd betweett 161 - / 71 mm. 
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Distance from top of mould [mm] 

Figure 6.2 Inflttet~ce of data sampiing rate on fintr-averaged mouid mial ternpratwr 
profile aiorig the crntrrlirie of East-jace for heat 2 77 (0.14% C, powder A) and standard 
devialion of fentperatzcre meamremet~ts for ~ h e  sampk rate of 10 Hz. 



+ East hce 

u South face 

l +- West fàce 

O 100 200 300 400 500 600 700 800 

Position from top of mould 

Figure 6.3 Cornparisot1 of the a ia i  temperatzdre profiles measured on the four faces of the 
mouid (centreline); Heat 3 1 1. 



Position from top of rnould [mm] 
15.0 

1 meniscus + 

O 100 200 300 400 500 600 700 800 

Position from top of rnould [mm] 

Figure 6. J Typical axial temperuttire proPie and standard devialion of the temperatzcre 
meamremrnts made alorrg the cetzfrelitte of rnould East-face for heat 311: 0.33% C . B(7I"- 
alloyed cas1 with powder A;  (A) Temperatzcre profile showing time-averaged temperature ami 
total range of temperatzcre varialiot~. @) stardard cirviation. 



- Powder A ( ka t  262) 

+ Powder 6 ( k a t  265) 

O 100 200 300 400 500 600 700 800 

Position from top of mould [mm] 

Figure 6.5 I r j h m e  of rypr of mozrldfl~x on the tirneuverageci axial mould-temperatzrrr 
prople for peritectic steel firat 262: O. 1 l WC; heu! 265: O. I2%C); oscilhtion frecpetzcy 1.50 
cpm, rnordd water velocity 7.6 ml S. 



-c+ Powder A ( k a t  31 1 ) 

+ Powder 6 ( k a t  31 4) ' 

O 100 200 300 400 500 600 700 800 

Position from top of mould [mm] 

Figure 6.6 Infliieticr of type of rnoirfdpow&r on rhe (ime-uveraged mial  mouid-kmpera(trrr 
profie for Boron(Til-aloyrd medium-carbon steel fieai 3 11: 0.33UC; heaf 3 14: 0.3 I %Cl, 
oscillcttioti freq~iency 13 7 cprn, mozdd wafer veloci fy  6.0 m/s. 
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Position from top of mould [ mm] 

Figure 6.7 I~flz~etzce of rnorrid osciilalion frrqz(rncy on the fime-averaged aria1 rnozrld- 
zemperatzrre profile; peritectic steel. water velocity 9.9 mJs, powder A. 



j- meniscus 
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O 100 200 300 400 500 600 700 800 

Position from top of mould top [mm] 

Figure 6.8 I t ~ f l ~ ~ e t ~ c r  of mozrld water velocity ori the timr-uveraged axial mozdd-hmpera~zrre 
profile; heat 2 77 (0. I-I%C). oscillatior~frL.qz~rtzcy 1 70 cprn, powder A 



+ ML - 1 i l  mm (ka t  277) 

meniscus 

O 100 200 300 400 500 600 700 800 

Position from top of mould [mm] 

Figare 6.9 Infrzwice of rnenism level or1 the time-averaged mial rnotrld-ternpera~we 
profile; peritec tic sfeei, oscillation f r e p n c y  1 70 cprn, mould wuter veiocity 7.6 m. S. heat 
277(0.1-I%C)powderA, heat 281 (0.13%C)powdrrB 
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Figrrre 6.10 Inflzreuce of the steel grade on the time-averaged mial  mould-temperatzrre 
projik; m o d d  water velocity 9.9 m/s, mouid powder A, osciliatio~i fiequency: heat 2 7 7 
f = 170 cpm. heat 3 11 f = 13 7 a ~ ? d  heat 262 f = 150 cpm. 



--+- Powder (0.1 1 % C) 
-O- Powder (0.33% C + B,Ti) 
-..o.-- Oii (0.1 3% C) 
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Position from top of mould [mm] 

Figure 6.11 Inflrre~e of hbrica~ioti type or? the aria! kmperuhrre profies for peritectic and 
Roron(Til-ulloyrd tnedizm-carbori steel. 



Figure 6.12 Oscillation marks on the surface of a peritectic-carbon steel billet sample 
(0.12%C); oscilZution frequency 150 cprn 



Figure 6.13 transverse depression on the surface of a sample fiom Heat 277 (0. 14%C, 
oscillation Pequency 1 70 cpm): (A) billet sample; (B) close-up 



Figure 6.14 Longitudinal depression on the surface of a peritectic-carbon steel billet 
sample (O. I 4 %C) 



Sample length (mm) 

Figrrre 6.15 Centre-surface profiles of billet sampk; (A) Heat 265, peritecti sted, 0.12 
pct. C. osciilatiort frequwcy 150 cpm, powder B; 0 Heat 280, peritectic steel, 0.14 pet. 
C, oscillatio~~ freperzcy 1 70 cpm. powder B; (C) Heat 3 1 1, Boron(Trï -alloyed steel, 0.3 3 
pct. C, oscillaiion freqirency 13 7 cpm, powder A 



A - peritectic steel (0.11 %C), powder A, f = 150 cprn 
B - peritectic steel (0.12%C), powder B, f = 150 cprn 
C - peritectic steel (0.14%C), powder A. f = 170 cprn 
D - peritectic steel (O.l3%C), powder B, f = 170 cprn 
E - Boron(Ti)-alloyed steel (0.33%C), powder A, f = 137 cprn 
F - Boron(Ti)-alloyed steel (0.32%C), powder B. f = 137 cprn 

Figure 6.16 Oscillaliorz mark depth: st<mmoy of rneasuremerit remlts 
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Figure 6.1 7 Meamrd morildjl~~x temperatrire, the legenh give thermocoicp fe position 
from top of the mord& (A) Heat 313, casting speed 1.08 m/min., mmefal levei -190 mm; 
(B) Heat 3 1 6, metal Ie vel - 1 75 mm 



7. RESULTS AND DISCUSSION 

The main findings regarding mould heat transfer and its relationship to billet surface 

quality are discussed in this chapter. Detailed companson between results obtained for heats 

cast with powder lubncation, the subject of this investigation, and heats cast with oil, corn 

previous investigations, is accomplished. Explanations for similarities and differences found in 

the thermal behaviour and surface quality of heats cast with powder and oil are proposed. In 

addition, the influence of mould powder properties and casting variables on liquid flux pool 

depth is investigated through a sensitivity analysis of the rnould powder melting model and 

measured values of liquid pool depth were compared to values calculated by the mathematical 

model using plant trial casting conditions. Simulations were also performed to ven@ the 

response of the molten flux pool depth to variations in casting speed. 

7.1 Mould Heat Flux 

Mould temperature data which reflected the effect of several process variables on rnould 

heat transfer has been reported in the previous chapter. However, temperature does not 

provide sufficient quantitative information on heat transfer in the mould. Thus, an inverse heat 

conduction model of the mould, already discussed in Chapter 4, was developed to allow 

mould heat flux profiles to be estirnated fiom the measured values of mould wall temperature. 

The heat-flux profiles in the mould have been calculated at the centreline of the East face for 

different casting parameters. Figures 7.1 shows an example of calculated mould heat fluxes 

profile together with the temperature data used for the calculation. The shape of the heat 

profile can be decomposed into four segments, as follow: 



(1) From the top of the mould down to 145 mm the profile is charactenzed by very low 

values ( 4 0  kw/m2) of heat flux. 

(2) From 145 to 16 1 mm, the meniscus region, the heat flux increases abruptly from 50 to 

3200 kw/m2. The maximum value, 3200 k ~ l r n * ,  occurs at the meniscus level which 

was 160 mm below the top of the mould. 

(3) Below the meniscus the heat flux decreases in magnitude. Shrinkage of the solidifjhg 

shell gives rise to an increase in the gap between the shell and the mould which leads 

to an increase in the thermal resistance, thereby lowering the heat transfer to the 

mould. Since the initial shnnkage is larger due to the initial higher heat flux and in the 

case of peritectic steels also due to the a to y transformation. Just below the meniscus. 

at 220 mm, heat flux reaches a local minimum value. Ferrostatic pressure acting on the 

thin shell pushes it back towards the mouid wall decreasing the gap, thus increasing 

heat flux. 

(4) From 220 mm further down the mould the progress of solidification leads to a 

progressive increase in the gap with a consequent decrease in heat flux. A rebound in 

heat flux verified at 335 mm is associated with excessive mould taper and binding, 

however as the shell is still very deformable the binding ceases and mould heat flux 

continues to decrease. Also, as the shell grows the thermal resistance of the solid shell 

becomes significant. At the mould exit the thermal resistance of the steel shell can 

represent from 20 to 40% of the total resistance, the rest is mainiy constituted by the 

thermal resistance of the mould/strand gap. The thermal resistance of the copper wall 

and the cooling water are negligible. 



The shape of the mould heat flux profile obtained in this study is quite simiiar to the 

findings of Mahapatra's investigations on slab casting[l08]. The only noticeable difference 

was that Mahapatra reported dl heat flux profiles with maximum value at the meniscus level. 

while in some cases in this study the peak heat flux occurred below the rneniscus level. Figure 

7.2 shows heat 262 with maximum value of heat flux at the meniscus level, while for heat 265 

the meniscus level corresponded approximately to an abmpt inception of heat flux. This 

finding is supported by profiles reponed in Chandra's investigation of billet cast with oit 

lubrication[l09]. Although Chandra reported the peak heat flux at the meniscus as a 

characteristic feature of mould heat flux profile, some of his profiles showed the meniscus at 

the onset of an abrupt increase in heat flux. This is a veiy interesting observation and probably 

is caused by the inherently instability of the meniscus in billet casting when metal level is 

controlled via casting speed instead of a flow control device. Kumar[l IO] showed that in the 

mini-mil1 where this investigation was conducted during billet casting with oil lubrication the 

metal level exhibited variations between 10 and 20 mm with a fiequency of approximately 0.2 

Hz. Under these circumstances the metal level could not be fixed within a range narrower than 

the distance between two adjacent therrnocouples. Le. 15 mm. which is approxirnately the 

distance between the onset of heat flux and its maximum value. 

7.1.1 Influence of process variables on mould heat flux 

7.1.1.1 Mould powder 

Two different types of mould powder were used in the plant trial. The two heats chosen to 

examine the differences in heat flux associated with the mould fluxes were cast under similar 

conditions, Le., same mould oscillation fiequency (150 cpm) and same mould water velocity 



(7.6 m/s) while casting speed was 1.20 m,s for heat 262 and 1.17 d s  for heat 265, and the 

metal level was - 160 mm for heat 262 and - 175 mm for heat 265. Figure 7.2 shows that 

mould heat transfer is increased over the whole mould length with powder A when compared 

to powder B. For peritectic steels, powder A resulted in averaged heat flux - 20% higher than 

powder B, however the difference in peak heat flux at the meniscus region is only 10Y0 higher 

for flux A. Sirnilar results were found for ail heats of peritectic-carbon (O. 1 l<%C<O. 14) 

analyzed. However for Boron(Ti)-alloyed steels (0.3 O<%C<O. 3 3). powder A only yielded 

mould heat flux that was on average - 7% higher than powder B. 

The properties of the two mould fluxes are listed in Table 5.3; both fluxes have low 

viscosity with flux A more viscous than flux B. However, flux A has a lower transition 

temperature. The literature review shows that mould heat flux increases with decreasing 

viscosity and transition temperature of the mould Rux. The present findings confirms results of 

Emi et a1.[40] who found that the overall heat-transfer coefficient had a stronger correlation 

wit h the transition ternperature t han viscosity. Although the difference in heat flux between 

powder A and B was not very large, it is quite significant to note that the difference in 

transition ternperature was only - (-) 13% while the difference in viscosity was - (+)42%. This 

suggests that not only is mould heat transfer more strongly dependent on transition 

temperature than viscosity, but also that in the low range of viscosity, i.e., below 2.0 poise. 

and at temperatures above the transition temperature, viscosity does not seem to have a strong 

influence on mould heat transfer. This finding is further confimed by the fact that at the 

meniscus, where viscosity should be a critical factor, the difference between heat transfer for 

the two powders was smaller than below the meniscus. 



7.1.1.2 Mould oscillation frequency 

The efTect of mould oscillation fiequency on mould heat flux is shown in Figure 7.3. The 

axial heat flux profile for higher fiequency is higher for most of the mould length except at 

the meniscus. The displacement in the position of the peak heat flux of the two heats is 

because at the lower fiequency (heat 360) the metal level was - 1 6 1 mm below the top of the 

mould while at the higher frequency (heat 277) the metal level was at - 175 mm. The average 

heat flux is 8% higher for an oscillation frequency of 170 cpm than for 150 cpm. As 

previously discussed in section 6.1.2.2 this is attributed to a decrease in oscillation mark depth 

(Figure 6-16), resulting from a lower negative strip-time and also to a decrease in mould £lux 

consumption when the oscillation frequency increases. Both factors contribute to a narrower 

gap between the mould and strand, decreasing the thermal resistance. As pointed out before 

this finding is contrary to Chandra's[l09] results who observed a decrease in mould heat 

transfer when the frequency was increased fiom 96 cpm to 144 cpm: he attnbuted the 

decrease in mould heat transfer to less rnould shell interactions as a result of shoner negative 

stnp-time. However. the above finding agrees with observations reported by Kumar[l IO] who 

found that mould heat transfer increased by about 15 pct. when rnould oscillation frequency 

was increased from 100 cprn to 160 cprn. Kumar[l 1 O] attributed the enhancement in heat 

transfer to a decrease in the depth of oscillation marks, therefore, a narrower mould/strand 

gap. The studies conducted by Chandra[109] and Kumarrl IO] were both concerned with billet 

casting with oil lubrication while the present investigation is focused on powder lubrication. 

Kumar[llO] attributed these apparently contradictory findings to the action of two opposing 

factors namely mould/strand interaction and depth of oscillation marks. As clearly evident in 

the literature and very recently quantified by Gurton[l24] mould fluxes are much more 



effective as casting lubricants than oil. The magnitude of mould/strand interactions are much 

smaller for mould flux than oi1, thus mould/strand interaction should not play such important 

role as in the case of oil lubrication. Therefore, the increase in heat flux when the oscilIation 

fi-equency was increased frorn 150 cpm to 170 cpm must be caused by the decrease in the 

depth of oscillation mark when oscillation is increased. This was confirmed by the 

measurement of surface profile perfomed in billet sarnples which showed that average 

oscillation mark depth decreased fiom -0.75 mm to 0.50 mm when oscillation frequency was 

increased fiom 150 cpm to 170 cpm (Figure 6.16). 

7.1.1.3 Mould water velocity 

As was mentioned in the previous chapter, two different mould water velocities were 

employed during a given heat. Figure 7.4 shows the axial heat flux profile at two different 

velocities for heat 28 1. Significant diflerences in mould temperature when the water velocity 

was changed, as shown in Chapter 5 ,  did not translate into significant changes in mould heat 

flux. Average heat flux increased only 1.4 % when water velocity decreased from 9.9 m/s to 

7.6 rn/s and the peak heat flux increased 10%. For peritectic steels (0.1 1 <%CS 0.14) both the 

average and peak heat flux consistently increased when water velocity decreased. However. 

the magnitude of these increases, between 3% and 10%. were srna11 to be considered 

significant. For Boron(Ti)-alloyed steels (0.30 <%C<0.33) average heat flux showed no 

significant difference (less than 2%) when water velocity was changed, but peak heat fluxes 

increased - 10% when water velocity was changed fiom 6.0 to 9.9 mh in .  This latter 

behaviour is most likely to be related to the very low metal level position (below 190 mm) 

used for casting the boron steels. The metal level was lowered to avoid longitudinal 

depression, which had been linked to a steep taper at the top of the mould. Since the 



thermocouple located at 190 mm failed during the trial. the determination of the exact position 

and magnitude of the peak heat-flux for the boron steels heats is not very accurate. 

The findings regarding the peritectic steels offer some support to Mahapatra's 

observations[l08] who found different heat extraction rates on the broad faces of a slab 

mould. He attributed lower values of heat flux on the inside radius, the side with thinner 

copper wall, to a thicker slag nm caused by a lower hot-face temperature of the mould in the 

vicinity of the meniscus. At the same time the thicker slag nm would interact more with the 

meniscus producing deeper oscillation marks. Therefore, based on Mahapatra7s[108] results it 

seems reasonable to expect that a decrease in mould water velocity, which increases the 

mould hot-face ternperature. would lead to a significant increase in mould heat flux and 

shallower oscillation marks. Measured values of oscillation mark depth displayed in Table E 1 

(Appendix E) however showed no significant effect of mould water velocity on oscillation 

mark depth. For heats 277 and 278 cast with mould powder A, the average oscillation mark 

depth decreased less than 2% (fiom 0.55 to 0.54 mm) when the water velocity decreased from 

9.9 to 7.6 mis. For heats 3 14 and 3 15. also cast with mould powder A, the oscillation mark 

decreased from 0.3 1 to 0.29 mm when water velocity decreased from 9.9 to 6.0 m/s. Probably 

one of the reasons the relative increase in heat transfer with lower veiocities is smail is related 

to the magnitude of the temperature differences necessary to affect the slag rim thickness. 

Mahapatra[l08] reported differences over 40°C between the hot-face temperature of the 

inside and outside radius, while in the present study the maximum temperature variation 

caused by a change in mould water velocity was calculated to be 25". Also, Mahapatra used 

two mould powders with very high "melting" temperatures (1 12S°C and 1165OC). and 

although he did not report values of transition temperatures, the fluxes used by Mahapatra 



probably had higher transition temperatures than the mould powders used in the present 

investigation (lOOO°C and 1 13S°C). Since hi& transition temperature favors the formation of 

a thick slag nm, Mahapatra's results were more sensitive to the influence of the slag rim than 

the present investigation. Finally, as previously observed in slab casting metal level is 

controlled via a liquid metal flow control system, and casting speed is completely independent 

from metal level. These two features maintain casting speed at a constant value and metal 

level within a narrow range, even if metal level control is manual as in the case of 

Mahapatra's[l08] trials. Since the phenornenon reported by Mahapatra is localized at the 

meniscus an accurate positioning of the meniscus is crucial, together with constant casting 

speed. As previously mentioned due to the characteristics of the process studied in this 

investigation these two conditions could not be achieved. 

7.1.1.4 Steel grade 

The heat flux profiles depicted in Figure 7.5 illustrate the effect of steel grade on the 

mould axial heat flux profile. with an example from each of the sequences cast in the plant 

trial. Al1 three profiles were obtained for heats cast with powder A and a water velocity of 9.9 

d s .  Heat 262 was cast with a mould oscillation Frequency of 150 cpm, heat 277 with 170 

cpm and heat 3 1 1 with 137 cpm. The nominal metal level set-point for heats 262 and 277 was 

127 mm and for heat 3 1 1  it was 142 mm. It is clearly seen that the actual metal level was 

deeper and although heats 262 and 277 had the same set-point, the actual values are different. 

In spite of this limitation, inherent to the process investigated, Figure 7.5 shows a remarkable 

result. As expected, heat 262, due to its carbon (O. I1%C) content and oscillation Frequency 

(150 cpm), has -34% lower heat flux than heat 277. Mould heat flux as a function of the 

steel's carbon content has a minimum value around 0.10 and 0.1 1 % carbon [ 1261. Also, heat 



262 was cast with lower mould oscillation fiequency than heat 277 which, according Figure 

7.3, should account for a decrease of -8% in mould heat flux. 

Heat 3 11, a Boron(Ti)-alloyed steel (0.33% C). has averaged rnould heat tlux - 27% 

lower than heat 277 (0.14% C), and just 10% higher than heat 262 (01 1%C). Although the 

medium-carbon steel (heat 3 I l )  was cast with the lowest oscillation frequency (137 cpm) the 

differeace in oscillation cannot account for the difference in heat flux. Medium-carbon steels 

were expected to yield much higher heat flux, since with oil lubncation mould heat fluxes for 

these steels have been reported to be about twice of peritectic steels with -0.12%C [110,127]. 

Table 7.1 shows that the casting speed for heats 277 and 3 1 1 are very close. but even for a 

slightly higher casting speed, 1.3 dmin compared to 1.28 rn/min for heat 277, heat 3 1 1 still 

had a lower peak heat flux, 2650 kw/m2 compared to 281 1 kw/m2 for heat 277, and a much 

lower average heat flux, 983 kw/m2 compared to 1349 kw/m2 for heat 277. This is a 

remarkable result since previous studies on billet casting with oil lubrication showed that 

medium-carbon steels (C>0.20 pct) with or without Boron and Titanium give rise to much 

higher mould heat flux than any pentectic steel (0.09% <C<O.l6%)[lO% 1 10.126- 1281. It will 

be shown later that the behaviour of the boron steels is due to the role of the mould flux and 

the topology of the strand surface, i.e., smooth for boron steels and rippied for peritectic. 

7.1.2 Mould hot- and cold-face temperature profiles 

Figures 7.6 shows temperature profiles at the hot- and cold-face of the copper mould 

calculated for heat flux profiles displayed in Figure 7.5. The peak temperature at the mould 

cold face lies for al1 cases below 100°C. For al1 cases analyzed the maximum cold face 

temperature was calculated to be below 166°C (boiling temperature for the rnould cooling- 

water under the trial conditions), which ensures no boiling takes place in the water cooling 



chamel. The peak temperatures at the hot-face shows that under mould flux lubrication the 

mould operates fairly cold. For oil lubrication the rnould is considered under hot operation 

when the peak temperature is above 250°C[1 101, however this is an arbitrary temperature 

related to the boiling point of oil. 

7.2 Billet Response 

The main finding of the sudace inspection was the absence of transverse depressions in 

Boron(Ti)-alloyed medium-carbon steels since this is the main surface problem found when 

this steel is cast with oil lubrication. However, the incidence of longitudinal depression was 

very high for both types of steel, peritectic and boron(Ti)-alloyed medium-carbon grade, 

which suggests that excessive rnould taper was causing the mould to squeeze the shell causing 

resulting in inward buckling. An existing mathematical model of billet shrinkage[l09]. 

previously addressed in Chapter 4, was employed to analyze mould taper and calculate billet 

shell thickness. 

7.2.1. Shell thickness: 

A solidification model was used to calculate the thickness of the strand shell along the 

mould length. The heat fluxes obtained from the plant trial were used as a boundary condition 

for this calculations. Values of the strand shell thickness at the rnould exit for different casting 

conditions are presented in Table 7.2 

Medium-carbon steels has a lower liquidus temperature (1497°C) compared to peritectic 

steels ( 15 16OC). and also a wider eeezing range (liquidus minus solidus temperature) of 42°C 

compared to 20°C for pentectic steels. These two factors aggravated by high superheat and 

high casting speed can lead to very thin shell at the mould exit as in the case of heat 3 1 1 cast 



with powder A. Calculations showed that an increase of 10°C in tundish superheat results in 1 

mm decrease in the shell thickness at the mould exit, likewise a casting speed increase of 0.1 

m h i n  resulted in a decrease of 0.5 mm. This two variables acting together explain the low 

values of shell thickness obtained for heat 3 1 1. 

Metallographic examination was conducted on the cross section of al1 samples collected 

during the plant trial. In few of the macroetched samples it was possible to identi@ white and 

dark bands running roughly parallel to the billet. However in most of the sample these bands 

were not very distinct or did not even appear which is in agreement with Bomrnaraju et 

a1.[129] who reponed these bands to be not visible in low-carbon billet sections. with the 

exception of a few cases, because they etch more poorly than medium-carbon steels. Also. 

they reported that the bands were not always clear in billets having a large equiaxial structure. 

Titanium precipitates in the liquid steel as TiN, as wili be discussed later, promotes the 

formation of a large equiaxial structure. Bommaraju et a1.[129] reported that the outermost 

edge of the dark band corresponded to the shell thickness approxirnately at the bottom of the 

mould where the first sprays impinged the strand surface. They are formed because heat 

extraction in the sprays is greater than in the lower mould, and therefore solidification rate is 

accelerated siçnificantly with consequent reduction in microsegregation and secondary- 

dentrite a m  spacing. The low sulphur content in the steels investigated, confirmed by very 

light and uniform sulphur pnnts. also did not favored the appearance of white or dark bands 

since segregation was not significant. 

Despite the lack of white and dark bands in most of the samples it was still possible to 

identiQ some dark bands in order to estimate the sliell thickness at the mould exit and 

compare these values to some of the values displayed in Table 7.2. Table 7.3 shows a 



cornparison between the shell thickness at the mould exit calculated using the mathematical 

model of billet solidification and measured values taken as the outermost edge of dark bands. 

As the distance of the outermost edge of the dark bands corn the surface of the billet varied 

across a given face and from face to face the values reported in Table 7.3 refer to average 

values measured on the East face. the same face of the heat flux profiles used for the 

calculations. It is clearly seen that the agreement between the measured and calculated values 

is quite good, which shows that the heat flux profiles used were able to accurately represent 

the rnould heat transfer rates at the centreline of the East face. 

7.2.2 Billet shnn kage calculation 

Shrinkage calculations were performed using a mathematical model of billet shnnkage. 

developed by Chandra[l09] and previously referred in Chapter 4. Billet dimension along the 

mould length were compared to mould dimensions to investigate mould/strand gap. 

mould/strand binding and mould taper. Since during casting operation the mould bulges due 

to thermal expansion mould distortion must be taken in account to correctly perfonn the 

above analysis. The rnould distortion was assumed to be equal to values previously calculated 

for the same mould and peritectic steels cast with oil lubrication[l21]. This is a very 

reasonable assurnption since as shown in Chapter 6 mould temperature profiles for peritectic 

(O. 1 1 sO/OC<O. 14) and Boron(Ti)-alloyed steels (0.30<%C<O.33; 0.0024~?40B~0.0028: 

0.035~%Ti~O.038), cast with powder lubrication, are within the same range as peritectic 

steels (0.121%C~O. 13) cast with oil. To account for differences in rnetal level the calculated 

mould distortion was shifted so the location of the maximum distortion approximately 

matched the position of the maximum hot-face temperature. 



Figure 7.7 shows the dimensions of the cold rnould measured before the plant trial and a 

typical profile of the distorted or hot mould. The distorted mould profile was obtained by 

adding local values of mould distortion to the dimensions of the cold mould. Figures 7.8 and 

7.9 present the calculated mould and billet dimensions for some of the heats investigated. It is 

clear that binding was occumng in ail heats analyzed, which shows that the mould taper was 

excessive. However the degree of binding is very different when cornparhg pentectic steels 

and Boron(Ti)-alloyed medium-carbon steels. Figure 7.8 shows that for pentectic steels. heats 

777 (0.14%C)and 28 1 (0.13%C), binding only begins at 400 mm fiom the top of the mould 

below which the billet is only slightly bigger than the mould. In contrast, Figure 7.9 shows 

that for boron steels, heats 3 1 1 (0.33%C) and 3 14 (0.3 1%C), binding begins just below the 

meniscus, at around 250 mm fiom the top of the mould, and from there on the billet 

dimension is much larger than the mould dimension. Since the billet cannot actually be larger 

than the mould, othenvise it would stick inside the mould, what really happens is that some 

binding will take place but then the billet shell is plastically deformed to the mould dimension. 

Table 7.4 summarizes the results of shnnkage calculations perfonned for the conditions 

presented in Figures 7.8 and 7.9 together with some other cases investigated. 

The results displayed in Table 7.4 show quite clearly that the heats of Boron(Ti)-alloyed 

medium-carbon steels potentially bind throughout the rnould length whereas the pentectic 

steels heats only bind slightly in the lower pan of the mould. The difference in the behaviour 

of these two grades results from their carbon content. The boron grade is in fact a medium- 

carbon steel (-0.32%C), thus it has a lower liquidus temperature and wider solidification 

range, while the pentectic steels (- 0.12%C) have higher liquidus temperature and narrower 

mushy zone. For identical casting conditions boron steels will have a thinner shell, therefore 



they will shrink less resulting in a srnaller strand/mould gap, or even binding, if the mould 

taper is too severe. As the initial taper of the mould used in the plant trial was too steep. the 

boron steels were binding from just below the meniscus. The peritectic steels. on the other 

hand, due to their 6 to y phase transformation, which takes place in the meniscus region and is 

accompanied by 4.7% volume shnnkage[120], evade the initial steep taper (4.9%/m) and only 

bind much further down in the mould (at least below 300 mm fiom the top of the mould). 

It is important to note that if binding was really occumng in the mould. surface defects 

related to sticking of the shell to the mould such as laps and bleeds should appear in the billet 

samples of the boron grade steels. However, among 29 samples inspected only one, fiom a 

peritectic steel heat, showed signs of sticking, Le. a srna11 region clear of oscillation marks and 

surrounded by distorted oscillation marks. No similar signs of sticking was detected in the 

samples of Boron(Ti)-alloyed medium-carbon steels which suggests that no real binding was 

occumng in the mould. On the other hand al1 samples of Boron(Ti)-alloyed medium-carbon 

contained longitudinal depression, such as the one previously shown in Figure 6.14. This 

occurs because the mould squeezes the thin solid shell that buckles inward generating 

longitudinal depressions. 

Longitudinal depressions were evident in al1 plant-trial heats, which indicates that the 

mould taper was too steep for casting with mould powders. This is particularly critical for 

Boron(Ti)-alloyed medium-carbon steel since, as will be discussed later, compared to oil 

lubrication, the rneniscus heat flux is 30 to 50% lower when powder is used. Lower heat flux 

leads to srnaller thermal contraction therefore requinng a shallower taper. For pentectic steels 

no significant difference exists in heat flux levels for oi1 or powder so a taper designed for oil 

casting can be used for casting with flux Iubncation. Considering that: (i) there is no optimum 



rnould taper that can satise at the same time peritectic and medium-carbon steels, (ii) billet 

mould construction does not allow on-line changes in taper and (iii) most of the contraction 

due to solidification takes places in the upper part of the mould; to speciw a taper requires to 

compromise. Thus, for each of the calculated billet profiles show in Figures 7.8 and 7.9. the 

ideal continuous taper profile was calculated. Finally, a double mould taper, which it much 

simpier to machine, was found to be a suitable compromise. The recommended tapers were 

calculated to be 1.8 pct.m" up to 450 mm from the top of the mould and 0.9 pct.m" for the 

rest of the mould. The above taper profile is recornmended for casting speed between 1 .O and 

1.3 rn/min and a meniscus level of - I6S mm. 

7.3 Comparison Between Powder and Oil lubrication 

A major finding corn the plant trial data was the absence of transverse depressions in both 

steel grades cast during the trial and the very low values of mould heat fluxes obtained for the 

Boron(Ti)-alloyed medium-carbon steels. Availability of mould temperature data for similar 

steels cast with oil lubncation calls for a cornparison of powder and oil lubrication with 

respect to mould thermal response and billet sufice quality. 

7.3.1 Effect of lubricant on heat flux 

Dunng the plant trial three heats of low-carbon steel (0.12PhC<O. 13) and two heats of 

boron steei (0.32%C) were cast using oil lubrication. These heats were cast under similar 

casting conditions to the other 7 heats of peritectic-carbon steel (O. I 1 s%C<O. 14) and 5 of 

Boron(Ti)-alloyed steel (0.30<%C<0.33) cast with powder lubrication, which made them an 

excellent set for comparing oil lubncation and powder lubrication in billet casting. 



Temperature data for the oil heats for al1 four mould faces were analyzed the sarne way as 

previously descnbed in chapter 6.1. 

Figure 7.10 shows that pentectic steels (O. 12-0.14%C) exhibit no major differences in the 

heat flux profiles of steels cast with oil or powder. The overall heat flux with oil (oscillation 

frequency 137 cpm) is only -3% higher than that with powder (oscillation frequency 150 

cpm). Even if the difference in oscillation frequency is accounted for, based on Figure 7.3 

mould heat flux for peritectic steels cast with oil should be no higher than 10% compared to 

powder lubrication. For boron steels, on the other hand, the difference in heat flux ansing 

from switching From oil to powder lubrication, is very significant. As shown in Figure 7.1 1, 

the peak heat fluxes obtained with powder lubrication. - 2300 kw/rn2. were about half the 

maximum values obtained for oïl lubrication, - 5000 kw/rn2. The same is tme for the plateau 

values (heat flux corresponding to 250 mm below the top of the mould), -1000 kw/rn2 for 

powder compared to -2000 kw/m2 for oil. Overall for the case of boron grades oil lubrication 

resulted in heat fluxes 20 to 50% higher than powder lubrication. 

The remarkabie difference in mould heat-flux behaviour between boron grades and low- 

carbon steels (peritectic grade: 0.11-0.14%C) when oil is replaced by powder. suggests that 

powder strongly affects medium-carbon grades (0.30-0.33%C) but its effect is much less 

pronounced for pentectic steels. These results agree with findings reported by Singh and 

Blazek[126] and discussed by Chandra[lOB]. Peritectic steels, because of the 6 to y phase 

transformation that takes place in the meniscus region, have a larger volurnetnc shrinkage 

(4.7%)[120]. This reaction leads to the formation of a rather rippled strand surface with large 

gaps between the mould and the strand. For oil lubrication these large gaps would lead to low 

heat transfer rates. The larger mouldktrand gap formed during the casting of these steels in 



many instances can lack oil since most of it vaporizes and escapes within a narrow distance 

fiom the meniscus; therefore, the gap is filled mainly by nitrogen which has a lower thermal 

conductivity than oil or its pyrolytic products. The filling of these large gaps by the molten 

flux would tend to increase the thermal conductivity of the gap, thereby increasing the mould 

heat flux. Actually, replacing oil for molten flux can slightly increase the heat tlux or decrease 

the meniscus heat flow depending of properties of the mould flux been used[146]. Mould 

taper is also a factor since it largely determines the dimensions of the mould/strand gap. 

For boron grades (-0.3% C) the carbon content is outside the peritectic range therefore 

the billet surface is smoother and gaps are smaller. This is confirmed by Figures 6.15 and 6.16 

that clearly show a significant difference in the depth of the oscillation marks of peritectic and 

boron steels. Average oscillation mark depth for the boron steels (oscillation frequency of 137 

cpm) was below 0.4 mm. while for the pentectic steel cast with an oscillation frequency of 

150 cpm average oscillation mark depth was above 0.7 mm. 

Because of the smooth surface of boron steels, when oil is used as lubricant the mould 

heat transfer is much higher than the heat transfer of low-carbon steels. In fact the large 

amount of transverse depressions exhibited by boron steels cast with oil suggests that the 

mould/strand gap along the mouid length consists of cornparatively long regions fiee of 

depressions and with very narrow gaps, and shorter regions with deep gaps formed by the 

depressions. Kumar[l10] reponed values between 45 and 75 mm for the width of transverse 

depressions in the casting direction and values between 50 to 200 mm for the distance 

between consecutive depressions. In the regions of narrow gap it is thought that intermittent 

contact between the mould and strand can be established. When rnould flux replaces oil it not 

only behaves as an insulator between the mould and the strand, thus decreasing heat flux, but 



also suppresses intermittent contact. The suppression of contact between the strand and the 

mould is believed to be the major cause of the decrease in heat flux for boron grades when 

powder replaces oil. Molten flux acts as a better lubricant than oil, fills the gap thoroughly and 

exert some pressure against the strand shell forcing it away from the mould walls. 

7.3.2 Transverse Depressions 

Figure 7.12 shows one example of a Boron(Ti)-alloyed medium-carbon steel heat cast 

with oil. In this case two different heat flux profiles are presented. a lower cunie 

corresponding to the first half of the heat and a higher curve corresponding to the second half 

This more unstable thermal behaviour, different of what was observed for peritectic-carbon 

grade cast with oil is likely to be due to the presence of many transverse depressions in the 

first billets of this heat which largely contributed to decrease the heat flux. The presence of 

these depressions was observed in the mould temperature profiles and confirmed by billet 

inspection[l 101. The second half of the heat resulted in a higher heat flux and a slightly higher 

average casting speed. The above example show how significant transverse depressions can be 

in Boron(Ti) medium-carbon steels cast with oil lubrication. 

7.3.2.1 Influence of lubrication type and steel grade 

Dunng continuous casting with oil lubrication the magnitude of the mould heat flux for 

plain medium-carbon steels (0.32%C) and medium-carbon steels containing boron and 

titanium (0.32%C, 0.0032%8, 0.033%Ti) is quite similar. However, the billets of medium- 

carbon containing boron and titanium have a high incidence of transverse depressions. while 

billets of plain medium-carbon steel have few transverse depressions[ 1271. 



Previous work conducted by the UBC-Billet Casting Group revealed that transverse 

depression formation is highly dependent on steel composition. It was found that the boron 

and titanium containing steels are more susceptible to transverse depression followed by low- 

carbon steels and medium-carbon grades; high-carbon grades usually do not exhibit transverse 

depressions[ 1 10,127,13 O]. 

Adjei-Sarpong[ 1371 found that transverse depressions originated about 10- 1 5 mm below 

the meniscus and were preceded by a metal level rise over a period of up to 6 seconds. Other 

operating factors observed to influence the formation of transverse depressions were: steel 

composition, casting speed, lubrication oil flow rate and tundish Stream quality. 

Adjei-Sarpong[127] proposed that transverse depression are caused by a sudden nse in 

rnetal level which traps the lubricating oil beneath the meniscus between the solidiQing shell 

and the mould wall. The sudden vaporization of the trapped oil generates enough pressure to 

push on the shell at the meniscus and force it away from the mould wall to create a 

depression. The gap created by the depression reduces rnould heat transfer and associated 

shell shrinkage as the strand travels down the mould. The reduction in shnnkage can lead to 

bindinç in the lower pan of the mould which can widen the depressions further. 

The observed effect of steel composition on transverse depressions is thought to be via its 

influence on the strength of the thin shell solidifying at the meniscus. High-carbon steels 

(C>0.6%), which have a broader mushy zone, are unlikely to behave as a solid skin in the 

meniscus region; consequently any pressure build up beneath the meniscus due to oil 

vapotization is released by a vertical escape of the gas rather than a permanent deformation of 

the shell. On the other hand. low carbon steels (0.10 - 0.16%C) with a narrower Freezing 

range, the skin behaves more as a solid such that a sudden generation of oil vapor pushes the 



skin to form a transverse depression. It is also expected that the medium-carbon steel 

(-0.32%C) skin would have an intermediate behaviour. 

Jenkins et aI.[13 11 investigated transverse depression formation in 0.06 pct. carbon 

blooms cast with powder lubncation. Consistent with AdjeLSarpong[l27] study, it was found 

that formation of depression was preceded by a nse in metal level. They proposed that the 

depressions were formed by the shell solidifying around the mould flux rim whenever the 

metal level rise was tao quick for the rim to melt. 

Thomas and Zhu[132] modelled the thermal distortion of solidifjing shell near the 

meniscus. They simulated a metal drop of 30 mm for 0.6 seconds. followed by a level rise of 

20 mm. In both instances they obtained that the shell bent away from the mould inwards to the 

liquid. The bending dunng the metal level drop is caused by the faster cooling of the inner face 

of the shell afier it looses contact with the molten metal. The fùrther distortion afier the level 

nses is caused by the expansion of the existing shell due to reheating and the contraction of 

the "newly solidified" shell fomed on top of the existing one. The total contraction after the 

level rise was 1.65 mm for ultra-low carbon steel. They attributed this behaviour to a high 

coherency temperature. which Ieads to strong initial shells that can resist Rattening by 

ferrostatic pressure. Thomas and Zhu[ 1 3 21 also suggest that peritectic steels (carbon content 

near 0.1%) should also be prone to the proposed mechanism because these steels experience 

the most solid state thermal and phase transformation, exhibit a high coherency temperature 

and also experience interdenditic weakness. 

Schruff et a1.[133] reported that the surface of steel billets alloyed with boron, but not 

titanium, was good compared to the surface of boron-titanium alloyed billets. Based on 

SchnifT et a1.[133] and Thomas and Zhu[132] results it seems reasonable to propose that the 



sensitivity of Boron(Ti)-alloyed medium-carbon steels to transverse depression is related to 

the presence of titanium, which is added to fix nitrogen in steel as TiN and thus to avoid the 

formation of BN. The presence of TiN in the grain boundary strengthens the shell. i.e.. 

increases the coherency temperature to close to the steel solidus temperature; therefore. the 

shell becomes stiff and prone to permanent deformation due to thermal or mechanical action. 

The role of TiN as a high temperature strengthened was previously proposed by Samarasekera 

et a1.[134] and was confirmed in this study by high temperature tende tests camed out on 

two sampies of Boron-alloyed medium-carbon steels, one containing Titanium and the other 

without Titanium. 

Results of the high temperature strength tests performed are shown in Figure 7.13. The 

tests were camed out at 1300°C in a Gleeble" machine. The results show a difference of - 
+30% in favor of the steel containing titanium, which confirmed that TiN precipitation does 

increase the strength of the strand shell and must be the cause of a higher susceptibility to 

transverse depression displayed by Boron(Ti)-alloyed medium-carbon steels. 

From the above analysis and review of previous works on transverse depression it seems 

undeniable that peritectic steels and Boron(Ti)-alloyed medium-carbon steels are more prone 

to transverse depression because their high coherency temperature. Their shells. at 

temperature slightly below the solidus temperature, are strong enough to resist flattening by 

ferrostatic pressure after been bent away from the mould under the action of thermal andfor 

mechanical stresses. Aiso, it has been well established that metal level variation is the main 

culprit behind the formation of transverse depression. However, some questions such as what 

is the role of the lubricant still remain. 



The results from this study showed that the samples collected fiom Boron(Ti)-alioyed 

medium-carbon steel cast with powder lubrication did not show any transverse depression and 

also that this steel grade cast with powder had meniscus heat fluxes 50 % lower than the sarne 

steel cast with oil lubrication( Figure 7.11). Much lower heat flux translates into a thinner. 

hotter. more flexible shell that can be kept flat by the action of ferrostatic pressure. which 

suggests that the role of the lubricant is related to the magnitude of the heat flux. However. 

entrapment and vaporization of oil during metal level rise. as proposed by Adjei-Sarpong[I 271 

cannot be discarded. since the replacement of oil by powder led to a complete elimination of 

transverse depression in boron steels. 

The quality evaluation of peritectic steel grade samples showed that heat 277 had 

transverse depression. as shown in the previous chapter in Figure 6.13. Mould thermal 

analysis showed no significant difference between oil and powder lubrication in terms of 

mould heat flux for this steel grade (Figure 7.10). therefore the thickness and temperature of 

the solidiQing shell at the rneniscus region is expected to be similar for both powder and oil. 

Although. the surface quality of the billets cast with powder were much superior. the 

existence of transverse depression in heat 277. even if in only one heat. shows that entrapment 

and vaporization of oil cannot be the only mechanism responsible for the formation of 

transverse depressions. 

Since metal level variation is an indisputable cause of transverse depression a detailed 

analysis of meniscus fluctuation will be presented in Section 7.3.5. It was found that for both 

peritectic-carbon and Boron(Ti)-alloyed medium-carbon steel the nurnber of meniscus 

fluctuations in a IO-minute period was about double for heats cast with oil, compared to heats 

cast with powder. Similar result was also obtained by Gurton[l24]. The main reason for this 



behaviour is attributed to the use of SEN during powder casting as opposed to open pouring 

for oil casting.. The presence of transverse depressions in heat 277 (peritectic-carbon steel 

cast with powder lubrication) seems to support Thomas and Zhu[132] rnechanism for 

transverse depression. Le., shell distortion due to purely metal level fluctuations. As will be 

discussed later, metal level fluctuation was a major problem during casting. 

Based on the above analysis it can be concluded that during powder casting: 

A) Transverse depressions are preferentially formed in high coherency-temperature steel 

grades (ultra-low carbon, pentectic-carbon or Boron(Ti)-ailoyed medium-carbon 

steels) and are caused by metal level fluctuation. 

B) For Boron(Ti)-alloyed medium-carbon steel cast with powder, transverse depressions 

were eliminared due to a substantial decrease in meniscus heat flux, thus producing a 

thinner, hotter, more flexible shell. and also due to a reduction in metal level 

fluctuations on account of pouring with SEN. 

C) For peritectic-carbon grades. although transverse depressions were not compietely 

eliminated dunng powder casting, a substantial reduction of these defect was obtained 

due to the use of SEN which reduces metal level fluctuation. and possibly also due to 

elimination of oil entrapment and vaponzation. 

7.3.2.2 Thermodynamics of nitride precipitation in Boron(Ti)-alloyed steel 

In the present study, a thennodynamic evaluation of the formation of TiN and BN in low- 

alloy steel was conducted to elucidate the precipitation of these nitndes both in liquid steel 

and during initial solidification. The thermodynamic analysis perfonned excludes the formation 

of boron and titanium oxides because the boron steels investigated were aluminum-killed and 



Ca-treated. The steels had enough alurninurn (-70 pprn) and calcium (-20 ppm) to avoid the 

formation of boron and titanium oxides since their oxygen level was below 3 ppm [138]. 

The solubility product of TiN and BN in low-alloy steel are shown in Figure 7.14. For 

temperatures above the steel solidus temperature (1450 OC) equations for the solubility 

product of these nitrides in liquid iron were used. Below the solidus temperature equations for 

the solubility product of TiN and BN in y-iron were used, which explains the sudden drop in 

solubility at 1450°C. The details of the themodynamic calculation are presented in Appendix 

C. The solubility of TiN in liquid steel, shown in Figure 7.14, combined with the solute 

distribution ratio of Ti and N between liquid iron and y-iron were used to construct Figure 

7.15. 

The solubility product of TiN ([%Ti][%N]) in low-ailoy liquid steel is 6.15 x 104 at 

1500°C, which is considered to be the average liquidus temperature of low-alloy steels. 

Additionally, the solubility curves at 1550°C (temperature of the iiquid steel in the tundish) 

and 1450°C (solidus temperature) are shown in Figure 7.15. A typical bulk concentration of 

8 1 pprn of nitrogen and 0.035% Ti is also shown in Figure 7.15. For these concentrations of 

Ti and N, very little precipitation of TiN would take place before the end of solidification 

since they are very close to the equilibrium line at 1450°C (solidus temperature). However. 

due to solute distribution dunng solidification the actual concentration of Ti in the 

interdendntic liquid is about 2.5 1 times the concentration in the y-phase; the corresponding 

value for N is 2.23 times (Appendix C ) .  

For a bulk concentration of 8 1 ppm of N and 0.035% Ti, the actual concentration in the 

interdendntic liquid would be 18 1 ppm of N and 0.088% Ti. These values as shown in Figure 



7.15, are well above the equilibnum concentrations at 1550°C thereby leading to high 

precipitation of TiN. Figure 7.15 shows that about 44% of the N in solution precipitates 

before the solidus temperature is reached. This agrees well with Turkdogan's resuits which 

show that about 55% of the N is converted to TiN at the completion of 99% of local 

solidification[ 1 3 51. 

The solubility product of BN ([%B][%N]) in low-alloy steel at 1 500°C is 9.6 1 x1 o '~ .  Thus. 

for a bulk nitrogen concentration of 8 1 ppm, more than -12%B is required to initiate the 

precipitation of BN in the liquid. The partition ratio for boron ([Bliiq/[BIy) is - 1 7 which result 

in a high segregation of boron in the interdendritic liquid. For a bulk concentration of 

0.0024%B, the actual interdendritic concentration is 0.041% which is not sufficient for the 

precipitation of BN in liquid steel. 

The above analysis shows that the present practice of not controlling the nitrogen content 

in the liquid steel will always lead to precipitation of TiN before solidification starts. To avoid 

the precipitation of TiN in the liquid the N content has to be kept below a maximum level. 

which is dictated by the foliowing conditions: 

a) To avoid precipitation of BN most of the N in solution should precipitate as TiN 

upon completion of solidification, thus the weight ration between Ti and N must be at 

least equal to the atomic weight ratio between them, i. e., 

%Ti / %N r 3.42 

b) The solubility product of TiN in liquid steel at 1500°C: 

[%Til[%NJ = 6.15 x 10' 

C) The solute distribution ratios for Ti and N in liquid steel at 1500°C: 



[Till = 2.51 [Ti], 

To calculate the maximum content of N and Ti so that precipitation of TiN does not take 

place before the onset of solidification, the following system must be solved: 

The solution of the systern gives [%NI = 0.0057 and [%Ti] = 0.0194. Therefore. to 

minimize the precipitation of TiN in liquid steel (interdendntic liquid), the nitrogen content of 

the steel must be kept below 60 ppm and the titanium content below 0.019%. These results 

agrees with recornrnendation published by Pochmarski et a1.[136] for the casting of B-Ti 

alloyed steel billets with powder lubrication. They reponed the need to keep N content below 

60 ppm in order to avoid transverse corner cracks. 

The thermodynamic analysis camed out shows that BN does not precipitate in liquid steel 

(interdendntic liquid); but more than -40% of the N is precipitated as TiN in the interdendritic 

liquid before the start of solidification. TiN precipitates can act as nucleation sites for the 

solidification process and subsequently sit at the austenite grain boundanes. To minimize 

precipitation of TiN in the liquid phase the nitrogen content of the steel must be kept below 60 

ppm and the titaniurn content below 0.019%. This is a veiy significant result for the 

improvement of oil casting practice, since the massive precipitation of TiN in the solidification 

front during casting of Ti-stabilized boron steels affects the mechanical behaviour of the thin 

shell being formed in the rneniscus region. A combination of high coherency temperature and 

high mould heat flux. therefore thicker, colder and stiffer shell, leads to the formation of 



transverse depressions during oil casting whenever the shell is bent away from the mould due 

to thermal andor mechanical effects. 

7.3.2.3 On-line monitoring of transverse depressions 

Adjei-Sarpong[l27] identified a mould temperature pattern, characterized by local drops 

followed by a rise. named "valleys". that travel down the mould at the velocity of the casting 

speed, as a manifestation of a transverse depression. Adjei-Sarpong[l27] explained that under 

normal circumstances the gap formed between the strand and the mould. which represents 

about 84% of the total thermal resistance, is less than 1 mm wide. In the presence of 

transverse depressions large gaps can open up which can significantly reduce the heat transfer 

to the mould. Therefore. as a depression passes by a thermocouple the temperature signal 

drops then rises again. 

Adjei-Sarpong[ 1271 results were later expanded by Kumar[ 1 1 O] who measured the depth 

and width of hundreds of depressions found in billets cast with oil and open-pounng from 

tundish to mould. He found that about 70% of the depressions were between 0.5 and 2.0 mm 

deep and between 45 and 75 mm wide. By rneans of a mathematical mode1 Kurnar[l IO] 

simulated the effect of changes in solid shell thickness and widening of mouId/strand gap on 

the mould temperature response. He found that at the mid-thickness location in the mould 

wall (at the thermocouple tip location) the changes in mould temperature due to changes in 

solid shell thickness were quite small and thus it would not be possible to detect these changes 

by the thermocouples. On the other hand, the calculated drop in heat flux caused by the 

widening of the gap due to transverse depressions was greater than 50%. which translated to 

temperature drops between 10 and 50°C at the thermocouple locations. Kumar's[ll O] results 



cofirmed that mould temperature can drastically drop in the presence of transverse 

depressions. 

In the present investigation transverse depressions were only observed in one heat of 

peritectic steel, heat 277 (0.14%C). These depressions were not detected in the regular 

samples (2 samples per heat of - 400 mm long) collected during the plant trial: they were 

found during visual inspection of whole billets . which was performed after the completion of 

the trial. Although, it was not possible to exactly match the depressions with the instantaneous 

thennocouple data, an attempt was made to venfj if the "val1ey"-type temperature pattem 

descnbed by Adjei-Sarpong[l27] and Kumar[llO] could be found in the thermocouple data at 

approximately the time one of these depressions was traveling in the mould. 

Figure 7.16 shows one of the "va1ley"-type pattem found. The temperature signal 

corresponding to the thermocouple locate at 205 mm below the top of the mould shows 

considerably fluctuations but it is still possible to identifji three local minimums at - 1415. 

1427 and 1447 S. The fluctuating character of the signal is related to the proximity to the 

meniscus and, as discussed before, to electrical noise that affected the upper thermocouples. 

These temperature valleys were traced down the mould and were seen at the thermocouples 

locations 3 15. 433 and 729 mm below the top of the mould; and the casting speed during the 

period (1400 to 1480s) was integrated to calculate the distance traveled by each one of the 

three temperature-valleys (pointed out by the arrows) shown in Figure 7.16. The calculated 

distance matched the distance between each pair of thermocouples shown in the figure. For 

instance. the distance traveled by the first valley between the thermocouple located at 3 15 and 

433 mm was calculated to be 118 m m  which exactly matches the distance between the two 

therrnocouples. The above result clearly suggests that, similar to oil lubrication, in billet 



casting with mould flux, transverse depressions also c m  be detected by thermocouples. 

However, while for oil lubrication the monitoring of transverse depressions is well 

established[llO], for powder casting further investigation involving mould temperature 

measurement and 100% billet inspection still needs to be carried out to establish a one-to-one 

correlation between defects and temperature drops. 

7.3.3 Rhomboidity 

Rhomboidity (or off-squareness), defined as the difference between the length of the two 

diagonals of a billet cross section, can be a major quality problem in billet casting. Many rnini- 

mills consider a difference greater than 6mm unacceptable because the rhomboid billet causes 

difficulty in the reheat fumace and subsequent hot rolling operations. Furthemore, billets with 

excessively large rhomboidity can crack aiong the diagonal or the corners. The absolute value 

of the difference is a measure of the severity of the problern while the sign (positive or 

negative) indicates the orientation of rhomboidity. 

Previous studies conducted by the LTBC-Billet Casting Group have shown that in billet 

casting with oil, rhomboidity is associated with non-unifonn cooling in the meniscus region. 

With respect to the seventy of rhomboidity, it was shown that in addition to non-uniform 

cooling, the magnitude of the mould heat flux and the steel carbon content were also 

important. Kumar[I IO]  showed that the impact of non-unifonn cooling is the greatest for 

grades of steel for which the mould heat extraction is reasonably high and at the same time. the 

Freezing range is short, such as the medium-carbon steels (0.32% C) in this study. 

The difference between the two diagonals of each plant-trial sample (23 sarnples of 

peritectic steel and 10 samples of boron steel; Appendix F gives a complete report of the 

measurements performed) was measured and compared with values measured by Kumar[l 101 



from billets cast with oil lubrication (13 measurements of O. 12%C steel and 19 of boron steel). 

Figure 7.17 shows the frequency distribution of rhomboidity for peritectic steel 

(0.1 l<%C50.14) and Boron(Ti)-alloyed steels (0.30<%C<0.33). For peritectic steel, Figure 

7.17A no apparent difference between oil and powder lubrication exists for this steel grade 

(-0.12%C). In both cases, the percentage of samples with rhomboidity smaller than 2mm was 

more than 60% and no sample had rhomboidity above 6rnm. 

For boron(Ti)-alloyed steels (-0,32%C) a different result was obtained. As show in 

Figure 7. lm, more than 66% of the billets cast with oil lubrication had rhomboidity greater 

than 4mm and 33% had it above the critical limit of 6mm. On the other hand. for powder 

lubrication, only 10% of the samples analyzed had rhomboidity greater than 6.0 mm, and 80% 

smaller than 4mm. 

The results obtained are consistent with the mould thermal response of these steels. For 

both oil and powder lubrication, the pentectic steels have lower and more uniform heat flux. 

which resulted in very low values of rhomboidity. For medium-carbon steel containing boron 

and titanium, two features were observed: a) heats cast with oil presented a more unstable 

thermal behaviour, with large variations in heat flux during heats and, b) the magnitude of the 

mould heat transfer for heats cast with oil was 20 to 50% higher than those cast with mould 

powder. Since the seventy of rhomboidity increases with increasing variability in cooling 

conditions in the meniscus region and the magnitude of mould heat flux, the results presented 

in Figure 7. L 7B are therefore consistent with the above findings. 

Figure 7.18 shows measured rhomboidity plotted against the temperature difference 

between the hottest and the coldest mould face at -20 mm below the meniscus, hereby called 

maximum temperature difference. This value was defined as the maximum temperature recorded 



by one of the four rnid-face thermocouples located at 205 or 220 mm below the top of mould 

minus the minimum temperature recorded by one of the other three thermocouples placed at 

the same position. For peritectic steels, Figure 7.18A shows wideiy scattered low values of 

rhomboidity with no apparent correlation between rhornboidity and maximum temperature 

difference. This Iack of correlation must be related to the low values of rhornboidity norrnally 

found in this type of steel. On the other hand, Figure 7.18B shows that for Boron(Ti)-alloyed 

medium-carbon steels rhomboidity tends to increase drastically when the maximum 

temperature difference exceeds 40°C. 

Figure 7.19 shows rhomboidity as a function of mould heat flux for Boron(Ti)-alloyed 

medium-carbon steel. In Figure 7.19A averaged mould heat flux was calculated using the 

temperature-difference measured between the water entenng the water-cooling channel and the 

water exiting it (Q = rn C, AT), divided by the total mould surface area Figure 7.19B shows 

rhomboidity as a hnction of average meniscus-heat-flux. To circumvent any error associated 

to defining the precise location of the mould peak-heat-flux. local heat flux was integrated 

over a 30 mm length to obtain the average meniscus heat flux. Both curves depicted in Figure 

7.1 9, similarly to Figure 7.18B. show an abrupt increase in rhomboidity when a critical value 

is exceeded. This is definitely a noteworthy result. which confirms that although the 

introduction of powder lubrication decreases the seventy of rhomboidity, uniformity and rate 

of cooling, as previously found for oil lubrication, are fundamental to control rhomboidity. 

The regression curves presented in Figures 7.1 SB and 7.19, are intended to demonstrate 

the possibility of building quantitative relationships for on-line control of billet quality. 

However, the establishment of relationships reliable enough to be used for on-line monitoring 



of rhomboidity would prescribe the gathering of rnany more data points, mainly at more 

significant leveis of. i.e.. values of rhomboidity higher than 4 mm. 

From the observations above we can conclude that, 

(A)For low-carbon steel, rhomboidity is not significant for both oil and powder 

lubrication. 

(B) For medium-carbon steel containing boron and titanium, the severity of rhomboidity is 

significantly lower for billets cast with mould powder. 

(C) For billets cast with powder lubncation the extent of rhomboidity is dependent on both 

the maximum temperature difference arnong the mould four faces and the heat flux 

level. 

7.3.4 Oscillation Mark 

When compared to oil, mould flux lubrication resulted in deeper oscillation marks. This is 

clearly seem in Figure 7.20. Figure 7.20A shows a typical surface profile of a Boron(Ti)- 

ailoyed medium-carbon billet cast with oil lubncation. Two features clearly stand out; first the 

presence of a transverse depression of - 50 mm width and -2.2 mm depth, second very 

shallow oscillation marks, evenly distributed along the whole sample, of no more than 0.2 mm 

depth. Figure 7.208 shows an analogous exampie From one of the plant-trial samples, also a 

Boron(Ti)-alloyed but cast with powder lubncation. In this case no depression is observed 

however the oscillation marks are deeper, average depth equal to 0.3 1 mm. 

The above resuits confirm the main role of mould flux on oscillation marks formation as 

predicted by Takeuchi and Brimacombe[56] by means of a mathematical model. It also shows 

that even for the heats cast with superheats above 30°C (Table 7.2), predicted by Saucedo et 

a1.[137] as the value above which rneniscus freezing is suppressed and therefore oscillation 



marks should not be fomed, oscillation marks are still formed and are deeper than the ones 

fomed during casting with oil lubncation. This result demonstrates that when flux is used as 

lubricant it plays a more important role in the formation of oscillation marks than meniscus 

Freezing. 

7.3.5 Metal Level Variation 

The pouring of molten steel from the tundish into the mould can be open (ffee jet) or 

through a refractory tube. the submerged entry nozzle (SEN). Mould fluxes require an SEN 

othewise the flux would be carried into the steel by the tundish stream leading to 

contamination of the steel. On the other hand, to cast with SEN and oil is very nsky since oil 

does not provide thermal insulation to prevent the steel corn fieezing between the nozzle and 

the mould walls. thus oil lubrication implies open stream. Open-pounng/oil-lubrication 

production route is cheaper than SEN/flux since oil is cheaper than flux and SEN represents 

an extra cost; however. higher quality is achieved with the SEN/powder-lubrication route. In 

slab casting the latter has established itself as the sole route but oil lubrication with open 

pouring is still favored by billet producers. Quality problems such as transverse depressions, 

which is associated with metal level fluctuations and high heat flux. has led some billet 

producers to switch to mould flux lubrication with SEN for casting larger billets (> 200 

sqmm). 

In open pouring molten steel exits the tundish as a fiee jet which entrains gas depending 

on the quality of the stream. The gas enters the liquid steel in the mould and bubbles back up 

creating waves on the surface. Thus a smooth stream. between tundish and mould is preferred 

because results in less gas entrainment. With an SEN the stream is not in contact with air 

hence little gas is entrained. 



To compare the behaviour of the metal level during billet casting with powder lubrication 

and oil lubrication, the temperature of three thermocouples placed at the meniscus region- one 

above and two below the meniscus set-point, were plotted for periods of ten minutes. The 

main setback for this analysis was that the metal level signal geenerated by the caster 

radioactive sensor was not recorded correctly by the data acquisition system. 

25 thenocouple were installed in the east face of the mould wail and 17 in each of the 

other faces; however, k g  thermocouples, located at the meniscus region -190, 235 and 290 

mm below the top of the mould in the East-face as well as at 190 mm in the West-face of the 

mould wail failed. Therefore. in order to analyze meniscus level fluctuations only south and 

nonh faces thermocouples could be used. In each case only one face, i.e. south or north, the 

one t hat presented the highest temperature fluctuations was analyzed. For each heat anal yzed 

the meniscus position was taken as the values recorded from the metal level display, located in 

the caster pulpit or values measured using dipsticks. 

The temperature analysis showed three types of temperature changes. The first one is a 

very shon range fluctuation with a frequency of 2.5 Hz and magnitude less than 10°C. Figure 

7.21 shows an example of this fluctuation along side the mould displacement recorded by an 

LVDT placed on the top of the mould. For three different casting sequences analyzed 

(sampling rate of 10 Hz) the frequency of the noise was found constant and independent of 

the rnould oscillation frequency recorded by the LVDT signal. Eventually this noise was 

identified as an electncal noise caused by a defective power supply in one of the equipment. 

The second type of temperature variation is charactenzed by a mid-range fluctuations of 

magnitude greater than 1O0C, Le. bigger than the electrical noise. This type of temperature 

fluctuation was assumed to be caused by metal level variations due to meniscus turbulence. 



Figures 7.22 and 7.23 exempli@ this kind of mid-range fluctuation for heats cast with oil and 

powder lubrication, respectively. Figure 7.22 depicts a heat cast with oil, it shows that the 

thermocouple located above the meniscus (S4) at 160 mm from the top of the rnould records 

very steady temperatures for most of the tirne while thermocouple S6, located just below the 

meniscus, exhibits 27 fluctuations ranging fiom 10°C to S O T .  the rnajority (20) below 30°- 

Thermocouple S8 (190 mm) shows a remarkably large number of fluctuations of the order of 

50°C. Figure 7.23 shows an example of a heat cast with powder lubrication. Thermocouple 

N6. located just above the meniscus. shows a quite noticeable difference between what was 

called in this report short and mid-range temperature fluctuations. Between two mid-range 

fluctuations, for example from 960s to 1080s. it can be seen several local fluctuations below 

10°C. Therniocouple N8 exhibits 17 mid-range fluctuations, the majority of which (12). above 

30°C. 

The third type of ternperature variation occurs due to an intentional change in the metal 

level. Le. a change in the set-point of the control system. Figure 7.24 exempli@ this third type 

of temperature variation for a heat cast with mould flux lubrication. nevertheless similar 

features are found in heats cast with oil. Either for powder as well as for oi1 lubncation there 

is a well defined decrease in the temperature level of the thennocouples. In both cases. before 

and after the point where the metal level set-point is changed the short and mid-range 

temperature fluctuations are still present. 

In order to compute the mid-range temperature fluctuations it was found that a )-point 

moving-average was able to eliminate the short-range fluctuations. This operation was 

performed over the values recorded by the thermocouple located closest to the meniscus and 

the number of fluctuations (peaks) counted. Any temperature fluctuation above 10°C was 



considered a medium-range fluctuation and therefore a reflection of the state of turbulence of 

the molten steel surface. Tables 7.5 and 7.6 summarize the results obtained for peritectic 

carbon steel (-0.12% C) and Boron(Ti)-alloyed steel (-0.33% C), respectively. 

It is clear from Tables 7.5 and 7.6 that when cornpared to powder lubrication oil 

lubrication results in a more fluctuating metal level for both low-carbon and medium-carbon 

heats. However in most cases, as pointed out before, the magnitude of the temperature 

fluctuations was considerably higher for powder iubncation and in some cases presented a 

high degree of regularity. It seerns that this unexpected behaviour is because the metal level 

controller was not calibrated for powder casting and also due to the adverse conditions 

imposed on the controller as detailed in Appendix G. It was found that the real metal level 

measured by dipstick was - 40 to 50 mm below the value recorded by the control system and 

the total thickness of mould powder vaned between 25 to 90 mm. Thus the radioactive sensor 

was more likely detecting mould powder than liquid steel. The great variation in the powder 

thickness caused by the consumption of the powder without adequate supply of new powder 

was responsible for the oscillating pattern exhibited by the casting speed and temperature 

signals as shown in Figure 7.25. It is thought therefore that the temperature patterns. and 

consequently the metal level variation, resulted from the way the metal level controller was 

handling the casting speed. If it was not for this inadequate control, the temperature would be 

smoother, i.e. lower peaks. 

From the above analysis it can be concluded that: (1) Three different types of temperature 

variation were found in the data-files collected during plant trial. The first type was identified 

as a short-range (2.5 Hz) variation with amplitude of - k 10°C caused by electrical noise. The 

second type was a mid-range fluctuation (0.013-0.045 Hz) with amplitude varying h m  20°C 



to 50°C. The last type was a single temperature variation caused by an intentional change in 

the rnould level set-point. (2) The fiequency of rnid-range temperature fluctuation for both 

low-carbon and boron grades were equivalent for powder casting, while for oil casting 

peritectic steels presented more rnid-range temperature fluctuations (Tables 7.5 and 7.6); 

however. no clear trend emerged regarding the influence of steel grade on metal level 

fluctuation. (3) OiI lubrication resulted in twice more temperature fluctuations than powder 

lubrication. This is believed to be caused by the more turbulent meniscus due to the 

entrainment of gas by the open Stream. On the other hand the fluctuations observed in powder 

lubrication had bigger amplitude. most likely due to lack of proper calibration of the rnould 

level control system, as confkmed by the measurements shown in Chapter 6. Table 6.3. (4 )  

To take full advantage of the benefits frorn casting with powder lubncation the radioactive 

sensor must be adjusted for it and the system should have liquid-metal flow as the control 

variable instead of casting speed. Having casting speed as the control variable leads to an 

inherent ly unsteady-state operation. 

7.4 Simulation of mould powder melting 

7.4.1 Calculrtion of molten flux pool for the plant trial conditions 

As shown in Chapter 6, Table 6.9, the measured values of liquid flux pool, obtained using 

the three-wire method, resulted in extremely low values for both powders, A and B. To 

compare these measurements with calculated values the mathematical mode1 was mn using the 

same casting parameters under which the measurements were camed out. Also, two different 

strategies of powder addition were simulated in order to detemine if the low values of liquid 



pool height were caused by the powder practice or due to powder inadequacy. Table 7.7 

presents the casting parameters used for the simulations. 

Figures 7.26 shows that for the dark-practice the fiequency of powder addition does not 

significantly affect the liquid pool. In Figure 7.26A the level of powder is kept constant. which 

simulates a perfect automatic feeding system. In this case the steady-state value for the liquid 

pool is 3.7 mm. the same value obtained when powder is added every time the temperature of 

the free sufiace of powder reaches 400°C, Figure 7.26B. 

When the temperature for powder addition is increased to 800°C the liquid pool decreases 

only slightly to 3.6 mm as shown in Figure 7.26C. even when this temperature is ttrther 

increased to 1000°C calculations showed that the pool height is still 3.6 mm. Of course. if the 

temperature of the powder free-surface increases much above 800°C (red-practice) radiation 

heat losses from the top surface can reach a value above which the assumed boundary 

condition at the steeVflux interface (constant temperature), is not valid anymore. In the latter 

case the high radiation loss can lead to freezing of the steel surface with senous consequences 

for the quality and flow of production. 

Figure 7.27 is a more detailed representation of what happens to powder B when 20 mm 

of fkesh powder is added whenever the temperature at the powder fiee surface exceeds 800°C. 

Initially. as shown in Figure 7.27B. the total amount of powder decreases fiom 50 mm to 10 

mm depth in -100 S. at this point the temperature at the fiee suface reaches 800°C and 20 

mm of fresh powder is added. the whole cycle takes place again and at -400 s the liquid pool 

depth reaches an average value of 3.7 mm. In Figure 7.27A a step in the temperature curve 

can be observed at -450°C. this corresponds to a delay in the heating of the powder due to 



the assumption that between 450°C and 500°C an endothermic reaction, decomposition of 

Na2C0,, takes place. 

For powder A, a similar analysis was conducted with the objective of testing proposed 

values for its thermal conductivity. A conductivity of 2.0 W h K ,  value previously adjusted for 

powder B. was compared with a value of 1.5 W/rnK. Figure 7.28A shows that, as expected. 

the lower value of thermal conductivity (1.5 W/mK) results in a slower heating; therefore. the 

powder melting rate is lower, which is manifested in longer times needed to add new powder. 

The major difference appears in Figure 7.288. the lower value of thermal conductivity results 

in a liquid pool -2mm smaller than the higher one. The liquid pool height calculated using a 

thermal conductivity of 1.5 W/mK (-4mm). is closer to the rneasured values for powder A 

shown in Table 6.5 (1-3 mm). 

Al1 cases analyzed above, and presented from Figures 7.26 to 7.28. yield a stnking result. 

It is evident from both measurements and predictions that the liquid pool depth is very small 

which shows that the powders used at the time of the tnal were not appropriate for the 

casting conditions. As discussed in the literature review, values of liquid pool depth less than 

the mould oscillation stroke. which was 6 mm, leads to unstable casting operation with 

possible entrapment of solid powder by the liquid steel. Also in situations of higher powder 

consumption, such as a significant drop in cast speed, starvation of the liquid pool with 

consequent loss of lubrication can occur. Force measurements corroborate these 

findings[ 1241. 

During the plant tnal casting forces were monitored and fiction coefficients were 

calculated, details of this work can be found in Gurton's thesis[l24]. He found a force upset 

during casting of heat 3 13, a Boron(Ti)-alloyed medium-carbon steel. When the casting speed 



dropped from 18 to 13 d s  the friction coefficient increased from 0.36 to above 1, Le., fiom 

a non-binding to a binding situation. This loss of lubrication could ody be rationalized in 

terms of flux starvation when an increase in flux consumption is not accornpanied by an 

equivdent increase in molten flux supply from the pool. Equation 2.21 shows that powder 

consumption increases wit h decreasing casting speed and oscillation Gequency . The casting 

machine had oscillation fiequency synchronized with casting speed, thus a decrease in casting 

speed had a greater effect on powder consumption. For heat 3 13 the drop in cast speed 

doubled the estimated powder consumption. Since the liquid pool was already very srnall. a 

strong sign of melting/consumption imbalance. a further increase in consumption led to lack of 

liquid flux, even dragging solid material from the top flux layer, with a consequent increase in 

casting fiction. 

The 1ow value of liquid pool depth and the lubrication upset found in heat 3 13 show the 

importance of carefully considering the melting rate of mould powders before choosing them 

for billet casting. The powders being used by the plant at the time of the trial were clearly not 

a good choice. This fact also highlight the lack of information on billet casting with powder 

lubrication. Both powders were originally developed for slab casting. which confirms that 

powders used for slab casting will not necessarily perform as well for billets. Due to the higher 

lateral-arealvolurne ratio, compared to conventional slabs, billet casting requires higher 

specific consumption (kg per tone of steel) than slab casting. 

7.4.2 Liquid pool behaviour during casting speed variation 

Simulation were conducted to test the response of the mould flux liquid pool to variations 

in casting speed. For these simulations the dependence of powder consumption with casting 

speed was based on data reported by Lee et a1.[30] and partly show in Figure 2.44. 



Assurning that powder consumption would respond instantaneously to changes in casting 

speed, as show in Figure 7 . 2 9 4  mould-flux liquid pool would steadily increase with 

increasing casting speed (Figure 7.29B). Figure 7.29B shows that when the casting speed is 

increased fiom 1 .O mlmin to 1.3 dmin. and at the same time powder consumption decreases 

from 0.8 kg/ton to 0.5 kg/ton liquid, the pool depth is perfectly bounded by the values of pool 

depth defined when these two pair of variables are kept constant. On the other hand. Figure 

7.298 show that if the change in powder consumption lags behind the change in casting 

speed, the increase in casting speed initially Ieads to a decrease in liquid pool depth. 

Eventually. afier powder consumption changes (decreases), the liquid pool depth begins 

increasing back to its initial level and further reaches its new level defined by the new set of 

casting speed and powder consumption values. Figure 7.29A shows the chosen profiles for 

changing casting speed and powder consumption. Aithough, a stepwise change in casting 

speed is an industrial standard. an abrupt change in powder consumption. as shown. is not 

likely to occur in practice. This type of change was chosen mainly to highlight the behaviour 

described above. 

The above simulations agreed with the plant tria! observations by Riboud and Larrecq[2 11 

depicted in Figure 2.45. However, their explanation on how the liquid pool depth decreases 

after an increase in casting speed and then bounces back until it stabilizes to a new level higher 

than the initial level is not completely correct. They thought it to be caused by an imbalance 

between melting rate and consumption. Increasing casting speed would result in an increased 

demand for molten flux (which is valid only if the consumption does not decrease) not 

immediately compensated by a higher melting rate, resulting in an initial decrease in the flux 

pool. However. higher casting speed would lead to a greater supply of heat to the mould flux 



layer resulting in a higher melting rate and therefore to a gradua1 increase in the pool 

thickness. 

The weak point in Riboud and Larrecq[Zl] explanation is the emphasis placed solely on 

the role of powder melting rate without considering that powder consurnption decreases with 

increasing casting speed. The sensitivity analysis showed that if the steel temperature is 

increased by 20°C the liquid pool only increases 0.3mm. while if the powder consumption is 

decreased from 0.8 to 0.5 kg/ton the liquid pool increases 3.4 mm. The above nurnbers shows 

that the vertical heat flux due to an increase in the flow of liquid steel bears very little 

influence on the liquid pool depth. On the other hand, powder consumption, which is 

intrinsically associated with casting speed is the major factor in determining the depth of the 

mould-flux pool. 

As demonstrated by the simulations depicted in Figures 7.29 and 7.29 and the 

measurements of Lee et a1.[30] the time lag between the changes in casting speed and powder 

consumption is by far the major contnbutor for the initial decrease in the molten flux pool 

when casting speed is increased. The subsequent increase of the liquid pool depth is caused by 

the combined effect of a decreased powder consumption and an increased mixing in the liquid. 

both associated with increases in casting speed. Increasing casting speed increases the mixing 

in the liquid flux, thus increasing mould powder melting rate[148], and at the same time 

decreases powder consumption; both effects contribute for an increased liquid flux dept h. The 

sensitivity analysis. which does not consider the intluence of mixing in the liquid flux, showed 

that an increase in casting speed alone would lead to a decrease in liquid pool depth, however 

the effect of a lower powder consumption is more than enough to cornpensate the former. 

therefore the net result of increasing casting speed is a deeper molten flux pool. 



Table 7.1: Casting parameters and surnrnary of mould thermal response for the mould heat 

flux profiles presented in Figure 7.5 

1 Water velocity, mis I 9.9 I 9.9 I 9.9 I 

Heat 

Carbon content, Wt. pct. 

Powder (Heat) 

1 Casting Speed, mhin.  1 1.2 1 1 1.28 1 1.30 1 

311 

0.33 + B, Ti 

A 

262 

0.1 i 

A 

277 

O, 14 

A 

1 

Oscillation stroke, mm 

170 Oscillation frequency, cpm 

Heat Flux Peak, kw/m2 

137 150 

6 

1 Avg. Heat Flux, kw/m2 

2 190 

1 Hot-Face Peak, OC 
1 I 1 

6 

890 

160 1 212 

Cold-Face Peak, OC 

3 value estimated considering a temperature drop of 10°C from tundish to mould. 
values estimated considcring a temperature droping of 5 deg C in 30 min. 

6 

381 1 

20 1 

Heat 
No. 

277 

277 

28 1 

28 1 

3 1 1  

3 1 1 

314 

314 

2650 

1349 

76 

983 

Grade 

0.14% C 

0.14% C 

O. 13% C 

O. 13% C 

0.33% C(B) 

0.33% C(B) 

0.31%C(B) 

0.31%C(B) 

96 92 
I 

Powder 

A 

A 

B 

B 

A 

A 

B 

B 

Casting 
Speed 

(m/min . ) 

1.28 

1.28 

1.26 

1.3 1 

1.39 

1.29 

1.13 

1.28 

Water 
Velocity 

(rnls) 

7.6 

9.9 

7.6 

9.9 

6.0 

9.9 

6.0 

9.9 

Mould 
superheat3 
(OC) 

32 

27' 

32 

27 

46 

4 l4 

30 

25' 

Shell Thickness 
at mould exit 

(mm) 

- 10.0 

- 10.3 

-7.4 

-8.4 

-5.2 

-6.1 

-7.6 

-7.1 



Table 7.3: Comparison betwrer, calctiluted (mathemarical rnocIel) and rneamred ( h k  
bamk) vafces of shdl ~hichzess ut the exit of the rnozdd 

Heat Steel Grade 
No. 

277 O. 14% C 

277 0. 14% C 

28 1 0.13% C 

28 1 O. 13% C 

Casting Speed 
( rnh in . )  

I 1.28 

1 ~ o u l d  Water 1 Shell Thickness 1 S hell Thickness , l Velocity ( d s )  calculated (mm) measured (mm) 

Table 7.4: Srcrnrnary of shrinkage calnr la~iom 

28 1 O. 13% C Below 450 mm 

Heat No. 

277 

Steel Grade Powder 

0.14%C 

28 1 

Water Velocity 

311 

Potential for "Binding" 

A 

O. 13% C 1 B 

311 

1 3 14 1 0.31% C(B.Ti) 1 B 9.9 1 Whole length 1 

0.33% C(B,Ti) 

3 14 

9.9 

9.9 

0.33% C(B,Ti) 

Below 400 mrn 

Below 300 mm 

A 

0.3 1 % C(B,Ti) 

A 

6.0 

B 

Whole length 

9.9 Whole len,gth 

6.0 Whole length 



Tabk 7.5: Statzslics of rnid-range temperatlire fltrc~zia~ions for prrztectic carbon bilfefs cas! 
with p o w h  and oil Irrbricoriorr 

1 No. Peaks 1 avg. number o f  fluctuation per 10 min 1 o 1 n (f of  samples) 

( Powder A 1 15 1 2 1  4 1 

Table 7.6: Statistics of rnid-range temperature fltrcrziatiom for Boron~)-ulloyeJ medium- 
cnrborr billets cas! with powder ard oil lzibricafiort 

Powder B 

Powder (combined) 

Oil 

No. Peaks 1 avg. number of fluctuations per I O  min 1 a 1 n (# of samples) 

16 

15 

27 

Powder A 

2 

2 

1 

1 I 

4 

8 

4 

8 

Powder B 

Powder (combined) 

Table 7.7: Custirzg parameters for mou fd po wder rnrltirig sirnzila~ion 

Casting Parameter 1 Powder A 1 Powder B 1 

Oil 

Casting speed [m/min] 1 1.22 1 1.24 I 

O 

13 

12 

- 7 
4 1 5 

I 
4 7 

2 1 

Powder density [kg/m3] 1 700 1 820 1 

Powder consumption [kg/ton] 

Total height of powder [mm] 

3 

Temperature for addition [ O C ]  1 800 1 400 and 800 1 

5 

1-14 

50 

Thermal conductivity w/mK]  

Powder addition [mm] 

1.34 

50 

1.5 and 2.0 

20 

2.0 

20 



Distance from top of rnould [mm] 
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Figure 7.1 Typical mouid heat f lux profile - Plain carbon steel, heat 262 (O. 11 % C, 
osciliatiot~ frect~ency 150 cpm. wuter velocity 7.6 m/s. metal kvel  - 160 mm): (Al 
temperattrre data, @3) calndated heatjhx 
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Figrrrr 7.2 Infzlerice cf the rype of movidpowder on the axial heafflzix profile; perizectic 
sfeel fieal 262: 0. I I  %C; heat 265: 0.12 %C), mozrld oscillation fre puency 150 cpm. water 
velocify 7.6 mis 
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Figure 7.3 Effeci of mould o s c i i l a t i o ~ z f r e ~ ~ c y  on mouki heatf7ux profile; periteciic sreel 
(ha! 260: O. I 1 %C; heat 2 7 7: O. (-i%C'), water velocity 9.9 m/s 
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Figure 7.4 Effec I of mozild coolit~g water velocity on rnotrld heat fltix profile: peritectic steel 
firat 281: 0.13 %(>. oscillalio~z frrqziet~cy 1 70 cprn. powder B 
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F@re 7.5 Inflicence of the s ied  qade on mial rnoukd heat f i x  profile; mouid water 
veiocity 9.9 m, s, mottid powder A, oscilloiion fieqtîericy: hmt 2 77f= 1 70 cpm, hear 3 1 1 
f = 13 7 and heur 262 f = 150 cpm. 



- heat 31 1 

Position from top of mould [mm] 

-+ - heat - 262 - - 

I 

Position from top of mould [mm] 

Figure 7.6 Mould wall axial temperature profiles af (A) hot-foce and (23) co(d-fce for the 
heot flux profi[es showed in Figure 7.5 
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F@re 7.7 Cold moztld ami distoried rnoztld widlh drnmsiota for prritectic carbori and 
Boron(Ti)-alloyed mediim-car bot^ steds c m  wi~h powder fttbricarzon and meial kvel a! 
161 mm from top of moztld 
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Figirrr 7.8 Motild ar id billet dimerzsiorî calmlated by marhematical mode/ for peritectic 
carhon steel ami powdrr irrhricafiori; (Al Heat 2 77. 0.14 pc f .  C. powder A ;  (BI Hear 28 1. 
0.13 pct. C, powdrr R 

224 
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Figure 7.9 Moukd ami bi ikf  cIimrmion caicdated by mathematicai modelfor Boron(Ti)- 
alloyed meditrm-carbol1 steel cast with powder hbrication; (A) Heut 3 1 1. 0.33 pc f .  C, 
powder A; (B) Heat 3 14. 0.3 1 pcr. C, powder B 



/ +- Oil (heats 298,299,300) 
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Figure 7.10 Cornparison brîwren oil and powder Izibrication regarding mould heat flux for 
prritectic ster l(0. 129AC9.l. 14) ami modd cooling-water w locity 9.9 mk;  O il heats cast ut 
1.2 m/mi~l and osciliatiorr frrqiirrrcy 135 cpm; heat 281 casî at 1.3 mimin und oscillation 

frrqrîency 150 cpm. 
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Fipire 7.11 Comparisorl hetwren oil and powder izibrication regarding mouid heat f7irx for 
Boroti(Ti)-uiioyed steel (O. 319AC~û.  33; 0.00259?B_<D. 0028; O.035PA Ti* 038). 
oscilIatiot f r z i c y  13 7 cprn and rnoirld cooiing-water velociq 6.0 m/s. 



Distance from top of mould [mm] 

Figure 7-12 Mozrld heat fltrx for Boroii(Ti)-alioyd steei cmt with oil hrbrication: heat 333 
(O. 32 %C; 0.0023 %B: 0.038% Ti), osciiIationfreqt~et~cy 13 7 cpm and mozrld cooling-wuter 
velocity 6. O m:s 
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Figure 7.13 Temile test of rnedizrm-carbon as-cmt samples at a strair, rate of /O-' i' at 
1300 '7L 
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Figure 7.16 Mould temperature pattern showing transverse depression moving down the 
rnould; heur 2 7 7, casting speed -23.6 m d s ,  oscillation fiequency 1 70 cpm, powder A. 
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Figrwe 7.17 Effect of type of molild lubricant on the severily of rhomboidity; (A) peritectic 
steel (0. i IPACg. 14; (B) Boro~z(Ti)-ulloyed rneditîm-carbon steel ( 0.32 pct. C) 



0.0 10.0 20.0 30.0 40.0 50.0 60.0 

Maximum Temperature Difference ["Cl 

Maximum Temperature Difference PC] 

Figure 7.18 Rhomboidiry as a funetion of mmimzim temperaftire d~fletwce; (A) Peritectic- 
carbon sreels. 0.11-0.13 pcf. C. thermocotiples iocated 205 mm below top of rnozdd; (B) 
Boron(Ti) -alloyrd medium-car bon steel. -0.32 pct. C. thermocoicples located at 22 0 mm 
below top of mozcld 
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Figure 7.19 RelatiorLîhp between rhomboidity and mould heat flix (Boron(Til-ailoyed 
medium-carbon steel); (A) Rhomboiciity as a functiun of average heat fltrx calculated from 
modd wuter temperature d@iererzce: (81 Rhomboidiîy as. a functzon of peak heat fluw 
averaged over a ferrgth of 30 mm frorn metal level 
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Figare 7.20 Bilkt sampfe centre-surface profile; (A) Oscillatiorz mark ar~d large tra~tsverse 
depressioti irz a Boron(Ti)-aiioyed medium-carbon steel cas with oil; (B) Same steel as (A) 
bill cast with powJrr A 
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Figure 7.21 L VDT and temperature fluctuations for Heat 2 77, nominal oscillarion ji-equency 
170 cpm, data sampling rate 10 Hz; (A) L VDT signal; (B) temperature signals (T/C # I  and 
T/C #2) showing short-range fluctuations not in phase with mould oscillation (L VD7'). 
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Fipre 7.22 Mouid temprrarzire varialior~ al the meriiscics regio,~ for Heat 333. Boroir(Tï) - 
crlloyed me Jizrm-carbot? steel, oil lu brica~iorr, me tal ieve f - 165 mm. sozith-face. 
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I;rgrre 7.23 Moirici temperutzrre variation at the rnenisms region for Heat 31 1, Borort(Ti)- 
ulluyed rnedizirn-carbot, steel, powder izrhricatior~ (powder A). metal le vel - 1 7 7 mm. riorth- 
fnce. 
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Figure 7.24 Moirld temperature variatioti al fhr metiisms regim due to a changr z t ~  metal 
l rvd  set-poitif; Heat 278, perifecctic-corboti steel. powder hbricatioti (yowder A). mould 
levei char@ from -205 mm to 235 mm. 
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F i p m  7.25 Casting speed mzd m o d i  wail temperatiiresf[lrctuatiorrr that are in phase, hrat 
280 (perdectic steel. powdrr BI; (A) Castirzg s p e d ;  IB) Temperattrres, thermocouple WI I 
located above mrtzisncs ievel ami WI 4 [ocated below menisas. 
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Figure 7.26 Calculated molten flwc pool height for powder B (consumption: 1.34 mon; 
casting speed: 1.24 &in); (A) constant powder levez, 50 mm, (B) addition of 20 mm of 
fresh powder every fime the temperature of the free surface reaches 400°C, (C) addition 
of 20 mm offiesh powder every time the temperature of the fiee surface reaches 800°C. 
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Figure 7.2 7 Ozitptrt from the muthematical simzilntion of powder mel~ing for powder B 
w h m  20 mm offrrsh powder is added whrnever the temperature at the top exceeh 
800°C: (A)- temperatlm at the free nrrface, @)- total height ojpowdrr (dl Zuyers) and 
heighr of the liqzrtdpool. 
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Figure 7.28 Mathmatical simzdation output for melring of powder A, thermal 
comitrctiviy of the solidifirdjlux taken as 1.5 and 2.0 W/m°C and addiion of 2Omm of 
fresh powcier every tims the f i e  surface temperature cxceeds 800°C: (A)- position of ~ h e  
fTL>e mTfoe, @)- hcighf of the liquid pool. 
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8. SUMMARY AND CONCLUSIONS 

A comprehensive study was undertaken to examine mould thermal response and powder 

behaviour during the continuous casting of pentectic (0.1 19hC~O.  14) and Boron(Ti)-alloyed 

(0.30GXoC<0.33; 0.0023<%B<0.0027; 0.03 5~Ti~O.038)  steel billets cast with powder. 

Cornparison between powder and oil lubrication in the context of the mould thermal response 

and billet surface quality allowed the elucidation of fundamental diEerences between these 

two. Previously proposed mechanisrns for oscillation mark formation, transverse and 

longitudinal depression formation were reviewed and discussed. An inverse heat conduction 

code was developed to calculate mould heat tlux fiom mould wall temperature measurements. 

The code proved to be a much faster tool for mould thermal anaiysis than the traditional tnal- 

and error approach. Mathematical modelling of rnould powder melting has Ied to a further 

understanding of the response of the molten flux pool to changes in powder propenies, 

feeding strategies and casting speed. Finally, the understanding of mould thermal response and 

powder behaviour acquired allowed recommendations for further improvement in the casting 

process to be made. 

8.1 Summary of Tasks Undertaken 

1 .  An instrumented-rnould trial was camed out to measure mould wall temperatures, 

mould displacement, metal level, casting speed, mould powder consumption, mould 

powder temperature profile and acquire billet samples. Because of electronic failure of 

the stepped-down voltage circuit for the metal level control signal, metai level was not 

properly recorded. Also, key thermocouples placed at the meniscus region and the 

water thermocouples failed completely. The lack of metal level and water temperature 



data was partly overcome by substituting them with data collecteci manually fkom the 

casting machine control panel. Dunng the trial two different mould powders. mouid 

cooling-water velocities, oscillation frequencies and steel grades were tested. 

An inverse heat conduction model of the mould wall was developed to deterrnine 

mould heat flux fiom measured mould wall temperatures. The inverse code developed 

was used to determine steady-state mould heat flux, and mould cold- and hot-face 

temperatures profiles fiom mould wall time-average temperature. Also, a mathematical 

mode1 of powder melting was developed to analyze the influence of mould powder 

properties and feeding strategies on its melting behaviour. 

An existing mathematical model of billet shnnkage was utilized to investigate mould- 

billet binding. Strand shell thickness and billet shrinkage were calculated and optimum 

mould taper proposed. 

The surface quality of billet samples was evaluated by visual inspection. The surface 

profile of the samples was measured using a profilometer featuring three LMT's. 

Oscillation mark depth and surface defects found (transverse depression, rhomboidity 

and longitudinal depression) were linked to mould thermal response and mould 

powder properties. 

The influence of process variables, namely type of mould powder, mould oscillation 

frequency, mould water velocity and steel grade, on mould wall temperature and 

mould heat flux was investigated. 

Metal level was measured with a dip-stick and compared to values displayed by the 

metal level controller. Discrepancies between the two values were discussed and the 

inadequacy of the system in use to control metal level during casting with mould flux 



lubrication was identified. A h ,  metal level fluctuations were indirectly investigated 

using signals h m  thennocouples located around the meniscus periphery. Similar 

anaiysis was performed for heats cast with oil lubrication, which showed that 

compared to powder, oil lubrication resulted in a more fluctuating metal level. 

7. Results from the plant trial measurements, mathematical models and billet sample 

quality evaluation were used to compare mould powder and oil casting in terms of 

mould thermal response. transverse depression- rhomboidity, oscillation mark and 

mould level variation. Previously proposed mechanisms for oscillation marks and 

surface defects formation were discussed in the light of the direrences in mould 

thermal response found between powder and oil lubiication. A major difference was 

found for Boron(Ti)-alloyed medium-carbon steel which was explained in terms of the 

role of TiN precipitates on the strength of the solidikng shell and mould powder 

behaviour. 

8. The overall performance of the two powders used in the plant trial was evaluated in 

terms of mould thermal response, powder consurnption and molten flux pool depth. 

Also, the response of the molten flux pool depth to casting speed changes was 

assessed. 

8.2 Conclusions from Study 

This work has led to a very comprehensive understanding of mould thermal response and 

mould-related quality problems in billet casting with powder lubrication. The following 

conclusions may be drawn fi-om the mould heat transfer analysis and billet quality evaluation. 



(i) The peak heat flux at the rneniscus varies between 2200 and 3200 kw/m2 (Figure 

7.3) for peritectic steels (0.1 1 <%CSO. 14) as compared to values of 2500 k ~ l m '  

(Figure 7.10) for billet casting with oil lubrication; and between 2200 and 2700 

kw/rn2 for Boron(Ti)-alloyed medium-carbon steels (0.3 O<%CsO.3 3) as compared 

to 4600-5200 kw/m2 (Figures 7.1 1 and 7.12) for the same steel cast with oil 

lubrication. 

(ii) Mould flux transition temperature is a more important parameter from the 

standpoint of controlling mould heat transfer than its viscosity. An increase of 13% 

in the flux transition temperature, from 1 OOO°C (powder A) to 1 1 3S°C (powder B) 

was more prevalent to decrease mould heat flux than a decrease of 42% in 

viscosity, from 0.7 poise (powder A) to 0.4 poise (powder B), which ix in 

accordance with the findings of Emi et a1.[40]. For peritectic steels (heats 262, 

265. 277 and 281) powder A resulted in average heat fluxes -18% higher than 

powder B. For Boron(Ti)-alloyed steels (heats 3 1 1 and 3 14) powder A resulted in 

average heat fluxes -7% higher than powder B. 

(Ki) Average rnould heat flux was found to be 8% higher for a mould oscillation 

frequency of 170 cpm when compared to 150 cpm (Figure 7.3). The increase in 

heat flux with increasing frequency is caused by the consequent decrease in 

negative strip-time which leads to shallower oscillation marks and lower powder 

consumption. Both factors contribute to narrowing the gap between the mould and 

the strand and therefore diminishes the thermal resistance between the two. 

(iv) Small increases in mould heat flux, between 3 and 10 %, were observed when 

mould water velocity was dropped from 9.9 to 7.6 rn/s during casting of peritectic 



steels (0.1 1 s%CSO. 14). Figure 7.4. This is thought to be caused by a decrease in 

the siag rim (solidified mould flux) due to a hotter mould wall, therefore 

decreasing the thermal resistance in the mould/strand gap. For Boron(Ti)-alloyed 

steels (0.30s%Cs0.33j no definitive trend was observed. On the other hand. as 

expected, significant increase in mould temperature was observed when the mould 

water velocity was reduced (Figure 6.8); This is undesirable from the standpoint of 

mould distortion and boiling of water in the cooling channel adjacent to the cold 

face. However, in al1 cases investigated, no boiling took place due to the inherently 

lower values of heat flux for powders compared to oil. Therefore the mould was 

always working "cold, so permanent mould distortion was not an issue. 

(v) Steel carbon content has a measurable influence on mould heat flux; however the 

influence of the carbon content is also govemed by the type of lubricant. In general 

it was found that for a 0.11 pct. carbon steel the mould heat flux was lower than 

either 0.14 pct. or 0.33 pct. carbon (Figure 7.5). However, a stnking result is that 

Boron(Ti)-alloyed medium-carbon steels exhibit lower heat flux than plain carbon 

steel with 0.14 pct. carbon. This result becomes still more significant when 

compared to[l IO, 1271 boron steels cast with oil where heat flux values are at least 

50% higher than the values obtained in this investigation for powder casting. 

Quality evaluation of the billets samples has shown billets with very well-defined 

oscillation marks, Le. regularly spaced and straight (Figure 6-12), very little transverse 

depressions, very low levels of rhomboidity but a high incidence of longitudinal depressions. 

This is a significant improvement in quality compared to the same steel grades cast with oil 

which are plagued by transverse depressions. The billet shrinkage model has shown that 



binding was O C C U ~ ~ ~  in al1 heats analyzed, which revealed the inadequacy of the mould taper, 

which had been designed for oil casting, to the new casting conditions, Le., mould flux 

lubrication. The following is a summary of the main findings regarding billet quality evaluation 

and mould/strand interaction. 

(i) The majonty of the longitudinal depressions found had depths below 3 mm but 

some reached values of 5 mm (Figure 6.13); they were located preferably dong the 

mid-faces of the billets or at the north corner of the billet West face 

(ii) Measurement of oscillation mark depth shows that increasing oscillation frequency 

From 150 to 170 cpm results in shallower oscillation marks which agrees with 

results from Howe and Stewart[93]. Also. the measurements cofirmed the 

influence of carbon content on oscillation mark depth; peritectic steels 

(O. 1 1 <%CSO. 14) exhibited deeper oscillation marks, 0.67 mm for an oscillation 

frequency of 150 cpm and 0.53 for 170 cprn while medium-carbon steels had an 

average oscillation mark depth of only 0.34 mm (Figure 6.16). 

(iii) Calculations showed that peritectic steels (O. 1 l<%C<O. 14) were supposedly 

binding approximately half-way down the mould, between 300 to 500 mm from 

the top of the rnould (Figure 7.8). while binding was beginning just below the 

meniscus for the Boron(Ti)-alloyed medium-carbon grade (Figure 7.9). Boron(Ti)- 

alloyed medium-carbon steel presents a higher degree of binding because medium- 

carbon (0.3O<%C<0.33) has a lower liquidus temperature and wider solidification 

range compared to peritectic steels; thus under the same casting conditions the 

shell is t h i ~ e r  resulting in less shrinkage. Binding results obtained through 

mathematical mode1 were not corroborated by the presence of surface defects 



associated with sticking of the solid shell to the mould. such as laps and bleeds. 

However, al1 samples exhibited longitudinal depressions; this indicates that the 

taper was excessive for these grades. The mould squeezes on the thin solid shell 

causing it to buckle inward which generates longitudinal depressions. 

(iv) The potential for significant binding in al1 heats of Boron(Ti) medium-carbon steels 

revealed the inadequacy of using a mould taper originally designed for oil casting. 

It also shows the difficulty of using one optimum taper for dl steel grades. 

Therefore, taking into account that there is no optimum rnould taper that can 

match the shrinkage of peritectic and medium-carbon steels at the same time. a 

double rnould taper with 1.8% rn-' up to 450 mm from the mould top and 0.9% m-' 

for the rest of the mould is the best compromise. 

A major finding of this investigation was the absence of transverse depression typically 

found on billets cast with oil and the low values of mould heat flux obtained for the 

Boron(Ti)-alloyed medium-carbon steels. The following conclusions may be drawn from the 

comparative analysis of powder and oil casting. 

(i) There is no significant difference in mould heat flux for peritectic steels 

(0.1 l<%C<O. 14) if either flux or oit is used as lubrication (Figure 7.10). On the 

other hand. for Boron(Ti)-alloyed steels (0.30<%C<0.333)the peak heat flux 

values obtained with flux lubrication, - 2300 kw/m2, are about half the peak 

values obtained with oil, - 5000 kw/m2 (Figure 7.1 1). Overall average mould heat 

fluxes obtained with oil lubrication are 20 to 50% higher than mould heat fluxes 

obtained with powder lubrication. 



(ii) The remarkable difference in mould heat-flux between oil and powder Iubrication 

for boron grades (medium-carbon:O. ~OI%CSO.~ 3) contrary to a much less 

pronounced effect for pentectic steels (low-carbon:O. l O<YiiC<O. 14) agree with 

previous findings reported by Singh and Blazek[126] and discussed by 

Chandra[I09]. Peritectic steels solidie with a rather nppled surface on account of 

the 6 to y transformation that takes place in the meniscus region. This nppled 

surface leads to large gaps between the mould and the strand. During oil casting of 

pentectic steels the larger mouId/strand gap fomed during the solidification 

process is not completely filled by oil since most of the it vaponzes and escapes 

within a narrow distance from the meniscus; thus the gap is filled by nitrogen 

which has a low thermal conductivity resulting in very low mould heat-transfer. 

The filling of these large gaps by molten flux alters the effective thermal 

conductivity of the gap. Actually, replacing oil with molten flux c m  slightly 

increase the heat flux or have no effect depending of the effective thermal 

conductivity of the gap compared to that of the mould flux used. Mould taper is 

also a factor since it largely detemines the dimensions of the mould/strand gap. 

(iii) Boron steels (0.30<%C~0.33), on the other hand have a smooth surface and the 

mould/strand gap is smaller. When oil is used as lubricant the mould heat transfer 

is much higher than low-carbon steels (0.101%CcO. 14). However, when mould 

flux replaces oil the former fills the gap thoroughly and acts as an insulator 

between the mould and the strand. thereby decreasing heat transfer. 

(iv) Results of high temperature tests performed at 1300°C on a Gleeblew machine 

(Figure 7.13) showed that medium-carbon steels containing boron and titanium has 



a strength - 30% higher than plain medium-carbon steel. This result strongly 

supports the belief that TiN precipitation does increase the strength of the strand 

shell and must be the cause of a higher susceptibility to transverse depression 

displayed by Boron(Ti)-alloyed medium-carbon steels. Precipitation of TiN 

increases the steel's coherency temperature to a temperature slightly below the 

solidus temperature. making the sheil strong enough to resist flattening by 

ferrostatic pressure after it is bent away fiom the mould under the action of any 

thermal and/or mechanical stresses. 

(v) Transverse depressions are formed in steel grades with high coherency temperature 

(ultra-low carbon, peritectic-carbon or Boron(Ti)-alloyed medium-carbon steels) 

due to metal level fluctuation. For Boron(Ti)-alloyed medium-carbon steel cast 

with powder transverse depressions were eliminated due to a substantial decrease 

in meniscus heat flux, thus producing a thinner, hotter, more flexible shell, and also 

due to lower metal level fluctuations on account of pounng with SEN. For 

peritectic steels, although transverse depression was not totally eliminated by 

replacing oil with mould powder, a drastic reduction of these defect was obtained 

due to the use of SEN which reduces metal level fluctuation and possibly also to 

elimination of oil entrapment and mould/strand binding which tend to aggravate 

the defect. 

(vi) Thennodynamics analysis of the formation of TIN and BN in low-alloy steels 

elucidated the precipitation of these nitrides before and dunng initial solidification. 

The analysis showed that (a) precipitation of BN does not occur in the liquid steel; 

(b) for a typical boron steel, more than -40% of the N is precipitated as TiN in the 



interdendritic liquid before the start of solidification; (c) to avoid any precipitation 

of TiN in the liquid steel the nitrogen content of the steel must be kept below 60 

ppm and the titanium content below 0.0 19%. The vimial elimination of transverse 

depression simply by replacing oil with mould powder excludes nitrogen control as 

imperative for powder casting; however, for oil casting practice to control nitrogen 

and titanium contents below the levels recommended above might be the only way 

of producing transverse-depression-free boron-billets. 

(vii) Prelirninary results showed that similar to oil casting, transverse depressions also 

can be monitored by thermocouples during billet casting with mould flux (Figure 

7.16). However, hrther investigation is still needed. 

Likewise for transverse depression. also a very comprehensive cornparison between oil 

and powder casting with respect to rhomboidity, oscillation marks and metal level fluctuations 

was camed out. The following observations and conclusions are of importance. 

(i) For peritectic steel (-0.12%C), rhomboidity is not significant for both oil and 

powder lubrication; al1 samples had rhomboidity below 6 mm (Figure 7.17). For 

medium-carbon steel containing boron and titanium alloyed (0.30~%Ci0.33: 

0.0023 <%B<O.OO27; 0.03 5~Ti~O.03  8), the severity of rhomboidity is significantly 

lower for billets cast with rnould powder; for powder casting 90% of the samples 

had rhomboidity below 6 mm, while for oil 33% had rhomboidity above 6mm. For 

billets cast with powder lubncation the extent of rhomboidity is dependent on both 

the maximum temperature diference among the mould four faces and the heat flux 

level . 



(ii) Compared to oil, mould-flux lubrication results in deeper oscillation marks. Billets 

of Boron(Ti)-alloyed medium-carbon steel (-0.32%C) cast with oil have very 

shallow oscillation marks, less than 0.2 mm deep; however, the presence of 

transverse depressions as large as 50 mm wide and 2.2 mm deep are commonly 

found in surface profile measurements (Figure 7.20). Comparatively, no transverse 

depressions were found for the boron steels cast with powder, but oscillation mark 

depth is deeper, with an average value of 0.3 1 mm. The above results substantiate 

the main role of mould flux on oscillation mark formation as predicted by Takeuchi 

and Brirnacombe[56] by means of a mathematical model. WelI defined and deep 

oscillation marks were found even in heats cast with mould superheat 16°C above 

the value predicted by Saucedo et a1.[137] as the value above which rneniscus 

fieezing is suppressed, therefore unequivocally demonstrating that when mould 

flux is used it plays a more important role in oscillation mark formation than 

meniscu s fieezing. 

(iii) Three different types of temperature variation were found in the data-files 

collected during the trial (powder lubrication). The first type was identified as a 

short-range variation with amplitude of - I 10°C caused by electncal noise (Figure 

7.21). The second type was a mid-range fluctuation with amplitude varying from 

20°C to 50°C (Figures 7.22 and 7.23). The last type was a permanent temperature 

change caused by an intentional change in the mould level set-point (Figure 7.24). 

The mid-range temperature fluctuation was assumed to be caused mainly by metai 

level changes and it was found that for low-carbon as well as boron grades the 

magnitude and frequency of these fluctuations were comparable. 



(iv) Oil lubrication resulted in twice as many temperature fluctuations than powder 

Iubrication. This is believed to be caused by the more turbulent meniscus due to 

gas entrainment by the open-pour tundish stream entering the mould. On the other 

hand the fluctuations observed in powder lubrication had bigger amplitude. 

thought to be caused by improper calibration of the mould level control system. To 

fùlly take advantage of the benefits of casting with powder Iubrication and SEN 

the radioactive sensor must be adjusted for the process. aiso the system should 

have liquid-metal flow as the control variable instead of casting speed. Having 

casting speed as the control variable leads to an inherently unsteady-state operation 

Mathematical rnodelling of powder melting has led to tùrther understanding of the effect 

of powder properties on the molten pool depth and to recommendations on choosing powder 

for billet casting. Also, measurement of mould powder consumption and molten flux pool 

depth showed the inadequacy of the mould powders used at the time of the plant trial. The 

following observations and conclusions are of importance. 

(i) Sensitivity analysis (Figures 4.1 0 to 4.12) of the powder melting mode1 showed 

that the depth of the mould-flux pool: (a) increases with increasing the amount of 

powder until the powder layer reaches 35- 40 mm. above these values the pool 

depth becomes insensitive to further increases in powder height; (b) varies very 

Iittle with the temperature of the steel and the enthalpy of fusion of the powder; (c) 

is strongly dependent on the mould-flux liquidus temperature, powder density, 

powder thermal conductivity and convection in the liquid pool and through the 

porous layers of powder; (d) decreases with the increase of powder consumption 

and casting speed. although for a given powder it is impossible to increase casting 



speed without decreasing consumption. The above results match reasonably well 

with those of the models of Goldschmit et a1.[55] and McDavid and Thomas[148]. 

Al1 of them agree upon the strong influence of powder "melting" temperature and 

consumption rate on the liquid flux pool depth. Also. that as the total powder layer 

increases its effect on the depth of the liquid flux layer lessens. 

(ii) Powder consurnption, given as amount of powder consumed per lateral area of 

billet produced. was 0.45 kg/m2 for powder A and 0.53 kg/m2 for powder B. This 

was found to be higher than values reported for slab casting under comparable 

casting conditions (0.26 - 0.38 kg/m2). As expected. powder B, a lower viscosity 

flux. resulted in higher consumption. 

(iii) Measured (1-3 mm) and calculated values (-4 mm) of molten pool depth were 

extremely low, below the minimum recommended, i. e., below the mould 

oscillation stroke (6 mm). The main reason for the shallow molten flux pool is 

thought to be an imbalance between both powders high consumption and their 

melting rate. aggravated by an irregular distribution of powder in the mould. The 

above result showed the importance of choosing a powder with a high enough 

melting rate for billet casting. Powders used for slab casting, the ones used in the 

plant, will not necessarily perform as well for billets. Because of a much higher 

perimeterlarea ratio, billet casting results in higher specific consumption (kg per 

tone of steel) than slab casting and requires powders with higher melting rates. 

(iv) Simulations conducted to test the response of the mould-flux pool to casting speed 

changes agreed with plant trial observation by Riboud and Larrecq[Z 11. Contrary 

to what was suggested by Riboud and Larrecq[21] the time lag between changes in 



casting speed and powder consumption is by far the major contnbutor for an initial 

decrease in the rnould-flux pool when casting speed is increased. Subsequently the 

liquid pool rebounds to a level higher than the initial because powder consumption 

decreases. 

8.3 New Knowledge and Major Contribution 

The present investigation can be considered the first comprehensive study on mould 

thermal response and billet quality during billet casting with mould-flux lubrication. The data 

generated, which consists of rnould wall temperature profiles, mould heat-fluxes, strand 

solidification, shrinkage, mouldfstrand gap, billet surface profiles, rhomboidity, mould-powder 

consumption, mouid-flux pool depth and actual metal level constitute a very comprehensive 

body of knowledge never assembled before. Also, the explanations presented for the singular 

behaviour of Boron(Ti)-alloyed medium-carbon steels is a major part of the new knowledge 

generated fiom the present study. 

Besides the data itself. the data analysis presented some novelty as the use of an inverse 

heat conduction code; it seems to be the first time that a 2-D inverse heat conduction mode1 

has been developed to estimate mould heat-flux during continuous casting of steel billets. 

The most significant contributions of this work are: 

1.  Links between process variables such as steel grade. oscillation frequency, mould- 

flux type, rnould temperature and mould heat-flux, and billet quality aspects such 

as oscillation marks, rhomboidity. transverse depression and longitudinal 

depression were established. Also, links between mould-flux properties and rnould- 

flux behaviour in terms of consumption and flux pool depth were established. 



2. The elimination of transverse depression in Boron(Ti)-alloyed medium carbon steel 

cast with mould-flux was explained in terms of mould heat-flux, metal level 

variation and the steel's coherency temperature. 

3. The inadequacy of the mould powders used in the plant was discussed and 

guidelines to help choose mould-fluxes for billet casting were given. Also. The 

inadequacy of the mould taper was discussed and suggestion for improvement was 

given. 

8.3.1 Recommendations for a better casting operation 

A review of the casting practices in use at the mini-mil1 were the plant trial was camed out 

strongly suggesrs that for its improvement the following points should be considered. 

1.  Put an automatic liquid steel flow control system. The metal level controller should act 

upon a metering device (stopper rod or sliding-gate). Casting speed must be kept 

stable 

2. Replace oil with mould-flux whenever econornically and technicaily possible. 

3. Be careful in choosing mould-fluxes, consider: viscosity (affects heat flux and powder 

consumption), break-point or transition temperature (affects heat-flux and friction). 

melting rate (a function of melting temperature and Free-carbon); and powder 

consumption and melting rate determines the depth of the mould-flux pool. 

4. Check if the radioactive-sensor/leveI-controller is capable to distinguish mould-flux 

from liquid steel. 



5. If oil casting is the only option be sure to control metal level via flow control and for 

Boron(Ti)-alloyed medium-carbon steel to keep nitrogen content below 60 ppm and 

titaniurn below 0.0 19%. 

8.4 Suggestions for Future Work 

As a first comprehensive work on billet casting with mould-flux lubrication the present 

study open up several possibilities of future work. The findings of the present study clearly 

showed the advantages in repiacing oil with mould powder, but also highlighted the 

inadequacy of the powders been used in the plant. It is essential to evaluate mould-flux 

performance in billet casting for a wider range of mould-fluxes. This only can be accomplished 

by industnal trials of the same nature as the one conducted in the present investigation. 

however it would be advised to work with mould taper appropriated for powder casting in 

order to avoid longitudinal depression. The recommendations outlined in the present study can 

be used as guidelines for a proper choice of taper. 

A more extensive investigation involving mould thermal monitoring and billet surface 

inspection is needed to consolidate the possibility of monitoring transverse depression and 

rhomboidity during cast with mould-flux lubncation, also similar study should extend to the 

analysis of longitudinal depression. 

The modelling of mould powder melting exposed the paucity of data on powder 

properties. This is a very broad research field that needs to be tackled; viscosity, thermal 

conductivity of the several mould-flux phases and transformation temperatures such as 

solidus. liquidus. sintering and crystallization are al1 needed but unfortunately not available. 



The powder melting mode1 itself can be improved by extending it to 2-D, whkh would include 

the SEN and mouid wall as two new boundaries. 

The inverse heat transfer code developed could be extended to include higher order 

regularization terms which would give more flexibility in characterizing the heat-flux profiles. 

Also, the inverse heat conduction mode1 can be used to investigate optimum thennocouple 

layout for future plant trials. 
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APPENDK A: Details of thermocouple layout 

Tahie A l :  Depth ami mial positioti of thennocoziples lrsrd to monilor mozdd wall 
lemperalirre. 

1 W C  identification - Distance from top of mould (mm) - Hole depth (mm) 

/ Mould East Face / MouldNorth Face 1 Mould South Face / Mould West Face 1 



APPENDIX B: Chernical composition of heats monitored at the plant trial 

Table BI: Chernical compositio~l. itc w@t prrcetit, ojhears moniforrd ai the plant trial 
- 
Beat - 
260 
26 1 
262 
263 
264 
265 

277 
278 
270 
280 
28 1 
282 

298 
299 
300 

311 
3 12 
3 13 
3 14 
3  15 

3 3  3 
3 3 4  - 

- 
Lu b. - 
flus 
f l w  
nus 
f l u  
flus 
fius 

flux 
flux 
flus 
flus 
flus 
Elus 

oil 
oil 
oil 

flus 
flus 
flus 
flux 
nus 

oil 
oil - 

In the above table "Lub." refers to the lubricant used. The heats cast with oil were part of 

a separated study been conducted by Kumar[l 101 and Gurton[I24]. However, they were used 

as control heats for cornparison purposes, what was done in Chapter 7.  



APPENDIX C: Thermodynamics of TiN and BN formation in low-alloy steel 

The temperature-dependent solubility product of Ti and B in liquid iron and y-iron is given 

in Table C 1, 

Table Ci: Solubility of TiN ami BN iti liquid tron ami y-iron (T itl K). 
- - - . - - - 

Solubility Product y-Iron 

log[%Ti][%N] 

Turkdogan[ 1 3 51 compiled experimental data from several independent measurements 

which in most cases agreed well with equations derived from compiled thermochemical data. 

For the solubility of Ti and B in liquid iron, the main source was Evans and Pehlke. For the 

solubility of BN in y-iron. Fountain and Chipman data were used, whereas for TIN an equation 

was denved based on data published by Matsuda & Okumura and Kunze. 

log[%B] [%NI 

The first-order interaction coefficients. ei, in liquid iron, shown in Table C2, were 

- 17040 + 6.40 
T 

compiled from J. F. Elliott[138]. 

-10030 + 4.64 
T 

- 15790 + 5.40 
T 

Data compiled by 

Turkdoganll3 51 

- 13970 + 5.24 
T 

Data compiled by 

Turkdogan[ 13 51 



A typical boron steel chernical composition (wt%) is shown in Table C3 

Table C3: Typical chernical composition of boron-grade sterfs 

Using the first-order interaction coefficients given in Table B2 and the steel chemistry 

given in Table C3 the following values were obtained for the activity coefficients of B, N. and 

Ti. i.e.,fs, f ~ ,  and fTi: 

The solute distribution ratios for Ti. N and B between the liquid iron and y-iron are given 

by the following equationsl: 

[NI, - 640 0.7 log- - -- 
[NI, T 

-2300 + 0.065 - log- - - 
T 

For calculations purposes the solute concentration in y-phase ([XI,) at liquidus 

temperature was considered to be the same as the concentration in the bulk as given in Table 

C 1. The solute concentration in the interdendrictic liquid ([XI,) is then calculated multiplying 

the solute content in y-phase by its respective solute distribution ratio. 



APPENDCX D: Enthalpy method and dimensionless analysis for powder melting 

Enthalpy Methoii for Phare Change: 

The energy equation for an alloy or glassy substance undergoing solidification or rnelting 

can be expressed by: 

where p is the density, C, is the specific heat, T is the temperature. t is time. k is the 

thermal conductivity and G is the rate of energy generation owing to solidification or 

consumption during rnelting. Assuming that the latent heat (AH) is released at a rate 

proportional to the rate of formation of the solid fraction. f,, hence G can be expressed by: 

Recalling that the enthalpy of an alloy is defined by: 

t herefore, 

Applying the chain rule. 

Combining Equations (D. 1) and (D.2) we obtain: 



For constant C ,  Equation @.3) can be written as: 

for T < (solid reg-ori) 

T + (1 - J,  ) iW for Ts < T < TL (rntrshy regior~) 

for 7' > TL (liqzïid regiorz) 

where Ts and TL are the solidus and liquidus temperature. respectively. The relationships 

presented in Equation(D.7) are used to convert calculated enthalpies into temperatures. Thus. 

the evolution of the solid fraction (f,) with temperature. within the mushy region. must be 

known or defined. In solidification of metals alloys a linear relationship, lever mle or Scheil 

equation are the most commonly used. 

As shown in Equation (D.3) the advantage of this formulation (Enthalpy Method) to 

modei solidification or melting is that the latent heat is implicit in the formulation therefore it 

does not require any especial method to handle latent heat. 

Dimensionless analysic 

For a two-dimensional system. as s h o w  in Figure D. 1, Equation D.6 is given by: 

In order to non-dirnensionalize Equation D.8, the following dimensionless terms were 

selected, 

where T*, X*, Z*, H* and f* are the dimensionless temperature, axis. enthalpy and time 

respectively; Txo is the lowest temperature in the X-direction at the mould wall side and Td is 

the highest temperature at the SEN side, T20 is the lowest temperature at the top of the 



powder layer and TA is the highest temperature at the liquid steel interface both in the Z- 

direction, L, is the distance fiom the mould wall to the SEN (= 6 1.5 mm), L: is the total height 

of powder ( - 50 mm). HA* is a maximum value for enthalpy and f, is the total time of the 

process. 

air 

solid powder 

i uid 001 de th h 
Liquid steel 
- 1550°C 

SEN 

1 

1 ! ! ! ! ! ! 
Liquid i 
steel 

! 
I 

! 
I 

I 

! 
I 

c 
! 
! 
! 
I 

I 

! 
! 
! 
! 

Substituting the above dimensionless terms in Equation D.8 

Dividing Equation D.9 by k ,  (Cui T d )  , 



To compare the magnitude of the heat fiuxes in the X- and 2-directions the term 

2 
2L Tr* 

rnultiplying - k, TL -Co 
, , e -( )(:) = ,, , must ,e evaluate,; at the srne time it 

2 Xe* k, c , - T d  

8 Te 
must be realized that the equivalent term multiplying - , C, , is equd to unity. 

2z*- 

Assuming the conditions below, Le., 

k: = - 4 x k ,  (the heat conductivity is enhanced in the 2-direction due to convection caused 

by hot gases flowing up from carbonate decornposition and combustion of carbon). 

Td = -1300°C, 

Td = 100°C, 

CO = 1 550°C, 

T,= 2oo0c, 

Lz = 50 mm, 

Lx = 61.5 mm. 

C.Y = 0.15, therefore for the set of conditions analyzed, the heat flux in the horizontal 

direction (SEN-rnould wall direction) is only 15% of the heat flowing up in the 2-direction. 

This justifies the use of a 1-D mode1 for the analysis of melting of mould flux in billets. 

Additionally, this agrees well with simulations carried out by Goldschmit et a1.[55], using a 2- 

D mode1 developed with the help of a general non-linear finite element code for thermal 

analysis called ADINAT. They found that for a 205 mm diameter round billet, and a noule of 

78 mm diameter, the noule temperature had only a very localized effect on the depth of the 

molten flux pool. 



APPENDM E: Oscillation mark depth and pitch 

Table El: Oscillarion mark cirpth measrred on - 300-400 mm long samplrs obtained frorn 
billers cast with rnozrld powder ami ciîffererlt modd watrr velocities. 

1 Heat # 1 Sample # 1 East Face [mm] 1 West Face [mm] 1 Water Vel. 1 Powder ( 

?* billet samples with identification problerns 

260 60 
Avg. 
O. 58 

Std. Dev 
0.23 

Avg. 
0.66 

Std. Dev 
0.43 

[mis] 
9.9 A 



Table E2: OsciIIatiorr mark pirch wr - 300-400 mm long sumples obtainedfrom billets cust 
with motdd powder 

Mould Powder 

A 
A 
A 
A 
A 
A 
B 
B 
B 
8 
B 
A 
A 
A 
A 
A 
B 
B 
B 
B 
B 
B 
A 
A 
A 
A 
A 
A 
B 
B 
B 
B 
B 

?** sample identified incorrectly 

West Face 
mm 
8.51 
8.50 
8.60 
8.51 
8.94 
8.97 
9.04 

? 
8.60 
8.45 
8.79 
7.33 
7.33 
7.44 
7.44 
7.41 
7.86 
7.69 
7.07 

vety irreg.' 
7.69 

very irreg. * 
very irreg.' 

9.17 
9.26 
9.29 
9.56 
?" 

9.38 
9.85 
9.43 
9.55 
9.44 

to count them 

Heat # 

260 
261 , 
261 
262 
262 
263 
263 
264 
264 
265 
265 
277 
277 
278 
278 
279 
279 
280 
280 
281 
281 
282 
282 
31 1 
31 1 
312 
312 
31 3 
31 3 
314 
314 
31 5 
31 5 1 

* ver-  irregular oscillation marks made it difficult 

Billet # 

60 
30 
60 
30 
60 
30 
60 
30 
63 
30 
60 
30 
60 
30 
60 
30 
60 
30 
60 
30 
60 
30 
60 
30 
60 
30 
60 
30 
60 
30 
60 
30 
60 

East Face 
mm 
8.51 
8.50 
8.60 
8.51 
8.94 
8.97 
9.04 
8.70 
8.60 
8.45 
8.79 
7.33 
7.33 
7.44 
7.79 
7.69 
7.1 3 

very irreg.' 
7.14 
7 -69 
7.69 

very irreg.' 
very irreg.' 

9.38 
9.26 
9.29 
9.56 
?" 

9.68 
9.56 
9.1 7 
9.69 
9.44 



APPENDJX F: Rhomboidity Measurement 

Table FI: Rhom boicr'ity mea.swement on -300-400 mm h g  samples obtait~ed from billets 
cast with mozrld powder 

*??? samples with identification problems 

Heat # 
260 

Billet # . 

60 
Diagonal a (mm) 

280 
Diagonal b (mm) 

282.6 
Difference (mm) 

-2.6 
Powder 

A 



APPENDIX G: Metal level detection 

The radioactive source of the metal level control system consists of cei3' pellets with 500 

millicuries ( 1  9 gigabecquerels) activity, mounted in a proprietary holder type SA- 1. The beam 

is not significantly collimateci and emerges in a conical fashion with a angle of 45' centrered 

on the pellet location in the source holder[I 391. 

In order to estimate the effect of mould-tlux on the metal level controller the intensity of 

radiation reaching the detector was calculated using the following equation, 

1 = Io exp (-CI x X) 

where Io is a system-dependent constant, p is the attenuation coefficient for gamma rays 

generated by in and X is the distance traveled by the gamma rays. For the 

mass attenuation coefficient, given by plp. is equal to 0.075 where p is the density of the 

medium being penetrated. in g/crn3[140]. 

To simpliQ the calculations the beam was considered constant with a diameter of 100 mm 

and al1 gamma absorption occurting outside the rnould cavity is assumed to be included in 10. 

The internai dimension of the mould ( X) is 20.3 cm. The densities of the gamma-absorbing 

medium. air, solid powder. liquid mould-flux and steel were taken as: 

p., = 1.16 g/cm3 

pp>udu = 1 .O @cm3 

pnuK = 3 .O @rn3 

p d  = 7.2 g/cm3 

Figures G1 and G2 show the results obtained. In Figure G1 the intensity of radiation 

detected by the sensor for oil casting is compared with mould-flux casting for three different 

levels of total amount of powder above the liquid metal. 



O 10 20 30 40 50 60 70 80 90 100 

Relative metal level position, X [mm] 

Figure GI hflzier~ce of hibricution type and total amount of mouldpowder on the radiation 
Nitensiry reachirzg the metal kvel  serisor; T is the total amozint of po~~drr ,  X=O is the top of 
~ h e  gamma-beam ami X= 100 is rhe bottom. 

Figure G1 shows that for oil the radiation intensity is a linear function of the metal level 

position throughout the whole control range. For mould-powder the following features can be 

pointed out: (i) radiation intensity is lower than oil, which is heightened by increasing the total 

amount of powder, (ii) radiation intensity looses lineanty towards the top of the beam. which 

is aiso intensified as the total amount of powder increases and (iii) the slope of the curves 

decrease substantially as the total amount of powder increases. The high dependency of the 

intensity of radiation on the total amount of powder and small values of slope are both 

detrimental for having a reliable metal level control when mould-powder replaces oil. Based 

on the above observations it can be concluded that a radioactive-based system requires that a 



constant and small amount of powder be kept on the top of the liquid steel. Under the 

conditions of the plant trial the metal-level controller could not respond well to metal level 

variations since the total amount of powder was high and variable, between 50 and 90 mm. 

O 10 20 30 40 50 60 70 80 90 100 

Relative metal level position, X [mm] 

Figirre G2 Itrfliretrce of molten-flix pool depth ori the radiutim itrtemity reaching the metal 
level setzsor; p ts the pool depth. X=O is the top of the gamma-bram and X=100 is the 
hotrom. 

Figure G2 shows the effect of the rnolten-flux pool depth on the intensity of gamma rays 

reaching the radiation sensor. It is clear that there is no substantial difference in the radiation 

intensity when the pool depth increases from 5 to 15 mm. The results presented in Figures F1 

and F2 show that the effect of the total amount of mould-powder on the radiation absorption 

is much greater than the effect of the depth of the molten-flux pool, the reason being simply 

that the difference in the length of layers prevails over the difference in their density, since the 

height of the powder is several times larger than the pool depth. 
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