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An investigation was carried out to study the influences of basicity and Li2O on the melting,
crystallization, and heat transfer behavior of Fluorine-free mold flux designed for the casting of
medium carbon steels using double hot thermocouple technology and infrared emitter
technique. The results showed that with the addition of basicity, the melting and
crystallization temperatures of the mold fluxes were increased, and the final heat transfer rate
was reduced, as the basicity tends to promote the crystallization behavior of the designed mold
fluxes. Besides, with the increase of Li2O content in the mold flux, the melting and crystallization
temperature decreased, as the Li2O tends to inhibit the formation of high melting temperature
crystal and lower the system melting temperature zone; meanwhile the crystallization capability
of the mold flux was enhanced in the low-temperature region. Moreover, the results of EDS and
XRD were confirmed that the main crystal phase in the Fluorine-free mold fluxes is calcium
borate silicate (Ca11Si4B2O22). Those results obtained can provide guidelines for the design of
new Fluorine-free mold flux for the casting medium carbon steels.
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I. INTRODUCTION

IT is well known that mold fluxes play important
roles in continuous casting, such as protecting the molten
steel from oxidation, absorbing inclusions, providing the
thermal insulation, lubricating the strand, and controlling
the heat transfer between the mold and steel shell.[1]

Generally the commercial mold fluxes contain 5 to 10 pct
CaF2 which tends to control the viscosity and melting
temperature of the mold flux,[2,3] as the fluoride can
reduce the polymerization of the silicate network and the
viscosity of silicate slag.[4]

Although fluorides play important roles in the mold
flux system, i.e., reducing viscosity and break temperature
to improve lubrication ability and forming cuspidine
(Ca4Si2O7F2) to control the heat flux in the mold;[5]

however, it would be evaporated and released to the
environment in the form of HF, SiF4, NaF, etc., during
the process of casting. Thus, these fluorideswill lead to the
corrosion of equipment, serious environmental pollution,
etc.[6,7] Therefore the development of new environmental
friendly F-free mold fluxes is of great importance.

As it is well known, longitudinal cracks may form on
the slab surface when casting medium carbon (MC)
steels, which is mainly caused by the volumetric

shrinkage during d-c phase transformation. Therefore,
the heat transfer across the mold flux during the casting
of MC steels must be reduced and keep uniform to
minimize the thermal stress induced by the volumetric
shrinkage. Consequently, the crystallization of the mold
flux is very important, and the main challenge of
developing F-free mold flux for casting medium carbon
steels is to obtain a suitable crystalline phase to replace
cuspidine, such that the heat transfer could be effectively
controlled to solve above longitudinal cracks.
Nakada et al.[3,7,8] studied the crystallizationbehaviors of

CaO-SiO2-TiO2 slag system and their results suggested that
the precipitateCaOÆSiO2ÆTiO2 in theF-freemold flux could
be a substitute for cuspidine. However, Wang et al. found
that the formation of the high melting point compounds
suchasTiNandTi(C,N) in the liquid slagduring the casting
process may cause the increase of viscosity, break temper-
ature, Tbr and crystallization temperature, which leads to a
lack of lubrication and the tendency of sticker breakout.[9]

In other words, TiO2 may not be an ideal substitute for
fluoride in the F-free mold fluxes.
Recent studies of Wang[10] indicated that Ca11Si4

B2O22 precipitated in the low fluorine mold fluxes shows
an ideal potential for the substitution of cuspidine. But
the crystallization property of the designed F-free mold
flux is not strong enough compared with the benchmark
flux sample. Previous studies[11,12] suggested that the
crystallization of mold flux could be enhanced by the
addition of certain amount of Li2O and the improve-
ment of basicity (R), which is usually defined as the mass
ratio of CaO to SiO2.

[13]

However, very few studies about the effects of Li2O
and basicity on the heat transfer, melting, and crystal-
lization properties of fluorine-free mold flux have been
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conducted for the casting of MC steels due to the
difficulty of the controlling of the crystallization and
heat transfer behavior without the formation of cuspi-
dine. Also the influence of Li2O and basicity on those
properties of F-free mold fluxes has not been thoroughly
understood. Therefore, it is essential to conduct above
study systematically for the better design of F-free mold
flux system for the casting of MC steels.

II. EXPERIMENTAL APPARATUS
AND METHOD

A. Sample Preparation

The major chemical composition of the testing sam-
ples are listed in Table I, where Sample 1 (S1) is a typical
industrial F-containing mold flux for the casting of MC
steels as the benchmark slag,[10] while Samples 2, 3, and
4 (S2, S3, S4) are the designed F-free mold fluxes with
varied basicity (R) of 1.15, 1.2, and 1.25 and a constant
concentration of Li2O. Samples 2, 5, and 6 (S2, S5, S6)
that with a constant basicity of 1.15 are varied with Li2O
content of 2, 4, and 6 pct, respectively. All of these
samples are prepared with pure chemical reagents of
CaCO3, SiO2, CaF2, B2O3, Al2O3, and Li2CO3 etc.

The preparation for the mold flux disks and powders
are as follows: first, all the chemical reagents were fully
mechanically mixed, and then they were pre-melted at
1773 K (1500 �C) in a graphite crucible for 10 minutes
to homogenize its chemical composition. The melting
slag was then quenched from its molten state onto a
stainless steel plate at room temperature to achieve a
glass phase disk. Then the mold flux disk was polished
with the sand papers to control its surface roughness
and thickness (4.4 mm). In addition, some excess
melting slag was quenched by water, then dried, and
grounded into powders for double hot thermocouple
technology (DHTT) and melting tests.

B. Hot Thermocouple (HTT) Tests

The illustration of hot thermocouple experimental
setup is shown in Figure 1; detailed information has
been illustrated in the previous study.[14] In this paper,
single hot thermocouple technique (SHTT) was used to
conduct the melting and continuous cooling test (CCT),
as well as the time–temperature transformation (TTT)
tests. The double hot thermocouple technique (DHTT)
was adopted to study the mold flux crystallization
behavior under the simulated temperature field between
the copper mold and initial solidified shell.[1]

For the melting and CCT tests, the thermal profile is
shown in Figure 2(a), where the sample powders were
adhered on a B-type thermocouple and then heated
from room temperature to 1773 K (1500 �C) at a rate of
15 K/second. Simultaneously, the melting temperature
could be obtained during the heating period. Then the
molten sample was continuously cooled at a certain
cooling rate after it was held for 5 minutes at 1773 K
(1500 �C) to homogenize its chemical composition and
eliminate bubbles in the molten slag.[10] For TTT tests,
in Figure 2(b), it is the same as CCT tests in the heating
and holding period, then the molten sample was
quenched to different target temperatures for isothermal
crystallization. Unlike CCT tests, the thermal profile for
crystallization simulation tests (DHTT tests) was set in a
certain temperature field as shown in Figure 2(c). Firstly
the two B-type thermocouples were heated from room
temperature to 1773 K and 1673 K (1500 �C and
1400 �C) respectively at a rate of 15 K/second. Then
the left thermocouple (CH-1) was held at 1773 K
(1500 �C) constantly, and the right thermocouple
(CH-2) was first held at 1673 K (1400 �C) for 1 minute
and then cooled to 1073 K (800 �C) at the cooling rate
of 30 K/second. Then the final mold flux film structure
will be developed in this temperature gradient to
simulate the one occurred in the caster as suggested by
Lu.[1] The experimental phenomenon was recorded by a
digital camera, which was connected through a
high-temperature microscope.

C. Heat Transfer Tests

The heat transfer tests were conducted through
infrared emitter technique (IET) and the schematic

Table I. The Major Chemical Compositions of Mold Fluxes (in Mass Pct)

Sample R CaO SiO2 Al2O3 B2O3 Li2O F

1 1.25 43.06 34.44 4 0 1 8
2 1.15 41.72 36.28 4 6 2 0
3 1.2 42.55 35.45 4 6 2 0
4 1.25 43.33 34.67 4 6 2 0
5 1.15 40.65 35.35 4 6 4 0
6 1.15 39.58 34.42 4 6 6 0

Fig. 1—Schematic drawing of double hot thermocouple technology.
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illustration of IET is shown in Figure 3, It includes the
following units: a power controller, an infrared radiant
heater with the capability of emitting 2.0 MW/m2 heat
flux at 380 voltages, a data acquisition, and control
system.[13,15] The wavelength of IET was in the range
from 0.7 to 8 micron with a peak of 1.2 micron, which
was similar to heat wavelength emitted from the
solidifying shell during the continuous casting process
as indicated in previous studies.[13,16]

In order to avoid the internal thermal stresses and
cracks in the mold flux disks caused by rapid heating,
the emitting energy was increased linearly at a constant
heating rate of 1 KW/m2s with three holding stages
(500, 800, 1400 KW/m2) that is shown in Figure 4
during the experimental process.

As shown in Figure 3, four thermocouples are
embedded in the positions that are 2, 5, 10, and
18 mm under the irradiated surface, and the tempera-
ture is recorded as T1, T2, T3, and T4, respectively.

Thus the responding heat transfer rate can be calcu-
lated using this temperature gradient as previous
studies.[13,17,18]

Fig. 2—Thermal profiles for (a) CCT test, (b) TTT test, and (c) DHTT test.

Fig. 3—Schematic figure of the infrared emitter.

Fig. 4—Heating profile for IET experiments.
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D. The Phase Analysis

The phase of slag disks after the heat transfer test and
the morphology of crystalline phases in the disks were
further observed through Scanning Electron Microscope
(Japanese Electronics Company JSM-6360LV) with an
acceleration voltage of 20 kW and 91000 magnification.
The crystalline phases developed during the heat trans-
fer tests and TTT tests were analyzed by Energy
Dispersive Spectrometer (America EDAX Corporation
EDX-GENESIS 60S) and X-ray Diffractometer
(Rigaku Corporation RIGAKU-TTR III) with Cu Ka
(0.154184 nm). The XRD data were collected in a range
of 2h = 10-80 deg with a step size of 10 deg/minute.
The samples for SEM and EDS analysis were prepared
through polishing the disks after the heat transfer test;
then those disks were crushed into powders for XRD
test. Besides, considering the sample from the TTT tests
were too small, which is not enough for the XRD test,
the crystalline phases precipitated at the lower- and
higher-temperature zones were investigated through
preparing the samples at the temperatures of 1273 K
and 1473 K (1000 �C and 1200 �C), separately in an
electric furnace, and then crushed into powders for
XRD test.

III. RESULTS AND DISCUSSION

A. Melting Behavior

It is well known that the mold flux has no fixed
melting point, as it is a multi-component mixture. The
melting temperature as an important physicochemical
property of mold flux was studied using the single
thermocouple technique (CH-1) according to the ther-
mal profile as shown in Figure 2(a). The melting
behavior of Sample 1 was chosen as a representative
one and shown in Figure 5, where the initial melting
temperature was suggested as 1289 K (1016 �C) and the
complete melting temperature was 1486 K (1213 �C) as
indicated by the deviation of the responding heating
curves.

The melting behavior of all mold fluxes were summa-
rized in Figure 6; it could be found that the melting
temperature range was improved from [(1306 K to
1500 K (1033 �C to 1227 �C)] to [1356 K to 1529 K

(1083 �C to 1256 �C)] and [(1360 K to 1550 K (1087 �C
to 1277 �C)] for the Samples 2, 3, and 4, when the
basicity increases from 1.15 to 1.2 and 1.25, respectively,
which suggested that the basicity tends to improve the
melting temperature range of mold fluxes. The above
issue could be explained as a fact that the high melting
point compounds such as Ca2SiO4 (melting point
2130 �C) would be easily formed with the addition of
CaO,[5] which would tend to increase the melting
temperature range of the resulting mold fluxes.
However, it showed the opposite tendency for the

Li2O series samples. When the Li2O increases from 2 to
4 and 6 pct, the melting temperature range for Sample 2,
5, and 6 was reduced from [1306 K to 1500 K (1033 �C
to 1227 �C)] to [(1299 K to 1488 K (1026 �C to
1215 �C)] and [1288 K to 1475 K (1015 �C to
1202 �C)], respectively. The above phenomena is due
to the fact that as an effective fluxing agent, Li2O itself
belongs to the low melting point compound which does
contribute to the reduction of the system melting
temperature. Also the electrostatic potential of Li+

(1.47 Å) is very close to that of SiO4�
4 (1.44 Å),[12] which

would hinder the tendency of other cation such as Ca2+

to combine with SiO4�
4 to form high melting point

compound e.g., Ca2SiO4 (melting point 2130 �C).

B. Crystallization Behavior

As one of the main parameters to characterize the
mold flux crystallization behavior, the continuous cool-
ing tests (CCT) have been conducted, and Figure 7(a)
through (f) show the CCT diagrams of above mold flux
samples, also the crystallization temperatures under
different cooling rate are listed in Table II. It could be
observed that the crystallization temperature decreases
with the increase of continuous cooling rate. The reason
may be due to the increase of molten slag viscosity with
the increase of cooling rate.[19] As viscosity increases
very quickly, it requires a stronger driving force to
initiate the nucleation in the mold flux, which means a
larger under-cooling is required. Therefore, the crystal-
lization temperature decreases with the increase of
continuous cooling rate.
It was found that all the critical cooling rate of slags

including F-containing Sample 1 is over 30 K/second,
which is beyond the upper limit of the testing equipment

Fig. 5—Melting process of Sample 1. Fig. 6—The melting temperature range for all sample slags.
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Fig. 7—CCT diagrams of (a) Sample 1, (b) Sample 2, (c) Sample 3, (d) Sample 4, (e) Sample 5, and (f) Sample 6.

Table II. Crystallization Temperature at Different Cooling Rate

Cooling Rate

Samples

1 2 3 4 5 6

1 K (�C)/s 1452 1405 1428 1500 1373 1315
5 K (�C)/s 1402 1317 1336 1500 1294 1270
10 K (�C)/s 1324 1285 1293 1500 1284 1185
20 K (�C)/s 1249 1243 1229 1500 1247 1168
30 K (�C)/s 1180 1219 1208 1500 1177 1146
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used in this study. Therefore, no exact figure of critical
cooling rate was given for above samples. It suggests
that the mold fluxes used for casting medium carbon
steels do own a strong crystallization tendency.

For Samples 2, 3, and 4 with varied basicity, the
crystallization temperature (Tc) increases from 1678 K to
1701 K (1405 �C to 1428 �C) and 1773 K (1500 �C), with
the increase of basicity, when the cooling rate was fixed at
1 K/second. It indicates that basicity tends to enhance
mold flux crystallization significantly. The main reason is
that CaO belongs to basic oxide, which would offer
Non-bridged Oxygen to break the silicate structure;[20,21]

therefore, the crystallization of mold flux would get
enhanced as themovement of particles becomes easier due
to the decrease of diffusion resistance, which is beneficial
for the nucleation and aggregation of crystals.[22] How-
ever, for the Samples 2, 5, and 6, the crystallization
temperature decreases with the increase of Li2O, where it
decreases from 1678 K to 1646 K (1405 �C to 1373 �C)
and 1588 K (1315 �C), respectively, when cooling rate
was fixed at 1 K/s. The reduction of the crystallization
temperature could be attributed to the fact that the
electrostatic potential of Li+ (1.47 Å) is very close to that

of SiO4�
4 (1.44 Å), which would hinder the other cations

to combine with SiO4�
4 to form crystals.[12] As a result, the

formation of high melting point compound e.g., Ca2SiO4

(melting point 2130 �C) is inhibited and the crystalliza-
tion temperature is reduced with the increase of Li2O
content.
In order to study the structure of the mold flux film

infiltrated between the mold hot surface and initial
solidified shell, the crystallization behavior of mold flux
subjected to the temperature gradient as shown in
Figure 2(c) was investigated through DHTT test, and
the relative thickness of each layer was calculated from
the recorded real-time image. The DHTT images corre-
sponding to above samples are shown in Figure 8, where
it was observed that the distribution of each layer is very
apparent. The left side of the sample next to the
high-temperature side (CH1) is the liquid layer, while
the right is the crystalline layer close to the lower-tem-
perature side (CH2). For the benchmark Sample 1, it is
found that the thickness of the crystalline layer is
94.55 pct, while the liquid layer is 5.45 pct, which
suggests that the F-containing mold flux for casting
medium carbon steels does own strong crystallization
property and high crystallization ratio.
For the Samples 2, 3, and 4 with varied basicity, the

thickness of the crystalline layer was observed to
increase obviously from 88.89 to 94.55 and 96.30 pct

Fig. 8—Steady-state DHTT images for Samples 1 to 6.
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when the basicity is improved from 1.15 to 1.20 and
1.25, respectively. It indicates that the basicity has the
significant capability to enhance crystallization of the
mold flux, which agrees with the results of the above
CCT tests. However, for the Samples 2, 5, and 6, when
the Li2O content was increased from 2 to 4 and 6 pct,
the thickness of the crystalline layer decreases from
88.89 to 87.04 and 84.91 pct, respectively, and it
suggested that high content of Li2O does reduce the
crystallization temperature as indicated in above CCT
tests. Therefore, the liquid layer was increased with the
addition of Li2O in the mold flux.

In order to further study the effects of Li2O on the
mold flux crystallization behavior, the TTT test of
Samples 2, 5, and 6 were conducted. Figure 9 shows
TTT curves of Samples 2, 5, and 6, respectively; it can be
seen that the incubation time for all the fluxes is very
short when they are isothermally crystallized at 1473 K
(1200 �C). Therefore, it is clear that all the fluxes used in
this study have a great crystallization tendency as
suggested from both TTT and CCT tests. For Sample
2, the TTT diagram has two distinct noses, which are
indicated as Ca2SiO4 and Ca11Si4B2O22 in high-temper-
ature zone and Ca11Si4B2O22 in low-temperature zone
that will be described later in Section III–D. While the
shape of the curves of Samples 5 and 6 are similar to
each other, and these two samples crystallized very fast
with an incubation time of almost 0 second when the
crystallization temperature is lower than 1473 K
(1200 �C).

The 95 pct crystallization TTT curves of Samples 2, 5,
and 6 are combined in Figure 10, and it shows that in
the high-temperature zone above 1473 K (1200 �C), the
incubation time becomes much longer with the increase
of Li2O content, where the TTT curve of a higher Li2O
content shifts toward the right side obviously, indicating
that Li2O suppresses the high-temperature crystalliza-
tion process within the experimental range. However, in
the low-temperature zone below 1273 K (1000 �C), the
TTT curve of higher Li2O content shifts toward the left
side, when Li2O content was in the range of 2 to 6 pct,
indicating that Li2O strengthens the low-temperature
crystallization process. The phenomenon is consistent
with the study of Lu[1] and will be verified later in
Section III–D.

C. Heat Transfer Behavior

The glass disks of each sample that were prepared
according to Section II–A were placed on top of the
copper mold and subjected to the thermal heating
individually as shown in Figure 3. In order to well
understand the heat transfer behavior of each mold flux,
the responding heat flux for benchmark Sample 1 from
the time period of 500 to 2400 seconds as well as its
real-time disk images are selected and presented in
Figure 11.
There are six stages appearing in the responding heat

flux history. Stage I is a period in which the heat flux
increases linearly with the increase of thermal radiation.
Stage II is the period of a constant state when the
incident heating energy keeps constant.[22] From the
screenshots, it is clearly shown that the reddish mold
flux disk (at 500 seconds) is in a mixture state of major
glass and slight crystal across the surface in stage I; and
this state does not seem to change as shown in the disk
at 1000 seconds, which explained the constant heat flux
at stage II. In stage III, it was observed that the milky
crystallization was precipitated from the top of the disk
and developed gradually toward the bottom seen from
1100 to 1400 seconds with the increase of thermal
heating. In stage IV, the melting of the slag top surface is
clearly appearing as shown in the disk photos at 1700
and 1900 seconds, where the top surface is deformed
and riffling with the further increase of incident energy.

Fig. 9—TTT diagrams of mold fluxes with different Li2O contents: (a) Sample 2=2 pct, (b) Sample 5=4 pct, and (c) Sample 6=6 pct.

Fig. 10—Comparison of 95 pct crystallization TTT diagrams of
mold fluxes with different Li2O contents.
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Stage V is an attenuation stage where the heat flux
continues to reduce under the constant thermal radia-
tion as a balance of further crystallization and melting.
Stage VI is the period of relative steady state when the
dynamic phase transformation is completed and the heat
flux keeps constant.

In order to further investigate the influence of
crystallization and melting on the heat transfer behav-
ior, the heat flux from 1200 to 1750 seconds was chosen
and shown in Figure 12. With the development of
crystallization, the responding heat flux began to reduce
at 1257 seconds, when the heating energy is linearly
increased. The main reason for this reduction is due to
the reflection and scattering of the radiation at the
positions of the crystal surface, grain boundary, as well
as defects with the further development of mold flux
crystallization.[13] Contrary to crystallization phase
transformation, the liquid phase was occurred at
1549 seconds on the top surface of mold flux disk, and
the responding heat flux was observed to increase. This
is attributed to the fact that the melting of the mold flux
tends to enhance the overall heat transfer rate in the
continuous casting.

The heat flux curves of R series and the benchmark
flux Sample 1 were plotted in Figure 13. It shows that

the responding steady-state heat flux decreases as R
increases, and the overall heat transfer behavior of
Sample 3 and Sample 4 is close to benchmark flux
Sample 1. Above results suggested that the overall heat
transfer rate reduces with the increase of basicity, as the
mold flux with improved crystallization capability
would block more incident radiation and introduce a
larger interfacial thermal resistance that would result in
a lower heat transfer rate as suggested in the previous
studies.[19,22]

D. The Results of SEM/EDS and XRD

In order to study the variation of the precipitated
phase and the crystal morphology, scanning electron
microscopy (SEM), energy dispersive spectroscopy
(EDS), and X-ray diffraction (XRD) were applied for
the analysis of above disk samples after IET tests.
The SEM images and the typical EDS results were

shown in Figures 14(a) and (b), the position of each
sample from the upper, middle, to bottom part is marked
as layer A, layer B, and layer C from the left to the right
side, respectively. For all disk samples, it is found that
the size of crystals distributed from upper to bottom in
all disk samples become small while the number of
crystals is increased due to the increase of the cooling
rate. It is obvious that the major beautiful sphere-type
cuspidine (I: Ca4Si2O7F2) crystals were formed in the
Sample 1, and a small part of gehlenite (II: Ca2Al2SiO7)
formed in the layer b, which is consistent with the XRD
results as shown in Figure 15(a). It well explains why
cuspidine is a very important crystalline phase for the
mold flux crystallization, as this typical morphology is
very beneficial for the control of the mold heat flux
transfer and lubrication.
For Samples 2, 3, and 4 with varied basicity, the

main crystal phases existing in the high-temperature
zone are the pellet or blocky dicalcium silicate (IV:
Ca2SiO4) and strip-like calcium borate silicate (III:
Ca11Si4B2O22) that crystalized from the liquid phase,
which was also identified by XRD results as shown in
Figure 15(b). It is clear that the crystallization ratio

Fig. 11—The responding heat flux of Sample 1 vs time.

Fig. 12—Slag disks of Sample 1 at the crystallization and melting
point.

Fig. 13—Effect of basicity on the heat fluxes for Sample 2(R=1.15),
Sample 3(R=1.20), and Sample 4(R=1.25).
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was improved with the increase of basicity, which is
consistent with above CCT and DHTT results. Com-
paring Sample 1 with Sample 4, these two samples
show very similar heat transfer and crystallization
behavior; however, the difference is that the Sample 4
did not appear in the sphere-type crystalline morphol-
ogy that is well distributed in Sample 1. Also, the
crystal phase of dicalcium silicate was observed from
the XRD results as shown in Figure 15(b). The
amount of dicalcium silicate seems to increase with the
improvement of basicity, as the values of the highest
characteristic peak of dicalcium silicate in Figure 15(b)
are 75, 84, and 91 for Samples 2, 3, and 4,

respectively. So, the result of XRD suggests that
basicity does enhance the precipitation of high melting
point phase of dicalcium silicate, especially when there
is no borate silicate phase formed in the high-temper-
ature zone in Sample 4 (in Figure 14(a) S4 sample). It
could also be observed that borate silicate phase is
also formed from the crystallization of glassy phase as
shown in the region C in Figure 14(a) for S2, S3, and
S4.
Figure 16 shows the XRD results for Samples 2, 5,

and 6 used in TTT tests. As shown in Figure 16(a), for
Sample 2, a mixture of Ca2SiO4 (melting point 2130 �C)
and Ca11Si4B2O2 (melting point 1440 �C) is observed in

Fig. 14—(a) The SEM images and (b) the corresponding EDS of crystals in the disk samples after IET tests.
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higher-temperature zone, while only Ca11Si4B2O22 is
precipitated in lower-temperature zone. For Samples 5
and 6, Ca11Si4B2O22 together with Ca2Al2SiO7 (melting
point 1596 �C) are formed in high-temperature zone,
while only Ca11Si4B2O22 precipitated in lower-tempera-
ture zone. It indicated that the precipitation of high

melting point phase of dicalcium silicate gets suppressed
with the addition of Li2O content. In addition the peak
intensity of Ca11Si4B2O22 is significantly increased,
indicating that Li2O tends to accelerate the formation
of lower-temperature phase Ca11Si4B2O22, which is
consistent with the TTT results.

Fig. 14—continued.

Fig. 15—XRD patterns of the disk samples: (a) Sample 1 with F and (b) samples with varied basicity.
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IV. CONCLUSIONS

The effects of basicity and Li2O on the melting,
crystallization, and heat transfer behaviors of fluo-
rine-free mold fluxes for casting medium carbon steels
were studied and compared with a typical industrial
F-containing mold flux. The major conclusions are
summarized as follows:

1. The melting tests show that the melting temperature
of the designed F-Free mold flux was increased with
the addition of basicity due to the fact that the
addition of CaO could easily form high melting point
compound Ca2SiO4; while the addition of Li2O
shows the opposite effect as Li2O itself belongs to the
lower melting point fluxing agent and could hinder
the formation of high melting point compound.

2. The CCT and DHTT tests indicated that basicity
would improve the crystallization temperature and
promote the crystallization of mold flux. While the
CCT andDHTT tests consistently indicated that Li2O
tends to lower the crystallization temperature, as it
would hinder other cations to combine with SiO4�

4 to
format high melting point crystals. The TTT tests
suggested that Li2O would tend to inhibit the crystal-
lization of F-free mold fluxes in high-temperature re-
gion and greatly accelerate the crystallization behavior
of F-free mold fluxes in low-temperature region.

3. The IET tests indicated that the heat transfer of mold
flux was restrained when the basicity of mold flux was
improved, as it tends to promote the mold flux
crystallization.

4. The results of SEM/EDS and XRD consistently
demonstrated that the main crystal phase in the
F-free mold fluxes is calcium borate silicate (Ca11
Si4B2O22), which shows the potential to replace cus-
pidine in the designed F-free mold flux system.
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