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Abstract

Mold powder is added onto the molten steel surface in the water cooled mold. The mold powder
melts from the heat of the molten steel, forming a slag film of several hundred micrometers to 1 mm
thick that flows between the solidified shell and the mold. The slag film partially crystallizes when cooled
by the mold, regulating the amount of heat transfer from the cast strand shell to the mold by altering
the degree of crystal formation. Controlling heat transfer helps to prevent cracking on the steel surface.
It is essential to measure the crystallization and heat removal properties of slag films. A slag film is
formed when the molten and crystalline layers are intermingled, with the thickness of the crystalline layer
progressively increasing towards the bottom of the mold. Therefore, it was difficult to reproduce such a
condition in the laboratory, and that means it was difficult to evaluate the real heat transfer characteristics
in the mold. A method for evaluating the heat transfer characteristics of slag film, where both molten
and crystalline layers coexist in a mold, has been developed. This method utilizes an ultra-high speed
heating test system that employs two carbon heaters, which was developed by the Okayama Ceramics
Center. Two slag films of mold powder with distinct crystallization characteristics were prepared and
assessed using an ultra-high speed heating test system with one-side heating, replicating actual casting
conditions. The results of the experiments confirmed the method’s effectiveness as an evaluative tool, as
the measurements demonstrated a strong correlation with the outcomes from actual casting.
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Fig. 1 Schematic image of comparison between
the developed test and the actual casting.

1. Introduction

Mold powder for continuous casting of steel is
added to the surface of molten steel in the casting
mold, where it melts due to the heat from the molten
steel. The molten mold powder then flows into gaps
between the solidified steel shell formed around the
mold and the mold copper plate wall, eventually
being discharged from the bottom of the mold. The
mold powder that flows into these gaps is referred
to as slag film, with a thickness ranging from several
hundred micrometers to 1 mm”. In the process the
mold powder provides: @ Protection of the molten
steel surface from oxidation, @ Thermal insulation
of the molten steel surface, ® Absorption of non-
metallic inclusion that floats to the molten steel
surface, @ Lubrication of the mold and solidified
shell, ® Heat removal control between the solidified
shell and the mold. Mold powder plays a significant
role in enhancing the operational stability and
improving steel quality during the casting process.

Heat removal control is an important feature to
prevent the surface cracking of the cast steel strand.
For example, medium carbon steel (C=0.08-0.20 %)
undergoes crystal phase transformation from & to r
phase during the solidification, and it generates high
shrinkage due to the density difference between &
and 7 phases”. High shrinkage during solidification
is believed to cause unevenness in the solidified
shell, creating areas of delayed solidification with
thinner shell thickness. These areas are prone to
stress concentration, which can lead to uneven
solidification, depressions on the cast strand
surface, formation of deep oscillation marks, and
surface cracking.

To prevent surface defects, it is effective to
slow the &-7r transformation, thereby achieving a
uniform solidification shell thickness. Promoting the
formation of the crystalline layer in the mold powder
slag film is crucial for this purpose *"°.

It is generally recognized that crystal formation has
several benefits in reducing heat transfer by radiation
within a slag film due to the low translucency of
most crystals”. The scattering of radiant energy at
the interface between a crystal and a liquid phase
also contributes to a decrease in overall heat
transfer. Additionally, the uneven surface of a slag
film increases overall heat resistance by introducing
a gas phase into part of the interface of the slag
film, which further reduces heat transfer as a result
of crystallization.
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Slag film is formed in a situation where it is
cooled from the mold side and heated from the
cast strand side. This makes it challenging to
directly or simulatively evaluate characteristics such
as crystallization behavior and heat conduction
A common method for determining thermal
conductivity is the laser flush method™. However, it
is not suitable to apply this method to the evaluation
of the mold powder because of the features such as
® Measurement technique assuming the sample is
homogenous, @ Standard of sample size, @ Difficulty
in measuring the mixed phase of melt state and
crystal. Therefore, simulation tests with simulated
slag film have been developed in the laboratory. For
example, Ito et al. reported a simulation method, in
which a platinum crucible filled with a mold powder
was heated in an electric furnace, and after melting,
a stainless steel pipe with a water-cooled slit inside
was submerged into the molten slag to form crystal
layer *'. However, there still remained some issues
in the measurement methods, such as that they are
greatly influenced by the viscosity of the molten
mold powder, the fact that the crystal generation
field is excessively large compared with the actual
situation, and that there are some cases where the
comparison of the heat removal rate of the actual
machine cannot be correlated between the mold
powders with greatly different characteristics.
Although there are some other reports'™, it is
deemed that the accurate evaluation for the heat
removal behavior of a slag film, in which the mixture
of a solid phase and a liquid phase continuously
changed, has not been developed. From the
above points, there is still room for improvement in
evaluating technics the heat removal characteristics
of the slag film.

The utilization of the ultra-high speed heating test
system developed at Okayama Ceramics Center™'
was examined as a new evaluation method. This
system is capable of sandwiching a thin slag film
sample between two carbon plate heaters, allowing
for heating and cooling on one side to evaluate heat
removal characteristics in a state similar to a slag film
with mixed molten and crystal layers. This method
can measure the uniaxial heat removal behavior of
the slag film, as temperature measurements can be
indirectly performed while continuously changing
the temperature of the carbon heater. Fig. 1 shows
the comparison between the developed test and the
actual casting. This report considers the evaluation
method of the heat removal characteristics of the



Report

No.68 2025

Observation

‘ / window

Carbon heater

Slag film ; Lower C heater non-heating
sample

u Radiation thermometer \

Upper C heater with heating

Radiation thermometer /

Fig. 2 Image of ultra-high speed heating test system.

Table 1 Compositions and properties of mold powder test samples

Mold powder A Mold powder B

Chemical composition / mass%

SiO2 30 32
ALOs 4 12
CaOo 44 42
MgO 1 2
R-0O (Na:O+Li.O+K:0) 10 3

F 11 10
Ca0/SiO: / - 1.5 1.3
Viscosity at 1300 C / Pa-s 0.1 0.4
Crystallization temperature / C 1195 1140
Heat removal index / - 1.00 1.18
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slag film using the ultra-high speed heat device.

2. Experiment

2. 1 Ultra-high speed heating test system

The image of an ultra-high speed heating test
system is shown in Fig.2. The ultra-high speed
heating test system can reach a high temperature
in a short time by the developed special carbon
heaters. Its maximum temperature is 2800 C,
and its maximum temperature increasing rate
is 1.0 X 10°'C-min™. This method allows flexible
sample installation. The system has observation
windows enable direct monitoring of the sample
during temperature changes.
2. 2 Measured formulation

The compositions and properties of Mold powder
A and Mold powder B are shown in Table 1. Each
sample was made using standard mold powder
raw materials and designed to match commercial
medium carbon steel products with 0.08-0.20 %
carbon content.

Mold powder A has higher basicity (CaO/SiO.),
and Cuspidine (3Ca0-2SiO.-CaF.) crystal is formed
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Fig. 3 Image diagram of the Slag film making method.

TRV EHAD, REFHSICH L TMold powder ALY
HEBHWRRZETRTRE CTHD. Table 1DIREAELTBE
DHRSE DIEBILREENSBEH LIZRBEETH Y, Mold
powder BFAKW HH18%E<H5 EHEASN S,
2. 3 BHURST7 1 VARG E

AT L AFERZ) y N (ITFSUSA ) v K, SHAI60 X
23%23mm, AAI50X 15X3mm)AWIC1300C aRES
BT RNDS— 2 TINERAATAZT T+
WAEER UT, Fig3ICERAED A X —YRZERT
500C TREF LIMEBVRIRBIUFWICSUS R ) v k2 T8
BAL, BIOBKFICHEVTI450CTBRRmS eIt >
IWESUSZ Dy MIRUIAK, ZDFEF500CT300™
BRI BCETHIMMEDR ST T 1 )L A% R, &
(2, SUSRU Y RASERWHEUIZZXZ 77 1 )L %500C
BRUPATI0NE7 =) > 7= Ui, IWHLSB LD
WENLIT D EICR)2.TMMEARDEURZ T 7 1)
L(10X10X2.1mm) =157z,
2. 4 AEHE

Fig 2[RI £DIC, BERMBEEADN—R>E—
I—NDHINTH B8 (20X 20X0.5mm) EICZRIERHD
2T 71 A(10X10X2.1mm) ZRBEL, EEZERID
N—AR>E—9 —THRAMAZBEE LTz, SHEArT X5
HRIICHWT, EBH—ARE—9—DHICEBEEINL,
AR—1) D TRBEY > LI DR <12 ([CFRR
E900Cmin"T900C E THIZL, 900 CLIEDF R&E
EEF50Cmin"'&L, RZT7 71 I LADTEITRIEICES
1400CETLERESE . 1400CT5 pERFL I,
25CmMin" CEEBH—AR -9 —ZFES Bz, <
T, RAZ7 71 ADRBERE EFHEFRHCE—IL K/

in the slag film more easily than Mold powder B.
The crystallization temperature in Mold Powder A
measured by DTA is 1195 “C. Generally, mold powder
with a higher crystallization temperature tends to
show a lower heat removal in actual casting™. On
the other hand, Mold powder B has a lower basicity
and a lower crystallization temperature (1150 C)
compared to Mold powder A. Thus, mold powder
B should exhibit higher heat removal than Mold
powder A in actual casting. The heat removal index
shown in Table 1 is calculated by crystallization
temperature difference and actual heat removal
data from casting in a report in the past”, and it
is estimated that Mold powder B heat removal is
approximately 18 % higher than A.
2. 3 Slag film sample processing

Slag film samples were prepared by pouring each
mold powder samples melted into a stainless-steel
slit (hereinafter SUS slit, outsize 60 X 23 X 23 mm,
inner size 50 X 15 X 3 mm). Fig. 3 shows an image
diagram of the making method. A SUS slit was
preheated into a vertical cylinder electric furnace
held at 500 'C. A mold powder sample melted at
1450 C in another electric furnace was poured into
the SUS slit, and the sample was held at 500 C for
30 minutes to obtain a slag film having a thickness
of about 3 mm. Furthermore, after annealing the
slag film taken out from SUS slits in a 500 C electric
furnace for 30 minutes, the samples were cut and
polished to obtain a slag film sample with size
10 X 10 X 2.1 mm.
2. 4 Measurement method

As shown in Fig. 2, slag film sample was installed
on a trench (20 X 20 X 0.5 mm) at the center of
a carbon heater in the ultra-high speed heating
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test system, and the sample was fixed by another
carbon heater from the upper side. In high-purity Ar
atmosphere, voltage was applied only to the upper
carbon heater, heated to 900 C at a heating rate
900 ‘C'min” to prevent cracking with spalling and
foaming of the slag film samples, and the heating
rate after 900 C was shift to 50 ‘C:min™ to increase
the slag film temperature to 1400 C to a completely
liquid phase. After holding at 1400 “C for 5 minutes,
the upper carbon heater was cooled rate with
25 C-min™. Because it’s hard to specify the cooling
rate of slag film in actual casting due to variables like
casting conditions, mold powder characteristics,
and slag film thickness, an approximate average
speed was used for this test. The temperatures
of the upper surface of the upper carbon heater
center and the bottom surface of the unheated
lower carbon heater were continuously measured
with a radiation thermometer through the furnace’s
observation window. The measurement ended
when the upper carbon heater reached 1000 C.

1000 C
Heating Stage

1400 C
Holding Stage

1400 C
Cooling Stage

Fig. 4 Photographs of in-furnace conditions(Mold powder A Sample).
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Fig. 5 Temperature profile of the unheated lower carbon heater
A) Whole data, B) Cooling stage data.
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Fig. 6 Cross-section structure photos of each slag film sample after cooling.
3. Experimental Results
100 Photographs of the in-furnace conditions for Mold
90 powder A during heating and cooling are shown in
g 80 Fig. 4, with temperature profiles of the unheated
i 20 I lower carbon heater in Fig. 5. Slag film, secured by
Q= 78 two carbon heaters, was fixed near the center. Both
5> 60 o ’ :
29 samples had similar temperature profiles during
‘a E 50 heating (0-6005). During the stable stage (600-
§§ 40 9005), Mold powder A’'s temperature increased
.g’g 30 slightly, while Mold powder B’s decreased. In the
%}“ 20 cooling stage (after 9005), the samples showed
g 10 different behaviors: Mold powder A’s temperature
< dropped faster than Mold powder B’s, reversing at

Mold powder A Mold powder B

Fig. 7 High-density crystal layer thickness ratio.
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920 C on the bottom surface of the lower carbon
heater around 1100 seconds.

The cross-section structure photos of each
slag film sample after cooling are shown in Fig. 6.
Also, the average of the high-density crystal layer
thickness ratio taken at six different points every
500 pum in width is shown in Fig.7. The upper side
in the picture is the part that contacted with the
upper carbon heater that heated the sample and
the bottom side was the part contacted with the
lower carbon heater surface that was not heated.
As a result of the observation, the crystal formation
was observed in both slag film, and the high density
crystal layer that has needle shaped crystals was
formed on the lower carbon heater surface side.
The mixed layer of crystal and glass was formed on
the heating surface side. The ratio of each layers
was different between samples, and the ratio of
high density crystal layer was about 78 % with Mold
powder A, and about 24 % with Mold powder B.

4. Discussion

The heat removal behavior of the slag film was
analyzed based on experimental results. It was
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assessed separately during the heating stage, the
melting state at 1400 °C (holding stage), and the
cooling stage. The effectiveness of the developed
test was then evaluated.

1) Heating Stage

There were no noticeable differences in the
temperature profile of the lower carbon heater during
the heating stage among the mold powder samples.
It is understood that the slag film transitions from
a transparent glass state to crystallized and molten
conditions when heated. Heat transfer typically
occurs through three mechanisms: conductive
heat transfer(lattice heat conduction), radiant heat
transfer, and convective heat transfer. Consequently,
it can be inferred that there was no significant
difference in the behavior of the transition from
glass to molten slag during crystallization among the
mold powder samples.

2) Holding State at 1400 C

When the temperature of the upper carbon
heater’s heating surface reached 1400 C, there was
a noticeable difference in temperature behavior
during the holding phase with current applied to
the heater. With Mold powder A, the temperature
of the lower carbon heater slightly increased after
reaching 1400 ‘C, whereas with Mold powder B, it
gradually decreased. This discrepancy is attributed
to the differences in the specific heat of the molten
slag. It is suggested that the specific heat of Mold
powder A is lower than that of Mold powder B.
However, further detailed validations are required.
3) Cooling Stage

The total heat conduction of the slag film formed
between the solidified shell and the mold in
the casting is determined by the combined heat
transfer of the molten mold powder layer and
the heat conduction of the crystal layer. In this
test, a difference in temperature drop between
the samples was observed. Additionally, the
temperature measurements reversed between the
samples during the cooling stage. It is presumed
that crystal formation inside the slag film influenced
these results.

As shown in Fig. 6 and Fig. 7, it was estimated that
Mold powder A had a higher amount of Cuspidine
crystal formation compared to Mold powder B,
resulting in a thicker crystal layer. The crystallization
patterns in the slag film inferred from the
measurement results for each sample are illustrated
in Fig. 8. It is considered that Mold powder A forms
a Cuspidine crystal layer in the slag film in an area
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Fig. 8 Image of crystallization patterns in the slag film.
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relatively closer to the molten steel surface in the
mold, compared to Mold powder B, with a faster
growth rate of the crystal layer thickness.

Therefore, the overall heat transfer to the lower
carbon heater was likely reduced due to scattering
of radiation from the upper carbon heater and/or
interfacial gaps between the lower carbon heater
and crystals in the slag film caused by the thicker
crystal layer.
4) Effectiveness of the developed test method

In the heat removal evaluation test of mold powder
using the ultra-high speed heating test system, the
sample can be in a condition similar to actual casting
with a continuous temperature decrease in the slag
film, as shown in Fig. 8. This is possible because the
carbon heater temperature that contacts the slag
film can change at a constant speed. Mold powder
A, which has a higher crystallization temperature
and forms a dense crystalline layer, demonstrated
lower heat removal than Mold powder B. This
result aligns with the relationship in the heat index
estimated from heat transfer data from actual casting
and the crystallization temperature suggested in a
previous report? (Table 1). However, since actual
casting conditions differ in some respects, such
as the mold being water-cooled, there is room for
improvement in the method to achieve high accuracy
in representing the heat removal behavior of actual
casting. Consequently, it can only be applied for
comparative judgment in heat transfer between
samples. Nonetheless, it is possible to conveniently
measure changes in the heat removal characteristics
of the slag film, making this approach highly effective
for comparative evaluation of mold powder.
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