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The crystallization characteristics of CaF2-CaO-Al2O3 slags with varying amounts of SiO2 were
experimentally studied. The effects of slag crystallization behaviors on the horizontal heat
transfer and lubrication performance in drawing-ingot-type electroslag remelting (ESR) were
also evaluated in terms of as-cast ingots surface quality and drawing-ingot operation. The
results show that increasing SiO2 addition from 0 to 6.8 mass pct strongly suppresses the
crystallization of ESR type CaF2-CaO-Al2O3 slags. The crystallization temperature of the
studied slags decreases with the increase in SiO2 addition. The liquidus temperatures of the slags
also show a decreasing trend with increasing SiO2 content. In CaF2-CaO-Al2O3-(SiO2) slags,
faceted 11CaOÆ7Al2O3ÆCaF2 crystals precipitate first during continuous cooling of the slag
melts, followed by the formation of CaF2 at lower temperatures. 11CaOÆ7Al2O3ÆCaF2 was
confirmed to be the dominant crystalline phase in the studied slags. CaF2-CaO-Al2O3 slags with
a small amount of SiO2 addition are favorable for providing sound lubrication and horizontal
heat transfer in mold for drawing-ingot-type ESR, which consequently bring the improvement
in the surface quality of ESR ingot and drawing-ingot operating practice as demonstrated by
plant trials.
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I. INTRODUCTION

SLAG plays an important role in electroslag remelt-
ing (ESR) process. The functions of the slag in ESR
process are mainly to (I) generate Joule heat for melting
electrode, (II) refine liquid metal such as absorption of
non-metallic inclusions, desulfurization, etc., (III) pro-
vide lubrication at copper mold/solidifying steel shell
interface, (IV) serve as an insulation medium between
mold and solidifying steel shell, and (V) control hori-
zontal heat transfer between solidifying steel shell and
mold. The inappropriate horizontal heat transfer
through slag film and/or poor lubrication performance
of slag generally results in unreliable operating practice
during drawing-ingot-type ESR and surface defects on
as-cast ingot. Horizontal heat transfer and lubrication
performance of slag are strongly dependent on the
crystallization characteristics of the slag.[1–6] Therefore,

it is required that ESR type slags possess proper
crystallization properties to meet the requirements for
heat transfer control and lubrication performance in
drawing-ingot-type ESR process.
ESR slags generally are CaF2-CaO-Al2O3-based sys-

tem with minor additions of MgO, TiO2, and/or SiO2 to
tailor the slag for the specific remelting requirements.
The conventional slags used for electroslag remelting of
superalloy are required to avoid the presence of SiO2 in
order to prevent the reaction between SiO2 and strong
oxidizing alloying elements such as Al and Ti. It is very
difficult and costly to even keep extremely low SiO2

content in ESR slags during practical slag manufactur-
ing process due to the impurity in raw materials. For
electroslag remelting of most steels, however, SiO2 is a
permissible constituent in the ESR slags.[7] In fact, it is
suggested that a certain amount of SiO2 addition into
ESR type slags can meet several requirements of
drawing-ingot-type electroslag remelting of steel for a
given input power, such as improving lubrication
performance, controlling silicon and aluminum contents
in liquid steel, and modifying oxide inclusions type.
Many studies have been conducted to investigate the

crystallization behaviors of conventional CaO-SiO2-
CaF2-based slag system typically used for continuous
casting mold fluxes.[8–15] The conventional such mold
fluxes contain 70 mass pct (CaO+SiO2), 2 to 6 mass pct
Al2O3, 2 to 10 mass pct Na2O(+K2O), 0 to 10 mass pct
F with varying addition of MgO, TiO2, B2O3, Li2O, etc.,
and basicity (mass pct CaO/mass pct SiO2) of the fluxes
ranges from 0.7 to 1.3.[4] In view of the significant
difference in the slag chemistry, the crystallization
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behaviors of ESR type CaF2-CaO-Al2O3-(SiO2) slags
should be different from those of the mold fluxes.
However, limited studies have been conducted to reveal
the crystallization behaviors of CaF2-containing slags
with high Al2O3/SiO2 ratios.

[14,16,17] Ryu et al.[14] studied
the effect of Al2O3 addition on the crystallization of
CaO-SiO2-CaF2 slag system, and found that the crys-
talline phase changed from 3CaOÆ2SiO2ÆCaF2 to
2CaOÆSiO2ÆAl2O3 as SiO2 in the slag was substituted
by Al2O3. Wang et al.[16] reported that the precipitation
of CaF2 took place first in CaO-Al2O3-based slag
system, followed by NaCaAlSi2O7, and later by Al2O3

during solidification of the slag. Zhang et al.[17] reported
that Al2O3 played a key role in stabilizing CaF2 and
consequently CaF2 precipitated during the cooling of
slag melts when the mass ratio of Al2O3/SiO2 was above
0.84. Nevertheless, no experimental studies have been
conducted for the crystallization characteristics of CaF2-
CaO-Al2O3 slags with less than 10 mass pct of SiO2.
Furthermore, the thermochemical data for these slags
are, to the best of the authors’ knowledge, extremely
scarce in literatures. Therefore, it is highly needed to
ascertain the crystallization behaviors of CaF2-CaO-
Al2O3 slags with a small amount of SiO2 addition for
drawing-ingot-type ESR.

To achieve stable drawing-ingot operating practice and
good surface quality of as-cast ingot, the effect of SiO2 on
the crystallization characteristics of ESR type CaF2-CaO-
Al2O3 slag was investigated by differential scanning
calorimetry (DSC).Thecontinuouscooling transformation
(CCT)diagramsof crystallinephaseswere constructed.The
crystallinephases in the solidified slagswere identifiedbyX-
ray diffraction (XRD), and the microstructure and crystal
compositions were determined by scanning electronmicro-
scope (SEM) equipped with energy dispersive X-ray
spectroscopy (EDS). Furthermore, the effects of crystal-
lization characteristics of CaF2-CaO-Al2O3-(SiO2) slags on
their in-mold behaviors during drawing-ingot-type ESR
were discussed based on plant trials.

II. EXPERIMENTAL

A. Sample Preparation

Slag samples were prepared with reagent-grade pow-
ders of CaCO3 (‡99.0 mass pct), SiO2 (‡99.99 mass pct),
CaF2 (‡99 mass pct), and Al2O3 (‡99.99 mass pct).
CaCO3 powders were calcined at 1323 K (1050 �C) for
12 hours in a muffle furnace to produce CaO. It was
confirmed from XRD identification, as shown in
Figure 1, that the decomposition reaction of CaCO3

powders had completed thoroughly and the calcined
products were CaO. A conventional ESR slag with an
approximate composition of 31 mass pct CaF2, 32 mass
pct CaO, 33 mass pct Al2O3, and minor contents of
other oxides, which is one of the widely used commercial
slags for ESR operating in static mode, was selected as
reference slag system in the current study. In the current
study, the mass ratios of CaF2/CaO/Al2O3 were fixed at
1.0:1.0:1.0 in preparing CaF2-CaO-Al2O3-SiO2 slags.
The SiO2 content in the slags ranges from 0 to 9 mass

pct. The thoroughly mixed powders were melted at
1773 K (1500 �C) for 5 minutes in a graphite crucible to
ensure complete melt and homogenization, and subse-
quently the liquid sample was quenched on a water-
cooled copper plate. The quenched slag was then
crushed and ground. The pre-melted slags were sub-
jected to chemical analysis. The ion-selective electrode
method was employed to determine fluorine content in
the slag samples. The contents of calcium and aluminum
in the slag were analyzed by inductively coupled plasma-
atomic emission spectroscopy (ICP-AES). The gravi-
metric method was used to determine silica content in
slag samples. The chemical compositions of the studied
slag before and after pre-melting are listed in Table I.
The chemical composition of pre-melted slag was used
in describing the results of the current study.

B. Experimental Procedure

1. DSC measurement
Differential scanning calorimetry (DSC; Netzsch STA

449F3; Netzsch Instrument Inc., Germany) measure-
ments were performed in Ar gas atmosphere (Ar gas
flow rate at 60 mL/min) to investigate the crystallization
characteristics of the slags. For each DSC measurement,
approximately 40 mg of sample powders was heated at a
constant heating rate of 25 K/min from room temper-
ature up to 1663 K (1390 �C) in a platinum crucible with
a diameter of 5 mm and a height of 5 mm, and held at
this temperature for 3 minutes to eliminate bubbles and
homogenize its chemical composition. Subsequently, the
liquid sample was cooled at a constant cooling rate to
the temperature below 473 K (200 �C). Four DSC
measurements, continuous cooling rates of 5 K/min,
10 K/min, 15 K/min, and 20 K/min were performed for
each slag sample, respectively. The DSC signal was
recorded automatically during both heating and cooling
cycles. The loss of slag sample was also recorded using
thermal gravimetry (TG) during the DSC measurement.
The weight loss was about 2.0 to 2.5 mass pct that
occurred in DSC thermal history.

2. SEM-EDS and XRD analysis
After DSC measurements, the slag samples were

mounted with epoxy resin and polished. Then, a thin
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Fig. 1—XRD pattern of the calcined products of CaCO3 powders.
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platinum film was coated onto the cross section of the
polished sample to enhance the sample electric conduc-
tivity. The crystalline phases and crystal compositions of
slag samples after DSC measurements were determined
by SEM (FEI Quanta-250; FEI Corporation, Hillsboro,
OR) equipped with EDS (XFlash 5030; Bruker, Ger-
many).

To identify the crystalline phase corresponding to
exothermic peak on DSC curves, a series of continuous
cooling followed by quenching experiments were carried
out to prepare slag sample for XRD analysis. Approx-
imately 5 g of slag sample was melted in a graphite
crucible at 1773 K (1500 �C) for 5 minutes, followed by
a continuous cooling of liquid slag at a cooling rate of
10 K/min to the temperature below the crystallization
end temperature corresponding to the second exother-
mic peak on DSC curve with the cooling rate of 10 K/
min. Once reaching the desired temperature, the slag
sample was quenched and the crystalline phases in the
quenched samples were analyzed by XRD with Cu-Ka

radiation.

III. RESULTS AND DISCUSSION

A. Crystalline Phase Formation

Figure 2 shows the DSC curves of slag samples at
four different cooling rates, i.e., 5 K/min, 10 K/min,
15 K/min, and 20 K/min, respectively. As shown in
Figure 2, there are two exothermic peaks on DSC curves
for each slag sample, indicating the occurrence of two
successive crystallization events during continuous cool-
ing process. The only exception was slag D at cooling
rate of 20 K/min which showed a single exothermic
peak. This result suggests that the crystallization of the
first and second crystalline phases occurs in a narrow
sequential process, or only single crystalline phase
formation takes place from slag melt D at the cooling
rate of 20 K/min. The crystallization event in slag D at
the DSC cooling rate of 20 K/min will be further
demonstrated from SEM-EDS analysis of the crystalline
phases in the solidified slag in Section III–C. The
exothermic peaks on DSC curves were designated as
P1 and P2, respectively, according to the crystalline
phase formation order in continuous cooling process.
The DSC results show that the exothermic peaks on
DSC curves shift toward lower temperatures with
increasing the cooling rate.

XRD analysis was conducted to identify the crys-
talline phases in the quenched slag samples correspond-
ing to the exothermic peaks on DSC curves shown in
Figure 2. The XRD analysis results are presented in
Figure 3. Two crystalline phases were identified in each
slag sample by XRD, i.e., 11CaOÆ7Al2O3ÆCaF2 and
CaF2. According to the phase diagram of the CaO-
Al2O3-CaF2 system by Nafziger,[18] the slag A should be
crystallized first as 11CaOÆ7Al2O3ÆCaF2, and then CaF2

can be formed. This crystallization sequence would not
be changed with the addition of a small amount of SiO2.
That is, it is believed that the first exothermic peak
(higher temperature) and the second exothermic peak on
DSC curves for slags A to D correspond to the
crystallization of 11CaOÆ7Al2O3ÆCaF2 and CaF2, respec-
tively.

B. Crystallization Temperatures and Crystallization
Ability of ESR Slags

The crystallization temperature of slag melt corre-
sponds to the temperature at which the crystallization
just begins in non-isothermal crystallization process.
The determination of the crystallization temperature of
crystalline phases from DSC curves has been illustrated
in detail elsewhere.[19] The crystallization temperature
combined with the time–temperature profiles recorded
in DSC measurement were used to construct CCT
diagrams of crystalline phases in the slags for the
cooling rates of 5 K/min, 10 K/min, 15 K/min, and
20 K/min to reveal the crystallization tendency of the
slags, as shown in Figure 4. It is observed that the
crystallization temperatures of the crystalline phases in
each slag sample decrease with the increase in contin-
uous cooling rates in DSC measurements. This is
attributed to the decrease in the available time for
nucleation to proceed from slag melt as the continuous
cooling rate increases. Crystallization consists of both
nucleation and crystal growth processes which are
strongly dependent on temperature. The nucleation and
crystal growth rate as a function of temperature are
schematically presented in the previous study.[20]

Nucleation can be partially or totally suppressed when
slag is cooled from melt at a higher cooling rate. When
a slag sample is cooled from melt at a higher cooling
rate, more available time is required for initiating
nucleation from the melt. Consequently, the crystal-
lization temperature of slag melt correspondingly
decreases with increasing the continuous cooling rate.

Table I. Chemical Compositions of the Studied Slag Before and After Pre-Melting (mass pct)

Sample No.

Before Pre-melting After Pre-melting

CaF2 CaO Al2O3 SiO2 CaF2 CaO Al2O3 SiO2

A 33.3 33.3 33.3 0.0 29.1 38.4 32.5 0.0
B 32.3 32.3 32.3 3.0 29.4 36.5 31.3 2.8
C 31.3 31.3 31.3 6.0 27.5 36.2 30.3 6.0
D 30.3 30.3 30.3 9.0 28.5 35.4 29.3 6.8
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The results obtained here are consistent with the
findings for mold fluxes reported by the present
authors.[19,21]

Figure 5 shows the CCT diagrams of the first and
second crystalline phases precipitated from the slags
containing different amounts of SiO2, respectively. The
crystallization temperatures of the first crystalline
phases 11CaOÆ7Al2O3ÆCaF2 are observed to decrease
with increasing SiO2 contents in the slag, as shown in
Figure 5(a). This may imply that SiO2 reduces the
activity of CaO in the slag to retard the crystallization of
11CaOÆ7Al2O3ÆCaF2. This result is also in accordance
with the findings that the crystallization temperatures of
CaO-SiO2-CaF2-based mold fluxes decrease with the

decrease in the mold flux basicity (mass pct CaO/mass
pct SiO2).

[9,21,22] It is clear from Figure 5(b) that the
crystallization temperature of the second crystalline
phase CaF2 in the SiO2-free slag is much higher than
those in the SiO2-containing slags. For CaF2-CaO-
Al2O3-SiO2 slags, it appears that increasing SiO2 addi-
tion from 2.8 to 6.8 mass pct has no noticeable effect on
the crystallization temperature of the second crystalline
phase formed in these slags, as shown in Figure 5(b).
The decrease in the crystallization temperature of ESR
slags is correlated to the polymerization of the slag
structure by SiO2 addition. The further discussion will
be presented from the view point of the polymerization
of the slag structure.
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Fig. 2—DSC curves of non-isothermal crystallization of slag melts at various cooling rates: (a) slag A, (b) slag B, (c) slag C, (d) slag D.
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The undercooling of slag melt crystallization can be
employed to evaluate the crystallization ability of the
slag. In order to reveal the degree of the undercooling,
it is essential to know the equilibrium liquidus
temperature of each slag. The calculated liquidus
temperature of each slag is listed in Table II. In the
calculation, the crystallization temperature of slag for
the cooling rate 0 K/min was extrapolated from the
primary crystallization temperatures obtained at dif-
ferent DSC cooling rates, and this crystallization
temperature at 0 K/min is considered as liquidus. It
can be seen that the liquidus temperatures of CaF2-
CaO-Al2O3 slags decrease with increasing SiO2 addi-
tion from 0 to 6.8 mass pct. The undercooling was
calculated by subtracting the crystallization starting
temperature of the slag at various cooling rates from
its liquidus temperature. Figure 6 shows the under-
cooling of slag melt crystallization. It is noted that the

undercooling of slag melt crystallization increases with
increasing SiO2 addition in CaF2-CaO-Al2O3 slags,
except for a few cases for slag C. It indicates that the
crystallization ability of the CaF2-CaO-Al2O3 slags
decreases with increasing SiO2 contents. This agrees
well with the previous observations for CaO-SiO2-
CaF2-based mold fluxes.[22] For the same slag sample,
increasing the continuous cooling rate induces the
increase in the undercooling for slag melt crystalliza-
tion. This trend suggests that the increase in contin-
uous cooling rate suppresses the crystallization of the
slag melt.
The depolymerization degree of slag can be expressed

in terms of the ratio of the number of non-bridging
oxygen to tetrahedrally-coordinated atom. As a measure
of depolymerization of slag melt, non-bridging oxygen
per tetrahedrally-coordinated atom NBO/T can be
calculated using the following equation[4]
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Fig. 3—XRD patterns of the slag quenched from the temperatures below the crystallization end temperatures corresponding to the cooling rate
of 10 K/min: (a) slag A, (b) slag B, (c) slag C, (d) slag D.
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where x is the mole fraction of the component in slag.
The calculated values of NBO/T for slag A, slag B, slag
C, and slag D are 2.32, 2.19, 2.02, and 2.07, respec-
tively. It suggests that increasing SiO2 addition in the
slag with similar mass ratios of other components
lowers the depolymerization degree of slag structures,
which consequently makes the structural units of slag
melts more complex, resulting in the increase in the
diffusion resistance of slag components and energy
barrier for crystallization. This can demonstrate the
trends that the crystallization tendency of CaF2-CaO-
Al2O3 slags decrease with increasing SiO2 addition in
the slag.

C. SEM-EDS Observation of Crystals and Their
Morphologies

The morphologies of crystals and their compositions in
the solidified slag melts after DSC measurements were
determined by SEM-EDS. Combining SEM-EDS with
XRD results, the crystalline phases could be identified.
Figures 7(a) through (d) show the SEM back-scattered
electron (BSE) images of slag after DSC measurements at
continuous cooling rate of 10 K/min. SEM-EDS analysis
revealed that the slag samples with the same chemical
compositions contained the identical types of crystals even
using four different DSC continuous cooling rates, except

NBO=T ¼
2xCaO þ 2xBaO þ 2xCaF2

þ 2xNa2O � 2xAl2O3
þ 6xFe2O3

þ 2xMgO þ 2xMnO

� �

xSiO2
þ 2xAl2O3

þ xTiO2
þ 2xB2O3

þ xMgO þ xMnO

� � ; ½1�
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Fig. 4—CCT diagrams of slag melts: (a) slag A, (b) slag B, (c) slag C, (d) slag D.
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slag D with the constant cooling rate of 20 K/min.
Therefore, only the SEM images of the slag samples with
theDSCcooling rate of 10 K/minarepresented inFigure 7.

A comparison of EDSandXRDresults revealed that the
dominant crystalline phase in ESR type CaF2-CaO-Al2O3

slagswithdifferent SiO2 content ranging from0 mass pct to

6.8 mass pct was 11CaOÆ7Al2O3ÆCaF2 (designated as P1 in
Figure 7). The morphology of 11CaOÆ7Al2O3ÆCaF2 crys-
tals is faceted, and some of these faceted crystals are cube-
like as shown in Figure 7. In addition, many CaF2 crystals
were detected in each solidified slag sample (designated as
P2 in Figure 7). The morphology of CaF2 crystals is near-
spherical, while faceted CaF2 crystals were occasionally
detected in each slag sample. No appreciable difference in
the size of 11CaOÆ7Al2O3ÆCaF2 and CaF2 crystals can be
observed, as shown inFigure 7. Itwas found that increasing
SiO2 content did not change the morphologies of the
crystals in these slags. The elementmappings of the crystals
in slag C shown in Figure 8 present the evidence of
11CaOÆ7Al2O3ÆCaF2 to be dominant crystalline phase, and
the existence of CaF2 crystals in the slag.
Figures 9(a) and (b) show the BSE images of slag D

after DSC measurement at cooling rate of 20 K/min.
The crystals were identified as CaF2. Unlike the phase
formation in slag D that was continuously cooled at
5 K/min, 10 K/min, and 15 K/min, no crystalline phase
11CaOÆ7Al2O3ÆCaF2 was observed in crystallized slag D
cooled at 20 K/min. This was the reason that only a
single exothermic peak representing CaF2 formation
was detected on DSC curve with the cooling rate of
20 K/min, as shown in Figure 2(d). It is concluded that
the critical cooling rate for 11CaOÆ7Al2O3ÆCaF2 forma-
tion in slag D is between 15 K/min and 20 K/min. The
precipitation of 11CaOÆ7Al2O3ÆCaF2 in CaF2-CaO-
Al2O3 slags was inhibited with increasing SiO2 content
up to 6.8 mass pct.

D. Evaluation of the In-Mold Performance
of CaF2-CaO-Al2O3-(SiO2) Slags During
Drawing-Ingot-Type ESR

Unlike conventional ESR operating in a static mode,
solidifying ingot is continuously drawn from the bottom
of the mold during drawing-ingot-type ESR refining
process, which closely resembles continuous casting
process. For drawing-ingot-type ESR, slag is required
to meet the demands in providing adequate lubrication
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Fig. 5—CCT diagrams of crystalline phase formation in slag melts: (a) first crystalline phase 11CaOÆ7Al2O3ÆCaF2, (b) second crystalline phase
CaF2.

Table II. Liquidus Temperature of Slag and Calculated
Values of NBO/T for Each Slag

Sample No. Liquidus Temperature* [K (�C)] NBO/T

A 1576 (1303) 2.32
B 1558 (1285) 2.19
C 1524 (1251) 2.02
D 1474 (1201) 2.07

*The liquidus temperature is the temperature obtained by extrap-
olating the crystallization temperatures of slag at cooling rates of 5 K/
min, 10 K/min, 15 K/min, and 20 K/min to the value corresponding to
the cooling rate of 0 K/min.
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Fig. 6—Undercooling of slag melts crystallization at various cooling
rates.
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Fig. 7—BSE images of solidified slag cooled at 10 K/min: (a) slag A, (b) slag B, (c) slag C, and (d) slag D.

Fig. 8—Element mappings of crystals in solidified slag C after DSC measurement.
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and controlling appropriate horizontal heat transfer
across slag film in mold during refining process. Liquid
slag gradually infiltrates into the channel between
solidifying steel shell and copper mold forming a slag
film during the ESR process. The slag film consists of a
solid layer and a liquid layer next to steel shell. It is this
slag film that plays a key role in controlling horizontal
heat transfer in the mold and providing lubrication for
drawing-ingot-type ESR, which will prevent the solid-
ifying steel shell from adhering to the mold and provide
good surface quality of as-cast ingot.

The solidification of liquid steel takes place against
the slag film in mold in the ESR process. The friction
between solidifying steel shell and slag film increases
when using the slag with higher crystallization tem-
perature for drawing-ingot-type ESR, which usually
brings about the increase in the frequency of adher-
ence occurrence of slag to the solidifying steel shell.
With the increase in the crystallization temperature of
slag, the thickness and hardness of solid slag film will
increase. Under this condition, lubrication in the mold
becomes poor, and initially solidified steel shell could
be deformed during drawing-ingot-type ESR.

Moreover, the heat flux across the slag film decreases
with the increase in the slag crystallization temperature,
which gives rise to the increase in the surface temper-
ature of steel shell and decrease in steel shell thickness.
The mechanism of slag crystallization in reducing heat
flux across slag film has been clarified in detail else-
where.[23] Consequently, the strength of initially solid-
ifying steel shell sharply decreases. This is unfavorable
for the progress of initial solidification of molten steel in
the mold near meniscus. As a consequence of insufficient
lubrication and heat transfer induced by higher crystal-
lization temperature of slag, defects arise near the
meniscus and remain at the surface of the as-cast ESR
ingots, such as streak marks, slag runner, and enclosed
slag defect on ingot surface.

It has been ascertained in Section III–B that the
increase of SiO2 addition will cause the decrease in the
slag crystallization temperature. The lower crystalliza-

tion temperature of slag is favorable for keeping
adequate lubrication and horizontal heat flux in mold.
It is considered that the present CaF2-CaO-Al2O3 slag
containing a small amount of SiO2 can provide sound
lubrication and heat transfer for drawing-ingot-type
ESR, which brings the improvement in surface quality
of as-cast ESR ingots. This has been confirmed by the
observations of the surface appearance of H13 die steel
ESR ingots (600 mm in diameter, 6 m in length), as
shown in Figures 10 and 11.
Figures 10(a) and (b) present the photograph of as-

cast ESR ingot produced by drawing-ingot-type protec-
tive gas ESR using the slag of 31 mass pct CaF2-32 mass
pct CaO-33 mass pct Al2O3 (close to slag A). It is clear
from Figure 10 that there are many longitudinal streak
marks across the ESR ingots surface produced with slag
A, and many of these streak marks contain enclosed
slag. The depth of these streak marks ranges between 3
and 6 mm (occasionally up to 10 mm). For the plant
trials using slag A, it is frequently unstable in the in situ
operation to draw the ingot from the mold during
drawing-ingot-type ESR of H13 die steel. This is mainly
attributed to the insufficient lubrication and heat trans-
fer in the mold near meniscus provided by slag A during
drawing-ingot-type ESR. Even though it was successful
to draw the ingot from the bottom of the mold during
ongoing ESR process, extensive surface grinding before
subsequent forging processing was required to remove
the streak marks and entrained macro-scale slag inclu-
sions, which causes production yield losses and addi-
tional time-consuming grinding operation. Otherwise,
the large streak marks and macro-scale slag inclusions
enclosed in streak marks will serve as cracking initiation
sites during forging of ESR ingots, which has been
demonstrated in practical forging processing. The sili-
con content in as-cast ESR ingots was determined by the
inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES). It was found that the silicon
content decreased from 1.02 mass pct in the consumable
electrode to the average value of 0.80 mass pct in as-cast
ingots after drawing-ingot-type ESR using slag A.

Fig. 9—BSE images of slag D after DSC measurement with a constant cooling rate of 20 K/min.
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Under the condition of the identical input power,
virtually all streak marks on the ESR ingots surface
have been eliminated when using slag C in ESR trials, as
shown in Figure 11. The in situ drawing-ingot operation
during protective gas ESR process was achieved suc-
cessfully from plant trials using slag C. It suggests that
slag C could provide adequate lubrication and heat flux
in mold during drawing-ingot-type ESR. The plant trials
showed that the silicon content remains relatively
constant in H13 die steel before and after drawing-
ingot-type protective gas ESR with CaF2-CaO-Al2O3-

SiO2 slags. The silicon content in the as-cast ingots
remelting with slag C is 1.02 mass pct.
The findings in the current work are expected to

provide guiding basis for the design of slags for drawing-
ingot-type ESRof steels, which are sensitive to the surface
quality of ingot, oxide inclusion types, and/or variation in
silicon and aluminum contents in steel. Considering the
fact that the modification of oxide inclusions types can be
achieved when using SiO2-containing slags during ESR
revealed by other researchers,[7,24] ongoing work regard-
ing the effect of SiO2-containing ESR slags on the oxide

Fig. 11—Photograph of ESR ingots surface after drawing-ingot-type ESR trials using slag C. (Diameter: 600 mm, Length: 6 m).

Fig. 10—Photograph of ESR ingots surface after drawing-ingot-type ESR trials using slag A. (Diameter: 600 mm, Length: 6 m).
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inclusions inH13 die steel refined through drawing-ingot-
type ESR is under progress.

IV. CONCLUSIONS

The crystallization behaviors of CaF2-CaO-Al2O3-
(SiO2) slags were studied by DSC, XRD, and SEM-
EDS. The effects of crystallization characteristics of
CaF2-CaO-Al2O3-(SiO2) slags on their in-mold behav-
iors during drawing-ingot-type ESR were examined
based on plant trials. The conclusions are summarized
as follows:

(1) The crystallization temperature and liquidus tem-
perature of the slag decrease with increasing SiO2

content from 0 to 6.8 mass pct in CaF2-CaO-Al2O3-
SiO2 slags. The crystallization temperatures of the
second crystalline phases formed in slag melts crys-
tallization are not significantly affected by SiO2

addition ranging from 2.8 to 6.8 mass pct.
(2) Increasing SiO2 addition strongly suppresses the

crystallization of ESR type CaF2-CaO-Al2O3 slags,
resulting from the decrease in the depolymerization
degree of slag structures, which would bring an
improvement in lubrication and horizontal heat
transfer in mold.

(3) In CaF2-CaO-Al2O3 slags containing varying SiO2

contents, the first crystalline phase precipitated
during continuous cooling of the slag melts is
11CaOÆ7Al2O3ÆCaF2, followed by CaF2 as the sec-
ond crystalline phase. The dominant crystalline
phase in CaF2-CaO-Al2O3-(SiO2) slags is confirmed
to be 11CaOÆ7Al2O3ÆCaF2, which is faceted in
morphology. The morphology of CaF2 crystals is
near-spherical, except for a few CaF2 crystals with
faceted shape.

(4) The CaF2-CaO-Al2O3 slags with a small amount of
SiO2 addition are favorable for providing sound
lubrication and horizontal heat transfer in mold
during drawing-ingot-type protective gas ESR as
indicated by the improvement in as-cast ingot sur-
face quality and stable drawing-ingot operation, as
well as for preventing the loss of silicon in steel from
ESR plant trials.
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