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The crystallization processes of mold fluxes for casting low-carbon (LC) and medium-carbon
(MC) steels were investigated by using double hot thermocouple technology (DHTT) in this
article. The results showed that the glass phase was first formed at the cold side thermocouple
(CH-2), when the LC mold flux (mold flux for casting low-carbon steel) was exposed to the
temperature gradient of 1773 K (1500 �C) to 1073 K (800 �C); then, the fine crystals were
precipitated at the liquid/glass interface and grew toward glass and later on to liquid phase.
However, the crystals were directly formed at CH-2 when MC flux (mold flux for casting
medium-carbon steel) was under the same thermal gradient. The growth rate of MC flux crystals
was much faster than that of LC ones. Scanning electron microscope (SEM) and X-ray energy
dispersive spectroscopy (EDS) analyses suggested that the crystals formed in LC mold flux were
mainly dendritic cuspidine Ca4Si2O7F2, and the crystals formed from the liquid phase were
larger than those from the glass. For MC mold flux, the earlier precipitated crystals were large
dendritic Ca4Si2O7F2, whereas the later ones were composed of equiaxed Ca2Al2SiO7 crystals.
The results of DHTT measurements were consistent with the time-temperature-transformation
(TTT) diagrams and X-ray diffraction (XRD) analysis.
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I. INTRODUCTION

MOLD flux is widely used in modern continuous
casting of steel, and its main function can be divided
into two categories: (1) protecting the steel from
oxidation, insulating the steel from freezing and absorb-
ing inclusions, when it floats on the top of liquid steel,
and (2) lubricating the shell and moderating the heat
transfer in the mold, when it infiltrates into the mold/
shell channel. The crystallization of mold flux is
regarded as one of the most important properties of
mold flux, as it primarily controls the heat transfer and
influences the lubrication of steel in continuous cast-
ing.[1,2] However, the actual situation in the mold cannot
be observed directly because of the high temperature,
transient fluid flow, complicated phase transition, chem-
ical reaction etc. Thus, many kinds of technology were
developed to study the crystallization behavior of mold
flux. Through using the exothermic or endothermic
property of the crystallization process, differential ther-
mal analysis was adopted to investigate the crystalliza-
tion behavior of mold flux.[3,4] Unfortunately, the low
heating and cooling rate limited its application. The
single hot thermocouple technology (SHTT) and double
hot thermocouple technology (DHTT) were first devel-
oped by Kashiwaya et al.[5] for the in situ observation of

mold flux crystallization, and these processes were
favored by many other researchers[6–9] because of the
visual as well as high heating and cooling rates.
However, they were mainly used to construct the
temperature-time-transformation (TT) and CCT dia-
grams of mold slag. A confocal scanning laser micro-
scope was also used to study in situ the crystallization
behavior of mold flux,[10,11] but it cannot obtain the
desired temperature gradient that occurred in the mold.
Furthermore, some other technologies were also tried to
study the crystallization behavior of mold flux under
conditions close to real mold, such as water-cooled
probe technique,[12,13] infrared radiation emitter tech-
nique,[14] etc. However, they still have their own
limitations.
In this article, the DHTT was used for the in situ

observation of the crystallization processes of a typical
low-carbon (LC) and medium-carbon (MC) mold fluxes
under the simulated thermal conditions in the mold. One
thermocouple was controlled at the temperature of
1773 K (1500 �C) to simulate the thermal condition of
initial shell; the other thermocouple was set as 1073 K
(800 �C), simulating the temperature of the solid mold
flux layer next to the hot face of the copper mold wall.
The distance between the two thermocouples was set as
2 mm, which corresponded to the width of mold/shell
gap. The article provides a better understanding of the
mold flux crystallization behavior in the real continuous
casting mold, such as why the slag layer close to the
mold wall was usually found to be glass when casting
LC steels, while crystalline layer was formed in the solid
slag when casting MC steels; and whether there was a
difference between the crystals formed from glass and
liquid.
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II. EXPERIMENTAL

A. Materials

The compositions of the premelted mold fluxes for
casting an industrial low- and medium-carbon steel were
shown in Table I. They were prepared by melting
regent-grade CaO, SiO2, Al2O3, CaF, Na2O, and Li2O
in an induction furnace at 1773 K (1500 �C) for
5 minutes to homogenize its chemical composition.
After that, it was poured onto a cool steel plate to
quench, and then it was subjected to crushing and
grinding to make sample powders for the DHTT and
SHTT measurements.

B. Apparatus and Method

The mold fluxes crystallization experiments were
conducted using DHTT, and the TTT diagrams were
constructed by using SHTT. The details of DHTT/
SHTT apparatus have been described by Kashiwaya,[5]

as shown in Figure 1.
Figure 2(a) was an illustration of double hot thermo-

couple technology, where a slag sample was mounted in
between two B type thermocouples (CH-1 and CH-2),
and a desired temperature gradient between the two
thermocouples can be achieved through controlling the
temperature of each thermocouple separately. Mean-
while, the images of mold flux crystallization were
recorded by a charge-coupled device through the con-
nected microscope for the observation and analysis.
Because of the advantage of achieving a desired tem-
perature gradient, the DHTT could be used to simulate
the thermal conditions in the mold.

Figure 2(b) showed the schematic illustration of the
SHTT, where the slag sample was mounted on one
thermocouple and heated directly, while its temperature
was recorded simultaneously.

For the DHTT experiments, the distance between the
two thermocouples was set as 2 mm, according to
previous reports.[15,16] The hot thermocouple (CH-1)
was set as 1773 K (1500 �C) to simulate the shell surface
temperature,[6,16] whereas the cold thermocouple (CH-2)
was to simulate the solid mold flux interface temperature
TINT, which was between the solid mold flux and hot
mold wall. Because of the solidification of liquid steel
and mold flux, the air gap usually occurred between the
hot side mold wall and mold flux; therefore, the TINT

was calculated through Eq. [1],[17,18] where the THM

stands for the temperature of hot side of mold wall, qT
means the heat flux across the mold flux, and RINT is the
interfacial thermal resistance. The values for qT, THM,
and RINT for the calculation were referred from previous
studies and are listed in Table II. Consequently, the

CH-2 (TINT) was decided to be 1073 K (800 �C). The
conditions for DHTT tests were shown in Figure 2.

TINT ¼ THM þ qT � RINT ½1�

When doing the DHTT experiments, the mold flux
sample was first mounted on one of the two thermo-
couples; then, it was melted at 1773 K (1500 �C) with a
rate of 15 �C/s. After eliminating bubbles and homog-
enizing its chemical composition for 180 seconds, the
mold flux was stretched to 2 mm by the two thermo-
couples. Then, the temperature of CH-2 was quenched

Table I. Chemical Compositions of the Mold Fluxes after Premelting (in Mass Pct)

CaO SiO2 Al2O3 MgO F Na2O Li2O CaO/SiO2 Melting Point

LC 33.79 41.54 7.06 2.03 5.89 9.20 0.49 0.81 1390 K (1117 �C)
MC 43.51 32.86 12.08 2.02 3.92 5.11 0.50 1.32 1518 K (1245 �C)

Fig. 2—The schematic of (a) double and (b) single hot thermocou-
ples.[5]

Fig. 1—The schematic of experimental apparatus.[5]
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directly to 1073 K (800 �C) to achieve the desired
thermal gradient for the crystallization.

After DHTT experiments, the samples were then
taken away and prepared for scanning electron micro-
scope (SEM) and X-ray energy dispersive spectroscopy
(EDS) analysis. To enhance the mold fluxes electric
conductivity, the surfaces of samples were deposited
with a thin layer of gold.

The TTT diagram construction was carried out in the
following way: The sample powders were first heated in a
single B type thermocouple at 1773 K (1500 �C) with the
rate of 15 �C/s; and then, it was held for 180 seconds to
eliminate bubbles and homogenize its chemical compo-
sition. After that, it was rapidly cooled down to different
temperatures for isothermal crystallization (Figure 3(a))
when constructing the TTT diagrams of mold fluxes
crystallization from liquid to crystal. Otherwise, it could
also be quenched to the ambient temperature to form a
glass phase; then, the glassy sample was heated to
different temperatures for isothermal crystallization
when constructing the TTT diagrams of mold flux
crystallization from glass to crystal (Figure 3(b)).

To identify the phase composition of crystal mold
flux, the X-ray diffraction was used. The X-ray diffrac-
tion (XRD) data were collected by using Cu Ka
radiation (1.54184 Å), in a range of 2h = 10 to 80 deg
with a step size of 2 deg/s.

III. RESULTS AND DISCUSSION

A. Evolution Process of LC and MC Mold Fluxes
Crystallization under Simulated Thermal Conditions

The temperatures history for the DHTT experiment
of LC mold flux was shown in Figure 4, and eight

typical images standing for each stage were shown in
Figure 5. The whole crystallization process lasted for
approximately 495 seconds.
Figure 5(a) shows the state of mold flux was at

position I (277 seconds) in Figure 4, where both ther-
mocouples were at 1773 K (1500 �C). The mold flux was
liquid and transparent as the temperature was above the
melting point of the LC mold flux. Figure 5(b) was
corresponding to the moment that the temperature of
CH-2 was just reached 1073K (800 �C), at position II
(332 seconds) in Figure 4, where the CH-2 thermocou-
ple was darker. No crystal had precipitated, and the
glassy phase was initially formed in the mold flux close
to CH-2 because of the high cooling rate (30 �C/s),
whereas the CH-1 side was still kept as liquid. When it
stepped to position III in Figure 4, some very fine
crystals (opaque area) were precipitated at the liquid/glass

Table II. Heat Flux, Mold Hot Face Temperature and Interfacial Resistance

Researchers
Ramirez-Lopez

et al.[19,20] Thomas and Coworkers[21,22] Cho et al.[23,24] This Study

qT/MW/m2 1.5 to 4.5 1 to 3 1 to 2 1.2
THM/K (�C) ffi473 (200) 473 (200) to 623 (350) 473 (200)
RINT/(10

�4m2K)/W 0.5 to 8 0 to 15 4 to 15 5

Fig. 3—Temperature controlling profile for TTT measurements: (a) crystallization from liquid and (b) crystallization from solid glassy phase.

Fig. 4—Temperature history of DHTT for LC mold flux.
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interface and grew toward the glassy side (CH-2) as
shown in Figure 5(c). When time went to 421 seconds, at
position IV in Figure 4, some dendritic crystals were
formed in the middle of liquid mold flux and grew
toward CH-1 as shown in Figure 5(d). Figures 5(e)

through (h) were the period of the crystallization
development, corresponding to V-VIII in Figure 4,
where the crystals were growing from the middle toward
both sides of the thermocouples. In general, the crystals
formed from the glassy phase toward CH-2 were finer

Fig. 5—Evolution process of LC mold flux crystallization.
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than those precipitated from liquid toward CH-1.
Figure 5(h) was the moment that the structure of the
whole mold flux stepped into a relative steady state.
Apparently, there were still some transparent areas close
to both CH-1 and CH-2, which stands for the liquid and
glass layer of mold flux.

The variation of crystalline fraction of LC mold flux vs
time was shown in Figure 6. The red dashed line was the
moment that the temperature of CH-2 just reached to
1073K (800 �C) to simulate the moment that the liquid
mold flux was infiltrated into shell/mold channel in the
continuous casting mold. In two stages, the slope (the
crystallization rate) was obviously greater than others.
The first stage was from 365 seconds to 385 seconds, and
the second stage was from 436 seconds to 510 seconds in
Figure 6. The rapid increase of crystallization rate in the
first stage was mainly caused by the initial crystallization
from the glassy phase; the second stagewasmainly caused
by the later crystallization from the interface toward
liquid and solid (Figures 5(e) and (f)), which may be
because of the temperature distribution across the mold
flux. As the temperature of CH-1 is 1773 K (1500 �C) and
the temperature of CH-2 is 1073K (800 �C), there will be a
continuous temperature distribution between CH-1 and
CH-2, which indicates that the closer to the CH-1, the
higher temperature the liquid mold flux will be; inversely,
the close to the CH-2, the lower temperature of the glassy
mold flux will be. For liquidmold flux, lower temperature
is equivalent to higher undercooling, so the liquid mold
flux at the liquid/solid interface with lower temperature
will crystallize first, and then grows toward the CH-1. For
glassymold flux, a higher temperature is favorable for the
transfer of ion clusters, so the glassy mold fluxes at the
interface with a higher temperature will crystallize first,
then toward CH-2.

Understanding of the mold flux crystallization in the
mold is important, which gives a clear image of the mold
flux thermodynamic behavior from the beginning when
it is infiltrated into shell/mold channel to the moment it
passes through meniscus and down to the bottom of the
mold. At the bottom, the glass phase is initially formed
close to the mold wall, then the crystals are developed at
the liquid/glass interface and grow toward both liquid
and glassy phases. Finally, the mold flux is kept a
relatively steady state, i.e., a liquid layer close to the
shell, a glassy layer close to the mold, and the crystals
developed in between them. It reflects the transient
dynamic nature of the mold flux behavior that occurred
in the mold, which in turn would affect the heat transfer
and lubrication in the mold.

The temperature profile of the DHTT experiment for
MC mold flux and some typical images corresponding
to the crystallization process were also shown in
Figures 7 and 8. It could be observed from Figure 7
that the whole crystallization process was lasted for
approximately 49 seconds, which was much shorter than
that of LC mold flux.

The crystallization process of MC mold flux could
also be divided into several stages. Figure 8(a) was the
moment that both thermocouples were at 1773 K
(1500 �C), and the whole flux was kept as liquid, which
was corresponding to the time of 264 seconds in

Figure 7. Unlike LC mold flux, the dendritic crystals
were directly formed at the CH-2 side during the initial
cooling of CH-2 as shown in Figure 8(b) corresponding
to the position ii (283 seconds) in Figure 7. It suggested
that the liquid MC mold flux was crystallized directly,
and no glass phase formed during the cooling.
Figures 8(c) through (h) represented the development
of mold flux crystallization as shown from position iii to
viii in Figure 7. It could be found that the crystalline
layer mainly grew from the low temperature CH-2 to
high temperature CH-1 at beginning. Later on, some
crystals precipitated from the hot side (CH-1) and grew
toward the middle (Figures 8(f) and (g)), which was
described in detail in the SEM and EDS analysis.
Meanwhile, Figure 8(f) showed crystals was breaking
apart and moving toward the hot thermocouple. Nor-
mally, Marangoni flows developed from hot to cold
because of the gradients in surface tension. In this
experiment, the movement was internal, which sug-
gested there was a strong surface flow from the hot
thermocouple to the slag because of the surface tension
gradients, as well as a return flow (for continuity) that
accounted for the movement of the solid crystals from

Fig. 6—The variation of crystalline fraction of LC mold flux vs time.

Fig. 7—Temperature history of DHTT for MC mold flux.
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the colder areas to the hotter areas. Those phenomena
were also observed by Cramb and colleagues.[6,23–25]

Figure 8(h) and position viii in Figure 7 was the
moment that the crystallization was completed.

Figure 9 was the variation of crystalline fraction of
MC mold flux vs time. The time that the mold flux

started to crystallize was approximately 280 seconds.
There was only one stage in the Figure 9 as all crystals
were formed from the liquid phase. The basic trend of
the curve in Figure 9 was that the crystalline fraction
was increased slowly at the beginning; then, it jumped in
the middle and turned down at the end.

Fig. 8—Evolution process of MC mold flux crystallization.
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B. SEM Analysis of the Crystal Morphologies Under
Simulated Thermal Conditions

The LC and MC mold fluxes were stripped from
thermocouples for SEM and EDS analysis after DHTT
experiments. Figure 10 was the result of SEM and EDS
analysis of LC mold flux. Figure 10(a) was the general
view of the mold flux, where the lower left side
corresponds to the side of CH-2 (cool side) and the
top right corner was the side of CH-1 (hot side) as
shown in Figure 5. Four different phases appeared in
the mold flux; they were glass 1 (originated from the
rapid cooling of CH-2), crystal 1 (crystallized from glass
in Figure 5(c)), crystal 2 (crystallized from liquid in
Figure 5(d)), and glass 2 (formed from the remaining
liquid when the experiment was stopped).

Figures 10(b) and (c) were the SEM photos and EDS
results of crystal 1 and crystal 2, respectively. Compared
with the SEM photos of crystal 1 with crystal 2, it is
suggested that the morphologies of crystals formed from
glass and liquid phase were different. Although both
crystals were dendrites, apparently, the crystals formed
from liquid were larger than those from glass. The
results of EDS showed that the main elements of crystal
1 and crystal 2 were same as Ca, Si, O, and F, except the
Au contamination of crystal 2. Their weight percentage
were listed in tables in Figures 10(b) and (c). Au was
found in crystal 2 as it was originated from the electric
conductivity enhancing process as indicated in the
experimental section. Both crystals were further ana-
lyzed through XRD in the next section.

The results of SEM and EDS analysis for MC mold
flux were shown in Figure 11. Figure 11(a) was the
general view of the MC mold flux after DHTT mea-
surement, and there were only two kinds of crystals
appearing in the flux. Figures 11(b) and (c) were the
crystal morphologies and EDS results of the initial
(from cold side) and later (from hot side) precipitated
crystals during the crystallization of MC mold flux. The
lower left quarter in Figure 11(a) was representing CH-2
side, whereas the top right corner was CH-1 side.

It could be found from Figure 11(b) that the earlier
precipitated crystals (crystal 3) were large dendrites.
And, the main elements of crystal 3 were Ca, Si, O, and
F as listed in the table of Figure 11(b). However, Ca, Si,
Al, and O were mainly appearing in the equiaxed crystal
4 as shown in Figure 11(c).

C. TTT Diagram Construction of LC and MC Mold
Flux Crystallization

The TTT diagrams of LC mold flux crystallization
from liquid and glassy phases were constructed as
shown in Figures 12 and 13 separately. In the experi-
ments, the 5 vol pct of crystallization was defined as the
beginning of crystallization, and the 95 vol pct of
crystallization was defined as the end of crystallization.
It could be found from Figure 12 that the TTT curves of
LC mold flux from liquid to crystal was single nose. The
nose temperature was approximately 1273 K (1000 �C)
and the incubation time of nasal tip (the position has
the shortest incubation time) was approximately
227 seconds.
However, the isothermal crystallization trend from

glass to crystal was changed because of the different
nucleation and growth mechanism. The incubation time
of nasal tip was reduced to 65 seconds at the temper-
ature of 1273 K (1000 �C).
The TTT diagrams of LC mold flux crystallization

both from liquid and glass phases could be used to
explain the evolution process of LC mold flux crystal-
lization as illustrated in Figure 5. As shown in
Figure 12(a), the red cooling line with a rate of 30 �C/s
does not intersect with the 5 pct of crystallization curve;
thus, the glassy phase would be formed when CH-2 was
cooled to 1073 K (800 �C) as occurred in Figure 5(b). It
is consistent with the industry continuous casting of LC
steels, where the glassy mold flux layer was always found
on the side of the copper mold wall, which is a benefit to
lubricating the mold and shell and enhancing the heat
transfer in the mold.[26–28]

The TTT diagrams could also be used to explain why
the crystal particles were first precipitated at the
interface of glass/liquid and grew toward the glassy
phase first, then precipitated in liquid as shown in
Figures 5(c) and (d). According to the combination of
the 5 pct of crystallization TTT diagrams in
Figure 14(a), the incubation time of LC mold flux
crystallization from glass was much shorter, especially
around the nose temperature (1223 K to 1323 K [950 �C
to 1050 �C]) than that of from liquid; in addition, the
liquid/glass interface temperature was estimated at
approximately 1273 K (1000 �C), nose temperature,
according to the temperature gradient between the two
thermocouples. Therefore, the crystallization was first
initiated in the solid glass around the interface and grew
toward to the glass.
The crystals formed from liquid and glass phases were

further identified by X-ray diffraction (Figures 12(b)
and 13(b)). Only cuspidine (Ca4Si2O7F2) was found in
those samples. This result confirmed the results of EDS
analysis in Figure 10 that both crystal 1 and crystal 2
were Ca4Si2O7F2.

Fig. 9—The variation of crystalline fraction of MC mold flux vs
time.
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(a)  

Element Ca Si O F 

Wt% 57.29 22.22 14.7 5.16 

(b) 

Element Ca Si O F Au 

Wt% 52.21 22.70 8.46 4.40 12.23 

(c) 

Crystal 1 

Crystal 2 

Fig. 10—SEM and EDS of LC mold flux: (a) general view, (b) crystal 1, and (c) crystal 2.
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(a) 

Element Ca Si O F Al Au 

Wt% 47.42 19.4 10.26 4.79 2.01 16.12 

(b) 

Element Ca Si O Al Mg Na Au 

Wt% 49.37 15.63 7.72 14.63 2.96 1.57 8.12 

(c) 

Fig. 11—SEM and EDS of MC mold flux: (a) general view, (b) crystal 3, and (c) crystal 4.
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Figure 15 gives the TTT diagrams of MC mold flux
crystallization from liquid phase and two typical crystal
XRD results. The TTT curve of MC mold flux

crystallization from liquid was double noses, which
was different from the LC mold flux. The nasal tips were
1473 K (1200 �C) and 1623 K (1350 �C). It could be
known that the MC mold flux was much easier to get
crystallized. So the whole DHTT simulation experiment
of MC mold flux was shorter than LC mold flux. The
cooling rate of 30 �C/s red line intersects with the 5 pct
of crystallization curve in Figure 15 (a), which explains
why the liquid MC mold flux transformed directly into
crystalline phase during the cooling process of the CH-2
in the DHTT experiment as shown in Figure 8(b). In
fact, the rapid crystallization of mold flux at meniscus
region can result in a moderate cooling of solidified shell
in continuous casting of MC steels.[29,30]

X-ray diffraction analysis showed that the crystal
phases of MC mold flux at lower temperature zone were
cuspidine (Ca4Si2O7F2), but gehlenite (Ca2Al2SiO7)
precipitated at higher temperature zone in Figure 15,
where Ca4Si2O7F2 was still found in the crystalline
phase as an intermediate zone linking the two phases of
high and low temperature.[7,31] These were consistent
with the EDS results of Figures 11(b) and (c), where the

Fig. 12—TTT diagram of LC mold flux from liquid to crystal: (a) TTT diagram and (b) XRD of crystal at 1273 K (1000 �C).

Fig. 13—TTT diagram of LC mold flux crystallization from glassy to crystal: (a) TTT diagram and (b) XRD of crystal at 1223 K (950 �C).

Fig. 14—The combined 5 pct of crystallization TTT diagrams of LC
mold flux from glassy and liquid phases.
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cuspidine was mainly formed in the low-temperature
zone (crystal 3) and the gehlenite was precipitated in the
high-temperature zone (crystal 4).

IV. CONCLUSIONS

The crystallization processes of LC and MC mold
fluxes under the thermal conditions in continuous
casting mold were in situ observed and investigated by
using DHTT. The main conclusions were summarized as
follows:

1. In the process of LC mold flux crystallization, the
glass phase was first formed when the CH-2 was
cooled to 1073 K (800 �C) with a cooling rate of
30 �C/s. Then, the fine crystal particles were precip-
itated at the liquid/glass interface and grew toward
the glass. The dendritic crystals were later formed in
the middle of the liquid mold flux and grew toward
the hot side. The SEM and EDS resulted showed that
both crystals formed from glass or liquid phase were
dendrites and mainly Ca4Si2O7F2, but the size of
crystals from liquid were larger than those from
glass.

2. However, during the process of MC mold flux crys-
tallization, the crystals were formed directly at the
area close to CH-2 thermocouple, when the CH-2
temperature was dropped to 1073 K (800 �C) with a
cooling rate of 30 �C/s. Then crystals began to pre-
cipitate in side with the hot liquid and grow to the
middle. The growth velocity of MC flux crystals was
faster than that of LC flux. The SEM and EDS
results showed that the previously precipitated crystals
were large dendrites, whereas the later ones were
mainly equiaxed. The main composition of the earlier
crystals was Ca4Si2O7F2, and Ca2Al2SiO7 was formed
laterally in the hot side.

3. The results obtained from DHTT experiments could
be explained and supported by TTT diagrams of LC
and MC mold fluxes. Both DHTT simulations and
TTT diagrams could provide a powerful tool for the

understanding of mold flux crystallization behavior
in real continuous-casting mold.
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