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Abstract
Mould flux with high absorptivity had been obtained in the reduction process of mould flux by silicon. For further

utilisation of the mould flux with high absorptivity, the effect of silicon addition on the optical property has been

investigated. The synthesised mould flux powder with iron oxide was melted with the addition of silicon powder at 1703 K

followed by quenching, thus forming a glassy sample. After 5–30-min reduction, the samples exhibited black opaque

colour. Meanwhile, the samples that were reduced for 45–60 min had a bluish grey colour. Many iron-based particles

dispersed in the samples were micrometre order in diameter. To determine the effect of iron particles on the optical

properties of the sample, extinction, scattering and absorption efficiencies were calculated according to Mie theory. Result

showed that both scattering on the iron particle and absorption by iron effectively increase the extinction efficiency in the

mould flux. Moreover, the silicon particle in the flux has large scattering efficiency. The black opaque colour is contributed

by the existence of silicon and iron particles. The apparent thermal conductivity was calculated for the solid flux. Results

also indicated that the entire glassy mould flux would effectively work for mild cooling in a continuous casting process

owing to high absorptivity and small thermal conductivity.
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1 Introduction

The productivity improvement of steels requires high-

speed continuous casting. However, rapid casting is known

to result in surface defects called longitudinal cracking

owing to inhomogeneous solidification [1–4]. To avoid

such defects, the steel is mildly cooled to render solidifi-

cation homogeneity, which is the so-called mild cooling of

the steel; that is, the heat from the steel shell is primarily

transported through two mechanisms, namely conduction

and radiation. The mould flux should be crystallised to

reflect the strong radiation from molten steel, indicating

that the decrease in radiative heat transfer is an effective

technique to reduce heat flux from the steel shell. The

crystallisation is generally promoted by the formation of

cuspidine (3CaO�2SiO2�CaF2). However, conventional

mould flux has several problems due to fluorine, that is,

corrosion into facilities for continuous casting [5–7], sub-

merged nozzle erosion [8, 9] and environmental pollution

[10].

Meanwhile, iron oxides, which are natural contents in

the mould flux, are reported to increase the radiative heat

transfer across the crystallised flux because these compo-

nents enhance the absorption of thermal emission from the

steel shell [1]. Wang et al. [11] attempted to reduce the iron

oxides in the current mould flux by adding 0.5–5.0% Si and

maintaining the flux at 1703 K for 30 min. The mould flux

was expected to have high reflectivity owing to the

reduction product—metallic iron. However, all the pro-

duced mould flux exhibited a black opaque colour, which

had low reflectivity but strong absorptivity, in both glassy

and crystallised samples. This mould flux happened to be

created, but another approach was suggested for the mild

cooling, thus preventing the strong emissions from the steel

shell by the mould flux with high absorbability. The
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calculated radiative heat flux has the same magnitude as

the conventional crystallised one. Moreover, this mecha-

nism does not require crystalline phases, suggesting that

the mould flux with high absorptivity has a potential for the

fluorine-free flux.

The origin of the high absorptivity has not been inves-

tigated. Wang et al. [11] only mentioned that small metallic

particles dispersed in the reduced flux, thus causing the

strong absorption. Furthermore, they conducted the

reduction only for 10 and 30 min. The previous under-

standing and evaluation of the colour stability are essential

for the future utilisation of the reduced mould flux.

Therefore, this study aims to investigate the relationship

between the reduction time and subsequent microstructure,

understand the optical property of the reduced mould flux

based on the microstructure and evaluate the apparent

thermal conductivity of the mould flux for further utilisa-

tion of the reduced mould flux.

2 Experimental

2.1 Samples

The base glass samples were partially prepared. The chem-

ical composition of the base glass was the same as that used

in the work of Wang et al. [11], that is, w(Al2O3)

? w(MgO) = 3.25 mass%,w(Na2O) ? w(F) = 19.7 mass%,

w(Fe2O3) = 2.0 mass% andR = w(CaO)/w(SiO2) = 1, where

R represents the basicity on the mass basis, including CaO

originating from CaF2. The compositions were determined on

the basis of the mould flux for commercial use. The glass

samples were synthesised from reagent-grade chemicals,

namely CaO, SiO2, Al2O3, MgO, Na2O, CaF2 and Fe2O3,

where CaO was thermally decomposed from CaCO3 at

1323 K for 43.2 ks and Na2CO3 was used to produce Na2O.

The reagent powders were mixed in an alumina mortar. The

mixture wasmelted in a platinum crucible at 1673 K for 300 s

in an electric furnace and then poured into a brass mould with

thickness of 5 mm. Afterwards, the reduced glass samples

were prepared. Industrialmould fluxes usually contain carbon,

which can reduce iron oxides in the mould flux. However, the

excess graphite powders are known to delay the melting of

mould fluxes [12]. Thus, silicon powder was used as the

reducing agent in this study. The base glass samples were

crushed and mixed with 1 mass% of silicon powder, which

was added as the reducing agent in the alumina mortar. The

silicon powder used had a median diameter of 5 lm, which

was measured using a scanning electron microscope (SEM).

The mixture was placed in an alumina crucible, retained at

1703 K for 2–60 min and then poured into the brass mould,

which was the same as that for base glass samples. However,

the mould in this process was preheated at 723 K for 5 min

before moulding to avoid cracking of the glass samples. In

these reduction conditions, the main reaction would be the

reduction of iron oxide in the melt expressed as follows:

2FeOðlÞ þ SiðsÞ ! 2FeðsÞ þ SiO2ðlÞ: ð1Þ

The standard Gibbs energy for the above reaction is cal-

culated to be - 444 kJ at 1703 K [12, 13]. By assuming

Raoult’s rule, the Gibbs energy change (DG) was calcu-

lated for reaction (1). The result showed a negative value

(DG = - 414 kJ), thereby suggesting that the reaction

occurs in the experimental condition.

2.2 Analysis

A spectrophotometer with an integrating sphere covering

the wavelength range of 300–2600 nm was used to mea-

sure the apparent transmissivity (Ta) and reflectivity (Ra) of

the samples. The absorptivity (Aa) was calculated from Ta
and Ra.

The sample surface was observed using an optical

microscope to identify the particles that were produced via

reduction and a digital microscope to count the particles

and measure their diameters. The SEM was also used to

analyse the size and chemical compositions of the particles

by using an energy dispersion spectroscope (EDS). In

addition, the electron probe micro-analyser (EPMA) was

adopted to examine the chemical composition of the

samples. Meanwhile, the transmission electron microscope

(TEM) was employed to determine the particles with small

sizes.

3 Results

3.1 Appearance of the samples

Figure 1 shows the images of the samples with various

reduction time. The sample prior to reduction exhibits a

yellowish-green colour. The sample reduced for 2 min did

not completely melt. After the reduction, the reduced

samples in 5, 10, 15 and 30 min showed black opaque

colour and the spheres with metallic lustre were observed

with a diameter of 1–3 mm near the surfaces. The samples

reduced for 45–60 min had slightly bluish grey colour and

showed transparency.

3.2 Optical properties

Figure 2 illustrates the measurement results of Ra, Ta and

Aa. The reflectivity is low regardless of the reduction time,

that is, nearly 0 prior to reduction and approximately 0.1

366 R. Endo et al.

123



even after the reduction. The absorptivity of the sample

prior to reduction exhibits a peak owing to strong absorp-

tion by Fe2? and Fe3? in the wavelength range of

500–1000 nm [14, 15]. Meanwhile, all of the reduced

samples show a remarkably high absorptivity of approxi-

mately 0.9. For the samples reduced for 45–60 min, the

transmissivity increases with the reduction time, which is

consistent with the appearance of the samples.

3.3 Surface observation

As shown in Fig. 1, the particles of the reduced samples

with metallic lustre can be observed with the naked eye.

There is also a possibility of smaller particles dispersed in

the sample. Figure 3 shows the optical microscope image

of the sample reduced for 30 min. Many spherical particles

were found with metallic lustre as denoted by arrows. The

number and diameter of the metallic particles were anal-

ysed using a digital microscope, and the size and area of

more than 50 metallic particles were obtained. Figure 4

shows the diameter distribution of the particles in a unit

area of 1 mm2, where the diameter was calculated from the

area of the particles. In the 5-min reduced sample, more

than 340 particles were determined in the unit area, and the

number slightly decreases with reduction time. This finding

could be caused by the formation of larger particles similar

to the ones observed by the naked eye. After 15 min, the

number of particles did not remarkably change. The par-

ticles with a diameter of 4–8 lm were mainly found in all

the samples in this analysis. Because determining the

particles smaller than 1 lm in diameter was difficult with

the digital microscope employed in this study, SEM was

adopted to analyse smaller particles.

3.4 SEM and TEM analysis

Figure 5 shows the results of the microstructure observa-

tion by using SEM for the samples with each reduction

time. The sample reduced for 5 min contains many fine

metallic particles. The particles obtained were

Before reduction 2 min 5 min 10 min

15 min 30 min 45 min 60 min

10 mm

Fig. 1 Photographs of samples
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approximately 0.1 lm in diameter or larger. The metallic

particles gradually grew and became more significant with

reduction time. Similar to the sample reduced for 30 min,

the particles with peanut shape were also observed as

denoted by an arrow, in which the particle was formed by

attaching 2–4 iron particles, suggesting the formation of

large particles through the combination of small particles.

Figure 6 shows the number distribution of particles with a

diameter of 0.2–8.0 lm. Many particles are found in the

diameter of less than 1 lm for the reduced sample in

5 min. Most particles were distributed in a diameter range

of less than 3 lm. Figure 4 can be revised to distribute the

many particles with a diameter of 4 lm or less by con-

sidering Fig. 6. Figures 4 and 6 suggest that many particles

were formed during an early stage of the reduction and the

number decreased steeply for the formation of large par-

ticles. The TEM analysis was also applied, and no iron

particles were observed even though several pieces of the

samples were analysed.

The chemical compositions of the sample were analysed

using SEM–EDS and EPMA. Figure 7a shows an SEM

image of a micro-sized metallic particle found in the

sample reduced for 30 min. The chemical composition was

analysed for both the matrix part and metallic sphere of the

sample through the point analysis of EDS. The matrix part

is composed of 0.023% Fe, whereas the chemical compo-

sition of the metallic particle was 7%Si–93%Fe. The

reduction rate was calculated as 96% from the iron con-

centration in the matrix and initial Fe2O3 concentration.

This result suggests that almost all Fe2O3 was reduced to

form metallic particles. Figure 7b shows the concentration

of iron in metallic particles as a function of the particle

diameter for the 30-min reduced sample. The particles with

a diameter smaller than 2 lm cannot be analysed because

of the limitation of EDS, and the data obtained for 2 lm
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Fig. 3 Optical micrograph of sample retained for 30 min
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of 1 mm2 analysed by using a digital microscope
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diameter particles were also considered to contain infor-

mation from the matrix, which has a smaller Fe concen-

tration than that in metallic particles. This figure suggests

that the concentration of Fe is approximately 95% for the

particles with diameter of 2–6 lm and decreases with the

increasing particle size. The larger particle, which was

observed in the 30-min reduced sample with the naked eye,

was also analysed using SEM–EDS: the chemical compo-

sition was 53%Fe–40%Si composed of O, F, and so on.

Figure 8 shows the FeO concentration in the matrix part

analysed using the EPMA. The FeO concentration in the

matrix decreases with reduction time. After the 15-min

reduction, the concentration of FeO is as small as that

Fig. 5 SEM images for samples with different reduction time

0

100

200

300

400

500

600

700

800

900

1000

~1 ~2 ~3 ~4 ~5 ~6 ~7 ~8

N
um

be
r o

f p
ar

tic
le

s/
m

m
-2

Diameter of particles/ m

60 min
45 min

30 min
15 min

10 min
5 min

3131

µ

Fig. 6 Size distribution of metallic particles normalised in unit area

of 1 mm2 analysed by using SEM

(b)

Fe-7 at.%Si

4 μm

Matrix: Fe 0.023 at.%
2 μm

(a)

0 2 4 6 8 1070

80

90

100

Diameter of particles/ m

Fe
 c

on
ce

nt
ra

tio
n/

at
.%

µ

Fig. 7 SEM-EDS results obtained for sample retained for 30 min.
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which can be detected using the EPMA, whereas the larger

value found in the 45-min reduced sample can be measured

because the analysed area contains fine metallic particles.

The reduction was considered to be finished within 15 min,

and then the particles simply grew with the silicon

dissolution.

4 Discussion

4.1 Colouring mechanism of the flux with silicon
addition

The above analysis indicates that the metallic particles are

iron and the contents of silicon and other elements increase

as the particles grow. The reduction is almost finished

within 15 min. However, two colours were found after that

time, that is, black opaque for 15–30-min reduced samples

and transparent bluish grey for 45–60-min reduced sam-

ples. The optical property of the samples would have the

contribution of the dispersion of micro-sized iron particles.

Furthermore, the remaining reduction agent would influ-

ence the optical property of samples reduced for 2–30 min.

The colour appearance should be the result of the con-

tributions of (1) the optical interaction between a dispersed

particle and the glassy matrix and (2) the dispersed state of

the particles. The former can be evaluated from the effi-

ciency of extinction, which is defined as the ratio of the

extinction cross section to the geometrical one, for a micro-

sized iron particle in a glassy mould flux. The basis of the

Mie scattering can be adopted in this situation given that

the diameter of iron particles is in the same order with the

visible light or the emission peak of molten iron (e.g.

1.6 lm at 1800 K). The software ‘MiePlot’ [16] was

adopted to calculate the scattering efficiency of an iron

particle. Figure 9 shows the efficiencies of extinction,

scattering and absorption for the Fe particle at the

wavelength of 0.65 lm, Si particle at 0.65 lm and Fe

particle at 1.60 lm in mould flux as diameter functions of

the particle. The wavelengths of 0.65 and 1.60 lm are

representatives for the visible region and emission peak at

1800 K, respectively. In this calculation, the refractive

indexes used for Fe and Si were from the recommended

values of Palik [17] as well as Aspnes and Studna [18],

respectively. In addition, the refractive index for the

reduced mould flux was calculated on the basis of the

optical property data reported for the mould flux without

iron oxide [1]. The data used for this calculation are listed

in Table 1. As shown in Fig. 9a, the scattering efficiency

for extinction, which is the sum of the scattering and

absorption, increases with the increasing particle size up to

1 lm and then decreases gradually. Hence, both scattering

and absorption contribute to this result. These scattering or

absorption processes are valid for the samples in this study

given that the diameter of iron particles is in the

micrometre order. Figure 9b suggests that the scattering

has a larger effect than absorption in the case of silicon

dispersion at 0.65 lm. The calculation result at 1.60 lm is

also shown in Fig. 9c. The same result was obtained; that

is, the scattering and absorption efficiency are strong for

0 20 40 600

1

2

3

4

5
Fe

O
 c

on
ce

nt
ra

tio
n/

m
as

s%

Reduction time/min

Fig. 8 FeO concentration in matrix analysed by using EPMA

0

1

2

3

4

Qext

Qext

Qext

Qsca

0

2

4

6

8

(a)

(b)

(c)

Q
ex

t, 
Q

sc
a, 
Q

ab
s

0.1 1 10 1000

1

2

3

4

Q
ex

t, 
Q

sc
a, 
Q

ab
s

Q
ex

t, 
Q

sc
a, 
Q

ab
s

Diameter of particles/ mµ

Qabs

Qabs

Qabs

Qsca

Qsca

Fig. 9 Efficiencies of extinction (Qext), scattering (Qsca) and absorp-

tion (Qabs) of Fe particle at 0.65 lm (a), Si particle at 0.65 lm (b) and
Fe particle at 1.60 lm (c) in mould flux as functions of particle

diameter

370 R. Endo et al.

123



iron particles of more than 0.3 lm in diameter. However,

the scattering is more effective than the absorption. The

calculations for Fig. 9 are for one particle in the mould

flux. In reality, many particles dispersed in the mould flux

sample and scattered light are possibly scattered again or

absorbed by iron particles. Figure 10 shows the number of

particles formed in a unit area within the diameter range of

0.7–10 lm with various reduction time. The number of

iron particles dramatically decreased with the holding time

up to 30 min, after which time the number change becomes

slow. The number of iron particles has no apparent dif-

ference between the samples reduced for 30–45 min.

However, the former sample had the black opaque colour,

whereas the latter showed transparent bluish grey. There-

fore, the remaining silicon would affect the colour of the

30-min reduced sample. The assumption can be supported

by the report of Yoon et al. [19, 20]. They used the iron

particle dispersed mould flux of the borosilicate system to

measure the heat flux across the flux. The diameter of the

iron particle was lower than 3 lm, which is almost the

same as that in this study. In their report, the absorption

coefficient of the sample increased with the increasing Fe

particle content. However, the black opaque colour has not

been found, and only the green colour was observed owing

to the absorption of iron oxides. As shown in Fig. 2, the

strong absorption of all the reduced samples could be due

to the absorption by micro-sized Fe particles with scatter-

ing of Si or Fe particles. The former process would be more

effective in the samples reduced for 2–30 min, resulting in

the black opaque colour. The important point would be not

the appearance of the colour in visible light, but the high

absorptivity in the near-infrared light because the radiative

heat transfer is related to the near-infrared light.

4.2 Evaluation of apparent thermal conductivity
of black opaque mould flux

The apparent thermal conductivity of solid mould flux,

which has contributions both from conduction and radia-

tion, was calculated on the basis of the heat resistance

model [21–23], as shown in Fig. 11. The mould flux con-

sists of liquid, crystallised and glassy layers. The solid

layer has a mild cooling property. Thus, the thermal con-

ductivity of solid flux was estimated in this section. In this

calculation, the heat flux of both radiation and conduction

was obtained in each layer, and the sum of the heat fluxes

(qtotal) was considered to be equal in each layer under

steady state, as expressed using the following equations:

qtotal ¼ qr;crys þ qc;crys; ð2Þ

qtotal ¼ qr;glass þ qc;glass; ð3Þ

where q represents heat flux; and the subscripts r, c, crys

and glass represent radiation, conduction, crystallised and

glassy, respectively. The heat fluxes by conduction and

radiation in each layer are expressed in the following

equations, respectively:

qc ¼ kc
TI � TII

d

� �
; ð4Þ

qr ¼
n2r T4

I � T4
II

� �
0:75ad þ e�1

I þ e�1
II � 1

; ð5Þ

where kc, a, n, r, d, e and T are thermal conductivity by

conduction, absorption coefficient or extinction coefficient,

Table 1 Refractive index used for calculation

Wavelength/lm Fe [17] Si [18] Mould flux

(without iron

oxide) [1]

0.65 2.9114 3.8515 1.4843

1.60 3.1091 – 1.4932
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Fig. 10 Number of particles with diameter of 0.7–10 lm with

reduction time. SEM analysis data were used for this analysis
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refractive index, Stefan–Boltzmann’s constant, layer

thickness, emissivity and temperature, respectively; and the

subscripts I and II are high and low temperatures of the

considered layer, respectively. The temperatures at the

interfaces were set to 1388 K at liquid/crystallised mould

flux (Tliq/crys) [21], crystallisation temperature (Tcrys =

823 K) at the crystallised/glassy flux used in this study [23]

and 772 K at glassy flux/air gap (Tglass/air) [21]. The total

thickness of solid mould flux (dtotal) was set to 1 mm

[21, 22]. By substituting these parameters into Eqs. (2)–(5)

with the thermophysical properties listed in Table 2, the

thickness of the layers and heat fluxes can be derived, thus

reproducing the apparent thermal conductivity of solid flux

(kapp) from the following equation.

qtotal ¼ �kapp
Tliq=crys � Tglass=air

dtotal

� �
ð6Þ

The calculation was performed for the conventional solid

and 30-min reduced mould flux, both of which consist of

crystallised and glassy layers. Moreover, the completely

glassy reduced mould flux was considered. The thermo-

physical properties listed in Table 2 were determined as

follows. The values of the conventional flux refer to the

data reported for the mould flux with similar composition

as this research. The value of a (glassy) for the reduced flux
was derived from the transmissivity of the 30-min reduced

sample in the wavelength range of 1.0–2.6 lm, as shown in

Fig. 2b with the Lambert–Beer’s law. The value of

a (crystallised) was set to be equal to a (glassy) for the

reduced sample [11]. The emissivity at the interface related

to the crystallised phase (e (liquid/crystallised) and

e (crystallised/glassy)) was considered as a unit because the
interface would be rough owing to fine crystal formation.

The emissivity at the interface between the glassy flux and

air gap (e (glassy/air gap)) was derived from the absorp-

tivity of the glassy flux. The value of e (liquid/glassy) was
also obtained from the absorptivity of the glassy flux,

because the liquid flux may have the same optical property.

Table 2 also shows the calculation results of kapp and

thickness of the glassy layer (dglass). The reduced mould

flux shows smaller kapp than the conventional one. Both

crystallised fluxes have high absorption coefficient owing

to the high crystallinity of metallic particles for the con-

ventional and existing one and high crystallinity of the

reduced one, respectively. High absorptivity resulted in

almost the same heat transfer characteristics in the con-

ventional and reduced fluxes. Meanwhile, the high

absorptivity of the reduced flux has effects on the heat

transfer in the glassy layer. The thickness of the glassy

layer increased with the high absorptivity of the reduced

glassy flux, resulting in low apparent thermal conductivity.

However, the glassy layer must be too thin (i.e. only 5% in

the total thickness) to decrease the apparent thermal con-

ductivity dramatically. The apparent thermal conductivity

would effectively decrease for the flux with high crys-

tallisation temperature. In this extreme case, the mould flux

becomes completely glassy. Table 2 also shows the cal-

culation results of the completely glassy mould flux. The

value of kapp is 19% smaller than that of the conventional

mould flux because of the small lattice thermal conduc-

tivity apart from the large absorptivity. In addition, the

temperature of the interfaces may possibly change

depending on the flux characteristics. However, the effec-

tiveness of the completely glassy flux is considered to be

sufficient to reduce the apparent thermal conductivity. To

demonstrate the effectiveness of the completely glassy

mould flux with high absorptivity, further measuring the

heat flux of the mould flux experimentally is necessary.

Table 2 Thermophysical properties used for model calculation, derived apparent thermal conductivity of solid mould flux and thickness of

glassy layer

Parameter Conventional Reduced Reduced (completely glassy)

a (crystallised)/m-1 907 [1] 1090 –

a (glassy)/m-1 166 [1] 1090 1090

n (crystallised) 1.59 [21, 24, 25] 1.59 [21, 24, 25] –

n (glassy) 1.58 [21, 24, 25] 1.58 [21, 24, 25] 1.58 [19, 22, 23]

k (crystallised)/(W m-1 K-1) 1.59 [21, 23] 1.59 [21, 23] –

k (glassy)/(W m-1 K-1) 1.25 [11, 21] 1.25 [11, 21] 1.25 [11, 21]

e (liquid/crystallised) 1 1 –

e (crystallised/glassy) 1 1 –

e (glassy/air gap) 0.527 0.9 0.9

e (liquid/glassy) – – 0.9

kapp/(W m-1 K-1) 2.00 1.97 1.62

dglass/mm 0.051 0.053 1
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4.3 Further utilisation of mould flux with high
absorptivity

In this section, the application of silicon mixture in con-

ventional mould flux will be discussed. In the actual con-

tinuous casting process, the mould flux melts in the slag

pool and infiltrates between the steel shell and mould, thus

forming a slag film. The slag film usually consists of liquid,

crystallised and glassy layers [22, 24]. The casting speed is

typically reported to be 1–3 m/min, thereby suggesting that

the slag film passes through the caster in no more than

30 min. Considering the silicon addition to the mould flux

powder, the mould flux with high absorptivity would only

form after the flux melts, and the high absorptivity can be

retained in the caster. The same results can be expected

with the addition of 0.5% Si or more because Wang et al.

[11] reported that the mould flux with high absorptivity can

be produced by the addition of 0.5–5.0% Si after the

30-min melting at 1703 K. Scheller et al. [26, 27] also

reported the formation of metallic spheres in the mould

flux, which is used for the casting of stainless steel. In this

report, the metallic particles act as the nucleation sites of

the mould flux crystallisation. Mild cooling by the flux with

high absorptivity would be realised by utilising such

metallic particles to control the heat flux across the mould

flux. In addition, the effect of small metallic particles in the

slag on the viscosity must also be considered because the

mould flux has other functions for the steel casting, such as

lubrication, and the particle dispersion is expected to

increase the viscosity [28].

5 Conclusions

The silicon addition to mould flux resulted in all the

samples having high absorptivity (* 0.9) by reducing

them at 1703 K for 2–60 min. The mould flux with black

opaque colour was found after the 5–30-min reduction. The

samples reduced for 45–60 min became transparent bluish

grey. Many iron-based particles were found in the

micrometre order of all the samples. The reduction was

almost finished within 15 min, and then iron particles grew

by combining several particles. The Mie scattering occur-

red in the samples, and the scattering process became

efficient in the 5–30-min reduced samples by using the

remaining silicon. The iron particles in micrometre order

effectively absorb the scattered light, resulting in the high

absorptivity of all the samples.

The mould flux with high absorptivity was assumed not

to change the apparent thermal conductivity of the con-

ventional mould flux, which was oriented to crystallise.

Meanwhile, the completely glassy mould flux with high

absorptivity had smaller apparent thermal conductivity,

thereby suggesting the mild cooling possibility of contin-

uous casting.
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