
ADVANCED REAL TIME OPTICAL IMAGING

High-Temperature Properties of Mold Flux Observed
and Measured In Situ by Single/Double Hot-Thermocouple
Technique

WANLIN WANG ,1 PEISHENG LYU,1 LEJUN ZHOU,1,2 HUAN LI,1

and TONGSHENG ZHANG1

1.—School of Metallurgy and Environment, Central South University, Changsha 410083, Hunan,
China. 2.—e-mail: l.j.zhou@hotmail.com

Mold flux plays very important roles in the continuous casting process, and its
high-temperature properties affect the quality of the final as-cast product
greatly. Investigations on the melting, isothermal and nonisothermal crys-
tallization, and phase evolution behaviors under a simulated temperature
field for the mold flux system using the single/double hot-thermocouple tech-
nique (S/DHTT) were reviewed. Meanwhile, further in situ observations on
the wetting behavior and heat transfer ability of the mold flux system were
also carried out using the S/DHTT. The results summarized here provide a
clear understanding of both the high-temperature properties of mold flux and
the detailed application of advanced real-time visual high-temperature S/
DHTT to this molten slag system.

INTRODUCTION

Continuous casting is one of the most important
innovations in the steel industry due to its high
yield, high product quality, energy savings, less
pollution, lower cost, as well as better working
conditions. In 2017, over 96% of crude steel was cast
by continuous caster worldwide.1 As an important
slag, mold flux plays very important roles in the
continuous casting process. It protects steel from
oxidation, insulates it from freezing, and absorbs
inclusions, when floating on top of liquid steel;
whereas it lubricates the shell and moderates the
heat transfer in the mold, when it infiltrates into
the mold/shell channel. Therefore, the quality of the
final cast product is greatly determined by the high-
temperature properties of mold flux. Improper
properties may lead to defects in the bloom, slab
or billet, such as severe oscillation marks,2–5

cracks,6–8 inclusions and slag entrapment,9–12

improper solidification structure distribution,13–15

and even breakout.16,17

However, the actual situation in the mold cannot
be observed directly due to its opacity, as well as the
high in-mold temperature, transient fluid flow,
complicated phase transitions and chemical reac-
tions, etc.18,19 To investigate the high-temperature

properties of mold flux, many kinds of methods and
techniques have been utilized. The high-tempera-
ture microscopy technique20–22 and single hot-ther-
mocouple technique23–25 are usually applied to
investigate the melting behavior of mold flux.
Differential thermal analysis (DTA),26–29 the sin-
gle/double hot-thermocouple technique (S/
DHTT),30–34 and confocal scanning laser microscopy
(CSLM)35–37 are often utilized to study its crystal-
lization behavior. The infrared emitter technique
(IET),25,38–41 copper finger heat flux simulator,42,43

Fourier-transform infrared (FTIR) spectrome-
try,44–47 etc. are used to characterize the heat
transfer performance of mold flux. Meanwhile,
x-ray photography48,49 and the sessile drop
method50–52 are good ways to observe its surface/
interface behaviors. Moreover, high-temperature
viscometry53–55 is usually applied to study the
rheological properties of mold flux.

The concept of SHTT was first presented by
Ordway et al.56 and Welch et al.57 in the 1950s,
with the potential to determine the melting point of
slags, glass devitrification, growth of single crystals
for x-ray structure determination, and delineation
of phase equilibria. It has been widely used in the
fields of slag, glass, and ceramic technology.58–62 In
1997, the SHTT was first applied to investigate the
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crystallization behavior of a continuous casting
mold flux by Kashiwaya et al.63 Also, based on the
SHTT, they further developed the DHTT by dou-
bling the ‘‘U-shaped’’ B-type thermocouple and its
associated controlling system.64 Nowadays, both the
SHTT and DHTT have become routine approaches
for investigating the high-temperature properties of
mold flux. Figure 1 shows a schematic of the S/
DHTT apparatus. Details about the S/DHTT have
been described in previous papers.64–66

MELTING BEHAVIOR

The melting behavior of mold flux determines the
thickness of the liquid slag layer at the top of the
molten steel in the mold, which further affects the
performance of the mold flux during the initial
solidification of the molten steel.67–69 The high-
temperature microscopy technique has been used to
obtain the temperature of the softening point,
hemisphere point, and fluidity point of the mold
flux, but its heating rate is greatly limited due to the
output power of the heating furnace.20–22 The
heating rate also has a significant impact on the
melting temperature range of mold flux, which
usually increases at higher heating rate.70 As the
temperature of mold flux can reach 1273 K (1000�C)
in a few seconds after being added to the continuous
casting mold, high-temperature microscopy cannot
properly reflect the real scenario of the melting
behavior of the mold flux in the mold. However, the
SHTT can achieve high heating and cooling rates
due to its unique configuration, in which the heating
rate can be varied from 0 K/s to 30 K/s.64,65 Figure 2
shows the melting behavior of a mold flux as
observed and measured by the SHTT.71

The principle of measuring the melting tempera-
ture range of mold flux using the SHTT is to utilize
the temperature deviation between the curves for
the preset heating rate and the temperature
response data measured in real time during the

mold flux melting process, as shown in Fig. 2a. This
deviation results from the endothermic reaction of
the melting process. Besides, continuous in situ
observation by charge-coupled device (CCD) camera
of the mold flux variation from powders to sintering,
initial melting, and final melting is also shown in

Fig. 1. Single/double hot-thermocouple technique: (a) schematic of apparatus and (b) SHTT and DHTT models.

Fig. 2. Melting behavior of mold flux observed and measured using
the SHTT:71 (a) temperature history and (b) typical stages during
melting process.
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Fig. 2b, which enables the initial and complete
melting temperature of the mold flux under the
preset heat rate to be obtained accurately. The
initial and complete melting temperatures for the
sampled mold flux in Fig. 2 are 1329 K (1056�C) and
1448 K (1175�C), respectively.

ISOTHERMAL CRYSTALLIZATION
TRANSFORMATION

The crystallization ability of mold flux directly
affects the dynamic phase transition and distribu-
tion of the mold flux film in the mold–shell gap, in
turn influencing the heat transfer and lubrication
performance of the mold flux. The reason is that the
heat transfer capability and rheological properties
of glassy, liquid, and crystalline mold flux are very
different.72,73 The isothermal crystallization trans-
formation of mold flux can be studied by holding the
sample at constant temperature for a certain time
until the whole sample is fully crystallized. DTA is
not suitable for such analysis of the isothermal
crystallization transformation of mold flux due to its
low heating/cooling rate, which cannot simulate the
real scenario in the mold. However, both the S/
DHTT and CSLM can achieve heating and cooling
rates above 30 K/s, which can reduce errors intro-
duced by precipitation of crystals during the heating
or cooling process. Besides, exothermic peaks mea-
sured in DTA are used to characterize the crystal-
lization process, whereas the S/DHTT and CSLM
can observe crystal formation in situ from the
molten or glassy mold flux through the development
of opaque crystals. Figure 3a shows snapshots of the
isothermal crystallization process of a mold flux at
temperature of 1273 K (1000�C) using the SHTT.
The crystalline fraction (nontransparent part, X) in
the sample increases with holding time.

Temperature–time transformation (TTT) dia-
grams of isothermal crystallization transformation
can be constructed based on the crystalline fraction
of mold flux at different times and holding temper-
atures obtained by SHTT measurements. Figure 3b
shows such a TTT diagram for a mold flux with
basicity of 1.2,65 illustrating that the mold flux
remains liquid when the temperature is higher than
1673 K (1400�C), whereas it is almost fully crystal-
lized when the time is above the curve correspond-
ing to 95% crystalline fraction. Between these, its
state is a mixture of coexisting liquid and crystal.
Also, it can be seen that the shape of the two curves
is of ‘‘double C’’ type, indicating that different
crystals precipitate in high- and low-temperature
zones. The precipitated crystalline phase can be
identified by x-ray diffraction (XRD) analysis, as
shown in Fig. 3c, where calcium silicate (CaOÆSiO2)
precipitated in the high-temperature zone but cus-
pidine (Ca4Si2O7F2) in the low-temperature zone.
Besides, based on the measured crystalline fraction
versus time at different holding temperatures,
kinetic studies of the isothermal crystallization

can be conducted using models such as that of
Johnson–Mehl–Avrami (JMA), etc., and the mech-
anism of nucleation and growth of crystals in the
mold flux can also be explored.65,74,75

NONISOTHERMAL CRYSTALLIZATION
TRANSFORMATION

The isothermal crystallization behavior can be
used to characterize the crystallization ability of
mold flux; however, mold flux in the casting mold
also experiences nonisothermal process after infil-
trating into the gap between the mold and the
initial shell. Such nonisothermal crystallization
transformation of mold flux can also be investigated
using the SHTT by controlling the heating or
cooling rate. Figure 4 shows an investigation of
nonisothermal crystallization using the SHTT. Fig-
ure 4a shows snapshots of typical stages during the
continuous cooling process,65,76 where crystals pre-
cipitate continuously as the slag sample is cooled.
Figure 4b shows the continuous cooling transfor-
mation (CCT) diagram of the mold flux with basicity
of 1.2, which can be constructed by measuring the
variation of the crystalline fraction with time for
different cooling rates.

Two important parameters reflecting the crystal-
lization behavior of the mold flux in the continuous
cooling crystallization process can be obtained from
such a CCT diagram, viz. the initial crystallization
temperature (TIC) and the critical cooling rate (CCr).
When the temperature is higher than the initial
crystallization temperature, the mold flux remains
liquid. Meanwhile, if the actual cooling rate is
higher than the critical value, the molten mold flux
will transform into glassy phase. The initial crys-
tallization temperature of the mold flux at different
cooling rates is shown in Fig. 4c. Generally, the
initial crystallization temperature of mold flux
decreases with increase of the cooling rate. This
effect is due to the increase of the viscosity of the
molten slag on increase of the cooling rate, requiring
a greater driving force to initiate crystallization; In
other words, greater undercooling is needed. Fur-
thermore, the kinetics of nonisothermal crystalliza-
tion transformation can also be analyzed based on
the relationship between crystalline fraction, time,
and cooling rate, using the developed nonisothermal
kinetic models.76–79 Moreover, the mechanism of
nucleation and growth of crystals during such
nonisothermal processes can be obtained based on
the nonisothermal models mentioned above, provid-
ing fundamental guidance for controlling the size
and morphology of precipitated crystals by adjust-
ing kinetic factors.

PHASE EVOLUTION UNDER A SIMULATED
TEMPERATURE FIELD

In a continuous casting mold, a huge temperature
gradient exists in the 2-mm-wide gap between the
hot solidified shell and water-cooled mold wall. Most
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traditional methods and techniques cannot create
such temperature fields, but the double hot-ther-
mocouple technique (DHTT) has been successfully
developed to simulate such temperature

distributions, by separately controlling the temper-
atures of two thermocouples, with one being high
and the other low. The key point when utilizing the
DHTT to simulate such a temperature field is to

Fig. 3. Investigation of isothermal crystallization process of mold flux using the SHTT:65 (a) snapshots, (b) TTT diagram, and (c) precipitate
crystalline phase.

Fig. 4. Investigation of nonisothermal crystallization process of mold flux using the SHTT:65,76 (a) snapshots, (b) CCT diagram, and (c) initial
crystallization temperature at different cooling rates.
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determine the exact temperatures to which the two
thermocouples should be set and the distance them.
Figure 5 shows the temperature controlling process
and snapshots of typical stages of phase evolution
under the simulated temperature field as measured
using the DHTT.80,81

In Fig. 5, the hot thermocouple (CH-1) is used to
simulate the solidified shell surface and is set at
1773 K (1500�C) according to previous reports.82,83

The cold thermocouple (CH-2) is used to simulate
the solid slag film surface close to the mold wall; the
temperature of the cold thermocouple, TINT, can be
estimated using Eq. 1,73,84

TINT ¼ THM � qT �RINT ð1Þ

where THM is the temperature of the hot-side mold
wall, qT is the heat flux across the mold flux, and
RINT is the interfacial thermal resistance. The
values for qT, THM, and RINT are obtained from
previous studies.44,80,81,85–89 Consequently, the tem-
perature of CH-2 (TINT) is determined to be 1073 K
(800�C). Besides, the distance between the two
thermocouples is set as 2 mm.72,83

The results shown in Fig. 5 can be used to observe
and study the phase evolution in situ during the
period when the liquid mold flux infiltrates into the
shell–mold gap in the vicinity of the meniscus.
Based on this approach, the evolution and distribu-
tion of liquid, crystalline, and glassy layers of mold
flux in the gap can be obtained intuitively by
controlling the temperatures of the two thermocou-
ples properly.

WETTING BEHAVIOR

Continuous casting is a complex process involving
multiple coexisting phases and transformations,
including liquids (molten steel and slag), solids
(mold wall, nozzle, shell, mold flux powders, inclu-
sions, etc.), and gases (argon, CO/CO2, O2, N2, H2,
etc.). These complex phases undergo complex chem-
ical and physical interactions in the mold under
transient and high-temperature conditions. There-
fore, the surface and interfacial properties of the
mold flux have a significant impact on the contin-
uous casting process, affecting surface waves on the
top of the mold,90,91 entrapment of inclusions,92 slag

Fig. 5. Phase evolution of mold flux under simulated temperature field using the DHTT:80,81 (a) temperature controlling process and (b) typical
stages of phase evolution.
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emulsion,93,94 and bubbles,95 as well as nozzle
clogging in the mold,96 etc. X-ray photography and
the sessile drop method are the two major methods
applied to investigate the surface and interfacial
properties of mold flux. Among these, x-ray photog-
raphy can be used to observe and study the inter-
facial properties between two liquid phases by
transmission photography using x-rays, whereas
the sessile drop method is suited to analyze the
interfacial properties between a liquid and solid by
measuring the contact angle.

The SHTT can also be utilized to study the
surface and interfacial properties of mold flux by
observing the wetting behavior of molten mold flux
on platinum–rhodium wire (B-type thermocouple)
and measuring the contact angle. Figure 6 shows a
typical result for a mold flux droplet on the surface
of a B-type thermocouple, showing a contact angle of
39� in this case. Therefore, the influence of compo-

sition, temperature, and atmosphere on the surface
and interfacial properties of mold flux can also be
investigated based on this method.

HEAT TRANSFER

The heat transfer from the molten steel pool to
the mold wall directly determines the initial solid-
ification of the molten steel, since the fundamental
function of the continuous casting process is to
release its latent and super heat. Improper heat
transfer performance of mold flux can result in
additional thermal stress on the solidified shell,
introducing slab surface defects.97 The infrared
emitter technique (IET) and copper finger heat flux
simulator utilize embedded thermocouples to mea-
sure the response temperatures inside the water-
cooled copper mold or the inlet/outlet cooling water
temperatures to calculate the heat flux across the
mold flux film. Meanwhile, the FTIR spectrometry
method characterizes the heat transfer ability by
measuring the reflectivity (Ra) and transmissivity
(Ta) of samples. The principle of using the DHTT to
study the heat transfer behavior of mold flux is
similar to the laser-pulse technique. During the test
process, the slag is mounted between the two
thermocouples and kept at a certain temperature,
then a temperature pulse, e.g., 200 K, is applied
from one thermocouple, while the response temper-
ature is recorded by the other. This response can
then be used to evaluate the heat transfer ability of
the tested slag sample.

Figure 7 shows an example of two mold flux
samples being evaluated by the DHTT.98 It can be
seen from Fig. 7 that the response temperatures for
Flux2 are higher than those for Flux1, indicating

Fig. 6. Wetting behavior of mold flux droplet on platinum–rhodium
wire.

Fig. 7. Heat transfer ability of mold flux evaluated using the DHTT:98 (a) temperature pulse and (b) response temperatures when the temperature
pulse is imposed.
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that the Flux2 film exhibits better thermal transfer
ability, leading to the higher response temperature
than Flux1.

CONCLUSIONS

The single/double hot-thermocouple techniques
(S/DHTT) have become routine methods for inves-
tigating the high-temperature properties of mold
flux. In this paper, extensive research works related
to the S/DHTT have been summarized; the following
main conclusions can be drawn:

1. The initial and complete melting temperatures
of mold flux can be obtained using the SHTT by
combing the temperature deviation between the
preset heating rate and that measured in real
time with in situ observations of the variation of
the appearance of the real sample.

2. The SHTT can achieve high heating and cooling
rates, which is necessary to effectively simulate
the real scenario in the mold and facilitates
investigation of isothermal and nonisothermal
crystallization processes of mold flux. Isother-
mal and nonisothermal crystallization transfor-
mation can be well studied by constructing TTT
and CCT diagrams, as well as further kinetic
analysis.

3. The huge temperature gradient in the gap
between the hot solidified shell and water-cooled
mold wall can be simulated using the DHTT, by
separately controlling the temperatures of two
thermocouples, with one being high and one low.
This approach enables the evolution and distri-
bution of liquid, crystalline, and glassy layers of
mold flux film in the gap to be investigated
intuitively.

4. The SHTT can also be utilized to study the
surface and interfacial properties of mold flux by
observing the wetting behavior of molten mold
flux on platinum–rhodium wire (B-type thermo-
couple) and measuring the contact angle. More-
over, the heat transfer ability of mold flux can be
evaluated using the DHTT by applying a tem-
perature pulse from one thermocouple and
recording the response temperature using the
other.
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