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The effect of B2O3 on crystallization behavior, structure, and heat transfer of
CaO-SiO2-Na2O-B2O3-TiO2-Al2O3-MgO-Li2O fluorine-free mold fluxes was investigated
using hot thermocouple technique (HTT), Raman spectroscopy, and infrared emitter
technique (IET), respectively. The critical cooling rate in continuous cooling experiments
decreased and the incubation time determined in isothermal experiments increased with
increasing B2O3 content, both implying a decreasing crystallization tendency. The major phases
of mold fluxes determined using X-ray diffraction changed from Ca2MgSi2O7 and Ca11Si4B2O22

to CaSiO3 with the increasing amount of B2O3. B2O3 increased the degree of polymerization in
silicate network, forming 3D borate structures. Addition of B2O3 decreased the flux melting
temperature which has a significant impeding effect on the crystal nucleation and growth. The
heat flux of mold fluxes measured using IET showed that the increase of B2O3 from 4.7 to 6.8
mass pct impeded the heat flux; while a further increase of B2O3 from 6.8 to 10.4 mass pct
promoted the heat transfer. This phenomenon was attributed to the variation of crystallization
behavior and crystal morphology with different B2O3 content in the mold fluxes.
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I. INTRODUCTION

MOLD fluxes are indispensable for the continuous
casting of defect-free steel products, providing appro-
priate heat transfer control, lubrication, thermal insula-
tion, inclusion entrapment, and oxidation prevention.[1]

The amount of heat withdrawn from liquid steel during
solidification is primarily dependent upon the
thermo-physical properties of mold flux film. An inap-
propriate control of heat transfer in continuous casting
process could result in a breakout of steel strand and
even a halt of operation if heat transfer rate is
excessively low, or longitudinal cracks caused by uneven
heat distribution along solidifying steel strand surface if
the heat transfer rate is too high.[2,3] Therefore,

understanding the heat transfer phenomenon between
steel strand and copper mold is important for the
prevention of the aforementioned imperfections. Mold
fluxes with high crystallization tendency are typically
recommended in the casting of cracking-sensitive steel.
The thick crystalline layer is effective in suppressing heat
removal from liquid steel in terms of its high thermal
resistance. The grain boundaries of crystals scatter
photons, which reduces radiative heat transfer.[4,5]

Pores, cracks formed in the crystalline layer, and air
gaps between the mold and the flux film also exert a high
thermal resistance, which minimizes the unevenness of
steel shell and, therefore, the localized thermal stresses
on a solidified shell.[4–6] Currently, most of the com-
mercial mold fluxes contain fluorides, e.g., CaF2 and
NaF, to control heat transfer rate through the precip-
itation of cuspidine; fluorides also decrease the viscosity
of mold fluxes.[7–9] However, the emission of gaseous
fluorides, such as HF, SiF4, and NaF, at high temper-
ature brings about dreadful pollution to atmosphere
(acid rain), ground water (low pH-value), and health
problems (brain, bone, kidney damages, etc.).[1,10–17]

Taking account of the ever-rising environmental con-
cern for steelmaking industry, the development of
fluorine-free mold fluxes is of great significance. The
major challenge in the development of fluorine-free
mold fluxes is an effective control of heat transfer.
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Although several substitutes for cuspidine were pro-
posed in the fluorine-free mold fluxes, such as
Ca11Si4B2O22,

[13–18] Ca2Si3Na2O9,
[11] and CaSiTiO5,

[12]

the lack of fundamental knowledge of crystallization of
fluorine-free flux system inhibits their application in the
steelmaking industry. Ca11Si4B2O22 has recently been
reported as a promising substitute for cuspidine with
respect to its crystallization behavior and heat transfer
ability.[13–17] It also has a similar melting point to
cuspidine.[19,20] Therefore, understanding the precipita-
tion behavior of Ca11Si4B2O22 is important to the
development of fluorine-free mold fluxes.

B2O3 is an important component for mold flux design
as a flux agent. It becomes more appealing for the design
of fluorine-free mold fluxes as the addition of B2O3

lowers the viscosity and the melting temperature of mold
fluxes, which may replicate the role of fluorides in terms
of lubrication.[13,21–25] The effects of B2O3 on the
crystallization and heat transfer of low-fluorine mold
fluxes have been reported.[26,27] However, there are few
investigations on the fluoride-free mold fluxes, and the
mechanism of B2O3 affecting crystallization behavior is
yet to be clarified. The variable structure of borate
groups in borosilicate mold fluxes makes their solidifi-
cation behavior rather complicated. B2O3 is normally
considered as a network former; it can be incorporated
into the silicate network resulting in a borosilicate
structure with even higher structural complexity, which
should restrain the crystallization tendency of mold
fluxes.[1,13,21–23] However, it is also reported that the
addition of B2O3 reduces viscosity of mold
fluxes,[1,13,22–25] which should benefit crystallization
process by increasing the diffusion kinetics for nucle-
ation and crystal growth. The heat transfer rate of mold
fluxes is also affected by the addition of B2O3 as a
considerable portion of glass may form during solidifi-
cation.[23] Moreover, B2O3 is an essential constituent to
form Ca11Si4B2O22, which is proposed to substitute
cuspidine in the design of fluorine-free mold fluxes. The
aim of this work is to investigate the effect of B2O3

addition on the in-mold performance and structure of
fluorine-free mold fluxes. The crystallization behavior,
structure, and heat transfer of CaO-SiO2-B2O3-Na2O-
TiO2-Al2O3-MgO-Li2O fluorine-free mold fluxes with
different B2O3 concentration were studied using hot
thermocouple technique (HTT), Raman spectroscopy,
and infrared emitter technique (IET), respectively.

II. EXPERIMENTAL METHODS

A. Sample Preparation

Compositions of the fluorine-free mold fluxes were
designed on the basis of the thermodynamic modeling
using FactSage as described elsewhere.[28] The pre-mixed
reagent grade CaCO3, SiO2, Al2O3, B2O3, Na2CO3, TiO2,
MgO, and Li2CO3 were melted at 1673 K (1400 �C) for
20 minutes in graphite crucibles. CaCO3, Na2CO3, and
Li2CO3 decomposed at high temperature, forming CaO,
Na2O, and Li2O, respectively. The melted fluxes were
quenched onto a copper plate and then ground into

powders. Chemical compositions of the amorphous
fluorine-free fluxes are listed in Table I, marked as
Samples 1 to 4. The designed concentrations of B2O3 in
Samples 1 to 4 were 5, 7, 9, and 11 mass pct, respectively,
but small B2O3 loss was found. The concentrations of
B2O3 and Li2O were determined by inductively coupled
plasma (ICP) analysis, and other components were
analyzed by X-ray fluoroscopy (XRF). Hemisphere
temperature, Them, measured using a hot stage micro-
scope, was also listed in Table I to reflect the melting
properties of mold fluxes. The hemisphere temperature
was defined as the temperature where the height of a flux
powder cylinder decreases to 50 pct of its original height
during a continuous heating process. The details of the
measurement are described elsewhere.[29]

B. Experimental Apparatus

1. Hot thermocouple technique
The crystallization behavior of mold fluxes was

determined by single hot thermocouple technique
(SHTT) and double hot thermocouple technique
(DHTT) (Professional Engineer Office KONNO,
Japan).[30,31] The schematic setup of SHTT/DHTT is
given in Figure 1(a). A hot thermocouple controls and
measures the temperature simultaneously. Due to the
low thermal inertia of the system, SHTT/DHTT could
enable a high cooling rate up to 220 K/s by manual
control or 30 K/s by automatic control, which makes it
capable of simulating the highest cooling rate that mold
fluxes encounter in the infiltration process.[31,32] The
mold flux powders (ca. 10 mg) were mounted on a
B-type thermocouple tip, and heated or cooled in
accordance with the programmed temperature profile
in SHTT; while the sample was attached between two
thermocouples in DHTT, as shown in Figure 1(b). The
crystallization process of mold fluxes was in situ
observed and recorded by a video camera.

2. Infrared emitter technique
The heat transfer across the flux disk was character-

ized by infrared emitter technique (IET) (Central South
University, China).[23,33,34] The schematic layout of IET
is given in Figure 2. Infrared radiation is emitted from a
heating lamp with a set of tungsten filaments to the flux
disk of standard size. The radiation intensity was
adjusted by the applied voltage through a silicon
controlled rectifier in accordance with a desired power
profile. The wavelength of the radiation is close to that
emitted from the solidifying steel strand.[23] A mold flux
disk was placed on a copper base with four thermocou-
ples embedded under the top surface of the copper base.
The responding temperatures measured by the thermo-
couples at different depths were recorded and converted
to the heat flux according to Fourier’s law[33]:

q ¼ �1

n

X
i
k

dT

dx

� �

i

; ½1�

where q is the heat flux, n presents the total number of
thermocouple pairs, and k refers to the thermal con-
ductivity of copper.
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C. Experimental Procedures

1. Crystallization behavior tests
Continuous cooling transformation (CCT) and

time–temperature transformation (TTT) diagrams were
constructed using SHTT in continuous cooling and
isothermal experiments whose temperature profiles are
given in Figures 3(a) and (b), respectively. In continuous
cooling experiments, the sample was first heated to
1773 K (1500 �C), and held for 3 minutes to homoge-
nize composition and remove bubbles. Then, it was
continuously cooled down to 1073 K (800 �C) with
different pre-set cooling ramps. The time and tempera-
ture at which the crystallinity of mold fluxes reached 0.5
vol pct were used to construct CCT curves. Three
replicate measurements were conducted for the deter-
mination of crystallization temperatures at each cooling
rate. It simulates the crystallization behavior in different
cooling paths when molten fluxes infiltrate into the

interfacial gap between steel strand and copper mold.[30]

Likewise, the sample was heated to 1773 K (1500 �C) in
isothermal experiments and then rapidly quenched to
different pre-set temperatures and held isothermally at
the target temperatures until the crystallinity reached
100 vol pct. The times when crystallinity of mold fluxes
reached 0.5 and 99 vol pct were defined as the onset and
end of crystallization, respectively, which were used for
the construction of TTT diagrams. Due to the influence
of the power feedback, the cooling rate gradually
dropped from 220 to 0 K/s within a few seconds when
the real-time flux temperature was approaching the
target temperature. Consequently, the starting point of
isothermal treatment was defined as the time at which
the tangent to the cooling path and the isothermal
temperature line intersected.[16]

The precipitated phases in samples at different tem-
peratures were analyzed using X-ray diffraction (XRD).
Since the samples collected from the thermocouple tip
were too tiny for the XRD analysis, 5 g amorphous
samples were treated at 1173 K (900 �C) (low temper-
ature zone) and 1273 K (1000 �C) (below the highest
crystallization temperature of Sample 4), respectively,
for 20 minutes in a furnace. The phase composition of
the quenched samples was then identified using XRD
(PANalytical X’pert Multipurpose X-ray Diffraction
System, Netherlands) with Cu-Ka radiation. The scan
was conducted in the range of 2h from 20 to 70 deg with
a scanning speed of 0.021 deg/s.
Crystallization evolution of mold fluxes in a simulated

thermal field was investigated in the DHTT experiments,
of which the temperature profile is shown in Figure 3(c).
A liquid flux film with a length of 1.5 mm was formed
between two thermocouples when they were heated to
1773 K (1500 �C). High temperature thermocouple was

Table I. Chemical Compositions of Mold Fluxes with Different B2O3 Concentration (Mass Pct)

Sample R CaO SiO2 Al2O3 B2O3 Na2O TiO2 MgO Li2O Them [K (�C)]

1 1.1 39.4 35.9 3.7 4.7 9.0 4.2 2.1 1.1 1325 (1052)
2 1.1 38.3 34.7 3.7 6.8 8.7 4.2 2.3 1.1 1297 (1024)
3 1.1 37.8 34.4 3.7 8.6 9.1 4.3 2.1 1.1 1257 (984)
4 1.1 36.9 33.3 3.7 10.4 8.4 4.4 2.1 1.1 1228 (955)

Fig. 1—Schematic representation of (a) hot thermocouple technique (HTT), (b) thermocouple setup.

Fig. 2—Schematic representation of infrared emitter technique
(IET).
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set at 1773 K (1500 �C) to simulate the temperature of
liquid flux adjacent to the steel strand in meniscus
zone;[35,36] while the low temperature thermocouple was
pre-set to simulate the temperature of the cold surface of
the flux film. Since the temperature of cold surface of
flux film cannot be directly measured, it was calculated
using Eq. [2] under one-dimensional heat transfer in the
steady state[35,37,38]:

TCS ¼ TM þ qT � RINT; ½2�

where TCS is the temperature of cold surface of flux
film, TM is the temperature of hot surface of copper
mold, qT is the heat flux, and RINT is the interfacial
thermal resistance. According to the data acquired
from the plant operation, TM ranges from 423 K to
573 K (150 �C to 300 �C) which is consistent with the
values reported in literatures.[35–37] The calculated
average qT is in the range of 0.75 to 2.05 MW/m2 in
plant operation for different steel grades and casting
speeds, which accords with the reported values.[35–37,39]

The value of RINT was reported from 0.83 9 10�4 to
8 9 10�4 m2 K/W.[35,37,39] In this study, the values of
TM, qT, and RINT were assumed to be 473 K (200 �C),
1 MW/m2, and 4 9 10�4 m2 K/W. Therefore, the cal-
culated TCS was 873 K (600 �C), which was applied to
the low temperature thermocouple in DHTT
experiments.

2. Structure analysis
The structure of quenched fluorine-free mold fluxes

was examined using Raman spectroscopy (Renishaw
inVia Raman Microscope, UK). The amorphous pow-
ders used for structure analysis were also prepared by
quenching the molten mold fluxes on a copper plate as
described in Section II�A. The measurement was con-
ducted at room temperature and the Raman shift ranged
from 200 to 1800 cm�1. The excitation wavelength of
Ar-ion laser was 514 nm with a beam spot size of
1.5 lm. After measurements, the normalized Raman
spectra were deconvoluted based on Gaussian distribu-
tion using WiRE 3.4 software. The molar fractions of Qn

species, Xn [n (the number of bridging oxygens) = 0, 1,
2, 3, and 4], were calculated by the following equation:

Xn ¼ ðAn=SnÞ=
X4

n¼0

ðAn=SnÞ
 !

; ½3�

where An denotes the area of the assigned Qn peaks,
and Sn represents the Raman scattering coefficients
which equal to 1, 0.514, 0.242, 0.09, and 0.015 when
n = 0, 1, 2, 3, and 4, respectively.[40–42]

3. Heat transfer tests
Heat flux across the mold flux disk was measured

using IET. Mold fluxes were melted in a furnace at
1673 K (1400 �C) for homogenization and then
quenched into a cylindrical copper mold with an inner
diameter of 40 mm. The flux disk was removed from the
mold after solidification and uploaded to another
furnace in which the temperature gradually cooled
down from 873 K to 573 K (600 �C to 300 �C) to

minimize the stress. Then it was ground and polished to
a thickness of 4 mm. The fabricated mold flux disk was
placed on top of the copper base, exposed to the infrared
radiation. The stepwise power profile of IET tests is
presented in Figure 3(d). The system emitted an increas-
ing incident thermal radiation up to 1.6 MW/m2, which
is close to the radiation released from the steel strand in
continuous casting.

III. RESULTS

A. Continuous Cooling Experiments

Figures 4(a) to (d) show the CCT diagrams of
Samples 1 to 4 with B2O3 content varying from 4.7 to
10.4 mass pct. For given mold fluxes, the crystallization
temperature of mold fluxes decreased with increasing
cooling rate. For example, the crystallization tempera-
ture of Sample 2 (6.8 mass pct B2O3) declined from
1450 K to 1273 K (1177 �C to 1000 �C) when the
cooling rate increased from 1 to 20 K/s. The critical
cooling rate, above which crystallization would not take
place during continuous cooling process, decreased from
30 to 20, 5, and 1.5 K/s with the increase of B2O3

content from 4.7 to 6.8, 8.6, and 10.4 mass pct,
correspondingly. The crystallization temperature of
mold fluxes at a given cooling rate also declined with
the increasing B2O3 addition as listed in Table II. For
the continuous cooling process with a given cooling rate
of 1 K/s, the crystallization temperature of mold fluxes
decreased from 1497 K to 1312 K (1224 �C to 1039 �C)
when B2O3 content increased from 4.7 to 10.4 mass pct
as compared in Figure 4(e).

B. Isothermal Experiments

The TTT diagrams of Samples 1 to 4 with B2O3

content ranging from 4.7 to 10.4 mass pct are presented
in Figures 5(a) to (d). The shortest incubation time of
mold fluxes increased from nearly 0 second to 1, 17.3,
and 79.6 seconds when B2O3 concentration increased
from 4.7 to 6.8, 8.6, and 10.4 mass pct; while the highest
crystallization temperature of mold fluxes decreased
from 1548 K to 1423 K (1275 �C to 1150 �C), 1398 K,
and 1323 K (1125 �C and 1050 �C) with the increasing
B2O3 concentration from 4.7 to 6.8, 8.6, and 10.4 mass
pct, correspondingly, as compared in Figure 5(e). It is
noteworthy that crystallization of Sample 1
(B2O3 = 4.7 mass pct) started before the system reached
isothermal stage when the target temperature was set
below 1398 K (1125 �C) since the cooling process
gradually slowed down from 220 to 0 K/s when the
real-time temperature was approaching the target
temperature.
The XRD patterns of mold fluxes treated at 1173 K

and 1273 K (900 �C and 1000 �C) are shown in
Figure 6. The dominant phase of mold fluxes with 4.8
mass pct B2O3 (Sample 1) was Ca2MgSi2O7 at 1173 K
(900 �C) (Figure 6(a)); it changed to CaSiO3 with the
increase of B2O3 concentration. The precipitation of
Ca11Si4B2O22, a major phase in Sample 1 (4.7 mass pct
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B2O3), also gradually diminished as B2O3 content
increased from 4.7 to 10.4 mass pct. Some minor phases
were also observed in XRD analysis, such as

Ca2Si3Na2O9 and CaTiO3. The precipitated phases of
mold fluxes changed in a similar manner at 1273 K
(1000 �C) (Figure 6(b)). CaSiO3 was the major phase in

Fig. 3—Schematic temperature profiles in (a) continuous cooling experiments, (b) isothermal experiments, (c) DHTT experiments, and (d) power
profile in IET tests.

Fig. 4—CCT diagrams of mold fluxes: (a) Sample 1: B2O3 = 4.7 mass pct, (b) Sample 2: B2O3 = 6.8 mass pct, (c) Sample 3: B2O3 = 8.6 mass
pct, (d) Sample 4: B2O3 = 10.4 mass pct, and (e) comparison of CCT diagrams of Sample 1 to Sample 4.
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all the samples. The precipitation of Ca11Si4B2O22 and
Ca2MgSi2O7 decreased with the increase of B2O3 con-
tent; while an increasing amount of CaSiO3 was
observed when B2O3 content increased from 4.7 to
10.4 mass pct. The amount of Ca11Si4B2O22 was also
very significant when B2O3 content was low but it
decreased gradually with the increase of B2O3 content.
Ca2MgSi2O7 was only observed in Sample 1 (4.7 mass
pct B2O3) at 1273 K (1000 �C). Minor precipitates,
Ca2Si3Na2O9 and CaTiO3, were also found at 1273 K
(1000 �C).

C. Double Hot Thermocouple Technique Experiments

Figure 7 shows the crystallization behavior of mold
fluxes with different B2O3 content in a thermal field
simulating the temperature gradient between steel strand
and copper mold near meniscus zone. Crystallization of
Sample 1 (B2O3 = 4.7 mass pct) started in the center of
flux film where the cooling condition was relatively mild
during cooling stage. Some crystals formed in the
relatively lower temperature zone were immediately
frozen; while the other nuclei propagated to form a
thin crystalline layer with a crystallinity of 28.9 pct
within only 10 seconds under the temperature gradient
(Figure 7(a1)). Then the crystalline layer promptly
stretched to both high and low temperature zones with
a high crystallization rate; the crystallinity of Sample 1
reached 54.4 pct in 60 seconds (Figure 7(a2)). It is
noteworthy that a large number of equiaxed crystals
formed at liquid/crystalline interface were drifted by
Marangoni flow and finally melted at the high temper-
ature zone which made the propagation of crystalline
layer unstable in this temperature region. Then the
crystallization process reached a relatively stable stage
with a low crystalline growth rate. The crystallinity of
the flux film gradually increased to 61.2 pct at 300 sec-
onds (Figure 7(a3)) and 73.3 pct at 600 seconds
(Figure 7(a4)).

Figures 7(b1) to 7(b4) show the crystallization behav-
ior of Sample 2 (B2O3 = 6.8 mass pct) in the same
thermal condition. Several crystals precipitated in the
middle of flux film at 10 seconds after the cold side

entered the isothermal stage (Figure 7(b1)). But unlike
Sample 1, a distinct crystalline layer was not observed in
Sample 2 at this time. A solid crystalline layer was
observed with a crystallinity of 46.2 pct at 60 seconds
(Figure 7(b2)). Likewise, the crystallization process
slowed down after 300 seconds (Figures 7(b3) and (b4)).
Sample 3 (B2O3 = 8.6 mass pct) exhibited a weaker

crystallization tendency as shown in Figures 7(c1) to
7(c4). Few nuclei could be traced for the time of
60 seconds. A thin crystalline layer was gradually
formed before 300 seconds and steadily developed into
a thick crystalline layer with the crystallinity of 63.6 pct
at 900 seconds. Figures 7(d1) to 7(d4) show the crys-
tallinity evolution of Sample 4 (B2O3 = 10.4 mass pct)
in the DHTT experiments. Crystallization took place at
around 600 seconds, the longest incubation time of all
the samples. The crystalline layer gradually formed after
900 seconds and established a distinct liquid/crys-
talline/glass structure. It is noted that the position of
crystalline/liquid interface moved to the lower temper-
ature side with the increase of B2O3 content at given
reaction time, e.g., 600 seconds, as the melting temper-
ature decreased with increasing B2O3 content.

D. Raman Spectroscopy

Raman spectra of Samples 1 to 4 in a truncated
frequency range of 600 to 1550 cm�1 are displayed in
Figure 8. The Raman envelope was further deconvo-
luted as indicated in Figure 9. The recommended assign-
ments of Raman peaks are summarized in Table III with
relevant references.[40,43–54] Two peaks around 705 and
810 cm�1 were assigned to the deformation of O-Ti-O or
O-(Si, Ti)-O in chain or sheet units or both,[47–50] and the
stretching vibration of Ti-O in TiO4

4� monomers,[47–49]

respectively, due to the strong influence of TiO2. The
areas of Ti-related peaks were not significantly changed
with the addition of B2O3 although the peak at 803 cm�1

was somehow slightly smaller than the counterparts in
other samples. The peak located around 660 cm�1 was
assigned to B-O-B stretching in ring/chain-type metab-
orate units.[43–46] Another borate-related peak was cen-
tered near 1185 cm�1 indicating the B-O stretching in

Table II. Average Crystallization Temperatures [K (�C)] of Mold Fluxes in Continuous Cooling Experiments

Cooling Rate [K (�C)/s]

Sample

1 (4.7 Pct B2O3) 2 (6.8 Pct B2O3) 3 (8.6 Pct B2O3) 4 (10.4 Pct B2O3)

0.1 1404 (1131)
0.25 1378 (1105)
0.5 1360 (1087)
1 1497 (1224) 1450 (1177) 1374 (1101) 1312 (1039)
1.5 1236 (963)
2 1423 (1150) 1339 (1066)
3 1275 (1002)
4 1231 (958)
5 1441 (1168) 1383 (1110) 1193 (920)
10 1423 (1150) 1343 (1070)
15 1308 (1035)
20 1407 (1134) 1273 (1000)
30 1377 (1104)
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BO4 tetrahedral units; while the two bands located
around 1360 and 1450 cm�1 were assigned to B-O
stretching vibration in BO3 trigonal units connected to
BO4 tetrahedral units or other large borate groups in a
high frequency region.[40,44,45,50,52–54] The amount of
borate structure all increased with the addition of B2O3

with respect to their peak areas. The percentage of BO4

tetrahedral units was higher than that of BO3 trigo-
nal-related units which was even absent in Sample 1
(B2O3 = 4.7 mass pct). The Raman envelope between
800 and 1100 cm�1 was assigned to silicate groups. It
was deconvoluted into Q0, Q1, Q2, and Q3.[40,47,50,51] Q4

(SiO2 net) was not distinguishable in the Raman Spectra
(ca. 1100 to 1150 cm�1[22]) due to its low intensity. The
molar fractions of silicate units are shown in Figure 10.

The major unit in the silicate structure was Q2 (SiO3
2�);

its molar fraction was 71 pct in the fluxes with 4.8 mass
pct B2O3; it decreased to 61 pct with increasing B2O3

concentration to 8.6 mass pct, and did not change with
the further increase of B2O3 concentration to 10.4 mass
pct. The molar fractions of Q0 (SiO4

4�) decreased, but
Q3 (Si2O5

2�) increased with the increase of B2O3

concentration until 8.6 mass pct; while the variation of
Q1 (Si2O7

6�) as a function of B2O3 concentration was not
distinct. The molar fraction change of silicate units
became insignificant when B2O3 content increased from
8.6 to 10.4 mass pct. It is assumed that the incorporation
of B2O3 into the silicate structure reached saturation due
to the limited space around the complicated silicate
network.

Fig. 5—TTT diagrams of mold fluxes: (a) Sample 1: B2O3 = 4.7 mass pct, (b) Sample 2: B2O3 = 6.8 mass pct, (c) Sample 3: B2O3 = 8.6 mass
pct, (d) Sample 4: B2O3 = 10.4 mass pct, and (e) comparison of TTT diagrams (onset of crystallization) of Sample 1 to Sample 4.

Fig. 6—XRD patterns of mold fluxes with different B2O3 content treated at (a) 1173 K (900 �C) and (b) 1273 K (1000 �C).
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E. Heat Transfer Tests

The responding heat flux across the disks of mold
fluxes with different B2O3 content in the IET experi-
ments is shown in Figure 11(a). The upper part of the
flux disk upon heating by the infrared radiation started
to melt and then formed a dome at high temperatures;
while the lower part of the flux disk got crystallized and
became opaque as the experiment proceeded. Since the
thermocouples embedded in copper base are insensitive
to the temperature change at low temperatures, the
recorded responding temperatures in the first 600 sec-
onds were not reliable for the calculation of heat flux.
The responding heat flux increased with the increasing
infrared radiation intensity. Heat transfer properties of
different samples were compared when the incident
radiation intensity reached 1.6 MW/m2. At this stage,
the heat flux decreased from 659 to 595 kW/m2 when
B2O3 content increased from 4.7 to 6.8 mass pct; while a
further increase of B2O3 concentration from 6.8 to 8.6
and 10.4 mass pct raised the heat flux from 595 to 712
and 736 kW/m2, respectively. Heat flux of fluorine-free
mold fluxes is compared with that of industrial fluo-
rine-containing mold fluxes under the same incident
radiation of 1.6 MW/m2[17] in Figure 11(b). A respond-
ing heat flux for Sample 2 (B2O3 = 6.8 mass pct) was
closest to the heat flux of fluorine-containing fluxes.

IV. DISCUSSION

A. Effect of B2O3 on the Structure of Mold Fluxes

The addition of B2O3 influences the melt structure
mainly in two ways: (1) changing silicate structure by
reacting with non-bridging oxygen (NBO),[22,40,43,50,52,55]

and (2) increasing the degree of polymerization by
forming 3D borate structural groups.[22,43,50] As indi-
cated in Figures 9 and 10, the addition of B2O3

facilitated the formation of Q3 units at the cost of the
reduction of Q0 and Q2 units. Similar observation was
also reported in works.[40,55] The formation of Q3 units
with an increasing amount of bridging oxygen may
occur according to the following reactions[40]:

½SiO4�4�ðQ0Þ þ 3½BO3� ! ½SiO3O��ðQ3Þ þ 3½BO2O��

½4�

½SiO2O2�2�ðQ2Þ þ ½BO3� ! ½SiO3O��ðQ3Þ þ ½BO2O��

½5�
Likewise, Si-O-B bonding was also formed[40]:

Si-O� þ B-O-B ! Si-O-Bþ B-O� ½6�
Moreover, B2O3 reacts with network-modifying oxi-

des to retain more bridging oxygen in the silicate
structure.[50] B2O3 also brought in both BO4 tetrahedral
and BO3 trigonal units as indicated in high frequency
region of Raman envelopes (Figure 9; Table III). BO3

trigonal units may form 2D groups such as boroxol

rings but BO4 units are most likely to interconnect BO3

trigonal units forming a complex 3D structure.[22,52]

Without the involvement of BO3 trigonal units, the
individual existence of BO4 tetrahedral units normally
does not facilitate the formation of 3D structure due to
the avoidance effect of BO4 groups.[56,57] It means that
BO4 tetrahedra were not preferred to interconnect each
other but be isolated by BO3 trigonal units in 3D borate
structure. As a result, the degree of polymerization
increased with the addition of B2O3, which is consistent
with the acidic nature of B2O3 acting as a network
former in flux melts.[1]

B. Effect of B2O3 on the Crystallization Behavior of
Mold Fluxes

The addition of B2O3 decreased the critical cooling
rate of mold fluxes from 30 to 1.5 K/s in the continuous
cooling experiments (Figure 4), and raised the shortest
incubation time from nearly 0 to 79.6 seconds in the
isothermal experiments (Figure 5). The time that mold
flux films require to reach certain crystallinity increased
with the increasing B2O3 content (Figure 7). It implies
that the addition of B2O3 inhibited crystallization
process of mold fluxes in present study. The same effect
of B2O3 was reported for the fluoride-containing mold
fluxes.[13,23] The maximal cooling rate in meniscus region
during continuous casting operation was reported to be
20 K/s.[31,32] In this way, Samples 1 and 2 (B2O3 = 4.7
and 6.8 mass pct) are expected to crystallize directly
from the molten state when they infiltrate into the
interface between copper mold and steel strand; while
Samples 3 and 4 (B2O3 = 8.6 and 10.4 mass pct) are
likely to freeze into vitreous state when they encounter
copper mold. Empirically, the mold fluxes with high
crystallization tendency (Samples 1 and 2) are suit-
able for the casting of cracking-sensitive steel that
requires mild cooling conditions in meniscus region;
those with low crystallization tendency (Samples 3 and
4) can be used for the casting of sticking-sensitive steel
that requires adequate lubricity. Figure 12 compares the
TTT diagrams of the fluorine-free mold fluxes with the
industrial mold fluxes for the casting of low-carbon (LC)
steel and medium-carbon (MC) steel.[38,58] It clearly
shows that the crystallization behavior of Sample 1 is
similar to that of the mold fluxes for the medium-carbon
steel casting; while the crystallization tendencies of
Samples 3 and 4 are close to those for the low-carbon
steel casting.
The addition of B2O3 lowers the melting temperature

of mold fluxes, Tm, as indicated by the hemisphere
temperature in Table I and data in the refer-
ences.[10,25,59] In the process of crystallization at tem-
perature T, the undercooling of mold fluxes,
DT=Tm � T, decreases with the increase in B2O3

content. The net change in energy for nucleus of critical
size, W*, i.e., the thermodynamic barrier to nucleation,
is defined by the expression[60]:

W� ¼ 16pc3T2
m

3H2
f

� 1

ðDTÞ2
; ½7�
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where c is the crystal/melt interfacial free energy per
unit area, and Hf is the latent heat of fusion per unit
volume. It can be readily transformed to the following
equation:

W� ¼ 16pc3

3H2
f

� 1þ T

Tm � T

� �2

½8�

As the undercooling of mold fluxes became larger at
given temperatures due to the decline in the melting
temperature with increasing B2O3 content from 4.7 to
10.4 mass pct, the thermodynamic barrier of the system
to nucleation increased. Therefore, the addition of B2O3

made the nucleation process thermodynamically more
difficult.
The overall nucleation process is related to not only

the energy for the formation of nucleus with critical size,
W*, but also the activation energy for ionic migration,
DGD, which can be described by the following
equation[60]:

DGD ¼ kT ln
kTk2

h �D

� �
; ½9�

where D denotes effective diffusion coefficient, k is
Boltzmann constant, T is the absolute temperature, h
is Planck constant, and k represents the atomic jump
distance. It is known that the addition of B2O3 to sili-
cate mold fluxes decreases flux viscosity.[22,24,29,52,61]

Fig. 7—Crystallization process of mold fluxes in DHTT experiments: (a1) to (a4): Sample 1 (B2O3 = 4.7 mass pct) at 10, 60, 300, and 600 s;
(b1) to (b4): Sample 2 (B2O3 = 6.8 mass pct) at 10, 60, 300, and 600 s; (c1) to (c4): Sample 3 (B2O3 = 8.6 mass pct) at 60, 300, 600, and 900 s;
(d1) to (d4): Sample 4 (B2O3 = 10.4 mass pct) at 600, 900, 1200, and 1500 s. (The fractions of the crystalline layer at given times are given on
the top of images).

Fig. 8—Raman spectra of mold fluxes with B2O3 content varying
from 4.7 to 10.4 mass pct.
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Wang et al.[61] carried out the measurement of viscos-
ity of a similar flux system, indicating that the viscos-
ity at 1473 K (1200 �C) decreased from 1.369 Pa s to
0.995, 0.907, and 0.766 Pa s with increasing B2O3 con-
tent from 3 wt pct to 5, 7, and 10 wt pct due to the
melting property changes. Ionic diffusion in flux melts
is related to viscosity according to Stokes–Einstein
equation:

D ¼ kT

3pkg
½10�

Therefore, it can be expected that the increase of B2O3

content from 4.7 to 10.4 mass pct increased the ionic
diffusion and decreased DGD in studied mold flux. Some
works[13,23,62,63] claim that the flux polymerization
induced by B2O3 could decrease the ionic diffusion in
melts and increase DGD. The degree of polymerization
indeed increased with increasing amount of B2O3 as
shown by Raman analysis. However, if we assume that
the flux polymerization caused the retardation of ionic
diffusion, then the flux viscosity should increase with
increasing amount of B2O3, which is apparently con-
trary to the experimental fact that the viscosity decreases
with the addition of B2O3. Therefore, it can be con-
cluded that it is the melting property change rather than
the structural complexity that plays a predominant role

in governing the ionic diffusion, which leads to the
decrease of DGD.
The overall nucleation rate, I, is defined by the

expression[60]:

I ¼ A exp
�ðW� þ DGDÞ

kT
; ½11�

where A is a pre-exponential constant. As discussed
above, the addition of B2O3 leads to an increase in W*
but a decrease in DGD. The observed reducing crystal-
lization tendency with increasing B2O3 content indi-
cates a decrease in the nucleation rate, I. It means that
the retardation effect caused by the increasing thermo-
dynamic barrier, W*, dominates over the decreasing
kinetic barrier, DGD. Therefore, a synergic effect led to
the decrease of nucleation rate of mold fluxes when
B2O3 content increased. Likewise, the crystal growth
rate, U, is described by[60]:

U ¼ B exp
�DE
kT

1� exp
DG
kT

� �
; ½12�

where B is a pre-exponential constant related to the
interatomic separation distance and the vibrational fre-
quency, DE is the kinetic barrier to crystal growth,
and DG is the thermodynamic barrier to crystal
growth. The changes of DE and DG as a function of

Fig. 9—Deconvoluted Raman spectra of mold fluxes with different B2O3 content in a truncated frequency range of 600 to 1550 cm�1: (a) Sample
1 (B2O3 = 4.7 mass pct), (b) Sample 2 (B2O3 = 6.8 mass pct), (c) Sample 3 (B2O3 = 8.6 mass pct), and (d) Sample 4 (B2O3 = 10.4 mass pct).
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B2O3 follow the similar way as to DGD and W* in the
description of the nucleation rate. Therefore, the effect
of B2O3 on crystal growth resembles that on nucle-
ation. The addition of B2O3 retarded the crystalliza-
tion process of the studied mold fluxes.

C. Precipitates Formed in the Crystallization Process

Figure 6 shows that the major precipitates of mold
fluxes at 1173 K and 1273 K (900 �C and 1000 �C)
included CaSiO3, Ca2MgSi2O7, and Ca11Si4B2O22.
Minor precipitates, such as Ca2Si3Na2O9 and CaTiO3,
were also found in the XRD analysis. As shown in
Figure 6, the increase of B2O3 content suppressed the
formation of Ca11Si4B2O22 and promoted the precipita-
tion of CaSiO3. Since 1 mole Ca11Si4B2O22 (925.6 g)
only comprises approximately 7.5 mass pct B2O3 (69.6
g), the concentration of B2O3 may not be a decisive
factor in the formation of Ca11Si4B2O22. The increase of
B2O3 content made the formation of Ca11Si4B2O22

thermodynamically difficult which will be addressed

below. The precipitation of Ca11Si4B2O22 was observed
in the mold fluxes with low B2O3 content especially at a
higher temperature that facilitated the crystallization
process of mold fluxes.[13,15,17] Figure 6 also indicates
that Ca2MgSi2O7 was sensitive to the annealing tem-
perature; it was a major phase at 1173 K (900 �C) when
B2O3 content was lower than 6.8 mass pct; while no
trace of Ca2MgSi2O7 was found at 1273 K (1000 �C)
except Sample 1 (B2O3 = 4.7 mass pct).
The equilibrium phases of mold fluxes were determined

by the thermodynamic calculation using FactSage 7.0.
Figure 13 shows the predicted phase fractions from
1073 K to 1573 K (800 �C to 1300 �C). Li2O was not
considered in the calculation since its database is not
applicable in the currentFactSage package. The predicted
phases included CaSiO3, Ca11Si4B2O22, Ca2MgSi2O7,
Ca2Si3Na2O9, and CaTiO3, which are consistent with
the XRD analysis. The percentage of CaSiO3 (wollas-
tonite) is expected to rise with the increasing concentra-
tion of B2O3; while the concentrations of Ca11Si4B2O22

and Ca2MgSi2O7 (akermanite) are predicted to drop
with the increasing concentration of B2O3. Neither
Ca11Si4B2O22 nor Ca2MgSi2O7 is present in the ther-
modynamic model of Sample 4 (B2O3 = 10.4 mass pct).
The percentage of CaTiO3 slightly declines with the
addition of B2O3. These predictions correctly reflect the
variation trends in the XRD patterns as shown in
Figure 6. Moreover, the crystalline evolution also indi-
cates that the increase of B2O3 restrained the crystalline
fraction at given temperatures, implying a decreasing
crystallization tendency. It confirms that the addition of
B2O3 thermodynamically inhibited the crystallization
process of mold fluxes. But Ca2Si3Na2O9 (combeite) was
a minor precipitate in the XRD analysis and it even did
not exist in the mold fluxes with high concentration of
B2O3. It is different from the thermodynamic prediction
in which Ca2Si3Na2O9 is the major phase in all the
samples. It is noteworthy that Ca2MgSi2O7 is converted
to Ca3MgSi2O8 (merwinite) at high temperatures in
equilibrium state but Ca3MgSi2O8 might be unstable in
the heat treatment so it could not be reflected in the

Table III. Recommended Assignments of the Peaks in Raman Spectroscopy

B2O3 Mass Pct

Assignment Reference4.7 6.8 8.6 10.4

Raman Shifts
Center (cm�1)

657.6 660.2 658.4 661.2 ring/chain-type metaborate units 43–46
694.9 704.4 705.9 713.3 deformation of O-Ti-O or O-(Si, Ti)-O in chain

or sheet units or both
47–50

803.4 803.9 809.9 811.0 stretching vibration of Ti-O in TiO4
4� monomers 47–49

861.6 863.4 863.7 863.4 stretching vibration of silicate tetrahedron without
bridging oxygen (Q0)

40,47,51

913.7 915.2 916.1 916.7 stretching vibration of silicate tetrahedron
with 1 bridging oxygen (Q1)

40,47,51

948.3 952.6 954.80 960.4 stretching vibration of silicate tetrahedron
with 2 bridging oxygen (Q2)

40,47,50,51

1038.8 1036.7 1037.1 1043.2 stretching vibration silicate tetrahedron
with 3 bridging oxygen (Q3)

40,47,50,51

1180.9 1184.4 1185.1 1183.9 B-O stretching in BO4 units 40,44
— 1362.8 1353.4 1360.9 B-O stretching in BO3 groups attached to large

borate groups
40,45,50,52–54

— 1449.3 1449.0 1450.9

Fig. 10—Molar fraction of Qn (n = 0, 1, 2, and 3) units in fluxes
with varied B2O3 contents.
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XRD patterns. Magnesium and calcium borates, e.g.,
Mg3B2O6, Mg2B2O5, Ca3B2O6, and Ca2B2O5, which are
predicted to precipitate in the low temperature range in
small amounts, were not observed in XRD analysis due
to low intensity. The thermodynamic analysis presents
the equilibrium phases on the basis of the Gibbs free
energy calculations; while the crystallization of mold
fluxes in experiments occurred under non-equilibrium
conditions. The chemistry change in the liquid caused by
segregation and the availability of nucleation sites would
affect the solidification behavior of the melts to some
extent. Therefore, the precipitated phases might differ
from those expected in the phase diagram.[6] Neverthe-
less, thermodynamic analysis provides useful references
in the flux design and the interpretation of experimental
results.

D. Relationship between Heat Transfer and
Crystallization Behavior of Mold Fluxes

Heat transfer is closely related to the crystallization of
mold fluxes. Generally, the increase of crystallization
tendency reduces heat flux because of the scattering

effect of grain boundaries and the high thermal resis-
tances of the air gaps caused by surface roughness and
cracks. Since B2O3 generally inhibits crystallization
process, it is reported to promote the radiative heat
transfer of mold fluxes.[23,62] As discussed above, the
crystallization tendency decreased with the increasing
amount of B2O3 from 4.7 to 10.4 mass pct. In this way,
heat flux is expected to increase all the way with the
increasing concentration of B2O3. The results of heat
flux measurements using IET (Figure 11) demonstrate
that the heat flux across the flux disk increased with
increasing B2O3 content from 6.8 to 10.4 mass pct;
however, it decreased when B2O3 content increased from
4.7 to 6.8 mass pct. The unexpected drop of heat flux
can be attributed to the crystal morphology in the
crystalline layer.
Samples 1 and 2 could start crystallization directly

from liquid state with a relatively high rate. The increase
of B2O3 from 4.7 to 6.8 mass pct did not make a
significant difference in crystallization as compared with
other samples in continuous cooling and isothermal
experiments. Figure 14 compares the crystallinity evo-
lution of Samples 1 to 4 in DHTT experiments. Samples
1 and 2 had similar crystallinity which is much higher
than Samples 3 and 4. Therefore, the effect of crys-
tallinity on heat transfer was expected to become less
important when comparing Samples 1 and 2.
Figure 15 shows the microstructures of liquid/crys-

talline interface of the flux film in DHTT experiments. A
considerable portion of equiaxed crystals formed in
Sample 1 (B2O3 = 4.7 mass pct) at the liquid/crystalline
interface (Figure 15(a)). They were highly dispersive and
could be driven easily by Marangoni flow due to the
weak connection to the solid crystalline layer. In
contrast, dendritic crystals with stronger bonding force
with solid crystalline layer were observed at the liquid/
crystalline interface of Sample 2 (B2O3 = 6.8 mass pct)
although some equiaxed crystals also co-existed with
dendrites (Figure 15(b)). The equiaxed crystals with
high mobility are strongly prone to Marangoni

Fig. 11—(a) Heat flux of mold fluxes with different B2O3 content, (b) Comparison of heat flux of fluorine-free mold fluxes and industrial mold
fluxes under an incident radiation of 1.6 MW/m2.

Fig. 12—Comparison of TTT diagrams of fluorine-free mold fluxes
and industrial mold fluxes (dotted curves).
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convection flow. It drifted them to the high temperature
side where crystals get melted easily, making it difficult
to build up a stable crystalline layer adjacent to the
liquid mold fluxes. Therefore, the radiative heat transfer

could be less impeded by the loosely bonded crystalline
layer near liquid/crystalline interface in Sample 1 than
the strongly bonded one near liquid/crystalline interface
in Sample 2. The crystal morphology is consistent with
that at the liquid/crystalline interface of the flux disk in
IET experiments as shown in Figure 16, although the
equiaxed crystals in IET samples showed a much larger
size than DHTT samples due to a longer growing time.
It resulted from the fact that the top surface temperature
of the flux disk in IET tests was lower than the high
temperature side in DHTT experiments.[33] So the
equiaxed crystals formed in IET tests could be relatively
difficult to melt even if they were drifted to high
temperature side. Although the equiaxed crystals
showed very high mobility which made the growth of
crystalline layer unstable, they were extremely easy to
precipitate with a short incubation time. They could act
as nucleation sites once they flow into a low temperature
zone, promoting the crystallization process of other
crystals by lowering thermodynamic barriers. Therefore,
it is possible to control the heat transfer rate by
designing the ratio of equiaxed crystals to dendritic
crystals or other 2D structures. It could be effective to
avoid both the high flowability of equiaxed crystals and
the relatively long incubation time of dendritic crystals.

Fig. 13—Crystalline fractions of mold calculated by FactSage 7.0: (a) Sample 1 (B2O3 = 4.7 mass pct), (b) Sample 2 (B2O3 = 6.8 mass pct), (c)
Sample 3 (B2O3 = 8.6 mass pct), and (d) Sample 4 (B2O3 = 10.4 mass pct).

Fig. 14—Crystallinity evolution of mold fluxes in DHTT experi-
ments.
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V. CONCLUSIONS

The crystallization behavior, structure, and heat
transfer of fluorine-free mold fluxes with different
B2O3 content were studied using hot thermocouple
technique, Raman spectroscopy, and infrared emitter
technique, respectively. The major findings are summa-
rized as follows:

(1) CCT and TTT diagrams developed using SHTT
revealed that the increase of B2O3 inhibited the crys-
tallization process of mold fluxes, which was con-
firmed by DHTT experiments. DHTT experiments
also indicated that a three-layer structure—liquid,
crystalline, and glass layers—was formed in a thermal
field simulating continuous casting mold;

(2) Major precipitates changed from Ca2MgSi2O7 and
Ca11Si4B2O22 to CaSiO3 with the increase of B2O3

from 4.7 to 10.4 mass pct as indicated in XRD
analysis. Minor precipitates, such as Ca2Si3Na2O9

and CaTiO3, were also detected by XRD. These
findings are consistent with thermodynamic calcu-
lations carried out using FactSage 7.0;

(3) The addition of B2O3 increased the degree of poly-
merization by increasing the fraction of Q3 units and

decreasing the fractions of Q0 and Q2 units. The
formation of 3D borate structures resulted in a more
complex structure of flux melts. However, it was
revealed that a dominant role in lowering the crys-
tallinity of fluxes was played by the decrease in the
melting temperature with the addition of B2O3;

(4) Heat flux measured by IET showed that it reached a
minimum value when B2O3 content was 6.8 mass
pct. Heat flux decreased from 659 to 595 kW/m2

when B2O3 content increased from 4.7 to 6.8 mass
pct; while a further increase of B2O3 concentration
from 6.8 to 10.4 mass pct raised the heat flux from
595 to 736 kW/m2. The increase of crystallinity
inhibited the heat transfer which was also influenced
by the crystal morphology.
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Fig. 15—Microstructure of liquid/crystalline interface of mold flux films in DHTT experiments: (a) Sample 1 (B2O3 = 4.7 mass pct), (b) Sample
2 (B2O3 = 6.8 mass pct).

Fig. 16—Microstructure of liquid/crystalline interface of mold flux disk in IET tests: (a) Sample 1 (B2O3 = 4.7 mass pct), (b) Sample 2
(B2O3 = 6.8 mass pct).
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